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Abstract: InGaN/GaN samples grown on c-plane sapphire substrate with different In concentrations
by metal organic chemical vapor deposition are demonstrated. The subsequent capping GaN layer
growth opens a possibility for dislocation reduction due to the lateral strain relaxation in growth
geometry. We present the further growth optimization and innovative characterization of InGaN layers
overgrown on different structures with varying In concentrations. The photoelectrical and optical
properties of the InGaN layers with/without capping GaN layer are investigated by time-resolved
picosecond transient grating and temperature dependence photoluminescence. We note a 10-fold
increase in carrier lifetime in the InGaN layers when the sample structure changed from PIN to single
InGaN layer.
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1. Introduction

The use of photovoltaic devices is attractive due to the high global energy demands and
the abundance, cleanliness, and renewability of solar energy. Among semiconductors, group III
nitrides feature excellent potential as replacements for traditional photovoltaic absorption materials
in high-efficiency solar-cell production [1-6]. The direct energy gap of the In,Ga;_xN system can be
adjusted by optimizing In composition to absorb the entire solar spectrum [7]. Excellent physical
features, such as high mobility, drift velocity, radiosity, thermal conductivity, and high-temperature
resistance, result in prolonged lifetime and strong light absorption, rendering InGaN alloys as possible
substitutes for traditional solar cell absorbents [7,8]. Si solar cells may be affected by unstable operation,
whereas InGaN-based solar cells possess the potential to operate smoothly in harsh environments [5].
Zhang et al. calculated the conversion efficiency of group III nitride photovoltaic devices in 2007 [9]
and recorded the efficiency of a single Ing ¢5Gag 35N battery at a value of up to 20%. InGaN/GaN,
as a battery interface, increases efficiency up to 35.1% [10]. Under a similar operating background,
Hsu et al. [11] improved the efficiency of InGaN/Si series solar cells by 35% using two InGaN junctions.
Theoretically, the efficiency of multi-junction solar cells increases with additional junctions, whereas that
of a series of solar cells containing eight stacked layers can reach 56% [2]. Although these characteristics
present broad prospects, the performance of solar cells using InGaN must be considerably improved
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owing to their low conversion efficiency [2,12]. The performance of InGaN solar cells is hindered by
structural degradation of thick InGaN layers. Alloys possess a high In content (>10%) owing to the
dislocation and relaxation caused by inhomogeneity and vacancy-related defects [13,14]. The limitations
of a thick InGaN layer are overcome by the use of multiple quantum wells (MQWs) or a superlattice
absorbing layer in solar cells to limit the accumulation of stress and control defect formation. Compared
with solar cells manufactured using a thick InGaN-absorbing layer [2,15,16], MQW structures improve
the crystallinity and performance of solar cell devices. The performance of InGaN MQW solar cells
can be further improved by increasing the number of quantum wells and thickness of the active
region [13,17,18]. However, the loss of collecting carriers and the increase in MQW region composition
result in the saturation of a large number of quantum wells by short-circuit currents [19]. Therefore,
photon absorption in InGaN MQW active regions for photovoltaic applications can be strengthened by
developing new structures that can achieve large InGaN active regions.

Nonlinear four-wave mixing (FWM) technology is becoming a general tool for describing a large
number of crystals and micron-scale semiconductor and nanostructures. FWM can quickly and reliably
evaluate new photoelectric materials and related technologies. This technology enables multiple
electrical parameter measurement of semiconductors in an all-optical manner on the basis of correlations
between electrics and optics. The unique advantage of FWM is its capability to directly analyze
transmission of carriers by changing the interval of optical interference patterns. Previous studies on
InGaN materials using FWM technology were carried out based on heterostructure and single quantum
well samples [20-22]. Okamoto et al. [20] have proven that the considerable decrease in external
quantum efficiency (next) of light-emitting diode in InGaN refers not to the increase in non-radiative
composite centers but the carrier delocalization caused by rapid diffusion. In previous studies,
we proposed a free carrier grating decay time with different spatial periods to determine the bipolar
diffusion coefficient, D = 2.1 cm?/s, with 470 ps effective carrier life for estimating the corresponding
40 cm?/V's hole mobility and 1018 cm™3 density of the carrier [21]. Time-resolved-FWM (TR-FWM) and
photoluminescence (PL) technologies are used to study the dynamics of the disequilibrium carrier
and the competition of non-radiative and radiative recombination in different In,Ga;_4N-doped
heterostructures to further describe the correlation between photoelectric transmission and structural
characteristics of InGaN alloy [22].

