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ABSTRACT

Major challenges for InGaAs/GaAsP multiple quantum well (MQW) solar cells include both the difficulty in designing suit-
able structures and, because of the strain-balancing requirement, growing high-quality crystals. The present paper proposes a
comprehensive design principle for MQWs that overcomes the trade-off between light absorption and carrier transport that is
based, in particular, on a systematical investigation of GaAsP barrier effects on carrier dynamics that occur for various barrier
widths and heights. The fundamental strategies related to structure optimization are as follows: (i) acknowledging that InGaAs
wells should be thinner and deeper for a given bandgap to achieve both a higher absorption coefficient for 1e-1hh transitions
and a lower compressive strain accumulation; (ii) understanding that GaAs interlayers with thicknesses of just a few nanome-
ters effectively extend the absorption edge without additional compressive strain and suppress lattice relaxation during growth;
and (iii) understanding that GaAsP barriers should be thinner than 3 nm to facilitate tunneling transport and that their phospho-
rus content should be minimized while avoiding detrimental lattice relaxation. After structural optimization of 1.23-eV
bandgap quantum wells, a cell with 100-period In0.30GaAs(3.5 nm)/GaAs(2.7 nm)/GaAsP0.40(3.0 nm)MQWs exhibited signif-
icantly improved performance, showing 16.2% AM 1.5 efficiency without an anti-reflection coating, and a 70% internal quan-
tum efficiency beyond the GaAs band edge. When compared with the GaAs control cell, the optimized cell showed an
absolute enhancement in AM 1.5 efficiency, and 1.22 times higher efficiency with 38% current enhancement with an AM
1.5 cut-off using a 665-nm long-pass filter, thus indicating the strong potential of MQW cells in Ge-based 3-J tandem devices.
Copyright © 2013 John Wiley & Sons, Ltd.
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1. INTRODUCTION

As one the most successful third-generation photovoltaic
concepts [1], III–V compound multi-junction solar cells
[2–4] have been the focus of intense research towards
achieving ultra-high energy conversion efficiency in
excess of the Shockley–Queisser Limit [5]. Among the
various tandem design structures, InGaP/GaAs/Ge lattice-
matched triple-junction cells have been widely used for
terrestrial photovoltaics under light concentration conditions
[6,7], in addition to space applications [8,9]. However, cell
efficiency with this conventional material combination is

limited by the current mismatch problem resulting from the
wide GaAs bandgap, and further efficiency enhancement is
being pursued by efforts to extend the absorption edge of
the middle cell to approximately 1000 nm. While lattice
mismatched metamorphic structures using InGaAs as the
middle cell material have achieved among the highest effi-
ciencies (exceeding 40%) to date, the use of graded buffer
layers just a few micrometers thick is indispensable for
preventing lattice relaxation during crystal growth [10–12].

The InGaAs/GaAsP strain-compensated multiple quantum
wells (MQWs) are promising narrow-bandgap materials that
can be pseudo-lattice-matched to Ge or GaAs [13]. By
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alternately growing InGaAs absorber layers with compres-
sive strain and GaAsP strain-balancing layers with tensile
strain on nanometer-scale, a large number of MQWs can be
epitaxially grown on GaAs. The targeted bandgap of
1.20–1.25 eV, including quantum confinement effects, can
be obtained by adjusting the composition and the thickness
of each layer. Incorporation of such MQWs or superlattice
structures has been proposed not only for current-matched
tandem solar cells but also for high-efficiency single-
junction solar cells [14,17].

Although the potential of InGaAs/GaAsP MQW solar
cells has been experimentally demonstrated in terms of im-
provement in device performance, understanding of
physics in quantum structures, and implementation of
MQW into tandem devices [15,16,18,19], challenges still
exist from the viewpoints of both crystal growth and
structural design toward practical application. The growth
challenge is primarily attributed to the difficulty in control-
ling the strain balance, especially in crystals with high
indium and phosphorus contents, where lattice relaxation
gradually occurs during formation of the hetero-interface
between the two oppositely strained layers. This results
in severe crystal degradation as a large number of layers
are grown, even though, in theory, MQWs can be epitaxi-
ally stacked infinitely if the compressive and tensile strain
completely balance each other out [20,21].

The difficulty in achieving a suitable structural design is
due to the trade-off between light absorption and carrier
collection, which is a general challenge not only for
InGaAs/GaAsP MQWs but also other material systems
[22–24]. For complete absorption of photons with energies
above the effective bandgap of the MQW, the excitations
involving ground-state electrons and holes, that is, 1e-1hh
transitions, must be sufficiently large. This necessity,
however, requires a large number of wells to be stacked,
which imposes more difficulty in extracting carriers
through the MQW regions because of the weakened
electric field in the thickened i-region. To overcome this
transport problem, various strategies based on MQW struc-
tural design have been proposed. These include using a
superlattice with ultra-thin barriers to facilitate tunneling
[25], limiting the number of thick wells to suppress non-
radiative recombination [26], using step-designed MQWs
for efficient thermionic carrier escape [27], and performing
quick carrier extraction from deep wells via resonant-
tunneling-assisted processes [28].

