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Abstract: In this paper, a superior-quality InN/p-GaN interface grown using pulsed metalorganic
vapor-phase epitaxy (MOVPE) is demonstrated. The InN/p-GaN heterojunction interface based
on high-quality InN (electron concentration 5.19 × 1018 cm−3 and mobility 980 cm2 /(V s)) showed
good rectifying behavior. The heterojunction depletion region width was estimated to be 22.8 nm
and showed the ability for charge carrier extraction without external electrical field (unbiased).
Under reverse bias, the external quantum efficiency (EQE) in the blue spectral region (300–550 nm)
can be enhanced significantly and exceeds unity. Avalanche and carrier multiplication phenomena
were used to interpret the exclusive photoelectric features of the InN/p-GaN heterojunction behavior.
Keywords: InN/p-GaN heterojunction; interface; photovoltaics

1. Introduction
Single-nitride solar cells possess key and important features that can facilitate their large-scale
application, whereby the nontoxicity of the primary elements offers opportunities towards future
“green” technologies. Of the nitride family, an attractive candidate is indium nitride (InN),
which presents a narrow-energy band gap (Eg ) of 0.7 eV at room temperature, useful for the
near-infrared region (NIR). Indium is also a key element in indium gallium nitride (InGaN) alloys,
providing a bandgap for a broad spectral response from 0.7 eV to 3.4 eV without deteriorating its high
carrier mobility [1,2]. The constituents of InN present a large difference in mass. Namely, the light
nitrogen anions beside the heavy indium cations result in a phonon dispersion between high-lying
optical phonon energies and low-lying acoustic phonon energies. Such a large gap [3] can effectively
block Klemens decay [4,5]. Consequently, InN has been recognized as one of the most suitable materials
with high potential for the realization of so-called hot carrier absorbers related to third-generation
solar cell concept [6]. In principle, hot carrier absorbers are expected to reduce significant thermal
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losses by directly extracting the hot carriers [6,7]. Theoretically, their population is maintained inside
the absorber by inhibiting the inherently ultrafast cooling process [6].
However, the realization of high-quality epitaxial InN layers remains a challenge. High-quality
growth means very low dislocation density, and reduction of the unintended n-type doping due to
indium or nitrogen vacancies and oxygen-related defects [8]. To date, the best results were obtained
through epitaxial growth of InN on p-GaN by molecular beam epitaxy (MBE) [9]. From the point
of view of optoelectronic device production, metalorganic vapor-phase epitaxy (MOVPE) is more
suitable [10–12]. Nevertheless, MOVPE is restricted by the low decomposition rate of NH3 , resulting
in InN island growth on GaN, which deteriorates the quality of the InN films [13]. These nucleation
islands also strongly affect the junction interface morphology by producing dislocation defects and
causing inefficient photo-response of the devices (e.g., detectors, solar cells) [12].
In addition, the growth of high-quality GaN is favorable for fabrication of GaN avalanche
photodiodes for optical detection in the ultraviolet spectral region, due to a low operation voltage
and the possibility of Geiger-mode operation [14,15]. The combination of GaN with InN can expand
the detection spectral range and enhance the avalanche properties. Recently, illuminated and biased
GaN p-i-n avalanche photodiodes have been widely investigated to achieve low multiplication noise
and high gain [16–19]. Under reverse bias, the extended depletion region generates a strong electric
field, which effectively separates the electron–hole pairs. Although GaN avalanche photodiode
properties have been widely reported [14–19], to our knowledge an InN/p-GaN junction has never
been investigated in an avalanche regime. It should be stressed that only electron–hole pairs that are
generated at the interface or very close to a high-quality InN/p-GaN junction can contribute to the
external current.
The large lattice mismatch between GaN and InN hinders the growth of high-quality
interfaces and leads to the formation of a diffusive interface with poor photoluminescence
(PL)/electroluminescence (EL) emission and carrier photogeneration efficiency [20–23]. A diffusive
interface is often attributed to the migration of indium and gallium atoms through the spinodal
decomposition process resulting in the formation of clusters and localization of charge carriers. [24,25].
