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Impact of Well Number on High-Efficiency
Strain-Balanced Quantum-Well Solar Cells

Roger E. Welser , Stephen J. Polly , Brandon M. Bogner, and Seth M. Hubbard

Abstract—The addition of lower energy-gap InGaAs quantum
wells to the depletion region of GaAs solar cells is an established ap-
proach to enhance photovoltaic performance by extending infrared
collection. However, maintaining a high open-circuit voltage (Voc)
when including quantum wells has proven more challenging. In
this article, we report on high-efficiency (η > 23.5% AM0) strain-
balanced quantum well (SBQW) solar cells with increased current
output and efficiency while maintaining the same high open-circuit
voltage of baseline devices without quantum wells (Voc > 1.02
V). The single-junction GaAs-based device structures discussed
herein employ a radiation-tolerant, n-i-p front-junction architec-
ture and include both an InGaP heterojunction (HJ) emitter and
in most cases an underlying AlGaAs distributed Bragg reflector.
The impact of well number on photovoltaic device characteristics
is described using an analytical model that assumes current col-
lection, radiative recombination, and nonradiative recombination
all increase with well number and are additive to the baseline cell.
The highest Voc and efficiency SBQW devices employ shallow 9.2
nm In0.07Ga0.93As quantum wells and 11.5 nm GaAs0.90P0.10

barrier layers to maintain strain balancing. Increasing the indium
composition in the wells from 7% to 10% to form deeper wells
requires a thicker strain-balancing barrier layer and results in
an apparent increase in radiative recombination and decreased
Voc. Single-junction high-efficiency SBQW device performance is
also demonstrated in thinner base-layer structures with graded
HJs—device structures suitable for inclusion in radiation-tolerant
multi-junction structures.

Index Terms—Bragg gratings, III-V and concentrator PV,
quantum well devices, radiation effects, strain control.

I. INTRODUCTION

A FTER many years of research and development, high-
efficiency, single-junction, GaAs-based solar cells incor-

porating InGaAs quantum wells have recently been reported
with one-sun open-circuit voltage (Voc) greater than 1.02 V
[1], [2], [3], [4], [5], [6]. These high-efficiency strain-balanced
quantum well (SBQW) solar cell devices were achieved by
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improving the design and careful optimization of growth in
the SBQW region, all while employing high-performance GaAs
baseline cells. In this article, we reexamine the effect of well
number on SBQW photovoltaic device performance in light of
these recent technical advances [7].

Adding quantum wells to the junction depletion region of a
III-V solar cell is a well-established device design for enhancing
current collection. However, both radiative and nonradiative
recombination within the quantum well region can, at the same
time, degrade Voc and fill factor (FF) performance. The impact
of adding quantum wells on the overall efficiency is a tradeoff
of these competing effects, and can be described using a simple
analytical device model. Past work on GaAs-based SBQW solar
cells has typically been limited by nonradiative recombination
in the wells and in the baseline cell, resulting in low efficiency
performance and Voc values of less than 1 V [1], [7], [8].

In this article, we demonstrate high-efficiency III-V solar
cells combining an SBQW absorber with both an underlying
distributed Bragg reflector (DBR) and a wide bandgap hetero-
junction (HJ) emitter. The best cells on structures employing 30
pairs of shallow In0.07Ga0.93As wells and GaAs0.90P0.10 barri-
ers yield an AM0 efficiency greater than 23.5%, with a higher
current and efficiency than a baseline structure without wells,
while maintaining the same high open-circuit voltage. This is
a clear demonstration of a quantum well structure increasing
the overall efficiency of a GaAs-based solar cell with a high
open–circuit voltage (Voc > 1.02 V) while simultaneously using
a radiation-tolerant, front-junction device structure. Moreover,
the realization of GaAs-based SBQW solar cells with enhanced
Jsc and minimal Voc reduction opens a promising pathway for
improving the performance of multijunction devices [2], [4], [5].

Analysis of the impact of well number on the underlying diode
parameters of our SBQW devices indicates that the impact of
radiative recombination in the shallow-well structures is negli-
gible, maintaining Voc even with the addition of 30x or more
wells. On the other hand, deeper-well structures with a higher
indium content, which also require thicker strain-balancing bar-
rier layers, exhibit a higher radiative recombination coefficient
in the well region and lower Voc values. All structures exhibit
a linear increase in nonradiative recombination within the de-
pletion region with increasing well number, resulting in a small
degradation in the FF.

