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Abstract: In photovoltaic (PV) power generation, highly efficient III-V solar cells are promising for
emerging mobile applications, such as vehicle-integrated PVs. Although hydride vapor phase epitaxy
(HVPE) has received attention due to its lower fabrication costs, realization of high throughput
performance while maintaining solar-cell characteristics using this growth method is essential. In this
study, the effect of atmospheric-pressure triple-chamber HVPE growth conditions on GaAs solar-cell
properties were carefully investigated in conjunction with defect analysis using deep-level transient
spectroscopy (DLTS). Based on the analysis on GaAs reaction processes, the suppression of arsine
thermal cracking in the HVPE hot-wall reactor was important to achieve fast GaAs growth using a
low input V/III ratio. Moreover, the DLTS results revealed that the reduced input V/III ratio was
effective in suppressing the generation of EL2 traps, which is a common GaAs midgap complex
defect involving arsenic antisites. Although the EL2 trap density increased with the growth rate, the
performance of GaAs solar cells that were grown under reduced arsine thermal cracking exhibited
almost no considerable cell parameter deterioration at a growth rate of up to 297 um/h. Consequently,
a conversion efficiency of 24% with a high open-circuit voltage of 1.04 V was achieved for the cells
that were grown at 200 um/h.

Keywords: III-V semiconductors; hydride vapor phase epitaxy; solar cells; deep-level transient
spectroscopy

1. Introduction

The importance of renewable energy has increased with increased realization of a
decarbonized society. This is particularly true for photovoltaic (PV) power generation,
which has garnered increasing interest in terms of mobile applications, such as unmanned
aircraft and vehicle-integrated PVs, in addition to conventional applications that are already
in use today [1]. As this emerging usage of renewable energy-powered devices has a limited
environmental footprint but requires high power generation, highly efficient III-V solar cells,
which are currently used in space and concentrating PV applications, are promising for
such applications. However, one obstacle for implementing such solar cells is their current
high manufacturing cost. Recently, research on lowering the cost of III-V solar cells has
been conducted that includes low-cost growth method development and substrate reuse.
Regarding substrate reuse, delamination of devices via epitaxial liftoff [2] or controlled
spalling techniques [3] are promising candidates. Moreover, these techniques can be
extended to heterogeneous tandem solar cells through wafer bonding. For example, two-
or four-terminal III-V/Si triple-junctions with conversion efficiency () = 35.9% and two-
terminal III-V /Cu-In-Ga-Se (CIGS) triple-junctions with 1 = 29.3% have been successfully
demonstrated [4-7].
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In terms of the growth method, reducing fabrication costs while maintaining solar-cell
performance is essential for developing the aforementioned applications. Hydride vapor
phase epitaxy (HVPE) can enable the replacement of expensive group-III metalorganic pre-
cursors used in metalorganic vapor phase epitaxy (MOVPE) with cheaper metal chlorides
while achieving fast growth rates of several-hundred microns per hour [8,9]. Increased
throughput performance will considerably reduce the depreciation cost of growth tools
because more wafers can be produced using a single tool over its lifetime, which is crucial
for mass production. Therefore, we have developed atmospheric-pressure triple-chamber
HVPE systems for fabricating solar cell structures. So far, we have demonstrated GaAs solar
cells withm =22.1% and GalnP solar cells with 1 = 15.4% by improving their heterointerface
quality [10,11]. Moreover, we have presented GalnP/GaAs dual-junction (2]) solar cells
with 1 = 28.3% grown with AlGaInP passivation layers using aluminum trichloride (AICl3)
as the group-III precursor [12]. The growth rates for p-GaAs and p-GalnP base layers were
24 and 38 um/h, respectively. Boyers also presented 2] solar cells with n = 28.0% at a
growth rate of 60 um/h for both materials using a dynamic HVPE system [13]. Thus, in
terms of proof-of-concept for mass production, higher-quality 2] solar cells with higher
growth rates must be developed.