The intrinsic phonon properties of high-quality InN are thus of relevance to self-heating and phonon
engineering. The phonon decay into two or more phonons is subject to energy and wave vector
conservation, while basically two phonon decay phenomena are referred to as Klemens and Ridley
phonon decay mechanisms [4,26]. The most probable decay channels are those for which the vibrations
created have a high density of states, whereby the prevention of the Klemens optical phonon decay
mechanism occurs at the mini-Brillouin-zone boundaries of nanostructured interfaces. The important
feature in this context is a poor transmission of phonons across the interface. The development of
crystal growth technology, resulting in persistent improvements in the crystal and interface quality,
thus permits the examination of intrinsic properties and refinement of the important phonon decay
mechanisms. In this context, the InN/GaN interface quality is a key factor for the development of the
new generation of InN-based optoelectronic devices.
In this contribution, we demonstrate high-quality InN films with low defect concentration
and limited-roughness interface with magnesium-doped p-GaN, both grown by pulsed MOVPE.
The formed InN/p-GaN heterojunction shows good rectifying behavior with InN characteristic
electron concentration, among the best values obtained by pulsed MOVPE. An efficient photoelectric
InN/p-GaN heterojunction is demonstrated by measuring carrier extraction under unbiased and
reverse biased conditions.
2. Materials and Methods
The InN/p-GaN heterojunction investigated in this study was grown on a 5-µm-thick undoped
GaN buffer layer and sapphire substrate by MOVPE (AIXTRON 3 × 2 CCS Flip Top reactor, AIXTRON
SE, Herzogenrath, Germany). Trimethylgallium (TMGa), trimethylindium (TMIn) and ammonia
(NH3 ) have been used as precursors for gallium (Ga), indium (In), and nitrogen (N), respectively.
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Bis(cyclopentadienyl) magnesium (Cp2 Mg) was used as a precursor for Mg p-type doping. The GaN
templates on sapphire were grown using a standard low-temperature GaN buffer layer followed by
high-temperature GaN growth (i.e., two-step growth), which were the necessary processes to achieve
a high-quality GaN film with low dislocation density and high carrier mobility (600 cm2 /(V s) at
300 K) [27]. Then, a 600 nm p-GaN layer was grown on the un-doped 5-µm-thick GaN layer followed
by 20 min annealing at 850 ◦ C under a nitrogen (N2 ) ambient atmosphere to activate Mg acceptor states
in the p-GaN. Finally, a 300-nm-thick InN layer was grown on the p-GaN under 400 mbar pressure
using TMIn precursor using a multiple flow-interruption technique, that is, pulsed. One growth cycle
duration was 27 s, where TMIn and NH3 were supplied into the reactor for the first 7 s and then only
NH3 was supplied for the next 20 s. The overall number of growth cycles was 600. The growth process
of the InN layers was split into two steps. InN began to grow at 570 ◦ C for the first few dozen growth
cycles; then the growth temperature was increased at a constant rate until 610 ◦ C (first step). For the
remaining growth cycles, the temperature was kept constant at 610 ◦ C (second step). The V/III ratio
was stabilized at 99/68 during the entire InN growth process.
Scanning electron microscopy (SEM; Apollo 300, CamScan, Cambridge, UK (now successor
Applied Beams, LLC, Beaverton, OR, USA)) was used for evaluating the heterojunction cross-section.
Electron beam induced current (EBIC; Digiscan II priedu, model 778, Gatan, Inc., Pleasanton, CA, USA)
was used to determine the electrically active areas of the heterojunction cross-section.
In order to determine the crystallinity of the structure, X-ray diffraction (XRD) measurements
were carried out using a Rigaku SmartLab X-ray diffractometer (Rigaku, Tokyo, Japan).