Yet, despite the progress that has been made against these
challenges, successful demonstration of InGaAs/GaAsP
MQW cells with a band edge extended beyond 1000nm,
and over 100 periods, has yet to be reported. To date, most
research efforts related to this material system have

introduced MQWs with band-edge limits of 950nm, or
periods below 70. In contrast, the present paper proposes a
comprehensive design principle for MQW structures that
achieve more efficient light absorption and carrier collection
while also facilitating successful crystal growth. As a result
of quantum structure optimization, absolute enhancement
of AM 1.5 efficiency with 100-period MQWs with a band
edge of 1008 nm has been achieved.

2. DESIGN PRINCIPLE

The InGaAs/GaAsP quantum wells in general use are com-
posed of InGaAs well layers, GaAsP barrier layers, with
GaAs interlayers between them. Here, the GaAs interlayers
are optional, and the band for a single well has a stepped
structure for relatively thick interlayers, whereas it has a
rectangular line-up in the absence of interlayers. The pro-
posed design principle in this paper can be summarized
into the following three points:

• InGaAs wells should be made thinner and deeper for
a given bandgap in order to achieve both a higher
absorption coefficient for 1e-1hh transitions, and to
reduce the compressive strain accumulation.

• GaAs interlayers with thicknesses of just a few nano-
meters can effectively extend the absorption edge to
longer wavelengths without introducing compressive
strain, and can also suppress lattice relaxation during
growth.

• GaAsP barriers should be thinner than 3 nm to facili-
tate tunneling transport, and their phosphorus content
should be minimized while avoiding detrimental
lattice relaxation.

In the rest of this section, the theoretical and experimen-
tal grounds for this proposed design principle will be
discussed, with significant focus paid to the GaAsP barrier
design, which is the most important aspect of the structural
optimization required for efficient carrier transport.

2.1. InGaAs well design

The light absorption coefficient due to direct transitions in
quantum wells can be written as

where e is the elementary charge, M0 is the momentum
matrix element, μ is the reduced mass of electrons and
holes, LW is the well thickness, m0 is the electron static
mass, ε0 is the vacuum permittivity, c is the light velocity,
n is the refractive index of the cell material, and Θ is a step

αQW Eð Þ ¼ e2ℏjM0j2
LWm0
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function representing the density of states [29]. EQW,n is
the n-th quantized transition energy, which is the sum of
the bandgap of the well material and the eigen-energies
in the conduction and valence bands. FC,n and FV,n are
the distribution functions for each quantum level for
electrons and holes, respectively.

The absorption coefficient at a specific wavelength is
given as a sum for the available transitions, and the light
absorption becomes least efficient in the wavelength range
where only 1e-1hh transitions can occur. Therefore,
enhancing transitions between the ground states is essential
for complete absorption of photons with energies above the
MQW bandgap. As shown in Equation (1), the absorption
coefficient for each transition is inversely proportional to
LW, and thus the absorbance of one quantum well, which
is the product of the well thickness and the absorption
coefficient, is maintained for each transition even if the
thickness differs. In the entire MQW region, consequently,
the absorption contribution from the 1e-1hh transitions is
determined by the number of wells, regardless of the well
thickness. For a given bandgap, therefore, incorporation
of a larger number of thinner wells is a principle strategy
in terms of efficient absorption in an i-region, the thickness
of which should be minimized for more efficient carrier
collection. Note that the wells must be made deeper to
maintain the effective bandgap at a longer wavelength
because of the stronger quantum confinement effects
present in thinner wells.

Thin and deep InGaAs wells also offer advantages with
regard to crystal growth. Accumulation of compressive
strain per single InGaAs layer is smaller for a thin and deep
well with a high indium content than that for a wide and
shallow well. Figure 1 shows simulated InGaAs well
thickness and accumulated compressive strain per well as
functions of indium content for InGaAs/GaAs quantum
wells with an absorption-edge energy of 1.23 eV. The
absorption-edge energy in quantum wells is defined as

the sum of the bulk bandgap of the InGaAs layer and the
eigen-energies for electrons and heavy holes in their
ground states. Therefore, the well thickness necessary to
achieve a bandgap of 1.23 eV is uniquely determined for
each indium composition. The accumulated compressive
strain per InGaAs layer can be then calculated as the
product of the lattice mismatch and the well thickness.
By increasing the indium content from 20% to 30%, the
necessary well thickness and strain accumulation can be
reduced approximately by 1/2 and 1/3, respectively.
However, if the indium content is too high, it may lead
to three-dimensional (3D) growth because of the very
thin critical thickness [30,31]. Therefore, an appropriate
indium content level should be chosen to avoid abnormal
growth occurring.