Regarding GaAs solar cells, the EL2 trap, which is a common GaAs midgap com-
plex defect involving arsenic antisites, is well known to deteriorate device performance
among various deep-trap states in GaAs [14]. Schmieder reported that elevated growth
rates were accompanied by an increased EL2 trap density, despite a constant input V /111
ratio under standard MOVPE conditions [15]. For GaAs growth in HVPE using the arsine
(AsH3)-hydrogen chloride (HCl)-gallium (Ga)-hydrogen (H;) system, the reaction process
is known to change with the degree of AsHj3 thermal decomposition. AsHj3 easily decom-
poses to As; and Asy species at a temperature above ~400 °C [16], which is considerably
lower than the hot-wall reactor temperature of ~700 °C. When AsHj3 is thermally cracked
in the reactor, the kinetic energy for the reaction of gallium chloride (GaCl) with As, is
200 kJ /mol, resulting in kinetically limited growth. Conversely, the kinetic energy can be
considerably reduced to ~10 kJ /mol for the direct reaction of GaCl with AsH3, resulting
in mass transport-limited growth [17]. For the GaAs that are grown via HVPE under
kinetically limited growth, Schulte reported that the growth with a low input V/IIl ratio
could suppress the incorporation of arsenic into antisites owing to high GaCl coverage
at the growth surface [18]. Moreover, Metaferia reported that an EL2 trap density of
1-3 x 10'* ecm~3 across a wide range of growth rates (up to 309 pm/h) for HVPE-grown
GaAs under mass transport-limited growth [19]. However, we also reported that cell
performance deteriorated with increasing HVPE growth rate (up to 120 um/h) under
mass transport-limited growth, while the EL2 defect density has not been quantitatively
evaluated [20]. Thus, the crystalline quality of GaAs seems to strongly depend on the
growth conditions, such as the growth temperature, the partial pressure of each input
material, and reaction kinetics. However, there have been few studies on the effect of the
growth conditions on defect formation in HVPE-grown GaAs under mass transport-limited
growth. This understanding is crucial for developing high-quality III-V solar cells with high
throughput performance. In this study, the effect of growth conditions on HVPE-grown
GaAs solar-cell properties was carefully evaluated in conjunction with defect analysis via
deep-level transient spectroscopy (DLTS).

2. Materials and Methods

All samples were grown on 2" GaAs(001) miscut 4° to the (111)B plane using a custom-
built atmospheric-pressure HVPE (Taiyo Nippon Sanso, H260). The quartz reactor tube
includes three chambers, i.e., two growth chambers and one preparation chamber. Details
of the reactor design are shown in Figure 1. The reactor was heated using a six-zone
clamshell resistance furnace. AsHj, phosphine (PHj3), dimethylzinc (DMZn), hydrogen
sulfide (H,S), and disilane (SipHg) were used as group-V and dopant sources, respectively.
In a typical HVPE system, metal monochlorides such as GaCl and indium chloride (InCl),
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are used as group-III precursors. The gaseous HCL in Hj carrier gas was introduced at a
flow rate of 1 standard liter per minute (SLM) into quartz boats that were filled with Ga
and indium (In) metals to form GaCl and InCl. These two boats were heated at 700 °C to
enhance the reaction efficiency. Conversely, growing Al-containing materials via HVPE
is complicated because aluminum mono-chloride (AICI) reacts with the reactor owing to
its large equilibrium constant with respect to quartz [11]. In our HVPE system, AICl; was
generated at 500 °C instead of AICI being generated in a different region to Ga and In
boats. The temperature for the deposition region, where the susceptor was located, was
maintained at 660 °C. The susceptor was shifted between the preparation chamber and
each growth chamber within 1 s by a mechanical transfer arm.
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Figure 1. Schematic of the growth chambers in the custom-built hydride vapor phase epitaxy (HVPE)
reactor. Dashed arrows indicate the direction of movement of the mechanical transfer arm between
the preparation chamber and each growth chamber.

For device processing, AuGeNi/Au and Ti/Ag were formed for n- and p-type ohmic
contacts using an electron beam evaporator. Metallization was performed at 350 °C for
2 min in ambient nitrogen. Front patterning and mesa isolation were conducted via
standard photolithography.

