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Abstract—Epitaxial growth of GaAs in a horizontal metalor-
ganic vapor phase epitaxy reactor was investigated to realize ul-
trafast growth rate, which has been demonstrated to be 90 pm/h
at maximum. The GaAs growth rate had more or less a linear
relationship with the amount of trimethylgallium supply. With ex-
tremely fast deposition >70 p:m/h, slight saturation of growth rate
was observed, which is most likely due to parasitic gas-phase reac-
tions and/or limitation in bubbling. The impact of growth rates was
examined using GaAs p-n solar cells, with the 2-zim-thick n-GaAs
base layers grown at 20, 60, and 80 :m/h. The studies have not evi-
denced a significant change in performance as a function of growth
rate. The base thickness was expanded to 3.5 pm with the growth
rate of 80 pm/h to increase light absorption. The growth rate of
80 pm/h did not induce significant degradation in the efficiency of
the cells as compared with the ones grown at 20 and 60 pzm/h. The
average efficiency of 23.6% (16.3% on the basis of a mesa area)
under AM1.5G was realized in the cells with 3.5-pm-thick bases
grown at 80 pm/h.

Index Terms—III-V semiconductor materials, photovoltaic
cells, semiconductor growth.

1. INTRODUCTION

HE II-V multiple junction solar cells (MJSCs) have been
T a focus of attention for high conversion efficiency [1]-[3].
Recently, a record efficiency of 46% has been achieved by 4-
junction structure under concentration light of 508 sun [4]. Their
high cost-performance ratio has restricted the uses of MJSCs to
certain applications, notably in the areas of space applications
[5], [6]. For terrestrial application, MJSCs in concentrator pho-
tovoltaics [7]-[9] have been emerging with a rapid increase of
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worldwide installation. Generally, there are two approaches for
improving cost-performance ratio, namely increasing a cell per-
formance and reducing a cell cost. As for the first approach, a
conversion efficiency of MJSCs can be improved by utilizing
more p-n junctions to lower the thermalization loss [10], [11] and
by balancing the photocurrent generated in each subcell [12],
[13]. On the other hand, considerable efforts are recently being
focused on the reduction of production costs of MJSCs. Epitax-
ial lift-off [14], wafer reuse, and high-speed crystal growth by
metalorganic vapor phase epitaxy (MOVPE) [15], [16] are con-
sidered promising means for achieving this. Results of price per
watt analysis show that the reduction in the overhead time of
MOVPE reactors, together with the improvement in material
utilization efficiency, can reduce the cost of GaAs single junc-
tion solar cells by 74%, when the growth rate of GaAs is boosted
from 14 to 56 um/h with performance loss less than 1% [16]. A
very recent publication from the same research group presented
the detailed analysis of GaAs solar cells grown at high growth
rates [17]. The study reported only 0.8% degradation of abso-
lute efficiency when the growth rate was accelerated from 14 to
60 pm/h.

In this paper, we studied the feasibility of MOVPE for real-
izing extremely high-speed growth, mainly for GaAs solar cell
applications. The growth rate of GaAs was boosted to 90 pum/h,
which is the maximum growth rate which can be realized with
the current reactor design and capability of mass flow con-
trollers. The crystal quality of epitaxial GaAs layers was ex-
amined to optimize the growth conditions. The performance of
GaAs p-n solar cells, the thick base layer of which was grown
at various growth rates, serves as an indicator of the quality of
epitaxial GaAs.

