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ARTICLE INFO ABSTRACT

Keywords: In this paper, a two-layer model was used to investigate the electrical properties of InGaN epilayer grown
InGaN by MOCVD on a semiconducting GaN template substrate. The elaboration process was optimized to obtain
Epitaxy high-quality InGaN epilayers with respect to the indium composition. The details of structural and optical
I'I'Ahci)r?\f/illjm properties as well as the surface morphology evolution were studied using X-ray diffraction, photoluminescence
Characterization spectroscopy, and atomic force microscopy, respectively. The electrical transport properties were measured
Van der Pauw using the van der Pauw/Hall effect method combined with a two layer model for the first time for InGaN.
Hall effect The obtained experimental results combined with the developed model allowed to precisely extract the
Two-layer model electrical properties of the InGaN epilayers and correlate them to the structural properties. The developed
Solar cell model procedure and code are made available and can be easily adapted to other III-N and III-V compound

semiconductors grown on a semiconducting substrate.

1. Introduction

Indium gallium nitride (InGaN) ternary alloy is one of the most
promising and outstanding materials for modern photonic and elec-
tronic devices. With the recent advancement of InGaN as active ma-
terials in solid-state lighting technologies, particularly in ultravio-
let/blue/green light-emitting diodes to continuous wave laser diodes
[1-3], a focus has been drawn into elaborating and developing the
material into a high-efficiency photovoltaic application owing to its fas-
cinating intrinsic properties [4,5]. The fundamental bandgap of InGaN
alloy can be engineered from 0.67 eV (InN) to 3.4 eV (GaN), which is
the only material among the III-V semiconductors (including III-Nitride)
that provides an excellent spectral match with the solar spectrum.
In addition, the absorption coefficient of InGaN is much higher than
any other III-V material, thus making it possible to develop into thin-
film solar cells. InGaN also possesses experimental carrier mobilities
higher than 300 cm?/Vs [6], high resistance to extreme conditions with
an operating temperature as high as 400 °C [7,8], a high ionizing
radiation tolerance with the irradiation-induced degradation in the
photoluminescence intensity lower than 0.1 decade/10'> MeV /g [9] and
a predicted lifetime better than 30 years under solar storm proton
irradiation [7], and very high chemical stability [10], allowing the
fabricated photovoltaic devices to be operated in a harsh environment.

The work in this area has been focused on addressing the main
technological challenges, primarily on the InGaN epitaxial growth, such
as the difficulty in growing high-quality In-rich monocrystalline InGaN
epilayers with optoelectronic properties suitable for applications such
as solar cells [11-15]. This is because almost all epitaxially grown
In-rich InGaN films tend to possess phase separation and composition
fluctuation within the grown structure due to the solid phase miscibility
gap. The existence of the solid phase miscibility gap in InGaN alloy is
related to the mismatch between the lattice parameters of the binary
GaN and InN. Thus, it is essential to precisely control the InGaN
epitaxial growth parameters such as growth temperature/pressure and
precursor flow rate to realize high-quality In-rich InGaN films. Indeed,
the impurities and other strain-related defects such as point, and V-
defect can be introduced into the epitaxial films during the growth
process due to the mismatch. These defects can contribute as a re-
combination site for the photoexcited carriers, lowering the overall
photovoltaic properties of the fabricated devices, such as lower short
circuit current density and shorter carrier lifetime. Nonetheless, the
created defects induced by the mismatch can be partially mitigated by
using the GaN template. This method has been demonstrated in LED
technology, where thin InGaN multi-quantum wells with low indium
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composition can be grown relatively in strain when heteroepitaxially
grown on a thick GaN buffer layer [16]. However, through this trans-
verse structure configuration, it is known that the outcome of the
crystal quality, as well as the electrical and optical properties of the
InGaN epilayer are heavily dependent on the buffer layer/substrate
condition.

