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A B S T R A C T 

This work reports on the benefits from using thin GaAsSb capping layers (CLs) on InAs/GaAs quantum dot 
(QD) solar cells. The application of such CLs allows the tunability of the QD ground state, switching the 
QD-CL band alignment from type I to type II for high Sb contents and extending the photoresponse 
beyond 1.5 jim. Two different structures with ~10% and ~20% Sb contents in the CL (type-I and type-II 
band alignments, respectively) are explored, leading to efficiency improvements over a reference InAs/ 
GaAs QD solar cell of 20% and 10%, respectively. In general, a significant increase in short-circuit current 
density (jsc) is observed, partially due to the extended photocurrent spectrum and the additional con
tribution of the CL itself. Particularly, for a moderate Sb content, an improved carrier collection efficiency 
is also found to be a main reason for the Jsc increase. Calculations from an 8 x 8 k • p method suggest the 
attribution of such an improvement to longer carrier lifetimes in the wetting layer-CL structure due to 
the transition to a type-II band alignment. Open-circuit voltages (Voc) exceeding that of a reference QD 
solar cell are demonstrated under light concentration using GaAsSb CLs, which proves that the Voc is not 
limited by the low bandgap CLs. Moreover, the highest value is obtained for the high Sb content type-II 
structure, despite the higher accumulation of strain and the lower effective bandgap. Indeed, the faster 
Voc increase with light power found in the latter case leads to an Voc even larger than the effective 
bandgap. 

1. Introduction 

The benefits from using GaAsSb capping layers (CLs) on InAs 
quantum dots (QDs) are already well known. The application of 
such CLs was first proposed as a means to control the emission 
wavelength from the InAs QD ground state [1], and allowed the 
achievement of the long-wavelength window for optical commu
nications [2,3]- Although the overall strain in the structure is in
creased, GaAsSb CLs over InAs QDs act as strain-reducing layers 
leading to the suppression of the QD decomposition [4] by the 
inhibition of the strain-driven In-Ga intermixing during the cap
ping process. The preservation of the QD height is believed to 
enhance the carrier confinement so that improved room-tem
perature photoluminescence is obtained for moderate amounts of 
Sb [5]. On the other hand, for an Sb content around 16-17%, the 

QD-CL band structure switches from a type-I to a type-II band 
alignment, with the holes localized outside the QD in the CL. This 
reduces the oscillator strength and, therefore, increases the ra
diative carrier lifetime [6-8]. Nevertheless, these type-II structures 
can show improved luminescence and a highly tunable excitonic 
geometry and topology [9,10]. 

As a result of all this, GaAsSb CLs have been shown to provide 
improved performance in different optoelectronic devices based 
on InAs/GaAs QDs, such as QD laser diodes [3,11,12] and QD in
frared photodetectors [13,14]. The application of a thin GaAsSb CL 
has also been recently reported to improve the characteristics of 
intermediate band solar cells based on InAs QDs, effect that was 
mainly ascribed to a modification of the strain [15]. The applica
tion of such a CL can be beneficial thanks to its ability to modify 
and thereby extend the QD ground state to longer wavelengths, so 
that a broadened absorption spectrum is attainable in a QD solar 
cell [15,16]. Moreover, the CL could assist the escape of holes 
through a two-step mechanism [7], facilitating carrier extraction 
from the nanostructures. Indeed, the introduction of an additional 



energy level between the QD ground state and the GaAs barrier 
would serve as a middle step for holes. This would reduce the hole 
escape time, exponential-dependent with the barrier energy, sig
nificantly increasing the extraction probability. In addition, the use 
of higher amounts of Sb in the CL should lead to an extended 
absorption edge while switching to a type-II band alignment. This 
kind of structures has already been proposed for solar cell appli
cations and are predicted to provide additional benefits [17-20]. 
Indeed, type-II nanostructures have already been used leading to 
improved short-circuit current densities (Jsc) [21,22]. Furthermore, 
sunlight concentration has been found to suppress the re
combination activity in type-II QDs [23], as well as to provide a fast 
recovery of the open-circuit voltage (Voc) in type-II quantum rings 
[24], as a consequence of the higher radiative lifetimes. 