The deep-trap states in GaAs were evaluated using a Semilab DLS-83D DLTS system.
Cylindrical-structured p* /n-GaAs diodes with a diameter of 1.0 mm were fabricated on
n-type substrates (Figure 2a). This structure promotes evaluation of a low-doped n-GaAs
base layer. All layers, except for the n-GaAs base layer, were grown with equivalent recipes.
In the DLTS measurement system, DLTS signals are recorded using a lock-in amplifier
synchronized to the corresponding measurement frequency defined by the inverse of the
period width, Ty. The bias pulse width is denoted by T},. To remove both the contribution
of the capacitance transient during the bias pulse to the DLTS signal and the influence of
the response time of the capacitance meter, as shown in [21], the capacitance transient was
multiplied with a weighting function of zero in the time interval from the end of the bias
pulse to Ty, /20. The trap densities were calculated using the following equation to account
for the lambda effect [22]:

26362 A2 AC

N; = SEN
(W, — A)2— (W, —A)* Ck

)

where N; denotes the trap density, ¢y denotes the vacuum permittivity, e, denotes the
relative permittivity, A denotes the sample area, AC denotes the peak value of the DLTS
signal, and N; denotes the carrier density in the base layer. The variable W, denotes the
depletion width at the reverse-bias voltage, V;, the variable W), denotes the depletion width
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during the bias pulse (pulse voltage V), and Cr denotes the capacitance value at V. The
value of A was calculated using following equation:

28067 Ef —E
h= ‘(72N5 t> @)

where E; denotes the quasi-Fermi level, E; denotes the trap level, and g denotes the elemen-
tary charge.
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Figure 2. Schematic structure of (a) deep-level transient spectroscopy (DLTS) samples and (b) upright

rear-heterojunction GaAs solar cells; (¢) photograph of the solar cell device.

Upright rear-heterojunction GaAs solar cells were grown on p-type substrates (Figure 2b).
All layers, except for the n-GaAs base layer, were grown with equivalent recipes. The
growth rate was controlled from 49 up to 297 um/h. For solar cell measurements, finger
grids with 2.2% shadow loss were formed on the front side with an area of 0.25 cm?
(Figure 2c). A ZnS (50-nm)/MgF; (100-nm) bilayer antireflection coating (ARC) was
deposited on the front surface. Solar cells were characterized by measuring the external
quantum efficiency (EQE) using chopped monochromated light with a constant photon
flux of 1 x 10 cm~2. The current-voltage (I-V) characteristics were measured under air
mass 1.5 global (AM1.5G) illumination at 100 mW /cm?.

3. Results
3.1. GaAs Reaction Processes
As mentioned in Section 1, the degree of AsH3 decomposition is crucial for the resulting

GaAs reaction kinetics. In our HVPE system, GaAs is grown at the growth surface via
following two reaction pathways:
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GaCl 4 AsH; — GaAs + HCl + H, 3)
and 1 1
GaCl + ZAS4 + EHz — GaAs + HClL. 4)

Here, the kinetic energy is ~10 k] /mol for the direct reaction of GaCl with AsHj3 in
Equation (3) resulting in mass transport-limited growth [17,21]. When AsHj3 is thermally
cracked in the reactor, GaAs grows according to Equation (4). In this case, the kinetic energy
is as large as 200 kJ /mol, resulting in kinetically limited growth.

