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Preface to “Photovoltaic Materials and
Electronic Devices”
The solar photovoltaic (PV) market continues to grow rapidly throughout the
world [1] offering the promise of enabling humanity to utilize sustainable and
renewable solar power technology to run society [2]. As the PV industry has
grown, the costs have dropped to the point that with favorable financing terms, it
is clear that PV has already obtained and surpassed grid parity in specific
locations [3]. Now it not uncommon to have solar power be the less expensive
option (lower levelized cost of electricity) for both homeowners and businesses [3].
This is driving a positive feedback loop, where additional growth is expected. The
cumulative global market for solar PV is expected to triple by 2020 to almost
700 GW, with annual demand eclipsing 100 GW in 2019 [1]. This growth is
accompanied by an explosion of solar jobs [4]. Solar workers have outnumbered
coal workers in the U.S. for some time, but now their ranks have swollen to
surpass even the oil and gas industry [4,5]. The remarkable and sustained growth
of the PV industry may tempt the solar PV scientist to sit back and relax: perhaps
with a congratulatory pat on the back for a job well done. However, our work is
not complete.
Fossil fuels still make up over 80% of all energy use in the U.S., for example
[6], and are still growing worldwide as the resultant climate destabilization. This
climate alteration has 'committed to extinction' 15 -37% of species in investigated
regions and taxa by 2050 using relatively optimistic mid-range climate-warming
scenarios [7]. As the late Professor Smalley has pointed out, our challenge as
PV researchers is not to be content with GWs of PV production, but we must
obtain terrawatt (TW) levels to eliminate fossil fuel combustion and enable a safe
and stable global climate [8]. Meeting these goals by scaling what we have done
will not be easy, as others have shown this would place a significant demand on
the current and future supply of raw materials (chemical elements) used by those
technologies [9].
To meet these needs, we still have much to do to advance the next generation
of photovoltaic materials and solar cell devices [10], to further reduce costs to
enable more rapid diffusion of solar energy throughout the globe. This book
covers some of the materials, modeling, synthesis, and evaluation of new
materials and their solar cells, which can help us reach the goal of a sustainable
solar-powered future [2].
Joshua M. Pearce
Guest Editor
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Integrated Effects of Two Additives on the
Enhanced Performance of PTB7:PC71BM
Polymer Solar Cells
Lin Wang, Suling Zhao, Zheng Xu, Jiao Zhao, Di Huang and Ling Zhao
Abstract: Organic photovoltaics (OPVs) are fabricated with blended active layers of
poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]]: [6,6]-phenylC71-butyric acid
methyl ester (PTB7:PC71 BM). The active layers are prepared in chlorobenzene (CB)
added different additives of 1, 8-Diiodooctane (DIO) and polystyrene (PS) with
different concentrations by spin coating. A small addition, 0.5%–5% by weight
relative to the BHJ components, of inert high molecular weight PS is used to
increase the solution viscosity and film thickness without sacrificing desirable phase
separation and structural order. The effects of the PS are studied with respect of
photovoltaic parameters such as fill factor, short circuit current density, and power
conversion efficiency. Together with DIO, the device with 3.0 v% DIO and 1 wt % PS
shows a high power conversion efficiency (PCE) of 8.92% along with an open-circuit
voltage (Voc ) of 0.76 V, a short-circuit current (Jsc ) of 16.37 mA/cm2 , and a fill factor
(FF) of 71.68%. The absorption and surface morphology of the active layers are
investigated by UV-visible spectroscopy, atomic force microscopy (AFM) respectively.
The positive effect of DIO and PS additives on the performance of the OPVs is
attributed to the increased absorption and the charge carrier transport and collection.
Reprinted from Materials. Cite as: Wang, L.; Zhao, S.; Xu, Z.; Zhao, J.; Huang, D.;
Zhao, L. Integrated Effects of Two Additives on the Enhanced Performance of
PTB7:PC71 BM Polymer Solar Cells. Materials 2016, 9, 171.
1. Introduction
Molecular species with well-defined structures [1–3] are being considered
as possible substitutions for conjugated polymer counterparts in the fabrication
of bulk heterojunction (BHJ) organic photovoltaics (OPVs) [4–6].
High
power conversion efficiencies (PCEs) have been achieved in solution-processed
molecular solar cells through a combination of chemical design and deposition
methods with optimized morphology [7].
Despite the advantages of the
structural precision [8] and purity of materials [9–11], some challenges to
control the thickness and morphology [12,13] of the active layer decided by
the processing conditions are critical to the properties of solar cells, which
reasonably influences the light absorption and recombination of carriers [14].
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A representative example involves the blends comprised of PTB7/PC71 BM,
which is one of the highest-performing systems, based on the addition of
small quantities of a high boiling point additive such as diiodooctane (DIO),
a kind of commonly used additive [15] to meliorate the morphology of the blend
film [16] and promote the phase separation [17]. However, the functions of DIO are
still a subject of debate in both polymer and small molecule systems [18], but in the
case of PTB7/PC71 BM it is known to improve the charge transporting by increasing
the final crystalline content of the film and allowing the donor phase more than
one polymorph during the film formation [19,20]. Nonetheless, adding DIO into
the blend film cannot improve the light absorption of the blend film. Even worse,
up to now, there is still little research about the negative effect of DIO additives on
performance of OPVs [21].
Another effective strategy for PCEs improvement of OPVs is adding a high
molecular polystyrene (PS) into the pristine active layer. PS can increase not only
increase the pristine solution viscosity but also the film thickness without sacrificing
desirable phase separation [7] and structural order and decrease the recombination
of electron-hole pairs in the blend film [22,23]. At the same time, PS can improve
the light absorption of the blend film. Therefore, in this contribution, polystyrene
(PS) was used to fabricate the BHJ polymer solar cell based on PTB7/PC71 BM as the
active layer. DIO and/or PS were varied with different ratios during the solution
preparation of the organic active layer. The effect of the PS was investigated in
PTB7:PC71 BM blended films. The morphology of the active layer with different
additive ratios has been studied and the related OPVs device performance also has
been reported.
2. Experimental Section
2.1. Fabrication of Solar Cells
Devices used materials that were used as purchased.
Poly
(3,4-ethylenedioxythiophene):
poly
(styrenesulfonate)
(PEDOT:PSS),
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro2-[(2-ethylhexyl) carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7) with a molecular
weight of ~200 kg/mol and polydispersity of ~4, [6,6]-phenylC71-butyric
acid methyl ester(PC71 BM), and polystyrene(PS) with a molecular weight of
~370 kg/mol were purchased from Clevios P, 1-Material INC, Nano-C company
and Sigma-Aldrich Corporation respectively. PTB7 and PC71 BM were co-dissolved
in chlorobenzene with a weight ratio of 1:1.5 to form the mixed solution with the
concentration 20 mg/mL. All organic materials were weighed and dissolved in
ambient air conditions.
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The
devices
were
fabricated
with
an
architecture
of
ITO/PEDOT:PSS/PTB7:PC71 BM/LiF/Al. The indium tin oxide (ITO) glass
substrates with a sheet resistance of 10 Ω/Sq were cleaned consecutively in
ultrasonic baths containing glass lotion, ethanol and de-ionized water sequentially,
and then dried by high pure nitrogen gas. The pre-cleaned ITO substrates were then
treated by UV-ozone for 5 min for further cleaning the substrates and improving
work function of the ITO substrates. The PEDOT: PSS (purchased from Clevios
AI 4083) was spin-coated on the ITO substrates at 3000 rounds per minute (rpm)
for 40 s. Then PEDOT: PSS coated ITO substrates were dried in air at 150 ˝ C
for 10 min. The substrates were then transferred to a nitrogen-filled glove box
(<100 ppm O2 and <0.2 ppm H2 O). On the other hand, in order to fabricate the
different devices (without DIO additive) as designed in experiment, 0.5%, 1%, 2.5%
and 5% of PS by weight were added into PTB7/PC71 BM mixed solution respectively
only half an hour apart, and then the active layers with different ratios of PS were
formed by spin-coating on the PEDOT: PSS with same spin-coating parameters,
1 s for acceleration and 120 s with the rotation speed of 1000 rpm. On the top of the
active layer, a 0.7 nm interfacial layer LiF was evaporation deposited under 10´4
Pa vacuum conditions. The thickness of LiF was monitored by a quartz crystal
microbalance. An aluminum cathode layer about 100 nm was then evaporation
deposited on LiF layer under 10´4 Pa vacuum conditions in same deposition
chamber with changed target. The active area was defined by the vertical overlap
of ITO anode and Al cathode which is about 4 mm2 . The light mask was not used
during I-V measurement, and the potential for edge effects may have an effect on the
results. For the convenience of discussion, different films and devices were named
and prepared to compare their performances:
Film 1: PTB7:PC71 BM,
Film 2: PTB7:PC71 BM, 1 wt % PS
Film 3: PTB7:PC71 BM, 3 v% DIO
Film 4: PTB7:PC71 BM, 1 wt % PS and 3 v% DIO
Device 1: ITO/PEDOT:PSS/film1/LiF/Al
Device 2: ITO/PEDOT:PSS/film2/LiF/Al
Device 3: ITO/PEDOT:PSS/film3/LiF/Al
Device 4: ITO/PEDOT:PSS/film4/LiF/Al
2.2. Photovoltaic Characterization
The absorption spectra of films were measured with a Shimadzu UV-3101
PC spectrometer. The thickness of the active layers is measured by an Ambios
Technology XP-2 stylus Profiler. The thicknesses of Film 1, Film 2, Film 3 and Film
4 are 85 nm, 110 nm, 73 nm and 102 nm, respectively. The current–voltage (J-V)
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characteristics of the OPVs were measured using a Keithley 4200 semiconductor
characterization system under a simulated AM 1.5G spectrum with power of
100 mW/cm2 generated by ABET Sun 2000 solar simulator. The corresponding
J-V curves were recorded from ´1 V to 1 V with an interval of 0.01 V. An incident
photon to current conversion efficiency (IPCE) spectrum was measured on Zolix
Solar Cell Scan 100. The morphology of the films was investigated by atomic force
microscopy (AFM) using a multimode Nanoscope IIIa operated in tapping mode.
All the samples were measured with a scan size of 5 ˆ 5 µm2 . The hole mobility
and electron mobility of PTB7: PC71 BM blend films were measured by space charge
limited current (SCLC) method. All the tests were in ambient air conditions.
3. Results and Discussions
The J-V characteristic curves of the OPVs with different PS ratios are shown
in Figure 1a. The PV performances of the OPVs are summarized according to the
J-V curves and listed in Table 1. Among all the different ratios, it can be found
that the device with 1 wt % of PS demonstrates the highest median PCE of 4.56%
along with a short-circuit current (Jsc ) of 10.60 mA/cm2 , an open-circuit voltage
(Voc ) of 0.79 V, and a fill factor (FF) of 54.50%. The data in Table 1 shows that the
PCE improvement is mainly attributed to the enhancement in Jsc and FF. To further
investigate the mechanism responsible for the enhanced performance of the OPVs
with the PS additions, the optimized volume ratio of 1% was used.
It is reported that DIO can improve the morphology of the active layer and
enhance the performance of organic solar cells [24]. Consequently, organic solar
cells based on PTB7:PC71 BM with two additives DIO and PS were prepared to
improve photovoltaic properties. The concentration of DIO is 3 wt % according
the reference [18], and that of PS is 1 wt % according to the above results. The J-V
curves of the OPVs with different additives under illumination of simulated AM1.5G
(100 mW/cm2 ) are shown in Figure 1b and summarized in Table 2. Device 1
demonstrates a PCE of 4.11% with a Jsc of 10.47 mA/cm2 , a Voc of 0.79 V, and a
FF of 49.65%.
As shown in Table 2, with the addition of 1 wt % PS (weight fraction of the BHJ
components) in Device 2, Jsc increases to 10.60 mA/cm2 and FF increases to 54.50%,
which results in a PCE of 4.56%. If both 3.0 v% DIO and 1 wt % PS are added to
the solution prior to spin casting, the PCE of Device 4 is further increased to 8.92
along with a Voc of 0.76 V, a Jsc of 16.37 mA/cm2 , and a FF of 71.68%. The improved
Jsc value is confirmed by measuring EQE (Figure 1c). The maximum EQE value of
Device 1 is 43.72% and it is increased to 63.37% for Device 4. The single logarithmic
dark current curves show that Device 4, Device 3 and Device 2 have smaller leakage
current compared with Device 1, as shown in Figure 1d. It is well-known that the
leakage current is determined by the shunt resistance (Rsh ) [25]. The larger Rsh
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indicates a lower charge carrier recombination in the active layer. This indicates
that DIO and/or PS can effectively restrain the leakage current under reverse bias,
which may provide effective charge carrier transport in the blend layers and result
in an increase of Jsc compared to that of Device 1. The smaller Rs indicates a lower
resistance of the semiconductor bulk resistance and a better metal/semiconductor
Materials interface
2016, 9, 171 connection induced by using additives [25].
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Table 1. The PV performance of ITO/PEDOT: PSS/PTB7:PC71BM/LiF/Al photovoltaic devices with
differentTable
doping1.ratios
PS. performance of ITO/PEDOT: PSS/PTB7:PC71BM/LiF/Al
Theof PV
photovoltaic
devices with
different Jdoping
ratios of PS.
Doping Ratio
Voc (V)
sc (mA/cm2)
FF (%)
0 wt %
0.79 ± 0.01
10.47 ± 0.09
49.65 ± 0.05
(V)
FF (%)
Jsc (mA/cm2 )
0.5Doping
wt % Ratio 0.79V±oc 0.01
11.15 ± 0.08
46.61 ± 0.06
0
wt
%
0.79
˘
0.01
10.47
˘
0.09
49.65
˘ 0.05
1 wt %
0.79 ± 0.01
10.60 ± 0.08
54.50
± 0.04
0.5 wt %
0.79 ˘ 0.01
11.15 ˘ 0.08
46.61 ˘ 0.06
2 wt 1%wt %
0.80
11.55˘±0.08
0.09 54.50
46.68
± 0.05
0.79±˘0.01
0.01
10.60
˘ 0.04
0.80±˘0.01
0.01
11.55
˘ 0.05
5 wt 2%wt %
0.80
10.07˘±0.09
0.13 46.68
38.74
± 0.08
5 wt %

0.80 ˘ 0.01

10.07 ˘ 0.13

38.74 ˘ 0.08

PCE (%)
4.11 ± 0.02
PCE (%)
4.16 ± 0.02
4.11 ˘
0.02± 0.02
4.56
4.16 ˘ 0.02
4.31
4.56 ˘
0.02± 0.02
4.31 ˘
0.02± 0.03
3.12
3.12 ˘ 0.03

Table 2. The summary of photovoltaic parameters of PTB7:PC71BM system solar cells without or
with 3 v% DIO and/or 1 wt % PS.

Device 1
Device 2
Device 3
Device 4

Voc (V)
0.79 ± 0.01
0.79 ± 0.01
0.75 ± 0.01
0.76 ± 0.01

Jsc (mA/cm2)
10.47 ± 0.013
10.60 ± 0.012
14.23 ± 0.09
16.37 ± 0.08

FF (%)
49.65 ± 0.02
54.50 5± 0.09
71.31 ± 0.05
71.68 ± 0.04

PCE (%)
4.11 ± 0.03
4.56 ± 0.02
7.61 ± 0.02
8.92 ± 0.02

Rsh (Ωcm2)
302.8
311.5
757.6
915.8

Rs (Ωcm2)
18.2
8.56
5.44
4.24

Under the same spin‐coating condition, the thicknesses of films 1 and 3 are almost the same.

Table 2. The summary of photovoltaic parameters of PTB7:PC71BM system solar
cells without or with 3 v% DIO and/or 1 wt % PS.

Device 1
Device 2
Device 3
Device 4

Voc (V)

Jsc (mA/cm2 )

FF (%)

PCE (%)

Rsh (Ωcm2 )

Rs (Ωcm2 )

0.79 ˘ 0.01
0.79 ˘ 0.01
0.75 ˘ 0.01
0.76 ˘ 0.01

10.47 ˘ 0.013
10.60 ˘ 0.012
14.23 ˘ 0.09
16.37 ˘ 0.08

49.65 ˘ 0.02
54.50 ˘ 0.09
71.31 ˘ 0.05
71.68 ˘ 0.04

4.11 ˘ 0.03
4.56 ˘ 0.02
7.61 ˘ 0.02
8.92 ˘ 0.02

302.8
311.5
757.6
915.8

18.2
8.56
5.44
4.24

Under the same spin-coating condition, the thicknesses of films 1 and 3 are
almost the same. When doped with PS, the thicknesses of films 2 and 4 increases
and are almost the same. This shows that doping PS encourages an increase the
thickness of the active layer without decreasing other electronic properties; for
example, Rsh and Rs of corresponding devices doped with PS are improved as shown
in Table 2. In order to understand the effect of high-molecular-weight insulating
polymers-PS in the mixture of PTB7 and PC71 BM on the optics properties and the
surface morphology, further characterization has been carried out. The absorption
spectra of the neat PC71 BM and PTB7 films are shown in Figure 2a. PC71 BM has
two apparent absorption peaks at 375 nm and 480 nm. The absorption spectra of
PTB7 show an apparent complementary absorption in the range from 550 nm to
750 nm. Two broad absorption peaks at around 624 and 682 nm are attributed to
the characteristic π-π* transition of the PTB7 polymer [26,27]. In comparison to the
absorption spectra of the films prepared with and without additives, there is no
obvious peak shift observed in the film prepared with PS and in the film prepared
with pristine CB, as shown in Figure 2b.
It can be found there is no significant difference between Film 1 and Film 3,
while there is an increase of obvious relative absorption intensity in the region
of 300–800 nm for Film 2 and Film 4. This result indicates that under the same
conditions, films with PS additives can harvest solar photons more effectively than
the films prepared from CB and CB: DIO. The more light absorbed, the higher
photocurrent generated [28]. This is the reason why the Jsc increases after the addition
of high-molecular-weight insulating polymer PS.
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observed in the film prepared with PS and in the film prepared with pristine CB, as shown in
Figure 2b.
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Figure
(a) The absorption spectra of neat PTB7 and PC71 BM
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absorption
71BM films cast from solvents with or without DIO and/or
PS additives.
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71 BM films cast from solvents with or without DIO and/or PS
additives. The data was normalized by the film thickness.
It can be found there is no significant difference between Film 1 and Film 3, while there is
an increase of obvious relative absorption intensity in the region of 300–800 nm for Film 2 and Film 4.
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Figure 3. The AFM surface topography and phase images of the PTB7:PC71BM films with/without
Figure 3. The AFM surface topography and phase images of the PTB7:PC71 BM
3 v% DIO and/or 1 wt % PS.

films with/without 3 v% DIO and/or 1 wt % PS.

In order to further investigate the effects of additive on the charge carrier transport, the
hole‐only devices have been fabricated based on pristine PTB7 films and blend PTB7:PC71BM films
with/without additives, respectively. High‐work‐function material gold (Au) is used as the cathode
to block the back injection of electrons. The dark J‐V curves of the hole‐only devices with the
8
configuration of ITO/PEDOT:PSS/PTB7/Au and ITO/PEDOT:PSS/PTB7:PC71BM/Au are measured
and shown in Figure 4. The hole transport through the polymer film is limited due to the
accumulation of space charge when a sufficient voltage is applied to this hole‐only device. The
space charge limited current(SCLC) is described by the equation [29,30]:

In order to further investigate the effects of additive on the charge
carrier transport, the hole-only devices have been fabricated based on
pristine PTB7 films and blend PTB7:PC71 BM films with/without additives,
respectively. High-work-function material gold (Au) is used as the cathode
to block the back injection of electrons.
The dark J-V curves of the
hole-only devices with the configuration of ITO/PEDOT:PSS/PTB7/Au and
ITO/PEDOT:PSS/PTB7:PC71 BM/Au are measured and shown in Figure 4. The
hole transport through the polymer film is limited due to the accumulation of space
charge when a sufficient voltage is applied to this hole-only device. The space charge
limited current(SCLC) is described by the equation [29,30]:
J“

9
V2
9 V2
εµ 3 “ ε 0 ε r µ 3
8 d
8
d

(1)

where ε0 is the permittivity of free space, εr is the dielectric constant of the
blend material, µ is the hole mobility, V is the voltage drop across the device
and d is the active layer thickness. The parameter εr is assumed to be 3,
which is a typical value for conjugated polymers. The hole will be collected
by the ITO electrode, which is very similar to hole transport process in the
OPVs. The J-V characteristics of neat PTB7 and PTB7:PC71 BM with/without
additives of 3 v% DIO and 1 wt % PS fully agree with the SCLC model.
According to the J-V curves, the hole current density of the hole-only devices with
1 wt % PS is larger than that of the hole-only devices without any additive, the
hole current density of the hole-only devices with 3 v% DIO is larger than that of
the hole-only devices with 1 wt % PS and the hole current density of the hole-only
devices with additives of both 3 v% DIO and 1 wt % PS is larger than that of the
hole-only devices with only 3 v% DIO. This means that hole carrier transport in the
hole-only devices with 3 v% DIO and/or 1 wt % PS has been improved compared
with that of the hole-only devices without any additive. The result indicates that
even though the thickness of the film with PS is greater than that without PS in the
same fabricate condition, the hole mobility of the device with PS is better than that
without PS, which shows PS can be good for hole carrier transport. Moreover it
further demonstrates that the improved hole carrier transport could be one of the
reason for the increased Jsc of OPVs [30,31].
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Figure 4. J-V characteristic curves of hole-only devices with/without 3 v% DIO
4. Conclusions
and/or 1 v% PS.
A series of OPVs with PTB7:PC71BM as the active layer are fabricated to investigate the
effects on the performance of the OPVs. DIO and PS are used as the additives. The
4.additive’s
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Terpyridine and Quaterpyridine Complexes
as Sensitizers for Photovoltaic Applications
Davide Saccone, Claudio Magistris, Nadia Barbero, Pierluigi Quagliotto,
Claudia Barolo and Guido Viscardi
Abstract: Terpyridine and quaterpyridine-based complexes allow wide light
harvesting of the solar spectrum. Terpyridines, with respect to bipyridines,
allow for achieving metal-complexes with lower band gaps in the metal-to-ligand
transition (MLCT), thus providing a better absorption at lower energy wavelengths
resulting in an enhancement of the solar light-harvesting ability. Despite the
wider absorption of the first tricarboxylate terpyridyl ligand-based complex, Black
Dye (BD), dye-sensitized solar cell (DSC) performances are lower if compared
with N719 or other optimized bipyridine-based complexes. To further improve
BD performances several modifications have been carried out in recent years
affecting each component of the complexes: terpyridines have been replaced by
quaterpyridines; other metals were used instead of ruthenium, and thiocyanates have
been replaced by different pinchers in order to achieve cyclometalated or heteroleptic
complexes. The review provides a summary on design strategies, main synthetic
routes, optical and photovoltaic properties of terpyridine and quaterpyridine ligands
applied to photovoltaic, and focuses on n-type DSCs.
Reprinted from Materials. Cite as: Saccone, D.; Magistris, C.; Barbero, N.;
Quagliotto, P.; Barolo, C.; Viscardi, G. Terpyridine and Quaterpyridine Complexes as
Sensitizers for Photovoltaic Applications. Materials 2016, 9, 137.

1. Introduction
Dye-sensitized solar cells (DSCs) are photoelectrochemical devices able to
convert sunlight into electricity [1]. The architecture and operating principles of
these devices have already been extensively reviewed in the literature [2–6], and the
photosensitizer represents one of the key components of this device. Different kinds
of sensitizers [3,4] have been used so far, including Ru complexes [7], porphyrines [5],
phtalocyanines, metal-free dyes [6] (including squaraines [8–10], cyanines [11,12],
and push-pull dyes [13]).
Since 1997 [14] the interest in 2,2’:6’,2”-terpyridine (tpy) as ligands in
organometallic sensitizers for DSC applications has constantly grown and, in the last
three years, more than 80 papers and patents concerning this subject were published.
Interest on 2,2’:6’,2”:6”,2”’-quaterpyridines (qtpy) is more recent and has resulted in
more than 10 papers (Figure 1).
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isothiocyanate ancillary ligands. X-ray diffraction showed a slightly distorted
octahedral coordination around the Ru atoms by the three nitrogen donors of
tctpy and three nitrogen of isothiocyanate ligands. Very strong intermolecular
bonds account for bidimensional arrays, in which the distance between the planes
prevents π-stacking between the tpy rings (Figure 2, bottom) [21]. The final BD was
prepared by titration with tetrabutylammonium hydroxide in order to deprotonate
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With the aim to further improve BD performance, several modifications have been carried out
concerning
eachaim
component
of theimprove
complex. InBD
order
to increase the several
molar extinction
coefficienthave
and
With the
to further
performance,
modifications
other features ruthenium was substituted with other metals; thiocyanates were replaced with
been
carried out concerning each component of the complex. In order to increase
different pinchers in order to obtain cyclometalated or heteroleptic complexes; and the terpyridine
the
molar
coefficient
and other
features
ruthenium
was substituted with
ligand was extinction
substituted with
a quatertpyridine
in order
to extend
the π-conjugation.

other metals; thiocyanates were replaced with different pinchers in order to obtain
cyclometalated or heteroleptic complexes; and the terpyridine ligand was substituted
with a quatertpyridine in order to extend the π-conjugation.
The state of the art of polypyridine structures designed to further improve BD
performances is summarized in the next sections. After a survey on the synthetic
pathways to obtain tpy and qtpy structures, the three main types of changes
underlined before (metal centre, ancillary, and tpy ligands) and their effect on DSCs
performances will be taken into account in order to outline a structure-property
relationship. Moreover, we remind that DSCs are a complex multivariate system [26],
with different components and variables, and that a direct correlation between the
photosensitizers’ molecular structures and related efficiencies can sometimes lead
to inaccurate conclusions. For this reason, we selected literature examples where
an internal standard reference (BD, 719 or N3) is reported in order to compare the
characteristics of the novel structures. Moreover, specific conditions have been added
to selected references.
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The state of the art of polypyridine structures designed to further improve BD performances is
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2.1.catalysis
Terpyridine
[48,49]. Core
We will report briefly the main strategies used to obtain tpy ligands focusing on the
structure–properties relationship in DSCs.

Tpy structures are mainly prepared through two basic synthetic approaches,
2.1. Terpyridine
which
involveCore
either ring assembly or coupling methodologies, as summarized in
Tpy
Scheme
1.structures are mainly prepared through two basic synthetic approaches, which involve
either ring assembly or coupling methodologies, as summarized in Scheme 1.

Scheme 1. Retrosynthetic pathways to tpy core.

Scheme 1. Retrosynthetic pathways to tpy core.
The first route has been formerly reviewed in 1976 by Kröhnke [50], who reported the synthesis
of α,β-unsaturated ketones from 2-acetyl derivatives of pyridine and aldehydes. Then, the
The firstreacts
routewith
hasanother
been formerly
reviewed
by Kröhnke
who
intermediate
2-acetylpyridine
to formina 1976
1,5-diketone
that can [50],
undergo
reported
the
of α,β-unsaturated
from 42-acetyl
derivatives
cyclization
to synthesis
pyridine thanks
to ammonia sources ketones
such as AcONH
(Scheme 2).
A series of of
modifications
to this procedure
has
been
proposed in reacts
order towith
increase
yields2-acetylpyridine
or improve the
pyridine
and aldehydes.
Then,
the
intermediate
another
synthetic pathway sustainability [28,51].

to form a 1,5-diketone that can undergo cyclization to pyridine thanks to ammonia
sources such as AcONH4 (Scheme 2). A series of modifications to this procedure
has been proposed in order to increase yields or improve the synthetic pathway
sustainability [28,51].

18

Materials 2016, 9, 137

5 of 37

Scheme 2. Example of the Kröhnke pathway.

Scheme 2. Example of the Kröhnke pathway.
The second strategy exploits recent advances in organometallic reactions (cross-coupling in
Scheme 1). The electron poor pyridines are less effective in the Suzuki reaction [52] due to the
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4,4’,4”-tricarboxy-2’,6’-terpyridine (tctpy) for Black Dye [54] involves the formation
2.2. Functionalization of Terpyridines
of the terpyridine core starting from 4-ethyl pyridine refluxed with Pd/C over nine
In order to design complexes suitable for DSCs applications a series of modifications has to be
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anchoring moieties, donor groups, bulky alkyl chains, or extending the π-conjugation.
2.3. Quaterpyridine reactions
Synthesis and Complex
Formation
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The
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and
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usedby
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ofsynthetic
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reviewed
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functionalized qtpy ligand and its trans-dithiocyanato ruthenium complex has been reported [68]
Woodward
(Scheme 3). et al. [65] reported a synthetic strategy to further extend the scope and
number of the anchoring moieties on oligopyridines.
2.3. Quaterpyridine Synthesis and Complex Formation
The synthesis and functionalization of qtpy usually exploit the same synthetic
strategies used for tpy, namely Kröhnke and coupling reactions. In the latter
19

case N-methyliminodiacetic acid (MIDA [66]) boronates have been successfully
applied as key reagents to obtain quaterpyridine ligands in good yields [67] through
Suzuki-Miyaura reaction.
In order to obtain Ru(II) complexes of polypyridines, Adeloye et al. [18] used Ru
p-cymene or Ru(III)Cl3 as starting materials and they substituted the chlorines with
thiocyanates or other ancillary ligands. Exploiting microwave-assisted synthesis, a
facile procedure to obtain a functionalized qtpy ligand and its trans-dithiocyanato
ruthenium complex has been reported [68] (Scheme 3).
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Scheme 3. Microwave-assisted synthesis of the trans-Ru (II) complex.[68]

Scheme 3. Microwave-assisted synthesis of the trans-Ru (II) complex [68].
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3. Modifications of Black Dye and Structure-Properties Relationships
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to increase the molar extinction coefficient and further stabilize the LUMO level. In this way more
photons can be harnessed and converted thanks to a simultaneous hyperchromic effect and
bathochromic shift in the absorption spectra, respectively. Other common structural modifications
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Figure 4. Structure proposed by Wang et al. and N3 dye [71].

Figure 4. Structure proposed by Wang et al. and N3 dye [71].

Funaki et al. [72] proposed a similar substitution, in which phenylene ethylene
moieties (3a in Figure 5) were introduced between the COOH functionality and the
tpy core, obtaining a better charge injection (12.8 mA/cm2 ) with respect to dye 2
(6.1 mA/cm2 ), even if a thicker TiO2 (36 µm vs. 10 µm) and higher light intensity
(100 mW/cm´2 vs. 78 mW/cm´2 ) were used. The injection efficiency proved to be
lower with respect to BD (16.7 mA/cm2 ), tested in the same conditions. Moreover,
when the spacer was represented by two phenylene ethynylene units (3b in Figure 4)
a higher molar extinction coefficient and slight bathochromic shift were obtained,
but a significantly lower Jsc value was observed (5.7 mA/cm2 ) which was ascribed to
an increased dye aggregation.
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Figure 6. Complexes with one (4a) or two (4b) metal centers [74].