2.2. GaAs interlayer design

Insertion of GaAs interlayers that are just a few nanome-
ters thick between the InGaAs wells and the GaAsP
barriers is an effective way to improve the crystal quality
of the MQWs, especially those with high indium and
phosphorus contents. A strain-neutral interlayer makes
the interface less sharp and suppresses the lattice relaxa-
tion caused by the abrupt strain change at interfaces
[20]. Figure 2(a) shows high-resolution X-ray diffraction
(XRD) patterns for 10-period In0.30GaAs(4.2 nm)/GaAs/
GaAsP0.75(3.3 nm) MQWs grown on GaAs (001) sub-
strates with a variety of GaAs interlayer thicknesses.
Without interlayers, no fringe peaks that could be attrib-
uted to the superlattice were observed, thus indicating
that a periodic structure with controlled layer thicknesses
was not formed. In contrast, fringe peaks in the XRD
pattern became sharper and stronger when thicker GaAs
interlayers were present. The full width at half maximum
(FWHM) for the second fringe peak at around �7000
arcsec was 785, 550, and 270 arcsec for interlayer
thicknesses of 1.12, 1.68, and 2.24 nm, respectively.
The theoretical FWHM without lattice relaxation is
263 arcsec, thus indicating that good crystal quality is
obtained with 2.24-nm-thick interlayers. Note that the
interlayer thickness required to achieve acceptable crystal
quality depends strongly on the indium or phosphorus
content and that thicker interlayers are generally needed
for larger differences in strain between the InGaAs com-
pressive layer and the GaAsP tensile layer. Therefore,
the optimum thickness of the interlayer necessary for
successful growth should be determined based on the
composition of the MQW structure.

The GaAs interlayers are also beneficial for reducing
the effective bandgap by weakening the quantum con-
finement effect. While thicker wells alone can reduce
the bandgap, they simultaneously increase the accu-
mulated compressive strain. Figure 2(b) shows the mea-
sured bandgap for In0.3GaAs(3.5 nm)/GaAs interlayer/
GaAsP0.5(4.0 nm) MQWs grown on GaAs substrates with
various interlayer thicknesses. Here, it can be seen that
GaAs layers that are just a few nanometers in thickness

Figure 1. Simulated InGaAs well thickness and accumulated
compressive strain per well as a function of indium content for
1.23-eV bandgap InGaAs/GaAs quantum wells. Accumulated
strain (nm) is calculated as the product of the lattice mismatch

in the InGaAs and the well thickness.
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successfully reduce the bandgap by 30–40meV.
Therefore, a practical way to optimize the well structure
is to determine the InGaAs thickness required to achieve
the desired bandgap and using the highest indium content
possible with 2- or 3-nm-thick GaAs interlayers. Note
that an interlayer that is too thick may thicken the entire
MQW region without providing any additional benefits
in terms of crystal quality improvement and/or bandgap
reduction.

It is also important to note that GaAs interlayers that are
more than just a few nanometers thick prevent carriers in
the InGaAs regions from being transported to the
neighboring wells via direct tunneling. This can make it
difficult to achieve both high crystal quality and efficient
carrier transport. However, by thinning the GaAsP layers
sufficiently, carriers in InGaAs wells can be thermally
transported to the GaAs interlayers where they can then
tunnel through the GaAsP barriers, as will be shown in
the next section.

2.3. GaAsP barrier design

The GaAsP barrier design has a very significant impact on
carrier transport efficiency. The most important requirement
is ensuring that tunneling transport through the barrier layers
is efficient. However, only a few studies have reported the
effects of barrier layers with precisely controlled MQW
structures on cell performance [32], and the design criteria
necessary to sufficiently extract both photo-excited electrons
and holes have yet to be well established. Later in this
section, we discuss our experimental investigations into the
influence of GaAsP barriers with different widths and heights
on the carrier transport dynamics.

2.3.1. Evaluation of carrier collection efficiency.
To characterize the carrier dynamics in MQW cells in
detail, we evaluated the cell performance using the carrier
collection efficiency (CCE). In this study, the CCE is
defined as the fraction of carriers that are actually extracted
as a photocurrent divided by the total number of photo-
excited carriers in the active region of the cell. This can
be calculated by normalizing the illumination-induced
current enhancement to its saturation value at reverse bias
[33]. To ensure a comprehensive investigation of the cell
performance, we carried out CCE evaluations for both
AM 1.5 and monochromatic illumination. The CCE under
AM 1.5 excitation, CCEAM 1.5, was calculated as

CCEAM1:5 Vð Þ ¼ JAM1:5 Vð Þ � Jdark Vð Þ
JAM1:5 � Jdark½ �sat

(2)

where Jdark is the dark current density, JAM 1.5(V) is the J–V
characteristics under AM 1.5 illumination, and the den-
ominator term is the saturated value of the current enhance-
ment at reverse bias. CCEAM 1.5 gives the total collection
efficiency of the carriers excited by sunlight and hence
macroscopically indicates how well the cell performs under
operational conditions in terms of carrier transport. The
monochromatic CCE, CCE(λ, V), on the other hand, was
estimated as

CCE λ;Vð Þ ¼ JmonoþAM1:5 λ;Vð Þ � JAM1:5 Vð Þ
JmonoþAM1:5 λð Þ � JAM1:5½ �sat

(3)

where Jmono+AM 1.5(λ, V) is the current density under AM
1.5 illumination with an additional 2.5mW/cm2 monochro-
matic light at a wavelength of λ. The reason for using AM
1.5 as bias light is that carrier behavior under strong sunlight
illumination differs from that under weak monochromatic il-
lumination conditions [33], and bias sunlight is necessary in
order to accurately evaluate the carrier dynamics in actual
cell operation.