II. EXPERIMENTAL DETAILS

The epitaxial growth in this paper was carried out using a
horizontal MOVPE reactor (Taiyo Nippon Sanso, HR3335).
The reactor was designed to satisfy the requirements for fast
chemical reactions and mass transport of highly concentrated
gas precursors. Standard sources were utilized with Hy car-
rier gas, including trimethylgallium (TMGa), trimethylindium,
arsine (AsH3), phosphine (PH3), disilane (SisHg ), and diethylz-
inc. Two TMGa bubblers were installed in this system; one for
high-speed growth (=20 pm/h) and the other for normal growth
rate. The experiment of GaAs growth was initially conducted
with standard growth conditions: reactor pressure (), growth
temperature (7,) and V/III ratio of 10 kPa, 650 °C and 20,
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Fig. 1. (a) Dependence of GaAs growth rate on TMGa supply at reactor

temperature of 650 °C and pressure of 10 kPa. (b) Distribution of GaAs growth
rate along material flow direction without wafer rotation using various TMGa
supply rates.

respectively. GaAs substrates were used with (100) just sur-
face or vicinal (100) surface (2° off toward (011)). The growth
rates of GaAs with various TMGa supplies were evaluated by
the thickness of epitaxial layers measured by cross-sectional
scanning electron microscope (SEM) images. Atomic force mi-
croscopy (AFM) measurement was employed to examine the
surface morphology of epitaxial layers. Growth conditions such
as temperature and pressure were optimized to realize good
GaAs layers. Free carrier concentrations were evaluated by elec-
trochemical capacitance-voltage (ECV) method for optimizing
growth parameters of Si- and Zn-doped GaAs grown at various
deposition rates. After that, GaAs p-n solar cells were fabri-
cated, for which the 2-pm-thick n-GaAs base layer was grown
at various speeds of 20, 60, and 90 pm/h. For the growth of
PV structure, Si-doped (1-2 x 10" cm—3) GaAs (100) wafers,
oriented 2° off toward (011), were utilized. The current—voltage
(I-V) characteristic under AM1.5G (100 mW/cm?) illumination
and the external quantum efficiency (EQE) spectrum of each so-
lar cell without and with ZnS/Si0, antireflection coating (ARC)
were evaluated and statistically compared. To demonstrate the
potentials of high-speed growth and to benchmark the quality
of epitaxial layers grown in this reactor, a p-n solar cell with a
3.5-um-thick n-GaAs base was also fabricated using the fastest
growth rate. Cross-sectional SEM images of all PV cells were
also taken to evaluate the actual thickness and growth rate of the
base layer.

III. RESULTS AND DISCUSSION
A. High-Speed GaAs Growth

It is generally known that the diffusion of precursor fluxes
from the gas phase through the mass-transport boundary layer
limits the growth rate of GaAs in an ordinary MOVPE reactor
[18]. Therefore, in this paper, the MOVPE reactor was designed
to have a larger amount of precursor fluxes arriving at substrates
by decreasing the thickness of the boundary layer. By reducing
the channel height of the flow liner in the reactor, the mass trans-
fer of precursors to the wafer surface was enhanced, resulting in
a faster growth rate. Under the standard growth conditions, the
GaAs growth rates are plotted as a function of TMGa supply in
Fig. 1(a). A good linear relationship can be clearly observed. A
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Fig. 2. Surface morphologies of 4-pm-thick undoped GaAs layers grown on

(100) just GaAs substrates with deposition rate of 20, 60 and 90 pm/h using
various growth conditions: growth temperature of 650 °C and 680 °C, reactor
pressure of 6 and 10 kPa. The V/III ratio utilized during the growth was 20, for
all the growth rates.

slight saturation of this tendency exists for growth rates faster
than 70 pm/h. The most likely explanation may be the parasitic
gas-phase reactions, which form GaAs-related particles and re-
duce the incorporation of precursors to the solid GaAs [19],
[20]. In addition, the molar output of TMGa from the bubbler
can deviate from proportionality with carrier gas flow when the
flow rate is too high, which may be one reason for this growth
rate saturation [21], [22]. The steady decay of GaAs growth
rate along the material flow direction was seen in this particular
MOVPE reactor when wafer rotation was stopped, as shown
in Fig. 1(b). The gas phase depletion rate of TMGa was found
to be independent of material flow velocities of about 170 and
280 cm/s for the reactor pressures of 10 and 6 kPa, respectively.
The flow velocity of gas, parallel to the laminar horizontal re-
actor, was calculated by the total amount of gas supply passing
through the cross-sectional area of the reactor.