The overall performances were worse with respect to BD, even if a better absorption on TiO2
was recorded, due to the greater flexibility of the dyes bearing only one anchoring group, which
accounts for a higher number of molecules adsorbed on the surface. Complex 4a, whose structure is
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Very recently, Kaniyambatti [76] reported a tpy substituted in 4’- with a
cyanoacrylic acid moiety via a thiophene bridge (5 in Figure 7). The modification
leads again to a hypsochromic shift in the absorption spectrum coupled with a
higher molar extinction coefficient owing to the extended π-conjugation and strong
auxochrome resulting from the thiophene moiety.
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Figure 7. Terpyridine with a cyanoacrylic acid moiety [76].
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In 2011 Yang et al. [78] tested a series of 4,4'-dicarboxy terpyridine bearing a thiophene or a
3,4-ethylenedioxythiophene in 5’’ position (7a-b in Figure 9). The substitution of the latter with a
triphenylamino moiety (7c) resulted in better performances with respect to BD tested in the same
conditions (η = 8.29% vs. 6.89%; TiO2: 10 μm + 5 μm, dye: 0.3 mM ethanol + 10 mM chenodeoxycholic
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Substitution with hexyl-EDOT (7b, EDOT: 3,4-ethylenedioxythiophene) afforded
even higher efficiency (η = 10.3% with TiO2 : 15 + 5 µm). Similar modifications have
been taken into consideration by Kimura et al. [79] (7d-g in Figure 9). In the series,
structures with hindered hexyloxy-substituted rings resulted in better performances,
probably because of the hindrance of alkyl chains towards the electrolyte, thus
avoiding the redox couple to interact with titania and considerably reducing the
dark current. Among these, the best results were obtained when the electron donor
hexyloxy groups on the phenyl ring are in ortho or para positions (7f in Figure 9).
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Figure 9. Series of 5’’-substituted tpy proposed by Yang (7a-c) [78]; and Kimura (7d-g) [79].
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insight into the structure-property relationships, as well as fundamental issues about
charge transfer, polarization, or binding. Thienyl-substituted analogues showed
better performances with respect to triphenylamino donors, giving an efficiency of
5.57% (TiO2 : 14 + 3 µm, dye: 0.5 mM ethanol / t-butanol + 10 mM CDCA, electrolyte:
0.5 M DMPII, 0.5 M t-bupy, 0.1 M LiI, 0.05 M I2 in CH3 CN).
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Ozawa et al. proposed a series of tpy having anchoring groups either in the classical 4-, 4’- and
4’’- positions or 3’-, 4’- positions, obtaining mono, bis, tri, and tetra-anchored complexes (Figure 11)
[82,83]. Substitution with hexylthiophene in 3- or 4- positions was also investigated by impedance
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Ozawa et al. proposed a series of tpy having anchoring groups either in the classical 4-, 4’- and
4’’- positions or 3’-, 4’- positions, obtaining mono, bis, tri, and tetra-anchored complexes (Figure 11)
Ozawa et al. proposed a series of tpy having anchoring groups either in
[82,83]. Substitution with hexylthiophene in 3- or 4- positions was also investigated by impedance
the
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or 4-positions
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open
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electrolyte solution is largely promoted when compared to the carboxylic-modified
one (Figure 10) [84,85]. Efficiencies close to the BD reference were recorded for the
tetra-anchored complex 13, and for the 4”-thienyl dicarboxy substituted complexes
9. The symmetric substitution with two hexyltiophene groups was also taken into
consideration [86,87].
Quaterpyridine Ligand

Tpy modification included the design of tetrapyridines as tetradentate ligands,
that were proposed in order to avoid the geometrical isomerism of bipyridine
complexes that leads to cis and trans conformers, showing different optical
properties [88]. In fact, trans isomers of bipyridines complexes show better
photophysical properties, but they are converted by thermal and photoinduced
isomerization to the more stable cis isomers that, unfortunately, show worse
panchromatic absorption. Tetradentate ligands, owing to their planar structure,
coordinate the ruthenium in the plane and only leave apical position available
for ancillary ligands, thus avoiding the isomerization and ensuring better solar
harvesting features. The first example of a tetradentate ligand for DSCs
applications was proposed in 2001 by Renouard et al. [89] who synthesized
a 6,6’-bis-benzimidazol-2-yl-2,2’-bipyridine and a 2,2’:6’,2”:6”,2”’-quaterpyridine
bearing ethyl ester functionalities. The qtpy ligand was then characterized for DSCs
applications as a complex with Ruthenium (15, Figure 12) [90]. The ester moieties

25

showed poor adsorption on TiO2 ; thus, a further hydrolysis step proved mandatory
in order to anchor the dye to the semiconductor surface. Thiocyanate ancillary
ligands resulted in blue shifted absorption with respect to chlorine ones due to
the stronger σ-acceptor properties of SCN. Remarkable conversion efficiency was
recorded, up to 940 nm with 75% IPCE in the plateau region and 18 mA/cm2 Jsc
(TiO2 : 12 µm, dye: 0.3 mM ethanol / DMSO 95:5, electrolyte: 0.6 M DMPII, 0.1 M I2 ,
0.5
M t-bupy, 0.1 M LiI in methoxyacetonitrile).
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Tpy modification included the design of tetrapyridines as tetradentate ligands, that were
proposed in order to avoid the geometrical isomerism of bipyridine complexes that leads to cis and
trans conformers, showing different optical properties [88]. In fact, trans isomers of bipyridines
complexes show better photophysical properties, but they are converted by thermal and
photoinduced isomerization to the more stable cis isomers that, unfortunately, show worse
panchromatic absorption. Tetradentate ligands, owing to their planar structure, coordinate the
ruthenium in the plane and only leave apical position available for ancillary ligands, thus avoiding
the isomerization and ensuring better solar harvesting features. The first example of a tetradentate
ligand for DSCs applications was proposed in 2001 by Renouard et al. [89] who synthesized a
6,6’-bis-benzimidazol-2-yl-2,2’-bipyridine and a 2,2’:6’,2’’:6’’,2’’’-quaterpyridine bearing ethyl ester
functionalities.
wascomplex
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FigureThe
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A further
investigation was reported by Barolo et al. [91], in 2006, with the lateral
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of σ-acceptor
the quaterpyridines
withRemarkable
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26
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and non-protonated
forms. Wider
absorption
respect
was reported, together with a

lower molar extinction coefficient and unfavourable alignment of its excited state (as demonstrated
by DFT calculations). With the purpose of overcoming these drawbacks, in 2011 the same research
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A further investigation was reported by Barolo et al. [91], in 2006, with the lateral
functionalization of the quaterpyridines with t-butyl moieties as electron-releasing,
bulky groups (16, Figure 13). The proposed dye, named N886, showed remarkable
differences between protonated and non-protonated forms. Wider absorption with
respect to N719 was reported, together with a lower molar extinction coefficient and
Figure 12. Theof
first
complexstate
applied
in demonstrated
DSCs by Renouard etby
al. DFT
[90]. calculations).
unfavourable alignment
itsqtpy
excited
(as
With the purpose of overcoming these drawbacks, in 2011 the same research group
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(16,
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proposed
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π-conjugation (N1033, Figure 13) [92]. This complex showed a lower energy gap and
non-protonated
forms.
Widerstill
absorption
with respect at
to N719
was reported,
together
with a
a and
broad
IPCE curve
having
33% conversion
800 nm.
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efficiency
lower molar extinction coefficient and unfavourable alignment of its excited state (as demonstrated
with
respect to N886 was ascribed to a lower driving force for electron injection,
by DFT calculations). With the purpose of overcoming these drawbacks, in 2011 the same research
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Figure 13. Qtpy complexes investigated by Barolo et al. [68,91,92].
Figure 13. Qtpy complexes investigated by Barolo et al. [68,91,92].
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Complexes
3.2.Substitution
Substitution of Ancillary
Ligands:
Heteroleptic
and Cyclometalated
Complexes
A further
further modification
on terpyridine
complexes
involved the
substitution
commonly usedof
A
modification
on terpyridine
complexes
involved
theofsubstitution
thiocyanate ligands with other ancillary ligands. The monodentate thiocyanate ligand has the role to
commonly used thiocyanate ligands with other ancillary ligands. The monodentate
tune the spectral and redox properties of the sensitizers acting on the destabilization of the metal t2g
orbital [93]. By exchanging these ligands with σ-donor groups, it was possible to tune the
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thiocyanate ligand has the role to tune the spectral and redox properties of the
sensitizers acting on the destabilization of the metal t2 g orbital [93]. By exchanging
these ligands with σ-donor groups, it was possible to tune the photochemical
properties of the complex, and to minimize the drawbacks associated with these
monoanchored ligands. In fact, the possible formation of isomers, owing the
bidentate character of the thiocyanate ligand causes a decrease in the synthetic
Materials 2016,
9, 137
yield
[21,78,94]. Moreover the weak Ru-NCS bond itself leads to a decreased stability 12 of 37
of the complex and, more importantly, thiocyanate lacks of an effective chromophore
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wavelengths.
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the
possible
formation
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isomers,
owing
the
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character
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in or
themore
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from Black
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Ru–NCS affecting
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from Black
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properties
of
tridentate
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commonly
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properly synthesized to tune the photoelectrochemical properties of tpy for
weaker than
bipyridine
ones,
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Hammarstrom
et
al.,
in
2010
[97],
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the
possibility
to
applications in DSCs.
expand their bite angle. In the following paragraphs we will report an overview of ancillary ligands
Bipyridines
properly 3.2.1.
synthesized
to tune the photoelectrochemical properties of tpy for applications in DSCs.
Ancillary ligand exchange was pioneered in 1997 by Zakeeruddin et al. [25] who
3.2.1. Bipyridines
substituted two of the three thiocyanates with a 4,4’-dimethyl-2,2’-bipyridine. In
Ancillary
ligand
in 1997bybytctpy,
Zakeeruddin
et al. [25]
this case,
the exchange
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tpywho
withsubstituted
a
two of the
three thiocyanates
with a 4,4’-dimethyl-2,2’-bipyridine.
In this case, the tpy ligand was not
phosphonic
acid anchoring
group (Figure 14).
represented by tctpy, but by a simpler tpy with a phosphonic acid anchoring group (Figure 14).

Figure 14. First example of tpy Ru-complex showing a bipyridine instead of two thiocyanates [25].
Figure 14. First example of tpy Ru-complex showing a bipyridine instead of two
thiocyanates [25].

This research topic became of interest again when, in 2011, Chandrasekharam et al. [98]
proposed to substitute two thiocyanate ancillary ligands with a bipyridine having electron donor
styryl moieties in 4,4’- position (20a-b, Figure 15). Worse panchromatic behavior was observed with
respect to BD, but also better performances in28device, owing to an increased molar extinction
coefficient in the visible region. A low value of fill factor led to a 3.36% best efficiency, higher with
respect to that of BD evaluated in the same conditions (TiO2: 9 + 4.8 μm, ethanol solution, Z580
electrolyte: 0.2 M I2, 0.5 M GuSCN, 0.5 M N-methylbenzimidazole in [bmim] [I] /
1-ethyl-3-methylimidazolium tetracyanoborate 65:35). Similar bipyridines, slightly modified in the

This research topic became of interest again when, in 2011,
Chandrasekharam et al. [98] proposed to substitute two thiocyanate ancillary
ligands with a bipyridine having electron donor styryl moieties in 4,4’- position
(20a,b, Figure 15). Worse panchromatic behavior was observed with respect to BD,
but also better performances in device, owing to an increased molar extinction
coefficient in the visible region. A low value of fill factor led to a 3.36% best
efficiency, higher with respect to that of BD evaluated in the same conditions
(TiO2 : 9 + 4.8 µm, ethanol solution, Z580 electrolyte: 0.2 M I2 , 0.5 M GuSCN,
0.5 M N-methylbenzimidazole in [bmim] [I] / 1-ethyl-3-methylimidazolium
tetracyanoborate 65:35). Similar bipyridines, slightly modified in the styryl
substitution, were also tested by Giribabu et al. [99] (20c, Figure 15). A more positive
oxidation potential with respect to BD under the same conditions has been reported
(0.78V vs. 0.60V) which was associated with a more negative reduction (´1.30V vs.
´1.10V) explaining the loss in panchromatic absorption.
Materials 2016, 9, 137

13 of 37

Figure 15. Monothiocyanate complexes proposed by Chandrasekharam [98] (top) and Giribabu [99]

Figure
15. Monothiocyanate complexes proposed by Chandrasekharam [98] (top)
(bottom).
and Giribabu [99] (bottom).
Very recently, Koyyada et al. [100] reported other bipyridines 4,4’- substituted with fluoren-2-yl
(21a in Figure 16) or carbazol-3-yl (21b) groups, as ancillary ligands. Even if the proposed structures
Very good
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bipyridines
4,4’substituted
reported
molar Koyyada
extinction coefficients
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oxidation
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the
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were
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due
to
the
poor
generated
photocurrent
that
was
with fluoren-2-yl (21a in Figure 16) or carbazol-3-yl (21b) groups, as ancillary
ligands.
possibly related to an unfavorable localization of LUMO, far from the anchoring sites on titania.

Even if the proposed structures reported good molar extinction coefficients and
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(bottom).

Very recently, Koyyada et al. [100] reported other bipyridines 4,4’- substituted with fluoren-2-yl
(21a in Figure 16) or carbazol-3-yl (21b) groups, as ancillary ligands. Even if the proposed structures
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Figure
16. Bipyridine
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with
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or carbazol-3-yl
Figure
16. Bipyridine
ancillary
ligands
with fluoren-2-yl
or substitutions
carbazol-3-yl[100].
substitutions [100].

In 2015 Pavan Kumar et al. [101] modified complex 6 [77] by substituting two thiocyanates with
an asymmetrical
bipyridine
hexylthiophene
and mesityl
on each
In 2015
Pavan ligand
Kumarbearing
et al. [101]
modified complex
6 [77] subtituents
by substituting
twopyridine
ring (22, thiocyanates
Figure 17). with an asymmetrical bipyridine ligand bearing hexylthiophene and
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Figure 17. Ancillary ligands modifications of complex 6 [101].

Figure 17. Ancillary ligands modifications of complex 6 [101].
In the same paper, a Ru complex was reported, in which the bipyridine bears two carboxyl
substituents.
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Figure 17. Ancillary ligands modifications of complex 6 [101].

In the same paper, a Ru complex was reported, in which the bipyridine bears two carboxyl
substituents. While having four anchoring groups, this complex led to lower efficiencies (23, Figure
18). With similar purposes, Kanniyambatti [76] modified complex 5, achieving a three-anchored
BD tested
the same
conditions
(η extinction
= 7.5 vs coefficient
6.1%; TiOand
+ 4 efficiency
µm, dye:with
0.5 respect
mM
2 : 10
sensitizer
(24,in
Figure
18) with
higher molar
higher
/ acetonitrile
1:1inwith
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M [bmim][I],
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Figure 18. Four (23) and three (24) anchored complexes by Pavan Kumar [101] and Kanniyambatti
Figure 18. Four (23) and three (24) anchored complexes by Pavan Kumar [101] and
[76].

Kanniyambatti [76].

All these modifications were in line with the results from Giribabu, who proposed a Ru
complex with 4,4’-dicarboxybipyridine and a tpy ligand bearing the same electron donor in 4,4’,4’’All these modifications were in line with the results from Giribabu, who
positions (t-butyl or biphenyl amino substituted styryl moieties) (25a-b, Figure 19) [102]. In this case,
proposed
a Ru complex with 4,4’-dicarboxybipyridine and a tpy ligand bearing
a further enhancement in π-conjugation led to increased molar extinction coefficients and improved
the same electron
in 4,4’,4”positions
(t-butyl
or on
biphenyl
amino substituted
performances.
Similardonor
complexes
that bear
donating
groups
the terpyridine
and electron
styryl moieties) (25a-b,
19) [102].
In have
this been
case, proposed
a further
withdrawing/grafting
moietiesFigure
on a bidentate
ligand
by enhancement
Mosurkal [103],
Erten-Ela
[104] and, more
by Mongal
[105].
In the firstcoefficients
case, the anchoring
moiety was
in π-conjugation
led recently,
to increased
molar
extinction
and improved
provided
by
4,4’-dicarboxy-2,2’-bipyridine.
Mono
and
dinuclear
ruthenium
complexes
were
performances. Similar complexes that bear donating groups on the terpyridine and
compared on the device, where the latter one gave better performances. In the second case, the
electron withdrawing/grafting moieties on a bidentate ligand have been proposed by
bidentate ligand was represented by a phenantroline substituted with phenyl sulfonic acid moieties
[103],
[104]
and, more recently, by Mongal [105]. In the first case,
inMosurkal
order to graft
andErten-Ela
sensitize TiO
2 and ZnO.

the anchoring moiety was provided by 4,4’-dicarboxy-2,2’-bipyridine. Mono and
dinuclear ruthenium complexes were compared on the device, where the latter one
gave better performances. In the second case, the bidentate ligand was represented
by a phenantroline substituted with phenyl sulfonic acid moieties in order to graft
and sensitize TiO2 and ZnO.
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Figure 19. Tpy extended with substituted stiryl moieties by Giribabu [102].

Figure 19. Tpy extended with substituted stiryl moieties by Giribabu [102].
Figure
19. Tpy extended with substituted stiryl moieties by Giribabu [102].
3.2.2. Bis-Terpyridine

3.2.2. Bis-Terpyridine
Stergiopoulos et al., in 2005 [106], replaced all the thiocyanates with another terpyridine. In the
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Figure 20. Bis-tpy complex proposed by Stergiopoulos et al. [106].

In the same year Houarner et al. [107] proposed another bis-tpy complex with a phosphonic acid
as the anchoring group on one terpyridine and oligothiophene moieties on the other one, in order to
Figure 20. Bis-tpy complex proposed by Stergiopoulos et al. [106].
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Figure 21. A first series of bis-tpy complexes proposed by Houarner et al. [107].

Further improvements to the Houarner series were reported in 2007 [109] by introducing a
thiophene π-conjugated bridge between the terpyridine and the phosphonate anchoring group,

performances of this class were attributed to an undesired localisation of the LUMO orbital on
thiophenes and, as a consequence, to a difficult charge injection into the TiO2. In order to improve
the performances, the same group in 2007 introduced an unconjugated bridge between the tpy and
the polythiophene moiety [108].
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Further improvements to the Houarner series were reported in 2007 [109] by introducing a
Further improvements to the Houarner series were reported in 2007 [109]
thiophene π-conjugated bridge between the terpyridine and the phosphonate anchoring group,
by introducing a thiophene π-conjugated bridge between the terpyridine and
improving the photoconversion efficiency (28, Figure 22). The thiophene spacer proved to be an
the phosphonate anchoring group, improving the photoconversion efficiency (28,
Figure
Materials 2016,
9, 13722). The thiophene spacer proved to be an interesting and efficient relay in 16 of 37
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interesting
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in the injection.
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Krebs and his research group [110] further investigated bis-tpy Ru complexes using
bromophenyl, carboxyphenyl, carboxyl acid [111], and ester moieties in order to compare their
Krebs and his research group [110] further investigated bis-tpy Ru complexes
anchoring properties. Ester moieties showed weaker absorption to TiO2 with respect to carboxylic
using bromophenyl, carboxyphenyl, carboxyl acid [111], and ester moieties in
acid and non-symmetric complexes reported efficiencies three times higher with respect to
order to compare their anchoring properties. Ester moieties showed weaker
symmetric ones. The same group [112,113] and Chan [114] studied bis-tpy Ru-complexes in
absorption to TiO2 with respect to carboxylic acid and non-symmetric complexes
conjugated polymers, and
their application to polymeric solar cells [112,113]. Tpy-bearing
reported efficiencies three times higher with respect to symmetric ones. The
polyphenylene-vinylene and thienyl-fluorene units were exploited in order to incorporate the
same group [112,113] and Chan [114] studied bis-tpy Ru-complexes in conjugated
resulting Ru complexes in the polymer chains; carboxyl acid functionalization of the bipyridine
polymers, and their application to polymeric solar cells [112,113]. Tpy-bearing
moieties resulted in improved efficiency. Caramori et al. [115], using an heteroleptic
polyphenylene-vinylene and thienyl-fluorene units were exploited in order to
thienylterpyridine Ru complex, improved the electron collection efficiency owing to an electrolyte
incorporate the resulting Ru complexes in the polymer chains; carboxyl acid
based on the combination of cobalt and iron polypyridine complexes.
functionalization of the bipyridine moieties resulted in improved efficiency.
Very recently, Koyyada [100] replaced all thiocyanates in the BD structure with a tris (t-butyl)
tpy, thus maintaining tctpy as the anchoring moiety (29 in Figure 23). The complex showed good
33 visible range of the spectrum and a higher molar
optical properties, with a hypsochromic shift in the
extinction coefficient respect to BD, but the overall performances were quite low.
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Figure 23. Modification of the BD structure with tris (t-butyl) tpy [100].
Figure 23. Modification of the BD structure with tris (t-butyl) tpy [100].

3.2.3. Phenylpyridine and Pyrimidine
3.2.3. Phenylpyridine and Pyrimidine
Funaki investigated the possibility to maintain the same terpyridine ligand of Black Dye, tctpy,
Funaki investigated the possibility to maintain the same terpyridine ligand
substituting two thiocyanates with a series of C^N bidentate ligands (30 in Figure 24) [116–118].
of Black Dye, tctpy, substituting two thiocyanates with a series of CˆN bidentate
These complexes were designed in order to utilize ancillary ligands with stronger donor properties
ligands (30 in Figure 24) [116–118]. These complexes were designed in order to
with respect to thiocyanates in order to destabilize the t2g HOMO orbital, to reduce the band gap
utilize ancillary ligands with stronger donor properties with respect to thiocyanates
and to harness lower energy regions of the solar spectrum. 2-Phenylpyridines as such, and those
in order to destabilize the t2 g HOMO orbital, to reduce the band gap and to harness
substituted in 4’ position with a phenyl ethynyl group [118], were used to obtain cyclometalated
lower energy regions of the solar spectrum. 2-Phenylpyridines as such, and those
ruthenium(II) complexes. The wider π-extension allowed to obtain higher molar extinction
substituted in 4’ position with a phenyl ethynyl group [118], were used to obtain
coefficients and a higher charge injection with an IPCE value of 10% at 900 nm. The main drawback
cyclometalated ruthenium(II) complexes. The wider π-extension allowed to obtain
of these complexes was a low oxidation potential that reduced the driving force for dye
higher molar extinction coefficients and a higher charge injection with an IPCE value
regeneration. In order to raise the HOMO level and ease the dye regeneration by iodine, the same
of 10% at 900 nm. The main drawback of these complexes was a low oxidation
potential that reduced the driving force for dye regeneration. In order to raise the
HOMO level and ease the dye regeneration by iodine, the same group [116] extended
the CˆN ligands series to 2-phenylpyrimidines, substituted on the phenyl ring with
trifluoromethyl groups. The CF3 group further reduces the electron donor behavior
of the ligand and stabilizes the HOMO level. In this way a 10.7% efficiency was
obtained, with respect to 10.1% of BD tested in the same conditions (TiO2 : 25 + 6 µm,
34
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Figure 24. C^N bidentate ligands proposed by Funaki et al. for Ru(II)-complexes [116–118].
Figure 24.
CˆN bidentate ligands proposed by Funaki et al.
for
Ru(II)-complexes [116–118].

3.2.4. β Diketonate Ligands

A series
ligands (31 in Figure 25) was investigated by Islam et al. [119–125] as
3.2.4.of
β β-diketonate
Diketonate Ligands
ancillary ligands alternative to thiocyanates in the BD structure. The strong σ-donating nature of the
A series of β-diketonate ligands (31 in Figure 25) was investigated by
negatively-charged oxygen donor atom destabilizes the ground-state energy level of the dye
Islam et al. [119–125] as ancillary ligands alternative to thiocyanates in the BD
compared to BD, leading to a shift of the MLCT transitions to lower energies. In 2002 [125] a Ru(II)
structure. The strong σ-donating nature of the negatively-charged oxygen donor
complex with 1,1,1-trifluoropentane-2,4-dionato ligand showed efficient panchromatic sensitization
atom destabilizes the ground-state energy level of the dye compared to BD, leading to
of nanocrystalline TiO2 solar cells. Additionally, a longer alkyl chain (using
a shift of the MLCT transitions to lower energies. In 2002 [125] a Ru(II) complex with
1,1,1-trifluoroeicosane-2,4-dionato ligand) [122] prevented surface aggregation of the sensitizer and
1,1,1-trifluoropentane-2,4-dionato ligand showed efficient panchromatic sensitization
allowed to avoid or reduce the use of chenodeoxycholic acid. The use of longer alkyl chains may
of nanocrystalline TiO2 solar cells. Additionally, a longer alkyl chain (using
protect the TiO2 surface, through steric hindrance and hydrophobic effect, preventing the access of
1,1,1-trifluoroeicosane-2,4-dionato ligand) [122] prevented surface aggregation of the
electrons to the redox electrolyte, favouring a higher Voc. On the other hand, the bulky alkyl group
sensitizer and allowed to avoid or reduce the use of chenodeoxycholic acid. The
may not only facilitate the ordered molecular arrangement on the TiO2 surface, but also keep dye
use of longer alkyl chains may protect the TiO2 surface, through steric hindrance
molecules far away each other, thus suppressing intermolecular dye interaction and increasing Jsc
and hydrophobic effect, preventing the access of electrons to the redox electrolyte,
[126].
favouring a higher Voc . On the other hand, the bulky alkyl group may not only
facilitate the ordered molecular arrangement on the TiO2 surface, but also keep dye
molecules far away each other, thus suppressing intermolecular dye interaction and
increasing Jsc [126].
In 2006 [123] the same group further modified the β-diketonate ligand with a
halogen p-chlorophenyl group. Aryl substituents with different electron-donating
strength were allowed to control the shift of the low-energy MLCT band and Ru
oxidation potential. A very efficient sensitization (η = 9.1%; TiO2 : 20 µm, dye:
0.2 mM CH3 CN / t-butanol 1:1 with 20 mM DCA, electrolyte: 0.6 M DMPII, 0.05
M I2 , 0.1 M LiI, 0.07 M t-bupy in CH3 CN), with an IPCE greater than 80% in the
Figure 25. β-diketonates ligands by Islam et al. [119–125].
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In 2006 [123] the same group further modified the β-diketonate ligand with a halogen
p-chlorophenyl group. Aryl substituents with different electron-donating strength were allowed to
control the shift of the low-energy MLCT band and Ru oxidation potential. A very efficient
sensitization ( = 9.1%; TiO2: 20 μm, dye: 0.2 mM CH3CN / t-butanol 1:1 with 20 mM DCA,

complex with 1,1,1-trifluoropentane-2,4-dionato ligand showed efficient panchromatic sensitization
of nanocrystalline TiO2 solar cells. Additionally, a longer alkyl chain (using
1,1,1-trifluoroeicosane-2,4-dionato ligand) [122] prevented surface aggregation of the sensitizer and
allowed to avoid or reduce the use of chenodeoxycholic acid. The use of longer alkyl chains may
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In 2006 [123] the same group further modified the β-diketonate ligand with a halogen
3.2.5. Pyrazolyl Ligands
p-chlorophenyl group. Aryl substituents with different electron-donating strength were allowed to
Novel
ligands,
from
bipyridines,
were proposed
control the shift
of NˆN
the bidentate
low-energy
MLCTdifferent
band and
Rutheoxidation
potential.
A very efficient
by Chen
al. [127].
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as an
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and0.07
tested
in cellsin(32,
26). an
These
electrolyte:
0.6 M DMPII,
0.05 M I2, in
0.1BD
M LiI,
M t-bupy
CHFigure
3CN), with
IPCEdyes
greater than
vs 9.07%
;
efficiency
BD tested in
conditions
(η = 10.05Further
80% in overcome
the wholethe
visible
rangeof extending
upthe
to same
950 nm
was obtained.
substituted
TiO2 : 18 + 4 µm, dye: 0.3 mM DMF / t-butanol 1:1 with 10 mM DCA, electrolyte:
0.6 M DMPII, 0.1 M I2 , 0.1 M LiI, 0.5 M t-bupy in CH3 CN) due to their higher molar
extinction coefficients between 400 and 550 nm and their extended absorption up
to 850 nm, as a consequence of the HOMO destabilization by the pyrazole. The
same group reported, in 2011 [128], a series of tridentate 2,6-bis(3-pyrazolyl)pyridine
ligands bearing various substitutions in 4- position (33, Figure 26). The reported
IPCE spectra showed a worse sensitization in the NIR region with respect to N749
but a better conversion in the visible range which accounts for efficiencies up
to 10.7% (TiO2 : 15 + 5 µm, dye: 0.3 mM ethanol / DMSO 4:1 with 1M CDCA,
electrolyte: 0.6 M DMPII, 0.1 M I2 , 0.5 M t-bupy, 0.1 M LiI in CH3 CN). The results
were explained by the bulky ligand effect, which may allow better packing of the
dye molecules on the TiO2 surface and prevent interfacial charge recombination.
On the other hand, the contribution of the pyridine in the ligand, which is neutral
with respect to the negatively charged thiocyanates, might allow the negative dipole
moment to be localized closer to the surface, thus affording a higher Voc . Further
investigations on these complexes were carried out by replacing the tctpy with
a dicarboxytpy ligand substituted in the 5- or 6- position of a terminal pyridyl
unit with π-conjugated thiophene pendant chains, obtaining good stability and
36

performances with respect to BD [129]. More recently, the terminal pyridyl unit of
the tctpy was replaced with variously substituted quinolines (34, Figure 26) reaching
good performances (η = 10.19%; TiO2 : 15 + 7 µm, dye: 0.3 mM ethanol / t-butanol
1:1 with 0.6 mM of tetra-butylammonium deoxycholate, electrolyte: 0.6 M DMPII,
0.05 M LiI, 0.05 M I2 , 0.5 M t-bupy in CH3 CN) [130]. In this new family of complexes,
electron-donating-bulky t-butyl substituents on quinoline gave better performances
with respect to the electron-withdrawing COOH group. With the t-butyl group,
in fact, a blueshift for transitions at lower energies was reported together with
a hyperchromic effect that improved IPCE and Jsc . Further modifications to the
bidentate ancillary ligands led to a best result efficiency (η = 11.16%; with the addition
of 1mM DCA as co-adsorbate to the dye solution and electrolyte: 0.1 M LiI and 0.1 M
GuNCS, 0.5 M t-bupy in CH3 CN) [22] when tctpy and hexylthiothienyl-substituted
pyrazolyl-pyridine were used to complex ruthenium (II) (35, Figure 25). This complex
showed worse conversion in the NIR spectral region but improved IPCE in the visible
one 9,
with
Materials 2016,
137 respect to BD, thus determining a better efficiency in the same conditions.
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3.2.6. Phenyl Bipyridines
In 2007 Wadman et al. [132] compared a bis-tpy Ru complex bearing one carboxyl group in the
4- position, with two structurally homolog complexes in which the tpy was replaced by
37
6-phenylbipyridines, with one or two carboxyl groups (36 and 37, Figure 27). The N^N’^C
Ru(II)-complex with two anchoring groups showed performances similar to N719. Thus, in 2010
[133], the same group further extendend the series, including N^C^N’ ligands based on
3,5-bis(2-pyridyl)benzoic acid (38, Figure 27).

Recently, Chang et al. [131] reported pyrazolyl-pyridine ancillary ligands
bearing a series of donor groups in which the simplest substituents (such as
t-butyl group) leads to better efficiency with respect to the triphenylamino
and benzothiadiazolylgroups.
3.2.6. Phenyl Bipyridines
Figure 26. Pyridyl-pyrazolate ligand and quinolyl-bipyridine ligand for Ru(II)-complexes
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Figure 27. Tpy and phenyl-bipyridines complexes investigated by Wadman et al. [132].

Figure 27.
Tpy and phenyl-bipyridines complexes investigated by
Wadman
et al. [132].
X-ray structural
determination on the mono carboxyl complex (37, R1 = H, R2 = COOH) showed
a distorted octahedral coordination, with the cyclometalated ligand perpendicular to the terpyridine
and elongation of the nitrogen to Ru bond opposite to the C-Ru bond. In the solid state, the complex
X-ray
determination
oncarboxyl
the mono
carboxyl
complex (37, R1 = H,
forms
dimersstructural
via hydrogen
bonds between the
functions
(Figure 28).

R2 = COOH) showed a distorted octahedral coordination, with the cyclometalated
ligand perpendicular to the terpyridine and elongation of the nitrogen to Ru bond
opposite to the C-Ru bond. In the solid state, the complex forms dimers via hydrogen
bonds between the carboxyl functions (Figure 28).
NˆN’ˆC cyclometalated compounds showed better sensitization properties
respect to the bis-tpy complexes; while the lower efficiencies of the NˆCˆN' complexes
were ascribed to a LUMO localization which prevented an efficient electron injection
into the TiO2 conduction band. The replacement of a coordinative Ru-N bond with a
covalent carbon-ruthenium bond led to a redshift and to a broadening in the optical
absorption of the corresponding ruthenium complex. Functionalization on the NˆCˆN’
ligand with another tpy resulted in the synthesis of dinuclear Ru(II)-complexes [134].
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Figure 28. Crystal structure of complex 37 in form of its dimer [132] (Adapted from Ref 131 with
permission of The Royal Society of Chemistry).
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Figure 29. Bis-tpy-based Ru(II) complex
by Kisserwan et al. [135].
(N^N’^N’’) to phenyl-bipyridine (C^N^N’) and di-(2-pyridyl)-benzene (N^C^N’), bearing anchoring
electron-withdrawing groups on one ligand and, on the other, a thienyl-triphenylamino group as
In 2011, Robson et al. [136] published an extensive study in which a series of asymmetric
donor counterpart (40, Figure 30). A thorough investigation of the photophysical and
bis-tridentated ruthenium complexes was synthesized, whose ligands ranged from terpyridine
electrochemical properties was pursued in order to understand the role of the organometallic bond
(N^N’^N’’) to phenyl-bipyridine (C^N^N’) and di-(2-pyridyl)-benzene (N^C^N’), bearing anchoring

In 2011, Robson et al. [136] published an extensive study in which a series
of asymmetric bis-tridentated ruthenium complexes was synthesized, whose
ligands ranged from terpyridine (NˆN’ˆN”) to phenyl-bipyridine (CˆNˆN’) and
di-(2-pyridyl)-benzene (NˆCˆN’), bearing anchoring electron-withdrawing groups on
one ligand and, on the other, a thienyl-triphenylamino group as donor counterpart
(40, Figure 30). A thorough investigation of the photophysical and electrochemical
properties was pursued in order to understand the role of the organometallic bond
and terminal substituents and to tune the energetic levels. Broad absorption spectra
were generated in Ru(II) complexes containing an organometallic bond because
of the electronic dissymmetry about the octahedral Ru(II) center. The intensity of
the spectra in the visible region was enhanced when the organometallic bond was
orthogonal to the principal axis (i.e., CˆNˆN’ ligand). When the anchoring ligand
is represented by a NˆCˆN’ tridentate combination, the LUMO is placed remotely
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Figure 30. Robson et al. [136] series of bis-tridentated ruthenium complexes bearing
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triphenyl amino groups.
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dipyrazinyl-pyridine ligands with different substituents on 4’- position, and cathecol moieties as
Another series of bis-tridentate complexes was reported in 2007 by
grafting groups (41, Figure 31). In comparison to homolog complexes with terpyridine,
Al-mutlaq et al. [137] using dipyrazinyl-pyridine ligands with different substituents
dipyrazinyl-pyridine led to higher oxidation potential. Exchanging SCN improved HOMO and
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Sepehrifard et al. [138,139] investigated a series of homoleptic bis-tridentate ruthenium
Sepehrifard et al. [138,139] investigated a series of homoleptic bis-tridentate
complexes, employing both tpy and dipyrazinyl-pyridine ligands. The poorer performances of the
ruthenium complexes, employing both tpy and dipyrazinyl-pyridine ligands. The
latter ones were attributed to lower LUMO levels and weaker bonding to TiO2. The best results were
performances
of the
latterCOOH
ones grafting
were attributed
to lower
LUMOwhile
levelsthe use of
obtainedpoorer
with terpyridine
ligands
bearing
groups (1.53%
efficiency)
and weaker bonding to TiO2 . The best results were obtained with terpyridine
dipyrazinyl-pyridine ligands, ester groups or the introduction of a phenylene spacer between the
COOH
grafting
groups
(1.53%
efficiency) while the use of
pyridineligands
and the bearing
anchoring
group all
resulted
in lower
efficiencies.
dipyrazinyl-pyridine ligands, ester groups or the introduction of a phenylene spacer
between the pyridine and the anchoring group all resulted in lower efficiencies.
3.2.8. Triazolate
Schulze
al. investigated triazolate as chelating moiety in a series of N^C^N’ cyclometalated
3.2.8.etTriazolate
ligands [140] and N^N’^N’’ ligands [141]. 1,3-Di(4-triazolyl)benzene and 2,5-di(4-triazolyl)pyridine
Schulze et al. investigated triazolate as chelating moiety in a series of NˆCˆN’
cyclometalated ligands [140] and NˆN’ˆN” ligands [141]. 1,3-Di(4-triazolyl)benzene
and 2,5-di(4-triazolyl)pyridine were used in association with tctpy as the grafting
moiety (42, Figure 32). In the case of the NˆCˆN’ ligand, the substitution with
electron-withdrawing groups such as F or NO2 stabilizes the HOMO energy level
providing blueshift and loss in charge injection, while hydrophobic alkyl chains are
expected to be beneficial for the long-term stability. The relatively low efficiency
obtained as the best result (η = 4.9%; TiO2 : 12 + 3 µm, dye: 0.25 mM methanol,
electrolyte: 0.6 M 1,3-dimethylimidazolium iodide, 0.06 M I2 , 0.1 M LiI, 0.5 M t-bupy,
0.1 M GuSCN in CH3 CN) in the case of the NˆN’ˆN” ligand with respect to N749
(6.1% in the same conditions, dipping solution in ethanol) was explained by loss in
panchromatic absorption.
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Bonacin et al. [143] proposed a complex of Ru(II) with carboxyphenyl tpy,
thiocyanate, and 8-hydroxy quinoline in order to host a carboxymethyl cyclodextrin
anchored to TiO2 . Even if poor results were reported (ascribed to high HOMO
potential and low regeneration), the host-guest interaction of the dye with the
cyclodextrin increased the performances by preventing dye aggregation and limiting
the dark current.
Figure 34. ORTEP drawing of complex 43b [142] (Reprinted with permission from Park, H.-J.; Kim,
K. H.; Choi, S. Y.; Kim, H.-M.; Lee, W. I.; Kang, Y. K.; Chung, Y. K. Unsymmetric Ru(II) Complexes

Figure 34. ORTEP drawing of complex 43b [142] (Reprinted with permission from Park, H.-J.; Kim,
42
K. H.; Choi, S. Y.; Kim, H.-M.; Lee, W. I.; Kang, Y. K.; Chung, Y. K. Unsymmetric Ru(II) Complexes

X-ray crystal structure of 43b shows a typical geometry with both ligands coordinated in a
meridional fashion; bond distances between Ru and the coordinated N or C are similar and the
carboxyl function is deprotonated (Figure 34). Overall efficiencies were far from N719 tested in the
same conditions, a result that was mainly attributed to low charge injection.
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Figure 35. Phosphine-coordinated Ru(II) sensitizer by Kinoshita et al. [144].
Figure 35. Phosphine-coordinated Ru(II) sensitizer by Kinoshita et al. [144].

Recently, Li used 2,2’-dipyrromethanes as N^N’ bidentate ligand in order to substitute
thiocyanates in the BD structure. The dipyrromethanes having 5-pentafluorophenyl and 2-thienyl
substituents gave IPCE curves showing a sensitization up to 950 nm (45, Figure 36) [146].
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Figure 37. Benzimidazole ligand tested by Swetha et al. [147].