In this study, we optically analyzed InGaN/GaN samples grown on sapphire with different
In concentrations and capping layers. The grown structures were evaluated using time-integrated
luminescence and TR-FWM techniques. Section 2 discusses the growth conditions and experimental
procedures. Section 3 presents the X-ray diffraction (XRD), temperature dependence (PL), and TR-FWM
results. Finally, Section 4 provides the conclusions drawn from the study.

2. Sample Structures and Experimental Procedures

In this study, four different In,Ga;_«N/GaN samples were grown using metal organic chemical
vapor phase deposition. We performed the following steps to grow sample SI27. First, we purified
the sapphire substrate at 1800 °C, applied nitride to the surface, and grew a thin (2 pm) GaN layer at
530 °C. Second, we grew a 200 pm thick layer of Ing »7Gag 73N at 650 °C. Then, we improved the joining
between the Ing 7Gag 73N and GaN layers at 580 °C. CSI27 is a GaN layer with a growth thickness
of 120 nm and a growth temperature of 530 °C on SI27. For sample PIN27, the growth steps were as
follows. First, we purified the sapphire substrate at 1800 °C, applied nitride to the surface, and grew
a thin (1.5 um) GaN layer at 530 °C. Then, we grew doped Si at 550 °C to form an N-type GaN layer
with a thickness of 500 nm. Next, we grew the Ing»7Gag 73N layer at 650 °C. Afterward, we improved
the joining between the Ing27Gag 73N and GaN layers at 580 °C. Eventually, we grew doped Mg at
550 °C to form a P-type GaN layer with a thickness of 120 nm. Finally, we improved the joining
between the Ing 5;Gag 73N and P-type GaN layers at 580 °C. The growth conditions of sample PIN 15
were similar to those of sample PIN27, except that the In concentration was changed to 15%. Figure 1
shows the structures of the four samples.
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Figure 1. Scheme of InGaN/GaN sample structures used in this work.