We have also fabricated and characterized shallow-well struc-
tures with a thinner base layer. The combination of a thin base
layer, high-performance back reflector, and SBQW absorber
in the junction depletion region was recently demonstrated to

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0002-1217-7263
https://orcid.org/0000-0002-7563-6738
https://orcid.org/0000-0001-7661-4090
mailto:roger.e.welser@gmail.com
mailto:sjpvpr@rit.edu
mailto:bxbnprl@rit.edu
mailto:smhsps@rit.edu
mailto:smhsps@rit.edu
https://doi.org/10.1109/JPHOTOV.2022.3216235


62 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 13, NO. 1, JANUARY 2023

minimize radiation-induced degradation in short-circuit current
density (Jsc) in both single- and multijunction devices [9], [10].
To minimize radiation-induced Voc degradation, the thinner base
layer structures employed in this article include compositionally
graded HJ window and emitter layers. The built-in fields gen-
erated by the compositional grades are designed to minimize
the impact of radiation-induced surface recombination velocity
degradation, which has recently been identified as a principal
driver of Voc degradation in state-of-the-art III-V solar cells
[11]. Analysis of the collection efficiency in these thinner-base
SBQW devices indicates that the wells contribute to enhanced
Jsc not only through extended infrared collection but also from
enhanced collection above the GaAs absorption band edge. High
voltage performance (Voc ∼ 1.02 V) has also been obtained in
the thinner-base SBQW structures with graded HJs, highlighting
the promise of using SBQWs in radiation-tolerant III-V solar cell
designs.

II. ANALYTICAL DEVICE MODEL

A simple analytical device model is used to characterize
SBQW solar cell performance by assuming the incorporation
of wells contributes to both photogenerated current collection
and injected current, and that these contributions scale with
the number of quantum well layers (Mqw) [1]. Following the
standard analytical model, the solar cell current-voltage (J–V)
characteristics are assumed to be a balance between the photo-
generated short-circuit current density (Jsc) and injected dark
diode current, which is in turn assumed to be the sum of two
independent diodes with different voltage dependencies [11],
[12]:

J = Jsc − J01

{
e([qV+JRseries]/kT ) − 1

}

− J02

{
e([qV+JRseries]/2kT ) − 1

}
− V + JRseries

Rshunt
(1)

where J01 and J02 are the n = 1 and n = 2 reverse saturated
current densities, q is the electron charge, k is Boltzmann’s
constant and, T is the temperature, and V is the voltage at the
junction. Equation (1) is solved iteratively in this article to fit
experimental J–V curves which can be influenced by both series
resistance (Rseries) and shunt resistance (Rshunt). Excellent R2 fit
parameters near unity are typically obtained. Note also that (1)
assumes that the ideality factor (n) of the space charge recom-
bination component is fixed at n = 2, a reasonable assumption
for the GaAs-based diode considered in this article, but which
could be generalized as needed for InGaP-based cells or other
materials [13].

Following the work of Peter Blood [14], the extended infrared
absorption of a quantum well solar cell is characterized in terms
of the fraction of the light absorbed per layer. Specifically, we
define a well collection efficiency (WCE) parameter to quantify
the fraction of available photons absorbed and collected by each
well. The total Jsc from a quantum well solar cell is then the sum
of the Jsc generated in the baseline cell (JB

sc ) and that generated
in the quantum well region:

Jsc = JB
sc +

[
1 − (1 − WCE)Mqw

]
JΔλedge

sc,ava (2)

where (JΔλedge
sc,ava ) is the short-circuit current density available

given perfect collection in the relevant solar spectrum between
the absorption edges of the baseline cell (λbase,edge) and the
quantum well region (λqw,edge). As absorption in each overlying
well will reduce the light available to underlying wells, the
Jsc in (2) saturates at higher Mqw values, which becomes an
important consideration when projecting the impact of well
number on overall efficiency performance. Equation (2) also
effectively assumes that the contribution from the wells is limited
to photons with energies below the band gap of the baseline cell,
an assumption that breaks down as the baseline cell is thinned,
as will be discussed later in this article. Nevertheless, (2) can
still work as an effective empirical model of the impact of well
number on Jsc, either by adding an additional term to describe
the available unabsorbed above-band photocurrent or, as done
in this article, by empirically increasing the WCE parameter to
describe the total Jsc in SBQW structures with optically-thin
base layers.