The advantage of a CCE investigation is that, providing
the effects of series resistance are sufficiently small, it
selectively examines the extraction of photo-excited
carriers almost independently of the diode characteristic.
Such information cannot be obtained via the typical

Figure 2. Effects of GaAs interlayers in InGaAs/GaAsP multiple
quantum wells (MQWs). (a) X-ray diffraction patterns for 10-pe-
riod In0.30GaAs(4.2 nm)/GaAs/GaAsP0.75(3.3 nm) MQWs with
different GaAs interlayer thickness from 0 to 2.24 nm. (b) Effec-
tive bandgap for In0.3GaAs(3.5 nm)/GaAs interlayer/GaAsP0.5

(4.0 nm) MQWs versus interlayer thickness. The bandgap was
estimated by photoluminescence measurements.
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characterizations applied to solar cell devices, such as
comparison of the zero-bias quantum efficiency (QE) or
the I–V curve under sunlight.

Additionally, the monochromatic CCE allows us to
manipulate the carrier generation distribution in the depth
direction by changing the irradiation wavelength, and
consequently examine the difficulty of carrier collection
from each area in the device. Furthermore, applying a
forward voltage weakens the electric field in the i-region
and prevents carrier escape from the wells, thus resulting
in a lower CCE. Therefore, by combining the bias- and
wavelength-dependent CCE analyses, we can quantita-
tively estimate how efficiently carriers are extracted during
cell operation.

2.3.2. Effects of barrier width and height on carrier
transport.
To systematically investigate the effects of barrier
design on carrier transport, we prepared a set of GaAs
pin cells including 30-period In0.3GaAs(3.5 nm)/GaAs
(2.6 nm)/GaAsP MQWs in the i-region at a variety of
barrier thicknesses (2–6 nm) and phosphorus contents
(40–60%). The i-region thickness was kept constant at
1000 nm for all the devices by adjusting the thickness
of the intrinsic GaAs spacer layers beneath the MQW region
in order to ensure a constant built-in field. Additionally,
the thickness of the i-GaAs spacer layer above the
MQW region was fixed at 200 nm to ensure that the intensity
of the incident light penetrating the top of the MQW region
was equal among the various cells. However, the strain-
balance condition was not completely met in most of the
samples, as only the GaAsP layer structure was changed.
Nevertheless, ex situXRD reciprocal space mapping showed
that lattice relaxation resulting from strain accumulation was
negligible; the fringe peaks around the (224) diffraction point
attributed to the superlattice were well aligned along the ver-
tical axis in the reciprocal space for all the MQW structures.
The photoluminescence peak wavelengths were 1006± 1 nm
regardless of the barrier design, indicating a constant
effective bandgap of approximately 1.23 eV. Note that the
devices were p-on-n structures, and the p-side of the cells
was irradiated by light.

Figure 3(a) shows CCEAM 1.5 as a function of the volt-
age for various (2–6 nm) GaAsP barrier thicknesses and
with a fixed phosphorus composition of 50%. Because
the strain compensation condition was met with 4-nm
barriers, MQWs with 2- to 3- and 5- to 6-nm barriers had
compressive and tensile strain accumulations, respectively.
As the barrier thickens, carrier transport becomes domi-
nated by slow thermionic escape, which lowers the CCE
below 100%, even under short-circuit conditions for
5- and 6-nm barriers. This effect appeared more signifi-
cantly at forward bias with a weak electric field in the
i-region, and the 4-nm barrier sample also showed gradual
CCE degradation. Regarding the I–V characteristics, poor
carrier collection primarily affected the fill factor (FF),
which was 0.75 and 0.79 for 6 and 2 nm, respectively.
No significant bias dependence of the CCEAM 1.5 was

found for barriers thinner than 3 nm, thus indicating
sufficient facilitation of tunneling transport. The CCEAM

1.5 at the maximum power output voltage of 0.81V for
the GaAs reference cell, 0.73V for the 3-nm barrier cell,
and 0.76V for the 6-nm barrier cell was 98%, 97%, and
87%, respectively. As a result, carrier transport in the
3-nm-thick barrier cell was found to be as efficient as that
in the GaAs bulk reference cell.

