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Impact of Threading Dislocations on the Design
of GaAs and InGaP/GaAs Solar Cells on Si
Using Finite Element Analysis

Nikhil Jain, Student Member, IEEE, and Mantu K. Hudait, Senior Member, IEEE

Abstract—We investigate the impact of threading dislocation
densities on the photovoltaic performance of single-junction (1J)
n'/p GaAs and dual-junction (2J) n*/p InGaP/GaAs solar cells
on Si substrate. Using our calibrated model, simulation predicts
an efficiency of greater than 23% for a 1J GaAs cell on Si at
AM1.5G spectrum at a threading dislocation density of 10° em~2.
The design of a metamorphic 2J InGaP/GaAs solar cell on Si was
optimized by tailoring the 2J cell structure on Si to achieve current
matching between the subcells, taking into account a threading
dislocation density of 10 ¢cm~—2. Finally, we present a novel and
an optimized 2J InGaP/GaAs solar cell design on Si at a thread-
ing dislocation density of 10 cm~2, which exhibited a theoretical
conversion efficiency of greater than 29% at AM1.5G spectrum,
indicating a path for viable III-V multijunction cell technology on
Si.

Index Terms—III-V semiconductor materials, charge carrier
lifetime, photovoltaic cells, semiconductor device modeling.

I. INTRODUCTION

ULTIJUNCTION II-V solar cells are the dominant
M choice for space satellite power, primarily due to
their high efficiencies under concentrated sunlight [1]-[4].
Efficiencies as high as 43.5% have been demonstrated for
GalnP/GaAs/GalnNAs III-V solar cells under 418x suns [5].
However, the higher costs of Ge and III-V substrates have re-
stricted the widespread commercialization of III-V solar cells.
Heteroepitaxy of III-V materials on large diameter, cheaper,
and readily available Si substrate will not only offer a path for
low cost and high-efficiency III-V cells but also significantly
increase their yield per die. Furthermore, the implementation
of III-V solar cells on Si in conjunction with substrate reuse
technologies [6], [7] can lead to additional cost savings. How-
ever, viability of ITI-V InGaP/GaAs solar cells on Si relies on the
ability to grow high-quality GaAs on Si with careful lattice engi-
neering and substrate treatment. The polar-on-nonpolar epitaxy
and the 4% lattice mismatch between GaAs and Si may result in
the formation of various defects including dislocations. These
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Fig. 1. Schematic depiction of a 2J InGaP/GaAs solar cell on Si.

dislocations can propagate into the photoactive cell region, sig-
nificantly impeding the minority carrier lifetime and, hence, the
overall cell performance [8]-[11].

The focus of this paper is to provide a systematic study on the
correlation of threading dislocation density (TDD) and minority
carrier lifetime on the single-junction (1J) and dual-junction (2J)
cell figure of merits, namely, efficiency 7, open-circuit voltage
Vi, short-circuit current density Jy., and fill factor (FF). The
schematic of the 2J InGaP/GaAs cell structure investigated in
this paper is shown in Fig. 1. As a starting point in our simula-
tion, the base thicknesses in the GaAs and InGaP cell were set
to be 2.5 and 0.9 pm, respectively [1]. We then discuss our de-
sign methodology to engineer the metamorphic 2J InGaP/GaAs
cell structure on Si to achieve the current-matching condition
between the subcells at a TDD of 105 cm~2. The results from
our detailed cell modeling provide a quantitative assessment of
solar cell figures of merit as a function of TDD, thus enabling
more efficient cell design and prediction of the metamorphic 2J
cell performance on Si.

