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Carrier Dynamics in Quantum-Dot Multijunction
Solar Cells Under Concentration

Alexandre W. Walker, Olivier Thériault, and Karin Hinzer

Abstract—The key performance metrics of quantum-dot (QD)-
lattice-matched multijunction solar cells (MJSCs) composed of In-
GaP/(In)GaAs/Ge with InAs/GaAs QDs are explored under high-
concentration illumination with a focus on the carrier dynamics
in the QD layers of the middle subcell. An effective medium ap-
proach is used to describe generation and recombination in the QD
system, including carrier escape and capture from the weakly con-
fining quantum well and the QD states. At a concentration of 1000
suns, simulations indicate that the specific QD MJSC studied out-
performs a standard MJSC by 1.1% in relative efficiency operating
at 25 °C. However, this gain in efficiency is highly dependent on the
confinement potentials of the wetting layer, as well as the resulting
current mismatch between the top and middle subcells when car-
rier escape rates from within the wetting layer confinements are
reduced.

Index Terms—Carrier dynamics, concentrator photovoltaics,
multijunction solar cells (MJSCs), quantum dots (QDs),
III-V semiconductors.

1. INTRODUCTION

HE current research avenue in developing next-generation
T photovoltaic devices with efficiencies reaching 50% is
aligned toward concentrated photovoltaics to focus sunlight onto
smaller device areas. This allows for a reduction in the growth
and manufacturing costs associated with ITI-V multijunction
solar cells (MJSCs), and also increases device efficiency due to
the effects of concentration. The current state-of-the-art triple-
junction solar cells, such as the lattice matched device com-
posed of Ing 49Gag 51 P/Ing o1 Gag .99 As/Ge, are currently capa-
ble of achieving greater than 40% efficiency at concentrations
of ~400 suns [1]. However, this MJSC design does not exploit
the ideal combination of bandgaps, since the Ge subcell over-
produces photocurrent by as much as 60% compared with the
top two subcells. The excess photocurrent is dissipated as heat,
which results in some performance degradation.

An alternative design to this device architecture is obtained by
exploiting the self-assembled growth of low-dimensional semi-
conductor heterostructures such as InAs quantum dots (QDs)
on an InAs wetting layer (WL) within the InGaAs subcell. The
zero-dimensional confinement effects in these nanostructures
have been shown to produce controlled and reproducible en-
ergy transitions [2] with strong wave function overlap [3]. As
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a result, these nanostructures can be size engineered to harness
photon energies below the bandgap of the bulk material, which
leads to a redistribution of current from the bottom Ge subcell
to the middle subcell [4], [5]. Combined with an optimized top
subcell bandgap using sublattice ordering effects in InGaP [6],
the short-circuit current density (Jy.) of the full device can be
increased under 1-sun illumination [4], [7]. This strategy can
potentially be exploited to increase the overall device efficiency
depending on the drop in the open-circuit voltage (V) and fill
factor (FF) arising from introducing lower bandgap structures in
the middle subcell. Achieving near 1-V open-circuit voltage for
a single-junction GaAs solar cell containing InAs/GaAs QD has
been recently shown in the literature [8] and is a very promis-
ing feat for MJSC applications. In order to achieve an overall
boost in the performance, however, the carrier dynamics near
these low-dimensional semiconductor heterostructures must be
understood in greater detail since these affect recombination
rates that inherently dictate the V,, and FF, and therefore, the
overall efficiency (7). Additionally, these effects must also be
studied over concentration where the competition between ra-
diative and nonradiative recombination rates impacts the cell’s
overall performance.

In this paper, we present a study on the effects of carrier
dynamics in the InAs/InGaAs QD system on the overall per-
formance of an InGaP/InGaAs/Ge MJSC. This study builds on
our previous work in developing a numerical model of a QD
MISC, which focused on the generation and recombination in
the QD layers [4]. We first give a brief outline of the model
before discussing how the carrier dynamics are treated in the
numerical modeling environment. This model is created using
version vG-2012.06 of TCAD Sentaurus by Synopsys, where
the transport equations are handled by Sentaurus Device’s finite
difference and finite-element methods. The performance of the
QD MIJSC is then simulated under standard testing conditions
(1 kW/m?, AM1.5D spectrum at 300 K) before the performance
over concentrated illumination is explored.