The optical properties were investigated by photoluminescence (PL) at room temperature using a
continuous wave (cw) He-Ne laser (633 nm) as an excitation source. The PL emission was collected
into a 0.3 m spectrometer (Andor, Shamrock 303, Oxford Instruments, Abingdon, UK) and detected by
an InGaAs detector array (Andor, iDus DU491A-2.2, Oxford Instruments, Abingdon, UK. The Hall
measurements were performed on the Van der Pauw Ecopia HMS-3000 Hall Measurement System
(Bridge Technology, Chandler Heights, AZ, USA).
AM 1.5G standard solar spectra were simulated using Wacom Electric Co. solar simulator (JIS,
IEC standard conforming, CLASS AAA, Tokyo, Japan) calibrated to give 100 mW/cm2 using two
reference solar cells: a-Si and c-Si. The electrical data were recorded using a Keithley 2400 source
meter (Tektronics, IL USA). The external quantum efficiency (EQE) characteristics were measured by
CEP-25BXS (Bunkoh-Keiki Co., Ltd., Tokyo, Japan) in an extended spectral region of 300–2000 nm.
3. Results and Discussion
The X-ray diffraction (XRD) 2-theta scan measurements of the InN/p-GaN structure (Figure 1a)
revealed a pronounced peak at 31.46◦ corresponding to the diffraction of hexagonal InN (0002);
compared to the relaxed InN (0002) [27–29] (vertical line at 31.33◦ in Figure 1a), our measurements show
our InN layer slightly strained. The peak at 34.5◦ corresponds to hexagonal GaN (0002). Improved
crystallinity is due to the pulsed nature of the growth process, which enabled higher temperature
growth. This was confirmed by the rocking curve for the InN (0002) reflection (Figure 1b) with a full
width at half maximum (FWHM) of ~0.284◦ (1022 arcs). This value is by far better than those reported
in the literature for MOVPE growth: 1800 arcs (at 550 ◦ C) [30], 5601 arcs (at 550 ◦ C) [14], 1300 arcs [31]
and 0.27◦ (at 550 ◦ C) obtained for c-oriented prismatic InN nanowalls grown on c-GaN/sapphire [32].
The dislocation density estimated from the rocking curve FWHM [33] showed a total (screw and edge)
value of ~6 × 1010 cm−3 .
Figure 2a shows the structure of the investigated p-GaN/InN heterojunction and Figure 2b reports
the SEM image of the junction edge. An electron-beam-induced current (EBIC) image is used to show
the electrically active areas of the junction, that is, the depletion region with a built-in electric field.
The non-equilibrium charge carriers (electrons, holes) in the depletion region, due to the built-in electric
field, are immediately separated providing electrical current in the external circuit, expressed via
bright spots on the image. Areas without an electric field remain dark (no electrical current), indicating
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fast recombination of the electron–hole pair as a consequence. In Figure 2c, we superimposed the
EBIC on the SEM image to underline the precise location of the electrically active area, in our case, the
junction between InN and p-GaN. The depletion region is quite shallow (<100 nm) and it follows the
surface
topology.
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Figure 2a shows the structure of the investigated p-GaN/InN heterojunction and Figure 2b
reports the SEM image of the junction edge. An electron-beam-induced current (EBIC) image is used
to show the electrically active areas of the junction, that is, the depletion region with a built-in electric
field. The non-equilibrium charge carriers (electrons, holes) in the depletion region, due to the builtin electric field, are immediately separated providing electrical current in the external circuit,
expressed via bright spots on the image. Areas without an electric field remain dark (no electrical
current), indicating fast recombination of the electron–hole pair as a consequence. In Figure 2c, we
superimposed the EBIC on the SEM image to underline the precise location of the electrically active
area, in our case, the junction between InN and p-GaN. The depletion region is quite shallow (<100
nm) and it follows the surface topology.