Both nonradiative and radiative processes contribute to the
dark current of III-V semiconductor diodes, and these processes
can have different voltage dependences. Nonradiative dark cur-
rent processes can follow either an n= 1 or n= 2 voltage depen-
dence, contingent upon the location of the recombination within
the device. Nonradiative events in the quasi-neutral regions of
the device contribute to the n= 1 component, while nonradiative
events within the junction depletion region contribute to the n
= 2 space charge recombination component of the diode dark
current. Radiative processes have an n = 1 voltage dependence,
both in the quasi-neutral region of the baseline cell and in
the quantum well region [15]. Radiative emissions from the
quantum well region have been previously shown to dominate
the dark diode characteristics of quantum well solar cells at
high bias levels, even when nonradiative processes limit 1-sun
photovoltaic device performance [16], [17].

In this article, radiative recombination in each quantum well
layer is described mechanistically in terms of carrier recombi-
nation via the use of a two-dimensional (2-D) radiative recom-
bination coefficient (Brad,2D) [14]. Assuming evenly emitting
wells, the n = 1 component (J01) will increase linearly with
well number:

J01 = JB
01 + qN 2

2De(−Eqw
g /kT )Brad,2DMqw (3)

where JB
01 is the n = 1 reverse saturation current component

of the baseline cell and Eqw
g is the effective energy gap of the

quantum well region (Eqw
g = hc / λqw,edge). We further assume

that the carrier density in each layer can be characterized by a
fixed 2-D carrier concentration N2D = 1 × 1012 cm−2.

Since the quantum wells reside within the junction depletion
region, the nonradiative recombination from the quantum well
region is assumed to add incrementally only to the n = 2
component. Specifically, we assume that that the n= 2 saturation
current density (J02) scales with well number:

J02 = JB
02 + qN2De

(−Eqw
g /2kT )ASCR,2DMqw (4)

where JB
02 is the n = 2 reverse saturation current component of

the baseline cell, and ASCR,2D is the nonradiative space charge
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Fig. 1. Simplified schematic of the basic SBQW solar cell structure investi-
gated in this study. In addition to well number, different device structures varied
in InxGa1-xAs well composition (x), GaAs0.90P0.10 barrier thickness, base
layer thickness, and the use of compositional grades in the emitter and window
layers, as given in Table I.

recombination coefficient. The ASCR,2D coefficient is expected
to increase with trap density, both within the well and barrier
layers and at each well-barrier interface. Note also that Equations
(2)–(4) imply that Jsc, J01 and J02 are all sensitive not only to
well number, but also to the quantum well region absorption
edge via Eqw

g .

III. DEVICE STRUCTURES AND EXPERIMENTAL DETAILS

Fig. 1 summarizes the n-i-p front-junction device structure
used in this study to probe the impact of well number on
photovoltaic device properties. Unless otherwise noted, a p-
type AlGaAs DBR is incorporated below the p-type GaAs
base layer. The thickness of the 12 pairs of Al0.10Ga0.90As
and Al0.90Ga0.10As layers in the DBR are tuned to produce
a region of high reflectance centered at approximately 900 nm.
Wide band gap n-type InGaP and AlInP are employed in the
emitter and window layers, nominally lattice matched to the
underlying GaAs and forming an HJ. The SBQW region is
inserted into the junction depletion region, surrounded on both
sides by intrinsic layers of GaAs without intentional doping.
The InxGa1-xAs quantum wells are also undoped and strain
balanced with GaAs0.90P0.10 barrier layers [18], [19]. Thin 1
nm GaAs transition layers are inserted at each As-P interface in
the well region. This barrier layer design and interface sequence
was found to facilitate the growth of high-quality quantum well
regions [5], [20], [21]. Both X-ray diffraction measurements
on calibration structures and in situ Laytec EpiCurveTT wafer
curvature measurements on each device structure were used
to confirm the SBQW region is effectively strain-balanced,
typically exhibiting a slight compressive strain (< 700 ppm).