The focus of this work is to analyze the impact of using thin 
GaAsSb CLs on the performance of InAs QD solar cells. Both type-I 
and type-II QD-CL band alignments are studied, and the different 
mechanisms involved in the operation of such devices are revealed 
by combining different characterization techniques. In particular, 
this work will highlight the relevance of the wetting layer (WL)-CL 
band structure on the performance of a QD solar cell. Due to the 
comparative approach of this work, optimized solar cell structures 
or the application of an anti-reflection coating will not be 
necessary. 

2. Experimental details 

The series of p-i-n junction solar cells under study consists of 
three samples grown by molecular beam epitaxy on n + GaAs 
(001) substrates under As4 overpressure. The active region (Fig. 1) 
consists of ten InAs QD layers grown at 450 °C by depositing 
2.8 ML s at -0.04 ML s"1. The QD layers were covered by a 20 ML-
thick GaAs1_xSbx CL with nominal values of 0%, 10%, and 20% 
(samples Sb0, Sbi, and Sbn, respectively). The CL growth tempera
ture, known to be a critical factor affecting the final QD-GaAsSb CL 
configuration, was set to 470 °C in order to avoid material migra
tion from the CL at the QD top region [4[. Immediately after the CL, 
a 10 ML-thick GaAs layer was grown at the same temperature (LT 
GaAs in Fig. 1), afterwards increased to 580 °C for the 35 nm-thick 
GaAs spacer growth, in order to avoid the formation of extended 
defects [25,26]. The whole active region was sandwiched in the 
middle of a 400 nm-thick intrinsic GaAs layer, grown on a 500 nm-
thick n-GaAs base buffer and ended in a 350/150 nm-thick p- /p + -
GaAs layer. 

The structural properties were analyzed through conventional 
transmission electron microscopy (TEM) techniques, using a JEOL 
JEM-2100 LaB6 microscope with an electron dispersive X-ray 
(EDX) spectrometer Oxford INCA Energy 2000 system working at 
200 kV, and high resolution X-ray diffraction (XRD) analyses, 
performed in a Panalytical X'Pert Pro system with Cu-Kocl radia
tion (1.54056 A). 200 urn-diameter cylindrical mesa-etched de
vices were processed through standard fabrication techniques 
using AuGe/Au and Au/AuZn/Au for the n- and p-type contacts, 
respectively. The use of such small mesa diameters allows the 
processing of a large number of devices from the same wafer area 
in which the temperature gradient during growth is negligible, 
leading to statistically reliable results which could not be other
wise possible. Photocurrent density-voltage (J-V) measurements 
were conducted using a Keithley 2400 source meter. The light 
source is a solar simulator equipped with a 150 W Xenon Lamp 
and an AM 1.5D filter combination (Newport). The total light in
tensity was calibrated to 900 W/m2 using a GaAs reference cell. 
Photocurrent (PC) spectroscopy was carried out using a Keithley 
230 voltage source and a Keithley 617 electrometer, using light 
from a quartz halogen lamp dispersed through a 0.34 m-
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Fig. 1. Sketch of the p-i-n devices containing ten stacked InAs QD layers capped 
with a thin GaAs!_xSbx CL The QD density per layer is 3 • 1010 cm-2. 

monochromator. Electroluminescence (EL) spectroscopy was also 
performed, detecting the emitted light with a liquid nitrogen-
cooled Ge detector after dispersion through a 1 m-spectrometer. 
Finally, a commercial laser diode at 781 nm was used to analyze 
the effect of light power density on the Voc. Some experimental 
results from the same Sb0 and Sbi devices can be found elsewhere 
[16]. In this work additional experimental and theoretical analyses 
were carried out to complete the understanding of the impact of 
the band alignment on the device performance. 