The impact of TDD on cell performance has been previously
investigated [9]-[14]; however, their analysis was limited to
only 1J GaAs cell on Si. For modeling the impact of TDD
on V., Js. was assumed to be independent of TDD [13]. In
reality, Js. decreases with an increase in TDD and may have a
significant impact on the extraction of efficiency. Recently, the
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TABLE I
GaAs AND InGaP MATERIAL AND TRANSPORT PARAMETERS

Parameters (Abbreviation, Units) GaAs InGaP
Band-gap (E,, eV) 1.424 1.86
Minority electron mobility (u, cm?Vs) 3088.8 1074 [20]
Minority hole mobility (uy, cm*/Vs) 100 [17] 40 [20]
Electron diffusion coefficient (D,, cm?/s) 80 [18] 27.816
Hole diffusion coefficient (D, cm?/s) 2.59 1.036

Peak minority electron lifetime (°, ns) 20 [12], [19] 10 [21], [22]
Minority hole lifetime (t°, ns) 2.5 1

impact of minority carrier lifetime on cell performance has been
investigated for InGaN cells on Si [15]. The effect of dislocations
in metamorphic III-V tandem cells has also been investigated
but without incorporation of a substrate [16]. There has not
been significant work done on the modeling-assisted design of
metamorphic tandem solar cells incorporating the impact of
TDD. This paper provides the first study on the modeling and
the optimization of metamorphic 2J n* /p InGaP/GaAs solar cell
on Si at AM1.5G spectrum using finite element analysis without
assuming a constant Jg..

II. SIMULATION MODEL

Minority carrier lifetime is one of the most important figure
of merit for the design of metamorphic solar cells. Defects and
dislocations generated at the III-V/Si heterointerface may serve
as recombination centers and decrease the minority carrier life-
time and, hence, their diffusion length. The effective minority
carrier lifetime (7,, or 7;,) in a lattice-mismatched system varies
as a function of TDD (f (7rpp)) [12], [24] and is expressed as
L_ 1,1 (1)

Top To, TIDD

where 7 and 7,) are the minority carrier lifetime for a dislo-
cation free material. The 7rpp is the minority carrier lifetime
associated with the recombination at dislocation and can be
expressed as

4
7 (TDD)D

where D is the minority carrier diffusion coefficient, and TDD
is the threading dislocation density in cm™2.

Using the model described previously, coupled with the ma-
terial parameters summarized in Table I, we computed the im-
pact of TDD on the minority electron lifetime in p-GaAs and
p-InGaP base, as shown in Fig. 2. Impact of TDD on minority
carrier lifetime has been previously investigated in GaAs mate-
rial [13]. From Fig. 2, it can be noted that for TDDs greater than
10* cm~2 in GaAs subcell, the minority electron lifetime signif-
icantly degraded. The onset of degradation in minority electron
lifetime occurs at a higher TDD (10° cm2) in InGaP subcell
compared with GaAs subcell due to the lower electron diffusion
coefficient in p-InGaP material. By utilizing the minority elec-

2)

TTDD =

E‘ 10 o- —O—O{I!a-:g&; # Ref. [19]
g é 1 '“O ¥ Ref. [25]
o X ' i \C‘Cb‘
3 i Y
£ 1 3 ' ' v 0\ .
!‘ E : : ke e 3
T° [ ] " 3 O\
& [ -®-GaAs | .
n —0—InGaP J [ Q‘D
% 01F ' ! O i
L] E 1 ' \‘ o)

L 1 . fo)
o 3 v o\.
£ : Lo 3
0 0.0 L winnd i il i viiiad il

10" 10% 10° 10* 10° 10° 10" 10°
Threading Dislocation Density [cm”]

Fig. 2. Correlation of TDD on minority electron lifetime in p-GaAs and p-
InGaP base.

tron lifetime variation as a function of increasing TDD, coupled
with the material parameters incorporated from Table I, we sim-
ulated the impact of TDD on the performance of 1J GaAs and
2J InGaP/GaAs solar cells on Si [23]. The experimental lifetime
values for p-GaAs (red) and p-InGaP (green) are included in this
figure [19], [25], indicating an excellent agreement between the
model and the experiment.