3.3. Exchange of Metal Center
Terpyridine complexes with other metals were reported by Bignozzi’s
group, who complexed osmium with tctpy, various bipyridines and
pyridylquinoline [148–150]. The idea was to further broaden absorption spectra
thanks to Os(II) complexes characterized by high spin-orbit coupling constant
that allows the direct population of low energy, spin-forbidden, 3 MLCT states.
No significant differences in IPCE values were found in the case of the various
Os complexes showing values up to 50% at 900 nm and 70% in the visible region.
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Tpy complexes have been investigated also for the sensitization of p-type semiconductors. In
p-type DSCs, the rules for sensitizers design are inverted with respect to classical n-type DSC cells.
In fact, in these devices, the excited dye has to inject holes from HOMO to the conduction band of a
p-semiconductor [160].

sensitization. Terpyridines substituted with various anchoring and triphenylamino
moieties extended with benzothiadiazole-diphenylamino units gave efficiencies
between 0.5% and 1%. Housecroft et al. reviewed sensitizers made of Earth-abundant
metals, concerning copper [158] and other d-block metals [159].
4. p-Type
Tpy complexes have been investigated also for the sensitization of p-type
semiconductors. In p-type DSCs, the rules for sensitizers design are inverted with
respect to classical n-type DSC cells. In fact, in these devices, the excited dye has to
inject holes from HOMO to the conduction band of a p-semiconductor [160].
Ji et al., in 2013 [161], proposed a cyclometalated (NˆCˆN’)-(NˆN’ˆN”) Ru[II]
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Figure 39. NDI-Tpy proposed by Ji et al. [161].
Figure 39. NDI-Tpy proposed by Ji et al. [161].
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group to increase the hole injection achieving efficiencies in pDSCs between 0.07 and 0.09 (49, Figure
40). Both bis-tpy and phenylbipy-tpy complexes were investigated showing better performances
with iodine electrolyte with respect to the Co-based one, which was ascribed to high charge
recombination with NiO.
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5. Co-Sensitization
5. Co-Sensitization
The Black Dye has also been used in cocktail with other sensitizers characterized by higher
The Black Dye has also been used in cocktail with other sensitizers characterized
molar extinction coefficient in the high energy regions of the spectrum, in order to increase the IPCE
by higher molar extinction coefficient in the high energy regions of the spectrum,
at lower wavelengths. Ogura et al. [165] used BD in combination with the push-pull indoline dye
in order to increase the IPCE at lower wavelengths. Ogura et al. [165] used BD
D131 (50, Figure 41), reaching a conversion efficiency of 11.0% (working electrode was made with
in combination with the push-pull indoline dye D131 (50, Figure 41), reaching a
different layers of TiO2 mixtures with increasing amounts of polystyrene; 0.19 mM D131 and 0.56
conversion efficiency of 11.0% (working electrode was made with different layers of
mM BD in CH3CN / t-butanol 1:1, electrolyte: 0.15 M NaI, 0.075 M I2, 1.4 M DMPII, CH3CN /
TiO2 mixtures with increasing amounts of polystyrene; 0.19 mM D131 and 0.56 mM
methoxyacetonitrile 9:1). Ozawa et al. [166] optimized this system using 20 mM chenodeoxycholic
BD in CH3 CN / t-butanol 1:1, electrolyte: 0.15 M NaI, 0.075 M I2 , 1.4 M DMPII,
acid achieving a 11.6% efficiency with a TiO2 film with 45 μm thickness (0.14 mM D131 and 0.2 mM
CH3 CN / methoxyacetonitrile 9:1). Ozawa et al. [166] optimized this system using
BD in 1-propanol, electrolyte: 0.05 M I2, 0.1 M LiI, 0.6 M DMPII, 0.3 M t-bupy in CH3CN).
20 mM chenodeoxycholic acid achieving a 11.6% efficiency with a TiO2 film with
45 µm thickness (0.14 mM D131 and 0.2 mM BD in 1-propanol, electrolyte: 0.05 M I2 ,
0.1 9,
M137
LiI, 0.6 M DMPII, 0.3 M t-bupy in CH3 CN).
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cosensitization [165,166].

Sharma [167] proposed the cosensitization of a modified BD complex with a Zn porphyrin, with
Sharma [167] proposed the cosensitization of a modified BD complex with a
a recorded efficiency of 8.15%. Bahreman [168] synthesized a Ru complex in which a tpy was
Zn porphyrin, with a recorded efficiency of 8.15%. Bahreman [168] synthesized
covalently bound to rhodamine B through an ethanolamine spacer, thus pursuing an energy transfer
by “reverse“ FRET.
6. Summary and Outlook
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The literature offers multiple choices in order to tune the photoelectrochemical properties of
terpyridine-based complexes such as the Black Dye, ranging from the modification of the donor and
acceptor ligands to the exchange of the metal center with other cations. The increase of the molar
extinction coefficient has been commonly pursued by extending the π-conjugation on the ligands.

a Ru complex in which a tpy was covalently bound to rhodamine B through an
ethanolamine spacer, thus pursuing an energy transfer by “reverse“ FRET.
6. Summary and Outlook
The literature offers multiple choices in order to tune the photoelectrochemical
properties of terpyridine-based complexes such as the Black Dye, ranging from the
modification of the donor and acceptor ligands to the exchange of the metal center
with other cations. The increase of the molar extinction coefficient has been commonly
pursued by extending the π-conjugation on the ligands. Different anchoring moieties
were compared, among which COOH turned out as one of the most effective
groups. Isothiocyanate was often substituted by different ancillary ligands in order
to improve long-term stability and the synthetic yield of complexation; bidentate
and tridentate ligands that exploit coordination through N or C atoms have been
tested in order to achieve a better sensitization. Tetradentate ligands have been used
in order to further enlarge the spectral absorption properties.
Few outlines can be depicted in this scenario for the design of future complexes:
(1) better stability can be achieved avoiding the use of monodentate SCN ancillary
ligands; (2) better performances are offered in the case of heteroleptic complexes
(the homoleptic ones have an unfavourable symmetric charge distribution);
(3) hydrophobic substitutions on the ligands are able to reduce the electron
recombination; (4) a better coupling between the complex and semiconductor
can be achieved when COOH moieties are used as attaching groups. Overall,
a wise approach is requested in order to tune the energy levels far enough to
reach panchromatic absorption, but not too much in order not to exceed the
limit for a good regeneration rate by the electrolyte and a good electron injection
driving force. Furthermore, the use of tpy complexes nowadays goes beyond
the traditional role as sensitizers. Cobalt complexes have been reported as redox
mediators, by exploiting the interaction of the EDOT-substituted complex with a
PEDOT-covered counter-electrode (PEDOT: poly(3,4-ethylenedioxythiophene) [169].
By finely tuning the single DSC components and their interaction, a further increase
of DSC performances will be possible.
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Abbreviations
The following abbreviations are used in this manuscript:
BD or N479
[bmim][I]
CDCA
DSCs
DCA
DMPII
EDOT
EIS
FRET
GuNCS
IPCE
Jsc
LEC
MLCT
NDI
OCVD
OLED
PEDOT
qtpy
SCN
TBA
t-bupy
tctpy
TEA
tpy
Voc

Black dye
1-butyl-3-methyl imidazolium iodide
Chenodeoxycholic acid
Dye sensitized Solar Cells
Deoxycholic acid
1,2-dimethyl-3-propylimidazolium iodide
3,4-ethylenedioxythiophene
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Spectroscopic Ellipsometry Studies of n-i-p
Hydrogenated Amorphous Silicon Based
Photovoltaic Devices
Laxmi Karki Gautam, Maxwell M. Junda, Hamna F. Haneef, Robert W. Collins
and Nikolas J. Podraza
Abstract: Optimization of thin film photovoltaics (PV) relies on characterizing
the optoelectronic and structural properties of each layer and correlating these
properties with device performance. Growth evolution diagrams have been
used to guide production of materials with good optoelectronic properties in
the full hydrogenated amorphous silicon (a-Si:H) PV device configuration. The
nucleation and evolution of crystallites forming from the amorphous phase were
studied using in situ near-infrared to ultraviolet spectroscopic ellipsometry during
growth of films prepared as a function of hydrogen to reactive gas flow ratio
R = [H2 ]/[SiH4 ]. In conjunction with higher photon energy measurements, the
presence and relative absorption strength of silicon-hydrogen infrared modes were
measured by infrared extended ellipsometry measurements to gain insight into
chemical bonding. Structural and optical models have been developed for the back
reflector (BR) structure consisting of sputtered undoped zinc oxide (ZnO) on top of
silver (Ag) coated glass substrates. Characterization of the free-carrier absorption
properties in Ag and the ZnO + Ag interface as well as phonon modes in ZnO
were also studied by spectroscopic ellipsometry. Measurements ranging from 0.04
to 5 eV were used to extract layer thicknesses, composition, and optical response
in the form of complex dielectric function spectra (ε = ε1 + iε2 ) for Ag, ZnO, the
ZnO + Ag interface, and undoped a-Si:H layer in a substrate n-i-p a-Si:H based PV
device structure.
Reprinted from Materials. Cite as: Gautam, L.K.; Junda, M.M.; Haneef, H.F.;
Collins, R.W.; Podraza, N.J. Spectroscopic Ellipsometry Studies of n-i-p
Hydrogenated Amorphous Silicon Based Photovoltaic Devices. Materials 2016, 9, 128.

1. Introduction
Development of thin film technologies based on amorphous silicon and
germanium, including photovoltaic (PV) devices, involves understanding of material
electrical and optical properties [1–4]. It is essential to measure, monitor, and control
the thickness, structure, phase, and composition of solar cell component layers in
the same configuration used in manufacturing, especially for devices processed over
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large areas. Doped (n-type and p-type) and undoped (intrinsic) hydrogenated silicon
(Si:H) thin films are used in single, tandem, and multijunction solar cell applications
in both n-i-p substrate and p-i-n superstrate configurations [5–10]. These Si:H films
prepared by plasma enhanced chemical vapor deposition (PECVD) may exhibit
several structural transitions during growth in the PV device configuration. The
structural evolution of Si:H can be controlled by dilution of a reactive silicon carrying
gases like silane (SiH4 ) with hydrogen (H2 ) during deposition. The microstructural
evolution of Si:H has been studied for layers deposited on different bulk and thin
film substrates with varying degrees of surface roughness, including native and
thermal oxide coated crystalline silicon, glass, polyethylene naphthalate (PEN)
polymer, as well as underlying structurally distinct Si:H layers prepared under
different deposition conditions. A primary technique for studying this growth
evolution is the use of near infrared (IR) to ultraviolet (UV) in situ, real time
spectroscopic ellipsometry (RTSE) applied during Si:H thin film growth [2,4,7,11,12].
RTSE involves collection of ellipsometric spectra as a function of time during a
process such as thin film deposition, typically using a multichannel instrument
which collects all photon energies in parallel with serial readout of pixels arranged
in a one dimensional (1-D) detector. The data acquisition time is typically chosen
such that highest signal-to-noise is obtained via averaging of multiple optical cycles
over a period of time in which typically only 0.1 to 10 Å of material accumulates.
Koh et al. [7] reported the growth evolution of intrinsic Si:H on native oxide covered
crystalline silicon, amorphous Si:H (a-Si:H) films prepared without additional
hydrogen dilution, and on newly deposited ~200 Å p-type microcrystalline or
nanocrystalline Si:H (nc-Si:H). These results demonstrate that the nature of the
underlying material influences nucleation of crystallites, suppressing nucleation
with underlying a-Si:H and promoting nucleation with underlying nc-Si:H. The
growth evolution of p-layers on specular zinc oxide (ZnO) coated glass and the ability
to promote a high nucleation density of nc-Si:H were studied by Rovira et al. [11].
In another study of the growth evolution of p-type Si:H on ZnO coated glass and
ZnO over-coating tin oxide (SnO2 ), Koval et al. [12] reported that valid material
properties and device performance correlations can be better realized for any given
material when the properties are obtained from deposition on similar substrates
with similar thicknesses as those used in the respective device. The generation of
so-called “deposition phase diagrams” or “growth evolution diagrams” for vhf and
rf PECVD of Si:H films determined that vhf PECVD shows significant differences
in structural evolution with processing conditions, namely the plasma excitation
frequency [13]. Growth evolution diagrams have been developed by Stoke et al.
for intrinsic a-Si:H, amorphous silicon germanium alloys, and nc-Si:H for top,
middle, and bottom cell i-layers used in triple junction devices [14]. Dahal et al.
reported growth evolution diagrams for intrinsic and p-type Si:H deposited on
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unoptimized n-layer/ZnO/Ag back reflector (BR) coated PEN in n-i-p configuration
PV devices [15]. Overall these results and analysis procedures developed here are
applicable to more directly relating properties of layers in the device configuration, as
obtained by non-destructive measurements, with variations in device performance.
These types of measurements have been demonstrated for a-Si:H solar cells deposited
on planar substrates as described here and also on those incorporating macroscopic
roughness or texturing [16–18].
Both a-Si:H and nc-Si:H component materials are used in state-of-the-art Si:H
based PV devices. nc-Si:H, either as individual layers or in PV junctions, has
significant enhancement in near IR absorption of the solar spectrum and high stability
under prolonged illumination in contrast to its amorphous counterpart [19,20]. The
quantitative analysis, characterization, and control of the relative nanocrystalline
and amorphous volume fractions within mixed-phase films is also a major challenge
in Si:H manufacturing. Most often the nanocrystalline fraction is estimated from
x-ray diffraction or Raman spectroscopy, which can yield values ranging an order of
magnitude [6,21,22]. Although these measurements are valuable, limitations exist.
Typically ex situ x-ray diffraction measurements average information over the full
depth of a thin film sample, and ex situ Raman spectroscopy averages information
over a finite penetration depth into the sample that is dependent upon the wavelength
of the probing laser, its power, and the absorption coefficient of the material. Profiling
these materials non-invasively is an even greater challenge due to probe penetration
depth limitations and likely non-uniform crystallite fraction with depth into films.
Si:H films may be inhomogeneous with thickness as crystallites nucleate from and
coexist with the amorphous phase. Deconvolving gradients in crystallinity from
ex situ x-ray diffraction and Raman spectroscopy measurements requires multiple
samples, while in situ RTSE measurements applied during film deposition have been
used to quantify structural gradients in crystallinity within a single film.
A wealth of information can be extracted from these types of RTSE
measurements applied at a single spot on a sample surface, but additional property
variations related to sample non-uniformity have also been obtained by ex situ
mapping spectroscopic ellipsometry (SE) [23–26]. In mapping SE, the sample and
multichannel ellipsometer, similar to the instrument used in RTSE studies, are
mechanically translated with respect to the each other in one or more dimensions
to obtain ellipsometric spectra as a function of spatial position. In the case of Si:H,
simplified structural models based on results from RTSE measurements are applied
to probe subtle variations in material opto-electronic response such as the band gap
of a-Si:H, film thickness, surface roughness thickness, and nanocrystallite fraction
in mixed phase materials. These types of measurements have been applied to
Si:H [23,24], cadmium telluride [26], and copper indium gallium diselenide [25]
PV devices ranging from tens of square centimeters on the laboratory scale to full
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industrially prepared panels. Thus, improvements in understanding and quantifying
the structural transition of Si:H from amorphous to nanocrystalline, as obtained from
single spot in situ RTSE measurements, can be applied to develop more advanced
optical models and more thoroughly analyze mapping SE measurements collected
over larger areas.
We have applied SE from 0.734 to 5.88 eV to extract layer thicknesses, interface
composition, and optical response in the form of complex dielectric function spectra
(ε = ε1 + iε2 ) for all Ag, ZnO, and doped and undoped PECVD Si:H layers found in
substrate n-i-p PV devices. These studies begin with characterization of ZnO/Ag BRs
and have been applied over the near IR to UV spectral range [27,28]. The purpose of
BR structures is to increase the optical path length of light within the absorber layer of
the PV device, where each photon absorbed has the potential to generate electron-hole
pairs and thus electrical current. Any light not absorbed in the first pass of light
through the absorber layer is reflected or scattered by the BR back into the absorber
layer. Thus PV absorber layers can be made thinner or from materials with low
minority carrier diffusion lengths. Due to the substrate dependence of Si:H growth,
the same ZnO/Ag BR structures were used to study the growth evolution of doped
and undoped Si:H required for use in n-i-p a-Si:H PV devices. RTSE using a global
Σσ-minimization analysis procedure has been used to track the behavior of structural
transitions in Si:H deposited in the n-i-p PV device structure, as functions of hydrogen
to reactive gas flow ratio R = [H2 ]/[SiH4 ], to produce growth evolution diagrams
for undoped, p-type, and n-type layers. Global Σσ-minimization analysis of RTSE
involves using test structural parameters, most commonly a bulk layer thickness
(db ) and surface roughness thickness (ds ), to numerically solve for test ε [29]. These
test values of ε are then used to fit other ellipsometric spectra collected at different
times when the film is relatively homogeneous. The approach is iterated in order
to obtain numerically inverted ε yielding the lowest spectrally and time-averaged
error, σ, over the multiple time measurements selected. The numerically inverted ε
that minimizes σ are then used to determine structural parameter variations over
the full set of RTSE data, with material transitions identified either in the structural
parameters themselves or by increases in the error function. Virtual interface analysis
(VIA) [30,31] has similarly been applied to track the depth profile of nc-Si:H as
well as the formation and stabilization of voids throughout intrinsic layer nc-Si:H
growth. In VIA, the full sample stack is not analyzed. Instead, optical properties
of a pseudo-substrate are generated from ellipsometric spectra collected earlier
in the deposition by numerically inverting the measurement to obtain ε using
a simplified model consisting of a semi-infinite pseudo-substrate and a surface
roughness layer. The effective ε for the pseudo-substrate contains information of
all underlying material(s) in the sample stack and is then used as the semi-infinite
substrate for analysis of subsequent data sets. In this sense, the time derivative of
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ellipsometric spectra is analyzed and full understanding of the underlying structure
is not required in the analysis procedure. When combined with Σσ-minimization
approaches for structurally graded Si:H, VIA yields ε for both the nc-Si:H and
a-Si:H components as well as the time and bulk layer thickness dependence of
component material fractions in the overlayer of material accumulated between
each pseudo-substrate and subsequent data set pair. These techniques are used to
provide guidance for the deposition and in situ characterization of a-Si:H, nc-Si:H,
and mixed-phase (a+nc)-Si:H layers during growth in device structures.
In addition to RTSE studies of material growth evolution limited to the near IR
to UV spectral range, we also have used ex situ, room temperature IR-extended SE
(IR-SE) from 0.04 to 0.75 eV using a Fourier transform IR ellipsometer operating over
this spectral range. This extension enables spectra in ε for Si:H and BR components
layers to be determined from the mid-IR to UV wavelength range. Simultaneous
analysis of ellipsometric spectra collected from multiple samples consisting of BR and
i-layer/n-layer/BR stacks deposited on borosilicate glass substrates was used to yield
a common ε for each layer while structural parameters such as db and ds may be varied
separately as in RTSE data analysis [4,7,11,13–15,27,28] and similar in methodology
to the divided spectral range approach [32]. A common parameterization of ε is used
to fit ex situ ellipsometric spectra collected from separate near IR-UV multichannel
and FTIR ellipsometers. This approach yields a continuous set of spectra in ε for each
material, although the particular beam spot location on the sample surface may not
be the same during measurement using each ellipsometer [33]. The results of the
analysis of IR-SE data were used to study absorption in the BR components, which
can be used to extract electrical transport properties and phonon modes. In addition,
εfor protocrystalline intrinsic a-Si:H extracted from IR-SE data is sensitive to the
silicon-hydrogen bonding configuration. Comparison of optical absorption features
affords a method of assessing film structural and chemical character, which then
suggests ways to improve material quality and potentially device performance [34,35].
PV devices incorporating optimization principles based on IR spectroscopy and RTSE
analyzed for each layer in the device configuration have exhibited relatively high
performance [23,34].
In situ RTSE studies have been used to yield growth evolution phase diagrams
of each doped and undoped Si:H layer in the n-i-p PV device configuration and
structural evolution profiles of crystallite and void fractions. The information from
growth evolution diagrams was used to design PV device structures, lacking the
p-layer and incorporating only the amorphous phase, for characterization using ex
situ IR-extended SE. Results of ex situ IR-extended SE combined with ex situ near
IR-UV SE have been used to obtain spectra in ε from 0.04 to 5.0 eV for ZnO and
a-Si:H in the BR/n-i-p a-Si:H solar cell configuration. Higher energy transitions
related to electronic structure in Ag, ZnO, and a-Si:H; the band gap in ZnO and
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a-Si:H; a plasmon feature in the Ag + ZnO interface; IR vibrational modes related
to chemical bonding in a-Si:H and ZnO; and free carrier absorption in Ag and the
Ag + ZnO interface have been obtained from spectra in ε. In addition to information
on each of these materials in the n-i-p device structure, the structural and optical
properties derived here can be applied in the future analysis of ex situ SE in either
single spot [36] or mapping configurations.
2. Experimental Details
Thin film doped and undoped Si:H films were deposited using a load-locked rf
(13.56 MHz) PECVD reactor onto 6” ˆ 6” borosilicate glass substrates coated with rf
magnetron sputtered ZnO/Ag BRs as are commonly used in n-i-p configuration solar
cells. Si:H n-, p-, and i-layers have been prepared using different hydrogen dilution
ratios, R, onto BR coated substrates or those otherwise mimicking the outermost
previous layer in the device structure to generate growth evolution diagrams and
identify the optimum conditions for protocrystalline a-Si:H for solar cells. Table 1
lists the deposition parameters used for fabrication of each layer including gas
flows, pressure (p), power density (P), and substrate temperature (T). The deposition
conditions used here were adopted from the Dahal et al., 2013 and Dahal et al.,
2014 [23,37]. The deposition was done in the same chamber corresponding to
reasonable device quality materials as evidenced by incorporation in n-i-p solar
cells without textured BRs yielding ~7.5% efficiency. Maximum device performance
parameters are open circuit voltage of 0.90 V, short circuit current of 12.5 mA/cm2 ,
and fill factor of 70%. The open circuit voltage and fill factor are reasonable for
moderate quality n-i-p solar cells. The short circuit current is low as the specular
BR does not produce the level of scattering expected from a textured BR where the
optical path length of long wavelength light not initially absorbed in the intrinsic
a-Si:H layer is increased. This increase in optical path length results in increased
current density, which is absent for specular devices. The n-type Si:H films were
deposited onto BR coated borosilicate glass. The intrinsic layers were deposited
onto BR’s coated with n-type a-Si:H prepared at R = 50. The p-type Si:H films were
deposited onto borosilicate glass initially coated with ~3000 Å thick intrinsic a-Si:H
prepared at R = 10. This intrinsic layer is deposited to eliminate any contributions
to the microstructural evolution from the underlying glass substrate. Variable
parameters were R = [H2 ]/[SiH4 ] for all three layers. The dopant gas ratios for
n- (D = [PH3 ]/[SiH4 ]) and p-layers (D = [B2 H6 ]/[SiH4 ]), which can have significant
influence on structural and the electronic properties, were fixed at D = 0.0125. Cr,
Ag, and ZnO layers were prepared by rf magnetron sputtering at room temperature.
Here, Cr was used as an adhesion interlayer to avoid delamination of the Ag
film from the borosilicate glass. The ZnO/Ag BR structures were prepared under
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identical conditions for each sample to study how the Si:H layers grow in the
device configuration.
Table 1. Deposition conditions for the individual layers in the a-Si:H n-i-p solar cell
configuration deposited on 6” ˆ 6” borosilicate glass substrates. The 5% dopant
gas in H2 is by volume. Cr, Ag, and ZnO were sputtered at room temperature (RT).
Gas Flow (sccm)

Layer

Substrate
Temperature T
(˝ C)

Pressure p
(mTorr)

Radio
Frequency (rf)
Power P (W/cm2 )

Ar

SiH4

Cr
Ag
ZnO
n
i
p

RT
RT
RT
200
200
100

5
5
5
1500
800
1500

0.92
0.92
0.92
0.032
0.04
0.066

10
10
10
-

2
5
2

5% PH3 or
B2 H6 in H2

H2

R = [H2 ]/[SiH4 ]

0.5 PH3
0.5 B2 H6

40–160
50–250
100–400

20–80
10–50
50–200

RTSE was performed in situ at a single spot during deposition using a
rotating-compensator multichannel ellipsometer (J. A. Woollam Company model
M-2000) that can measure ellipsometric spectra (in the form of N = cos 2ψ, C = sin 2ψ
cos ∆, S = sin 2ψ sin ∆) from 0.734 to 5.88 eV with a minimum data acquisition
time of 50 ms [38,39]. This type of instrument collects ellipsometric spectra at
all photon energies in parallel by a combination of a 1-D linear detector array
and serial pixel readout. Dual detectors are required to access this spectral
range, and consist of a silicon based charged coupled device (CCD) and indium
gallium arsenide photodiode array (PDA). RTSE measurements were collected at
the respective deposition temperature at angles of incidence near 70˝ and spectra
obtained from single optical cycles were averaged over 1.5 s intervals to increase the
signal-to-noise ratio. Analysis of experimentally collected RTSE data was performed
using J. A. Woollam Co. CompleteEASE software (Lincoln, NE, USA). The time
evolution of db and ds as well as the spectroscopic ε of the bulk Si:H layers were
extracted from RTSE data using a global Σσ-minimization procedure. For Si:H films,
global Σσ-minimization analysis of RTSE involves using test db and ds values for the
Si:H layer being deposited on top of a pre-defined substrate stack to numerically
solve for test ε of the Si:H layer [29]. The test values of ε are then used to fit other
spectra collected at different times when the film is relatively homogeneous, typically
near 100–200 Å in accumulated material thickness for Si:H films where structural
transitions have not yet had time to mature. The approach is applied in the regime
prior to crystallite nucleation and is iterated in order to obtain numerically inverted
ε yielding the lowest spectrally and time-averaged error, σ, over the multiple time
measurements selected. The numerically inverted ε minimizing σ are taken to be the
best representation of the a-Si:H optical properties and are then used to determine
structural parameter variations over the full set of RTSE data, with the nucleation
of crystallites from the a-Si:H matrix identified by a sharp increase in the surface
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roughness thickness (ě1 Å between successive time points) and by increases in σ as
spectra in ε for a-Si:H are no longer adequate to fit ellipsometric spectra collected as
nanocrystallites evolve. The unweighted error function, σ, is defined by [40]:
g
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f
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cos2ψ
f
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j
f
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¯
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ffi
ffi
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where N is the number of measured values; and M the number of fit parameters; “exp”
denotes experimental spectra; and “mod” denotes that generated from the model.
An advantage of conducting in situ RTSE measurements during growth of Si:H by
PECVD is that spectra in ε can be obtained prior to the exposure of the sample to
ambient and potential oxidation.
Near IR to near UV room temperature ellipsometric spectra over a range from
0.734 to 5.88 eV were collected at a single spot ex situ prior to the collection of
the ex situ IR-SE data as those measurements were not able to be collected in situ
during film growth. IR-SE data was collected at a single spot using a similar
single rotating compensator instrument (J. A. Woollam Company, Lincoln, NE,
USA, model FTIR-VASE) from 0.04 to 0.75 eV at 1 cm´1 resolution [41]. The
angle of incidence for all ex situ measurements was nominally 70˝ . Ellipsometric
spectra over the mid-IR to near UV range collected from the two instruments were
analyzed simultaneously using a common parameterization for ε based on structural
models initially developed from RTSE and near IR to near UV measurements and
J. A. Woollam Co. WVASE software (Lincoln, NE, USA). The error function in
Equation 1 is also used for analysis and fitting of ex situ IR-SE data.
For in situ RTSE, ex situ near IR to UV SE, and ex situ IR-extended SE data
analysis, the optical response of the surface roughness layer of thickness ds for Si:H
and ZnO is represented using Bruggeman effective [42,43] medium approximation
mathematically represented as:
ÿ
n

fn

εn ´ ε
“ 0.
ε n ` 2ε

(2)

in this expression, material fractions (fn ) and component material optical response
(εn ) are used to generate a composite ε for the mixture. For surface roughness in
this work, spectra in ε from Bruggeman effective medium approximation consist of
0.5 void and 0.5 underlying material volume fractions, regardless of composition of
the underlying layer.
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The structural model constructed for each sample consists of a stratified layer
stack of optically distinct materials, which may be continuous films, interfaces with
unique ε and thickness, or Bruggeman effective medium approximation layers.
Ellipsometric spectra are modeled using a scattering matrix formalism [44] in
which 2 ˆ 2 matrices based on Fresnel coefficients and wave propagation of light
through media is generated for the semi-infinite substrate and ambient, each layer
of finite thickness, and the interfaces between each optically distinct layer. Matrices
are calculated for the components of the incident electric field both parallel and
perpendicular to the plane of incidence. In general, ellipsometric spectra are sensitive
to spectra in ε for each material, including the ambient and substrate, and the
thicknesses of optically finite layers.
3. Results and Discussion
3.1. Optical Characterization of Back Reflector Components and Structure
The first layers deposited for n-i-p configuration a-Si:H solar cells comprise
the ZnO/Ag BR structure. Therefore, ellipsometric spectra from 0.04 to 5.0 eV are
collected and analyzed for a ZnO/Ag BR structure. The models and thicknesses
described here first correspond to a ZnO coated Ag BR sample, while variations in
properties due to growth of over-deposited n- and i-type a-Si:H layers is described in
Section 3.3.1. All layers were deposited without vacuum break with conditions given
in Table 1. In situ SE data from 0.734 eV to 5.88 eV was collected for each deposited
layer and the model generated was used for extended spectral range IR-SE analysis.
3.1.1. Ag and ZnO + Ag Interface Properties
Data collected for semi-infinite Ag substrate were taken before ZnO layer
deposition at room temperature and were analyzed in the energy range from 0.734
to 5.88 eV. Figure 1 shows spectra in ε for Ag parameterized by a combination of a
Drude oscillator [45], a higher energy transition assuming critical point parabolic
bands (CPPB) [46], and a constant additive term to ε1 denoted as ε8 . The surface
roughness is represented by two Lorentz oscillators [47] with ε8 = 1. The Drude
oscillator is represented by:
εpEq “

´}2
ε 0 ρpτE2 ` i}Eq

(3)

where h̄ is the reduced Planck’s constant, ε0 is the permittivity of free space, τ is the
scattering time, and ρ is the resistivity. Each CPPB oscillator is represented by:
"
εpEq “ Aeiφ

Γ
r2En ´ 2E ´ iΓs
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Table 2. Parameters describing complex dielectric function (ε = ε1 + iε2) and structure for a
semi‐infinite Ag film on a borosilicate glass over coated by Cr before ZnO deposition. Experimental
ellipsometric spectra were collected in situ after deposition at room temperature in the spectral range
from 0.734 to 5.88 eV and fit using least square regression analysis with an unweighted estimator
error function,  = 5 × 10−3. For bulk Ag, the parameterization of ε consisted of a Drude oscillator, two
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ε. Spectra in ε for the 30 ± 2 Å surface roughness layer were parameterized with two Lorentz
oscillators and ε = 1.
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The structural model for the ZnO/Ag BR in the energy range 0.734 to 5 eV
consisted of a semi-infinite Ag metal layer deposited onto glass, a 108 ˘ 10 Å ZnO +
Ag interfacial layer, a 3059 ˘ 3 Å bulk ZnO layer, and a 80 ˘ 1 Å surface roughness
represented using Bruggeman effective medium approximation of 0.5 ZnO and 0.5
void volume fractions. Parametric expressions were used to describe ε for Ag, ZnO,
and the ZnO + Ag interface and are listed in Tables 2 and 3. Previous studies of
ZnO/Ag interfaces in the BR of thin film n-i-p a-Si:H PV shows that the optically
determined value of Ag surface roughness obtained from RTSE is very close to
that measured with atomic force microscope (AFM) with ds,RTSE (Å) = 0.96 ds,AFM
(Å) + 5 Å [28]. The ds,RTSE = 30 ˘ 2 Å for Ag corresponds to a ds,AFM = 26 Å. After
deposition of ZnO, the ZnO/Ag interface layer thickness is reported by Dahal et al.
as di (Å) = 1.98 ds (Å) + 17.5 Å. The interface layer thickness predicted from the
Ag surface roughness in this work is 76.9 Å as compared to that obtained in our
parametric analysis of 108 Å [28]. Our parametric value slightly overestimates the
prediction, however in Dahal et al. [28] the samples with similar Ag surface roughness,
25–30 Å, also has an interface thickness of 75–110 Å which are greater than the linear
prediction. Figure 2 shows that the spectra in ε obtained for the ZnO + Ag interface
is optically different than Ag and ZnO alone and can be modeled by a Lorentz
oscillator and a Drude oscillator in the near IR to near UV range (0.734 to 5 eV) with
ε8 = 1. The ZnO + Ag interface exhibits a clear localized particle plasmon absorption
feature which can be modeled using a Lorentz oscillator with a resonance energy at
2.83 ˘ 0.01 eV [27,48]. A resistivity of 3.7 ˘ 0.5 ˆ 10´5 Ωcm and a scattering time of
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using two CPPB oscillators, ε, and a zero‐broadened Sellmeier oscillator [49] represented by:
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Figure 2. Spectra in ε (arrow pointing left for ε1 axis, arrow pointing right for ε2 axis) from 0.734 to
Figure 2. Spectra in ε (arrow pointing left for ε1 axis, arrow pointing right for ε2 axis)
5.0 eV for the 108 ± 1 Å thick ZnO + Ag interface layer parameterized with a Lorentz and a Drude
from 0.734 to 5.0 eV for the 108 ˘ 1 Å thick ZnO + Ag interface layer parameterized
oscillator with parameters listed in Table 3.

with a Lorentz and a Drude oscillator with parameters listed in Table 3.