3. Results and discussions 

3.1. Compositional and structural analysis 

The Sb content in the CL was first estimated in cross sectional 
TEM samples by 1 nm probe EDX. The amounts for samples Sbi and 
Sbn were found to be approximately 10% and 24%, respectively, in 
agreement with the nominal values. Fig. 2(a), (b), and (c) show 
dark-field 002 cross-sectional TEM images of representative global 
views from the ten stacked QD layers in samples Sb0, Sbi, and Sbn, 
respectively. Through this chemically sensitive imaging mode, the 
Sb-containing layers are distinguished by a brighter contrast so that 
averaged CL thicknesses of approximately 5.5 nm were estimated in 
both Sb-containing samples. While samples Sb0 and Sbi present flat 
growth fronts all through the stacked layers (Fig. 2(a) and (b)), the 
growth front in sample Sbn progressively bends, as the number of 
stacked layers increases (Fig. 2(c)). In this case, the high Sb content 
is leading to a highly strained structure, resulting in the origination 
of extended defects. This difference can be clearly observed in the 
bright-field images (Fig. 2(d), (e), and (f)), taken along the 220 
g-vector direction. Besides the typical contrast associated to the 
QDs, the presence of threading dislocations, generated at the bot
tom layer and crossing upwards through the whole structure, is 



Fig. 2. Dark-field cross-sectional TEM images at the [110] pole using the 002 diffraction condition displaying representative global views of the ten stacked QD layers in 
samples Sb0 (a), Sb, (b) and Sb„ (c). A brighter contrast differentiates GaAsSb CLs from the darker WL-QD one. Bright-field images using the 220 diffraction condition from 
similar regions in Sb0 (d), Sbi (e) and Sbn (f), reveal the presence of extended defects in Sbn. Scale bar, corresponding to 100 nm, is valid for figure (a-f). 

revealed in Sbn. Since the QDs are not strain-coupled, they are not 
vertically aligned in our structures, so that the effect of Sb on the 
alignment homogeneity suggested by W.-S. Liu et al. [15] will not be 
involved in the device performance in our case. 

Fig. 3 shows high resolution XRD 8-28 scans around the 004 
reflection for samples Sb0, Sbi, and Sbn. The accumulation of 
compressive strain due to the introduction of QDs and the increase 
in the Sb content is directly reflected by the shift of the 
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Fig. 3. 9/29 XRD scans around 004 Bragg reflection performed on all the samples 
revealing an increasing accumulation of strain with increasing Sb content. 

superlattice mean peak (S(0)) to a lower angle with respect to the 
GaAs Bragg angle. The XRD measurements, which yield average 
information over an extended sample area (~1 mm2), allow esti
mating an average superlattice period, found to be 40 nm in Sfy, 
43 nm in Sbn, and 48 nm in Sb0, in a good agreement with values 
found from local TEM measurements: 40, 44, and 50 nm, respec
tively. The significantly longer period for Sb0 is a consequence of a 
deviation from the nominal growth rate (1 MLs -1). X'Pert Epitaxy 
software was used to make additional estimates for the Sb content 
in the CLs from the measured XRD spectra. Using a superlattice 
period thickness of 40 nm (SbJ and 43 (Sbn), as determined by 
XRD, and the CL thickness of 5.5 nm found by TEM, it is only ne
cessary defining a thickness for the WL in order to determine the 
Sb content in the CL. Assuming therefore a WL thickness of 0.5 nm 
[7] leads to Sb content estimates of 10.0% and 19.0% in Sb, and Sb„, 
respectively. The estimation for Sb: (10.0%) is in perfect agreement 
with the value found by EDX (10%). In the case of Sbn, a somewhat 
lower amount of Sb is drawn from the XRD simulation (19% vs. 24% 
EDX estimation). As we have shown in our previous paper where 
EDX Sb profiles were carried out [27], the GaAsSb CL is not 
homogeneous, with an accumulation of Sb in the upper interface 
and a depletion just above the WL. Our punctual EDX measure
ments were made just in the Sb-rich region and this could explain 
the higher values compared to the XRD results in Sbn. 