To identify dominant reactions in our HVPE system, GaAs films were grown under
various Hj carrier gas (H3'*/3) flow rates (Figure 1). As H3'*/3 can change the gas velocity,
it is possible to control the AsHjz spent time in the hot part of the reactor. The GaCl partial
pressure (Pg,c;) was maintained at 8.8 x 10~* atm. Further, the H{‘SH?’ flow rate was varied
from 3 to 10 slm, which was within the control range of our system. Considering the
dimensions of the injector tube (with an inner diameter of 4 mm), the velocity considerably
varied from 398 to 1326 cm/s when the H3*H3 flow rate was varied from 3 to 10 slm.
Figure 3a shows the growth rate of GaAs as a function of the input V/III ratio under
different H3'H3 flow rates. The growth rates were evaluated based on the thickness that
was determined using a Nanometrics electrochemical capacitance-voltage (ECV) profiler
and the known growth time. A detailed evaluation is described in Appendix A.
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Figure 3. GaAs growth rates under different H{‘SH3 flows as a function of (a) V/Ill ratio and (b) Pg,¢;-

Input V/III ratio

The growth rate increased with increasing the input V /Il ratio for all cases, indicating
the growth proceeded under AsHj-poor conditions. Furthermore, a higher H3s% flow
rate resulted in higher growth rates at the same V /IlI ratio, suggesting promotion of the
direct reaction of GaAs with AsHj3. For the HfSHB flow rate = 10 slm, the amount of GaCl
and AsHj3 at the growth surface seemed to become unity at V/III = 6. Above V/III = 6,
the growth rate was limited by the GaCl supply. Thus, H5*/® flow rate was found to
control the dominant reaction kinetics in GaAs growth in our HVPE system. Moreover,
suppressing thermal decomposition of AsH3 in the reactor is important to realize fast GaAs
growth with low consumption of AsHj3. Figure 3b shows the growth rates as a function of
Pg,c1 for GaAs grown at V/IIT = 6 under a H3'*H3 flow rate of 10 slm. The growth rate could
be linearly increased up to 297 um/h by increasing Pg,c; to 2.8 X 1073 atm, indicating that
GaAs growth proceeded under mass transport-limited growth.

3.2. DLTS Defect Analysis

We analyzed electron traps, which have a considerable impact on solar cell per-
formance, in the n-GaAs films using the DLTS technique. In particular, it is crucial to
understand the effect of the V/III ratio and reaction kinetics on the formation of electron
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trap states because these traps are associated with intrinsic defects, which include antisites,
interstitials, and vacancies of Ga and As atoms [14]. The inset of Figure 4a shows the DLTS
spectra of samples whose n-GaAs layers were fabricated at a V /Il ratio of 12 under differ-
ent H3'H3 flow rates. The growth conditions were similar to those presented in Figure 3a.
For DLTS measurements, we used V, = =2V, V;, =0V, T, = 1.0 ms, and Ty, = 192 ms. The
activation energy (E,) for the peak was determined from Arrhenius plots (not shown).
A small peak at 180 K with E; = 0.4 eV and a large peak at 355 K with E; = 0.8 eV were
observed for both spectra. These peaks are attributed to EL6 and EL2 defects, respectively.
The EL2 trap is a complex defect involving As antisites, as mentioned in Section 1. The
EL6 trap is also known as a complex defect involving arsenic interstitials [14]. In other
words, arsenic-related intrinsic defects are dominantly generated under our HVPE growth
conditions regardless of the growth kinetics. As the EL6 trap has a shallow trap energy
with an order-of-magnitude lower peak intensity compared with that for the EL2 trap,
the resulting solar cell performance is speculated to be primarily affected by EL2 traps.
Figure 4a shows the EL2 trap density as a function of the input V/III ratio under two
different H3'*'3 flows rates. For both H3'H3 flow rates, the EL2 trap density increased
with the input V/III ratio, suggesting that a high V/III ratio may promote the formation of
EL2 defects. This is consistent with the observation that was reported by Schulte for GaAs
grown via HVPE under kinetically limited growth [18]. The growth under a low input
V/1II ratio may suppress the incorporation of arsenic into anomalous sites owing to high
GaCl coverage at the growth surface. At the same input V/Ill-ratio, the EL2 trap density
for H3$13 = 5 slm was slightly smaller than that for H3'*/3 = 10 slm. This is because the
growth at a low growth rate tends to promote surface migration of adatoms, leading to the
incorporation of arsenic into normal sites. These results suggest that the EL2 trap density
correlated with the input V/III ratio and the growth rate.