TABLE I
SUMMARY OF THE KEY DIFFERENCES BETWEEN THE THREE DIFFERENT

FLAVORS OF SBQW SOLAR CELL STRUCTURES INVESTIGATED IN THIS STUDY.
THE WELL THICKNESS IS FIXED AT 9.2 nm, AND ALL THREE STRUCTURES

INCLUDE AN UNDERLYING ALGAAS DBR AND AN INGAP HJ EMITTER AS

SHOWN IN FIG. 1

Three different flavors of the basic structure shown in Fig. 1
are investigated, with key structure differences given in Table I.
Two flavors of device structures use relatively shallow wells
(SW) with x ∼ 7%, yielding an absorption edge at 925 nm. A
separate group of device structures employs deeper wells (DW)
with x ∼ 10%, yielding an absorption edge at 945 nm. All the
wells are nominally 9.2 nm thick. The thickness values of the
intrinsic layers above and below the SBQW region are fixed; thus
the total intrinsic region thickness increases with well number.

The final set of device structures combines the SW design with
a thinner base layer (SW-TB). Reducing the base thickness limits
the effects of radiation-induced minority carrier diffusion length
degradation, creating a more radiation tolerant design. This
normally comes at the cost of reduced photon absorption and
decreased current density; however, in this case, the simultane-
ous addition of a thicker intrinsic region incorporating SBQWs
allows nearly identical above-band collection to a thick-base
design without SBQWs. The SW-TB structures also employ
compositional grades in the InGaP emitter and AlInP window
layers. The ∼ 5% change in indium composition in each layer
is expected to result in an energy band gradient of ∼ 3 to 4 kT.
The compositional grade can result in a residual strain in each
layer, but well below the calculated critical thickness.

All devices were grown on offcut p-doped 2” GaAs (100)
substrates using a 3x2” Aixtron close-coupled showerhead metal
organic vapor phase epitaxy (CCS-MOVPE) reactor. Standard
group III precursors of trimethylindium, trimethylgallium, and
trimethylaluminum were used, along with arsine and phosphine
group V sources. Disilane and diethyltellurium were used as
the n-type dopants, while p-type doping was achieved both via
the control of the V/III ratio and external p-type dopant sources
(carbon tetrachloride, diethylzinc). Materials were grown at ap-
proximately 650 °C (substrate surface temperature as measured
with an in situ Laytec emissivity corrected pyrometer system).
V/III ratios used were typically between 50–200 depending on
material. Growth rates for most layers were between 1 and 2
µm/hr.

A total of 12 1 × 1 cm2 cells were fabricated on each 2” wafer
in a series of process lots using conventional III/V processing
techniques. The three best cells from each wafer were used to
characterize photovoltaic device performance on each structure
in the process lot. Contact lithography was used to define the
front contact metal grid regions. These were electroplated with
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5 nm Ni and 1.6 µm Au for n-type ohmic contacts, or 5 nm
Zn and 2 µm Au for p-type ohmic contacts, using commercial
plating solutions purchased from Transene. Contact resistances
of <5 × 10−5 Ω/cm2 were typical, as extracted from transfer
length method (TLM) measurements. Contact lithography was
then used to define the active areas which were isolated using
a wet chemical etch. All samples were then coated with an
antireflection coating comprised of 10 nm of TiO2 (atomic layer
deposition), 40 nm ZnS and 105 nm MgF2 (thermal evapora-
tion), which was optimized to minimize surface reflection loss
from 300 to 1000 nm.

External quantum efficiency (EQE) measurements were taken
using a Newport IQE 200 quantum efficiency measurement
system which was calibrated using both Newport silicon (Model
818-UV-L) and Newport germanium (Model 818-IR-L) ref-
erence detectors. AM0 (1-sun) illuminated I–V measurements
were performed using a dual source 18 kW solar simulator
system custom built by TS space systems. The system was
calibrated using InGaP2 (Eg = 1.85 eV) and GaAs (Eg =
1.42 eV) cells calibrated by the National Renewable Energy
Laboratory. The spectral match between RIT AM1.5G/AM0 and
ASTM AM1.5G/AM0 is nearly unity from 350 to 1200 nm
with exception of out of range points between 600–700 nm
[22]. During the measurement, the samples were placed on
a temperature-controlled chuck set at 25 °C. Illuminated
diode behavior was measured using a Keithley 2400 source
meter.

IV. RESULTS

Fig. 2(a) compares AM0 illuminated J–V curves from the
highest-efficiency cell from this study to a representative base-
line cell. These champion cell results were achieved on an
SW structure with 30 pairs of strain-balanced In0.07Ga0.93As
wells and GaAs0.90P0.10 barriers. The Jsc is significantly higher
compared to the baseline cell (ΔJsc ∼ 2.4 mA/cm2) and the
Voc is identical (∼ 1.02 V). Despite a slightly lower FF on the
30x well cell (82.7% vs. 85.0%), the overall AM0 efficiency
is notably higher (23.6% versus 22.7%). The measured EQE
spectrum, shown in Fig. 2(b), reveals substantial extended in-
frared collection from the quantum well region, exceeding 40%
at a wavelength of 900 nm. This is a clear demonstration of
a quantum well structure increasing the overall efficiency of a
high-voltage GaAs-based solar cell.