In a solar cell, most of the light is absorbed in the thick base
and the minority carriers generated far away from the junc-
tion should have sufficient lifetime to reach the junction before
being recombined. Therefore, the variation of the minority elec-
tron lifetime in the base 7,, was found to have a significant
impact on the cell performance. The minority hole lifetime 7,
in the thin emitter was considered to be constant. The surface
recombination velocity (SRV) was set to 10* cm/s for both holes
S, and electrons S, at InGaP base/back reflector interface and
emitter/window interface. The corresponding .S,, and S, values
were set to 105 cm/s at both the interfaces in the GaAs subcell. In
our model, the mobility of minority carriers was assumed to be
independent of TDD [24], and the effect of bandgap narrowing
and grid shadowing was not included. Therefore, the analysis
discussed in this paper provides an upper bound for the modeled
cell results.

We calibrated our model with the 2J InGaP/GaAs cell struc-
ture in [26] and [27]. A 7, value of 5.2 ns in p-InGaP was
reported in [26]. This value of lifetime corresponds to a TDD of
4x10° cm™2, as shown in Fig. 2. Since the value of 7, in p-GaAs
was not provided, a 7;, value of 3.3 ns was used from Fig. 2. The
simulation results are compared with the experimental results
in Table II. Overall, the simulated and the experimental values
presented in Table IT are in agreement, thus validating our model
and the parameters utilized in the simulation.

III. RESULTS AND DISCUSSION

This section is divided into four subsections. In Sections ITI-A
and B, the impact of minority carrier lifetime degradation on the
performance of 1J GaAs cell on Si and 2J InGaP/GaAs cell on



TABLE II
MODEL CALIBRATION WITH 2J InGaP/GaAs EXPERIMENTAL DATA

Vo Jee FF Efficiency

V) (mA/em’) (%) (%)
Experiment [26] 2.48 14.22 85.6 30.28
Simulation 241 13.85 88.9 29.80
Experiment [27] 2.52 12.70 85.00 27.20
Simulation 2.58 12.53 85.19 27.64

Si is discussed, respectively. Section III-C describes our design
methodology to engineer the 2J InGaP/GaAs cell structure on
Si to realize current matching between each subcell at a TDD
of 105 cm™2. Finally, Section III-D will discuss the impact of
surface recombination on the 2J cell performance.

A. 1J GaAs Cell on Si

The p-GaAs base thickness in the 1J n'/p GaAs cell on Si
was set to 2.5 um. The TDD in this GaAs cell was varied from
10* to 10 cm~2. At a TDD of 10° cm~2, the minority electron
lifetime in p-GaAs was calculated to be 1.49 ns, as shown in
Fig. 2, consistent with the experimentally determined minority
electron lifetime of 1.5 ns in p-GaAs [19].

Voltages at maximum power point V,,, and V,,. were plotted
as a function of increasing TDD in the 1J GaAs cell on Si, as
shown in Fig. 3(a). At lower TDD, the higher value of both V.
and V,,, was attributed to the higher minority electron lifetime in
the p-GaAs base. TDD below 10° cm~2 had a negligible impact
on the V.. However, beyond this TDD, V,,. started to degrade
significantly. V. has a logarithmic dependence on reverse sat-
uration current density .Jy, which is inversely proportional to
the minority carrier lifetime. Thus, at higher TDD, significant
degradation in both V. and V,, was attributed to the higher
reverse saturation current density pertaining to the reduced mi-
nority electron lifetime.