The surface morphologies were examined by AFM and shown
in Fig. 2(a)—(e) for an area of 2 x 2 um? of 4-pm-thick undoped
GaAs layers deposited with various growth conditions on GaAs
(100) just substrates. The V/III ratio utilized during the growth
was 20 for all the deposition rates. For Fig. 2(a), in the case of
20 pm/h, the GaAs layer was grown using the standard growth
conditions, P, = 10kPa and 7, = 650°C. Small GaAs is-
lands and clusters with step-terrace structure indicated that the
surface migration of group III adatoms was not sufficient. The
effect of reactor pressure on the growth mechanism was investi-
gated, and it was found that a lower pressure could be beneficial
for better surface migration, resulting in better GaAs morphol-
ogy. Therefore, the growths of GaAs with larger growth rates of
60 and 90 pm/h were conducted under a low reactor pressure
of 6 kPa, and the AFM results are shown in Fig. 2(b) and (c),
respectively. The previous study in [17] suggests that a higher
growth temperature can improve the mobility of adatoms, re-
sulting in a lower defect density in GaAs and a better solar cell
performance. This is in accordance with the studies from Hurle
[23] and Schulte and Kuech [24] showing that deep level EL2
defects in GaAs can be reduced with a higher growth tempera-
ture. In this paper, we also observed that the surface migration
of adatoms could be enhanced by increasing the growth tem-
perature. Fig. 2(d) and (e) show the noticeable improvements of
GaAs surface roughness when the growth temperature was in-
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Fig.3. Surface morphologies of (a) 20, (b) 60, and (c) 90 pm/h grown 4-pm-
thick undoped GaAs layers with optimized growth conditions on vicinal GaAs

substrates (2° off toward (011)). The V/III ratio during the growth of GaAs on
was 20 for all the growth rates.
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Fig. 4. Design of GaAs p-n solar cells and growth conditions of each layers.
The V/II ratio and the growth temperature were 20 and 650 °C, respectively, for
growth rate of 20 pm/h. In case of 60 and 90 pm/h growth rate, the V/III ratio
and the growth temperature were increased to 40 °C and 680 °C, respectively.

creased from 650 °C to 680 °C for 60 and 90 pm/h growth rates,
respectively. In this study, the most remarkable improvement
in the GaAs surface morphology grown at extremely high rate
was realized by employing GaAs substrates with vicinal (100)
surface (2° off toward (011)). Following these strategies, high
growth temperature, low reactor pressure, and vicinal substrates,
4-pm-thick undoped GaAs layers with excellent crystal quality
and surface morphology were obtained with growth rates of 20,
60, and 90 pm/h, as shown in Fig. 3(a)—(c), respectively. The
V/II ratio during the growth of GaAs here was 20 for all the
growth rates. The RMS roughness of the GaAs surface could
be reduced to less than 0.4 nm. Hence, the fabrication of GaAs
p-n solar cells, the structure of which is depicted in Fig. 4,
could be carried out, neglecting the influences of GaAs surface
morphology.

B. Fabrication of GaAs p-n Solar Cells

The design of GaAs p-n solar cells in this study comprised a
2-um-thick n-GaAs base layer grown at various rates: 20, 60,
and 90 pm/h on the basis of the growth conditions obtained
from Fig. 1(a). The growth temperature and V/III ratio for 60
and 90 pm/h growth rates were increased to 680 °C and 40,
respectively. In this paper, to ensure the quality of high-speed
grown GaAs, a high V/III ratio of 40 was utilized. The impact
of V/II ratio will be investigated in future work. The growth
rate of p-GaAs emitter layer was kept constant at 20 pym/h to
emphasize the effects of growth rate of 2-um-thick base layer
on the performance of p-n solar cells. In addition, to shorten the