3.1.2. Phonon Modes in ZnO
The analysis was extended to the IR by fitting parameters defining ε for ZnO
only and fixing those defining ε for Ag and the ZnO + Ag interface as well as the
interface layer thickness. This analysis approach was chosen because free carrier
absorption represented by the Drude feature dominates the IR response of Ag and
the ZnO + Ag interface layers and is already established from near IR to UV spectral
range analysis. A common parameterization of ε for the ZnO was applied for the
data collected from the two instruments with spectral ranges from 0.04 to 0.734 eV
and 0.734 to 5.0 eV, respectively, although the bulk ZnO layer thickness was allowed
to vary for the ellipsometric spectra collected from each respective instrument to
account for measurement on different spots over the sample surface. A common
surface roughness thickness between the two sets of measured spectra was obtained,
as this effect will vary less with non-uniformity than the overall bulk layer thickness.
Figure 3 shows ε for ZnO represented by a combination of CPPB oscillators for
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electronic transitions, Lorentz oscillators representing IR phonon modes, and a
constant real additive term ε8 to account for dispersion from absorption features
outside the measured spectral range from 0.04 to 5 eV with parameters given in
Table 4. The near IR to near UV range shows only small absorption below the lowest
direct transition at 3.364 eV as expected for direct band gap ZnO [50]. Phonon modes
for wurtzite ZnO are Γopt = 1A1 + 2B1 + 1E1 + 2E2 , with A1 and E1 modes IR-active.
Only one characteristic transverse optical (TO) mode for ZnO with E1 symmetry at
0.0501 eV (404.08 cm´1 ) is resolved for this sample [51–53]. Weak absorption bands
in the spectral region from 0.134 to 0.264 eV (1080 to 2130 cm´1 ) have been observed
and are often associated with hydrogen-associated bending modes; stretching modes
of hydrogen bonded to heavier elements like zinc; and various carbon, oxygen,
and nitrogen-related stretching modes not involving hydrogen [54]. These types
of peaks are analogous to those found in the absorbance spectra from traditional
unpolarized FTIR measurements, which lack sensitivity to discerning thickness and
the full complex optical properties simultaneously—a capability of SE measurements.
Table 3. Parameters describing ε and structure for a ZnO film deposited on Ag and
9 of 23
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3.1.2. Phonon Modes in ZnO
The analysis was extended to the IR by fitting parameters defining ε for ZnO only and fixing
those defining ε for Ag and the ZnO + Ag interface as well as the interface layer thickness. This
analysis approach was chosen because free carrier absorption represented by the Drude feature
dominates the IR response of Ag and the ZnO + Ag interface layers and is already established from
near IR to UV spectral range analysis. A common parameterization of ε for the ZnO was applied for
75
the data collected from the two instruments with spectral ranges from 0.04 to 0.734 eV and 0.734 to
5.0 eV, respectively, although the bulk ZnO layer thickness was allowed to vary for the ellipsometric
spectra collected from each respective instrument to account for measurement on different spots
over the sample surface. A common surface roughness thickness between the two sets of measured
spectra was obtained, as this effect will vary less with non‐uniformity than the overall bulk layer
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Figure 3. Spectra in ε (top panel, real part ε1; bottom panel, imaginary part ε2) from 0.04 to 5.0 eV for
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Table 4. Parameters describing ε and structure for a ZnO film deposited in a ZnO/Ag back reflector
listed in(BR).
Table
4. The inset shows high-energy electronic transitions in ε2 .
Experimental ellipsometric spectra were collected ex situ using near infrared to ultraviolet
(0.734 to 5.0 eV) and infrared (0.04 to 0.734 eV) spectral range instruments and fit jointly using least
squares regression analysis with an unweighted estimator error function,  = 8 x 10−3. Parameters
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3.1.2. Phonon Modes in ZnO
The analysis was extended to the IR by fitting
76 parameters defining ε for ZnO only and fixing
those defining ε for Ag and the ZnO + Ag interface as well as the interface layer thickness. This
analysis approach was chosen because free carrier absorption represented by the Drude feature
dominates the IR response of Ag and the ZnO + Ag interface layers and is already established from
near IR to UV spectral range analysis. A common parameterization of ε for the ZnO was applied for
the data collected from the two instruments with spectral ranges from 0.04 to 0.734 eV and 0.734 to

grown as a function of R in an effort to probe the subtle fluctuations expected as the
material transitions from amorphous to nanocrystalline [31,55]. A distinct type of
roughening transition is reported in which crystallites nucleate from the growing
amorphous phase. Because of the low crystallite nucleation density as observed by
Fujiwara et al. and Ferlauto et al. [4,31], the growth of crystalline protrusions produce
a roughness layer that increases promptly when compared to increases in bulk layer
thickness. Thus, the onset of roughening identifies a transition to mixed-phase
amorphous+nanocrystalline (a+nc)-Si:H film growth accompanied by changes in
the film optical properties. This behavior denotes the amorphous-to-mixed-phase
[aÑ(a+nc)] transition. Simple roughening of the amorphous phase also tends to
exhibit a lower increase in ds , accompanied by only minimal increases in σ, with
accumulated bulk layer thickness. Crystallites nucleating from the amorphous
phase grow preferentially over the surrounding material, until the point at which
the crystallites cover the surface. The disappearance of the amorphous phase
and coalescence of crystallites is denoted as the mixed-phase-to-single-phase
nanocrystalline [(a+nc)Ñnc] transition. The aÑ(a+nc) and (a+nc)Ñnc transitions
were detected using RTSE monitoring and data analysis in this work. The Si:H
films prepared at low R remain in the amorphous growth regime throughout the
deposited thickness. VIA was applied to RTSE data collected during growth for Si:H
transitioning from amorphous to nanocrystalline [31,56,57].
Figure 4 shows an example of the results of VIA applied to RTSE data to
obtain the surface roughness thickness, nanocrystallite fraction, void fraction, and
average mean square error (Equation (1)) as functions of the bulk layer thickness for
a R = 50 i-layer on a BR over-coated with a 200 Å R = 50 n-layer. The VIA applied
here utilizes spectra from 2.75 to 5.0 eV and ε for a-Si:H and nc-Si:H components
as shown in Figure 5. Spectra in ε for nc-Si:H was obtained from the end of the
respective deposition when the film is known to be fully nanocrystalline, ~1150 Å
of a 1300 Å thick film using the same optical model as was used for the i-layer
growth evolution diagram. In this model the free parameters are db and ds . Spectra
in ε for the amorphous phase was taken from the analysis of R = 15 deposition
corresponding to a time within the first ~200 Å of bulk material prior to the nucleation
of nanocrystallites. There is strong optical contrast between the two sets of ε for
Si:H, in that the amorphous phase has only a single broad resonance while that of
nanocrystallite material has two features representative of dampened and broadened
critical point features found in single crystal silicon [58]. These reference spectra
in ε for a-Si:H and nc-Si:H, along with that for void (ε = 1), were then used in a
three component Bruggeman effective medium approximation [42,43] layer and a
least-squares regression within the VIA with ds and the relative nanocrystallite (fnc )
and void (fvoid ) fractions as free parameters and the amorphous fraction constrained
(fa = 1 ´ fnc ´ fvoid ).
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has two features representative of dampened and broadened critical point features found in single
crystal silicon [58]. These reference spectra in ε for a‐Si:H and nc‐Si:H, along with that for void
(ε = 1), were then used in a three component Bruggeman effective medium approximation [42,43]
layer and a least‐squares regression within the VIA with ds and the relative nanocrystallite (fnc) and
void (fvoid) fractions as free parameters and the amorphous fraction constrained (fa = 1  fnc  fvoid).

Figure 4. Mean square error (MSE), void fraction (fvoid), nanocrystalline volume fraction (fnc), and

Figure
4. Mean square error (MSE), void fraction (fvoidplotted
), nanocrystalline
volume
surface roughness thickness (ds) in the top ~10 Å of the bulk layer,
versus the accumulated
fraction
(fncthickness
), and for
surface
roughness
(d2]/[SiH
Å of the
= 50top
Si:H ~10
film deposited
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a
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hydrogen thickness
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s ) in4]the
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Å R = 50 versus
n‐type a‐Si:H
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back reflector
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as determined
by
layer,
the accumulated
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thickness
for an
hydrogen
virtual interface analysis (VIA) applied to real time spectroscopic ellipsometry (RTSE) data.
diluted
R = [H2 ]/[SiH
] = 50 Si:H film deposited on a 200 Å R = 50 n-type a-Si:H
Spectrally averaged
mean 4error for fvoid, fnc, and ds are 0.3%, 2.4%, and 0.8 Å respectively.
over-deposited onto a ZnO/Ag back reflector (BR), as determined by virtual
interface analysis (VIA) applied to real time spectroscopic ellipsometry (RTSE)
data. Spectrally averaged mean error for fvoid , fnc , and ds are 0.3%, 2.4%, and
0.8 Å respectively.
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Figure 5. Spectra in ε (top panel, real part ε1; bottom panel, imaginary part ε2) of a‐Si:H and nc‐Si:H

Figure 5. Spectra
in ε (top
real
ε1 ;range
bottom
panel,
reference material
used inpanel,
VIA applied
overpart
a spectral
from 2.75
to 5.0 eV.imaginary
Spectra in ε for part ε2 ) of
a‐Si:H and nc‐Si:H were obtained from analysis of RTSE data and by numerical inversion at a bulk
a-Si:H and layer
nc-Si:H
reference
material
used
in
VIA
applied
over
a spectral range
thickness of 200 and 1150 Å, respectively.
from 2.75 to 5.0 eV. Spectra in ε for a-Si:H and nc-Si:H were obtained from analysis
Results of VIA show an increase in surface roughness followed by a decrease within the first
Å ofand
material
indicating
crystallite
the substrate
followed
of RTSE~300
data
byaccumulation,
numerical
inversion
atnucleation
a bulk onlayer
thickness
ofby200 and
coalesce of the clusters. The nanocrystallite fraction increases with bulk layer thickness, then
1150 Å, converges
respectively.
to 1.0 as expected for a nanocrystalline film. Voids initially appear with the nucleation of
crystallites, which then subsequently decrease and stabilize near fvoid = 0.04 throughout the growth of
this layer. Depending on the source of reference ε for nc‐Si:H, this behavior could indicate that the
grains under these conditions were not well passivated with a‐Si:H as is desirable in nc‐Si:H
PV [22,59]. Optimized nanocrystalline/microcrystalline PV devices often incorporate layers prepared
at lowest hydrogen dilution where crystallite growth can occur, and nc‐Si:H layers are often
fabricated using hydrogen dilution grading approaches to manipulate the degree of crystallinity. For
very high values of hydrogen dilution, such as R = 50 in this example, the material is likely not
optimized for solar cells, because cracks related to voids can promote shunts in the cells and
channels by which contamination (e.g. oxygen) can enter into the layer [14,21,60].
Comparison of the structural behavior of the a(a+nc) and (a+nc)nc transitions as a function
of single deposition parameters has been used to produce so‐called deposition phase diagrams or
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Results of VIA show an increase in surface roughness followed by a decrease
within the first ~300 Å of material accumulation, indicating crystallite nucleation
on the substrate followed by coalesce of the clusters. The nanocrystallite fraction
increases with bulk layer thickness, then converges to 1.0 as expected for a
nanocrystalline film. Voids initially appear with the nucleation of crystallites, which
then subsequently decrease and stabilize near fvoid = 0.04 throughout the growth of
this layer. Depending on the source of reference ε for nc-Si:H, this behavior could
indicate that the grains under these conditions were not well passivated with a-Si:H
as is desirable in nc-Si:H PV [22,59]. Optimized nanocrystalline/microcrystalline
PV devices often incorporate layers prepared at lowest hydrogen dilution where
crystallite growth can occur, and nc-Si:H layers are often fabricated using hydrogen
dilution grading approaches to manipulate the degree of crystallinity. For very high
values of hydrogen dilution, such as R = 50 in this example, the material is likely
not optimized for solar cells, because cracks related to voids can promote shunts
in the cells and channels by which contamination (e.g., oxygen) can enter into the
layer [14,21,60].
Comparison of the structural behavior of the aÑ(a+nc) and (a+nc)Ñnc
transitions as a function of single deposition parameters has been used to produce
so-called deposition phase diagrams or growth evolution diagrams which have
helped guide the development of optimization principles in Si:H based PV. For
example, the structural evolution can be controlled by the dilution of reactive silicon
carrying gases with hydrogen during the deposition process. Films prepared at
low R remain amorphous throughout their total thickness, while those prepared at
higher R nucleate crystallites. The thickness at which the aÑ(a+nc) transition occurs
decreases with increasing R. Optimum a-Si:H based PV devices incorporate layers
prepared at the highest R that will remain amorphous throughout the full thickness
of the absorber layer while optimum nc-Si:H PV incorporates layers prepared at the
lowest R where crystallite growth can occur [7,59–62]. For the case of a-Si:H, the
additional hydrogen dilution improves ordering in the a-Si:H network, while for
nc-Si:H low hydrogen dilution ensures that hydrogen etching does not occur and the
grain boundaries remain well-passivated.
The growth evolution diagrams of n-type, intrinsic, and p-type Si:H layers in
the n-i-p/BR/glass configuration are depicted in Figure 6. The n-type Si:H layers
are prepared at T = 200˝ C, p = 1.5 Torr, P = 0.032 W/cm2 , and D = 0.0125 as a
function of R varied from 20 to 80. For R < 50 the n-layer remains amorphous
at least to a thickness of 500 Å. At R = 50 nanocrystallites nucleate in the n-type
Si:H at about 450 Å of bulk layer thickness. The amorphous material prior to the
aÑ(a+nc) transition of these depositions is protocrystalline [2]. A ~200 Å thick
n-layer is typical for n-i-p configuration devices, and the best R for optimized
n-i-p a-Si:H solar cells with a protocrystalline n-layer is identified here as near
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The growth evolution diagrams of n‐type, intrinsic, and p‐type Si:H layers in the n‐i‐p/BR/glass
configuration are depicted in Figure 6. The n‐type Si:H layers are prepared at T = 200°C, p = 1.5 Torr,
P = 0.032 W/cm2, and D = 0.0125 as a function of R varied from 20 to 80. For R < 50 the n‐layer remains
amorphous at least to a thickness of 500 Å. At R = 50 nanocrystallites nucleate in the n‐type Si:H at
about 450 Å of bulk layer thickness. The amorphous material prior to the a(a+nc) transition of
R = 50. As R is further increased, nanocrystallites nucleate within the amorphous
these depositions is protocrystalline [2]. A ~200 Å thick n‐layer is typical for n‐i‐p configuration
phase at decreasingly lower thicknesses as indicated by the aÑ(a+nc) transition
devices, and the best R for optimized n‐i‐p a‐Si:H solar cells with a protocrystalline n‐layer is
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Figure 6. Growth evolution diagrams obtained from analysis of RTSE data for (a) p‐type; (b) intrinsic;
Figure 6. Growth evolution diagrams obtained from analysis of RTSE data for
and (c) n‐type Si:H as a function of variable hydrogen dilution R = [H2]/[SiH4] in the n‐i‐p solar cell
(a)
p-type; (b) intrinsic; and (c) n-type Si:H as a function of variable hydrogen
device structure. The data values and connecting lines depict the a(a+nc) and (a+nc)nc structural
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photons are absorbed in the intrinsic layer with photo‐generated electrons and holes transported to
thickness measured.
the contacts. Hence, optimization of i‐layer is critical and the optical response and phase
composition of these intrinsic layers tremendously impact solar cell performance. The intrinsic Si:H
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In both n-i-p substrate and the p-i-n superstrate PV device configurations, most
incident photons are absorbed in the intrinsic layer with photo-generated electrons
and holes transported to the contacts. Hence, optimization of i-layer is critical and
the optical response and phase composition of these intrinsic layers tremendously
impact solar cell performance. The intrinsic Si:H layers are prepared at T = 200 0 C,
p = 0.8 Torr, and P = 0.04 W/cm2 as a function of R varied from 10 to 50. The growth
evolution diagram for intrinsic Si:H as a function of variable hydrogen dilution,
10 ď R ď 50, onto n-layer coated BRs has been developed and is shown in Figure 6.
The hydrogen dilution and thickness of n-layer was fixed at R = 50 and ~200 Å, based
on protocrystallinity observed in the n-layer growth evolution diagram. For the
intrinsic layer, R = 15 is the lowest hydrogen dilution ratio at which the aÑ(a+nc)
transition is observed within ~3000 Å of layer growth. The decrease in the (a+nc)Ñnc
thickness with R may indicate higher nucleation density of crystallites for higher
hydrogen dilution. Hence, R = 10 is identified here as optimized for n-i-p a-Si:H solar
cells incorporating a ~3000 Å thick protocrystalline absorber [2].
The thickness of the p-layer should be thin enough to maximize transparency
but thick enough to generate an electric field in the intrinsic layer. Typical p-layer
thicknesses are ~100–150 Å, and a large optical band gap assists in minimizing
parasitic absorption of incident light within this layer. Within the amorphous and
protocrystalline phase the band gap of the p-layer generally increases with increasing
R. The intrinsic layer, p-layer, and their interface are most directly responsible for
open circuit voltage optimization, which can be guided using growth evolution
diagrams [63,64]. The p-type Si:H layers are prepared at T = 100˝ C, p = 1.5 Torr,
P = 0.066 W/cm2 , and D = 0.0125 as a function of R varied from 50 to 200 on
borosilicate glass initially coated with ~3000 Å thick intrinsic a-Si:H prepared at
R = 10. From the growth evolution diagram, it can be observed that the p-layer
depositions with R > 150 nucleate crystallites within the typical p-layer thickness
used in a-Si:H based PV. The R = 110 film grows initially as a-Si:H and the aÑ(a+nc)
transition occurs after a bulk layer thickness of 545 Å. Depositions at 50 ď R ď
100 indicate that this transition occurs for thicknesses greater than the deposited
650 Å, which is outside the range of interest for solar cells. At R = 200, the aÑ(a+nc)
transition occurs at a bulk thickness of 40 Å, and the (a+nc)Ñnc transition occurs
within 200 Å. The p-layer should be deposited at the maximum R that can be
sustained without crossing the aÑ(a+nc) transition boundary throughout the desired
thickness of 100–150 Å here. This p-layer growth evolution diagram is comparable to
previously published diagrams [11,12,63,64].
The slope of db , r(t) = d(db (t))/dt, was used to determine the deposition rate
of each film even though ε for films containing nanocrystallites are not accurate
due to phase evolution with thickness. Figure 7 shows variations in growth rate as
functions of R for n-, i-, and p-layers. The deposition rate shows a familiar trend
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R = 200, the a(a+nc) transition occurs at a bulk thickness of 40 Å, and the (a+nc)nc transition
occurs within 200 Å. The p‐layer should be deposited at the maximum R that can be sustained
without crossing the a(a+nc) transition boundary throughout the desired thickness of 100–150 Å here.
This p‐layer growth evolution diagram is comparable to previously published diagrams [11,12,63,64].
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Figure 8. Schematic of a single junction a‐Si:H based solar cell prepared in the n‐i‐p configuration.
Each amorphous or protocrystalline Si:H layer is optimized to a value of R with an intended thickness.

(c)
Figure 7. Deposition rates of (a) n‐, (b) i‐, and (c) p‐layers on ZnO/Ag, n‐layer/ZnO/Ag, and
i‐layer/glass, respectively, as functions of R.
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3.3. Ex situ SE Study of a‐Si:H in n‐i‐p Configuration Solar Cells from the Mid‐IR to Near UV
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kept common between the two sets of spectra. For the i-layer, the nominal substrate
temperature and hydrogen dilution ratio were T = 200˝ C and R = 10, respectively.
The optimized n-type a-Si:H thickness was fixed at 278 Å for R = 50 as found by RTSE
growth evolution studies. The depositing material fills the void space in the surface
roughness layer of the underlying film. The protrusions in the surface roughness of
the substrate film are coated with the depositing material, generating an interface
layer associated with the growing film. Bruggeman effective medium approximation
defines spectra in ε for these interfaces.
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Table 5. Parameters describing ε and structure for a ZnO/Ag BR coated with
n-type and intrinsic a-Si:H. Experimental ellipsometric spectra were collected ex
situ using near infrared to ultraviolet (0.734 to 5.0 eV) and infrared (0.04 to 0.734 eV)
spectral range instruments and fit jointly using least squares regression analysis
with an unweighted estimator error function, σ = 11 ˆ 10´3 . Parameters describing
ε for Ag and the ZnO + Ag interface were fixed from Tables 2 and 3 respectively.
Parameters describing ε for the n-layer were determined from RTSE analysis of
data collected at T = 200 ˝ C, parameterized by a Cody-Lorentz oscillator, and then
parameter values extrapolated to room temperature. The ZnO and intrinsic a-Si:H
bulk layer thicknesses were allowed to vary separately for each set of spectra; all
other parameters are common to both analyses. For ZnO, the parameterization
of ε consisted of two CPPB oscillators with all parameters except the amplitudes
fixed to the values in Table 4, four Lorentz oscillators, and ε8 . For a-Si:H layers, the
parameterization of ε was based on a Cody-Lorentz oscillator and ε8 . A Sellmeier
oscillator and three Gaussian oscillators were added to the parameterization of ε
for intrinsic a-Si:H.
Layer

Oscillators
Cody-Lorentz Eg (T&R) = 1.780 ˘ 0.001;
ε8 = 1.50 ˘ 0.01

i-type a-Si:H

Gaussian

i-type a-Si:H
db (Near IR to UV) = 3623 ˘ 1 Å
db (IR) = 3619 ˘ 2 Å
Materials 2016, 9, 128
ds = 29.0 ˘ 0.3 Å

Γ (eV)
0.013 ˘ 0.001
0.010 ˘ 0.001
0.016 ˘ 0.002

A (Unitless)
1.732 ˘ 0.06
0.28 ˘ 0.01
0.41 ˘ 0.04

E0 (eV)
0.079 ˘ 0.001
0.249 ˘ 0.001
0.106 ˘ 0.001
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3.1.2. Phonon Modes in ZnO
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 (fs)

−5

2.7 ± 0.3

85

The analysis was extended to the IR by fitting parameters defining ε for ZnO only and fixing
those defining ε for Ag and the ZnO + Ag interface as well as the interface layer thickness. This
analysis approach was chosen because free carrier absorption represented by the Drude feature
dominates the IR response of Ag and the ZnO + Ag interface layers and is already established from

3.3.1. Phonon Mode Variations in ZnO
Differences in ε for the ZnO are expected when over-coated with a-Si:H. PECVD
of a-Si:H raises the temperature of ZnO to 200˝ C and exposes it to hydrogen
in the plasma. There are many studies on the growth and various effects of
annealing on the optical and structural properties of ZnO layers [65–70]. It is
well known that the properties of ZnO layers are strongly affected by not only
the deposition conditions but also the post-deposition annealing conditions or
temperature treatments. Annealing has a large effect on the crystallinity of the
layers in terms of grain size, residual strain, and the defect density as compared to
as-deposited films. As noted in Table 5, the amplitude of the CPPB oscillators of ZnO
over-coated with a-Si:H are fit to account for changes in ε occurring during PECVD of
the a-Si:H layers. The increase in amplitude for higher energy absorption features in
ε and the decrease in film thickness compared to the sample without a-Si:H coating at
T = 200 ˝ C indicate that the as-deposited ZnO film densifies and increases the degree
of crystallinity after annealing at the a-Si:H deposition temperature. These variations
are generally consistent with literature [69,70], in that the imaginary component
of the optical response related to electronic transitions increases in amplitude and
sharpens. However, Liu et al. reports a decrease in the real part of the complex index
of refraction in the transparent region, which they attribute to void forming along
with larger crystalline grains. In our samples, void formation is not observed optically,
however the decrease in thickness implies that crystallite growth has occurred which
coupled with the higher observed real part of ε indicates that this film is now overall
more densely packed. The comparison of different phonon modes in ZnO with and
without a-Si:H coating is shown in Figure 9. The characteristic TO modes with A1 and
E1 symmetry at 0.0467 eV (376.66 cm´1 ) and 0.0506 eV (408.12 cm´1 ) are present and
able to be resolved [51–53]. The vibrational mode at 0.0847 eV (683.15 cm´1 ) can be
attributed to longitudinal optical (LO) mode with E1 symmetry [52]. The orientation
of grains in the film could be a reason for shifting of modes to slightly higher or lower
wavenumbers. The splitting of the peak observed at 404 cm´1 for the uncoated ZnO
into two expected peaks at 377 and 408 cm´1 for ZnO over-coated with a-Si:H and
appearance of the 683 cm´1 mode is likely due to grain size increases or a reduction in
defect density from annealing at the a-Si:H deposition temperature of 200˝ C [68]. The
increase in amplitude for ε2 of phonon mode at 408 cm´1 also supports the idea that
grain restructuring and material densification occurs. The presence of an additional
absorption mode at 1306.62 cm´1 (0.162 eV) can be associated with oxygen-hydrogen
(O-H) bonds in the thin film, such as the formation of zinc hydroxide or absorbed
water or stretching modes of hydrogen bonded to heavier elements like zinc [54].
The large broadening of this absorption peak could be due to the modification or
damage to the ZnO as a result of exposure to hydrogen in the plasma.
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1306.62 cm−1 (0.162 eV) can be associated with oxygen‐hydrogen (O‐H) bonds in the thin film, such
as the formation of zinc hydroxide or absorbed water or stretching modes of hydrogen bonded to
heavier elements like zinc [54]. The large broadening of this absorption peak could be due to the
modification or damage to the ZnO as a result of exposure to hydrogen in the plasma.

Figure 9. Comparison of lower energy features in ε2 as a function of photon energy for ZnO with
Figure 9. Comparison of lower energy features in ε2 as a function
of photon
(solid line) and without (dotted line) over‐deposition of a‐Si:H. Parameters
describing the sample
energy
for
ZnO
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(solid
line)
and
without
(dotted
line)
over-deposition
of a-Si:H.
without and with over‐deposition of are listed in Tables 4 and 5, respectively.

Parameters describing the sample without and with over-deposition of are listed in
3.3.2. Chemical
in a‐Si:H
Tables 4 Bonding
and 5 respectively.
After ZnO deposition, a 278 Å thick n‐layer was deposited onto a ZnO/Ag coated substrate with
deposition
conditions
given inin
Table
1. The n‐layer optical properties, as well as its db and ds, were
3.3.2. Chemical
Bonding
a-Si:H
obtained from RTSE analysis. The final numerically inverted spectra in ε for the n‐layer were fit to a
After ZnO
deposition,
a 278 Å thick
n-layer
was deposited
onto a ZnO/Ag
Cody‐Lorentz
oscillator
[71]. The Cody‐Lorentz
oscillator
is described
by:

coated substrate with deposition conditions given in Table 1. The n-layer optical
properties, as well as its db and ds , were obtained from RTSE analysis. The
final numerically inverted spectra in ε for the n-layer were fit to a Cody-Lorentz
oscillator [71]. The Cody-Lorentz oscillator is described by:
`
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AE0 ΓE
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˘2
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2
ε 1 pEq “ P
π
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ξ ε 2 pξq
dξ
ξ 2 ´ E2

E ą Eg

,

(7)

E ď Eg

(8)

0

where A is the amplitude, Γ is the broadening, E0 is the resonance energy, Eg
represents an absorption onset determined from a parabolic band constant dipole
matrix element, and E p + Eg represents the transition between Cody gap-like and
Lorentz-like behavior. Analytical Kramers-Kronig transformation of ε2 yields ε1 .
Parameters describing ε for the n-layer at the deposition temperature T = 200 ˝ C
are A = 59 ˘ 2 eV, Γ = 2.12 ˘ 0.02 eV, E0 = 3.99 ˘ 0.01 eV, Eg = 1.58 ˘ 0.04 eV, and
E p = 0.96 ˘ 0.09 eV.
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where A is the amplitude,  is the broadening, E0 is the resonance energy, Eg represents an
absorption onset determined from a parabolic band constant dipole matrix element, and Ep + Eg
represents the transition between Cody gap‐like and Lorentz‐like behavior. Analytical
Kramers‐Kronig transformation of ε2 yields ε1. Parameters describing ε for the n‐layer at the deposition
temperature T = 200 °C are A = 59 ± 2 eV,  = 2.12 ± 0.02 eV, E0 = 3.99 ± 0.01 eV, Eg = 1.58 ± 0.04 eV, and Ep
Figure 10 shows spectra in ε for the R = 10 a-Si:H intrinsic layer parameterized
= 0.96 ± 0.09 eV.
using a Cody-Lorentz oscillator at high energies and Gaussian oscillators to represent
Figure 10 shows spectra in ε for the R = 10 a‐Si:H intrinsic layer parameterized using a
the IR vibrational
Each Gaussian
oscillator
[72] is described
by:the IR vibrational
Cody‐Lorentz
oscillator modes.
at high energies
and Gaussian
oscillators
to represent
modes. Each Gaussian oscillator [72] is described by:2
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where A, Γ, and En represent amplitude,
and resonance energy
2 ln  2broadening,

respectively, and ε1 is generated by Kramers-Kronig transformation of ε2 (Equation 8).
whereFitA,parameters
, and En represent
amplitude,
and resonance
energy respectively,
are listed
in Tablebroadening,
5. The Cody-Lorentz
oscillator
parameters and
for ε1 is
generated by Kramers‐Kronig transformation of ε2 (Equation 8). Fit parameters are listed in Table 5.
intrinsic a-Si:H were linked to a single fit parameter, Eg from transmission and
The Cody‐Lorentz oscillator parameters for intrinsic a‐Si:H were linked to a single fit parameter, Eg
reflection spectroscopy, by linear relationships previously determined for PV device
from transmission and reflection spectroscopy, by linear relationships previously determined for PV
quality
a-Si:H
[71].
technique
device quality
a‐Si:H
[71].This
This
techniqueminimizes
minimizesthe
thenumber
numberofoffitfitparameters
parametersallowing
allowing for
for extraction
of realistic
physically
realistic ε.describing
Parameters
describing
spectra
in ε n‐layer
for thewere
extraction
of physically
ε. Parameters
spectra
in ε for the
underlying
underlying
n-layer
were
extrapolated
based
on
previously
observed
trends
in the with
extrapolated based on previously observed trends in the Cody‐Lorentz oscillator parameters
Cody-Lorentz
oscillator parameters with temperature [73].
temperature
[73].

Figure 10. Spectra in ε (top panel, real part ε1; bottom panel, imaginary part ε2) extracted over a
Figure 10. Spectra in ε (top panel, real part ε1 ; bottom panel, imaginary part ε2 )
spectral range from 0.04 to 5 eV for 3621  2 Å R = 10 a‐Si:H films on BR over‐coated with a R = 50
extracted over a spectral range from 0.04 to 5 eV for 3621 ˘ 2 Å R = 10 a-Si:H films
n‐layer. The inset shows lower energy features in ε2 as a function of photon energy representing
on BR over-coated with a R = 50 n-layer. The inset shows lower energy features in
Si‐Hn vibrational modes as modeled by Gaussian oscillators.

ε2 as a function of photon energy representing Si-Hn vibrational modes as modeled
by Gaussian oscillators.

IR vibrational studies of a-Si:H have been useful in understanding the role of
Si-H bonding in determining a-Si:H properties. High mobility and reactivity of
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hydrogen enables passivation of the electronic defect states in a-Si:H and relaxes
the a-Si:H network to improve electronic and structural properties. IR-absorption
studies have shown that hydrogen in a-Si:H is bonded as Si-Hn , with n = 1, 2, and
3 [35,74]. IR features in ε for the intrinsic a-Si:H film are highlighted in the inset of
Figure 10. Spectra in ε for a-Si:H in the n-i-p device configuration exhibited bending
modes near 0.079 eV (635.6 cm´1 ) and a stretching monohydride (Si-H) mode around
0.249 eV (2008.3 cm´1 ). In addition to the expected Si-H modes, this a-Si:H sample
exhibited an absorption mode centered around 0.106 eV (854.9 cm´1 ), which can be
attributed to the bending or scissoring Si-H2 dihydride mode. The peak centered
~2100 cm´1 assigned to the dihydride (Si-H2 ) or clustered hydrogen is not observed.
Although Si-H and Si-H2 bonding modes were previously resolved in ellipsometric
measurements for other samples [75], we can resolve only the Si-H peak here possibly
due to a much lower amplitude of the Si-H2 peak or reduced sensitivity to that feature
in this particular sample. In addition to mode deconvolution in ε, the Si-H2 mode
is also not observed in the extinction coefficient, k, or the absorption coefficient, α,
obtained from ε. The absence of that peak usually confirms the presence of ordered
dense Si:H material [76,77]. The amplitude of ε1 and the relatively high amplitude
of the near IR to UV absorption feature in ε2 indicate that this is dense material and
suitable for PV devices.
4. Summary and Conclusions
RTSE and IR-SE have been demonstrated as a useful metrology technique for
characterization of PECVD Si:H layers and components of the BR structure used
in n-i-p a-Si:H solar cells. Growth evolution diagrams were developed for n-type,
intrinsic, and p-type Si:H to identify the regions of optimized protocrystalline a-Si:H
material for the respective thicknesses used in the solar cell configuration. IR to
UV ex situ SE measurements and analysis were used to determine spectra in ε for
Ag, ZnO, the ZnO + Ag interface, and protocrystalline intrinsic a-Si:H in the device
configuration. Free carrier absorption in Ag and the ZnO + Ag interface, the particle
plasmon feature in the ZnO/Ag interface, and four IR phonon modes in ZnO were
identified. Si-Hn bonding modes were identified in ε obtained from intrinsic a-Si:H
prepared on a n-type a-Si:H coated BR. IR-SE has been demonstrated to be sensitive
to bonding characteristics of a-Si:H layers in the PV device configuration. Overall,
the results and analysis procedures developed here are applicable to more directly
relating film properties, as obtained by non-destructive measurements in the PV
device configuration, with variations in device performance.
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Crystal Structure Formation of
CH3NH3PbI3-xClx Perovskite
Shiqiang Luo and Walid A. Daoud
Abstract: Inorganic-organic hydride perovskites bring the hope for fabricating
low-cost and large-scale solar cells. At the beginning of the research, two open
questions were raised: the hysteresis effect and the role of chloride. The presence of
chloride significantly improves the crystallization and charge transfer property of the
perovskite. However, though the long held debate over of the existence of chloride
in the perovskite seems to have now come to a conclusion, no prior work has been
carried out focusing on the role of chloride on the electronic performance and the
crystallization of the perovskite. Furthermore, current reports on the crystal structure
of the perovskite are rather confusing. This article analyzes the role of chloride in
CH3 NH3 PbI3-x Clx on the crystal orientation and provides a new explanation about
the (110)-oriented growth of CH3 NH3 PbI3 and CH3 NH3 PbI3-x Clx .
Reprinted from Materials. Cite as: Luo, S.; Daoud, W.A. Crystal Structure Formation
of CH3 NH3 PbI3-x Clx Perovskite. Materials 2016, 9, 123.