The solid shapes in Fig. 2(a) represent measured data points,
while the solid lines are a two-diode fit of the measured J–V
curve. The extracted photovoltaic and diode parameters are
shown inset. The magnitude of the n = 1 component of the
dark diode current (J01) is comparable in the two cells. On the
other hand, the n = 2 component of the diode current (J02 value)
is ∼ 2.5x higher compared to the 0x well SW baseline structure,
indicating an increase in space charge recombination as wells are
added. To better assess the impact of well number as a whole,
Figs. 3 and 4 plot out the photovoltaic and diode parameters
from the best three cells on each wafer from all SW and SW-TB
structures as a function of well number. These plots capture some
of the expected cell-to-cell variation across the wafer, as well

Fig. 2. Comparison of (a) illuminated AM0 current-voltage characteristics
and (b) EQE curves of SW structures with 30x wells and no (0x) wells. J–V fit
parameters are shown inset.

as variations between growth and fabrication lots. The dashed
lines in Figs. 3 and 4 are best fits of the extracted diode and
photovoltaic parameters using the analytical model described
by (1)–(4).

Very little variation in the n = 1 component (J01) of the SW
and SW-TB structures is observed in Fig. 3(a) as the well number
increases. These results imply that radiative recombination in
the wells is not playing a significant role in limiting the dark
diode current of the SW structures. Instead, nonradiative recom-
bination in the baseline cell (JB

01) dominates. For reference, the
modeled dashed line in Fig. 3(a) assumes an effective radiative
recombination coefficient in the wells (Brad,2D = 8.5 × 10−5

cm2/s) that is lower than that inferred from many earlier reports
on SBQW solar cells [1], but which also represents an upper
bound of possible values that can reasonably fit the experimental
data.

On the other hand, a notable increase in the n = 2 component
(J02) is observed in Fig. 3(b) as wells are added to the structure.
This increase in the n = 2 component of the dark diode current
is associated with an increase in recombination in the junction
depletion region. As detailed in (4), an increase in space charge
recombination is expected when adding quantum wells to the
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Fig. 3. Measured (solid shapes) and modeled (dashed line) variation in (a) and
(b) diode parameters (J01 and J02) and (c) short-circuit current density (Jsc) of
shallow-well structures as a function of well number. Different shapes and colors
correspond to different fabrication lots (SW = squares and circles; SW-TB =
triangles). The integrated Jsc from the measured EQE spectrum is also shown
in (c) as open shapes.

depletion region. The modeled dashed line in Fig. 3(b) assumes
a nonradiative space charge recombination coefficient (ASCR,2D

= 8.4 × 105 s−1) that is comparable to that inferred from our
earlier work on strained quantum well solar cells, which was in
turn lower than prior work on strain-balanced devices [1].

Fig. 3(c) summarizes the impact of well number on the
short-circuit current density (Jsc), plotting both the integrated Jsc
and the measured Jsc on the three best cells from each structure,
along with the modeled Jsc dependence on well number. The
measured Jsc exhibits a fair degree of variation across the wafer
and between fabrication lots, but in most structures the values
obtained on the best cells approach the integrated Jsc derived
from the measured EQE spectrum. The measured Jsc is expected

Fig. 4. Measured (solid shapes) and modeled (dashed line) variation in photo-
voltaic device parameters (a) Voc, (b) FF and (c) AM0 efficiency of shallow-well
structures as a function of well number. Different shapes correspond to different
fabrication lots (SW = squares and circles; SW-TB = triangles).

to be 4% lower than the integrated Jsc due to grid shadowing
which does not impact EQE measurements. The dashed line
shown in Fig. 3(c) is the modeled variation in Jsc assuming
that the absorption from each well is 3.0% of the available
photocurrent between the GaAs and quantum well absorption
edges (i.e., 875 and 925 nm) and that the baseline cell JB

sc can
be described with a square 95.25% EQE profile and a UV cutoff
wavelength of 360 nm. As will be discussed in more detail
later, this WCE value of 3% is higher than that inferred when
considering only extended IR collection. Enhanced collection
above the GaAs band edge is effectively contributing to the WCE
value in Fig. 3(c), as both the SW and SW-TB structures employ
optically-thin base layers. Variations in the performance of the
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antireflective coating and DBR structures, particularly on the
second SW process lot, also add to the uncertainty in the fit of
the total Jsc dependence on well number.