growth recipes and to avoid exposing the n-GaAs surface, i.e.,
junction interface, during temperature stabilization, the reactor
temperature for GaAs was constantly maintained at 680 °C for
the growth of the 60 and 90 pm/h samples. In this study, the
InGaP window layers were Ga-rich (approximately 60% Ga
composition) to decrease light absorption and to increase the
band offset. No back-surface-filed (BSF) heterolayer was em-
ployed in this structure, but only highly doped GaAs buffer layer
was grown prior to the n-GaAs base. The reason is the ease of
growth, since the gas switching between As and P has not been
fully investigated and optimized yet. The growth parameters of
each layer are summarized in the table of Fig. 4. Some values are
highlighted with either blue or red colors to clarify the different
growth conditions for 20 pum/h (blue) and for 60 and 90 pum/h
growth rates (red). Each GaAs p-n wafer grown at various rates
was fabricated into 28 cells, the mesa area of which was defined
to be 0.047 cm? using a photolithography mask. AuGe/Ni and
Ag/Au metals were deposited for ohmic contacts with n- and
p-GaAs, respectively. The front electrode covers about 31.9% of
mesa area, corresponding to an effective cell area of 0.032 cm?.
After etching the p-GaAs contact layers, PV characteristics of
each sample were measured. Then, the samples were deposited
with ZnS/SiO, ARC by sputtering method to decrease surface
reflectance, and the /-V and EQE measurements were repeated.
The growth conditions, the fabrication procedures and the mea-
surement methods of the solar cell with 3.5-pm-thick base layer,
grown at the fastest growth rate, were identical with those of the
samples with the 2-um-thick base. The thickness of the base
layer was controlled by adjusting the growth time.

As aforementioned, the growth parameters were adjusted for
each growth rate to obtain good GaAs epitaxial layers. There-
fore, prior to the growth of GaAs p-n solar cells, the doping
conditions, especially for Si-doped GaAs, were investigated and
optimized. The sample structure for this experiment consisted
of four to five layers of n-GaAs doped with various supplies
of SisHg. The V/III ratio, temperature, and reactor pressure of
each growth rate were similar to the growth conditions of the
n-GaAs base as summarized in Fig. 1. Free electron concentra-
tions in the Si-doped GaAs layer were measured by the ECV
method, and plotted as functions of molar flow ratio between of
SioHg and TMGa in Fig. 5. Linear dependences between free
carrier and dopant concentrations were obtained for each growth
rate. It seems that Si incorporation efficiency did not depend on
the GaAs growth rate, indicating a linear increase of dopant
incorporation rate with the amount of supplied precursors. To
evaluate the background doping concentration of each growth
rate, unintentionally doped 4-pm-thick GaAs layers were grown
on GaAs (100) just substrates using the growth conditions (F,,
T,, V/I ratio) of the n-GaAs base layer. The background hole
concentrations were approximately 1.6 x 10'°, 7.1 x 10", and
1.4 x 10" cm=3 for the 20, 60, and 90 pm/h growth rates, re-
spectively, which were much less than the electron concentra-
tion in the n-GaAs base layer in the solar cell design. This
background hole doping can be potentially ascribed to either
background carbon impurity or acceptor-type defects. It is gen-
erally known that a higher V/III ratio and a higher growth tem-
perature lead to a lower carbon incorporation in MOVPE grown
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on the ratio between molar flows of Sio Hg and TMGa. The background hole
concentrations of each growth rate are given next to the graph.

TABLE I
THICKNESS AND ACTUAL GROWTH RATE (GR) OF BASE
LAYER OF GAAS P-N SOLAR CELLS

Designated Designated base Measured base Actual GR
GR (pm/h) thickness (pm) thickness (pm) (pum/h)
20 2 2.01 20

60 2 2.00 60

90 2 1.69 76

90 4 3.54 80

GaAs using TMGa and AsHjs [25]-[27], and the growth rate
has almost no effect on the background carbon level. However,
it is still possible that excessively high growth rate impedes the
elimination of carbon from the surface of GaAs, which is be-
lieved to proceed via the reaction between methyl adsorbates
and As-H complexes on the GaAs surface [25]-[27]. Hence,
GaAs growth rate can possibly influence background carbon
concentrations at extremely high growth rates. MOVPE grown
GaAs layers under As rich (high V/III ratio) condition generally
contain As antisites, As interstitials, and Ga vacancies, which
are donor type defects [17], [28]. Ga antisites, double accepter
defects, does not seem to be a reason of this background hole
doping. Secondary-ion mass spectrometry and deep-level tran-
sient spectroscopy can clarify this issue of background doping
further, but here we just compensate the background doping and
try to evaluate the performance of PV cells. According to these
ECV results, the electron concentration in the n-GaAs base layer
grown at different rates can be controlled satisfactorily.