1. Introduction
Since the first organic-inorganic halide perovskite solar cell was reported [1],
perovskites have attracted growing interest and the power conversion efficiency
(PCE) has reached 20.1% [2]. It is not very common that a photovoltaic device
can experience such a rapid development. While the structure of the cells evolved
from sensitized meso-structure to planar structure [3], both inorganic and organic
materials can be applied as electron and hole transfer materials [4]. Furthermore, by
tuning the composition of the perovskite, the band gap can be easily modified [5].
Given the numerous advantages of perovskite, a clear understanding of the crystal
structure is crucial and the role of chloride in the formation of CH3 NH3 PbI3-x Clx
(hereafter, we use MA short for CH3 NH3 ) is one of the most pressing topics.
It has been reported that the presence of chloride in the perovskite improves the
uniformity of its layer [6] and results in an increase of the carriers’ diffusion length
from ca. 100 nm to over 1 µm [7]. However, the long held debate over of the existence
of chloride in the perovskite seems to have now come to a conclusion. First, when
synthesizing the perovskite by the one step method with precursor solution of MACl
and PbI2 (1:1 molar ratio) in anhydrous N,N-dimethylformamide (DMF), the resulting
crystal is not MAPbI2 Cl but a mixture of MAPbI3 and MAPbCl3 [8]. This provides direct
evidence that chloride (Cl´ ) cannot substitute iodine (I´ ) in the perovskite to form a
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stable crystal. Then, two contradictory results were then reported. X-ray photoelectron
spectroscopy (XPS) showed that the molar ratio C:N:Pb:I:Cl of the perovskite is ca.
1:1:1:2:1, when prepared from a precursor of MAI:PbCl2 (molar ratio 3:1) [9]. On the
other hand, energy dispersive X-ray (EDX) analysis showed that no Cl´ was present in
the perovskite prepared from PbI2 + MAI + MACl [10]. Noting that the XPS was unable
to determine the existence of MAPbI2 Cl crystal and that EDX has its detecting limitation,
more precise characterizations were needed. Later on, the simultaneous Fourier
transform infrared spectroscopy analysis of the expelled gas during the decomposition
of MAPbI3-x Clx showed the presence of Cl´ , angle-resolved XPS [11] and X-ray
fluorescence spectroscopy (XFS) [12] not only confirmed the existence of Cl´ , but also
showed that Cl´ was located at the interface between the perovskite and the electron
transport TiO2 layer, and not in the perovskite structure [11,12]. Moreover, scanning
transmission microscopy-energy dispersive spectroscopy (STEM-EDS) detected no
trace of Cl´ in the perovskite. Even though there is a strong Cl´ signal, no N was
observed indicting the presence of only PbCl2 [13]. Thus, Cl´ only appears at the
interface between MAPbI3 and the anode. Two more reports have further confirmed
this conclusion. XPS analysis showed only weak Cl´ signal after etching the surface
of MAPbI3-x Clx by a 50 nm thickness [14]. Hard X-ray photoelectron spectroscopy
and fluorescence yield X-ray absorption spectroscopy showed no Cl´ at the surface of
MAPbI3-x Clx with higher average concentration of Cl throughout the perovskite layer at
the deep beneath [15]. Here, we refer to MAPbI3-x Clx as MAPbI3 that is prepared using
chloride-containing precursors. However, as the condition for depositing MAPbI3-x Clx
differs, Cl´ may still remain in the resulting perovskite layer. For instance, X-ray
absorption near edge structure (XANES) results showed that x = 0.05 ˘ 0.03 Cl atoms
per formula unit remain in the films after annealing at 95 ˝ C for 120 min [16]. The
results from photothermal induced resonance (PTIR) showed that the MAPbI3-x Clx film
consists of a mixture of Cl-rich (xlocal < 0.3) and Cl-poor phases after a mild annealing
(60 ˝ C, 60 min) and homogeneous Cl-poorer (xlocal < 0.06) phase upon further annealing
(110 ˝ C) [17].
In addition, first-principles calculation results provide some good explanation.
For the crystal structure, Cl´ concentration was found below 3%–4% [8] and
if the Cl´ ions enter the crystal structure, they preferentially occupy the apical
positions in the PbI4 X2 octahedra [18]. For the electronic property, while the
molecular orientations of CH3 NH3 + result in three times larger photocurrent
response than the ferroelectric photovoltaic BiFeO3 , Cl´ substitution at the equatorial
site induces a larger response than does substitution at the apical site [19]. Results
also showed that, using Cl´ precursor can avoid forming the PbI defects [20].
Introducing Cl´ would reduce the lattice constant which can inhibit the formation of
interstitial defects [21]. As excitons may be screened by collective orientational
motion of the organic cations, Cl´ might hinder this motion and results in
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better transport properties [22]. Little difference of electronic properties was
represent among orthorhombic, tetragonal and cubic phases of MAPbI3 [23],
however, the valance-band-maximum and conduction-band-minimum states can
be mainly derived from iodine ions at some unique positions, Cl´ substitution
can strengthen the unique position of the ions and result in more localized
charge density [24]. Thus, lower carrier recombination rate and enhanced carrier
transport ensued. For the interface, the (001) and (110) surfaces tend to favor hole
injection to 2,21 ,7,71 -tetrakis(N,N-di-p-methoxyphenylamine)-9,91 -spirobifluorene
(Spiro-MeOTAD), while the (100) surface facilitates electron transfer to [6,6]-phenyl
C61 -butyric acid methyl ester (PCBM) [25]. A better structural matching between
adjacent rows of perovskite surface halides and TiO2 under coordinated titanium
may be the reason for the (110)-oriented growth of MAPbI3-x Clx and MAPbI3 [26].
Interfacial Cl´ may thus further stabilize the (110) surface and modify the interface
electronic structure between MAPbI3 and TiO2 [26].
Despite the absence of Cl´ in the perovskite, it still played an important role
in the crystallization process. For instance, the morphology of MAPbI3-xClx was
compared with MAPbI3 [27] and a model in which the Cl´ rich phase modifies the
morphologies of perovskite was proposed and fit well with the results from scanning
electron microscopy (SEM) [27]. In addition, the transmission electron microscopy (TEM)
of freeze-dried perovskite MAPbI3-xClx precursor solution showed the presence of PbCl2
nanoparticles [28] and this is in agreement with the dynamic light scattering (DLS)
investigations of MAPbI3-xClx precursor solution [29]. Thus, references [28,29] further
proved the model of the heterogeneous nucleation by PbCl2 nanoparticles proposed
in reference [27]. However, the formation mechanism of the crystal structure remains
undermined and this will be discussed in the following parts of this article.
2. Methods for Fabricating MAPbI3-x Clx
In Section 3, we discuss the crystal structure of MAPbI3-x Clx according to the
deposition method. As the fabrication methods were discussed in detail in reference [30],
here we add a brief introduction about the preparation methods of MAPbI3-x Clx .
For the one-step deposition method, MAI:PbI2 /PbCl2 (molar ratio 1:1 or 3:1) [31,32]
were dissolved in γ-butyrolactone (GBL) or DMF, spin-coated on the substrates
and annealed to form perovskite. Different annealing conditions result in different
morphology of the MAPbI3-x Clx layer. While a rapid thermal annealing at 130 ˝ C
resulted in micron-sized perovskite grains [33], two-step annealing, such as 90 ˝ C
for 30 min then at 100 ˝ C for 2 min [34] or 60 ˝ C then ramping to 90 ˝ C [35],
resulted in optimal PCE on poly(3,4-ethylenedioxythiophene) poly(styrene-sulfonate)
(PEDOT:PSS) substrates. A full coverage of perovskite can be achieved by rapid
cooling after annealing [36]. To increase the solubility of Cl´ , 1,8-diiodooctane [37]
or other alkyl halide additives [38] or dimethyl sulfoxide [9] can be employed. Adding
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poly-(vinylpyrrolidone) (PVP) can also improve the surface coverage of perovskite [39].
It is interesting to note that, for MAPbI3-x Clx , a simple annealing step is enough to form
a good coverage [6,40], but for MAPbI3 , a special step, such as multi-deposition [41],
adding N-cyclohexyl-2-pyrrolidone (CHP) [42], fast deposition [43–45], or air flow
during spin coating [46,47], is needed.
The sequential deposition method was mainly applied for MAPbI3 perovskite.
In a typical synthesis, the solution of PbI2 in DMF was spun on a substrate as the first
step then the substrate was dipped in a solution of MAI in 2-propanol (IPA) to form
MAPbI3 crystals as the second step [48]. For the inclusion of chloride, in the first step
the PbCl2 can be mixed with PbI2 in DMF or dimethyl sulfoxide (DMSO) [49–52],
and/or the second step MACl can be added [53–55]. For vapor based deposition
methods, the MAPbI3-x Clx can be formed by co-evaporating MAI and PbCl2 onto
the substrates [56,57] or by reacting PbCl2 on substrates with MAI vapor [58,59].
3. The Crystal Structure Form and Formation
3.1. Crystal Structure of MAPbI3 Layer
The parameters and transitions of phases of bulk MAPbI3 were included in
references [60,61]. Here, we focus on the tetragonal and cubic phases [62]. In fact,
there are no critical differences between the two phases, except a slight rotation of
PbI6 octahedra along the c-axis. The atomic structures of MAPbI3 of the two phases
are shown in Figure 1A,B. Thus, the tetragonal phase can be treated as a pseudocubic
?
phase with a* = a/ 2, c* = c/2 [63]. Below 54 ˝ C, the cubic phase of MAPbI3 can
be transformed into the tetragonal phase [60], and the opposite transition occurs
by annealing at 100 ˝ C for 15 min [41]. In Figure 1C, the X-ray diffraction (XRD)
patterns of the two phases are shown. After transformation to the tetragonal phase,
the (100) and (200) peaks of cubic MAPbI3 split, also new (211) and (213) peaks show
up. Here, we use the peak splitting as indictor for phase transformation. Analysis of
the MAPbI3-x Clx usually shows the cubic phase of MAPbI3 , however, with a much
more preference along (100) and (200). This will be discussed in the Sections 3.2
and 3.3.
Another phase which should be noted is the amorphous phase. Pair distribution
function analysis of X-ray scattering showed that after annealing at 100 ˝ C for 30 min,
the MAPbI3 in meso-porous TiO2 has about 30 atom% in medium range crystalline
order and the other 70 atom% in a disordered state with a coherence length of
1.4 nm [66]. The poor crystallization of the MAPbI3 in meso-porous TiO2 was
studied by high-resolution TEM [67]. Quartz crystal microbalance measurements
suggest that during the sequential method only half of PbI2 is converted to MAPbI3
instantly, while the other half is involved in reversible transformation with MAPbI3 .
Additionally, the amorphous character with a very small average crystallite size may
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showed that after annealing at 100 °C for 30 min, the MAPbI3 in
meso‐porous TiO2 has about 30 atom% in medium range crystalline order and the other 70 atom% in
a disordered state with a coherence length of 1.4 nm [66]. The poor crystallization of the MAPbI3 in
meso‐porous TiO2 was studied by high‐resolution TEM [67]. Quartz crystal microbalance
measurements suggest that during the sequential
100method only half of PbI2 is converted to MAPbI3
instantly, while the other half is involved in reversible transformation with MAPbI3. Additionally,
the amorphous character with a very small average crystallite size may be present after the
transformation as previously discussed [68]. The amorphous phase may also present during the
initially deposited MAPbI3‐xClx, as indicated by the envelope in some XRD spectra. In reference [69],
the amorphous phase MA5PbCl4I3 was also mentioned. Moreover, both XRD and photoluminescence

3.2. Converting Lead Halides to Perovskite
In the sequential deposition method, PbI2 or/and PbCl2 were first dissolved in
a solvent. As PbI2 crystal has a layered structure, DMF can intercalate into the PbI2
interlayer space and screen PbI2 via Pb-O bonding [71–73]. When DMF is intercalated,
the XRD peak of the PbI2 (001) plane red shifts from 14.8˝ to 7.94˝ [72,73]. The red-shift
of this XRD peak to 9.17˝ also indicates the intercalation of DMSO [43]. While PbCl2
doesn’t possess a similar layered structure as PbI2 , its solubility is poor where PbCl2
nanoparticles may only suspend in the solvent [28]. However, depositing a mixture
of PbI2 and PbCl2 on the substrates result in a new PbICl phase [74], whose crystal
structure is similar to PbCl2 [75].
At the beginning of the reaction of PbI2 and MAI, a predominant peak at
(220) appeared (as shown in Figure 2B). In other words, the MAPbI3 preferentially
grows along (220) plane at first. The annealing process increases the long range
crystalline order and results in the predominant (110) peak instead. Noting the (220)
is only a short range of (110), thus, another possible reason for the (110)-oriented
growth of MAPbI3-x Clx and MAPbI3 may be because layered crystal structure of PbI2
(growth along (001) planes of PbI2 like the liquid catalyst cluster model mentioned
in reference [76]). The lattice planes of tetragonal MAPbI3 are showed in Figure 3.
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7‐time deposited PbI2/MAI layer; (D) 1‐time deposited PbI2 (50 nm thickness)/MAI (50 nm thickness)
layer; and (E) 1‐time deposited PbI2 (150 nm thickness)/MAI (150 nm thickness) layer. Reprinted
from reference [77], Copyright © 2015, Royal Society of Chemistry.
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the MAI substrate [79] and all the atoms of lead halide were dissociated during
the crystal formation of the perovskite [80]. Thus, except the speed and the way
of breaking the lead halide, the following steps should be similar with the one
step method (Section 3.3) for converting PbI2 or PbCl2 with MAI to the perovskite.
However, the situation in the presence of MACl may be different. As less energy is
needed for MACl than MAI to undergo phase transition from solid to gas [69], it may
be easier for MACl than MAI to diffuse into the PbI2 and cause the crystallization
of perovskite [81]. However, as Cl´ cannot be incorporated into MAPbI3 crystal
structure, the MAI and MACl may compete with each other to determine the result
crystal, because only MAPbI3 or MAPbCl3 was formed when PbI2 was soaked in
80 mM MAI + 40 mM MACl or in 40 mM MAI + 80 mM MACl, respectively [80]. Thus,
the incorporation of some amount of MACl managed to modify the morphology of
the perovskite and resulted in better performance of the solar cells.
3.3. One Step Deposition of MAPbI3-x Clx
The better crystallization of MAPbI3-x Clx along (110) and (220) plane of the
tetragonal phase or (100) and (200) planes of the cubic phase may be due to the
lowered cubic-tetragonal phase transition temperature of MAPbI3-x Clx after the
incorporation of Cl´ [82]. A clear cubic-tetragonal phase transition temperature
of MAPbI3 was detected by differential scanning calorimeter (DSC) analysis [65],
however no such phase transition was observed for MAPbI3-x Clx [83]. To explain the
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Detail information about crystal formation process of MAPbI3 is summarized
in reference [85]. For MAPbI3-x Clx , the transformation from the intermediate phase
to the perovskite is determined as 80 ˝ C by in situ grazing incidence wide-angle
X-ray scattering (GIWAXS) [86]. Figure 4 presents a clearer picture of the crystal
formation of MAPbI3-x Clx . The 15.7˝ and 31.5˝ peaks are associated with the (100)
and (200) diffraction peaks of MAPbCl3 [82]. These peaks were also observed in
references [27,87,88]. In Figure 4, it is interesting to note that MAPbI3 was formed
first for the as-spin coated film but converted to MAPbCl3 after annealing at 100 ˝ C
for 10 min, and then MAPbCl3 was converted back to MAPbI3 after 45 min of
annealing [84]. Further annealing would result in the decomposition of MAPbI3 to
PbI2 , but this occurred after conversion to the intermediate phase to MAPbI3 [89].
Because MAPbCl3 is in a cubic phase, we suppose that MAPbCl3 may cause a
template effect for the cubic MAPbI3 phase.
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In addition, the MAI:PbI2 (molar ratio 3:1) precursor solution on compact TiO2
can also form MAPbI3 with a predominant (110) plane, but the annealing temperature
need to be above 150 ˝ C [84,88,90]. The different sublimation temperature of MAI
and MACl and the evidence of residue MAI or MACl in the resulting perovskite may
explain the higher annealing temperature needed for MAPbI3 [84,91].
The XRD patterns of the resulting MAPbI3-x Clx prepared from different
chloride-containing precursors are summarized in Figure 5. All the patterns showed
predominant crystallization along the (110) and (220) planes. Interestingly, the (220)
peak split at a high MACl (x = 2) concentration in Figure 5B [27]. This split was also
observed in reference [29]. In the sequential deposition method, the (110) and (220)
crystallization preference may be due to an in situ transformation process [92] of PbI2
to MAPbI3 , as discussed in Section 3.2. However, the PbI6 octahedra are more likely
to be fully dissociated in the one step precursor solution. [29,93–95] As MACl does
not fit in the MAPbI3 structure, it could be possible that MACl may be expelled along
the (110) planes of the MAPbI3 and that is why the MAPbI3-x Clx always showed
the (110) and (220) orientation preference. This assumption can be proved by (220)
peak split in Figure 5B, as excess of MACl breaks down the crystal range along
(110) planes resulting in peak split. However, MAI can fit in the MAPbI3 structure,
(110)-oriented growth is just the result of cubic phase in high temperature (150 ˝ C
in refereneces [84,88,90]). Surprisingly, a main XRD peak of (310) was observed for
the one step deposition prepared MAPbI3 [96]. The main peak of (310), which is
distinct from the (110) peak, may have resulted from the fact that the MAI was added
into the precursor solution after the PbI2 was completely dissolved instead of both
MAI and PbI2 being present at the same time [96], or the fact that the (310) plane of
MAPbI3 may match the crystal structure of the substrate better. Then the magnitude
of the (110) peak of MAPbI3-x Clx and the (310) peak of MAPbI3 further increases
after 5 weeks [96]. Thus, we believe that the annealing process may only reinforce
the crystallization preference as it is initially formed and the effects of substrate
also contribute to the crystal structure formation of the perovskite in some cases.
Returning to Figure 5, if excess of MACl breaks down the growth along the (110)
plane, we believe MACl can also break down the crystalline order range. Since a large
amount of MAPbI3 existed in the amorphous phase form, the cubic phase of MAPbI3
may be more favorable in short crystalline order range than the tetragonal phase.
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reference [27], Copyright © 2014, American Chemical Society.

There are other influences associated with Cl´ . Increasing the temperature
during the soaking of the PbI2 substrate in MAI + MACl IPA solution can improve
the (110) orientation of MAPbI3-x Clx where the high temperature facilitates the
expelling of MACl [97]. Annealing the MACl:PbI2 (3:1) precursor on compact TiO2 at
60 ˝ C for 10 min followed by 100 ˝ C for 20 min instead of gradually heating from 25
to 100 ˝ C for 45 min resulted in the (200) crystal plane of MAPbI3-x Clx being vertically
aligned on the substrate [98]. The tetragonal phase MAPbI3-x Clx was occasionally
found on compact TiO2 substrate [53], while the cubic phase always occurred in
meso-porous substrate, where the trapped MACl in meso-porous structure [8] helps
the formation of cubic phase. While the size of MAPbI3 crystal grains are smaller but
the degree of crystallinity improves in the presence of MACl [27,54], the sequential
deposited MAPbI3-x Clx results in (001) elongated crystals [13].
4. Conclusions
In this article, the location of Cl´ and its influence on the crystal morphology
of MAPbI3-x Clx is summarized, where the deposition methods (one step deposition,
sequential deposition and vapor based deposition) for MAPbI3-x Clx are reviewed.
Furthermore, the cubic and tetragonal phases of MAPbI3 are elucidated and the
crystallization process of MAPbI3-x Clx is also summarized. Detailed information
about the crystal structure with variable deposition parameters is also discussed.
Though a recent report showed that Cl´ mainly improves the carrier transport at
the perovskite/Spiro-MeOTAD and perovskite/TiO2 interfaces, rather than within
the perovskite crystals, the authors of reference [99] more recently spatially resolved
photoluminescence decay results showed less recombination in the high chlorine
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concentration region [100]. Thus, the effect of high concentration of Cl´ on the
morphologies and electronic properties of the perovskite can still not be ignored.
Additionally, whether Cl´ is predominantly present as a substituent for I´ , as an
interstitial, or at the surface of the crystal, remains unclear [101] and this is worth
further investigation.
Conflicts of Interest: Conflicts of Interest: The authors declare no conflict of interest.
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Multi-Material Front Contact for 19% Thin
Film Solar Cells
Joop van Deelen, Yasemin Tezsevin and Marco Barink
Abstract: The trade-off between transmittance and conductivity of the front contact
material poses a bottleneck for thin film solar panels. Normally, the front contact
material is a metal oxide and the optimal cell configuration and panel efficiency
were determined for various band gap materials, representing Cu(In,Ga)Se2 (CIGS),
CdTe and high band gap perovskites. Supplementing the metal oxide with a metallic
copper grid improves the performance of the front contact and aims to increase the
efficiency. Various front contact designs with and without a metallic finger grid
were calculated with a variation of the transparent conductive oxide (TCO) sheet
resistance, scribing area, cell length, and finger dimensions. In addition, the contact
resistance and illumination power were also assessed and the optimal thin film
solar panel design was determined. Adding a metallic finger grid on a TCO gives
a higher solar cell efficiency and this also enables longer cell lengths. However,
contact resistance between the metal and the TCO material can reduce the efficiency
benefit somewhat.
Reprinted from Materials. Cite as: van Deelen, J.; Tezsevin, Y.; Barink, M.
Multi-Material Front Contact for 19% Thin Film Solar Cells. Materials 2016, 9, 96.
1. Introduction
Photovoltaics (PV) is a wide arena for materials science to demonstrate the
power of bringing different materials together in one device. There are two main
material based photovoltaic families: one is Si wafer based and the other is thin film
PV, which relies on coating of high quality materials on a substrate [1]. Even though
thin film PV is based on “simple” coating steps, the solar power conversion efficiency
has been improved to values well above 20% and approaches the values previously
only reached by Si record cells [2,3]. One of the main drivers behind this success is
material improvement. In addition, interface issues have been tackled. For instance,
recently back surface passivation in CIGS cells has been improved [4,5]. However,
unlike for Si wafer based technologies, the stunning laboratory cell advances have
not translated into 20% solar panel efficiencies.
Two of the bottlenecks for thin film solar panels are the active area loss due
to interconnection and losses in the transparent front contact, for which usually a
transparent conductive oxide (TCO) is coated [6,7]. The loss in active area should
be reduced and we detail its impact on overall cell and front contact design in
the Results Section. The TCO inevitably has a trade-off between conductivity and
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transparency [8,9]. In the case of small cells, this hurdle can be masked using
small dimensions and addition of a patterned metallic grid to the TCO, thereby
compensating for its low conductivity. Such a combination of materials can increase
the efficiency by creating a dramatic shift in conductivity at the expense of only a
small loss in transmittance [10,11].
Classic wafer based cells do not have a TCO and fully rely on metallic grids.
Therefore, the cell layout and ink requirements are highly different from the desired
characteristics of monolithically interconnected thin film cells, which requires smaller
feature sizes and, in the case of thin film CIGS cells, limited annealing temperatures
below 200 ˝ C. A few studies of grid on TCO were performed, but these reflected the
status of ink jet printing, resulting in low (<1 µm) and 100 µm wide grids. Because
of these low and wide grid dimensions, there was hardly an advantage of this
TCO + metal grid approach compared to the TCO only approach [12–15]. Therefore,
in solar panel production, this solution has not been adopted for monolithically
interconnected solar cells.
Recently, however, the full potential of the application of metallic grids with
optimized finger and cell dimensions (i.e., lower width and larger height) was
reported to give a significant boost in thin film solar efficiencies [16]. Because such
approach would add complexity in the manufacturing process, the efficiency gain
should be determined and evaluated with respect to manufacturing issues. Previous
study [16,17] was performed on cells with efficiencies of 15.5% and many aspects
such as cell layout and absorber material band gap, were not discussed in depth.
Moreover, previous designs did not take into account the material interface issue
of contact resistance. The investigation of contact resistance in solar cells has only
briefly been touched [18,19] and its impact on design of monolithically integrated
solar panels still needs to be addressed. Moreover, the previous case was limited to
low efficiency CIGS or organic PV [15,16] and the case for high efficiency thin film
solar cells, spanning a wide range of band gaps should be investigated. In short,
there is a lack of knowledge of the impact of the cell layout and specific metal-TCO
interaction (e.g., contact resistance) on the preferred grid design and the expected
efficiency benefit.
This work focuses on the introduction of metal finger grid to enhance the
performance of thin film solar panels with up-to-date cell efficiencies of 19%. The
effects of cell length and interconnection area, as well as the band gap of the
absorber material and the contact resistance are modeled. In contrast to previous
work reflecting a rather idealized situation, specific issues such as the losses due
to the specific contact resistance and the impact of reduced irradiation intensity
are discussed. The calculated cell efficiencies give guidelines over a wide range of
(non-ideal) circumstances for useful front contact technologies that aim to enhance
the thin film solar panel efficiency.
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2. Results and Discussion
2.1. General Considerations
In thin film solar panels, the panel is usually divided into parallel cells that are
series connected. There are several ways to accomplish this and Figure 1 details
two
of them.
Materials
2016, 9, 96

Figure 1. Schematic representations (not to scale) of different interconnection and cell layouts with a
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The first is the classic way, in which the TCO is both the front contact and
the interconnect (Figure 1a,b). In this case, the isolation area of the back contact is
filled with the semiconducting absorber material and all the current is transported
through the TCO. The TCO can be enhanced by a metallic finger grid, while the
interconnection between top and bottom electrode takes place at the TCO back
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Figure 2. I‐V characteristics used for the study (a) cells of 19% efficiency with different open circuit
voltages (in V, see legend); and (b) cell with a Voc of 0.7 V for different light intensities (see legend)
in which one sun is equivalent to 1000 W/m2).

contact interface (Figure 1c,d). Alternatively, a metal busbar can be used for this
interconnection purpose (Figure 1e,f) [20]. The isolation of the back contact can be
filled with a dedicated insulator material [21]. This approach was mentioned to have
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For the curve with a Voc of 0.7 V, the illumination intensity was varied and its effect on the IV
curve is shown in Figure 2b. As the light induced current density goes down, so do the Voc and the

For the curve with a Voc of 0.7 V, the illumination intensity was varied and its
3 As the light induced current density goes
effect on the IV curve is shown in Figure 2b.
down, so do the Voc and the fill factor. These curves were used in the modeling to
represent reference small cell without interconnection of front contact related losses.
2.2. Cells with a TCO Front Contact
The typical trade-off between transmittance and sheet resistance of the TCO, as
used for the modeling, is shown in Figure 3. Below 10 Ω/sq, the transmittance drops
with reduced sheet resistance. Figure 4a shows the efficiency as a function of the
cell length for different TCO sheet resistances. The details of the TCO can be found
in the Experimental Section. The cell efficiency shows a maximum with cell length.
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fill factor. These curves were used in the modeling to represent reference small cell without

fill factor. These curves were used in the modeling to represent reference small cell without
interconnection of front contact related losses.
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Figure 4. Efficiency of solar panels as a function of the individual cell length for different sheet
resistances of the TCO (Rsh in Ω/sq) for a scribe width of 150 μm (a) and 350 μm (b). The cell was
based on a Voc of 0.7 V.
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A maximum efficiency of 16.9% is reached for a TCO sheet resistance of 10 Ω/sq.
In other words, when going from a 19% small cell to a solar panel, scribing losses and
TCO related losses reduce the panel efficiency by as much as 2 absolute %. When the
scribing width is enlarged to 350 µm, which is now a common value in production,
the
maximum
Materials
2016, 9, 96 obtainable cell efficiency drops to 16%, as shown in Figure 4b. This
indicates the importance of careful process control and the gain that can be obtained
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Figure 5. Efficiency of solar panels as a function of the individual cell length for different open circuit
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If the scribing width is increased to 350 μm, the optimal cell length increases and hence the
impact of the Voc on the maximum efficiency, as shown in Figure 5b. In other words, high Voc cells
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In2.3.
other
words, high Voc cells are less sensitive to scribing width than cells with a
Cells with Metallic Grid
low Voc. Therefore, the absorber material not only has an impact on the maximum
For cells with a metallic grid on top of the TCO, it was found that a TCO of 50 Ω/sq is preferable
cell
efficiency, but also on the cell layout.
over a large range of finger widths [16]. Therefore, Figure 6 shows the efficiency as a function of the
cell length for cells with a 50 Ω/sq TCO supplied with a metallic finger grid with various finger
heights (HF). We also show the values for cells with a 10 Ohm/sq TCO front contact (black line).
For a scribing with of 150 μm (see Figure 6a), the efficiency increases from just below 17% to
17.8% when a high finger grid is used. For lower
finger grid, the efficiency is somewhat lower and
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the cell length is also smaller. Nevertheless, even for a finger height of 1 μm, the increase in
efficiency is 0.5 absolute %. This gain increases when a wider scribing area of 350 μm is taken into
account. This is logical, because a TCO only approach cannot accommodate as long cells as
compared to TCO supplemented with a finger grid, which show optimal cell lengths that are about
twice that of the TCO only configuration. Therefore, the scribe area forms a lower proportion of the

2.3. Cells with Metallic Grid
For cells with a metallic grid on top of the TCO, it was found that a TCO of
50 Ω/sq is preferable over a large range of finger widths [16]. Therefore, Figure 6
shows the efficiency as a function of the cell length for cells with a 50 Ω/sq TCO
supplied with a metallic finger grid with various finger heights (HF ). We also show
the values for cells with a 10 Ohm/sq TCO front contact (black line).
For a scribing with of 150 µm (see Figure 6a), the efficiency increases from just
below 17% to 17.8% when a high finger grid is used. For lower finger grid, the
efficiency is somewhat lower and the cell length is also smaller. Nevertheless, even
for a finger height of 1 µm, the increase in efficiency is 0.5 absolute %. This gain
increases when a wider scribing area of 350 µm is taken into account. This is logical,
because a TCO only approach cannot accommodate as long cells as compared to
TCO supplemented with a finger grid, which show optimal cell lengths that are
about twice that of the TCO only configuration. Therefore, the scribe area forms
a lower proportion of the total area for longer cells and scribe related losses are
proportionally
Materials 2016, 9, 96 reduced.

Figure 6. Efficiency of solar panels as function of the individual cell length for TCO‐plus‐grid front
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At present, a finger width of 20 µm is not compatible with large area printing
technology. For this reason, wider fingers were also used for the calculations to assess
the impact of finger width. Figure 7 shows the efficiency for cell lengths up to 20 mm,
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A grid finger height of 10 μm could be hard to accomplish for printed lines and the data also
indicate the impact of lower finger heights on the cell efficiency and the optimal cell length. On the
other hand, the conductivity of the finger material used for this calculation is only 1/5 of the bulk
conductivity of copper. Hence, finger material improvement can further increase the efficiency [25].
At present, a finger width of 20 μm is not compatible with large area printing technology.
For this reason, wider fingers were also used for the calculations to assess the impact of finger width.
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Figure 7. Efficiency of solar panels as a function of the individual cell length for different grid finger

Figure
7. Efficiency of solar panels as a function of the individual cell length for
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V. width than 20 μm decreases the efficiency benefit over the TCO only case.

Nevertheless, for the presently available scribing width of 350 μm, the impact is still considerable
and worth the additional manufacturing step. However, reducing the scribe width to 150 μm
reduces
the benefit
of metallic
grids. than 20 µm decreases the efficiency benefit over the
Using
a wider
finger width

TCO only case. Nevertheless, for the presently
available scribing width of 350 µm, the
6
impact is still considerable and worth the additional manufacturing step. However,
reducing the scribe width to 150 µm reduces the benefit of metallic grids.
2.4. Effect of Contact Resistance
One of the topics in thin film solar cells is the effect of contact resistance, although
it is seldom mentioned [26,27]. The Mo/CIGS specific contact resistance was reported
to be in the order of 0.08 Ohm cm2 [28]. However, the specific contact resistance
between TCO and Mo was found to be three orders of magnitude lower, in the range
of 10´5 Ω cm2 [29]. From the specific contact resistance (RSCR ), the contribution
of the contact resistance to the overall resistance in the cell can be estimated. We
calculated the contact resistance for a 1 cm2 cell. This was done for different widths
of overlap between the TCO and the Mo, as shown in the TCO/Mo contact width in
Figure 8a. For a 1 cm2 solar cell, typical total series resistances are between 1 and 2
ohm. For two specific contact resistances (Rscr ), the contact resistance was calculated
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Ohm cm2 [28]. However, the specific contact resistance between TCO and Mo was found to be three
orders of magnitude lower, in the range of 10−5 Ω cm2 [29]. From the specific contact resistance (RSCR),
the contribution of the contact resistance to the overall resistance in the cell can be estimated. We
calculated the contact resistance for a 1 cm2 cell. This was done for different widths of overlap
between the TCO and the Mo, as shown in the TCO/Mo contact width in Figure 8a. For a 1 cm2 solar
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Figure 8. Contact resistance for a 1 cm2 cell as a function of the width of the contact area between the

Figure 8. Contact resistance for a 1 cm2 cell as a function of the width of the contact
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result of the higher contact area between the metal and the TCO, the contact resistance drops to
much higher than for the TCO/Mo case and can give a significant contribution to
values below 1.5 Ohm, as shown in Figure 9. This makes the system more robust against the
the
overallofseries
occurrence
contactresistance.
resistance between the printed metal and the TCO, although it is not negligible.

For the case of the metallic interconnect combined with the metallic finger grid,
the contact resistance was also calculated. In this case, the busbar width was taken to
be 50 µm and the finger widths of 20, 60 and 100 µm were used with a finger spacing
is 0.7, 1.6 and 2.1 mm, respectively. As a result of the higher contact area between the
metal and the TCO, the contact resistance drops to values below 1.5 Ohm, as shown
in Figure 9. This makes the system more robust against the occurrence of contact
resistance between the printed metal and the TCO, although it is not negligible.
The effect of the contact resistance on the cell performance was calculated for
the case without and with metallic grid. For the case without metallic grid, the data
are presented in Figure 10 for a scribe with of 150 µm and 350 µm. We have used
7
the range of specific contact resistance between 0.01 and 0.1 Ω cm2 . The black lines
indicate the case without contact resistance (TCO interconnect). A specific contact
resistance of 0.01 Ω cm2 has only minimal impact on the cell efficiency. However, for
higher specific contact resistances, the impact is larger and the efficiency drops
several absolute percent for the highest specific contact resistances calculated. For a
122
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scribe width of 350 µm, the drop in efficiency is even more dramatic. This is caused
by the fact that the wider scribing width induces a higher optimal cell length. The
longer cells generate more current and translate into a larger effect of the series
resistance. In this respect, the occurrence of contact resistance is an extra motivation
to minimize
Materials
2016, 9, 96the scribe width.

Figure 9. Contact resistance for a cell of 1 cm2 for a cell with metal interconnect and fingers as a
function of the finger width for various specific contact resistances (Rscr, in Ω cm2). Ω 2.5. Impact of
Contact Resistance on Cell Performance

The effect of the contact resistance on the cell performance was calculated for the case without
and with metallic grid. For the case without metallic grid, the data are presented in Figure 10 for a
scribe with of 150 μm and 350 μm. We have used the range of specific contact resistance between
0.01 and 0.1 Ω cm2. The black lines indicate the case without contact resistance (TCO interconnect).
A specific contact resistance of 0.01 Ω cm2 has only minimal impact on the cell efficiency. However,
for higher specific contact resistances, the impact is larger and the efficiency drops several absolute
percent for the highest specific contact resistances
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2.6. Influence of Illumination Power
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Solar panels and solar cells are tested and certified at an illumination power of 1000 W/m2 (also
denoted as one sun). Therefore, the panel configuration is usually optimized for this high intensity.
However, in northwest Europe, this high power is seldom reached. In real life, much of the power
generated by solar panels is actually around an illumination power of 500 W/m2. For cells without a
metallic grid, the influence of the illumination power was investigated with variation of the cell

In contrast, Figure 10 shows an increased impact of Rscr with cell length, as
in this case, the longer cell length increases the current density, but the TCO metal
contact area (busbar only) remains the same. For all cells with a metallic interconnect,
the cells with a metallic grid show a higher cell efficiency (Figure 11) compared to
the cells with only a TCO as the front contact for similar Rscr (Figure 10).
2.5. Influence of Illumination Power
Solar panels and solar cells are tested and certified at an illumination power of
1000 W/m2 (also denoted as one sun). Therefore, the panel configuration is usually
optimized for this high intensity. However, in northwest Europe, this high power is
seldom reached. In real life, much of the power generated by solar panels is actually
around an illumination power of 500 W/m2 . For cells without a metallic grid, the
influence of the illumination power was investigated with variation of the cell length,
as shown in Figure 12a. Seemingly, as the illumination power decreases, the impact
of the cell length drops. However, when these data are normalized, as shown in
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as shown in Figure 13, which shows efficiency as function of the cell length for illumination powers
from 0.2 to 1 sun in Figure 13a–d. Note that for each graph, the minimum value on the x‐axis is about
withvalue
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grid,comparison
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by the cell length, as shown in Figure 13, which shows efficiency as function of the
cell length for illumination powers from 0.2 to 1 sun in Figure 13a–d. Note that for
each graph, the minimum value on the x-axis is about half of the maximum value to
facilitate comparison with Figure 12b.
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For cells with a finger grid, the cell efficiency seems to become less affected by the cell length,
as shown in Figure 13, which shows efficiency as function of the cell length for illumination powers
from 0.2 to 1 sun in Figure 13a–d. Note that for each graph, the minimum value on the x‐axis is about
half of the maximum value to facilitate comparison with Figure 12b.