Current densities at maximum power point J,,, and J. were
plotted as a function of TDD in the 1J GaAs cell on Si, as
shown in Fig. 3(b). For a TDD below 4 x 10° cm~2, the minority
electrons had sufficient lifetime to reach the junction before
being recombined, and hence, TDD below 4x10° cm™2 had a
negligible impact on the J,.. For the 1J GaAs cell considered
here, a 7, value of at least 0.78 ns (at a TDD of 2x10% cm™2)
was necessary for the cell to function as a short diode. Beyond a
TDD of 2x 10 cm~2, the cell behaved like a long diode with the
electron diffusion length becoming shorter than the GaAs base
thickness. Thus, beyond a TDD of 2x 10° cm~2, the degradation
in both Jy. and .J,,, was attributed to the reduction in minority
electron lifetime. Interestingly, from Fig. 3(a) and (b), it can be
seen that the beginning of degradation in J;. occurred at a higher
TDD than V., indicating that J,. is more tolerant to TDD in
the 1J GaAs cell on Si.

Fig. 3(c) shows the degradation in efficiency of the 1J GaAs
cell on Si as a function of increasing TDD. It can be seen that
cell efficiency higher than 25% was attained for TDD below
2x10° cm~? (or 7, greater than 5 ns). However, the cell effi-
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ciency significantly degraded beyond a TDD of ~10° cm~? due
to the reduction in both J,,, and V,,,, as discussed earlier. At an
experimentally realistic TDD of 10° cm~2 [28], the correspond-
ing cell efficiency was found to be 23.54%, while at a higher
TDD of 107 cm~2, the corresponding cell efficiency degraded
to 19.61% due to the reduction in the minority electron lifetime.

The FF as a function of an increase in TDD was plotted in
Fig. 3(d). There was almost negligible drop in the FF below a
TDD of 10° cm~2. The percentage drop in both J,, and V},
from a TDD of 10*~10° cm~2 was greater than the percentage
drop in Jg. and V., respectively, as can be seen from Fig. 3(a)
and (b). Thus, at higher TDD, a greater percentage drop in the
Jm XV, product compared with Jy. x V. led to the degradation
in the FF.

B. 2J InGaP/GaAs Cell on Si

For the analysis of metamorphic 2J n* /p InGaP/GaAs cell on
Si, the base thicknesses in the GaAs and InGaP subcells were set
to 2.5 and 0.9 pm, respectively. The TDD was varied from 10° to
10% cm~2, and it was assumed that all the threading dislocations
in GaAs bottom subcell propagated to the top InGaP subcell.

Fig. 4(a) shows the degradation in both V. and V), as a
function of increasing TDD in the 2J InGaP/GaAs cell on Si.
The primary reason for the decrease in V,, was due to the
strong dependence on the reverse saturation current density Jy2
associated with the depletion region recombination. The V. can

be expressed as
T .
()
q Jo2

where Jyo depends on the minority carrier base lifetime 7j,,5¢
and is expressed as

qni;/VD< 1 ) @
Thase

where n; is the intrinsic carrier concentration, and Wp is the
depletion layer width. Athigher TDD, the value of .Jy, increased
due to the reduction in minority electron lifetime. Thus, the
increase in Jy» led to significant degradation in both V. and
V.. with increasing TDD.

The Ji. and J,, in the 2J InGaP/GaAs cell were plotted as
a function of an increase in TDD in Fig. 4(b). The degradation
in both Jg. and J,, at higher TDD was due to the simultane-
ous reduction in the minority electron lifetime in both GaAs and
InGaP base. The onset of degradation in J,. in 2J cell configura-
tion was also found to occur at higher TDD compared with V.,
similar to the 1J GaAs cell, which was discussed earlier. Thus,
Jsec was more tolerant to TDD compared with V;,. for both 1J
GaAs and 2J InGaP/GaAs cells on Si, which is consistent with
prior work [14].

Fig. 4(c) shows the degradation of 2J InGaP/GaAs cell effi-
ciency as a function of increasing TDD. At a TDD of 10° cm 2
in the 2J structure, the corresponding 2J cell efficiency was
26.22%. Beyond a TDD of 10° cm~2, the degradation in mi-
nority electron lifetime in the p-GaAs significantly hindered the
2] InGaP/GaAs cell efficiency as p-GaAs material was found to
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Fig. 4. Impact of TDD variation on 2J InGaP/GaAs cell performance param-
eters. (a) Vo and Vj,, , (b) Js¢ and J,, , and (c) n at AM1.5G spectrum.

be more sensitive to dislocations than the p-InGaP (see Fig. 2).
Above a TDD of 107 cm 2, the 2J InGaP/GaAs cell efficiency
degraded to that of 1J GaAs cell efficiency, thus making the
contribution of the top InGaP cell redundant.