II. STRUCTURE AND MODEL

The MIJSC structure consists of a dual-layered antireflection
coating composed of Si3N, and SiOs, a top InGaP subcell con-
nected in series to an InGaAs subcell via an AlGaAs/GaAs
tunnel junction, which is also connected in series to a Ge bot-
tom subcell via a similar TJ. The top contact has a 10-m{? series
resistance. Within the intrinsic region of the middle InGaAs
n-i-p subcell are 110 layers of an effective medium describing
the InAs QD and the associated WL. This configuration was
determined to be near optimal in terms of efficiency as a func-
tion of the number of QD layers [9]. The effective medium has
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Fig. 1. (a) Geometry of the InAs WL and QD with part of the InGaAs spacer

layer; this forms the effective medium. (b) Carrier dynamics between bound
and unbound states in the InAs/InGaAs QD system, where carrier escape and
capture are modeled using thermionic emission into and out of the bound states.
Eqp is the ground state transition energy of the QD, and both QD ground
states are modeled as shallow trap states. CBO and VBO are the conduction and
valence bands, respectively.

a total thickness of 1.7 nm [see Fig. 1(a)], and adjacent QD
layers are separated by 8.3 nm of intrinsic InGaAs spacer layers
such that tunneling between adjacent layers is not significant; a
repeat layer is, therefore, 10 nm thick. The middle subcell base
thickness is reduced in the QD MIJSC to maintain a total subcell
thickness of 4 pum for comparison with the control structure. It
is assumed the rapid thermal annealing and indium flush tech-
niques allow for the growth of a high number of layers with
pristine material quality [10]. Such strain management avoids
the requirement for strain compensation layers such as GaAsP,
which would increase the potential barrier relevant for carrier
escape out of the QDs. However, more studies would be required
to assess the impact of such layers on the carrier dynamics. For
details on the numerical modeling environment, the structure
including tunnel junctions, and the QD effective medium, see
[4], [5], [9], [11], and [12].

Fig. 1(a) shows the geometry of nanometer-sized islands
of InAs QDs on top of the thin WL grown by the Stranski—
Krastanov growth method [13], and Fig. 1(b) illustrates a
schematic representation of the energy band alignment in this
system, which is explained below. The single confined electron
energy level expected from the dimension of these dots cor-
responds to a single ground-state energy transition centered at
920 nm [see the external quantum efficiency (EQE) illustrated
in Fig. 2(a)]. The lens-shaped QDs are modeled based on a dis-
tribution of sizes with average radii and heights of ¥ = 5.6 nm
and h = 0.6 nm, respectively, and the WL has a thickness of
1.1 nm. The absorption coefficient of these nanostructures is
calculated using energy levels obtained by numerically solv-
ing Schrodinger’s equation based on the given QD and WL
geometry [4]. A Gaussian distribution in energy levels is im-
plemented. The modeled QD density is 125 QD/um?, which is
comparable with typical values in the literature [13]. The QD
hole and electron ground-state energy levels are modeled as trap
levels above and below the valence and conduction bands, re-
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spectively, according to a Gaussian distribution in energy with
the same full-width at half maximum as the absorption coef-
ficient calculation. Although multiple hole levels exist due to
its larger effective mass, it is assumed that holes quickly re-
lax to the ground state such that only this level is pertinent to
recombination processes. Furthermore, only the ground-state
energy transition contributes to the absorption coefficient since
the overlap integral decreases strongly for n # m transitions [3].
The trap levels add to the bulk Shockley—Read—Hall (SRH) re-
combination rates in the effective medium based on a trap cross
section of 103 em™2 (according to the QD geometry) and a
trap concentration corresponding to the QD density per layer.
The effective medium also considers minority carrier lifetimes
for radiative (1 ns) and nonradiative (10 ns) recombination pro-
cesses and weighted based on volume considerations within the
effective medium [4].