For instance, the electronic properties of an active layer grown on
a semiconducting substrate are particularly challenging to investigate
using a typical electrical characterization method such as the Hall
effect with van der Pauw configuration since the underlying thick
semiconducting GaN template can strongly influence the outcome of
the measured electrical transport properties such as resistivity, carrier
concentration, and mobility. The necessity to grow InGaN on a semi-
conducting substrate in our case is justified by two reasons. First, the
final objective of optimizing InGaN/GaN is the development of InGaN-
based solar cells in the transverse configuration where the bottom layer
should be highly doped for the deposition of ohmic contact. Second,
the optoelectronic properties of III-Nitride materials depend on the
substrate and a study on a particular substrate cannot be extrapolated
to a different one. To overcome this limitation, we proposed for the
first time for InGaN/GaN heterostructures a two-layer methodology
using the theoretical formalism in [17] to investigate the transport
properties of the InGaN epilayer grown in such structure configuration.
This model extends the classical two-layer approach developed for
layers with different types and/or for non-isolated layers either with top
or lateral contacts [18,19]. This classical procedure is inherently not
adapted to InGaN/GaN heterostructure where the conduction between
the InGaN epilayer and the semiconducting GaN substrate under the
contact region as well as the conduction in the substrate itself dom-
inates the measured electrical characteristics. The main advantage of
the method used in this work is the fact that it takes into account
the contribution of the GaN substrate and the conduction between
it and the InGaN epilayers, permitting to achieve reliable and high
precision van der Pauw and Hall effect measurements for the same
InGaN/GaN heterostructure that will be used in the actual device. The
procedure was applied to perform a study of the transport properties
of InGaN epilayer with respect to indium composition ranging from
about 4% up to 11%. Using this approach, the transport properties
of the InGaN epilayers are discussed in conjunction with a detailed
study of the structural properties using X-ray diffraction, atomic force
microscopy, and photoluminescence spectroscopy. The developed code
of the two-layer model analysis for the van der Pauw and Hall effect
characterization method is made available and can be easily adapted
to other materials where the active layer is grown on a semiconducting
substrate.

The study of the transport properties, using this two-layer method,
of InGaN/GaN heterostructure elaborated using MOCVD and character-
ized using X-ray diffraction, photoluminescence and AFM technique,
is presented with, first, the experimental procedure described in Sec-
tion 2. Then, Section 3 presents the structural and morphological
properties of the elaborated layers. Section 4 develops in detail the
two-layer method and its application to InGaN/GaN and discusses
the correlation between the extracted electrical properties and the
structural properties.

2. Elaboration and characterization procedure

The InGaN/GaN heterostructures were epitaxially grown using the
Taiyo Nippon Sanso Corporation (TNSC) MOCVD SR4000-HT system
on 3.850 pm thick GaN/sapphire substrate. During the epitaxial process,
triethylgallium (TEGa), trimethylindium (TMIn) and NH; were used as
gallium, indium and nitrogen precursors respectively with N, as the
carrier gas for InGaN layers. The indium composition in the grown
InGaN epilayer can be varied by changing either the metal-organic
source flows or the growth temperature. In the MOCVD horizontal
reactor system we used, the indium composition within the grown
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structure is predominantly determined by the growth temperature oper-
ation while not significantly affected by the TMIn flow rate, as already
reported in literature [20,21]. When using the first method, varying
the metal-organic source flows, we observed the formation of indium
droplets on epitaxially grown InGaN films, due to the reduction in
the V/III ratio. This can result in the subsequent deficit of nitrogen
precursor leading to In-N bond dissociation, and subsequently reduced
the quality of the grown structure. In contrast, by varying the growth
temperature and keeping the same optimized metal-organic source
flows, we did suppress the formation of indium droplets as well as
maintaining the crystal quality of the grown structure characterized by
mean of XRD, AFM and PL. Thus, we varied the growth temperature
settings between 860 °C and 820 °C in order to manipulate the indium
composition within the grown structure, while keeping constant the
other growth parameters (flow rates, V/III and TMI/III ratios, growth
duration, cf. Table 1). The repeatability of the MOCVD elaboration
process was verified by repeating the InGaN growth several times with
the same combination of the elaboration parameters. In addition, the
InGaN layers were elaborated on different GaN/Sapphire substrates,
with similar doping which is necessary to our application, to further
optimize the growth process and to check the proposed two-layer model
robustness.

The crystallinity and defect density of the grown InGaN/GaN het-
erostructures were investigated using the high-resolution X-ray diffrac-
tion (HR-XRD, Bruker D8 Discover) system with a triple-axis configu-
ration on symmetric (0002). The indium composition of the epitaxial
layer was estimated through the analysis of the XRD triple-axis curves.