Next, (1) was used to generate J–V curves assuming the
modeled variations inJ01,J02, and Jsc summarized by the dashed
lines in Fig. 3. The resulting modeled variation in photovoltaic
device properties as a function of well number is compared to
measured values in Fig. 4. In particular, Fig. 4(a) summarizes the
impact of well number on the open-circuit voltage (Voc) from
the three best devices on each wafer. The observed decrease in
Voc with well number in the SW and SW-TB structures is small.
In fact, the Voc is 1.015 V or higher on all of the best cells in all
of the SW and SW-TB structures, even when the well number
is increased to 45x.

The FF exhibits a small, but notable reduction as the number
of wells increases. The FF on all the SW and SW-TB devices
is largely dominated by the n = 2 component, decreasing as
the J02 values increase. The observed variation in FF seen in
Fig. 4(b) mirrors the observed variation in extracted J02 depicted
in Fig. 3(b). The modeled variation in FF is driven by the
modeled increase in J02.

Fig. 4(c) summarizes the impact of well number on the
measured efficiency from the three best devices on each wafer.
As previously noted, the efficiency values of the best cells from
the 30x well structure are notably higher than the efficiency of
the best cells from the baseline structure with no (0x) wells.
However, there is significant variation in the efficiency values,
particularly from lot to lot, as variations in the AR coatings
strongly impacts both the Jsc and the efficiency. As a whole, the
calibrated analytical model projects the overall efficiency should
increase with well number, as the fitted increase in Jsc is larger
than the fitted increases in J01 and J02 that slightly degrade FF
and Voc. However, this projected increase in efficiency saturates
with increasing well number, with near negligible efficiency
benefits for increasing the well number greater than ∼ 30x.

As an alternative to increasing well number as a means to
increase Jsc, we have also explored the photovoltaic perfor-
mance of DW structures that extend collection further into the
IR. Fig. 5 summarizes the experimentally observed impact of
well composition on photovoltaic device results by comparing
similar structures employing shallow 7% InGaAs wells (SW and
SW-TB in red) and deeper 10% InGaAs wells (DW in blue). As
expected, increasing the indium composition in the well shifts
the absorption edge from the quantum well region further into
the infrared, as illustrated with the EQE comparison shown on
Fig. 5(a) for two 30x well structures, identical except for the
well composition and barrier thickness, grown back-to-back and
processed together. Note also that the EQE is nearly identical in
the two structures at wavelengths shorter than 925 nm.

The benefit of the absorption edge shift from approximately
925 nm in the SW structures to 945 nm in the DW structures
is small in terms of overall current collection – ΔJsc,integrated
∼ 0.2 mA/cm2 in Fig. 5(a), and it comes with a significant
cost in terms of a degradation in open-circuit voltage. The
measured open-circuit voltage of the DW structures decreases
with increasing well number at a much higher rate than in the
SW and SW-TB structures, as depicted in Fig. 5(b). Comparison

Fig. 5. Comparison of the (a) EQE from shallow- and deep-well structures,
along with (b) and (c) measured (solid shapes) and modeled (dashed line)
variation in Voc and J01 as a function of well number. Different shapes in (b)
and (c) correspond to different fabrication lots of SW and SW-TB structures as
in Figs. 3 and 4, with data from DW structures added in blue.

of the extracted diode components indicates that the differences
in Voc between the DW and SW structures is largely being driven
by differences in the n = 1 component. Fig. 5(c) compares the
variation inJ01 of DW structures to SW and SW-TB structures as
a function of well number. The J01 values of the DW structures
increase notably with increasing well number, whereas the J01

of the SW structures has a very weak dependence, as previously
noted. The impact of the smaller effective energy gap of the
DW, Eqw

g = 1.312 eV versus 1.341 eV, does not by itself come
close to capturing the magnitude of the observed increase in J01

values. Instead, the implied radiative recombination coefficient,
Brad,2D, is substantially higher (2.75x) in the DW structures.
While the n = 2 current component is also slightly higher in
the DW structures, the magnitude of this increase relative to the
SW structures is consistent with the shift in Eqw

g . The implied
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Fig. 6. Measured (solid shapes) and modeled (dashed lines) variation in the
integrated infrared Jsc (> 870 nm) as a function of well number for shallow-
and deep-well structures. Different shapes and colors correspond to different
fabrication lots and structures as in Fig. 5.

nonradiative space charge recombination coefficient, ASCR,2D,
is comparable in all three structures, varying by less than 15%
between the DW and SW structures. As will be discussed later,
the implied differences in Brad,2D correlate not only with well
depth, but with GaAs0.90P0.10 barrier layer thickness, as the
DWs require thicker barriers, as given in Table I.