Carriers photogenerated in the bound states of the nanostruc-
tures must first escape into the unbound states to contribute
to the bulk current of the device, as illustrated in Fig. 1(b).
The dominant process for this escape is carrier-optical phonon
scattering at room temperature [14]. The opposite process, i.e.,
carrier capture from the bulk states to the WL and subsequently
to the QD states, must also be treated. These carrier capture
processes are known to occur on picoseconds time scales [14],
[15]. A separate quasi-Fermi level for the bound states is re-
quired to properly describe the exchange between bound and
unbound carrier populations for the WL. Doing so results in a
supplementary set of continuity equations for minority carriers
[16]. However, implementing these supplementary equations
in Sentaurus Device leads to an overestimation of the genera-
tion since no generation rates are considered in the continuity
equation dictating bound carrier concentrations; in other words,
generation is assumed only for the unbound carrier populations.

Consequently, an effective band offset approach is adopted.
Thermionic emission is used to model the escape of carriers
from the WL to the unbound states, which is parameterized by
the height of the potential barrier. This method uses the elec-
tron affinity and bandgap of the effective medium to control the
conduction and valence band offsets (CBO and VBO, respec-
tively) with respect to the spacer InGaAs layer [see Fig. 1(b)].
An assumption of the model is that all photogenerated carriers
are captured by the WL. The carriers confined to the WL can
be captured by available trap states modeling the energy levels
of the QD [carrier trapping in Fig. 1(b)], or escape from the po-
tential confinement of the WL. Different levels of band offsets
mimic different escape rates from the WL. It is important to
note that band offsets totaling 7 meV represents the simulated
energy difference between the bulk InGaAs bandgap and the
WL ground state based on COMSOL Multiphysics simulations
of the energy levels [4].

III. SIMULATION RESULTS
A. One-Sun Conditions

Fig. 2 illustrates the simulated room temperature (a) EQE
and (b) current—voltage (J-V) characteristics of the device for
various scenarios of band offsets assuming uniform illumina-
tion according to the AM1.5D spectrum at 300 K [illustrated as
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Fig. 2. (a) Simulated EQE at room temperature of a QD enhanced MJSC
within the range of the middle InGaAs subcell for different combinations of
CBO and VBO between 0 and 56 meV (dark gray area represents the range in
between the band offsets). The normalized AM1.5D solar spectrum is shown in
grey in the background. (b) Simulated current—voltage characteristics at 1-sun
(1 kW/m?) compared with the control structure with an n-i-p middle subcell
configuration.

a normalized photon flux in light gray in Fig. 2(a)]. Fig. 2(a)
illustrates the enhanced quantum efficiency of the middle sub-
cell to photon energies below the bandgap of bulk InGaAs, and
thus a redistribution of current from the overproducing bot-
tom Ge subcell to the middle subcell. This is manifested as
an overall higher photocurrent than a control MJSC with no
QDs, which is illustrated in Fig. 2(b). Ideally, carriers are not
captured by the WL states, and all carriers escape, which is
modeled as 0 meV of band offsets; this scenario still adopts the
weighted minority carrier lifetimes corresponding to the nanos-
tructures and, therefore, decouples the effects of lower bandgap
and increased recombination rates due to carrier capture. The
EQE and J-V characteristics for the 0 meV band offset scenario
have the highest Jy., Vi, FF, and 1. The worst-case scenario,
on the other hand, involves effective band offsets that reach
the ground-state QD energy levels at 920 nm (42 meV below
the conduction band and 14 meV above the valence band). The
range of band offsets between the 0-meV best case scenario
and the 56-meV worst-case scenario is explored and illustrated
as a gray band in terms of the EQE and J-V characteristics in
Fig. 2(a) and (b). As the effective band offsets are increased, the
response of the cell to wavelengths between 700 and 890 nm
decreases due to the reduced escape rates for carriers captured
by the QD effective medium. On the other hand, the response for
wavelengths targeted by the nanostructures (§890-920 nm) is not
affected as significantly by these band offsets. This originates
from the fact that carriers generated in the confinement po-
tentials readily escape at room temperature, even for the largest
band offsets considered. Consequently, a minor decrease in pho-
tocurrent is expected as a function of increasing band offsets,
which is apparent in Fig. 2(b). However, the most important
effects of increasing the band offsets are manifested in the FF
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Fig. 3. Simulated (a) Js. and (b) V. as a function of concentration for 0 and
56 meV of effective band offsets (and scenarios in between); the simulated data
is compared with a control structure with an n-i-p middle subcell configuration
without QDs.