Carrier dynamics in InGaN/GaN samples were investigated using picosecond FWM.
Temperature-dependent PL measurement was carried out through exciting 325 nm light using
50 mW He-Cd laser. Carrier flow dynamics in InGalN/GaN samples were studied using picosecond
FWM [23-27]. The set-up shown in Figure 2 was used to perform a TR-FWM experiment. Different
materials were measured using varying wavelengths to excite light from the carrier. A mode-locked
picosecond YAG:Nd laser (PL2143 type, Ekspla) or various resonant waves from an optical numerical
generator (PG401, Ekspla) were used as light source. The pump wavelengths provided by the set-up
were 532, 355, and 266 nm, and the pulse energies were 15, 10, and 5 m], respectively. The initial
beam diameter measured 1-2 mm for grating recording. The numerical generator could be adjusted
in the spectrum ranges of 420-680 and 740-2000 nm. The maximum pulse energy at 500 nm was
approximately 1 m]J. In the present study, the first resonant wave of most experimental lasers at 1064 nm
was used as a probe beam, which ensured the highest sensitivity of non-resonant refractive index
modulation for free carriers. The 355 nm picosecond numerical generator was used as pump beam for
recording instantaneous free carrier grating in InGaN layer and preventing light absorption in the
GaN layer. Attenuation was controlled, and pulse energy of the beam was recorded by rotating a A/2
plate in front of the grand prism. The optical path difference of interfering beams can be adjusted
using a short step-driven pump delay line to allow a delay time adjustment of up to 1.5 ns. Incident
beam energy was measured using an energy detector, and spatial profile of the beam was controlled by
a charge-coupled device line. Five measurements were performed with fixed probe beam delay at
time At, and data were integrated at the intensity window required for Iy + Aly (usually, Alp/Iy < 5%)
to measure the grating attenuation dynamics. The exposure characteristics under different levels of
excitation energy were measured by collecting 500-1000 times of laser irradiation. LabVIEW data
acquisition system was used to monitor experimental and data processing, and time showed the
measured FWM characteristics. A holographic spectroscope (HBS) was used to divide the pump beam
into two beams to form dynamic grating in the sample. Two interfering beams generated against HBS
were used to construct simple temporal and spatial adjustments, which enabled easy adjustment of
the dynamic grating period by replacing HBS with another grating with different spacing. This new
FWM tool is commonly used, reproducible, and easy to operate. In the experimental set-up shown in
Figure 2, 0 refers to the angle between two incident beams in a pump beam. Another study showed
other details of non-degenerate ps FWM using HBS components [27]. Excitation of crystal-free carrier
gratings with optical interference patterns shows advantages over those of other probe excitation
techniques. Given the temporal and spatial modulation of optical properties of matter by incident
light I(x) = Iy [1 + cos(Kx)], the disequilibrium carrier current distribution of spatial modulation was
generated N(x,t) = Ny(t) + AN(x,t) cos(Kx), where Ny and AN refer to unmodulated and modulated
carrier densities, respectively, along the grating vector K = 27t/A with the cycle of A. Free carrier
gratings were generated by repeating the modulation of instantaneous electrical properties by the
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modulation values An(x,t)~AN(x,t) with refractive index n [28]. The time interval of beam detection
corresponded to the delay in grating efficiency of n(t)~exp(—At/tg), which paralleled the time interval
of probe beam At = 1, in which the 1 value decreased by e2, whereas carrier modulation decreased
by e in this interval. Similar sampling was repeated in other grating periods, and the corresponding g
value was determined. The plot of inverse grating decay time 1/7g versus (27t/ A)2 (or the so-called
angular dependence of decay time) determined the diffusion coefficient and carrier recombination
time. One of the first two parameters was determined by the grating period, as shown below:

1 1 (2m\?
- = — =D 1
TG TR+(A) ()

where 1/7tR denotes the recombination time, and tp = A2/(4712D) indicates the diffusion time of the
grating erasure.
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Figure 2. Optical scheme of nondegenerate four-wave mixing (FWM) with holographic spectroscope
(HBS) as beam splitter.

3. Results and Discussions

3.1. Band Gap of InGaN

Recognizing that the energy gap of InGaN varies with In concentration is necessary for the design
of an InGaN-based optical power supply to obtain high-efficiency luminescence with a target light
wavelength from the InGaN layer. The change in the InGaN energy gap with In concentration is
also an important issue in theoretical research. Unfortunately, the light emission of InGaN originates
not from a uniform InGaN layer but from local structure due to In segregation, phase separation,
and other reasons. These phenomena result in a considerably lower PL emission compared with
the energy gap of the “carrier” InGaN layer and its unusability in obtaining the InGaN energy gap.
In literature, the most common methods used to measure the energy gap of InGaN include absorption
spectra [29,30], optical density measurements [31], and PL excitation spectra [32,33]. A discussion of
energy gap bending parameters of In,Ga;_4N as a function of x is underway. M. De Luca et al.reported
a pertinent study regarding high-In-concentration InGaN samples [34]. Given the difficulty of the
high-In-concentration growth of InGaN and pure In, the energy gap of In,Ga;_4N with high x or
x = 1 is rarely studied. Thus, the uncertainty of energy gap with high in concentration must be
studied. Given the improved growth of h-InN, the effects of O and interfacial metal clusters can be
avoided [35]. The InN energy gap has been measured and discussed in several papers. The new h-InN
energy gap is in the range of 0.7-1.4 eV. Bechstedt et al. [36] calculated the InN energy gap of 0.58 eV.
The sample we studied was an InGaN layer grown on a GaN buffer layer by using a sapphire (Al,O3)
substrate. The energy gap of InGaN and In concentration was determined using eq (2) according to

the reference [37]:
Egy = 0.7x+3.4(1-x) - 1.43x(1-x) )
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3.2. XRD Results

