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Abstract—We have investigated the concentrated photovoltaic
performance of metamorphic monolithic InGaP/GaAs dual-
junction (2-]) solar cells on Si substrate under AM1.5d spectrum
using finite-element analysis. The current-matching condition be-
tween each subcell was realized for threading dislocation density
varying from 105 to 10’ cm~2, emanating from the mismatch be-
tween GaAs and Si substrate. Through comprehensive cell design
and by mitigating the losses due to shadowing effect and series
resistance, we present an optimal cell design for harnessing the
maximum potential of 2-J InGaP/GaAs cell integrated on Si sub-
strate for concentrated photovoltaics. The optimization of front
grid spacing and sheet resistance of the window layer were the key
design parameters taken into consideration for extending the peak
performance toward higher concentrations. Finally, we present an
optimized 2-J InGaP/GaAs cell design on Si, which exhibited a
theoretical conversion efficiency of 33.11% at 600 suns at a realis-
tic TDD of 10° cm~—2, indicating a promising future for integrating
III-V cell technology on Si for low-cost concentrated photovoltaics.

Index Terms—Grid design, photovoltaic cells, semiconductor
device modeling, ITII-V on Si, III-V semiconductor materials.

1. INTRODUCTION

ULTIJUNCTION II-V compound semiconductor solar
M cells have been the dominant choice for space applica-
tions; however, their expensive cost has limited their application
for the terrestrial sector. Concentrated photovoltaic (CPV) sys-
tems utilizing ITI-V multijunction cells provide a great promise
for delivering electrical power at lower cost than traditional
flat-plate systems [1]. Under high sun concentration, the con-
centrator begins to dominate the overall system cost as the cell
size becomes much smaller and the economics becomes strongly
influenced by the efficiency—concentration relationship. The rel-
atively small cell size reduces the amount of material and, con-
sequently, the system cost.

Most of the III-V solar cells utilized in CPV systems are
grown on either GaAs or Ge substrate, both of which are not
only smaller in diameter, but are also more expensive than Si.
Direct integration of III-V semiconductors on large diameter,
cheaper, and readily available Si substrate is highly desirable
for increased density, low-cost, and lightweight photovoltaics.
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III-V integration on Si unifies the excellent optical properties
of II-V materials with the volume manufacturability of Si,
allowing a path for significantly driving down the cost. Further-
more, III-V on Si technology is also attractive for integration
with commercially available substrate reuse techniques such as
spalling [2] and epitaxial lift-off [3]-[5] to explore additional
cost saving schemes. The approach of direct GaAs on Si epitaxy
could be extended to record efficiency 3-J solar cells that utilize
dilute nitride cell [6] as well as with the state-of-the-art in-
verted metamorphic solar cells [7]. However, polar on nonpolar
epitaxy, thermal mismatch, and 4% lattice-mismatch make the
growth of GaAs on Si challenging, rendering the metamorphic
solar cell sensitive to dislocations.

We have recently modeled a 2-J InGaP/GaAs cell on Si with
a theoretical efficiency greater than 29% (1-sun) at a threading
dislocation density (TDD) of 10° cm~2 by carefully engineer-
ing the cell design and by realizing the current-matching con-
dition taking into account the TDD [8], [9]. Experimental 2-J
InGaP/(In)GaAs-based solar cells have been an integral part of
most of the high efficiency multijunction solar cells [6], [7], [10],
[11]. The highest 1-sun efficiency reported for monolithic 2-J
InGaP/GaAs cell on Siis 18.6% [12]. There has not been signif-
icant experimental or theoretical work done on the monolithic
integration of 2-J InGaP/GaAs solar cells on Si for operation
under concentrated sunlight, which takes into account the im-
pact of TDD. To the best of our knowledge, this paper provides
the first simulation study on the CPV performance of metamor-
phic 2-J InGaP/GaAs solar cells on Si substrate which takes into
account the impact of TDD using finite element analysis [13].
The results from our study will be useful for future design and
optimization of metamorphic 3 J and beyond III-V solar cells
on Si substrate.