While a significant increase in Brad,2D is required to account
for the higher J01 and lower Voc observed in the DW structures,
the expected increase in JΔλedge

sc,ava due to the extended absorption
edge is sufficient to account for the small Jsc increase seen in
the DW structures. Fig. 6 compares the integrated infrared Jsc
of the DW and SW structures. By focusing only on collection
at wavelengths longer than 870 nm, this integrated infrared IR
Jsc metric captures the impact of wells on extending infrared
collection independent of the effects of limited absorption above
the GaAs band edge in optically-thin structures. As expected, the
DW structures provide a slight boost in integrated Jsc, especially
as the number of wells increases. The dashed lines in Fig. 6
both assume a WCE value of 1%, but the longer absorption
edge of the DW structures (945 nm versus 925 nm) results in
more available Jsc, e.g., the JΔλedge

sc,ava term in (2). Fig. 6 also
shows the integrated IR Jsc c from a 30-well SW-TB structure
without a DBR. This structure without an underlying DBR has a
notable lower IR Jsc, with an implied WCE of ∼0.5%, half that
of the structures with a DBR. This finding is consistent with the
transparent DBR structures reflecting unabsorbed IR photons
back into the SBQW absorber region and effectively doubling
the collection efficiency from the wells via a second pass of
unabsorbed photons.

In summary, we observe that our 9.2 nm thick InGaAs wells
absorb and collect ∼0.5% of the available infrared photons per
well, and that this WCE value is doubled to ∼ 1% after adding a
high-performance DBR below the absorber regions. On the other
hand, we observe WCE values as high as 3% when considering
the total Jsc from the same set of SBQW devices, as shown in
Fig. 3(c). This discrepancy can be at least partially accounted for
by enhanced absorption above the GaAs band edge in structures
with optically-thin GaAs base layers. This effect is particularly
evident in our SW-TB structures, an example of which is shown
in Fig. 7.

Fig. 7. Comparison of (a) illuminated AM0 current-voltage characteristics and
(b) EQE curves of shallow-well structures with a thinner base layer (SW-TB)
with 45x wells and no (0x) wells. J–V fit parameters are shown inset.

As detailed in Table I, our SW-TB structures combine a
shallow-well SBQW absorber with both a thinner base layer
and a compositionally graded HJ. Both structural changes are
incorporated to improve the potential radiation tolerance of the
device. As summarized in Fig. 7(a), the best SW-TB cell with
45x well-barrier pairs has a substantially higher current than a
SW-TB baseline with no wells (ΔJsc ∼ 2.0 mA/cm2). Moreover,
this 45x well SW-TB device also has a high voltage (Voc ∼
1.016), almost identical to the thin-base baseline device. As with
the SW device comparison shown in Fig. 2, adding wells to the
baseline SW-TB structure results in a measurably lower FF, but
the increase in Jsc and comparable Voc outweigh the decrease in
FF in the Fig. 7 comparison, yielding a slightly higher overall
efficiency (23% versus 22.8%).

The higher Jsc in the SW-TB structures with thinner GaAs
base layers is clearly derived from both extended infrared ab-
sorption and enhanced collection above the GaAs band edge, as
seen in the EQE comparison in Fig. 7(b). Similar to the thicker
SW structures, the addition of 45x wells to the SW-TB struc-
ture results in substantial extended infrared collection from the
quantum well region, with EQE exceeding 50% at wavelengths
out to ∼915 nm and ∼8% @ 925 nm. In addition, collection
is enhanced at shorter wavelengths above the GaAs band edge,
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with the EQE from the 45x SBQW structure clearly exceeding
the SW-TB baseline at wavelengths as short as 690 nm.