Figure 3 shows the w-20 line scan with different In,Ga;_4IN layers grown on sapphire (Al,O3)
substrate. The peak of Bragg reflection from the GaN buffer layer showed the greatest intensity;,
whereas the arrows in the figure represent the In,Ga;_4N peaks of four samples (i.e., SI27, CSI27,
PIN15, and PIN27). SI27 exhibited a diffraction signal of Ing 27Gag 73N at 33.56°. Sample CSI27 showed
a diffraction signal of Ing 48Gag 5pN and Ing 19Gag g1 N at 32.92° and 33.80°, respectively. PIN27 presented
the diffraction signals of Ing 47Gag 53N and Ing ,Gag gN at 32.94° and 33.78°, respectively. PIN15 exhibited
the diffraction signal of Ing 15Gag g5N at 34.05°, whereas CSI27 and PIN27 produced two different crystal
phases of InyGa;_4IN. These findings are possibly attributable to the extremely high concentration of
doped In. Hence, the concentration of a part of In was diffused into the uppermost layer of GaN,
thereby resulting in two different crystal phases of InyGaj_4N. Table 1 presents the XRD measurement
results of SI 27, CSI27, PIN27, and PIN15 according to equation (2). The InGaN peak shown in
Figure 3 exhibited an increased distance from the GaN peak. All InGaN layers were characterized by
pseudomorphicity on the GaN buffer layer. CSI27 and PIN27 exhibited two separate InxGal-xN phase
peaks detected from the InGaN/GaN scan in Figure 3. The tilt of the InGaN layer to the GaN buffer
layer was absent in the four samples studied.

GaN

e
=
©
S
>
b~
2]
c
[
el
E
. a AW Y PIN 15
32 33 34 35

26 (degree)
Figure 3. XRD results of four samples.

Table 1. Relationship between In concentration of InyGa;_4N and band gap.

InGaN Eg (eV)
Ing 27Gag 73N 2.389
In0.48Ga0,52N 1.747
Ino_lgGaO.glN 2.667
Ing 47Gag 53N 1.775

Ino_zcaoth 2.631
Ino_15Ga0.g5N 2.813

3.3. PL Results

Figure 4 shows the temperature-dependent PL spectra of the samples. In SI27 (Figure 4a),
the temperature-dependent PL peak energy exhibited no S-shape behavior. The S-shape behavior
has been attributed to the carrier dynamics associated with carrier localization in potential
minimums [23-25,38,39]. As shown in Figure 4b, two PL spectral peaks were identified below
150 K. The low-energy peak corresponded to localized states. The high-energy peak was attributed
to free-carrier states, corresponding to the background InGaN compound on which clusters were
distributed. However, the background InGaN compound also consisted of potential fluctuations of
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shallow distributions. The merging of PL peaks above 150 K was attributed to carrier liquidation
among the localized states and free-carrier states. The decreasing trend of high-energy peak was
mainly due to the band-gap shrinkage of phonon effect [40]. As shown in Figure 4c, the PL peaks
showed broader bandwidth than the SI27 sample, indicating an evident In concentration fluctuation.
As shown in Figure 4d, the PL peak position corresponded to low In concentration (~15%). The poor
optical quality of PIN15 was due to the low emission energies existing between 450 and 500 nm.
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Figure 4. Temperature-dependent photoluminescence (PL) spectra of samples (a) SI27, (b) CSI27,
(c) PIN27, and (d) PINT15.