and V,,.. As band offsets are increased, carriers are less likely
to escape from the confinement potentials of the WL, which
becomes important at higher voltages due to the exponential de-
pendence of the recombination rates on voltage. Interestingly,
the FF decreases more than the V. since the device ceases to
be perfectly current matched (CM) for higher band offsets: the
middle subcell has a J;. lower than the top subcell J;. by ~1%
absolute. The effects of current mismatch become clearer when
studying the trends over concentration, which are discussed in
the next section. A comparison between CM and current mis-
matched (CMM) cells is also given.

B. Concentrated Illumination Conditions

Simulations conducted over concentration (X) at constant
temperature (300 K) are presented in Fig. 3 in terms of (a) Jy
and (b) V;,.. The photocurrent illustrates the expected linear rela-
tionship as a function of concentration with no photon recycling
effects. All of the effective band offset scenarios show a similar
photocurrent increase [see the inset of Fig. 3(a)]. The control
MIJSC photocurrent is lower than the 0-meV QD MIJSC by 4.3%
throughout the entire range of concentration. It is worth noting
that the saturation of the energy levels in the QDs is expected
to appear at extremely high concentration [17]. This is why the
QD MISC is in the linear regime, with the absorption coeffi-
cient staying constant for increasing light intensities. Fig. 3(b)
illustrates that V. increases logarithmically with concentration
for all cases. The absolute drop in V,. for the QD MIJSC rel-
ative to the control is similar at 1 and 1000 suns. The 0-meV
band offset scenario demonstrates a voltage drop that arises due
to the lower minority carrier lifetimes of the effective medium
compared with bulk InGaAs. It becomes clear that increasing
the magnitude of the band offsets results in an increased drop
in V,. due to the decreased escape rates from the deeper WL
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Fig. 4. Simulated (a) FF and (b) ideality factor as a function of concentration

for 0 to 56 meV of effective band offsets. The simulated data is compared to a
control structure with an n-i-p middle sub-cell configuration without QDs. The
ideality factor was extracted using the slope of the open circuit voltage over
concentration based on equation (1).

potentials. The escape rates are thus intricately connected to the
middle subcell’s dark current: decreased escape rates increase
the overall recombination rates via added recombination terms
in the supplementary continuity equations [4].

Fig. 4 illustrates (a) FF and (b) the ideality factor as a func-
tion of concentration. The trends in the FF reveal a few par-
ticular artefacts of this specific MJSC design, such as series
resistance and current matching effects. First, the FF of the
control increases logarithmically over concentration up to 200
suns and then starts decreasing due to the 10-mS) series re-
sistance of the top contact. The FF of the QD MIJSC struc-
tures demonstrates a similar roll-off. Second, increased band
offsets have a significant impact on the FF due to the change
in current matching between the top and middle subcells. For
band offsets below 20 meV, the top and middle subcells are
adequately CM (within 0.3%). However, as the band offsets
increase beyond 20 meV, the middle subcell begins to limit
the overall photocurrent of the device, which is manifested
primarily as a drop in the FF. This partly explains the ~4%
absolute drop between the best-case 0-meV and worst-case
56-meV scenarios. The decreasing V. as a function of increas-
ing band offsets also contributes to the drop in FF. Current
matching the device specifically for this worst-case scenario
enhances the FF by 1.5% absolute at 1000 suns, and this is
illustrated in Fig. 4(a) for a CM MJSC compared with a CMM
device. These structures differ simply by the top subcell base
thickness, and both have very similar J;. and V. metrics. An-
other interesting trend is the split in the FF between the 0-
meV QD MIJSC and the control beyond 1 sun. This split arises
from the larger increase in V,,. over concentration of the control
MIJSC, which is illustrated by the larger ideality factor of the
control compared with the QD MJSC in Fig. 4(b). The ideality
factor was obtained from the slope of V,. over concentration
based on