A field emission scanning electron microscope (FE-SEM, FEI Nova
NanoSEM 450) and atomic force microscopy (AFM, Dimension EDGE
Bruker) was used to observe the surface morphology, structural changes,
and thickness of the grown structure. The optical properties of the
grown structures were investigated by using photoluminescence spec-
troscopy (LabRam HR 800 UV, Horiba Jobin-Yvon).

The electrical transport properties of the grown InGaN/GaN het-
erostructures were measured using the van der Pauw/Hall effect tech-
nique in all configurations and with respect to the current intensity
using a home-made setup with a 0.55 T permanent magnet and two
source-measure units (SMU) from Keithley (2602 and 2636B models).
The acquisition and analysis procedures are fully automated using
software developed internally. The implementation of the two-layer
model to extract the electrical transport properties of the grown InGaN
epilayer is detailed in Section 4.

3. Morphology and structural properties

To study the growth of InGaN/GaN and to prepare the grown sam-
ples for the electrical measurements, we conducted a comprehensive
analysis of the morphology and structural properties using XRD, PL and
AFM in the conditions detailed in the previous Section 2.

Fig. 1(a) shows the @ — 26 scan on symmetry (0002) of InGaN/GaN
heterostructure as a function of InGaN growth temperature (860 °C,
840 °C and 820 °C). The main difficulty associated with elaborating
InGaN thin films is related to the high saturation of InN vapor pres-
sure [22,23] that can be partially addressed by lowering the growth
temperature to enhance the indium incorporation. However, at rela-
tively low temperatures, ammonia dissociation will become inefficient.
It is thus necessary to optimize rigorously the temperature range to
elaborate single phase monocrystalline InGaN layers. In our case, the
optimized range corresponds to a growth temperature between 820 °C
and 860 °C. In this range, the indium compositions were estimated
through the analysis of the diffractograms with values 4.02%. 6.56%,
and 10.86% for the InGaN epilayers grown at 860 °C, 840 °C, and
820 °C, respectively. The extracted lattice parameter shows an in-
creasing linear trend as a function of indium composition as shown
in Fig. 1(b), suggesting that different amounts of indium have been
successfully integrated into the structure. It should also be noted that
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Table 1
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InGaN/GaN samples main MOCVD elaboration parameters. The layers thicknesses were measured using field emission scanning
electron microscopy. The InGaN thickness is about 350 nm for all considered compositions. The TEG and TMI flow rates were
fixed at 69.3 sccm and 184 sccm respectively; the V/III and TMI/III ratios were fixed at 15777 and 57% respectively.

Structure Growth Indium Indium Total thickness
temperature (°C) composition x (%) composition x (%) (pm)
and duration from XRD from PL
GaN/sapphire 1120 - - 3.850
60 minutes
InGaN/GaN/sapphire 860 04.02 03.91 4.200
direct growth
252 minutes
InGaN/GaN/sapphire 840 06.46 06.64 4.200
direct growth
252 minutes
InGaN/GaN/sapphire 820 10.86 11.50 4.200
direct growth
252 minutes
0.045
. e lattice c x  peak width
S 0.528
s —
z g 0.035 7
2 Ny g
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Fig. 1. 1(a) & 1(b): XRD diffractograms of InGaN/GaN heterostructures and the InGaN lattice parameter and peak width with respect to the InGaN growth temperature. The
extracted indium compositions are: 04.02% for a growth temperature of T = 860 °C; 06.46% for T =840 °C and 10.86% for T = 820 °C.

no additional peaks related to InN/GaN phases were detected within
the sensitivity of the instrument, indicating that the epilayers were
successfully grown without any existence of phase separation. How-
ever, decline in the peak intensity, as well as the broadening of the
peak width, seen in as a function of InGaN growth temperature, which
suggests that there is an overall decline in the quality of the grown
structure as usually observed in the III-N alloys [24,25].