3.4. TR-FWM Results

Measurements were carried out at room temperature with various excitation energy densities I.
Figure 5 shows the decay of light-induced transient grating (LITG) recorded in the samples. The decay
kinetics were nearly exponential and occurred rapidly for small grating periods, in accordance with
eq (1). The g and D values were determined by plotting the dependence of grating decay rate 1/7g
versus inverse grating period AN~2. Similarly, we measured the grating decay rates in InGaN layers
grown on different In concentrations. Table 2 presents the determined parameters. The data indicated
that lifetime decreased with excitation energy densities. CSI27 and PIN27 showed the longest carrier
lifetimes and typical D values for InGaN. Complementary measurements of PL intensity at 325 nm
excitation (Figure 4) demonstrated the increased radiative recombination component due to decreased
nonradiative recombination rate in InGaN layers. The presence of a high density of defects in the
used template may also influence the quality of InGaN layers. The extremely short carrier lifetime of
about 150 ps in PIN27 and its approximately 10-fold increase with excitation reflected the high defect
density and partial saturation of electron trapping centers by the injected carriers. In CSI27, four power
measurement results were provided, thereby showing better quality than the other samples.
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Figure 5. FWM decay spectra with different excitation powers on (a) SI27, (b) CSI27, (c) PIN15,
and PIN27, with the excitation powers of 8.8, 4.0, 2.3, and 1.5 mJ/cm?, respectively.

Table 2. Carrier lifetime TR (ps) and diffusion coefficient D (cm?/s) in InGaN layers grown with different
In concentrations (SI27, CSI27, PIN27, and PIN15).

Sample SI 27 CSI 27 PIN27 PIN 15
(cm?/s, ns, ps) (cm?/s, ns, ps) (cm?/s, ns, ps) (cm?/s, ns, ps)
Iy (mJ/cm?) D, TR TG D, TR TG D, TR ¢ Da. ™™ TG
8.8 1.73 1.48 360 1.83 1.59 367 273 015 26 256 045 228
4.0 1.60 1.35 223 1.74 1.33 305 232 042 184
2.3 1.23 1.22 161 1.53 1.25 263 - 2.08 0.31 168
1.5 - 1.28 1.05 130 -

4. Discussion

From the measurement results of FWM, numerous defects existed in sample PIN27. FWM can
only monitor Da and T values with excitation energy density Iy of 8.8 mJ/cm?. The values of Da and
TR reached 2.73 cm?/s and 0.15 ns, respectively. Only one FWM measurement was observed given the
remarkably high In doping concentration, whereas a number of high defects were generated in the
P-type GaN layer. For sample PIN15, CSI27, and SI27, the values of Da and TR totaled 2.56 cm?/s and
0.45 ns, 1.83 cm?/s and 1.59 ns, and 1.73 cm?/s and 1.48 ns, respectively. Comparison of PIN15 with
PIN27 revealed that as In content increased from 15% to 27%, the D value increased from 2.56 cm?/s to
2.73 cm?/s. The grating times of CSI27 and SI27 totaled TG = 1.59 ns and Tg = 1.48 ns, respectively,
with no significant difference. Finally, we integrated the XRD, PL, and FWM measurement results,
mainly based on the results of FWM measurement of the quality of samples SI27, CSI27, PIN27,
and PIN15. According to results, CSI27 showed the best performance, followed by SI27, PIN 27,
and finally PIN15.

5. Conclusions

Using complementary optical techniques, we confirmed the improved electrical, optical,
and structural parameters of InGaN layers in different In concentrations. CSI27 yielded an optimal
carrier lifetime of 1.59 ps and diffusion coefficient D of 1.83 cm?/s. Sample quality increased in the
capping GaN epilayer when the In concentration was 27%. This feature indicated an approximately
twofold decrease in defect density. Low-efficiency electron trapping in overgrown GaN was supported
by D = 1.6 cm?/s value, which was typical for bipolar plasma in GaN, whereas the D value was two
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times faster in the template (as n < p). Increasing lifetime value with excitation was typical for the
saturation of electron trapping centers by excess carriers in InGaN with capping GaN structure.
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