In order to determine the mechanism of the enhanced
CCE with thinner barriers in greater detail, the monochro-
matic CCE was examined at 500, 700, and 950 nm with the
3- and 6-nm barrier cells, as shown in Figure 3(b). We
found that, because of the high absorption coefficient,
500-nm light is absorbed only in the top p-region, and thus
the obtained CCE is solely determined by electron

Figure 3. Effects of GaAsP barrier thickness on carrier transport
in 30-period In0.3GaAs(3.5 nm)/GaAs(2.6 nm)/GaAsP0.5 multiple
quantum well cells. (a) Carrier collection efficiency (CCE) under
AM 1.5 as function of applied bias with various barrier thick-
nesses from 2 to 6 nm. Data for GaAs reference cell is shown
for comparison. (b) Monochromatic CCE for 2- and 6-nm barriers

at excitation wavelengths of 500, 700, and 950 nm.
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transport through the MQW region because there is essen-
tially no blockage for hole transport to the top contact. At
700 nm, approximately 40% of the light reaches the
MQW region, partially exciting carriers in the MQWs.
Therefore, the CCE at 700 nm includes the dynamics of
electron-hole separation inside the wells, and the efficiency
of hole transport through the MQW to the top p-region. As
950-nm light is only absorbed in the InGaAs wells, the
CCE selectively shows the probability of carrier escape
from the MQW region. Note that excitation at 950 nm only
generates electrons and heavy holes in their ground states
because only 1e-1hh transitions are possible at this
wavelength.

At a forward bias of 0.7V, the CCE was degraded at
longer wavelengths for the 6-nm barrier and had values
of 97%, 89%, and 77% at 500, 700, and 950 nm, respec-
tively. This indicates that the transport of heavy holes,
which are photo-generated inside the wells, is more likely
to be blocked by thick barriers. This conclusion is reason-
able because heavy holes in GaAs-based materials have
effective masses that are approximately 10 times larger
than that of electrons, and the thermionic escape rate for
heavy holes from a well is much lower than that for
electrons. In addition, a larger effective mass lowers the
confinement energy in a quantum well, and because the
ground state of a heavy hole is located close to the bottom
of the well, the potential barrier for heavy holes is higher.
At 500 nm, the CCEs for the 3- and 6-nm barrier cells were
comparable, thus indicating extremely fast electron
thermionic escape. On the other hand, the 3-nm barrier
cells showed an almost equivalent CCE bias dependence,
regardless of the excitation wavelength, with a CCE of
97% at 0.7V. This is clear evidence that heavy hole trans-
port can be sufficiently enhanced by tunneling with GaAsP
barriers as thin as 3 nm.

Figure 4(a) shows the CCEAM 1.5 at a fixed barrier
thickness of 3 nm and various phosphorus contents (40–
60%). As can be seen, a very high CCE of approximately
99% was obtained at 0V regardless of the barrier height
(or the phosphorus content) because tunneling transport is
well facilitated. However, because of the lower tunneling
probability through higher potential barriers, the CCE for
samples with higher phosphorus contents decreased drasti-
cally as the forward bias increased, resulting in a CCE of
95% and 98% at 0.7V for a phosphorous content of 60%
and 40%, respectively.

As indicated in the graph, increasing the phosphorus
content from 40% to 60% increased the difference in the
bandgap at the Γ point between GaAs and GaAsP by
approximately 0.2 eV, but the effect of the barrier height
on the carrier transport is by far smaller than that of the
barrier width because tunneling is much more efficient
than thermionic processes. Therefore, the influence of the
barrier height difference on the J–V characteristics was
very small for the five devices observed, and included a
slight FF degradation from 0.801 with 40% phosphorus
to 0.789 with 60% phosphorus, and no apparent change
in Jsc or Voc. The degradation in cell performance with

higher barriers, however, should be more apparent when
over 100 wells are incorporated, and reducing the phos-
phorus content in the barriers as much as possible becomes
increasingly important as the well number increases.

A CCE investigation under monochromatic illumina-
tion conditions was also carried out to determine how
higher barriers block carrier transport. Figure 4(b) shows
the CCE for MQW cells with 40% and 60% phosphorus
at various excitation wavelengths. Here, it can be seen that
the CCE with 40% phosphorus showed a similar bias
dependence, with a value of over 98% at 0.7V, regardless
of the illumination wavelength, thus indicating equivalent
transport efficiency for electrons and holes. On the other
hand, at longer wavelengths, obvious degradation was
observed for 60% phosphorus, with a CCE of 98%, 96%,

Figure 4. Effects of GaAsP barrier composition on carrier trans-
port in 30-period In0.3GaAs(3.5 nm)/GaAs(2.6 nm)/GaAsP
(3.0 nm) multiple quantum well cells. (a) Carrier collection effi-
ciency (CCE) under AM 1.5 as function of applied bias with var-
ious phosphorus contents from 40 to 60%. Bandgap difference
at the Γ point between GaAs and GaAsP is shown as ΔEg(Γ). (b)
Monochromatic CCE with 40% and 60% phosphorus at excita-

tion wavelength of 500, 700, and 950 nm.

100-period, 1.23-eV bandgap InGaAs/GaAsP quantum wellsH. Fujii et al.