The J-V characteristics of the 2J InGaP/GaAs (red curve)
cell, the GaAs subcell (blue curve), and the InGaP subcell (pink
curve) were plotted in Fig. 5 at a TDD of 10° cm™2. It can be
seen that the subcells were not current-matched and the bottom
GaAs subcell limited the Jy. in the 2J cell configuration. In
practice, it is challenging to improve the material quality of
heteroepitaxial GaAs grown on Si to lower the TDD significantly
below 10° cm~2. Consequently, it becomes extremely important
to optimize the metamorphic 2J InGaP/GaAs cell structure on
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Si at a realistic TDD of 10° cm~2 by tailoring the design of each
subcell.

C. Current Matching in 2J InGaP/GaAs Cell on Si

In a multijunction cell, one of the most important design crite-
ria is to achieve the current matching between the subcells. Cur-
rent matching enables us to extract the best performance from
a multijunction cell. The cell with a higher bandgap provides a
higher V,. and a lower J,.. For achieving the current-matching
condition, ideally, J,,, between each subcell should be matched.
Here, we used J;, for current matching as J;, is a directly mea-
surable parameter during cell characterization, and it has been
widely used for current-matching analysis [2], [29].

The subcells in our 2J configuration were not current-
matched, as shown in Fig. 5. Therefore, appropriate design
changes in our 2J cell structure were required to realize the
current-matching condition between the subcells. In a solar cell,
most of the light is absorbed in the thicker base layer, and hence,
the minority carrier lifetime in the base plays a critical role in
determining the current density contribution from a cell. Thus,
we optimized the base thicknesses in the GaAs and the InGaP
subcells to achieve current-matching condition at an experimen-
tally realistic TDD of 105 cm~2 [28]. At this TDD, the values
of 7, were 1.494 and 3.171 ns in the p-GaAs and the p-InGaP
base, respectively, as calculated in Fig. 2.

We first varied the thickness of p-InGaP base from 1.1 to
0.3 pmin a 1J InGaP cell configuration. This is represented by
the blue curve in Fig. 6(a). Then, in the 2J cell configuration,
the thickness of p-InGaP base was again varied over the same
range with the GaAs base thickness set to 1 um (pink curve),
as shown in Fig. 6(a). The same procedure was repeated for the
GaAs base thickness of 2 (black curve) and 3 um (red curve).
The InGaP cell structure was the same in both the 1J InGaP
and the 2J InGaP/GaAs cell configurations. It can be seen that
thinning the base thickness in the 1J InGaP cell lowered the
Jse due to reduction in the absorption depth for the photons
to be absorbed in the p-InGaP base. Interestingly, thinning the
InGaP base thickness in the 2J cell configuration allowed more
photons through to the bottom GaAs subcell, resulting in an
increase of J,. from the GaAs subcell at the cost of reduction in
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Js. from the InGaP subcell. This resulted in the overall increase
in Jy. of 2J cell as the bottom GaAs subcell limited the J. in
the 2J cell configuration. Furthermore, as the top cell base was
being thinned, increasing the base thickness of the bottom GaAs
subcell allowed for additional photons through to the GaAs
subcell. This led to further improvement in the overall Jy. of the
2J cell. However, further increment in the GaAs base thickness
beyond 2 pm did not result in significant improvement of J..
This was likely due to insignificant photocurrent contribution
from the GaAs subcell beyond a base thickness of 2 pum.
Utilizing the method discussed previously, the current-
matching condition was realized at point A (Jy, =
13.5 mA/cm?) and B (J;. = 14.18 mA/cm?), as shown in
Fig. 6(a). The J-V characteristics of the 2J cell and the in-
dividual subcells corresponding to the point B were plotted in
Fig. 6(b). At point B, the 2J cell exhibited a conversion effi-
ciency of 29.62% with a 2-pm and a 0.38-um-thick GaAs and
InGaP base, respectively. The cell parameters extracted after
achieving the current-matching condition between the two sub-
cells at a TDD of 10° cm™2 were summarized in Table IIL
These results illustrate that even at a TDD of 10° ¢cm~2, an
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TABLE III
2J InGaP/GaAs CELL PARAMETERS AT AM 1.5G ILLUMINATION