The thickness and actual growth rate of the base layers were
evaluated by cross-sectional SEM images and summarized in
Table I. We found that the growth condition changed by approx-
imately 10% only for the 90 pm/h growth; actual growth rate
was 80 pum/h. This might be due to incomplete saturation of
TMGa vapor in the bubbler when the liquid level is low (close
to depletion of TMGa in the bubbler), which was the case when
a series of the cells was fabricated. From this point onward,
the growth rate of 90 pm/h for GaAs cells will be corrected to
80 pm/h on the basis of this finding.

Fig. 6 shows the profiles of carrier concentration in the
GaAs p-n solar cells with 2-pm thick bases. There are several
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Fig. 7. Distribution of (a) J, (b) Vi, (c) efficiency, and (d) fill factor under
AM1.5G illumination of GaAs p-n solar cells grown with various deposition
rates without ZnS/SiOy ARC evaluated using the effective area of 0.032 cm?.

remarkable discussion points for this graph. Having a good
agreement with SEM images, the sample grown with 80 ym/h
speed had a slightly thinner base layer than the designated value
of 2 um, as shown in the blue-dot plot. From the ECV pro-
files, the carrier concentration in Zn-doped layers of the 60 and
80 pm/h grown samples was noticeably smaller than that of the
20 pm/h grown sample. The reason is that growth conditions of
Zn-doped GaAs emitter were not calibrated at 680 °C, and the
incorporation of Zn atoms could be affected by growth temper-
ature. Moreover, at around the interface between p-GaAs and
n-GaAs, the carrier concentrations of the 60 and 80 pum/h grown
samples was slightly smaller than that of the 20 pm/h one. The
n-doping in the base layer might be compensated by the thermal
diffusion of Zn atoms at the higher growth temperature. Owing
to the previous experiment of Si doping, the electron concentra-
tions in the n-GaAs base layer of each sample were excellently
controlled to be approximately 5 x 10" cm~3. The 60 pm/h
grown sample had a slightly different carrier profile in this n-
GaAs region, most likely due to an artifact in the measurement:
nonuniform etching during ECV measurement. Lastly, there is
a slight deviation of the doping concentration in the n-GaAs
substrates, possibly because of different substrate lots and the
artifact in the measurement.

C. GaAs Cell Performance and the Effects of Growth Rate

Fig. 7(a)—(d) show the distribution of short-circuit current
density (Ji), open-circuit voltage (V,.), fill factor (FF), and
conversion efficiency (n), respectively, under AM1.5G illumi-
nation for the GaAs solar cells (based on the effective area
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TABLE I
AVERAGE AND STANDARD DEVIATION VALUES OF Jsc, Ve, EFFICIENCY,
AND FILL FACTOR OF THE GAAS SOLAR CELLS GROWN AT VARIOUS
GROWTH RATES

GR. Jsc/Jsc-mesa Voe FF T]/"]mesa

(pm/h) (mA/cm?) V) (%)

20 19.65/13.54 1.008 0.849 16.83/11.60
(0.229/0.158) (0.002)  (0.006) (0.263/0.181)

60 19.82/13.67 1.008 0.838 16.77/11.56
(0.132/0.091) (0.002) (0.012) (0.239/0.165)