Furthermore, the extent of the depletion region at the InN/p-GaN interface has been investigated
theoretically. The built-in electrical field across the p–n interface is enhanced due to the gradient of
spontaneous polarization. Figure 3a shows hole and electron concentration at the InN/p-GaN
interface, and Figure 3b reports the built-in electrical field as a function of depth at the InN/p-GaN
interface. The initial conditions for the simulations and doping concentration were evaluated from
the equilibrium charge carrier concentrations obtained by Hall measurements. From our simulations,
we estimate the thickness of the depletion region to be about 22.8 nm. The distribution of carrier
concentration in the depletion region is broader towards p-GaN (18.3 nm) than InN (4.5 nm). We
must underline that still the good quality of the InN film presented an unintended n-doping; to our
knowledge, the measured electron concentration ne = 5.19 × 1018 cm−3 and mobility µe = 980 cm2 V−1 s−1
are among the best values obtained by MOVPE growth (ne = (3 ÷ 5) × 1018 cm−3, µe = (542 ÷ 980) cm2 V−1
s−1 [34–36]).

2. (a) Structure of the Mg doped p-GaN/InN junction; (b) SEM image (bird’s-eye view) of a
Figure 2. Figure
(a) Structure
of the Mg doped p-GaN/InN junction; (b) SEM image (bird’s-eye view) of a
cleaved p-GaN/InN heterojunction. (c) Electron-beam-induced current (EBIC) image superimposed
cleaved p-GaN/InN
heterojunction.
(c) Electron-beam-induced current (EBIC) image superimposed
on the SEM image. The bright line indicates the depleted region of the junction. Both SEM and EBIC
on the SEM
image.
bright
images
were The
obtained
at 5 line
kV. indicates the depleted region of the junction. Both SEM and EBIC
images were obtained at 5 kV.

The pulsed MOVPE growth method is quite commonly used to grow group III-nitride
heterostructures [37–39], but in this case it allowed us to grow good crystalline-quality InN layers
using a higher growth temperature (610 °C) (see Materials and Methods paragraph). The growth
temperature in the MOVPE growth of InN is the most critical parameter to control the film quality.
Because of the low InN dissociation temperature and high equilibrium nitrogen (N2) vapor pressure
over the InN film, the preparation of InN requires a low growth temperature. Due to the low (400–
500 °C) growth temperatures, the growth of InN is restricted by a low decomposition rate of NH3 and
reduced migration of adatoms on the surface, which leads to metallic In formation on the surface
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growth temperatures, the growth of InN is restricted by a low decomposition rate of NH3 and reduced
migration of adatoms on the surface, which leads to metallic In formation on the surface [40,41]. In our
sample, no metallic In droplets were observed on the surface of the InN layer. Due to higher growth
temperature, the NH3 dissociation rate was enhanced and there was no shortage in active nitrogen
atoms (N). The object input of high V/III ratio is to provide a sufficient amount of reactive nitrogen.
The TMIn pulse length controls the thickness of the deposited ultrathin InN layer, while the pause
length controls the time allowed for surface migration of In adatoms on the surface and the amount of
additional reactive nitrogen. The ratio
 between
 the pause
 and pulse determines the effective V/III ratio,
t

p
= IVI I
1 + tTMIn
[41]. Here, (V/III)nom is the nominal V/III ratio,
nom
in our case ~38,000 during the TMIn pulse of 7 s, tTMIn and tP are the TMIn pulse and pause lengths,
respectively. A high V/III ratio and a high growth temperature for InN allowed us to achieve good
electrical properties, such as low electron concentration and high mobility. This could be explained
by the reduction in the native defect concentration, such as N vacancies [42]. In addition, the gradual
increase of growth temperature (i.e., the temperature ramp) results in the repeated deposition of
ultrathin InN layers, where each successive layer is deposited at a slightly higher temperature until the
temperature reaches 610 ◦ C. Such temperature ramping facilitates the formation of larger islands with
better alignment due to the increased diffusion of In adatoms, determined by the ultrathin InN layers
deposited at the lowest growth temperatures [41]. The temperature ramp approach is similar to using
two-step growth with a low-temperature InN buffer [43] or a graded composition InGaN buffer [9],
which are reported to improve the structural quality in the InN epilayers.