2J cell (InGaP/GaAs Ve T FF Efﬂ(ﬁ}‘;my
base thickness in pm) V) (mA/cm®) (%) 0
Non-optimized 2.35 12.41 89.73 26.22
(0.9/2.5)
Current-matched 2.37 14.18 88.22 29.62
(0.38/2)
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efficiency of greater than 29% can be realized for a metamor-
phic 2J InGaP/GaAs solar cell on Si by carefully engineering
the cell design. To further verify the results from this simulation
study, experimental work is underway.

D. Impact of Surface Recombination on 2J InGaP/GaAs Cell

Interface recombination could be a major factor that limits
the performance of a tandem cell. Recombination at top cell
interfaces was found to have the most detrimental impact [20].
In our design, the thickness of the top InGaP subcell was signif-
icantly reduced; hence, it was important to analyze the impact
of SRV on the overall 2J cell performance. Fig. 7 shows the
impact of SRV at top InGaP subcell interfaces on the 2J cell n
and J.. Initially, all the SRVs were set to 10° cm/s at all the
interfaces in the GaAs and the InGaP subcells. Thereafter, the
SRV was set to 10 cm/s in the GaAs subcell, while the SRV in
the InGaP subcell was varied. It can be seen that the SRV, when
below 10? cm/s in the InGaP subcell, had negligible impact on
the efficiency of the 2J cell. However, the efficiency dropped to
27.35% at an SRV of 10% cm/s due to degradation in J,.. Thus,
it is important to restrict the SRV below 10* cm/s in the InGaP
subcell to achieve high-efficiency 2J InGaP/GaAs cell on Si.

IV. CONCLUSION

We have investigated the impact of TDD on the performance
of 1J n*/p GaAs and 2J n'/p InGaP/GaAs cells on Si at AM
1.5G spectrum. The analysis indicates that in a 1J GaAs cell on
Si with a 2.5-um-thick GaAs base, an efficiency of greater than

23% can be realized at a TDD of 10° cm~2. For both 1J and 2J
cell configurations, the onset of degradation in V;. was found to
occur at a lower TDD than in J;., indicating that V,,. was more
sensitive to TDD.

The 2J InGaP/GaAs cell at a TDD of 10% cm~? exhibited an
efficiency of 26.22% with a 2.5- and 0.9-pm-thick GaAs and
InGaP base, respectively. The design of the 2J InGaP/GaAs cell
on Si was optimized at a TDD of 105 cm~2 to achieve current
matching between the two subcells. By thinning the top InGaP
cell from 0.9 to 0.38 pm, the 2J cell efficiency increased to
29.62% from 26.22%. In addition, at the interfaces in the top In-
GaP subcell, the SRVs below 10* cm/s had negligible impact on
the 2J cell performance. Thus, even in a lattice-mismatched 2J
InGaP/GaAs cell on Si with TDD of 10° cm ™2, a theoretical con-
version efficiency of greater than 29% at AM1.5G is achievable
by tailoring the device design. Once experimentally realized, the
M-V cell technology on Si would offer a new paradigm for the
advancement of low-cost III-V solar cells and foster innovative
avenues for both space and terrestrial applications.
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