II. THEORY AND MODELING PROCESS

In CPV systems, lenses focus the sunlight onto a small area
cell, enabling higher efficiency under concentrated sunlight.
Typically, the current density of a solar cell is proportional to the
intensity of the incident light and inversely proportional to the
cell area. The efficiency increases with the concentration until
series resistance or cell heating begins to limit the performance.
For lattice-matched 2-J InGaP/GaAs cells, an absolute 4% drop
in efficiency was observed for the cell operating at ~100 °C
compared with ~25 °C [14]. However, extremely small 2-J
cells (0.36 mm?) have been previously used under ~1000 x
concentration without employing heat sinks for passive cooling
[3]. Since we have utilized small cell dimensions (<0.25 mm?)
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Fig. 1. Schematic depiction of 2-J InGaP/GaAs solar cell on Si.

in our model, we neglected the cell heating under concentrated
sunlight for our prototype cells.

A. Concentrated Photovoltaic Design Consideration
for Metamorphic II1I-V Solar Cells on Si

The most important design aspects for maximizing the CPV
performance of multijunction solar cells include the 1) realiza-
tion of current-matching, 2) optimization of the design tradeoffs
between the front metal shadowing and the series resistance, and
3) proper tunnel-junction design. An additional aspect that be-
comes extremely important for designing metamorphic tandem
cells for CPV is the optimization of all these parameters taking
into account the impact of TDD.

In this paper, we have utilized our calibrated model for 2-J
InGaP/GaAs cell on Si under AM1.5 g [9] as the first step.
The entire structure is metamorphic with respect to Si substrate.
However, the III-V subcells are internally lattice matched. Al-
though, the InGaP subcell was lattice matched to the bottom
GaAs subcell, all the threading dislocations (TDs) generated
due to the mismatch between GaAs and Si were assumed to
propagate into the top InGaP subcell. We utilized the same
material and device parameters, namely, band gaps, minority
carrier mobility and lifetimes, diffusion coefficients, and sur-
face recombination velocities [9], [15]-[21] to evaluate the CPV
performance under AM1.5 d (900 W/m?). Utilizing an incident
power density of 1000 W/m? would only alter the efficiency and
not affect any of the other solar cell parameters. The schematic
of the 2-J InGaP/GaAs cell structure on Si is shown in Fig. 1.
The grid finger-pitch was defined as the end-to-end distance
between two adjacent fingers, each being 2-pm wide.

B. Tunnel Junction Design Under Concentrated Sunlight

The tunnel junctions (TJs) may limit the overall performance
if the current density of the solar cell exceeds the peak tunneling
current density (J7r_peax) of the TJ. However, it is extremely
challenging to estimate the carrier lifetimes in the heavily doped
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TJs ata given TDD. Therefore, for the simplification of our anal-
ysis, the AlGaAs/GaAs TJ in our cell structure was assumed to
be unaffected at a TDD of 10° cm~2. The potential risk of
reduction in Jr_pe,x due to TDD can be mitigated by utiliz-
ing AlGaAs/GaAs quantum-well TJs, which have Jr_peai over
300 A/cm?, equivalent to operation under 20 000 suns [22].

C. Series Resistance Losses During Grid Design

Typically, the degradation in cell performance under high
concentration due to series resistance is attributed to the 1)
shadowing losses due to front grid obscuration, 2) resistance of
the epitaxial layers including the sheet resistance of the window-
emitter layers, 3) contact resistance at the metal-semiconductor
interface, and 4) resistivity of the metal gridlines. Selecting an
appropriate metal stack and the annealing condition during the
cell fabrication can minimize the contribution from the latter
two factors. Major contributions to the power loss due to series
resistance can be attributed to the shadowing of the metal fingers
as well as the emitter sheet resistance [23]. The optimization of
these specific parameters is, therefore, extensively addressed in
this study.

There have been several methods proposed for characterizing
the series resistance of a solar cell [24]-[28]. Most of the meth-
ods are based on computing slopes and may require current—
voltage (I-V) measurements at multiple concentration [27] or
both light and dark /-V measurements [25], [26]. Although, the
most commonly used methods are based on computing the slope
near the V, ., these methods are sensitive to the point consid-
ered on the characteristic curve. To compute series resistance,
we have utilized the method proposed by Araujo and Sanchez
[24], where the overall contribution of the series resistance is
considered as an effective series resistance, R, and is calculated
by evaluating numerically the area, A, under the light I-V curve
of the solar cell [24] using
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where n is the effective ideality factor of the diode, and k is
the Boltzmann constant. This method of computing the area is
superior to computing the slope as this method smoothens the
experimental data errors rather than enhancing the noise.