3.2. Structure simulation 

In order to model our structures, we have simulated the elec
tronic structure of two independent systems, which will help us in 
the development of the forthcoming discussion. The first system 
comprises a single QD on top of a WL and covered by a GaAsSb CL 
(QD-CL). The stacking effect is introduced in the calculation by 
imposing periodic boundary conditions along the growth axis. The 
second system is a superlattice which contains three layers, 
namely the WL, the GaAsSb CL and the GaAs spacer (WL-CL). We 
have proceeded in this way to identify the electronic structure of 
the WL in the inter-dot region. The direct procedure of extending 
the simulation region to describe simultaneously the QD and the 
inter-dot region would have required computational resources far 
from our current capabilities. 
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Fig. 4. (a) Geometrical parameters introduced in the calculation to describe the QD, 
cladding and capping regions, (b) Energy estimated for the fundamental transition 
of the QDs for different Sb contents in the CL together with a cross-section in the 
plane (110) of the hole ground state probability density. 

The QD has been theoretically modeled considering the struc
tural data obtained by TEM and XRD. A scheme depicting the most 
relevant geometrical parameters in our description of the nanos-
tructure is shown in Fig. 4(a). The Nextnano+ + package [28] was 
used to solve the eight multiband Schródinger equation and de
termine the electronic structure. All material parameters were 
extracted from Ref. 29]. Self-assembled QDs are the result of a 
lattice strain relaxation process. The effect of this strain is included 
in our model to obtain a realistic electronic structure description. 
In addition, the strain also induces the appearance of piezoelectric 
charges which results in the formation of an electrostatic poten
tial. We have introduced the effect of this potential, by solving the 
Poisson's equation. The QD-CL electronic structure has been used 
to verify the expected band alignments in Sbi and Sbn. The QD is 
represented by a hemi-ellipsoid volume using the averaged esti
mations of the base radius and height. The actual geometrical 
values of radius (RQD) and height (hop) depend on the Sb con
centration, being the values of {RQD, HQP) in nm: {8.5, 4.7} for Sb0, 
{8.0, 3.8} for Sbi and {9.0, 4.6} for Sb„ [27]. The WL thickness is 
fixed to 0.5 nm and the CL to 5.5 nm. The Gallium content in the 
QD is fixed to x=21.5% to get a good agreement between the 
theoretical and experimental value of the emission energy of the 
reference sample (without GaAsSb CL). The evolution of the 
transition energy with the Sb content is shown in Fig. 4(b). We 
have also included a cross-section of the hole ground state density 
of probability to show how the increase of Sb in the CL is re
sponsible for a transition from type-I to type-II band alignment. 
The hole is confined within the QD for zero and 10% Sb content, 
while for 24% the wave function is expelled out the nanostructure, 
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Fig. 5. (a) Simulation of the WL-CL-GaAs structure for 0%, 10%, and 25% Sb contents and (b) the dependence of the ground state transition and the radiative lifetime with the 
Sb content. 

being localized in the CL [7]. Such a change in the type of band 
alignment has a great impact on the recombination rate. Indeed, 
the compute radiative lifetime is 0.50 and 0.52 ns for Sb0 and Sbi, 
respectively, and a significantly larger one for Sbn, 60 ns. 

Similarly, the WL-CL band structures have also been simulated 
using the same thicknesses considered above (0.5 and 5.5 nm, 
respectively). The evolution of the periodic (WL-CL-GaAs) band 
structure, with 0%, 10% and 25% Sb contents in the CL, is depicted 
in Fig. 5(a), where the red and blue continuous curves represent 
the hole and electron wavefunction, respectively, at the ground 
states (horizontal lines). As observed, the structure shows a type-II 
band alignment in both Sb: and Sbn, in which the holes are delo-
calized towards the GaAsSb CL. Fig. 5(b) shows the estimated WL-
CL ground state energy and radiative lifetimes as a function of the 
Sb content. The energy for the InAs WL transition (sample Sb0) is 
estimated to be 1304 meV (951 nm). The position of the ground 

state transition corresponds to an energy of 1202 meV in case of 
Sbi (Sb content of 10%) and ranges between 1069 and 999 meV for 
Sbn, (Sb content of 19-24%, according to XRD and EDX, respec
tively). Radiative lifetimes were estimated at ~ 1.1 ns for Sbi, and 
ranging between 2.7 and 4.0 ns for Sbn, significantly increasing 
with respect to that in a simple InAs WL (0.7 ns). Such an increase 
is a consequence of the transition to a type-II band alignment; its 
impact on solar cell performance is commented hereafter. 