Quantitatively, the total integrated Jsc of the 45x well struc-
ture in Fig. 7(b) is ∼2.25 mA/cm2 higher than the baseline
(37.32 mA/cm2 versus 35.08 mA/cm2). On the other hand, the IR
Jsc is∼1.4 mA/cm2 higher (2.00 mA/cm2 versus 0.59 mA/cm2).
Collection above the GaAs band edge is thus contributing an
additional ∼0.85 mA/cm2 to the total integrated Jsc. Adding 45
pairs of InGaAs wells and GaAsP barriers in this comparison
adds ∼1020 nm of absorbing material to the depletion region.
Prior projections of the impact of GaAs absorber thickness on
Jsc [23] predict a near identical boost in Jsc, suggesting the
InGaAs/GaAsP SBQW absorber employed in this article is at
least as good as GaAs at collecting photogenerated carriers
above the GaAs band edge in structures with an optically-thin
base layer.

V. CONCLUSION

The impact of well number on the photovoltaic device per-
formance of high-efficiency GaAs-based SBQW solar cells is
reasonably well described using the simple analytical model
defined by (1)–(4). Changes in diode components, J01 and J02,
are closely fit as increasing linearly with well number using
Brad,2D and ASCR,2D coefficients to characterize radiative and
nonradiative recombination, respectively. The extended absorp-
tion and collection of the moderately thick wells (9.2 nm)
considered in this study is closely fit assuming a WCE of 1% per
well when coupled with an underlying DBR, with DWs offering
a slightly higher Jsc due to their longer wavelength absorption
edge. This article also clearly demonstrates that adding wells can
enhance the collection efficiency above the GaAs band edge in
structures with optically-thin base layers. As a result, the WCE
value is found to be substantially larger than 1% in optically-thin
structures when considering the impact of well number on the
total Jsc.

In both shallow- and deep-well structures, adding wells results
in a clear increase in the n = 2 component of the diode dark
current, which in turn results in a decrease in FF with increasing
well number. The n = 1 component also increases with well
number in DW structures, but is nearly independent of well
number in SW structures. As a result, the Voc is also nearly
independent of well number in SW structures, but decreases
with increasing well number in DW structures. Analysis of these
results suggest that radiative recombination plays a reduced role
in the SW structures not only due to a higher Eqw

g , but also
because of a 2.75x reduction in the effective radiative recombi-
nation coefficient in SW structures relative to DW structures.

Although the exact cause of the apparent differences in
Brad,2D between the SW and DW structures is at present unclear,
we note here that there is a correlation with barrier thickness,
as DW structures also require the use of thicker GaAs0.90P0.10

barrier layers to maintain strain balancing. Prior work on strained
quantum well solar cells has discussed the possibility that radia-
tive recombination can be suppressed in thinner barrier struc-
tures with reduced carrier overlap in the multiple-quantum-well
region [1]. Moreover, classic detailed balance descriptions of

radiative recombination in photovoltaic devices [24], [25] high-
light how differences in the angular emission profile and/or the
wavelength dependence of the emission spectrum of the absorber
region can impact the radiative current [26], [27]. From a detailed
balanced perspective, we could therefore also postulate that the
SW structures may have a more restricted angular emission
profile and/or a narrower emission wavelength band compared
with the DW structures.

In any event, the combination of increased Jsc and high Voc in
the SW structures with a limited number of wells (∼ 30x) results
in a demonstrated increase in efficiency, and our best single-
junction cells exhibit an AM0 efficiency greater than 23.5%.
In these high-efficiency GaAs-based quantum well devices,
decreasing FF has become a key factor limiting further efficiency
improvements. The observed degradation in FF with increasing
well number results from increasing J02 values, which might be
mitigated by further improvements in the growth of the wells
and their interfaces to reduce ASCR,2D, the nonradiative space
charge recombination coefficient.

In summary, high-efficiency performance has been demon-
strated in advanced GaAs-based solar cells combining a SBQW
absorber with both an underlying DBR and a wide band gap HJ.
These device structures also employ an n-on-p front-junction
similar to that used in space-qualified multi-junction devices.
The best single-junction device results, and highest open-circuit
voltages, are realized in structures that are carefully strain-
balanced, and that employ thinner, shallower In0.07Ga0.93As
wells that require GaAs0.90P0.10 barriers less than 15 nm in
thickness. While slightly different tradeoffs will apply to multi-
junction device designs, we expect both beginning-of-life and
end-of-life performance could be improved by incorporating
device structures similar to those discussed in this study into
the GaAs-based subcell of a multi-junction device to increase
the overall Jsc budget.
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