Furthermore, photoluminescence (PL) measurements of the structure at room temperature were
performed. The PL spectra consist of two parts corresponding to the near-infrared (InN) (Figure 4a)
and to the UV (p-GaN) (Figure 4b) spectral regions. The InN PL spectrum is centered at 1580 nm
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consequently, for single-type carrier injection, the current conduction is expected to be space-charge
limited. At larger applied voltages >0.5 V, the J–V does not deviate considerably from linearity,
indicating low series resistance and retaining a low density of interface states. Figure 5b shows
corresponding EQE spectra of the unbiased InN/p-GaN heterojunction. The carrier collection peaked
in the wavelength region of 400–500 nm.
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4b;
in Figure
7a showstransitions
the band bending
behavior
at same
the InN
and p-GaN
interface
that underlines
this
implies that
conditions
areabsorption
favorableof
forphotons
both charge
generated
the p-GaN
to in
reach
heterojunction
formation.
The
leads carriers
to the formation
of in
excess
electrons
the
the
contacts,
that
is,
electrons
down
the
barrier
towards
the
n-contact
and
holes
to
the
p-contact
n-side and excess holes in the p-side of the device, generating a voltage drop Voc across the junction.
(see
7a).
The sameregion
appliesintothe
thep-GaN
broad band
at 375–550
(3.3–2.2
eV), which
correlates
with
The Figure
broader
depletion
maintains
spacenm
charge
neutrality,
which
results
in
known
transition
mechanisms:
(i) inbythe
UV
range
peaked atlight
3.20–3.26
eV,6).
the
Mgelectrons
doping
efficientmultiple
collection
of the carriers
generated
UV
and
blue–visible
(Figure
For
introduces
acceptors
with the
an ionization
energy of 200
meV;
(ii) in the (Figure
blue spectra
range peaked
there is no shallow
offset, while
for holes,
potential barrier
0.3 eV
is obtained
7a). Nevertheless,
at
2.7–2.9
eV, thenm
compensating
deep
formed atelectrons
high p-doping
levels
responsible
forInN,
the
with
1600–1800
wavelengths,
by 1donors
sun irradiation,
and holes
areare
generated
in the
donor-to-band
or donor-acceptor-pair
transitions
[45]. The
dissociation
of electron–hole
pairs
enhanced
and when a sufficient
reverse bias (−20
V) is applied,
holes
can overcome
the interface
barrier
and
under
reverse
bias is likely
for (NIR)
that. region
Surprisingly,
in reverse
the 300–600
nm presence
range is
generate
photocurrent
for theresponsible
near-infrared
(Figurethe
7b).EQE
In the
bias, the
enhanced
significantly
above
100%.the
At −
20 V reverse
bias we could by
observe
also a contribution
to the
of recombination
centers
affects
overall
I–V characteristics
the generation
of additional
EQE
for
the
longer
wavelengths
(>1500
nm)
(Figure
6b).
The
band
peak
position
for
carrier
extraction
electron–hole pairs within the depletion region, which greatly exceeds the unbiased state. The
found
at 1780
(~0.7 eV)
to the will
InNreach
energy
bandgap [44].
6c highlights
the
generation
ratenm
of carriers
in corresponded
the depletion region
a maximum
whenFigure
Eg/2. Since
the intrinsic
nonlinear
increase
the photocurrent
as a function
bias.InN
Thiswith
suggests
that energy
the p–ngap
junction
concentration
is aoffunction
of the energy
gap of of
thereverse
material,
a small
will
is
normally
operated
the generated
photocurrent increases exponentially with the applied bias
therefore
exhibit
highand
generation
rates [50].
attaining
a 2kT/q
slope in theof
semi-log
(I–V)
plot
dueunder
to recombination
effects [46].