III. RESULTS AND DISCUSSION
A. Current-Matching in 2-J InGaP/GaAs Solar Cell on Si

In our device structure, owing to the lattice-mismatch be-
tween GaAs and Si, the TDs may propagate into the active
junctions and serve as recombination centers for electron and
holes, leading to degradation in the minority carrier lifetimes
and, thus, the cell performance. In our model, the maximum
minority electron lifetime (7,,) in lattice-matched p-type GaAs
and p-type InGaP base were considered to be 20 [15], [16] and
10 ns [20], [21], respectively. Due to the lattice-mismatch be-
tween GaAs and Si, 7,, in p-type GaAs and p-type InGaP base
were estimated to be 1.49 and 3.17 ns, respectively, at a TDD
of 10% cm~2 [9]. Carefully taking into account the impact of
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these degraded lifetimes on the cell performance, we achieved
the current-matching condition between the two subcells under
AM1.5 d spectrum utilizing a similar method as outlined ear-
lier [9]. Owing to the spectral differences between AM1.5 g
and AMI1.5 d spectra, for the same current-matched design un-
der AM1.5 g (2-um thick p-GaAs and 0.38-pm-thick p-InGaP
base), the J,. in the GaAs subcell was found to be 7.66% higher
than the top InGaP subcell under AM1.5 d spectrum.

Our preliminary 2-J InGaP/GaAs cell structure on Si em-
ployed a grid finger-pitch of 500 pum. In order to maximize
the J,. of our 2-J InGaP/GaAs cell and to achieve the current-
matching condition under AM1.5 d at a TDD of 10° cm™2, the
thicknesses of individual layers in both the subcells were op-
timized as shown in the Fig. 2(a). The optimal p-GaAs base
thickness was found to be 2.7 pum, beyond which the minority
carriers could not be efficiently collected as a consequence of
the reduced electron lifetime owing to the dislocations in the
p-GaAs base. The optimal thicknesses for the p-InGaP base
was found to be 0.47 pum, which allowed to extract the max-
imum current density from the bottom current-limiting GaAs
subcell, while still maintaining the current-matching condition.
This current-matched 2-J InGaP/GaAs cell design on Si exhib-
ited an efficiency of 29.29% under AM1.5 d (1-sun) with a J,. of
12.86 mA/cm? as indicated by the solid curves in Fig. 2(b). The
contribution of individual GaAs and InGaP subcells towards
the 29.29% efficiency were 11.44% and 17.85%, respectively,
and the V,. of the GaAs and InGaP subcells were 0.94 V and
1.42 V, respectively. The corresponding band gap-voltage offset,
Woe (= Ey4/q — Vi) for the GaAs and InGaP subcells were

Concentration (suns)

Fig. 3. Impact of concentration on the performance of 2-J InGaP/GaAs cell
on Si: (a) 1, (b) Vi, (c) FF (inset shows J.), and (d) V,,, for various grid
finger-pitches under AM1.5 d spectrum at a TDD of 10° cm™2.

calculated to be 0.48 V and 0.44 'V, respectively. These values
of W, higher than the ideal W, value of ~0.4 V [10] were
indicative of the dominance of nonradiative recombination in
the base of both the subcells owing to the TDs.

B. Optimization of Spacing Between Grid Fingers

The performance of ITII-V solar cells for CPV operation can
be significantly impacted if the front grid design is not optimized
for a specific target concentration. Lowering the grid separation
between the front gridlines (or increasing the grid shadowing)
improves the I’R resistive losses, but at the same time reduces
the photon flux that reaches the cell and in turn limits the J.
Thus, there are design tradeoffs between the shadowing effect
and the series resistance which needs to be optimized to enable
the best performance under a specific target concentration.