80 19.34/13.33 1.014 0.859 16.83/11.60
(0.146,/0.100) (0.002) (0.007) (0.223/0.154)

of 0.032cm?) with 2-um thick base grown at various growth
rates without ARC. Although there were 28 cells processed
from each GaAs p-n wafer, the fabrication batch with 60 and
80 pm/h growth had two solar cells exhibiting relatively low V.,
approximately 0.5-0.6 V, most likely because of fabrication fail-
ure. Thus, they were omitted from this distribution analysis. The
average values of Jg, V,., FF, and efficiency of the GaAs solar
cells without ARC grown at various growth rates are summa-
rized in Table II. On the basis of a standardized methodology,
Js. and 1), evaluated by using the mesa area (0.047 cm?), are also
given in Table II denoted with “mesa” subscript. The standard
deviation values of each data are also given in the brackets. The
increase in the growth rate from 20 to 60 pm/h did not degrade
the current density of the GaAs solar cells. However, the solar
cell grown at the highest rate had a little bit lower J.. In contrast,
this sample had the highest V. and FF. It is known that, if the
efficiency of a GaAs thin-film solar cell is limited by Shockley—
Read—Hall (SRH) recombination, V. is degraded with increas-
ing base thickness [29]. Although on-substrate GaAs cells are
different from thin-film PV, the relationship between V,. and
base thickness can potentially be explained by the same reason.
Hence, the thinnest base layer of the 80 pum/h sample can be
responsible for the enhancement of V.. Compensating for the
lower current with better V,. and FF, the efficiency of 80 yum/h
solar cell was comparable with that of the other two samples.
The I-V characteristics and EQE spectra of the most efficient
GaAs solar cells in the fabrication batches grown at 20, 60, and
80 pum/h without ARC are evaluated using the effective area
of 0.032 cm? and plotted in Fig. 8(a) and (b), respectively. The
EQE spectra of all samples are almost identical at the short
wavelength range and start to drop toward longer wavelengths
at around 650 nm. This EQE degradation is most likely ascribed
to insufficient light absorption in the 2-pm-thick bases. It is
interesting that the 80 pm/h grown sample had a stepper EQE
drop at long wavelength range corresponding to a smaller Jg.
This is probably a result of insufficient light absorption due to
the unintentionally thinner base in this sample. The recovery of
EQE in this wavelength range will be shown in the following
section when the thickness of the base was increased to 3.5 pm.
To further investigate this performance issue, the dark I-V
characteristics of all GaAs solar cells are measured and com-
pared. For comparison, the dark /-V curve of the solar cell
with 3.5-pm-thick base grown at 80 pm/h was also evaluated.
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Fig. 8.  (a) I-V characteristics under AM 1.5 illumination. (b) EQE spectra of
the best GaAs solar cells in the fabrication batches grown at 20, 60, and 80 m/h
without ZnS/SiOy ARC evaluated using the effective area of 0.032 cm?.
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Fig.9. (a) Dark I-V characteristics. (b) Distribution of .Jo; component (c) Dis-
tribution of Jo, component of the GaAs solar cells with 2.0-sm-thick base grown
at 20 and 60 pm/h, 1.7-pm-thick and 3.5-pm-thick base grown at 80 pm/h.

In the two-diode equation, Jy; (ideality factor, n = 1) repre-
sents injection/diffusion in the quasi-neutral region and inter-
face recombination, while Jy (n = 2) corresponds to gener-
ation/recombination both in the bulk space-charge region and
within the space-charge region exposed at the perimeter of the
mesa [30], [31]. Fig. 9(a) and (b) are distributions of .Jy; and Ji,
components of the GaAs cells grown at various growth rates,
respectively. The semilog plots of Fig. 9(c) show dark /-V char-
acteristics for each growth rate chosen from the median Jy; in
Fig. 9(b). In Fig. 9(a), the Jy; components seem to be indepen-
dent of growth rate, however, the cells with the 3.5-pm-thick
base grown at 80 pum/h exhibited a broader Jy; distribution.
Clearly in Fig. 9(c), the dark /-V curve of the 60 pm/h grown
sample more or less overlaps with that of the 20 psm/h one, indi-
cating that the recombination processes in these two samples are
similar to each other. This is in good agreement with the over-
lapping EQE spectra for 20 and 60 p;sm/h samples in Fig. 8(b).
Meanwhile, with a growth rate of 80 pm/h, the cells with
1.7-pm-thick bases exhibited lower .Jy; component in Fig. 9(b),
in accordance with the steeper -V slope in the voltage range
of 0.4-0.8 V in Fig. 9(c). However, the cells with 3.5-pm-thick
bases at the same growth rate showed I-V characteristics that
are almost identical with the cells grown at 20 and 60 pm/h. A
lack of systematic dependence of Jy, on the growth rate may
suggest that no significant degradation in crystal quality existed
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Fig. 10.  (a) I-V characteristics under AM 1.5G illumination. (b) EQE spectra
of the GaAs solar cells with 1.7-pm-thick and 3.5-pm-thick base grown at
80 pm/h with and without ZnS/SiO2 ARC evaluated using the effective area of
0.032 cm?.