Figure 13. Efficiency as function of the cell length for various specific contact resistances (Rscr, in Ohm cm2)
Figure 13. Efficiency as function of the cell length for various specific contact
for light intensity of: 0.2 sun (a); 0.5 sun (b); 0.75 sun (c); and 1 sun (d).

resistances (Rscr , in Ohm cm2 ) for light intensity of: 0.2 sun (a); 0.5 sun (b); 0.75 sun
(c);
and 1 sun
(d).
An
additional
observation
is that lower illumination intensity reduces the impact of the specific

contact resistance. In other words, the expected impact of the specific contact resistance for cells with
metallic grids on the yearly yield of a solar panel is less than posed in Figure 10, which was based on
An additional observation is that lower illumination intensity reduces the impact
an illumination power of one sun. Although this suggests that the Rscr is a less severe bottleneck,
ofRthe
specific contact resistance. In other words, the expected impact of the specific
an
scr below 0.02 Ω cm2 is still highly recommended.

contact resistance for cells with metallic grids on the yearly yield of a solar panel
is less than posed in Figure 10, which was
10 based on an illumination power of one
sun. Although this suggests that the Rscr is a less severe bottleneck, an Rscr below
0.02 Ω cm2 is still highly recommended.
3. Experimental Section
For the TCO only case, we have used five TCOs with various sheet resistances.
The transmittance increases with sheet resistance, and this depends on the specific
TCO and deposition method used. We have used the data shown in Figure 3 to
represent the additional optical loss by the TCO and the values are aimed to reflect
industrial application methods.
For the case of TCO plus metallic grid, a wide range of TCO values were
calculated and we present here only data for a TCO sheet resistance of 50 Ω/sq. This
work only discusses a finger grid configuration, because in previous work, it was
determined that this is the most effective grid design for monolithically integrated
thin film PV [24]. The material characteristics of the metal in the model consisted
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of a conductivity of 1/5 of the bulk conductivity of copper to represent a moderate
quality conductive ink [30]. The specific contact resistance was varied between 0.0001
and 0.1.
The modeling was performed in Comsol and the data weres further processed
in Matlab. As input, the single diode description of a solar cell with a maximum
efficiency of 19% was used with the following equation: J = A – B * (e´C˚V -1), where
J is the current density (A/m2 ) and V is voltage (V). The constants A, B and C are
given in Table 1. In the model, voltage between 0 and Voc give the curves presented
in Figure 2a. The constants are chosen in such a way that the maximum efficiency
is 19% and the fill factor is 80%. Table 1 also shows the voltage and current density
(Vmpp and Impp, respectively) at which this 19% is obtained.
Table 1. Constants used for the IV curves on which the modeling was based.
Material
CIGS
CdTe
Perovskite

Voc (V)
0.7
0.9
1.1

A
337.5
262.7
215.7

B
´6

1.0 ˆ 10
1.0 ˆ 10´6
1.5 ˆ 10´6

C

Vmpp (V)

Impp (A/m2 )

28.1
21.55
17.05

0.6
0.77
0.94

318.5
248.1
203.3

4. Conclusions
The impact of the front contact design and interconnection material options were
calculated for thin film solar cells. This includes many factors and variation of the
TCO sheet resistance, scribing area, cell length, finger dimensions, contact resistance
and illumination power were assessed. Metallic grids have a benefit in terms of
higher solar cell efficiency and this also enables longer cell lengths. However, contact
resistance between the metal and the TCO material can reduce this benefit somewhat.
Author Contributions: Author Contributions: Joop van Deelen contributed to the
concept, the modeling, supervised the research work and wrote the manuscript, Yasemin
Tezsevin performed the contact resistance measurements; and Marco Barink contributed to
the modeling.
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Heterojunctions of p-BiOI
Nanosheets/n-TiO2 Nanofibers: Preparation
and Enhanced Visible-Light
Photocatalytic Activity
Kexin Wang, Changlu Shao, Xinghua Li, Fujun Miao, Na Lu and Yichun Liu
Abstract: p-BiOI nanosheets/n-TiO2 nanofibers (p-BiOI/n-TiO2 NFs) have been
facilely prepared via the electrospinning technique combining successive ionic layer
adsorption and reaction (SILAR). Dense BiOI nanosheets with good crystalline
and width about 500 nm were uniformly assembled on TiO2 nanofibers at room
temperature. The amount of the heterojunctions and the specific surface area were
well controlled by adjusting the SILAR cycles. Due to the synergistic effect of
p-n heterojunctions and high specific surface area, the obtained p-BiOI/n-TiO2
NFs exhibited enhanced visible-light photocatalytic activity. Moreover, the
p-BiOI/n-TiO2 NFs heterojunctions could be easily recycled without decreasing
the photocatalytic activity owing to their one-dimensional nanofibrous structure.
Based on the above, the heterojunctions of p-BiOI/n-TiO2 NFs may be promising
visible-light-driven photocatalysts for converting solar energy to chemical energy in
environment remediation.
Reprinted from Materials. Cite as: Wang, K.; Shao, C.; Li, X.; Miao, F.; Lu, N.;
Liu, Y. Heterojunctions of p-BiOI Nanosheets/n-TiO2 Nanofibers: Preparation and
Enhanced Visible-Light Photocatalytic Activity. Materials 2016, 9, 90.
1. Introduction
Semiconductor photocatalysts have been promising media to degrade pollutants
through converting solar energy to chemical energy [1]. In recent years, bismuth
oxyhalides BiOX (X = Cl, Br, I), as p-type semiconductors, have attracted considerable
attentions owing to their unique layered crystal structure and indirect optical
transition characteristic. The layer structure consists of (Bi2 O2 )2+ layers interleaved
by double halogen atoms layers, which can present an internal static electric field
and induce the separation of photogenerated carries more efficiently. Furthermore,
the indirect transition band gap is necessary for electrons to be emitted to valence
band by a certain k-space distance, which reduces the recombination probability of
photoelectrons and holes [2,3]. These advantages lead to remarkable photocatalytic
activities in degradation of organic compounds [4–7]. Notably, the p type BiOI
(p-BiOI) nanostructures have the narrowest band gap (~1.8 eV) among BiOX (X = Cl,
Br, I) nanostructures. Therefore, the p-BiOI nanostructures are considered excellent
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visible light photocatalysts that can utilize more solar light energy in photocatalysis.
Nowadays, many efforts have been employed to improve the photocatalytic efficiency
of p-BiOI nanostructures [8,9]. Constructing p-n heterojunctions is considered an
effective method to improve the separation efficiency of photogenerated carries due
to their strong internal electric field [10–13]. Many kinds of p-n heterojunctions
based on p-BiOI, such as BiOI/ZnTiO3 [14], BiOI/Zn2 SnO4 [15], BiOI/ZnO [16],
BiOI/Bi4 Ti3 O12 [17], etc., have been reported with increased photocatalytic activity.
Among many n type semiconductors, Titanium dioxide (TiO2 ) nanostructures
have been widely studied as good photocatalysts due to their high efficiency, chemical
stability, nontoxicity, low cost, etc. [18–24]. Coupling p-BiOI nanostructures with
n-TiO2 nanostructures to form p-BiOI/n-TiO2 heterojunctions would hinder the
recombination of photogenerated carries more effectively. To date, p-BiOI/n-TiO2
nanoparticles have been widely reported with enhanced visible-light photocatalytic
activity [25–27]. However, the suspended nanoparticles tend to aggregate during the
synthesis process and be lost in the separation and recycling process, resulting in a
reduction of specific surface area and photocatalytic performance. Compared with
nanoparticles, one-dimensional nanofibers with a high surface-to-volume ratio are more
favorable for both photocatalytic activity and recycling characteristics [28,29]. In fact,
our group has previously constructed heterojunctions of p-BiOCl nanosheets/n-TiO2
nanofibers [30] and p-MoO3 nanosheets/n-TiO2 nanofibers [31], both of which show
enhanced ultraviolet photocatalytic activities and recycling properties. Therefore,
there is interest in constructing p-BiOI/n-TiO2 heterojunctions using electrospun
TiO2 nanofibers as n type semiconductor because of the following advantages:
(1) besides the internal electric field of the p-n heterojunction, the one-dimensional
characters of TiO2 nanofibers could act as charge transfer channels facilitating higher
charge separation efficiencies; (2) the three-dimensional open structure and large
specific surface area of TiO2 nanofibers provide more active sites for the assembly of
secondary nanostructures with high densities; and (3) their nanofibrous nonwoven
web structure can be easily separated from fluid by sedimentation.
Taking the above factors into account, in this work, the p-type BiOI nanosheets
were successfully synthesized on n-type electrospun TiO2 nanofibers by successive
ionic layer adsorption and reaction (SILAR) at room temperature. The contents of
BiOI in the heterojunctions of p-BiOI nanosheets/n-TiO2 nanofibers (p-BiOI/n-TiO2
NFs) could be well controlled by adjusting the cycles of SILAR. X-ray photoelectron
spectra showed that both Ti 2p peaks of p-BiOI/n-TiO2 NFs shifted to higher binding
energies than that of TiO2 nanofibers, suggesting effective electrons transfer from
TiO2 to BiOI in the formation of p-n heterojunction. The p-BiOI/n-TiO2 NFs exhibited
favorable visible-light photocatalytic activity for degradation of methyl orange
(MO), which can be ascribed to the high specific surface area and the as-formed
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p-n heterojunctions. Moreover, the heterojunctions of p-BiOI/n-TiO2 NFs could be
well recycled by sedimentation without decreasing their photocatalytic activities.
2. Results and Discussion
2.1. Morphologies
Figure 1 shows the scanning electron microscopy (SEM) images of different
samples. It can be seen that TiO2 nanofibers with a diameter about 250 nm are
relative smooth without secondary structures. After SILAR process, as observed in
Figure 1b–d, the TiO2 nanofibers become rough and are decorated with ultrathin
BiOI nanosheets and remain as one-dimension nanofibers structure. When the
cycles of SILAR process increase to 30 for the BiOI/TiO2 -C30, the amount of the
BiOI nanosheets increases significantly compared with those of BiOI/TiO2 -C10 and
BiOI/TiO2 -C20. These results suggest that the heterojunctions of p-BiOI/n-TiO2 NFs
may
have a higher specific surface area, which is good for the photocatalytic reactions.
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Figure 1. (a) SEM images of TiO2 nanofibers; (b) BiOI/TiO2‐C10; (c) BiOI/TiO2‐C20; and

Figure
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of TiO2and
nanofibers;
(b) BiOI/TiO
(d) BiOI/TiO
2‐C30
at low
magnification
high magnification
(insets).2 -C10; (c) BiOI/TiO2 -C20;
and (d) BiOI/TiO2 -C30 at low magnification and high magnification (insets).

Figure 2a,b shows the typical TEM images of BiOI/TiO2 -C30. It can be observed
that numerous BiOI nanosheets are randomly distributed on TiO2 nanofibers. The
BiOI nanosheets are very thin, which coincides with the results of SEM observations.
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The high-resolution transmission electron microscopy (HRTEM) image of the
heterojunctions displays two types of lattice fringes, as shown in Figure 2b. One
set of the fringes spacing is ca. 0.35 nm, corresponding to the (101) plane of the
anatase crystal structure of TiO2 . Another set of the fringes spacing measures ca.
0.28 nm, which corresponds to the (110) lattice spacing of the BiOI. It indicates that
heterojunctions are composed of TiO2 nanofibers and BiOI nanosheets with exposed
{001} facets. The exposed {001} facets may have excellent photocatalytic activity for
BiOI under visible-light irradiation as reported [32]. Therefore, the surface reactivity
Figure 1. (a) SEM images of TiO2 nanofibers; (b) BiOI/TiO2‐C10; (c) BiOI/TiO2‐C20; and
may
also be2‐C30
improved
by decorating
TiOmagnification
with BiOI nanosheets.
2 nanofibers(insets).
(d) BiOI/TiO
at low magnification
and high

Figure 2. (a) TEM; and (b) HRTEM images of BiOI/TiO2‐C30.

Figure 2. (a) TEM; and (b) HRTEM images of BiOI/TiO2 -C30.
2.2. Structure Characterization

2.2. Structure Characterization

Figure 3 shows the X‐ray diffraction (XRD) patterns of pure TiO2 nanofibers, p‐BiOI/n‐TiO2
NFs andFigure
BiOI nanosheets.
ForX-ray
TiO2 diffraction
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peaks
are attributed
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(XRD)
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of puretoTiO
nanofibers,
(JCPDS
No.
21‐1272)
and
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TiO
2 (JCPDS No. 21‐1276). For p‐BiOI/n‐TiO2 NFs, besides the
p-BiOI/n-TiO2 NFs and BiOI nanosheets. For TiO2 nanofibers, all peaks are attributed
characteristic peaks of TiO2 (solid and hollow diamonds), there are some new strong patterns that
to the anatase of TiO2 (JCPDS No. 21-1272) and the rutile of TiO2 (JCPDS No. 21-1276).
can be indexed as tetragonal phase of BiOI (JCPDS No. 73‐2062). The diffraction peaks of BiOI (solid
For p-BiOI/n-TiO2 NFs, besides the characteristic peaks of TiO2 (solid and hollow
circles) are gradually intensified
as the SILAR cycles increased from 0 to 30, as shown in Figure 3.
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Figure 3. No other characteristic peaks of impurities are observed. In particular, the
domination of (110) plane in the pattern suggests that the exposed facets of BiOI
nanosheets are mainly {001}. This result is consistent with SEM and TEM analyses.
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Figure 3. XRD patterns of different samples.

Figure 3. XRD patterns of different samples.
2.3. Composition and Chemical States
X‐ray photoelectron spectroscopy (XPS) measurements are also performed to further
investigate the chemical compositions and chemical states of p‐BiOI/n‐TiO NFs. The typical high
2.3. Composition
and Chemical States
resolution XPS spectrum of Bi 4f is shown in Figure 4a. The peaks at 158.82 eV and 164.14 eV
2

correspond to Bi 4f3/2 and Bi 4f1/2, respectively, which indicates a normal state of Bi3+ in
BiOI/TiO2‐C30 [33]. Figure 4b reveals the high‐resolution XPS spectrum of I 3d. The two peaks at
630.3 eV and 618.8 eV are attributed to I 3d3/2 and I 3d5/2, respectively, which indicates that the
chemical state of iodine is I−1 in BiOI/TiO2‐C30 [34]. The deconvolution of the O 1s spectrum in
Figure 4c implies that more than one chemical state of O 1s exists in the BiOI/TiO2‐C30. The peaks
with lower binding energies at 529.8 eV and 531.5 eV correspond to the stronger Bi‐O and Ti‐O
bond, respectively. The higher bonding energy of 532.9 eV might be caused by adsorbed water and
3/2
1/2
surface hydroxyl groups (OOH), which may also lead to an enhanced photocatalytic property [35].
3+
The splitting between Ti 2p1/2 and Ti 2p3/2 are both 5.7 eV for TiO2 and
BiOI/TiO
2
‐C30,
suggesting
a
2
normal state of Ti4+ in pure TiO2 nanofibers and BiOI/TiO2‐C30 [36,37]. However, for BiOI/TiO2‐C30,
the binding energy of Ti 2p3/2 locates at 458.7 eV, which is about 0.4 eV higher than that of pure TiO2
nanofibers (458.3 eV). This can be explained as follow: when p type BiOI nanosheets are deposited on
3/2the electrons in TiO
5/2
n type TiO2 nanofibers,
2 nanofibers would diffuse to BiOI, forming p‐n
´space
1
heterojunctions; thus, in the
charge region, TiO2 is positively charged which could increase
2
the binding energy of electrons in Ti 2p chemical states. Similar results have been observed in the
heterojunctions of p‐MoO3 nanosheets/n‐TiO2 nanofibers [26].

X-ray photoelectron spectroscopy (XPS) measurements are also performed to
further investigate the chemical compositions and chemical states of p-BiOI/n-TiO2
NFs. The typical high resolution XPS spectrum of Bi 4f is shown in Figure 4a. The
peaks at 158.82 eV and 164.14 eV correspond to Bi 4f
and Bi 4f , respectively,
which indicates a normal state of Bi in BiOI/TiO -C30 [33]. Figure 4b reveals
the high-resolution XPS spectrum of I 3d. The two peaks at 630.3 eV and 618.8
eV are attributed to I 3d
and I 3d , respectively, which indicates that the
chemical state of iodine is I in BiOI/TiO -C30 [34]. The deconvolution of the
O 1s spectrum in Figure 4c implies that more than one chemical state of O 1s exists in
the BiOI/TiO2 -C30. The peaks with lower binding energies at 529.8 eV and 531.5 eV
correspond to the stronger Bi-O and Ti-O bond, respectively. The higher bonding
energy of 532.9 eV might be caused by adsorbed water and surface hydroxyl groups
(OOH ), which may also lead to an enhanced photocatalytic property [35]. The splitting
between Ti 2p1/2 and Ti 2p3/2 are both 5.7 eV for TiO2 and BiOI/TiO2 -C30, suggesting
a normal state of Ti4+ in pure TiO2 nanofibers and BiOI/TiO2 -C30 [36,37]. However,
for BiOI/TiO2 -C30, the binding energy of Ti 2p3/2 locates at 458.7 eV, which is about
0.4 eV higher than that of pure TiO2 nanofibers (458.3 eV). This can be explained
as follow: when p type BiOI nanosheets are deposited on n type TiO2 nanofibers,
the electrons in TiO2 nanofibers would diffuse to BiOI, forming p-n heterojunctions;
thus, in the space charge region, TiO2 is positively charged which could increase
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the binding energy of electrons in Ti 2p chemical states. Similar results have been
observed in the heterojunctions of p-MoO3 nanosheets/n-TiO2 nanofibers [26].
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Figure 4. (a) XPS spectra of Bi 4f; (b) I 3d; and (c) O 1s for BiOI/TiO2‐C30; (d) XPS spectra of Ti 2p for

Figure
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3d; and (c) O 1s for BiOI/TiO2 -C30; (d) XPS
TiO2 nanofibers
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and of
BiOI/TiO
spectra of Ti 2p for TiO2 nanofibers (bottom) and BiOI/TiO2 -C30 (top).

2.4. Nitrogen Adsorption

All the samples have typical type‐IV N2 adsorption‐desorption isotherms with H1 hysteresis
structure (Figure 5). The curve of pure TiO2 nanofibers implies a
meso‐ and macropore structure. As we know, the precursor nanofibers of electrospun TiO2
All the samples have typical type-IV N2 adsorption-desorption isotherms with
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nanofibers for BiOI/TiO2‐C20 and BiOI/TiO2‐C30, along with increased specific surface areas,
nanofibers. The specific surface areas of these samples are shown in Table 1. It is
indicating the more and more abundant porosity structures. It is accepted that the porosity is
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distribution of BiOI/TiO2 -C10 in Figure 5 inset. Compared to BiOI/TiO2 -C10, there
Particularly, the large amount of BiOI nanosheets depositing on TiO2 nanofibers without
independent nucleation will benefit the formation of more p‐n heterojunctions as well as rapid
charge transfer during the photocatalysis.

2.4. indicative
NitrogenofAdsorption
mesoporous
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is an obviously increased adsorption at high pressure with increased deposition of
BiOI nanosheets on TiO2 nanofibers for BiOI/TiO2 -C20 and BiOI/TiO2 -C30, along
with increased specific surface areas, indicating the more and more abundant porosity
structures. It is accepted that the porosity is relative to the amount of BiOI nanosheets
depositing on TiO2 nanofibers. Hence, the close arrangements of BiOI nanosheets
on TiO2 nanofibers (see SEM and TEM images) have resulted in the hierarchical
porosity with wide pore size distributions, which are further confirmed by the
corresponding pore size distributions in the inset of Figure 5. These results suggest
that the BiOI/TiO2 nanofibers with abundant porosity and large specific surface
areas will increase the assessable surface areas of the catalyst with dye solution
to achieve good photocatalytic activity. Particularly, the large amount of BiOI
nanosheets depositing on TiO2 nanofibers without independent nucleation will
benefit the formation of more p-n heterojunctions as well as rapid charge transfer
during the photocatalysis.
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Figure 5. Typical N2 gas adsorption desorption isotherms of different samples and their
pore‐size
distributions (inset).
Figure 5.corresponding
Typical N
2 gas adsorption desorption isotherms of different samples and
their corresponding
pore-size
(inset). reaction rates of different samples.
Table 1. SILAR cycles,
BET specificdistributions
surface area and photocatalysis

Samples

Cycles

BET Specific Surface Area (m2/g)

Kapp (h−1)

2 NFs
0
15.88and photocatalysis
0.000 ± 0.000
Table 1. SILAR TiO
cycles,
BET specific
surface area
reaction rates
BiOI/TiO2‐C10
10
7.27
0.141 ± 0.002
of different samples.
BiOI/TiO2‐C20
20
19.19
0.197 ± 0.009

BiOI/TiO2‐C30
M‐BT (Bi:Ti = 0.4:1)
Samples
Cycles

30
‐

38.44
‐

BET Specific Surface Area (m2 /g)

0.724 ± 0.095
0.267 ± 0.024

Kapp (h´1 )

0
15.88
0.000 ˘ 0.000
2.5. TiO
Optical
Properties
2 NFs
BiOI/TiO2 -C10
10
7.27
0.141 ˘ 0.002
Figure -C20
6 shows the
BiOI/TiO
2‐C20,
BiOI/TiO
20 UV‐vis absorption spectra
19.19 of TiO2, BiOI/TiO2‐C10, 0.197
˘ 0.009
2
BiOI/TiO
2‐C30 and BiOI converted from corresponding diffuse reflectance spectra by means of the
BiOI/TiO
30
38.44
0.724 ˘ 0.095
2 -C30
Kubelka–Munk
M-BT (Bi:Ti = function [28]:
0.267 ˘ 0.024
0.4:1)
F(R)=(1‐R)2/2R=α/S
(1)
R=RSample/RBaSO4

(2)

where R, α, and S are the reflectance, absorption coefficient and scattering coefficient, respectively.
It can be seen that TiO2 exhibited a typical136
absorption characteristic of the wide band gap
semiconductor with an edge about 380 nm, while pure BiOI with a strong absorption at about
630 nm in the visible light region, indicates that it is a narrow band gap semiconductor according to
the equation Eg = 1240/λ, where Eg is the band gap (eV) and λ (nm) is the wavelength of the
absorption edge in the spectrum. The band gap of TiO2 and BiOI are estimated to be 3.2 eV and
1.9 eV, respectively. It is noted that the absorption edge of p‐BiOI/n‐TiO2 NFs show significant
red‐shift from 393 to 500 nm with the increased amount of BiOI in the composite nanofibers. Based

2.5. Optical Properties
Figure 6 shows the UV-vis absorption spectra of TiO2 , BiOI/TiO2 -C10,
BiOI/TiO2 -C20, BiOI/TiO2 -C30 and BiOI converted from corresponding diffuse
reflectance spectra by means of the Kubelka–Munk function [28]:
F(R) = (1 ´ R)2 /2R = α/S

(1)

R = RSample /RBaSO4

(2)

where R, α, and S are the reflectance, absorption coefficient and scattering coefficient,
respectively. It can be seen that TiO2 exhibited a typical absorption characteristic
of the wide band gap semiconductor with an edge about 380 nm, while pure BiOI
with a strong absorption at about 630 nm in the visible light region, indicates that it
is a narrow band gap semiconductor according to the equation Eg = 1240/λ, where
Eg is the band gap (eV) and λ (nm) is the wavelength of the absorption edge in
the spectrum. The band gap of TiO2 and BiOI are estimated to be 3.2 eV and
1.9 eV, respectively. It is noted that the absorption edge of p-BiOI/n-TiO2 NFs
show significant red-shift from 393 to 500 nm with the increased amount of BiOI
in the composite nanofibers. Based on the above, the increased amount of BiOI
in p-BiOI/n-TiO2 NFs extends light absorbing range, which is the precondition of
effective photocatalytic activity.
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Figure 6. UV‐vis absorption spectra of different samples.

Figure
6. UV-vis
absorption spectra of different samples.
2.6. Photocatalytic
Properties
Figure 7a shows the photocatalytic activities of TiO2 NFs, BiOI/TiO2‐C10, BiOI/TiO2‐C20,
BiOI/TiO2‐C30 and the mechanical mixture of BiOI and TiO2 (M‐BT, the molar ratio of Bi:Ti = 0.4:1
based on energy dispersive X‐ray (EDX) analysis in Figure S1) on the degradation of methyl orange
(MO) under visible‐light irradiation (≥420 nm). Before irradiation, the adsorption‐desorption
equilibrium of MO in the dark is established within 30 min over different samples. The
time‐dependent absorbance spectra of different samples are shown in Figure S1. The adsorption of
2
BiOI/TiO2‐C30 increases significantly compared to other samples, which might be attributed to the
high specific surface area. After 3 h irradiation, the photodegradation efficiencies of MO for
2
BiOI/TiO2‐C30 are about 92%, in comparison to 60%, 66%, 38% and almost none for M‐BT,
BiOI/TiO2‐C20, BiOI/TiO2‐C10 and TiO2 nanofibers, respectively. In Figure 7b, the kinetic linear
fitting curves over different photocatalysts show that the photocatalytic degradation of MO
followed a Langmuir‐Hinshelwood apparent first‐order kinetics model:

2.6. Photocatalytic Properties

Figure 7a shows the photocatalytic activities of TiO NFs, BiOI/TiO2 -C10,
BiOI/TiO2 -C20, BiOI/TiO -C30 and the mechanical mixture of BiOI and TiO2 (M-BT,
the molar ratio of Bi:Ti = 0.4:1 based on energy dispersive X-ray (EDX) analysis in
In C/C0 = − kKt = − kappt
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(3)

where C0 is the initial concentration (mg/L) of the reactant; C is the concentration (mg/L); t is the
visible‐light irradiation time; k is the reaction rate constant (mg/(L∙min)); and K is the adsorption
coefficient of the reactant (L/mg); kapp is the apparent first‐order rate constant (min−1). The kapp of
different samples are shown in Table 1. It is indicated that the photocatalytic activities is in the
order of BiOI/TiO2‐C30 > BiOI/TiO2‐C20 > M‐BT > BiOI/TiO2‐C10 > TiO2. The above illuminates that
the construction of p‐n heterojunctions can effectively enhance the photocatalytic properties.
Furthermore, the increased of the specific surface area and the amount of p‐n heterojuctions
obviously enhance the photocatalytic activity. Furthermore, the photocatalysis under UV‐light
irradiation (Figure S2) also demonstrates the above point.

Figure S1) on the degradation of methyl orange (MO) under visible-light irradiation
(ě420 nm). Before irradiation, the adsorption-desorption equilibrium of MO in
the dark is established within 30 min over different samples. The time-dependent
absorbance spectra of different samples are shown in Figure S1. The adsorption of
BiOI/TiO2 -C30 increases significantly compared to other samples, which might be
attributed to the high specific surface area. After 3 h irradiation, the photodegradation
efficiencies of MO for BiOI/TiO2 -C30 are about 92%, in comparison to 60%, 66%,
38% and almost none for M-BT, BiOI/TiO2 -C20, BiOI/TiO2 -C10 and TiO2 nanofibers,
respectively. In Figure 7b, the kinetic linear fitting curves over different photocatalysts
show that the photocatalytic degradation of MO followed a Langmuir-Hinshelwood
apparent first-order kinetics model:
In C{C0 “ ´ kKt “ ´ kapp t

(3)

where C0 is the initial concentration (mg/L) of the reactant; C is the concentration
(mg/L); t is the visible-light irradiation time; k is the reaction rate constant
(mg/(L¨ min)); and K is the adsorption coefficient of the reactant (L/mg); kapp is
the apparent first-order rate constant (min´1 ). The kapp of different samples are
shown in Table 1. It is indicated that the photocatalytic activities is in the order
of BiOI/TiO2 -C30 > BiOI/TiO2 -C20 > M-BT > BiOI/TiO2 -C10 > TiO2 . The above
illuminates that the construction of p-n heterojunctions can effectively enhance
the photocatalytic properties. Furthermore, the increased of the specific surface
area and the amount of p-n heterojuctions obviously enhance the photocatalytic
activity. Furthermore, the photocatalysis under UV-light irradiation (Figure S2) also
demonstrates the above point.
To understand the photocatalytic properties of p-BiOI/n-TiO2 NFs, a schematic
diagram is proposed (Scheme 1). When p-type BiOI contacts n-type TiO2 , the
diffusion of electrons and holes create an inner electric field where a space-charge
region is formed at the interfaces of p-n heterojunction. Under visible-light
irradiation, the photogenerated electrons transfer from the conduction band of
BiOI to that of TiO2 , while the photogenerated holes stay at the valence band of
BiOI. The recombination of photogenerated charge carrier is inhibited greatly in the
heterojunctions of p-BiOI/n-TiO2 NFs. Thus, the photogenerated electrons and holes
can effectively take part in the photodegradation of MO under visible light. On the
other hand, the nanofiber structures of TiO2 can prevent the agglomeration of BiOI
nanosheets and facilitate the transfer of the dye molecules during photocatalytic
process. Moreover, the exposed surface of BiOI is mainly {001} facet, which is
very active for photocatalytic reactions under visible-light irradiation [32]. Thus,
the nanosheet structure of BiOI might also improve the surface reaction rates and
contribute to the photocatalysis. It should be noted that the p-BiOI/n-TiO2 NFs can be
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easily separated from an aqueous suspension for reuse due to their one-dimensional
nanofibrous morphology. As shown in Figure 8, the photodegradation of MO on
the p-BiOI/n-TiO2 NFs was reused three times. Each experiment was carried out
under identical conditions. Clearly, the photocatalytic activity of p-BiOI/n-TiO2 NFs
remains almost unchanged after three-cycles, suggesting that the BiOI/TiO2 NFs
7. (a) Degradation curves of MO under visible light irradiation; and (b) the apparent
have Figure
good stability
and recycling properties.
first‐order
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To understand the photocatalytic properties of p‐BiOI/n‐TiO2 NFs, a schematic diagram is
proposed (Scheme 1). When p‐type BiOI contacts n‐type TiO2, the diffusion of electrons and holes
create an inner electric field where a space‐charge region is formed at the interfaces of p‐n
heterojunction. Under visible‐light irradiation, the photogenerated electrons transfer from the
conduction band of BiOI to that of TiO2, while the photogenerated holes stay at the valence band of
BiOI. The recombination of photogenerated charge carrier is inhibited greatly in the heterojunctions
of p‐BiOI/n‐TiO2 NFs. Thus, the photogenerated electrons and holes can effectively take part in the
photodegradation of MO under visible light. On the other hand, the nanofiber structures of TiO2
can prevent the agglomeration of BiOI nanosheets and facilitate the transfer of the dye molecules
during photocatalytic process. Moreover, the exposed surface of BiOI is mainly {001} facet, which is
very active for photocatalytic reactions under visible‐light irradiation [32]. Thus, the nanosheet
structure of BiOI might also improve the surface reaction rates and contribute to the photocatalysis.
It should be noted that the p‐BiOI/n‐TiO2 NFs can be easily separated from an aqueous suspension
for reuse due to their one‐dimensional nanofibrous morphology. As shown in Figure 8, the
Figure 7. (a) Degradation curves of MO under visible light irradiation; and (b) the apparent
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and
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properties.
proposed (Scheme 1). When p‐type BiOI contacts n‐type TiO2, the diffusion of electrons and holes
create an inner electric field where a space‐charge region is formed at the interfaces of p‐n
heterojunction. Under visible‐light irradiation, the photogenerated electrons transfer from the
conduction band of BiOI to that of TiO2, while the photogenerated holes stay at the valence band of
BiOI. The recombination of photogenerated charge carrier is inhibited greatly in the heterojunctions
of p‐BiOI/n‐TiO2 NFs. Thus, the photogenerated electrons and holes can effectively take part in the
photodegradation of MO under visible light. On the other hand, the nanofiber structures of TiO2
can prevent the agglomeration of BiOI nanosheets and facilitate the transfer of the dye molecules
during photocatalytic process. Moreover, the exposed surface of BiOI is mainly {001} facet, which is
very active for photocatalytic reactions under visible‐light irradiation [32]. Thus, the nanosheet
structure of BiOI might also improve the surface reaction rates and contribute to the photocatalysis.
It should be noted that the p‐BiOI/n‐TiO2 NFs can be easily separated from an aqueous suspension
for reuse due to their one‐dimensional nanofibrous morphology. As shown in Figure 8, the
photodegradation of MO on the p‐BiOI/n‐TiO2 NFs was reused three times. Each experiment was
carried out under identical conditions. Clearly, the photocatalytic activity of p‐BiOI/n‐TiO2 NFs
remains almost
unchanged after three‐cycles, suggesting that the BiOI/TiO2 NFs have good stability
Scheme 1. Possible photocatalytic reactions of p‐BiOI/n‐TiO2 NFs heterojunctions.
Scheme properties.
1. Possible photocatalytic reactions of p-BiOI/n-TiO2 NFs heterojunctions.
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Scheme 1. Possible photocatalytic reactions of p‐BiOI/n‐TiO2 NFs heterojunctions.
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Figure 8. Photocatalysis tests of BiOI/TiO2‐C30 for three cycles.
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The synthesized process of samples is presented in Scheme 2.

3. Experimental
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The synthesized process of samples is presented in Scheme 2.

The synthesized process of samples is presented in Scheme 2.

Scheme 2. Schematic illustration for the preparation of p‐BiOI/n‐TiO2 NFs heterojunctions.
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for another 10 h at room temperature to make electrospinning precursor solution.
calcined at a rate of 25 °C/h and remained for 2 h at 520 °C to obtain TiO2 NFs.