In order to optimize the losses due to shadowing effect and
series resistance, we varied the grid finger-pitch from 500 to
50 pum to determine the optimal spacing for a cell design at a
TDD of 10° cm~2. The influence of variation in the grid finger-
pitch on the efficiency (1), V., fill-factor (FF) (inset shows Js.),
and voltage at the maximum power point (V/,,) with increasing
concentration under AM1.5 d were plotted in Fig. 3(a)—(d), re-
spectively. It can be clearly seen that our preliminary cell with
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TABLE I
DEPENDENCE OF 2-J CELL PERFORMANCE ON FINGER-PITCH AT
TDD ~10° cm—2

Grid Finger-Pitch (ptm) Voe (V) Jee (mA/cm?) FF (%) Efficiency (%)
1-sun
500 pm 2.356 12.86 86.87 29.29
100 pm 2.358 12.50 86.89 28.44
300-suns
500 pm 2.681 3859.1 66.94 25.63
100 pm 2.679 3751.13 87.37 32.49
TABLE II
DEPENDENCE OF 2-J CELL EFFICIENCY ON TDD
TDD I-sun AM 1.5d Peak CPV Efficiency (%) (Peak
(cm™2) Efficiency (%) Concentration) — Optimal Grid
Finger-Pitch

10° 30.73 33.84 (100 x) — 200 pzm

100 29.29 32.49 (300 x) — 100 pm

107 25.88 29.12 (300 x) — 100 pm

a grid finger-pitch of 500 pum demonstrated the best perfor-
mance under 1 sun. However, with increasing sun concentra-
tion, the performance began to degrade with the peak efficiency
of 31.71% occurring at merely 50 suns. Due to a wider grid
finger-pitch of 500 pum, the effect of series resistance was more
pronounced at low concentrations, thus limiting the peak perfor-
mance to only 50 suns and rendering this cell design inefficient
for CPV operation.

From Fig. 3(a), one can clearly find that as the front grid spac-
ing was reduced, the efficiency at 1 sun for the 50-pm finger-
pitch dropped significantly due to the lower photon flux reaching
the cell as a result of increased grid shadowing. However, the
advantage of reducing the front grid spacing was clearly seen at
higher concentration, evident by the improvement in efficiency
and the extension of peak performance to higher concentration.
For the cell with a grid finger-pitch of 50 pum, the low-absorbed
photon flux [and the corresponding low J., as evident by the
inset of Fig. 3(c)], overpowered the benefits gained by mini-
mizing the I R resistive losses. The cell with a finger-pitch of
100 pm exhibited the best performance at higher concentration
(32.49% at 300 suns). The grid finger-pitch of 100 pm reduced
the resistive path, while allowing sufficient photon flux to reach
the cell, thus underlining the importance of accurate grid design
at an intended-concentrated level. The resulting solar cell per-
formance parameters are compared for the best grid finger-pitch
of 100 pm with the preliminary grid finger-pitch of 500 pm in
Table I. In addition, to get a clear insight on the dependence of
cell performance on the TDD, we simulated 2-J InGaP/GaAs
solar cell on Si for CPV operation with TDD varying from 103
to 107 cm—2, with subcells being current-matched at each re-
spective TDD. The grid finger-pitch design at each respective
TDD was optimized and the performance results obtained are
summarized in Table II.

From Fig. 3(a), it is also worth noting that even for the op-
timized 100-pm grid finger-pitch, the efficiency peaked at 300
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suns and then eventually decreased thereafter. The solar cell
performance parameters (Jyc, Voe, Jms Vi) were analyzed to
investigate the root cause of the degradation in performance be-
yond 300 suns, starting with Jg. first. It is evident from the inset
of Fig. 3(c) that the J;. continued to increase with sun concen-
tration, irrespective of the finger-pitch and, hence, was not a
performance limiting factor. From Fig. 3(b), it can be inferred
that the V,,. had a logarithmic dependence on the concentra-
tion. Assuming constant temperature, V,,. under concentrated
sunlight can be expressed as [29]

Vc))(csuns _ Vcl)s(;un + TLEZTLX (2)
q

where n is the effective diode ideality factor, k is the Boltzman
constant, X is the sun concentration, and ¢ is the elementary
charge. From Fig. 3(b), one can find that the V,. continued to
increase with the concentration and, therefore, was not a fac-
tor limiting the cell performance to increase beyond 300 suns.
Using (2), the slope of V,,. versus logarithmic of concentration
was calculated to be ~ 2.21 KT, close to the predicated value of
2 kT for two series-connected ideal diodes. The higher value of
the ideality factor was attributed to the recombination within the
base region of the subcells owing to the TDD. We utilized this
ideality factor to compute the series resistance, which we discuss
in the subsequent Section III-C. While J,. and V. continued to
increase with concentration, it is evident from Fig. 3(c) that the
FF was adversely impacted, especially for the cells which had
wider grid finger-pitch. The decrease in FF at higher concentra-
tion was attributed to the effect of series resistance associated
with V,,,. We next address in greater details the role of series
resistance and the associated I°R losses in limiting the cell per-
formance at higher concentrations.