TABLE III
AVERAGE AND STANDARD DEVIATION VALUES OF Jyc, Voc, FILL FACTOR, AND
EFFICIENCY OF THE GAAS SOLAR CELLS GROWN AT 80 ptM/H WITH
DIFFERENT BASE THICKNESS

GR' Jsc/']scfmesa VUC FF 7]/nmesa
(um/h) (mA/cm?) V) (%)

80 19.34/1333 1014 0859  16.83/11.60
(17-pm)  (0.146/0.100)  (0.002)  (0.007)  (0.223/0.154)
80 2159/14.88 1003 0824  17.84/1230
(3.5-pm) (0.135/0.093)  (0.004)  (0.013)  (0.385/0.265)
80+ ARC  2936/2023  1.003 0801  23.59/16.25
(3.5-pm) (0.232/0.160)  (0.003)  (0.008)  (0.413/0.285)

in the base region as to clearly degrade dark /-V curve of the
cells in the growth rate range from 20 to 80 pm/h.

The I-V curves and EQE spectra of 80 pm/h grown 1.7-pm-
thick and 3.5-p:m-thick base solar cells are plotted in Fig. 10(a)
and (b), respectively. Obviously, the Jy. of the thicker base
cell increased because of enhanced light absorption, ascribed
to the higher EQE response at long wavelength ranges. An
estimation of light absorbance using the Beer—Lambert law with
GaAs parameters taken from [32] showed that almost 100%
of light can be absorbed in this 3.7-pm-thick GaAs (0.2-pm
emitter 4+ 3.5-um base). However, the EQE degradation at the
wavelength range longer than 650 nm is still visible, possibly
due to the failure in the collection of minority holes because the
base thickness exceeds the carrier diffusion length. The average
and standard deviation values of J, Vi, FF, and efficiency
of each 80 pm/h solar cell batch are summarized in Table III.
The FF of 3.5-um-thick base sample with ARC was noticeably
small, and consequently limited the cell efficiency to 23.6%
(16.3% on the basis of a mesa area). The series resistance was
considered as a factor that degraded the FF of this cell.

D. Discussions

In this paper, the relationship between the growth rate and
performance of GaAs solar cell could not be evaluated clearly.
Obviously, GaAs layers grown at 80 ym/h should contain some
amount of crystal imperfection because V,,. decreased as the base
thickness increased at this growth rate. However, the dependence
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of growth rate on defect density could not be quantitatively
extracted and compared. The first reason is that the impact of
growth rate was influenced by insufficient light absorption in
the 2-pum-thick bases. This was evidenced by a drop in EQE
response in the long wavelength range which was independent
of growth rate. In addition, the structure containing a highly
doped n-GaAs base layer results in a very short hole radiative
lifetime, which makes the impact of SRH recombination unclear.
The second reason is that the absolute efficiency of solar cell
in this work is not optimum. A typical MOCVD grown GaAs
p-n solar cell can achieve a V. of 1.03 to 1.06 V [28], [33].
The previous report of high-speed grown n-p GaAs solar cells
could also reach 23.8% to 24.6% [17]. Hence, the performance
of solar cells in this paper (V. ~ 1.00 to 1.01 V) seems to
be limited by factors other than the quality of the GaAs base
layer. The last reason is the p-on-n structure in this paper. It
seems plausible that the lower mobility of minority holes in the
n-GaAs base may make a p-on-n device more robust against
the increase in defect density. Previous reports have shown that
the hole lifetime is less sensitive to the increase in the threading
dislocation density in GaAs than the electron lifetime [34], [35].