Vi = ’”‘:TTIog(X)woc (X=1). (1)
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Fig. 5. Simulated efficiency 7 as a function of concentration X. The sim-
ulated data is compared to a control structure with an n-i-p middle sub-cell
configuration without QDs.

The ideality factors from Fig. 4(b) are in agreement with those
obtained for similar structures [18]. The control’s larger ideality
factor originates primarily from the strong SRH recombination
taking place in the depletion region of the control’s middle sub-
cell, whereas radiative recombination dominates the depletion
region in the QD MJSC at V,,.. Although the increase in V. over
concentration appears identical for each structure [see Fig. 3(b)],
the control has an ideality factor closer to n = 3.3 at 1 sun, as
compared with the QD MIJSC which is closer to n = 3.15. This
demonstrates the impact of the ideality factor on the FF over
concentration. The difference in the ideality factor for all de-
vices becomes negligible at higher concentration, since the FF
becomes dominated by series resistance, which is the same in
each device studied.

Finally, the QD MJSC as a function of concentration is illus-
trated in Fig. 5. The efficiency of the QD MJSC with 0 meV of
band offsets is higher than the control over all concentrations
explored. As mentioned before, the roll-off in efficiency ob-
served at higher concentrations is due to the series resistance of
the structure. An overall efficiency of 31% at 1 sun is observed
for the 0-meV band offset scenario, which is a relative boost in
efficiency of 1.1% over the control. For band offsets greater than
~10 meV, however, the efficiency decreases beyond that of the
control structure. This trend is once again predominantly due
to the decreased FF arising from the current mismatch. With a
perfectly CM device for the worst-case scenario, the efficiency
improves from 35% to 35.4%, as illustrated in Fig. 5. The re-
sults of Figs. 3 and 4 thus outline the importance of the added
recombination mechanisms arising from the escape of carriers
from the confinement potentials of the WL on QD MIJSC ef-
ficiency over concentration. The performance benefits arising
from the increased photocurrent of a QD MIJSC depend intri-
cately on the confinement properties of the WL in terms of the
escape rates and their effects on the current matching between
the top and middle subcells. In general, QD MJSC device de-
signs can be further improved by optimizing the number of QD
layers, the background doping of the intrinsic region in the mid-
dle subcell, and the size and geometry of the dots. The effects
of realistic operating temperature for cells illuminated under
1000 suns (60-80 °C) could potentially reduce the impact of
the WL band offsets on performance by increasing the escape
rates. This offers a potential enhancement factor over a control
MIJSC, although this hypothesis merits further study.
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IV. CONCLUSION

In conclusion, the performance of an MJSC enhanced with
low-dimensional semiconductor heterostructures, such as the
InAs/GaAs QD system, has been explored as a function of
concentration. A relative increase of 1.1% efficiency is achiev-
able over a control MJSC structure at 1-sun intensity, assuming
no confinement potentials in the WL. At 1000 suns, the efficien-
cies are nearly identical, although realistic operating tempera-
tures are expected to give the QD MIJSC an advantage over a
control MJSC by enhancing the escape rates of carriers from the
WL and QDs. The enhanced middle subcell response to pho-
ton energies below the bandgap of bulk InGaAs thus provides
a method of bandgap engineering a MJSC to provide higher
overall device photocurrent. This allows MJSC designs more
control of the cell’s responsivity to specific spectral conditions
that depend on geographic location and on effects arising from
the concentrator optical transfer function.
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