Subsequently, the above precursor solutions were drawn into a hypodermic syringe

3.2. Fabrication of BiOI/TiO2 Nanofibers
The p‐BiOI/n‐TiO2 NFs were synthesized140
through the SILAR process. Typically, 0.25 mM
Bi(NO3)3∙5H2O solutions were prepared with deionized water as solution A, and equivalent
concentration of KI solution were prepared as solution B. The TiO2 nanofibers were first immersed

with a needle tip. Then, a high voltage source was connected to the needle tip while
a sheet of aluminum foil was employed as the collector. The voltage between the
needle tip and collector was set at 10 kV, and the distance was 15 cm. The as-collected
nanofibers were calcined at a rate of 25 ˝ C/h and remained for 2 h at 520 ˝ C to obtain
TiO2 NFs.
3.2. Fabrication of BiOI/TiO2 Nanofibers
The p-BiOI/n-TiO2 NFs were synthesized through the SILAR process. Typically,
0.25 mM Bi(NO3 )3¨ 5H2 O solutions were prepared with deionized water as solution
A, and equivalent concentration of KI solution were prepared as solution B. The
TiO2 nanofibers were first immersed into solution A for 2 min, rinsed with deionized
water, and then immersed into solution B for 2 min, rinsing likewise. The four-step
procedure forms one cycle and the BiOI would increase by repeating the cycles. A
series of samples, with different cycles of 10, 20 and 30 were prepared and denoted
as BiOI/TiO2 -C10, BiOI/TiO2 -C20 and BiOI/TiO2 -C30. After that, the samples were
thoroughly rinsed with deionized water and allowed to dry at 60 ˝ C overnight. All
the samples are listed in Table 1. Pure BiOI nanosheets were prepared by mixing
solution A and B, then rinsed and dried.
3.3. Characterizations
Sanning electron microscopy (SEM, Quanta 250 FEG, FEI, Hillsboro, OR, USA)
and high-resolution transmission electron microscopy (HRTEM; JEOL JEM-2100,
JEOL, Tokyo, Japan) were used to characterize the morphologies of the products.
The X-ray diffraction (XRD) measurements were carried out using a D/max 2500
XRD spectrometer (Rigaku, Tokyo, Japan) with a Cu Kα line of 0.1541 nm. The
X-ray photoelectron spectroscopy (XPS) was performed on a VG-ESCALAB LKII
instrument (VG, Waltham, UK) with Mg KαADES (hυ = 1253.6 eV) source at a
residual gas pressure of below 10´8 Pa. The specific surface area of the samples were
measured with a Micromeritics ASAP 2010 instrument (Micromeritics, Norcross,
GA, USA) and analyzed by the Brunauer-Emmett-Teller (BET) method. The UV-vis
diffuse reflectance spectra were measured at room temperature with a UH4150
spectrophotometer (Hitachi, Tokyo, Japan).
3.4. Photocatalytic Tests
A 150 W xenon lamp with a cut off filter (ě420 nm) was used as the visible light
source for photocatalysis. Using MO as model pollutants, photocatalyst (0.1 g) was
suspended in MO solution (100 mL, 10 mg/L) with stirring. The solution was kept in
the dark for 30 min to reach adsorption-desorption equilibrium between the organic
molecules and the photocatalyst surface. Then, 4 mL reacted solutions in series were
taken out and analyzed every 1 h. The concentrations of MO in the reacting solutions
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were analyzed by a Cary 500 UV-vis-NIR spectrophotometer (Varian, Palo Alto, CA,
USA) at 464 nm.
4. Conclusions
In summary, using electrospinning technology and SILAR method,
heterojunctions of p-BiOI/n-TiO2 NFs have been successfully fabricated. Due to the
p-n heterojunction effects and large specific surface area, the BiOI/TiO2 -C30 exhibits
higher visible-light photocatalytic behavior in comparison with other samples for
degradation of MO. Furthermore, the p-BiOI/n-TiO2 NFs can be easily recycled
without a decrease of the photocatalytic activity because of their nanofibrous
nonwoven web structure property. It is expected that the p-BiOI/n-TiO2 NFs
with high photocatalytic activity will greatly promote their industrial application to
eliminate the organic and inorganic pollutants from wastewater.
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Influence of Oxygen Concentration on the
Performance of Ultra-Thin RF Magnetron
Sputter Deposited Indium Tin Oxide Films
as a Top Electrode for Photovoltaic Devices
Jephias Gwamuri, Murugesan Marikkannan, Jeyanthinath Mayandi,
Patrick K. Bowen and Joshua M. Pearce
Abstract: The opportunity for substantial efficiency enhancements of thin film
hydrogenated amorphous silicon (a-Si:H) solar photovoltaic (PV) cells using plasmonic
absorbers requires ultra-thin transparent conducting oxide top electrodes with low
resistivity and high transmittances in the visible range of the electromagnetic spectrum.
Fabricating ultra-thin indium tin oxide (ITO) films (sub-50 nm) using conventional
methods has presented a number of challenges; however, a novel method involving
chemical shaving of thicker (greater than 80 nm) RF sputter deposited high-quality ITO
films has been demonstrated. This study investigates the effect of oxygen concentration
on the etch rates of RF sputter deposited ITO films to provide a detailed understanding
of the interaction of all critical experimental parameters to help create even thinner
layers to allow for more finely tune plasmonic resonances. ITO films were deposited on
silicon substrates with a 98-nm, thermally grown oxide using RF magnetron sputtering
with oxygen concentrations of 0, 0.4 and 1.0 sccm and annealed at 300 ˝ C air ambient.
Then the films were etched using a combination of water and hydrochloric and nitric
acids for 1, 3, 5 and 8 min at room temperature. In-between each etching process cycle,
the films were characterized by X-ray diffraction, atomic force microscopy, Raman
Spectroscopy, 4-point probe (electrical conductivity), and variable angle spectroscopic
ellipsometry. All the films were polycrystalline in nature and highly oriented along
the (222) reflection. Ultra-thin ITO films with record low resistivity values (as low as
5.83 ˆ 10´4 Ω¨cm) were obtained and high optical transparency is exhibited in the
300–1000 nm wavelength region for all the ITO films. The etch rate, preferred crystal
lattice growth plane, d-spacing and lattice distortion were also observed to be highly
dependent on the nature of growth environment for RF sputter deposited ITO films.
The structural, electrical, and optical properties of the ITO films are discussed with
respect to the oxygen ambient nature and etching time in detail to provide guidance
for plasmonic enhanced a-Si:H solar PV cell fabrication.
Reprinted from Materials. Cite as: Gwamuri, J.; Marikkannan, M.; Mayandi, J.;
Bowen, P.K.; Pearce, J.M. Influence of Oxygen Concentration on the Performance
of Ultra-Thin RF Magnetron Sputter Deposited Indium Tin Oxide Films as a Top
Electrode for Photovoltaic Devices. Materials 2016, 9, 63.
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1. Introduction
Solar photovoltaic (PV) based electricity production is one of the significant
ecofriendly methods to generate sustainable energy needed to mitigate the looming
global energy crisis [1]. Despite technical improvements [2] and scaling [3], which
have resulted in a significant reduction in crystalline silicon (c-Si) PV module
costs, for continued PV industry growth [4,5], PV costs must continue to decline
to reach a levelized cost of electricity [6] low enough to dominate the electricity
market. One approach to reduced PV costs further is to transition to thin film
PV technology [7]. Hydrogenated amorphous silicon (a-Si:H) based PV [8] have
shown great potential for large scale [9] sustainable commercial production due
to lower material costs and use of well-established fabrication techniques [10,11].
However, there is need to improve the efficiency of a-Si:H PV devices if they are
to become the next dominant technology for solar cells commercialization. One
method to improve a-Si:H PV performance is with optical enhancement [12]. Recent
developments in plasmonic theory promise new light management methods for
thin-film a-Si:H based solar cells [13–23]. However, previous work has shown
these plasmonic approaches require the development of ultra-thin, low-loss and
low-resistivity transparent conducting oxides (TCOs) [24]. Tin doped indium
oxide (ITO), zinc oxide (ZnO) and tin oxide (SnO2 ) are the three most important
TCOs and are already widely used in the commercial thin film solar cells [25]. In
addition, aluminum-dope zinc oxide (AZO) and fluorine-doped tin oxide (FTO) are
among the other most dominant TCOs in various technological fields particularly
the optoelectronic devices industry where TCOs have proved indispensable for
applications such as photo electrochemical devices, light emitting diodes, liquid
crystal displays and gas sensors [26,27]. ITOs can be prepared by direct current
(DC) and radio frequency (RF) magnetron sputtering, electron beam evaporation,
thermal vapor evaporation, spray pyrolysis, chemical solution deposition, and sol
gel methods [28–34]. RF magnetron sputtering can be used to control the electrical
and optical properties of the ITO thin films and is heavily used in industry [35].
Recent work by Vora et al. has emphasized the need for ultra-thin ITO top
electrodes with low resistivity and high transmittances in the visible range of
the electromagnetic spectrum as a prerequisite for the commercial realization of
plasmonic-enhanced a-Si:H solar cells [36]. However, research by Gwamuri et al. has
demonstrated that fabricating ultra-thin ITO films (sub-50 nm) using conversional
methods presented a number of challenges since there is a trade-off between electrical
and optical properties of the films [37]. It was evidenced from their results that
electrical properties of RF sputter deposited sub-50 nm ITO films degraded drastically
as their thickness is reduced, while the optical properties of the same films were seen
to improve greatly [37]. To solve this problem, a novel method involving chemical
shaving of thicker (greater than 80 nm) RF sputter deposited films was proposed and
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demonstrated [38]. Building on the promise of that technique, this study seeks to
further understand the effect of oxygen concentration on the etch rates of RF sputter
deposited ITO films and the impact on the TCO quality as a top electrode for PV
devices. A detailed understanding of the interaction of all critical parameters, which
determines the quality of ultra-thin ITO will help create even thinner layers with
good quality to allow more finely tuned plasmonics resonances. ITO films were
deposited using four different oxygen concentrations (0 sccm, 0.4 sccm, 1.0 sccm),
annealed in air at 300 ˝ C for 30 min and then etched for four different times (1, 3,
5 and 8 min) to establish the effect of oxygen on etch rates. These materials were
characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), Raman
Spectroscopy, 4-point probe (4PP), and variable angle spectroscopic Ellipsometry
(VASE). In addition, the thin films were investigated for candidates as acid-resistant
TCOs for encapsulation of PV devices, which may reduce device processing steps
and fabrication costs of completed modules in the future. The results are presented
and discussed.
2. Materials and Methods
2.1. ITO Fabrication Process
ITO films were grown on (100) prime silicon substrates with a 98 nm thermally
grown oxide, and on glass substrates using a 99.99% 100 mm diameter pressed
ITO (SnO2 :In2 O3 10:90 wt%) target. Before the deposition the substrates were
ultrasonically cleaned in isopropanol and in DI water for 15 min and dried using N2
atmosphere. The sputtering chamber was initiated to a low 10´7 Torr base pressure
and the pressure was maintained at 7.5 ˆ 10´3 Torr. The distance between the target
and substrates was kept constant at 75 mm. As a standard procedure, the target
was pre-sputter cleaned at a power of 150 W, whereas the sputter deposition of the
films was performed at 100 W. The argon gas flow rate was fixed at 10 sccm and
the oxygen gas flow was varied such as 0, 0.4 and 1.0 sccm with sputter rate of
8–12 nm per minute. The sputter rate was seen to decrease with increase in oxygen
flow rate. After deposition, ITO films were annealed at 300 ˝ C for 30 min in air.
ITO/Si films were subjected to the etching process using a standard chemical etchant
mixture of HCl: HNO3 :H2 O (1:1:5) volume ratio. All the etching was performed at
room temperature, resulting in a slow and controlled etch rate for the Si/SiO2 films.
Finally, the etched samples were thoroughly rinsed in DI water and dried under the
nitrogen environment. This methodology was adapted from the previous study by
Gwamuri et al., 2015 [37].
The ITO films processed under different argon-oxygen ambient were chemically
etched and characterized using various tools. The structural analyses of the ITO
films were carried out using X-ray diffraction (XRD-Scintag-2000 PTS, Scintag Inc.,
Cupertino, CA, USA). Raman spectra for the ultra-thin film samples were measured
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at room temperature using Jobin-Yvon LabRAM HR800 Raman Spectrometer (Horiba
Scientific, Edison, NJ, USA) with the excitation wavelength of 633 nm and the
resolution is about ~0.1 cm´1 . Sheet resistance of the samples was characterized using
four point probe station consisting of ITO optimized tips with 500 micron tip radii set
to 60 grams pressure and an RM3000 test unit from Jandel Engineering Limited, Kings
Langley, UK. The optical transmission and thickness of the films was determined
using variable angle spectroscopic ellipsometry (UV-VIS V-VASE with control module
VB-400, J.A. Woollam Co., Lincoln, NE, USA). Surface roughness was evaluated
using a Veeco Dimension 3000 atomic force microscope (Veeco, Oyster City, NY, USA)
operated in tapping mode with Budget Sensors Tap300Al-G cantilevers (Innovative
Solutions Bulgaria Ltd., Sofia, Bulgaria). It should be noted that transmittance data
was measured for ITO on sodalime glass (SLG) substrate and all the rest of the data
was on ITO on Si/SiO2 substrate.
2.2. Chemical Shaving: Wet Etching
In this present work, the oxygen 0, 0.4 and 1.0 sccm deposited ITO films were
used for the etching process for 1, 3, 5 and 8 min, respectively. The annealed ITO/Si
samples are etched at room temperature using HCl:HNO3 :H2 O (1:1:5) combination
and the resistivity and thickness of the films were checked for 1, 3, 5 and 8 min etched
films. For the 0 sccm ITO films, the thickness of the film was changed from 70 to
44 nm for 1 to 5 min etching time. Similarly the 0.4 sccm films thickness changed
from 89 to 47 nm and 84 to 22 nm for 1.0 sccm films. The decrement of thickness
was reflected in the resistivity values. The chemical reaction of the HCl and HNO3
etching reactions are as follows [39]:
In2 O3 ` 2HCl Ñ 2InCl ` H2 O ` O2 p∆Hq

(1)

In2 O3 ` 12HNO3 Ñ 2In pNO3 q3 ` 6NO2 ` 6H2 O

(2)

3. Results
3.1. Structural Analysis
3.1.1. XRD Analysis
XRD results for the ITO films deposited using different oxygen concentrations
(0 sccm, 0.4 sccm, 1.0 sccm), annealed in air at 300 ˝ C for 30 min and then etched for
different times (1, 3, 5 and 8 min) are shown in Figure 1.
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The etching process also distorts the ITO structural long ‐ range order, which has an impact on
the opto‐electronic properties of the films. The grain size of films did not change even after etching
for 8 min., particularly for ITO films processed in an oxygen deficient environment. During the
etching process the excess weakly bound oxygen atoms are removed from the ITO surfaces exposing
layers with different grain sizes. The ITO structure distortion due to etching for longer periods of
time (8 min) can be seen from the XRD spectra shown in Figure 1. There was however no evidence of
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decreased crystallinity for the rest of the ITO films (Figure 1B,C) as the oxygen atoms are stripped
from the In–O network by the HCl and HNO3.

During the etching, ITO films are reduced to In–Cl and In-(NO3 )3 resulting in
the change in crystallinity of films etched for different periods of time. The structural
parameters such as d spacing, lattice constants, net lattice distortion and grain sizes
are estimated and listed in Table 1 in comparison to data from the Joint Committee
on Powder Diffraction Standards (JCPDS)/International Centre for Diffraction Data
(ICDD) database.
The etching process also distorts the ITO structural long-range order, which has
an impact on the opto-electronic properties of the films. The grain size of films did
not change even after etching for 8 min., particularly for ITO films processed in an
oxygen deficient environment. During the etching process the excess weakly bound
oxygen atoms are removed from the ITO surfaces exposing layers with different
grain sizes. The ITO structure distortion due to etching for longer periods of time
(8 min) can be seen from the XRD spectra shown in Figure 1. There was however
no evidence of ITO film for the results shown in Figure 1A after they were etched
for 8 min. There is evidence of decreased crystallinity for the rest of the ITO films
(Figure 1B,C) as the oxygen atoms are stripped from the In–O network by the HCl
and HNO3 .
Table 1. Structural parameters of ITO sputtered films with 0, 0.4 and 1.0 sccm
oxygen and etched at 1, 3, 5 and 8 min.
Oxygen Flow
Rate (sccm)

Etching
Time (min)

D Spacing
(222) (Å)

Lattice Constant
(222) (Å)

Net-Lattice
Distortion

Grain Size
(222) (nm)

Standard JCPDS
for ITO 06-0416

–

2.921

10.1180

–

–

0

1
3
5
8

2.932
2.934
2.934
–

10.1552
10.1629
10.1629
–

–0.0036
–0.2970
–0.2885
–

16
16
17
–

0.4

1
3
5
8

2.908
2.912
2.914
2.914

10.0731
10.0869
10.0954
10.0954

–0.0075
–0.0157
–0.0153
–0.0169

31
25
23
20

1.0

1
3
5
8

2.917
2.913
2.911
2.908

10.1059
10.0915
10.0845
10.0764

–
–0.2828
–
–

13
13
14
19

3.1.2. AFM Analysis
Figure 2 shows the AFM surface topology of the ITO films deposited under
three different oxygen environments and etched for 1 min and 8 min.
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3.1.2. AFM Analysis
Figure 2 shows the AFM surface topology of the ITO films deposited under three different
oxygen environments and etched for 1 min and 8 min.
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Figure 2A,B shows the ITO films deposited in an oxygen deficient ambient and
etched for 1 and 8 min, respectively. Spherical sized grains are clearly visible in all
AFM images presented in Figure 2. There is variation of surface roughness of the
films with both oxygen flow rate and etching time of the ITO films. The minimum
value of surface roughness of 0.65 nm was measured for ITO films sputtered using
0.4 sccm oxygen flow rate and etched for 1 min, while a maximum surface roughness
value of 8.9 nm was observed for films processed at 1.0 sccm oxygen flow rate and
etched for 1 min. There was a slight increase in roughness with etching time observed
for 0 sccm and 0.4 sccm ITO film, for etching times 1 min to 8 min. However, the
1.0 sccm films, showed the greatest variation in surface roughness even after 1 min
etching process. Generally, the surface roughness of the films are observed to increase
when the oxygen gas concentration is increased during processing.
3.1.3. Raman Spectroscopy
Figure 3 shows the Raman spectrum for ITO deposited at various oxygen
compositions and etched at 1, 3, 5 and 8 min respectively. Raman spectroscopy is used
to determine the structural conformations of the materials. Group theory predicts
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3.2. Resistivity
6

The electrical properties of the different oxygen ambient deposited and etched
ITO films were measured using a four point probe. The sheet resistance values of the
ITO films are changed with respect to the oxygen ambient nature and etching time
and are summarized in Table 2.
153

Table 2. Electrical and optical parameters of ITO films deposited under various
oxygen compositions and etched for 1, 3, 5 and 8 min.
Oxygen Flow
Rate (sccm)

Etching Time
(min)

Sheet Resistance
(Ω/square)

Thickness
(nm)

Resistivity
(Ω¨cm)

Transmission
(%)

0

1
3
5
8

83.28
103.47
209.49
–

70
59
44
–

5.83 ˆ 10´4
6.11 ˆ 10´4
9.22 ˆ 10´4
–

76.29
93.98
90.27
100

0.4

1
3
5
8

209.02
194.23
240.08
326.9

89
88
85
47

1.86 ˆ 10´3
1.71 ˆ 10´3
2.04 ˆ 10´3
1.54 ˆ 10´3

91.45
85.26
84.85
83.71

1.0

1
3
5
8

1000
2000
2400
7350

84
62
50
22

8.4 ˆ 10´3
1.24 ˆ 10´2
1.20 ˆ 10´2
1.62 ˆ 10´2

90.96
89.25
100
100

From the obtained results, the minimum sheet resistance was observed for ITO
deposited using argon ambient (0 sccm oxygen) and etched for 1 min. However, the
same films exhibited the worst transmittance of about 76%. During processing in an
argon rich environment, the bombardment by argon neutrals creates dangling bonds
in the substrates and created the oxygen vacancies in the ITO films [46]. The argon
environment (10 sccm) (i.e., the oxygen deficient environment) promotes oxygen
vacancies that enhance electrical resistivity while degrading the optical properties
of the films. This is reflected in the XRD spectra, where the (400) and (440) lattice
planes are enhanced for ITO films processed in low oxygen (0 sccm and 0.4 sccm)
environments. Hence, the 1.0 sccm deposited films in which the (222) lattice plane
is dominant, showed a higher electrical resistivity compared to the other films. The
resistivity of the films are highly dependent on the film thickness, which is a function
of the etching time. Increasing the etching time decreases the thickness of the films,
and, hence, the electrical properties while improving optical properties.
3.3. Transmittance
Optical transmittances of the ITO films on glass substrates are recorded from 300
to 1000 nm at room temperature and shown in Figure 2. All the films exhibited the
highest average optical transmittance in the higher wavelength range. The highest
optical transmittance is attained for 0sccm oxygen ITO film etched for 8 min with and
average etch rate of 5.2 nm/min (for 5 min etch) and the 1.0 sccm films etched for 5
and 8 min with average etch rates of 5.25 and 7.75 nm/min, respectively. The results
are summarized in Table 2. The thickness of the film is an important parameter for
determining both electrical and optical properties of the ITO films. In this work,
the thickness was quantified using spectroscopic ellipsometry measurements and is
shown in the Table 2. For transmittance measurements, the ITO films were deposited
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4. Discussion
The results presented provide further insight on the interaction of the most common fabrication
variables that influence the electrical and optical properties
of ITO films for PV and other opto‐electronic
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resistivity and transmittances of RF sputter deposited ITO films. The processing conditions have a
strong bearing on the structure of the ITO films. The (222) lattice planes are preferred in films grown
in oxygen rich ambient whilst more lattice planes; (211), (222), (400), and (440) are observed in films

The results show a direct correlation between the oxygen concentration and
the optical transmittances of the films and an inverse relationship with the electrical
conductivity of the ITO films. These results are in agreement with observation
from previous studies [47,48]. Figure 4A for 8 min etch, and Figure 4C for 5 and
8 min etch showed a transmittance cut-off wavelength around 350 nm indicating the
absorption edge.
4. Discussion
The results presented provide further insight on the interaction of the most
common fabrication variables that influence the electrical and optical properties
of ITO films for PV and other opto-electronic applications. There is evidence of
a strong correlation between oxygen concentration and both the resistivity and
transmittances of RF sputter deposited ITO films. The processing conditions have
a strong bearing on the structure of the ITO films. The (222) lattice planes are
preferred in films grown in oxygen rich ambient whilst more lattice planes; (211),
(222), (400), and (440) are observed in films grown under less oxygen or oxygen
deficient conditions. Wan et al. have reported the (211), (400) and (440) planes
reflections as being associated with ITO films processed under high RF power in
an oxygen deficient atmosphere [35]. From the structural analysis, the exhibited
(222) reflection clearly indicated the cubic indium oxide formation. The film growth
rate decreased with increased O2 concentration resulting in a much thicker ITO
critical thickness (amorphous to polycrystalline transition thickness) for the 0 sccm
RF sputtered films. The overall film is mixed phase crystalline and amorphous in
nature. The noise is due to the ultra-thin porous and amorphous film left once the
top crystalline film is etched off. This is not observed in the 0.4 and 1 sccm films
because the increased oxygen composition results in reduced growth rates giving
films that are more crystalline in nature with a much thinner critical thickness.
The lattice parameters and lattice distortion are seen to vary closely with oxygen
concentration in the sputter chamber and the length of the etching process. The
different oxygen–argon ratios sputtered ITO films have different etching behaviors,
which then effected their electrical and optical properties. During the etching process,
the crystal lattice of ITO films is degraded due to the exchange of bonds between
indium oxide with HCl and HNO3 . This means that the indium oxide In–O and
H–Cl bonds are substituted by In–Cl, In-(NO3 )3 and O–H in the ITO surfaces [49].
These kinds of reactions may reduce the oxygen concentrations and distort structural
long range order of the ITO films. This was reflected in the variation of electrical and
optical properties of the ITO films with etching time. As no evidence of tin phases
were detected, it can be concluded the reactions involving tin phases have negligible
effect on the overall etch rates described in this study.
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It is interesting to note that the ITO films processed at the 0.4 sccm oxygen flow
rate presented the greatest resistance to acid etching in addition to exhibiting above
moderate electrical and optical properties. These films show potential as candidate
materials for encapsulation of PV devices or transparent conducting electrodes
for varied application in acid-rich environment. However, further research into
optimization of anti-acid (acid resistant) ITO films will be required before the material
can be implemented in commercial PV devices.
Usually ITO is sputtered in varied combinations of reactive gas environments
of argon with oxygen, hydrogen and nitrogen [40]. The oxygen ambient has been
shown to be an important parameter to control electrical and optical properties. The
highest oxygen concentrations enhance the transmission property and the oxygen
deficient nature (oxygen vacancies) increased the electrical conductivity of the ITO
thin films [47,48]. Hence, a sufficient amount of oxygen concentration can improve
the opto-electronic performance of ITO thin films. High-quality ultra-thin ITO films
are a needed significant step towards the realization and possible commercialization
of plasmonic-based a-Si:H thin-film PV devices [15,24,36–38]. These devices have a
potential to transform the thin-film based solar cells industry due to their low cost
and ease of fabrication. In addition, plasmonic-enhanced PV has the potential to
exhibit sophisticated light management schemes enabling unprecedented control
over the trapping and propagation of light within the active region of the PV
device [15], which would be expected to result in record-high device solar energy
conversion efficiencies.
5. Conclusions
In this study, ultra-ITO thin films have been RF sputter deposited using different
oxygen flow rates and chemical shaving is performed at room temperature for
different time periods. The thicknesses of the films are altered as a result from 89 nm
to 22 nm. In-between each etching process cycle, the films were characterized for both
electrical and optical properties. Generally, the transmittance of the ITO films was
observed to increase with decreasing film thickness, while the electrical properties
were observed to degrade for the same films. This was attributed to the distortion
of the In–O lattice long-range order due to the reduction reaction between the ITO
and the etchants (acids). The novel method of chemical shaving further investigated
here, is a simple and low-cost method with the potential to produce low loss and
highly conductive ultra-thin and acid resistant ITO films for applications ranging
from PV devices transparent electrodes to anti-acid materials. Using this method,
ultra-thin ITO films with record low resistivity values (as low as 5.83 ˆ 10´4 Ω¨cm)
were obtained and the optical transmission is generally high in the 300–1000 nm
wavelength region for all films. The etching rate strongly depends on the oxygen
concentrations of RF sputtered ITO films as well as on the post process annealing.
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This processing has an effect on the oxygen vacancies densities even for the 0 sccm
O2 films. Surface roughness increased as the concentration of oxygen increased as
expected. The etching reactions are simple redox reaction, hence the rates should
increase with increases in O2 concentration especially for non-stoichiometric films
with distorted ITO matrix. The etch rate, preferred crystal lattice growth plane,
d-spacing and lattice distortion were also observed to be highly dependent on the
nature of growth environment for RF sputter deposited ITO films.
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Four Point Probe
Atomic Force Microscopy
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Direct Current
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Indium Tin Oxide
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Radio Frequency
Standard Cubic Centimeters per Minute (flow unit)
Sodaline Glass
Tin Oxide
Transparent Conducting Oxides
Variable Angle Spectroscopic Ellipsometry
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Efficiency Enhancement of Dye-Sensitized
Solar Cells’ Performance with ZnO
Nanorods Grown by Low-Temperature
Hydrothermal Reaction
Fang-I Lai, Jui-Fu Yang and Shou-Yi Kuo
Abstract: In this study, aligned zinc oxide (ZnO) nanorods (NRs) with various
lengths (1.5–5 µm) were deposited on ZnO:Al (AZO)-coated glass substrates by
using a solution phase deposition method; these NRs were prepared for application
as working electrodes to increase the photovoltaic conversion efficiency of solar
cells. The results were observed in detail by using X-ray diffraction, field-emission
scanning electron microscopy, UV-visible spectrophotometry, electrochemical
impedance spectroscopy, incident photo-to-current conversion efficiency, and solar
simulation. The results indicated that when the lengths of the ZnO NRs increased,
the adsorption of D-719 dyes through the ZnO NRs increased along with enhancing
the short-circuit photocurrent and open-circuit voltage of the cell. An optimal
power conversion efficiency of 0.64% was obtained in a dye-sensitized solar cell
(DSSC) containing the ZnO NR with a length of 5 µm. The objective of this study
was to facilitate the development of a ZnO-based DSSC.
Reprinted from Materials. Cite as: Lai, F.-I.; Yang, J.-F.; Kuo, S.-Y. Efficiency
Enhancement of Dye-Sensitized Solar Cells’ Performance with ZnO Nanorods
Grown by Low-Temperature Hydrothermal Reaction. Materials 2015, 8, 8860–8867.
1. Introduction
Dye-sensitized solar cells (DSSC) belong to the third generation of solar cells.
Due their low-cost materials and low-cost technologies, they are the promising
replacement for conventional silicon-based solar cells [1]. The highest single-cell
conversion efficiency of 13% is comparable to the Si cells [2]. Generally, TiO2
nanoparticle films coated onto fluorine-doped tin oxide (FTO) layers are made as the
photoelectrode in DSSCs because of their suitable chemical affinity and surface area
for dye adsorption as well as their proper energy band promising charge transfer
between the electrolytes and dye [3,4]. However, the one problem of DSSCs is that
not all of the photogenerated electrons can arrive at the collecting electrode, because
electron transport within the nanoparticle network takes place via a series of hops
to adjacent particles, and the energy damage that occurs during charge transport
processes results in conversion efficiency. This trapping process results in the
transport becoming slow, and an increase in scattering, which greatly increases the
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recombination of the electrons with the oxidized dye molecules, reducing efficiency
and oxidized redox species. In order to enhance dye adsorption, the thickness of
TiO2 should be increased. However, this recombination problem is aggravated
in TiO2 nanocrystals by reason of a depletion layer on the TiO2 nanocrystallite
surface, and its severity increases as the photoelectrode film thickness increases [5].
In response to this problem, the paper proposes a ZnO-based DSSC technology
as a replacement for TiO2 in solar cells. Zinc oxide has received a great deal of
attention as a photoanode in dye-sensitized solar cells (DSSCs) due to its large
exciton-binding energy (60 meV) and large band gap (3.37 eV) [6]. Furthermore, its
electron mobility is higher than that of TiO2 by two-to-three orders of magnitude [7].
Therefore, ZnO is anticipated to demonstrate faster electron transport as well as
decreased recombination damage compared to TiO2 . Nevertheless, studies have
reported that the entire efficiency of TiO2 DSSCs is higher than that of ZnO DSSCs.
The efficiency of TiO2 thin-passivation shell layers is higher than the highest
reported efficiency of ZnO DSSCs [8], in which the principal problem is the dye
adsorption process in ZnO DSSCs. Because of the high carboxylic acid binding
groups in the dyes, the dissolution of ZnO and precipitation of dye-Zn2+ complexes
occurs. This phenomenon results in a poor overall electron injection efficiency of
the dye [9].
Several approaches exist for enhancing the efficiency of ZnO DSSCs. One
method is to introduce a surface passivation layer to a mesoporous ZnO framework;
nevertheless, this may aggravate the dye adsorption problems. Alternatively,
conventional particulate structures can be changed by replacing the internal
surface area and morphology of the photoanode. Nevertheless, the surface area
and diffusion length are incompatible. Augmenting the photoanode thickness
empowered a higher number of dye molecules to be fixed; this, however, increases
the possibility of electron recombination because of the extended distance through
which electrons diffuse to the transparent conductive oxide (TCO) collector. This
trapping process results in augmented scattering and slows down the electron
transport which increases the recombination of the electrons with the oxidized
redox species or the oxidized dye molecules, hence reducing efficiency. One
probable strategy for ameliorating electron transport in DSSCs is to supersede
the nanoparticle photoelectrode with a single-crystalline nanorod (or nanosheet,
nanobelt, nanotip) photoelectrode. Electrons can be led through a direct electron
path within a nanorod rather than by multiple-scattering transport between
nanoparticles. In research, the electron transport is tens to hundreds of times slower
in nanoparticle DSSCs than in nanorod-based DSSCs [10–12]. Therefore, many
works have been performed on the synthesis of TiO, and ZnO nanostructures for
applications in DSSCs [13–15].
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However, the utilization of FTO may not be the best method for improving the
cell performance. One problem is that the small difference in the work function
between ZnO and FTO does not supply sufficient driving force for the charge
injection from the ZnO nanowires to FTO, which hints that new TCO materials
should be used in ZnO-based DSSCs. Lee et al. use the ZnO:Al (AZO) film to
replace the FTO layer as the TCO layer [4]. Their structure was accomplished by a
three-step process, TCO, seed layer, and nanostructure, but this method was slight
complicated. To simplify the procedures, we used a two-step process in this study,
and present a detailed discussion. These characteristics were observed using X-ray
diffraction (XRD), UV-visible spectrophotometry, field-emission scanning electron
microscopy (FE-SEM), electrochemical impedance spectroscopy (EIS), incident
photon-to-electron conversion efficiency (IPCE), and solar simulation.
2. Experimental
Figure 1 illustrates the schematic structures of DSSCs with ZnO nanorods of
various lengths, which are shown in Figure 1. First, radio-frequency sputtering
was used to deposit a ZnO:Al (AZO) seed layer (approximately 300 nm) on
Corning-glass substrates with a sheet resistance of 18 Ω/sq, and the defined area
of the seed layer was 1 cm2 . The Pt (H2 PtCl6 solid content: <6%, viscosity:
~50 cps, eversolar Pt-100) film was also deposited on the AZO/Corning-glass
substrates by spin-coating. These substrates were used for growing ZnO NRs.
The ZnO NRs were deposited using zinc nitrate (Zn(NO3 )2 6H2 O, Aldrich) and
hexamethylenetetrasece (C6 H12 N4 , HMT, Aldrich). Both mixtures were melted
in deionized water to a concentration of 0.02 M and stored at 90 ˝ C for 9 h.
These solutions were replaced every 9 h, and the corresponding ZnO NRs were
denoted by 18- and 27-h NRs. The hydrothermal chemical reactions for the ZnO
NRs are expressed as follows:
C6 H12 N4 ` 6H2 O Ñ 6HCHO ` 4NH3

(1)

NH3 ` H2 O Ñ NH+4 ` OH´

(2)

Zn2+ ` 2OH´ Ñ ZnpOHq2

(3)

Zn pOHq2 Ñ ZnO ` H2 O

(4)

heat

After the reaction was complete, the resulting ZnO NRs were rinsed
with deionized water to remove residual ZnO particles and impurities.
A
D-719
dye,
cis-bis(isothiocyanato)bis(2,21 -bipyridyl-4,41 -dicarboxylato)
ruthenium(II)bis-tetrabutylammonium, (Everlight Chemical Industrial Corp.,
Taipei, Taiwan) was dissolved in acetonitrile for preparing a 0.5 mM dye solution.
Dye sensitization was propagated by soaking the ZnO photoelectrodes in the D-719
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heat
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measurements according to a θ/2θ configuration. In principle, the XRD spectra
indicate that the ZnO films developed without the presence of secondary phases or
groups. All the samples have a hexagonal wurtzite structure of ZnO and grew along
the c-axis; this enabled the observation of the ZnO (002) diffraction plane in the XRD
pattern. The increase in intensity of the diffraction peak and also the narrowing of
the peak, in other words, decrease in the full width at half maximum (FWHM) of the
peak, with the length of ZnO NRs increased, and the crystallinity improvement of
the ZnO NRs. Existing dye uptake measurements were based on dye desorption
from the photoanode after a specified 30 min using a NaOH solution, and the
succeeding UV-Vis spectroscopy. For the quantitative analysis of dye loading, the
washing course for desorption of dye from the anodes was performed using the
known volume of 0.1 mM NaOH aqueous solution. The dye detached from the
Materials
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spectra of D‐719 dye detached from the ZnO NRs with various lengths.