— P;am = 8.I8 X 10"‘| atm I I I
101.2 —~
(?E —0—H,=10SIM  (g74) aga & 10"
53 —0—H,=5S5LM D/w;_cn/(g’g'o) g H5™ = 5 sim
67.2) £
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Figure 4. EL2 trap density in n-GaAs as a function of (a) input V/III ratio and (b) growth rate. The
values in brackets indicate the growth rate for each condition. The inset of (a) shows the deep-level
transient spectroscopy (DLTS) spectra of samples whose n-GaAs layers were fabricated at V/III = 12
under different H3's""® flow rates of 5 and 10 slm.

Figure 4b compares the EL2 trap density as a function of the growth rate for n-GaAs
grown under different conditions. The growth rate was controlled by the input material
flow rate at a fixed input V/III ratio. The EL2 trap density tends to increase with increasing
growth rate for both flow rates. As the surface migration length of adatoms decreases
with increasing growth rates, the incorporation of arsenic into antisites may be promoted
for faster growth. Notably, our obtained values were considerably smaller than that of
1.0 x 10 cm 3 for MOVPE-grown GaAs at 56 um/h [15]. As our HVPE growths were
conducted using a lower input V/III ratio at a higher growth temperature than those in the
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case of standard MOVPE growth conditions, the incorporation of arsenic into antisites could
be suppressed owing to the superior surface migration length of adatoms. Furthermore, the
EL2 trap densities for H5H3 = 5 slm are larger than those for H3'*H3 = 10 slm in the entire
growth rate range owing to a large input V/III ratio. As mentioned in Section 3.1, this
is because the thermal decomposition of AsHj3 in the reactor must be conpensated using
a high AsHj flow rate for fast growth. However, the obtained values of 5.0 x 10 cm~3
at 297 pm/h for H4*/3 = 10 slm are slightly larger than that of 3 x 10'* cm~> that were
reported by Metaferia [18]. The difference between these values may be explained based
on the difference in the degree of AsHj3 thermal decomposition in the HVPE reactor. Thus,
further suppressing the AsHj; thermal decomposition in the HVPE reactor is desirable to
achieve high-quality GaAs with reduced EL2 trap density. Equipment improvements based
on these results are currently underway.

3.3. GaAs Solar Cell Performance

Figure 5 shows the short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), and 7 for GaAs solar cells grown with GalnP window layers at various growth
rates. The ARC was not used for these cells. A total of eight cells that were fabricated on
identical wafers were measured for each growth rate. The growth conditions for the n-GaAs
base layer were similar to the samples for which H3'"3 = 10 slm in Figure 4b. Although the
slight deviation of cell characteristics between growth rates is considered to be caused by
the difference in the base-layer thickness and carrier concentration, almost no considerable
deterioration of cell characteristics is observed up to a growth rate of 297 um/h. Notably, all
the cells exhibited a bandgap-V ¢ deficit (Woc) of <0.40 V, which is a standard benchmark
for high-quality material solar cells [23]. However, the Vo for a growth rate of 297 um/h
was the smallest among all values. To evaluate the effect of EL2 traps on cell performance,
the nonradiative lifetime (7,,,) was calculated using following equations:

1
Tar = thhNt (5)
and
3kgT
o =1~ (6)

where o denotes the capture cross section, N; denotes the trap density, kg denotes the Boltz-
mann constant, T denotes the temperature, and m* denotes the effective mass, respectively.
Using 3.1 x 10716 ¢m? for ¢ reported in [18], the T, was calculated to be 3969.6, 546.0,
335.4,158.7, and 152.7 ns for the cells that were grown at 49, 97, 141, 200, and 297 um/h,
respectively. T, approached closer to a radiative lifetime of ~125 ns with increasing growth
rate. Therefore, a short 7, is considered to be one of the factors for the lowered V¢ for cell
growth at 297 um/h. Another factor is that the in-plane uniformity may be degraded due to
fast growth under excessively high H3'*H3 considering that the deviation of the 297-pum/h
cell is larger than the other cells. Therefore, it is also necessary to improve the in-plane
uniformity of the input material at the growth surface for maintaining cell characteristics at
an ultrafast growth rate.