C. Role of Series Resistance on the Cell Performance

Among the solar cell parameters (V,,, J,,, Vi, Jsc) which
influence the FF, we found that all of these parameters continued
to increase with concentration, except V,,,. Unlike V., which
increased logarithmically with concentration, V,,, had a nonlin-
ear dependence as shown in Fig. 3(d). Thus, the degradation in
V., with increasing concentration limited the cell efficiency to
rise beyond a certain concentration due to the impact of both se-
ries and shunt resistance. With the increase in concentration, the
degradation in V,,, was found to be less severe for narrower grid
finger-pitch, as evident from Fig. 3(d). This was attributed to
the pronounced effect of series resistance for the widely spaced
grid fingers owing to a longer resistive path for the electrons to
travel before being collected in the gridlines. As a consequence
of the degradation in V;,, with increasing concentration, the ef-
ficiency was most severely impacted for the cell with wider grid
finger-pitch, as shown in Fig. 3(a).

The resistive power losses increase with the square of cur-
rent density, having a stronger impact at higher concentration.
The enhanced effect of series resistance with increasing grid
finger-pitch is illustrated in the J-V characteristics of the 2-J
InGaP/GaAs cell on Si at 300 suns at a TDD of 10° cm™2, as
shown in Fig. 4(a). In order to gain quantitative insight into the
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design tradeoffs for optimizing series resistance and shadowing
losses at higher concentration, we evaluated the effective series
resistance and the associated I’R losses at 300 suns. The effi-
ciency of the 2-J InGaP/GaAs cell on Si at 300 suns, the R, and
the associated (.J;,, )2 R losses are plotted as a function of the
variation in grid finger-pitch in Fig. 4(b). One can clearly see
that both the R, and (J,,)? R, resistive losses decrease with
the decrease in grid finger-pitch. This facilitated an increase in
efficiency for the cells with narrower grid finger-pitch. How-
ever, this trend of increase in efficiency with decrease in grid
finger-pitch was effective only until the shadowing losses be-
gan to dominate and limit the performance. This was evident in
the cell with a grid finger-pitch of 50 um. Although the (.J,, )?
R losses were minimized for grid finger-pitch of 50 pm, the
photon flux reaching the cell was significantly reduced due to
the increased shadowing losses, thereby, limiting the cell per-
formance. Thus, the design tradeoffs between shadowing losses
and series resistance for CPV operation were best optimized at
a grid finger-pitch of 100 pm.

D. Optimizing of the Doping in the Top Cell Window Layer

The conductivity of the top cell window-emitter layers plays
a significant role in extending the peak cell performance toward
higher concentration, enabling more efficient design for eco-
nomical CPV. In a typical n+/p solar cell, the electrons flow
laterally in the top cell’s window layer before they are collected
at the gridlines. This lateral electron flow makes the optimization
of the conductivity of the window-emitter layers of key impor-

Concentration (suns)

Fig. 5. Impact of doping concentration in the InAIP window layer on the
performance of 2-J InGaP/GaAs solar cell on Si at a TDD of 10 cm™2: (a) 7,
(b) V}, , and (¢) FF under AM1.5 d. The inset in (a) shows the J—V characteristic
of the optimized 2-J InGaP/GaAs solar cell with grid finger-pitch of 100 pm
and window layer doping concentration of n = 5 x 108 cm™~3 at 600 suns.

TABLE III
DEPENDENCE OF 2-J CELL EFFICIENCY ON THE WINDOW LAYER DOPING

Doping (cm3)  1-sun Efficiency (%) Peak Concentration (suns) Peak Efficiency (%)

2.00 x 108 28.44 300 32.49
3.50 x 108 28.45 500 32.93
5.00 x 108 28.45 600 33.11
8.00 x 10'# 28.46 600 33.23

tance to minimize the I°R resistive losses and indeed translates
to substantial performance improvement.