In order to additionally verify the indium composition and the
structural properties derived from the XRD results analysis, photolumi-
nescence (PL) spectroscopy measurements were carried out by exciting
the grown InGaN/GaN heterostructure using 325 nm of He-Cd laser
with fixed excitation power at 20 mW. The PL spectra of the three
samples are shown in Fig. 2. The plot shows that all structures possess a
distinct band edge emission peak at 382.7 nm, 396.2 nm, and 421.8 nm,
corresponding to the InGaN epilayer grown at 860 °C, 840 °C, and
820 °C, respectively with a weak broad emission band most likely orig-
inating from nitrogen vacancies [26]. These deep levels are probably
formed due to the reduction in the ammonia dissociation, which is
related to the InGaN growth temperature. The redshift in the band
edge emission peak is also observed when the growth temperature of
the InGaN layer is reduced, indicating the enhancement of the indium
incorporation in the grown InGaN epilayer. The indium composition
estimated through PL spectroscopy was at 3.91%. 6.64% and 11.5%
for the InGaN epilayer grown 860 °C, 840 °C, and 820 °C, respectively.
The obtained values of the indium composition through this method
are in good agreement with the value obtained through the analysis
of the XRD curve. The PL spectra, with no additional InN/GaN phases
related peaks, also indicate that the InGaN layer was successfully grown
without any occurrence of phase separation, which are similarly shown
in the XRD measurements.

A ¢
—_ (=1 o o
- o < o
3 © o] [
8
z
@
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£
()
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o
(]
O
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£
E
3
2
o
=
o
350 400 450 500
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Fig. 2. Room temperature normalized photoluminescence spectra of InGaN/GaN
heterostructure as a function of InGaN growth temperature. The extracted indium
compositions are 03.91% for a growth temperature of 7' = 860 °C; 06.64% for T = 840 °C
and 11.50% for T =820 °C.

To complete the structural study, we investigate the evolution of
the surface morphology of the grown InGaN/GaN heterostructure as a
function of indium composition: an AFM measurement with a 5x5 pm
scan area was carried out on the surface of the grown InGaN/GaN
heterostructure as shown in Fig. 3(a), 3(b), and 3(c). From observation,
no indium droplets were detected on the surface of the grown structure
within the AFM scan area. The AFM topography image reveals that
all structure depicts a clear step and terrace feature, which indicates
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()

Fig. 3. AFM images of InGaN/GaN heterostructure with different indium compositions: 04.02% (3(a)); 06.46% (3(b)) & 10.86% (3(c)).

that the InGaN epilayer’s growth process was dominated by step-flow
growth mode [27,28]. Although the surface show dense and continuous
morphology, multiple formations of V-pits can be seen on the surface
of the grown structure. The V-pits’ formation can be attributed to
the interaction between the step structure and dislocations introduced
by the strain during the growth process. The introduced screw and
other mixed type dislocation originated from the mismatch, and alloy
disordering will seize the advancement of the surface terrace step and
cause it to bow out from the initial point, resulting in the formation
of the observable V-pits [29]. Moreover, the increase in the indium
composition also can induce an additional internal strain within the
grown structure, which can be released through threading dislocation
and stacking faults. As a result, it will reduce the quality of the
grown structure. This effect is similarly observed in the reduction of
the XRD intensity peak as shown in Fig. 1(b) and the increase the
density and size of the V-pits for InGaN epilayer with high indium
composition. The RMS surface roughness was slightly increased from
1.2 nm to 1.8 nm for structures with 4% and 11% indium composition,
respectively. This behavior can be attributed to the Ehrlich-Schwoebel
barrier (ESB), which involves the kinetic barrier energy at the growth
surface step-edge [30].

4. Electrical characterization and two-layer model

After the optimization of the growth conditions and the analysis
of the morphology and structural properties of the InGaN epilayers on
GaN, a detailed electrical study was conducted in order to understand
the impact of the growth conditions on the electrical properties. As
detailed in the introduction, the main challenge when electrically
characterizing the InGaN/GaN heterostructure is the contribution of
the GaN layer to the conduction. In the following sections, the two-
layer model and its application to this structure is detailed. First, the
electrical characterization protocol is presented and, second, the two-
layer model is developed and, last, the application of the model to the
InGaN epilayers on GaN is investigated and the results correlated to the
structural properties discussed in the previous sections.