(b) Optical absorption spectra of D-719 dye detached from the ZnO NRs with
various lengths.
As mentioned, ZnO NRs with various lengths were grown on AZO substrates, and these NRs
were used in DSSCs (Figure 3). Figure 3a–f illustrate FE‐SEM images of the respective ZnO NRs from
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with a distinctive, clear morphology. Furthermore, the diameters, lengths, and
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aspect ratios of the NRs were in the range of 76–110 nm, 1.5–5 µm, and 20.7–47.9,
respectively. Greene et al. indicated that the growing temperature influences the
upright growth of ZnO NRs [16].
Figure 4a depicts the Nyquist plots of the impedance spectra.
To
characterize the AZO/dye/electrolyte interface, the open-circuit voltage (Voc)
levels of the DSSCs were evaluated under AM 1.5 illumination by conducting EIS
measurements. The Nyquist plots indicate a small semicircle at high frequencies
and a large semicircle at low frequencies. The inset in Figure 4a shows the
equivalent circuit. Usually, all the spectra of the DSSCs exhibit three semicircles,
which are ascribed to the electrochemical reaction at the Pt counter electrode, charge
transfer at the TiO2 /dye/electrolyte, and Warburg diffusion process of I´ /I3´ ,
respectively [17,18]. In the present study, the charge transfer resistance at the
ZnO/dye/electrolyte interface (Rct2 ) decreased when the aspect ratio of the ZnO
NRs was varied from 20.7 to 47.6. This may be attributable to the increase in the
diameter size, length, and quality of ZnO NRs, which led to an increase in the dye
adsorption as well as penetration of electron mobility into the pores of the AZO
electrode (Figure 4a). The better collected and transported electrons had a lower
possibility of recombination, and the electron lifetime was increased [19]. Figure 4b
shows Bode phase plots indicating the characteristic frequency peaks (1–104 Hz).
The characteristic frequency peak shifted to a lower frequency when the aspect ratio
increased, and the characteristic frequency can be considered as the inverse of the
electron lifetime (τ e ) or recombination lifetime (τ r ) in an AZO film [20,21]. This
implies that the NRs with an aspect ratio of 47.6 (grown for 27 h) had the longest
electron lifetime in the AZO film. The results indicate that the ZnO NRs, which
were grown for 27 h (aspect ratio: 47.6), on the AZO film had a lower transport
resistance and a longer electron lifetime in the AZO electrode. The electron lifetimes
in the AZO films increased from 3.25 to 6.12 ms when the aspect ratio increased from
20.7 to 47.6. This result is consistent with the following results obtained from cell
performance and EIS analysis.
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the 9‐, 18‐, and 27‐h reactions grown on the AZO substrates, indicating that the ZnO NRs were
adequately grown on substrates with a distinctive, clear morphology. Furthermore, the diameters,
lengths, and aspect ratios of the NRs were in the range of 76–110 nm, 1.5–5 μm, and 20.7–47.9,
respectively. Greene et al. indicated that the growing temperature influences the upright growth of
ZnO NRs [16].
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Figure 3. SEM images of ZnO nanorods fabricated under various growth time. (a–c) Top‐view images
of ZnO nanorods grown at 9 h, 18 h, and 27 h; (d–f) Side‐view images of ZnO nanorods grown at 9 h,
18 h, and 27 h, respectively.

Figure 4a depicts the Nyquist plots of the impedance spectra. To characterize the
AZO/dye/electrolyte interface, the open‐circuit voltage (Voc) levels of the DSSCs were evaluated
under AM 1.5 illumination by conducting EIS measurements. The Nyquist plots indicate a small
semicircle at high frequencies and a large semicircle at low frequencies. The inset in Figure 4a shows
the equivalent circuit. Usually, all the spectra of the DSSCs exhibit three semicircles, which are
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the diameter size, length, and quality of ZnO NRs, which led to an increase in the dye adsorption as
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(1–104 Hz). The characteristic frequency peak shifted to a lower frequency when the aspect ratio
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study, the charge transfer resistance at the ZnO/dye/electrolyte interface (Rct2) decreased when the
aspect ratio of the ZnO NRs was varied from 20.7 to 47.6. This may be attributable to the increase in
the diameter size, length, and quality of ZnO NRs, which led to an increase in the dye adsorption as
well as penetration of electron mobility into the pores of the AZO electrode (Figure 4a). The better
collected and transported electrons had a lower possibility of recombination, and the electron lifetime
was increased [19]. Figure 4b shows Bode phase plots indicating the characteristic frequency peaks
(1–104 Hz). The characteristic frequency peak shifted to a lower frequency when the aspect ratio
increased, and the characteristic frequency can be considered as the inverse of the electron lifetime
(τe) or recombination lifetime (τr) in an AZO film [20,21]. This implies that the NRs with an aspect
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Figure 5a shows the J-V curve for the DSSCs containing the ZnO NRs obtained
from the 9-, 18-, and 27-h reactions, indicating that the short-circuit current density
(Jsc) and cell performance significantly increase with the NR length. As revealed in
the figures, the photovoltaic performances of our DSSCs employing ZnO NRs are
comparable to published literature [22–24]. A higher amount of dye was adsorbed
on longer NRs than on shorter NRs, indicating that longer NRs improve photon
absorption and carrier generation. These results indicate that cell performance is
strongly dependent on the electrode surface area. Increasing the NR length results
in a larger surface area, which leads to a higher adsorption of dyes as well as a higher
conversion efficiency. Furthermore, the Voc of the longer ZnO NRs was higher
than that of the shorter ZnO NRs. This higher Voc is attributable to a reduction in
recombination losses at ZnO/dye interfaces. Regarding the performance of the cells
containing the ZnO NRs grown for various periods, the cell containing the 27-h ZnO
NRs demonstrated optimal performance with a conversion efficiency (η) of 0.64%,
Voc of 0.62 V, Jsc of 2.56 mA/cm2 , and fill factor of 0.42. The NRs also provide direct
pathways from the point of photogeneration to the conducting substrate. These
pathways ensure the rapid collection of carriers generated throughout the device.
Figure 5b depicts the IPCE spectra of the DSSCs (D-719 dye) containing the 9-, 18-,
and 27-h ZnO NRs, indicating a strong peak at 520 nm; this peak is attributable
to the characteristic excitations of the D-719 dye. Our ZnO-based DSSCs show
poor conversion efficiencies when compared to conventional TiO2 -based DSSCs, as
shown in the inset of Figure 5a. The main reason is the corrosion of ZnO on reacting
with an acid and the low amounts of dyes that are adsorbed during the production.
During the process, an amount of Zn2+ ions are dissolved into the solution from the
surface of the ZnO nanorods. Subsequently, aggregation of Zn2+ ions with sensitizer
dyes occurs, and the phenomenon was reported for several organic sensitizer
dyes as well as ruthenium complexes [25,26]. Once aggregation takes place in
DSSCs, the power conversion efficiency will dramatically decrease [27]. Despite
the lower efficiencies in our ZnO-based DSSCs, the use of ZnO nanorods still shows
high potential because of its better crystallinity and higher electron mobility. To
overcome the chemical instability of ZnO, the introduction of non-ruthenium-based
sensitizers and the utilization of different nanotechnological architectures of ZnO
might be practical approaches.
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4.

In this study, we prepared ZnO NRs, with a two‐step process which is simple and easy, for use
as photoanodes in DSSCs. Moreover, the results reveal that DSSCs containing longer ZnO NRs
Conclusions
demonstrate higher photovoltaic performance than DSSCs containing shorter ZnO NRs. Compared
with shorter ZnO NRs, longer ZnO NRs exhibit a larger surface area, which enables efficient dye

In this study, we prepared ZnO NRs,
with a two-step process which is simple
6
and easy, for use as photoanodes in DSSCs. Moreover, the results reveal that DSSCs
containing longer ZnO NRs demonstrate higher photovoltaic performance than
DSSCs containing shorter ZnO NRs. Compared with shorter ZnO NRs, longer
ZnO NRs exhibit a larger surface area, which enables efficient dye loading and
light harvesting, reduced charge recombination, and faster electron transport. These
improvements enhanced power conversion for application in DSSCs.
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Enhanced Erbium-Doped Ceria
Nanostructure Coating to Improve Solar
Cell Performance
Nader Shehata, Michael Clavel, Kathleen Meehan, Effat Samir, Soha Gaballah
and Mohammed Salah
Abstract: This paper discusses the effect of adding reduced erbium-doped
ceria nanoparticles (REDC NPs) as a coating on silicon solar cells. Reduced
ceria nanoparticles doped with erbium have the advantages of both improving
conductivity and optical conversion of solar cells. Oxygen vacancies in ceria
nanoparticles reduce Ce4+ to Ce3+ which follow the rule of improving conductivity
of solar cells through the hopping mechanism. The existence of Ce3+ helps in the
down-conversion from 430 nm excitation to 530 nm emission. The erbium dopant
forms energy levels inside the low-phonon ceria host to up-convert the 780 nm
excitations into green and red emissions. When coating reduced erbium-doped
ceria nanoparticles on the back side of a solar cell, a promising improvement in
the solar cell efficiency has been observed from 15% to 16.5% due to the mutual
impact of improved electric conductivity and multi-optical conversions. Finally, the
impact of the added coater on the electric field distribution inside the solar cell has
been studied.
Reprinted from Materials. Cite as: Shehata, N.; Clavel, M.; Meehan, K.; Samir, E.;
Gaballah, S.; Salah, M. Enhanced Erbium-Doped Ceria Nanostructure Coating to
Improve Solar Cell Performance. Materials 2015, 8, 7663–7672.

1. Introduction
Optical nanostructures that emit visible light when excited by ultra-violet
(UV) or infrared (IR) photons have been extensively studied for solar energy
applications [1,2]. Recent research on one of these nanomaterials, cerium oxide
(ceria) nanoparticles, has shown that its material properties are extremely well
suited for a lot of applications [3–6]. Visible emission from either UV excitation
(down-conversion) or IR excitation (up-conversion) can be obtained from ceria
nanoparticles. However, both up- and down-conversion processes involve different
physiochemical properties in ceria and optimization of each optical process via
various nanoparticle synthesis and post-growth procedures tends to quench the
efficiency of the other process.
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Coating solar cells or panels with nanostructures has been recently investigated
to enhance the conversion efficiency of the cells [7,8]. In this paper, it is aimed to
coat a polycrystalline silicon cell with a thin layer of reduced erbium-doped ceria
nanoparticles to improve the cell efficiency. The synthesized reduced erbium-doped
ceria nanoparticles (REDC NPs) would have two main characteristics: to have
higher conductivity and to be applicable for optical up- and down-conversions.
In detail, the synthesized doped ceria nanoparticles would have relatively high
concentrations of tri-valent cerium ions in trap states with a higher concentration
of oxygen vacancies. When coated on the solar cells, the synthesized reduced
ceria could have higher conductivity and improve the mobility of the generated
photoelectrons, due to the increased rate of cerium ion conversion from +4 to +3
states accompanied with an increasing creation rate of charged O-vacancies. In
addition, the reduced erbium-doped ceria nanoparticles have the unique material
properties to act as an optical medium for both down-conversion and up-conversion
at the same time to generate multi-wavelength visible emissions under near-UV
and IR excitations, respectively. “Reduced” means that the nanoparticles are
synthesized under a reduction environment using hydrogen. This environment
helps to form oxygen vacancies and cerium ions (+3 states). These cerium tri-valent
trap states are responsible for optical down-conversion. However, “non-reduced”
means that there is no hydrogen during synthesis, which would not form the
Ce3+ states. Then, without the reduction environment, the erbium-doped ceria
nanoparticles are abbreviated EDC NPs. Then, the used synthesis process results
in a high concentration of Ce3+ ions associated with the oxygen vacancies in ceria,
which is required to obtain high fluorescence efficiency in the down-conversion
process. Simultaneously, the synthesized nanoparticles contain the molecular
energy levels of erbium that are required for up-conversion. Therefore, REDC NPs
which are synthesized using this procedure can emit visible light when excited with
either or both UV or IR photons. The synthesized nanoparticles were analyzed
using optical absorbance spectroscopy, direct band gap calculations, fluorescence
spectroscopy, transmission electron microscope (TEM), X-ray diffraction (XRD)
and the electrical conductivity measurement. Then, the synthesized reduced
nanoparticles were coated on polycrystalline silicon cells for improving the cell
efficiency, which has been proved through I–V analysis, in addition to other cell
characteristics such as open circuit voltage, short circuit current, and fill factor.
Also, rate generation and E-field distributions of the coated cell were analyzed.
Compared to other ceria nanostructure coatings in the literature [9–11], our novel
coating offers the simultaneous enhancement of both optical and conductive
properties which leads to improving the solar cell's efficiency without considering
the traditional anti-reflection coatings. In addition, our synthesized nanoparticles
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are relatively low-cost and easy to prepare with a simple chemical synthesis
procedure with a simple coating technique.
2. Results and Discussion
2.1. Nanoparticles Characterization
The optical absorption spectra of the synthesized REDC NPs are plotted in
Figure 1a. Consequently, the corresponding values for the calculated allowed
direct band gaps of the annealed samples are shown in Figure 1b, using
Equation (1) [12,13].
`
˘1{2
9E “ A E ´ Eg
(1)
where α is the absorbance coefficient, A is a constant dependent on the effective
masses of electrons and holes of the material, E is the absorbed photon energy,
and Eg is the direct allowed band gap. Thus, from the absorbance dispersion
results in Figure 1a, (9 E)2 is presented versus the photon energy (E) as shown in
Figure 1b. Then, the intersection between the extension of the linear region of the
resulted curve with the E-axis indicates the band gap. Compared to the non-reduced
nanoparticles, it can be observed that the band gap of the annealed nanoparticles
is biased towards 3 eV, which is approximately the band gap energy for Ce2 O3 .
Thus, there is evidence for the formation of a higher concentration of Ce3+ with
corresponding oxygen vacancies [14]. The annealed REDC NPs are imaged using
TEM as shown in Figure 2a. The mean diameter is found to be 10 nm, which shows
that our synthesized REDC NPs are smaller than other optical nanoparticles that
have been studied as an optical active medium for down- or up-conversion [15,16],
which can lead to both better conductive and optical properties due to a higher
surface-to-volume ratio. The XRD pattern is presented in Figure 2b, measured on a
sample of the REDC NPs annealed at 700 ˝ C, to demonstrate that the predominant
nanostructure of the REDC NPs is cerium dioxide [17,18]. From the measurement
of the width of individual intensity peaks, the average size (tXRD ) of nanoparticles,
or the diameter in case of spherical-shaped nanoparticles, can be calculated from
Scherrer’s equation [13]
0.9λ
tXRD “
(2)
βcosθ
where λ is the wavelength of the incident X-rays (0.15406 nm), β is the full-width
half-maximum (FWHM), and θ is the diffraction angle. From the first peak, which
represents the most stable plane of ceria (111), the average size of the nanoparticles
is found to be ~10 nm.
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0.9λ
measurement of the width of individual intensity peaks, the average size (tXRD) of nanoparticles, or(2)
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β
θ calculated from Scherrer’s equation [13]
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where λ is the wavelength of the incident X‐rays (0.15406
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0.9λ
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(FWHM), and θ is the diffraction angle. From the first peak, which represents the most stable plane
of ceria (111), the average size of the nanoparticles is found to be ~10 nm.
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Figure 2. (a) TEM image and (b) XRD pattern of REDC NPs at annealing temperature of 700 °C.
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with near-UV light, then some fraction of the valence band electrons are excited
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the second contribution of the up-conversion process, erbium ions form stable
complexes with oxygen in the ceria host during the annealing, and the crystalline
structure of the nanoparticle improves, both of which increase the efficiency of
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2.2. Coated Solar Cell Characterization
As investigated in the previous sections, coating the back side of a silicon solar
cell with REDC NPs has the advantages of improving multi-optical conversions,
leading to the conversion of some UV and IR wavelengths that solar cells cannot
absorb to visible light wavelengths which can be absorbed. Figure 5a,b show
the improvement in P–V and I–V curves, respectively, after coating the cell with
REDC NPs. The promising comparison between coated and uncoated cells was
shown in Table 1, and it clearly shows that power conversion efficiency (PEC)
has been improved from 15.1% to 16.7%, which is about a 10.8% improvement of
(a)
cell efficiency due to coating compared to uncoated cells. As can be noticed from
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Figure 3. Emission spectrum of REDC NPs under simultaneous excitations of both near‐UV
(430 nm) and IR (780 nm) excitations.
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electrode and (b) the profile distribution with the intensity map.
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Table 1. Comparison between coated and un-coated cells.
Condition

Vo.c

Is.c

F.F

η%

Uncoated
coated
cell

0.5155

0.1537

0.6301

15.1075

0.5095

0.1718

0.6322

16.7452
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circuit current (Is.c) with the effect of our synthesized nanoparticle coating compared to both quite
stable open circuit voltage (Vo.c) and fill factor (F.F). Overall, the increase in the current, and
consequently the power, could be explained due to the increase in the rate of photoelectrons,
whether through a higher generation rate due to optical conversions and/or the better mobility
due to a conductive nanostructure coating.

(a)

(b)

Figure 5. (a) P–V curve and (b) I–V curve of silicon solar cells in both the uncoated (normal) case

Figure
5. (a) P–V curve and (b) I–V curve of silicon solar cells in both the uncoated
and those coated with REDC NPs.
(normal) case and those coated with REDC NPs.
Table 1. Comparison between coated and un‐coated cells.
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Figure 6. Normalized generation rate of silicon cells with/without REDC NP coating layer.
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and conductivity due to the REDC NP coating layer, with the dominant effect of the
conductivity due to the hopping mechanism of the formed oxygen vacancies inside
REDC NPs.
3. Experimental Section
3.1. Nanoparticles Synthesis
Reduced erbium-doped ceria nanoparticles have been synthesized using the
chemical precipitation technique which is a relatively simple and inexpensive
synthesis process [22]. Cerium (III) chloride (heptahydrate, 99.9%, Sigma-Aldrich
Chemicals, St. Louis, MO, USA) of weight 0.485 g and erbium (III) chloride
(heptahydrate, 99.9%, Sigma-Aldrich Chemicals, St. Louis, MO, USA) (0.015 g)
are dissolved in de-ionized (DI) water (40 mL) to obtain a 3% weight ratio of
erbium to cerium in the synthesized nanoparticles. This weight ratio is selected
after a study by the authors of different weight ratios of erbium-doped ceria
nanoparticles, synthesized using the same process, in which it was found that
the optimal concentration of erbium in ceria for up-conversion is 3 wt % for the
optimum improvement of solar cell efficiency. The solution is stirred constantly
at 500 rpm in a water bath, while the temperature of the water bath is raised to
60 ˝ C, and ammonia (1.6 mL) is then added to the solution. The solution is kept at
60 ˝ C for 2 h and, then, the solution is stirred for another 22 h at room temperature.
Then, the wet powder is dried, after being washed using ethanol, on a hot plate for
20 min. The thermal annealing of the dried nanoparticles is performed in a tube
furnace (CM Furnace, Model 1730-20HT, Bloomfield, NJ, USA) with an atmosphere
of hydrogen and nitrogen gases that are injected into the furnace at flow rates equal
to 10 standard cubic feet per minute (scfm) for two hours at temperatures of 700 ˝ C.
The gases during the annealing assist with the reduction of the cerium ions from
the Ce4+ to Ce3+ ionization states and the creation of the oxygen vacancies [23–26],
while the thermal energy available during the high temperature anneal promotes
the formation of the molecular energy levels of erbium inside the ceria host [15].
3.2. Characterizations of Nanoparticles
The optical absorption is measured using a dual-beam UV-Vis-NIR
spectrometer (UV-3101PC Shimadzu, Tokyo, Japan). After the annealing procedure,
a solution of nanoparticles is prepared with a concentration of 0.02 mg of
nanoparticles in 10 mL of DI water. The colloidal solution is illuminated with
both near-UV and near infra-red (NIR) excitations in an experimental apparatus
that was designed to measure the down- and up-conversion process, as described
in Figure 8. The fluorescence spectroscopy system consists of two excitation
sources. The first one, the near UV excitation, is a Xenon lamp coupled to a
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The optical absorption is measured using a dual‐beam UV‐Vis‐NIR spectrometer (UV‐3101PC
Shimadzu, Tokyo, Japan). After the annealing procedure, a solution of nanoparticles is prepared
with a concentration of 0.02 mg of nanoparticles in 10 mL of DI water. The colloidal solution is
illuminated with both near‐UV and near infra‐red (NIR) excitations in an experimental apparatus
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3.3.Procedure
Coating Procedure
3.3. Coating
The synthesized
nanoparticles
are coated
the back
polycrystalline
The synthesized
nanoparticles
are coated
on theonback
sidessides
of of
polycrystalline
solar cells
cells (2ordered
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2 inches)
orderedInc.,
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Solar Winds
Inc.,Coating
Austin, has
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Coating has been operated using spin coater at 1500 rpm for a minute. Before
coating, the electrodes on the backside 7of the cell have been covered through a
scotch and released after the coating. That could avoid the direct contact between
the nanoparticles and the metallic electrodes. The surface profile is detected
using 3D optical surface profiler ZeGage (Zygo, Middlefield, CT, USA), with
concentrating on the edge between coated cell and non-coated electrode to detect
the thickness.
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3.4. Solar Cell Characterization
The nanoparticle-coated and uncoated solar cells have been analyzed using a
designed I–V characterization setup. The irradiance generated from a Xenon lamp
(Oriel 100W, Irvine, CA, USA) followed by air mass (Newport AM1.5G, Irvine, CA,
USA) is exposed to the coated/uncoated solar cells. Then, the different values of I
and V are measured using Source meter 2400-C source meter (Keithley, Cleveland,
OH, USA), with sweeping parameters as voltage range from ´1 to +1 V through
1000 measuring points with 50 ms stoppage time per reading. Through the extracted
I-values corresponding to the swept V-values, both I–V and P–V curves are drawn.
From the I–V curve, some parameters could be measured such as filling factor, Vo.c ,
Is.c and the optical efficiency. Using COMSOL Multiphysics software (COMSOL
Inc., Burlington, MA, USA), generation rate and E-field distribution are analyzed
with and without the nanoparticle layer on silicon solar cell.
4. Conclusions
This paper introduces a novel study of using reduced erbium-doped ceria
nanoparticles (REDC NPs) as a coating layer on silicon solar cells. The presented
work shows full optical characterization of the synthesized nanoparticles. The
experimental results show the visible fluorescence emitted under both excitations of
NIR and near UV. In addition, the results of the band gap and fluorescence confirm
the formation of Ce3+ trap states which are associated with the formation of charged
oxygen vacancies. That could increase the conductivity for any photo-generated
electrons in the host NPs. When depositing REDC NPs on the back sides of solar
cells, a promising improvement in the solar cell efficiency has been observed from
15% to 16.5% due to the mutual impact of improved electric conductivity and
multi-optical conversions. In addition, the generation rate and maximum electric
fields formed in the solar cells have been slightly improved due to the coating.
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Towards InAs/InGaAs/GaAs Quantum Dot
Solar Cells Directly Grown on Si Substrate
Bilel Azeza, Mohamed Helmi Hadj Alouane, Bouraoui Ilahi, Gilles Patriarche,
Larbi Sfaxi, Afif Fouzri, Hassen Maaref and Ridha M’ghaieth
Abstract: This paper reports on an initial assessment of the direct growth
of In(Ga)As/GaAs quantum dots (QDs) solar cells on nanostructured surface
Si substrate by molecular beam epitaxy (MBE). The effect of inserting 40
InAs/InGaAs/GaAs QDs layers in the intrinsic region of the heterojunction
pin-GaAs/n+ -Si was evaluated using photocurrent spectroscopy in comparison
with pin-GaAs/n+ -Si and pin-GaAs/GaAs without QDs. The results reveal the
clear contribution of the QDs layers to the improvement of the spectral response
up to 1200 nm. The novel structure has been studied by X ray diffraction (XRD),
photoluminescence spectroscopy (PL) and transmission electron microscopy (TEM).
These results provide considerable insights into low cost III-V material-based
solar cells.
Reprinted from Materials. Cite as: Azeza, B.; Alouane, M.H.H.; Ilahi, B.; Patriarche, G.;
Sfaxi, L.; Fouzri, A.; Maaref, H.; M’ghaieth, R. Towards InAs/InGaAs/GaAs
Quantum Dot Solar Cells Directly Grown on Si Substrate. Materials 2015, 8, 4544–4552.
1. Introduction
Recent attempts have been made to increase solar cell efficiency by exploiting
the below band gap photon energies. This approach is often termed as impurity
band solar cells or intermediate band solar cells (IBSC) [1–4]. This type of structure
demonstrates an enhancement of the spectral response towards lower photon
energies with promising possibilities to improve the solar cell’s efficiency up to 63%
according to theoretical expectation [5–8]. However, the main problem encountered
for III-V element-based solar cells mainly lies in the development of large surface
photovoltaic structures due to their high cost, making the employment of low
cost substrates highly desirable. Accordingly, the epitaxial growth of the GaAs
layer on Si substrate has attracted considerable attention owing to their large area
availability, low cost and high mechanical strength [9–14]. Promising InAs/GaAs
QD-based optoelectronic devices, directly grown on Si substrate, have already been
reported [15–20]. In the meantime, with the exception of the employment of the
bonding technique [21], the feasibility of the direct growth of InAs/GaAs QDs solar
cells on Si substrate has not yet been explored.
In this context, this paper reports, for the first time, on the effect of inserting
InAs/InGaAs/GaAs multiple QDs layers within the pin-GaAs structure directly
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deposited by MBE on nanostructured Si substrate for solar cell applications. The
results may open up new perspectives on the development of low cost, high efficiency
III-V-based solar cells on Si substrate.
2. Results and Discussion
2.1. Growth Process
InAs/GaAs QDs with In0.13 Ga0.87 As strain reducing layer were incorporated
within the intrinsic region of a pin-GaAs/n+ -Si using Stranski-Kranstanow growth
mode by molecular beam epitaxy. The use of InGaAs as a strain reducing layer
is believed both to reduce the compressive stress acting on the InAs QDs by the
GaAs matrix, and to reduce indium out-diffusion from the InAs QDs [22–24]. The
choice of relatively low indium composition is expected to avoid excessive In-Ga
phase separation that alters the optical and structural properties of the InAs QDs
and the surrounding material [25]. The number of absorbed photons is proportional
to the number of effective QDs in the solar cell active region. For the InAs/GaAs
system, the QDs’ aerial density in a single layer is around 1010 dots/cm2 on GaAs
substrate [26]. Such a value is too small to account for the improvement of the spectral
response. Increasing the effective number of QDs is possible by vertical stacking
of QD layers. However, the total number of vertically stacked layers is limited by
the onset required for the relaxation of the accumulated strain by generation of
stacking faults and dislocations. In the present study, we have employed 40 QD
layers ensuring a compromise between the increase of the effective number of QDs
and the overall sample’s structural properties. The pin diode structure has been
directly fabricated on nanostructured n+ -Si substrate.
The preparation of the nanostructured n+-type silicon’s substrate surface has
been performed at room temperature by the formation and subsequent dissolution
of a porous layer. The electrolyte used to fabricate a 5 µm-thick porous silicon layer
consists of a mixture of hydrofluoric acid HF ([HF] = 36%) and ethanol (HF:C2H5OH)
in a volumetric proportion of 1:1. The porous layer was formed by anodizing the Si
substrate in this electrolyte under a current density of 3 mA¨ cm´2 . The sample was
then etched in NaOH solution to break up the porous silicon layer and produce the
structuration of the surface. Indeed, after the chemical dissolution of silicon skeleton,
the rugged surface will be exposed to beam epitaxy. Additional details concerning
the process as well as the morphological properties of the nanostructured Si surface
and its impact on the quality of GaAs material grown on such Si surface can be found
elsewhere [27].
After surface preparation, a cleaning and out gassing process of the silicon
substrate was performed under vacuum condition in an introductory chamber with
a rest pressure of 10´9 Torr at high temperature (760 ˝ C), to remove the native oxide
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The sample was then etched in NaOH solution to break up the porous silicon layer and produce the
structuration of the surface. Indeed, after the chemical dissolution of silicon skeleton, the rugged
surface will be exposed to beam epitaxy. Additional details concerning the process as well as the
morphological properties of the nanostructured Si surface and its impact on the quality of GaAs
material grown on such Si surface can be found elsewhere [27].
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the existence of defects produced in the interfaces layers. Indeed, as shown by the Figure 4, the cross

GaAs substrate, the HRXRD spectra show the appearance of other peaks appointed
satellite peaks, due to the periodicity introduced by the bilayers repetition and
the angular period of this peak is related to the thickness of the bilayer [28,29].
In our case, the absence of satellite peaks could be explained by the existence of
defects produced in the interfaces layers. Indeed, as shown by the Figure 4, the
Materials 2015, 8
4548
cross section transmission electron microscopy image unambiguously shows that
the GaAs buffer layer was not sufficiently smooth. The surface roughness greatly
section transmission electron microscopy image unambiguously shows that the GaAs buffer layer was
influenced the multiple layer QDs, resulting in distorted layers. Consequently, the
not sufficiently smooth. The surface roughness greatly influenced the multiple layer QDs, resulting in
grown InAs/InGaAs QDs display a non-uniform thickness which in turn provokes
distorted layers. Consequently, the grown InAs/InGaAs QDs display a non-uniform thickness which in
plastic strain relaxation via defects and threading dislocations.
turn provokes plastic strain relaxation via defects and threading dislocations.
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Additional details can be given by PL characterization. Figure 5 shows the 11 K PL spectra of the
Additional details can be given by PL characterization. Figure 5 shows the 11 K
pin-GaAs/n+-Si structures with and without
QDs. A peak centered at 842 nm appear in both structures
PL spectra of the pin-GaAs/n+ -Si structures with and without QDs. A peak centered
and are attributed to the GaAs’ emission. The red shift of GaAs emission peak is a consequence of the
at 842 nm appear in both structures and are attributed to the GaAs’ emission. The
lattice mismatch between GaAs and Si, the polar/nonpolar character and of the strong tensile stress,
red shift of GaAs emission peak is a consequence of the lattice mismatch between
since the thermal expansion coefficient of GaAs is about twice that of the silicon value. The low
GaAs and Si, the polar/nonpolar character and of the strong tensile stress, since the
intensity of these peaks is directly linked to the subsistence of non-radiative recombination channels
thermal expansion coefficient of GaAs is about twice that of the silicon value. The
due to the defects in the structure.
low intensity of these peaks is directly linked to the subsistence of non-radiative
recombination channels due to the defects in the structure.
For the structure containing multiple layer QDs, the PL measurement reveals a
broad band centered at 1100 nm. This band is likely to arise from the luminescence
of the InAs QDs. Although this result confirms the formation of InAs/GaAs QDs,
the broadening of the PL band with relatively weak intensity confirms that the QDs
structural properties are altered.

Figure 5. PL spectra recorded at 11 k from191
the pin-GaAs/Si structure (red line) and from
pin-GaAs/Si with InAs/InGaAs multilayer QDs (blue line).
For the structure containing multiple layer QDs, the PL measurement reveals a broad band centered
at 1100 nm. This band is likely to arise from the luminescence of the InAs QDs. Although this result

lattice mismatch between GaAs and Si, the polar/nonpolar character and of the strong tensile stress,
since the thermal expansion coefficient of GaAs is about twice that of the silicon value. The low
intensity of these peaks is directly linked to the subsistence of non-radiative recombination channels
due to the defects in the structure.
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For the structure containing multiple layer QDs, the PL measurement reveals a broad band centered
To further assess the impact of introducing the InAs QDs within the pin-GaAs/Si
at 1100 nm. This band is likely to arise from the luminescence of the InAs QDs. Although this result
we have performed the spectral response measurements from samples with and
confirms the formation of InAs/GaAs QDs, the broadening of the PL band with relatively weak
without QDs. The results are shown by Figure 6. The photo-response obtained
intensity confirms that the
QDs structural properties are altered.
from pin-GaAs/n+ -Si without QDs for the high energy photons (beyond the GaAs
band gap) produces the same range of photo-response obtained by the reference
cell grown on GaAs substrate. This assures that the photocarriers collected by the
structure are mainly created by the pin-GaAs prepared on the Si substrate. However,
for lower energy photons, the spectral response of the reference cell drops abruptly
at 868 nm corresponding to the band gap energy of GaAs (1.42 eV). In the meantime,
the photo-response from pin-GaAs/n+ -Si recovers a proportion of the below GaAs
band gap photons to an extent of up to 1200 nm. The observed enhancement is due
to photocarriers generated by silicon substrate.
A more pronounced improvement in the photo-response at long wavelengths is
observed for the structure containing QDs. This improvement is due to the absorption
of photons below the band gap energy of GaAs by InAs QDs.
Although the structural properties of the multiple QDs appear rather to be
degraded principally as a consequence of the initial surface roughness, the optical
and electric properties of pin-GaAs/n+-Si with InAs QDs show that the InAs QDs
have been formed and successively contribute to the electron–hole pair creations in
the below band gap energy range which increased the photocarrier collections [30,31].
This initial assessment provides evidence of the potential of our proposed yielding
structures for the fabrication of future novel, low cost, high performance solar cells.
At this time, no contact grid coatings were applied and the electrical contact
was basically made with indium-zinc alloys pads on the front surface. In-situ and
ex-situ optimization of the solar cell fabrication is in progress, a necessary step to
obtain significant values from the active solar cell parameters.
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A more pronounced improvement in the photo-response at long wavelengths is observed for the
structure
containing QDs.
This improvement is due to the absorption of photons below the band gap
3. Experimental
Section
energy of GaAs by InAs QDs.
The HRXRD experiments were performed with D8 DISCOVER Bruker
Although the structural properties of the multiple QDs appear rather to be degraded principally as a
Axs Diffractometer (BRUKER, Karlsruhe, Germany) with CuKα1 radiation
consequence of the initial surface roughness, the optical and electric properties
of pin-GaAs/n+-Si with
(λ CuKα = 1.5406Å) for ω/2θ values in the range of 32˝ –35˝ to investigate the
InAs QDs show that the InAs QDs have been formed and successively contribute to the electron–hole
structural properties of GaAs layer grown on nanostructured Si substrate.
pair creations in the below band gap energy range which increased the photocarrier collections [30,31].
The PL measurements have been done at 11 K, and the samples mounted in
This initial assessment provides evidence of the potential of our proposed yielding structures
for the
a closed cycle He cryostat, were excited with the 514.5 nm line of an Ar+ laser
fabrication of future novel, low cost, high performance solar cells.
(Spectra-Physics, Santa Clara, CA, USA) while the spectra were collected using a
At this time, no contact grid coatings were applied and the electrical contact was basically made
thermoelectrically cooled InGaAs photodetector (Oriel, Stratford, CT, USA) using a
with indium-zinc alloys pads on the front surface. In-situ and ex-situ optimization of the solar cell
conventional lock-in technique.
fabrication is in progress, a necessary step to obtain significant values from the active solar cell parameters.
The cross section transmission electron microscopy image was performed using
a
TEM/STEM
Cs-corrected JEOL 2200 FS (JEOL, Peabody, MA, USA) operated
3. Experimental Section
at 200 kV.
The spectral
response
evaluate the
electrical
current
The HRXRD
experiments
weremeasurements
performed withaim
D8 to
DISCOVER
Bruker
Axs Diffractometer
photogenerated
in our samples.
spectral
response
is for
measured
using
(BRUKER,
Karlsruhe, Germany)
with CuKα1 The
radiation
(λ CuKα
= 1.5406Å)
ω/2θ values
in the arange
100
W
tungsten
halogen
lamp
(Newport,
Santa
Clara,
CA,
USA),
CVI
CM110
of 32°–35° to investigate the structural properties of GaAs layer grown on nanostructured Si substrate.
1/8 m monochromator (Spectral Product, Cvijovica Dolina, CA, USA) and a
lock-in amplifier connected to a chopper (at 172 Hz) placed at the outlet of the
source monochromator.

4. Conclusions
InAs/GaAs QD-based pin GaAs solar cells directly grown on silicon substrate
have been demonstrated for the first time by using the nanostructured surface as a
buffer layer. This initial assessment shows the formation of InAs nanostructure, with
an emission wavelength of around 1100 nm. The insertion of multiple layer QDs
193

within a pin GaAs grown on Si substrate has been found to improve the spectral
response to 1200 nm, despite imperfect structural properties. These results hold
great promise for future demonstration of high efficiency IBSCs on Si substrate via
heteroepitaxy using nanostructured surfaces.
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