Our optimized cell design with a grid finger-pitch of 100 um
(from Section II-B), utilized an Ing 5 Aly. ;P window layer with
a doping concentration of n = 2 x 10'® cm™3. In order to opti-
mize the doping concentration in the window layer, we varied it
fromn =2 x 10'® cm 3 ton = 8 x 10'® cm~, while keeping
the grid finger-pitch fixed at 100 ym and taking into account the
impact of TDD. The influence of increasing sun concentration
onthen, V,,,, and FF for the 2-J InGaP/GaAs cell on Si at two dif-
ferent window layer doping concentrations (n =2 x 10'® cm—3
and n = 5 x 10" cm™3) is illustrated in Fig. 5(a), (b), and
(c), respectively, and the key results are summarized in Ta-
ble III. It is worth noting that as the doping concentration in the



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

window layer was increased, the peak cell efficiency contin-
ued to increase, with the best performance of 33.23% oc-
curring at 600 suns for n =8 x 10'® cm~3. However, ob-
taining a high doping concentration of n = 8 x 10'® cm™3
in the InAlP window layer can be challenging during ma-
terial growth. Therefore, we selected a more realistic and
achievable doping concentration of n = 5 x 10'® cm™3. From
Fig. 5(a), we can see that by increasing the doping concen-
tration from n =2 x 10" cm™3 to n =5 x 10'® cm™3, the
peak performance of 32.49% at 300 suns was extended to
33.11% at 600 suns. This improvement in cell performance
was attributed to the improvement in V,, and the FF [see
Fig. 5(b) and (c)] owing to the reduction in the I’R resistive
losses. Although the gain in cell performance by increasing
window layer doping concentration from n = 2 x 10'® cm™3
ton =5 x 10'® cm™ was only 0.62%, the shift in peak per-
formance from 300 to 600 suns will allow to significantly scale
down the cell size and contribute substantially toward cost re-
duction. The drop in cell performance beyond 600 suns was
attributed to the effect of series resistance, emanating from the
bulk resistance of the epi-layers. It was not due to the J,. of the
2-J cell exceeding the peak tunneling current density of the TJ at
600 suns, since AlGaAs/GaAs-based TJs have been previously
demonstrated with peak tunneling current density in excess of
7.5 Alem?, the J.. of our 2-J InGaP/GaAs cell on Si at 600
suns [30], [31]. Performance prediction of ~33% for 2-J In-
GaP/GaAs solar cells on Si is encouraging for future research
and development of III-V solar cells on Si substrate for CPV
application.

IV. CONCLUSION

We have demonstrated a design methodology oriented toward
maximizing the performance of 2-J InGaP/GaAs solar cell on Si
for concentrated photovoltaics, incorporating TDs. The current-
matching condition under AM1.5 d was realized at TDD varying
from 10° to 107 cm~2. A theoretical conversion efficiency of
29.29% at a realistic TDD of 10® cm™2 was achieved for the
2-J InGaP/GaAs solar cell design on Si with a grid finger-pitch
of 500 pum. The bottom GaAs subcell was found to limit the
overall performance of the 2-J InGaP/GaAs solar cell on Si.

The design tradeoffs between the losses due to grid shadow-
ing and series resistance were optimized to maximize the perfor-
mance under higher concentration. At a TDD of 10° cm™2, the
optimal grid finger-pitch was found to be 100 zm, demonstrat-
ing an efficiency of 32.49% at 300 suns. Increasing the window
layer doping from n =2 x 10'® cm™ to n = 5 x 10'® cm™3
allowed to extend the peak performance to 600 suns, improv-
ing the conversion efficiency to 33.11%, a greater than absolute
3.5% performance improvement compared with 1-sun. We have
demonstrated the importance of optimizing the cell design for
a target concentration at a specific TDD. Our model predicts
theoretical conversion efficiency in excess of 33% at 600 suns
for 2-J InGaP/GaAs solar cell on Si at a TDD of 10° cm~2. The
performance results are encouraging and show a promising fu-
ture for integrating metamorphic III-V concentrator solar cells
on Si substrate for CPV applications.
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