4.1. Experimental protocol

The electrical measurements were done using the van der Pauw/Hall
effect technique in all configurations and with respect to the current
intensity using the setup described in the experimental procedure
Section 2. For all samples, indium was deposited to form the four ohmic
contacts and the ohmicity was systematically checked and the contacts
size was kept sufficiently small compared to the distance between them.
Figs. 4(a) and 4(b) show configurations used for the van der Pauw and
Hall measurements. To accurately measure the transport parameters
using this technique, it is mandatory to acquire a large set of data by
changing the geometry and by varying the current and the magnetic
field direction. In particular, the Hall voltage is impacted by a large

offset due to the geometry (sample shape, contact size and placement,
etc.) and the current-induced heating. Using such a rigorous procedure
permits to extract precisely the parameters from the data set. Reference
samples of zinc oxide (ZnO), indium tin oxide (ITO) and ZnO/ITO on
sodalime glass were used in order to check the accuracy and robustness
of the electrical characterization procedure and the two-layer model.
From the measurements in the van der Pauw configuration, the
resistivity p is obtained by exactly solving the classic van der Pauw
equation (1) knowing the film thickness and measuring R, and R,:

exp(—n%>+exp<—npR—;> =1 (€]

The R, and R, resistances are extracted by measuring the voltages in
different geometries and by reversing the current for each geometry:

* Vag> Ipc)s Veas —Ipc); Vpes 1ap) Veps — 1ap)
* Ves Ipa)s Veps —1Ipa)s Vpas Ipe)i Vap, — Ipe)

(V4p> Ipc) means that the current is injected between D and C (cf.
Fig. 4(a)) and voltage measured between A and B, and equivalently
for the following notations. The resistivity p is acquired with respect
to the injected current, varying in a relatively large current range, to
ensure the accuracy and robustness of the measurements.

For the Hall configuration, the Hall voltage V; is extracted from
the set of measurements by varying the current, reversing the magnetic
field and changing the geometry:

* Vac» Ipp, +B); Vyc.dpp, — B); Vs, —Ipp, + B); (Veys

IDB’ _B)
* Vpgs Iac» +B); Vpp, Lpc, — B); Vgp, —Isc, +B); Vpp, —
Iye. —B)

(Vac» Ipp, + B) means that the current is injected between D and B,
the magnetic field B applied in the direction taken as positive and the
voltage measured between A and C (cf. Fig. 4(b)). Then the extracted
Hall voltage V for a given current I and magnetic field B is used to
calculate the carrier concentration n:

I B

nqt

VH = (2)

Where g is the elementary charge and ¢ the sample thickness. The
carrier mobility is deduced from » and p.

The measurements include of course the whole heterostructure and
therefore the contribution of the epilayer and that of the substrate
cannot be discriminated, particularly when the substrate is thick and
conductive. This is why using the two-layer model presented in the next
section is crucial to extract the epilayer transport properties.

4.2. Two-layer model
Considering the InGaN/GaN heterostructure, schematically repre-

sented in Figs. 4(a) and 4(b) in the van der Pauw/Hall configura-
tion with top placed contacts, the whole structure conductivity ¢ and
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(b)

Fig. 4. Van der Pauw (4(a)) & Hall (4(b)) configurations for the measurement of resistivity and carrier concentration of InGaN/GaN thin films. In Fig. 4(b), U, is the applied
voltage in a given x direction corresponding to the injected current and U, is the open-circuit induced Hall voltage.

mobility u are given by the following equations [17]:

U ILO_ Uss ts
Tu.r ot Ut S
Ux,LUy,L (9 tL Ux,SUy,S Og tS (3)
H="0u,e0 M U0, 01 'S

Where index L refers to the InGaN epilayer and S to the GaN substrate;
U, ; is the applied voltage (in a given x direction corresponding to the
injected current) to the epilayer and U, s the applied voltage to the
substrate; U, ; is the voltage induced in the epilayer by the Hall effect
(in the direction y of the measured Hall voltage, perpendicular to x) and
U, s the induced voltage in the substrate; U, is the total applied voltage;
t; is the epilayer thickness and ¢y the substrate thickness; r is the
total structure thickness. o; and og are the conduction of the epilayer
and the substrate, respectively. Relations (3) are simply derived from
the fact that: (i) the total current in the direction corresponding to
the applied voltage is the sum of partial currents in the epilayer
and substrate; (ii) the mobility is given by the relation between the
injected current, related to the applied voltage (in the x direction), and
the open-circuit measured Hall voltage (in the y direction) under the
applied magnetic field (cf. Fig. 4(b)). In this two-layer structure, one
can model the voltage U, ; (and U, s) and the corresponding current
with a resistance R, ; for the epilayer and R, g for the substrate. In the
same way, the Hall induced voltage is represented by resistances R,
and R, 5. Using such an equivalent circuit formalism, one can write the
voltages as following:

U _ Rx,L
L x Rx,L + rx,L
Ry 1
v, = U —22
»L YR, +r,p
YR @
Uy = U —1x8
*$ * Rx,S + rx,S
U = U,
ST R L,
4 "Rys+r,s

Where r, ; and r, g correspond to the series resistance, in the region
under the contacts, between the contact and the epilayer, and the
epilayer with the substrate, respectively. Similarly r,, and r, g are the
series resistances for the y direction.

Simplifying Eq. (3) using relations in (4) gives the expression of the
conductivity ¢ and mobility u of the whole InGaN/GaN heterostructure

as follows:

L Is
O =ML oL + x5~ 0S8

M=y My %”L + Nxsty,s %ﬂs
_ R, L
Tl = Rep+rar
no = RR% )
y.L »L
R
s = Rx,S + rx,S
= Ry,S
ys = Rys+r,g

Where the parameters # are defined as correction factors depending
on the resistances of the epilayer and the substrate and the series
resistances between the layers. The determination of these parameters
n in our case is crucial since it permit to reliably extract the epilayer
conductivity and mobility knowing the substrate ones by taking into
account the series resistance between the epilayer and the substrate in
the region under the contacts. If equal to the unity, the equations give
the classical case of negligible series resistance between the layers.

In the squared configuration we used (Figs. 4(a) and 4(b)), #, .
and #,; can be considered equal: n,, = n,;, = n, and 5,5 =
1,5 = s We made a second assumption by considering negligible the
series resistance between the top placed contacts and the epilayer. This
assumption is well justified considering the four-probe configuration
and the very low contact resistance of the soldered indium contacts.
Thus the only series resistance is the one between the epilayer and the
substrate. Then with 5; ~ 1 and ng =5 we can rewrite Eq. (5) as:

t t
o= —LGL + nias
_oplp 20s s
H= Hp + 1 Hs
ot ot

With this two equations, the objective is to extract the epilayer con-
ductivity ¢; and mobility 4; by knowing the substrate conductivity o
and mobility ug as well as the whole heterostructure conductivity o
and mobility p, with a given correction factor #:

t ts
6;=—06 — N—=0g
'L 'L
_ ot 205 lg
HL = oL fL” n oL 1L Hs 7)

oty —rlzostsﬂs
ot —nogtg

The fact that y; as a function of # exhibits a maximum value in our
case, therefore, # can be utilized to calculate ¢; and u; by using Eq. (7).
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Fig. 5. 5(a): Van der Pauw voltages with respect to the injected current with the nomenclature defined in 4.1; 5(b): Hall voltages, corrected from the voltage offset, with respect
to the injected current and for the two forward and reverse magnetic field; 5(c) & 5(d): Resistivity, carrier concentration and mobility for InGaN/GaN structure with an indium
composition of 04.02%. For the resistivity and carrier concentration, the error bars are plotted even if they are not clearly visible due to the log scale (for concentration) and their

small values (for resistivity).
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Fig. 6. 6(a) & 6(b): Resistivity, carrier concentration and mobility for InGaN/GaN structure and the extracted InGaN epilayer values, with respect to the indium composition.

4.3. Application to InGaN/GaN

We applied the two-layer model to the InGaN/GaN heterostructure
with a varying indium composition. The GaN substrate transport pa-
rameters o and ug were independently measured, using the procedure
described in 4.1 and the obtained values are given in Table 2.