789Prog. Photovolt: Res. Appl. 2014; 22:784–795 © 2013 John Wiley & Sons, Ltd.
DOI: 10.1002/pip



and 95% at 500, 700, and 950 nm, respectively, at the
forward bias of 0.7V. This clearly indicates that the escape
of heavy holes is blocked by higher barriers. This is partly
because the effective mass of a heavy hole is much larger
than that of an electron as previously mentioned. More-
over, the higher phosphorus content in GaAsP generally
leads to a larger band offset for the valence band than the
conduction band, and hence creates higher potential
barriers and a lower tunneling probability for heavy holes.

The previous investigation into carrier behavior in vari-
ous GaAsP layer structures led us to the principle design
criteria that barriers should be no more than 3-nm thick,
and that they should have as low a phosphorus content as
possible without introducing detrimental lattice relaxation.
Although direct tunneling between InGaAs wells is
prevented when GaAs interlayers that are just a few
nanometers thick are inserted on both sides of GaAsP
barriers, facilitating tunneling between neighboring GaAs
interlayers was found to be a remarkably effective way of
enhancing the carrier transport for the entire device, and
this could be accomplished by reducing the barrier thick-
ness to 3 nm and limiting the phosphorus content to 0.4.

3. PERFORMANCE WITH THE
OPTIMIZED MQW STRUCTURE

To demonstrate the design strategy discussed previously,
structural optimization for an effective bandgap of
1.23 eV was carried out with the MQW structures shown
in Table I. Here, we implemented 100-period In0.30GaAs
(3.5 nm)/GaAs(2.7 nm)/GaAsP0.40(3.0 nm) quantum wells
in a GaAs p–i–n cell as the optimized MQW structure.
For comparison purposes, we also prepared a sample with
70-period In0.22GaAs(7.5 nm)/GaAs(0.6 nm)/GaAsP0.40
(8.0 nm) MQWs as a typical MQW cell before optimiza-
tion. The overall MQW regions in both cells were equally
1180 nm in thickness and were incorporated at the center
of 1380-nm-thick i-region, and 100-nm-thick intrinsic
GaAs spacer layers were inserted at the top and the bottom
of the MQWs. A GaAs bulk cell with a 1380-nm-thick
i-region without MQWs was also prepared as a reference
cell. The bottom n-region and the top p-region of all cells
had dopant concentrations of 2×1017 cm�3 and
2×1018 cm�3 and thicknesses of 400 nm, 200nm, respec-
tively. The p-region was covered with a 25-nm-thick
In0.49Ga0.51P window layer and then capped with a 50-nm-
thick highly doped contact layer. Note that an anti-reflection
coating (ARC) was not used in this study.

Figure 5 shows XRD patterns for the two MQW cells
under investigation. Here, it can be seen that the optimized
MQW100 cell had an overall compressive strain
(2620ppm) due to the intentionally lowered phosphorus
content in the barrier layers, whereas the strain in the typical
MQW70 cell was completely balanced out. Nevertheless,
the XRD pattern for the optimized cell exhibited very sharp
fringe peaks, which were attributed to a MQW structure
with high crystal quality. Typical MQW70 cells also
showed sharp fringe patterns in spite of their relatively thin
(0.6 nm) GaAs interlayers. This was the result of the low in-
dium content in the wells and hence the smaller difference in
strain between the InGaAs and GaAsP layers. For both cells,
the fringe peak positions and their relative intensities agreed
quite well with the theoretical curve, taking account of the
designed structure, thus indicating that the MQW regions
were uniformly grown as designed in terms of the composi-
tion and the thickness of each layer.

Figure 6 shows the absorbance of the MQW AMQW

beyond the GaAs band edge measured by Fourier

Table I. Multiple quantum well (MQW) structures inserted in GaAs pin cells before and after optimization.

Structure (periods) Well (nm) Barrier (nm) Interlayer (nm)

Typical MQW(70) In0.22Ga0.78As (7.5) GaAs0.60P0.40 (8.0) GaAs (0.6)
Optimized MQW(100) In0.30Ga0.70As (3.5) GaAs0.60P0.40 (3.0) GaAs (2.7)

The numbers in the structure column indicate the number of MQW periods. The total MQW region was approximately 1180nm thick in both structures.

MQWs were inserted in the center of a 1380nm i-region with 100-nm-thick intrinsic GaAs spacers on the top and the bottom.

Figure 5. X-ray diffraction (XRD) 2θ-ω pattern for typical multiple
quantum well (MQW)70 cell and optimized MQW100 cell
around the (004) diffraction peak. Theoretical curves for the

designed cell structures are also shown.
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transform infrared spectroscopy before processing the
surface and back contacts. AMQW was calculated as

AMQW ¼ � log10
T sample

T reference

� �
(4)

where Tsample and Treference are the transmittance of the cells
with the MQW and the GaAs reference cell, respectively.
Note that the absorbance values in the figure include the
effects of multiple reflections inside the cells.

The optimized MQW100 cell showed approximately
100/70 times larger absorbance in the 1e-1hh transition
wavelength range than the typical MQW70 cell, as theoret-
ically expected from Equation (1), thus proving the absor-
bance is determined not by the well thickness but by the
number of wells. The total thickness of the well region,
that is, the product of the InGaAs layer thickness and the
period number, was 350 and 525 nm for the optimized
MQW100 and typical MQW70 cells, respectively. There-
fore, incorporating a larger number of thinner wells is
now an experimentally confirmed strategy leading to in-
creased light absorption with a limited total well thickness.