In conclusion, the quality of 80 um/h grown GaAs in this
paper is acceptably good, where defects and traps do not sub-
stantially degrade the solar cell efficiency as compared with the
growth rates of 20 and 60 pm/h. There are two issues for further
investigation. The first one is how high can conversion efficiency
be obtained from this p-n solar cell grown at a high growth rate,
for example, 80 pum/h. Several technical papers report a V.
gain of 20-30 mV and an efficiency enhancement in GaAs solar
cells by inserting a hetero BSF layer [36], [37]. This convinces
us that, by employing the combination of adequate base thick-
ness and a better BSF layer to prevent minority carrier diffusion
to the substrate, accompanied by better fabrication processes,
the efficiency of 24%—-25% can be obtained for the cells grown
at 80 pum/h. The second topic is how much can the cost of a
p-n GaAs be reduced. Let us focus on the material cost. In this
study, approximately 10% of the supplied TMGa could be uti-
lized for the growth of GaAs on 2-inch-wafers, and the value
was much lower in the case of AsHj. Several methods have
been proposed to improve the material utilization efficiency, for
example, increasing the wafer size, lowering the V/III ratio, and
improving the growth conditions. Considering the V/III ratio
issue, in this report, the V/III ratio as high as 40 has been uti-
lized during the growth of GaAs at 60 and 80 pum/h. Such a
high V/III ratio can plausibly be a reason for no degradation in
the cell performance up to 80 pum/h. As previously discussed,
the robustness of p-n GaAs solar cell against the defect den-
sity in n-GaAs base may allow growths of GaAs with a lower
V/II ratio with negligible performance degradation [38]. The
optimization between material cost and growth quality should
be carefully investigated in more detail. Moreover, the growth
conditions for PV cells at high growth rates are not fully op-
timized at this stage. In addition to gas flow channel, several
possible parameters to control the boundary layer thickness are
currently under investigation. The crystalline quality as well as
material consumption can be certainly improved in the future.
Nevertheless, we investigated the feasibility of extremely high
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growth rate in MOVPE, and demonstrated its capability for low

cost,

In

high-efficiency PV applications.

IV. SUMMARY

this study, the extremely high-speed GaAs growth of up to

90 pm/h by MOVPE was demonstrated, with slight saturation
of the growth rate above 70 pm/h. The impact of growth rates

was

examined using GaAs p-n solar cells, of which the 2-um

thick n-GaAs base layers were grown at 20, 60, and 80 pm/h.
No dependence was clearly observed between the growth rate

and
detri

cell performance. At present, we cannot fully ignore the
mental impact of high growth rate on solar cell performance

because

1)
2)

3)

[1]
[2]

[3]
[4]
[5]

[6]

[7]

[8]
[9]

[10]

(11]

light absorption is insufficient in 2-ysm-thick bases;

the absolute cell efficiency is limited by other factors in-
cluding the immaturity of the fabrication technology;

the p-on-n structure is relatively robust against the defects
and traps in the base layer. Within such restrictions, the
extent of defect density in 80 pm/h grown GaAs was not
identified to be a critical issue since it did not signifi-
cantly degrade the solar cell efficiency as compared with
the ones grown at 20 and 60 pum/h. As the growth rate
in this MOVPE reactor could be accelerated to 90 pum/h,
which is fast enough for general PV structures, what is to
be compromised among material cost, machine utilization
time, and solar cell performance will be the next research
topic. In addition, the improvement of material utilization
efficiency, especially TMGa, requires in-depth investiga-
tion as it directly and mainly affects the costs of GaAs
solar cells. It is hoped that the results of this study will
contribute to cost reductions in II[I-V PV production by
high-speed epitaxial growth.
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