Although
enhancement
the EQE
over
unity
different excitation
conditions has been
In order
to analyse
the junction
existing
at theofinterface
of InN/p-GaN,
have in
constructed
a
widely
reported
in the literature
[51,52],
the origin
the increase
up to 1400%we
in EQE
InN/p-GaN
band
diagram based
measurement
results
7a). to
The
schematic
energy
heterojunction
underon
−20our
V reverse
bias is not
yet and
clearcalculations
and may be(Figure
attributed
various
factors.
The
band
diagram of
the InN/p-GaN
heterojunction
under irradiation
is shownregion
in Figure
7a, which reflects
enhancement
might
originate from
an enlargement
of the depletion
contributing
to the
the
type-I straddling
[47]. Nitride
semiconductors
are pyroelectrics,
thatactually
is, they increases
present a
enhanced
absorptionconfiguration
and charge collection
efficiency
at the junction.
Bias voltage
strong
polarization
to fixed charges
in the
structure
[48,49].
The band
diagram
in Figure
7a
the ionized
donor due
concentration
of GaN
andcrystal
decreases
its work
function
while
harvesting
photo
shows
bending
behavior
and
p-GaN
interface
that
underlines
the heterojunction
carriersthe
in aband
globally
larger
volumeat
forthe
theInN
light
in the
spectral
region
300–600
nm. Likewise
for carrier
multiplication (CM), a larger depletion region ensures that any photogenerated carriers are efficiently
collected [6,7,53].
The key aspect is to extract multiple excitons and hot carriers before they thermalize to the band
edge and rapidly recombine. In principle, that could be possible in our case when the relative highvoltage reverse bias is applied. For the hot carrier contribution, however, InN should be most likely
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formation. The absorption of photons leads to the formation of excess electrons in the n-side and
excess holes in the p-side of the device, generating a voltage drop Voc across the junction. The broader
depletion region in the p-GaN maintains space charge neutrality, which results in efficient collection of
the carriers generated by UV and blue–visible light (Figure 6). For electrons there is no offset, while
for holes, the potential barrier of 0.3 eV is obtained (Figure 7a). Nevertheless, with 1600–1800 nm
wavelengths, by 1 sun irradiation, electrons and holes are generated in the InN, and when a sufficient
reverse bias (−20 V) is applied, holes can overcome the interface barrier and generate photocurrent for
the near-infrared (NIR) region (Figure 7b). In the reverse bias, the presence of recombination centers
affects the overall I–V characteristics by the generation of additional electron–hole pairs within the
depletion region, which greatly exceeds the unbiased state. The generation rate of carriers in the
depletion
region 2018,
will8,reach
a maximum
when Eg /2. Since the intrinsic concentration is a9 function
of
Nanomaterials
x FOR PEER
REVIEW
of 13
the energy gap of the material, InN with a small energy gap will therefore exhibit high generation
lattice type, likewise for the GaN (0002) peak at 34.5° (Figure 1), weakening our expectation for the
rates [50].
hot carrier contribution.
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Figure 6. (a) EQE of the InN/p-GaN junction at the reverse bias of 0, −5, −10 and −20 V, (b) EQE
EQE of the InN/p-GaN
junctionat
at the
reverse
bias of 0,bias
−5, −10
V, (b)
EQE spectra
spectra Figure
of the6. (a)
InN/p-GaN
heterojunction
−20
V reverse
inand
the−20NIR
spectral
region, (c)
of the InN/p-GaN heterojunction at −20 V reverse bias in the NIR spectral region, (c) corresponding
corresponding photocurrent density as a function of the reverse bias whereby the line is a guide
photocurrent density as a function of the reverse bias whereby the line is a guide to the eye.
to the eye.

Although enhancement of the EQE over unity under different excitation conditions has been
widely reported in the literature [51,52], the origin of the increase up to 1400% in EQE in InN/p-GaN
heterojunction under −20 V reverse bias is not yet clear and may be attributed to various factors.