Figure 7(a) shows the J–V curves for the two MQW
cells and the GaAs reference cell under AM 1.5 illumina-
tion, and the J–V properties including Jsc, Voc, FF, and
efficiency are summarized in Table II. The typical
MQW70 cell showed a larger Jsc of 23.3mA/cm2 than
the GaAs reference cell (20.9mA/cm2) because of the

Figure 6. Absorbance of multiple quantum wells (MQWs)
measured by Fourier transform infrared spectroscopy before
depositing contacts on back surface. Absorbance of the GaAs
reference cell without MQWs was used for the background
spectrum. Note that the absorbance includes the effects of mul-

tiple reflections inside the cells.

Figure 7. Cell performance for the fabricated photovoltaic devices including J–V characteristics under (a) AM 1.5 illumination and (b)
AM 1.5 filtered by a 665 nm long-pass filter (FGL665S, Thorlabs), (c) internal quantum efficiency at 0 V, and (d) wavelength-dependent
carrier collection efficiency at maximum power output voltages, which are also shown in the graph. Note that FGL665S transmits ap-

proximately 90% of the light beyond 665 nm.
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infrared response of the MQW. Voc was reduced from 0.96
to 0.88V, but the drop in eVoc (0.08 eV) was much smaller
than the difference in band-edge energy (0.19 eV) between
the GaAs control cell and the MQW cell. However, poor
carrier transport (due to the lack of tunneling) caused a
visible slope in the J–V curve, even at 0V, resulting in a
small FF of 0.75. Accordingly, the AM 1.5 efficiency
was lower for the typical MQW70 cell (15.3%) than the
GaAs cell (15.9%). Along with an increased well number,
the optimized MQW100 cell showed an even larger Jsc of
25.0mA/cm2, which was 1.2 times higher than the GaAs
reference cell. The Jsc enhancement was as large as
4.1mA/cm2 without an ARC. The Voc for the optimized
cell was 0.85V with an approximately 0.03V drop when
compared with the typical MQW70 cell, which may be
attributed to slight lattice relaxation caused by the accu-
mulated compressive strain. The Voc drop from the GaAs
reference cell was 0.11V, which was still less than the
difference between their effective bandgaps. Furthermore,
the optimized MQW100 cell did not show an apparent
slope in the J–V curve at 0V, because of the efficient
tunneling made possible by the 3-nm-thick barriers. As a
result, the optimized MQW100 cell exhibited a higher FF
of 0.76 than the typical MQW70 cell and a higher AM
1.5 efficiency of 16.2% without an ARC, which is 0.3%
higher than that for the GaAs reference cell.

Figure 7(b) shows the J–V characteristics under AM
1.5, filtered using a 665 nm long-pass filter (FGL665S,
Thorlabs, Newton, New Jersey, USA), which is a more
practical performance in a situation where MQW cells are
operated as middle cells beneath InGaP top cells. Note
that FGL665S transmits approximately 90% of the light
beyond 665 nm. Cutting off the short wavelength illumina-
tion increases the fraction of the light beyond the GaAs
band edge in the incident light and consequently leads to
relatively better performance for the cells with MQWs.
The short-circuit current for the typical MQW70 and opti-
mized MQW100 cells was increased by 25% and 44%,
respectively, from the GaAs reference, resulting in an effi-
ciency enhancement for the MQW cells by a factor of 1.06
and 1.22, respectively. However, the typical MQW70 cell
showed a significantly degraded FF due to the insertion
of the filter, from 0.75 to 0.71, because of the less efficient
extraction of carriers excited at longer wavelength illumi-
nation. For the optimized MQW100 cell, on the other
hand, such degradation was suppressed, primarily because

of the improved heavy hole transport. As a result, com-
pared with the reference cell, the current enhancement at
the maximum power output voltage remained 38% for
the optimized MQWs, whereas it was limited to only
13% with the typical MQWs.

Figure 7(c) shows the internal quantum efficiency (IQE)
at 0V. As can be seen, both MQW structures extended the
band edge beyond 1000 nm. However, the typical MQW70
cell had an IQE of only 50% beyond the GaAs band edge.
It also showed degraded response from 650 to 850 nm
compared with the GaAs reference cell because of the poor
carrier collection. In contrast, the optimized MQW100 cell
had an IQE of over 70% for almost the entire MQW
absorption wavelength range, with the response spectrum
perfectly matched to the reference cell from 400 to 850 nm.

Evaluation of the CCE at the operation voltage, CCE
(Vmax), is important in terms of practical application.
Figure 7(d) shows a comparison of CCE spectra at the
maximum output voltages, which were 0.72, 0.76, and
0.81V for the optimized MQW100 cell, typical MQW 70
cell, and GaAs reference cell, respectively. These spectra
can be divided into three wavelength ranges based on the
region where the photons are absorbed in the cells: (i)
300–550 nm, (ii) 550–850 nm, and (iii) 850–1000 nm.