Finally, GaAs solar cells that were grown with different window layers at a growth
rate of 200 um/h are compared in Figure 6. Lattice-matched GaInP or Alj5Gag 25Ing 5P
were used for the window layer. The detailed growth conditions for the AlGalnP are
provided in [11,24]. By replacing the window material from GalnP to AlGalnP, the EQE
response in the short wavelength region, below 650 nm, was considerably increased owing
to the widening of the window-layer bandgap. This led to the improved Jsc, from 26.83 to
29.10 mA /cm?. However, there was no clear difference in the Voc and FF because these
parameters are mainly determined by p/n junction properties. The smaller FF compared
with that reported in [19] possibly due to nonoptimized finger grids. The obtained 7
of 24.0% is comparable with the reported values for high-speed MOVPE [15,25,26] and
HVPE [13,19]. The solar cell performance can be further improved by applying a wide
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bandgap AlInP material to the window layer [13] or an inverted thin-film structure that
can enhance light trapping [27].
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Figure 5. Cell parameters for GaAs solar cells grown at various growth rates with an input V/III
ratio of 6 under a Hj carrier gas (H{‘SH 3 flow rate of 10 slm.
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Figure 6. (a) External quantum efficiency (EQE) and (b) illuminated I-V curve spectra for GaAs solar
cells grown with different window layers at a growth rate of 200 um/h.

4. Conclusions

We carefully investigated the effect of atmospheric-pressure triple-chamber HVPE
high-speed growth conditions on the properties of GaAs solar cells. Suppressing the AsH3
thermal decomposition of the reactor was found to be effective at achieve fast growth
usinging a low input V/III ratio. The DLTS results revealed that suppressing the thermal
decomposition of AsHj in the hot-wall reactor was effective for achieving high-speed
growth with a lower V/Ill-input ratio and reducing the EL2 trap density at a given growth
rate. This was probably because the low input V/III ratio may have suppressed the
incorporation of arsenic into anomalous sites owing to high GaCl coverage at the growth
surface. Solar cell characterization showed that the performance of GaAs solar cells grown
under reduced AsHj thermal cracking exhibited almost no considerable deterioration up to
a growth rate of 297 um/h. Consequently, a conversion efficiency of 24.0% was obtained
for GaAs solar cells grown at 200 pm/h. Our future research will focus on the fast growth
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of GalnP solar cells and the development of ultrafast GaInP/GaAs dual-junction solar cells.
This study represents an important step toward the development of low-cost and highly
efficient III-V multijunction devices.
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Appendix A

The growth rates for all layers that were described in this study were based on separate
electrochemical capacitance-voltage (ECV) measurements. Depth profiling was achieved
via electrolytical etching between CV measurements. The strengths of this technique are
simple sample preparation, direct correspondence of the measured magnitudes to the active
carrier concentration and depth, and unlimited profiling depth [28]. Figure A1 shows the
depth profile for the five growth steps of Si-doped GaAs films that were grown under a
H3'H3 flow rate of 10 slm using different input V /11l ratios. We employed ethylenediamine
tetraacetic acid disodium as an electrolyte, corresponding to the result in Figure 3a. Based
on Figure Al, the thickness of each step was determined to be 0.251, 0.492, 0.831, 0.812, and
0.843 um for n-GaAs grown using input V/Ill ratios of 2, 4, 6, 8, and 12, respectively. By
accounting for the growth time for each layer (30 s), the growth rates were calculated to be
30.2,59.0,99.7,97.4, and 101.2 um/h.
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Figure Al. Active electron concentration as a function of depth for five growth steps of Si-doped
GaAs films grown under an Hj carrier gas (Hﬁqsm) flow rate of 10 slm with different input V/III
ratios measured using an electrochemical capacitance-voltage (ECV) profiler. The growth time for
each layer was 30 s. Red dotted lines denote interfaces between Si-doped GaAs layers grown at
different input V/III ratio.
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