The enhancement might originate from an enlargement of the depletion region contributing to the
enhanced absorption and charge collection efficiency at the junction. Bias voltage actually increases
the ionized donor concentration of GaN and decreases its work function while harvesting photo
carriers in a globally larger volume for the light in the spectral region 300–600 nm. Likewise for carrier
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multiplication (CM), a larger depletion region ensures that any photogenerated carriers are efficiently
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Our results show that the photocurrent is increasing nonlinearly with the reverse bias (Figure

The 6c)
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to extract
hot carriers
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(see Figureexcitons
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to three they
times thermalize
the InN
bandgap.
This
observation
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support
further
the
contribution
from
CM,
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was
band edge and rapidly recombine. In principle, that could be possible in our case when the relative
demonstrated in bulk InN to occur at photon energies roughly up to three times its bandgap [53,55].
high-voltage
reverse bias is applied. For the hot carrier contribution, however, InN should be most
When the reverse bias approaches the breakdown level, amplification factors at the electrical level
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Due to the increased reverse bias (>−10 V),
◦
lattice type, likewise for the GaN (0002) peak at 34.5 (Figure 1), weakening our expectation for the hot
photocurrent generation proceeds at the breakdown level leading to the separation of multiple
carrier contribution.
excitons and efficient electron–hole generation, therefore contributing significantly to the EQE of the
Ourheterojunction.
results showBecause
that the
photocurrent
is increasing
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bias
of the
large conduction
band offset of
the nitride materials,
high level
of (Figure 6c)
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the
tunneling
and
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generation
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the
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This observation
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InN to occur
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photon
4. Conclusions energies roughly up to three times its bandgap [53,55]. When the reverse bias
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breakdown level, amplification factors at the electrical level can take place [56]. In order
In summary, efficient electron–hole pair generation and extraction in a superior-quality InN/pto get a better
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GaN heterojunction
interface
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crystallinity
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growth
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reverse biases (Figure 7b,c). Because the depletion layer is relatively thin (in the range .ofThe
nanometers),
heterojunction
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region was simulated,
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band. Due to the increased reverse bias (>−10 V), photocurrent generation proceeds at the
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efficient
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band offset of the nitride materials, the high level of Mg doping improves the tunneling and therefore
Author Contributions:
Conceptualization,
V.S. and R.T.; methodology,
M.S., V.S.,
D.M. and R.T; formal analysis,
overall photocurrent
generation
at the InN/p-GaN
heterojunction
[57].
M.K., A.K., D.D., T.M., M.L. and I.R.; investigation, M.K., A.K., D.D., T.M., M.L. and I.R.; data curation, M.K.,

4. Conclusions
In summary, efficient electron–hole pair generation and extraction in a superior-quality
InN/p-GaN heterojunction interface grown by pulsed MOVPE was achieved. The considerably
improved crystallinity was obtained thanks to pulsed nature and higher-temperature growth process.
The InN/p-GaN heterojunction depletion region was simulated, demonstrating 22.8 nm width
extended by four times more into p-GaN than InN. Experimentally, good rectifying behavior and
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photo-carrier extraction without external electrical field was observed. Under increased reverse bias
voltage at the enlarged depletion region width the EQE exceeded unity in the blue spectral region
(300–550 nm) due to carrier multiplication and photoconductivity. The optical generation of additional
electron–hole pairs within the depletion region still makes a significant impact onto the unbiased state.
Author Contributions: Conceptualization, V.S. and R.T.; methodology, M.S., V.S., D.M. and R.T; formal analysis,
M.K., A.K., D.D., T.M., M.L. and I.R.; investigation, M.K., A.K., D.D., T.M., M.L. and I.R.; data curation, M.K., A.K.,
D.D., V.S., T.M., M.L. and I.R.; writing—original draft preparation, V.S.; writing—review and editing, V.S., D.M.
and R.T.; supervision, V.S. and R.T.; funding acquisition, D.M. and R.T.
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Council of Lithuania. DM would like to thanks the support of EPSRC (EP/M024938/1).
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