Figs. 5(a), 5(b), 5(c) and 5(d) show the van der Pauw and Hall volt-
ages characteristics as well as the resistivity, carrier concentration and
mobility for InGaN/GaN heterostructure with an indium composition of
04.02% in the conditions detailed in Section 4.1. The elaboration param-
eters of InGaN/GaN are given in Table 1. The resistivity remains almost
constant with the injected current with no indication of layer heating
that could induce a change in its value. The extracted Hall voltage,
corrected from the voltage offset, displays an excellent linearity with

Table 2

The GaN/sapphire substrate mobility, conductivity and carrier concentration. The GaN
thickness was measured using field emission scanning electron microscopy as for
InGaN/GaN heterostructures.

Thickness Conductivity Mobility Concentration
tg (um) g (Q7lem™) ps (cm?V-ls™ ng (cm™)
3.850 +£0.010 2.734 £ 0.005 174 £ 1 (9.8 +0.2)x 10'°

the injected current permitting a reliable and precise carrier concentra-
tion determination. For this sample with 04.02% of indium, the epilayer
carrier concentration (1.3 x 10'8 cm~3) is much higher than the concen-
tration in the GaN substrate (9.8 10'® cm™3, given in Table 2) and that
of the whole InGaN/GaN structure (1.94 x 107 cm=3). The relatively
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high unintentional background doping in GaN grown by MOCVD is a
well-known phenomenon tentatively attributed, among other origins,
to nitrogen vacancy Vy or to substitutional oxygen Oy [31,32]. The
increase of the carrier concentration for InGaN when compared to GaN
is observed in our epilayers as shown in Fig. 5(d) for 04.02% of indium.
Lozac’h et al. [33] studied the deep defects in InGaN using DLTS (Deep
Level Transient Spectroscopy) and admittance spectroscopy, and iden-
tified a shallow donor state that could be related to indium fluctuation.
Indeed, the formation energy of nitrogen vacancy Vy (supposed to
explain, at least partially, the unintentional doping in GaN) decreased
with the increase of the number of adjacent indium sites that can form
a single donor [34]. Thus, the increase of the indium composition
induces an increase in the unintentional background doping that can
be attributed to this indium fluctuation.

Figs. 6(a) and 6(b) shows resistivity, carrier concentration, and
mobility of the grown InGaN/GaN heterostructure with the indium
composition ranging from about 4% to 11%. The carrier concentra-
tion slightly increases with indium composition. For a composition of
10.86% the carrier concentration is almost at the same value than that
for the lower composition. This behavior could indicate an incorpora-
tion of acceptor-like defects, such as carbon, acting as trapping sites for
electrons and partially compensate the increasing donor concentration
induced by indium. In addition to the point defects mentioned above,
dislocations, in general, play a crucial role in defining the transport
properties of the grown structure, such as mobility, resistivity, and
carrier concentration. The defect centers introduced during the growth
process can substantially influence the carrier transition. It is expected
that by increasing the indium content in InGaN alloy, the mobility will
increase due to lower electron effective mass since the effective mass
parameter of GaN and InN are 0.2m, and 0.11m,, respectively, with m is
the free electron mass. In this work, however, the reduction in mobility
can be clearly observed as the indium composition increased, similarly,
reported in previous literature [35]. This trend can be associated with
the enhancement in the alloy disordering effect, which can be evidently
shown in the XRD and AFM results where the broad and low-intensity
peak of the XRD curve (Fig. 1(b) and Section 3) as well as the increase
in the surface roughness can be observed as a function of increasing
indium composition. This indicates that the structure experiences a
degradation in the crystal quality caused by the extended defects
such as screw and other mixed type dislocation that can induce high
dislocation scattering of electrons.

5. Conclusions

In this work, a two-layer model was developed to study the elec-
trical properties of InGaN epilayers grown by MOCVD on GaN tem-
plate substrate. The growth conditions were optimized to obtain In-
GaN monocrystalline single phase for indium composition up to 11%
and the structural properties were investigated using complementary
characterization techniques. The growth on a semiconducting GaN
template substrate, which was required for the application, necessi-
tated the development of the proposed method to obtain the InGaN
epilayer transport properties from van der Pauw and Hall effect mea-
surements on the InGaN/GaN heterostructure. The obtained results
correlate well with the structural properties and give a reliable way
to electrically characterize III-N heterostructures with the active layer
elaborated on a semiconducting substrate. The developed method for
InGaN can be easily extended to other IlI-Nitride and III-V materials.
All the experimental data and the developed code are open and made
available.
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