At wavelengths below 550nm, photons are absorbed in
the upper area above the MQW region, and thus the CCE is
solely determined by electron transport through the i-region.
Within this short wavelength range, the typical MQW70 cell
had a high CCE of 94% despite the lack of quick tunneling
transport, because electron thermal escape is efficient, as
mentioned previously. In the optimized MQW100 cell, the
CCE was further improved to approximately 97%, which
was comparable to the value of 98% obtained for the GaAs
reference cell, indicating that a 100-period quantum well
structure does not block electron transport.

In the wavelength range between 550 and 850 nm,
photons can reach the MQW region as well as the upper
GaAs regions. If the light penetration to the MQW is
shallow, the CCE is primarily determined by electron
transport because most carriers are generated in the upper
GaAs. As the wavelength becomes longer, the fraction of
carriers generated in the wells increases, and the effect of
hole transport across the i-region becomes larger. The typ-
ical MQW70 cell showed a severely degraded CCE at lon-
ger wavelengths, indicating poor transport of heavy holes.
The optimized MQW100 cell also exhibited a gradual CCE

Table II. J–V parameters for the fabricated photovoltaic devices (w/o anti-reflection coating).

AM 1.5 AM 1.5 filtered (>665 nm)

Jsc (mA/cm2) Voc (V) FF Efficiency (%) Jsc (mA/cm2) Voc (V) FF Efficiency (%)

Optimized MQW100 25.0 0.850 0.761 16.2 12.1 0.823 0.746 14.4
Typical MQW70 23.3 0.879 0.751 15.3 10.5 0.853 0.716 12.5
GaAs ref. 20.9 0.962 0.792 15.9 8.4 0.925 0.784 11.8

Data in the right column were obtained with AM 1.5 cut-off by a long-pass filter (FGL665S, Thorlabs), which transmits approximately 90% of light beyond

665 nm. Note that the efficiency under the filtered AM 1.5 was calculated with a filtered incident illumination energy of 514W/m
2
.

MQW, multiple quantum well.
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reduction at longer wavelengths, but it was strongly
suppressed because of tunneling transport. The CCE for
the GaAs reference remained above 98%, regardless of
the excitation wavelength, because of highly efficient
transport resulting from the absence of a carrier trapping
structure. The effect of slow transport of heavy holes in
the typical MQW70 cell was apparent even at 0V and is
reflected in the degraded QE from 650 to 850 nm in
Figure 7(c). Heavy hole transport in the optimized
MQW100 cell, on the other hand, was still efficient at
0V, resulting in almost an equivalent QE in the GaAs
absorption wavelength range.

Beyond 850 nm, carriers are photo-excited only in the
wells and the CCE is determined by the efficiency of heavy
hole transport. Therefore, the CCE for the typical MQW70
cell with thick barriers was further degraded to approxi-
mately 70%, while the optimized MQW100 cell showed
a significantly improved CCE of 85%.

4. CONCLUSIONS

The present paper proposes a general design principle for a
suitable quantum well structure that overcomes the major
challenges faced by InGaAs/GaAsP MQW solar cells, i.e.
the trade-off between light absorption and carrier collection
as well as the difficulty in crystal growth of a high-quality
MQW consisting of strained layers. The essential strategies
for structural optimization are as follows.

• InGaAs wells should be thinner and deeper for a
given bandgap to achieve both a higher absorption
coefficient for 1e-1hh transitions and lower compres-
sive strain accumulation.

• GaAs interlayers with thicknesses of just a few
nanometers are effective for extending the absorption
edge to longer wavelengths without additional com-
pressive strain, and for suppressing lattice relaxation
during growth.

• GaAsP barriers should be thinner than 3 nm to
facilitate tunneling transport, and their phosphorus
content should be minimized while avoiding detri-
mental lattice relaxation.

For barrier design optimization, in particular, the
influences of GaAsP layers on the carrier transport were
systematically investigated in terms of the CCE with
various barrier widths (2–6 nm) and phosphorus contents
(40–60%). The transport of heavy holes was found to be
the bottleneck especially, in the thermionic escape pro-
cesses, and making the barriers as thin as 3 nm was found
to be an essential criterion for sufficiently facilitating
tunneling transport.

After optimization of a MQW structure with the
absorption-edge energy of 1.23 eV, a cell with 100-period
In0.30GaAs(3.5 nm)/GaAs(2.7 nm)/GaAsP0.40(3.0 nm) MQWs
achieved significantly improved performance, showing a
16.2% AM 1.5 efficiency without an ARC, an IQE of 70%

(0V), and a CCE of 85% (Vmax) at wavelengths beyond the
GaAs band edge. Compared with the GaAs control cell, the
optimized MQW100 cell showed an absolute gain in AM
1.5 efficiency and achieved a 1.22 times higher efficiency
with 38% enhancement of the maximum power output
current under AM 1.5 cut-off by 665-nm long-pass filter,
indicating a strong potential for introduction into Ge-based
3-J tandem devices.
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