3.3. Photocurrent analysis 

Representative PC spectra from samples Sb0, Sbi, and Sbn are 
represented in Fig. 6(a), (b), and (c), respectively. Relatively small 
dispersion was found testing a number of devices between 40 and 
60 within each sample. Normalized EL measurements of the same 
devices under different injection current densities are also shown 
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Fig. 6. Room-temperature PC spectra from Sb0 (a), Sbi (b), and Sbn (c). Vertical lines point out the calculated position for the WL-CL structure ground state. Normalized EL 
spectra at 3 (blue), 30 (gray), 150 (dark gray), 300 (black), and 600 (navy) A/cm2 are displayed under each PC curve, confirming the position of the QD ground states, as well 
as that of the WL-CL in Sb„. The type-II band alignment in Sb„ is revealed by the strong shift of the EL peak to higher energies when increasing injection current, (d) PC curves 
from all the samples together for a direct comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.). 



under the PC curves in order to verify the position of the QD 
ground state transition as well as to confirm the type-II band 
alignment in Sbn, which is verified by the shift of the EL peak to 
higher energies [30]. A significant contribution from the QDs to 
the PC is observed in sample Sb0, both from the ground and first 
excited states. The WL is also providing a strong contribution, 
whose position matches quite well with the value previously es
timated from simulations and is indicated with a vertical line. On 
the other hand, the presence of the CL in Sfy extends the absorp
tion edge to longer wavelengths through the tuning of the QD 
ground state. Moreover, the CL itself is also giving rise to a strong 
contribution to the PC spectrum. In fact, a clear shoulder is ob
served at the wavelength estimated for the WL-CL ground state. 
The higher Sb content in the CL extends even further the photo-
response in Sbn. In this case, the EL peak under low injection 
current densities defines the QD ground state and matches with 
the absorption edge observed in PC at long wavelengths, so that it 
can be ascribed to the absorption from the type-II QDs. The QD 
ground state energy is not properly reproduced by the model in 
Sb: (further work is needed in this case), but it is accurately pre
dicted in Sbn. For higher injection current densities, the ground 
state shifts to higher energies, owing to the carrier-induced band 
bending, typical for type-II structures [30]. Moreover, a new 
emission peak arises at around 1130 nm (1097 meV) at high cur
rents. This peak is located close to the ground state transition 
estimated for the WL-CL according to the average Sb content es
timated by XRD (19%) and gives rise to the absorption shoulder 
observed in PC at the same wavelengths. The PC spectra from all 
the samples are shown together in Fig. 6(d) for a clear comparison 
of the PC evolution as the Sb content increases. A clear enhance
ment of the PC in the long wavelength region is observed with the 
Sb content, being extended beyond 1.5 urn in Sbn. 

The introduction of quantum wells in the host material has 
been found to affect the transport of carriers drifting through the 
structure. This has been clearly observed, for instance, in N-con-
taining structures, where the electron trapping is intensified by 
the strong impact of N in the conduction band [16,31]. Only a 
slight reduction of the collected carriers photogenerated in GaAs 
would be sufficient to significantly reduce the overall PC, so that 
the possible negative impact of the CL might be critical for the final 
solar cell performance [31]. Indeed, I-V measurements (not 
shown) revealed that a complete carrier collection, reflected in a 
saturation of the photogenerated current [32], is only achieved in 
all the samples under reverse bias conditions. Biasing had no 
impact on an equivalent sample with no QDs, in which a complete 
carrier collection is already achieved under photovoltaic condi
tions (0 V), so that any enhancement of the collected photo
generated current must be due to other factors rather than to a 
possible enlargement of the depletion region. In order to evaluate 
the impact on carrier transport and the contribution from the 
nanostructures to the PC, the integrated PC at both 0 V and - 3 V 
has been evaluated (at - 3 V all the samples show complete carrier 
collection). Table 1 shows the integrated PC calculated in two 
distinguished regions. PCGaAs designates the integrated PC be
tween 1.37 and 1.6 eV (775-905 nm), roughly corresponding to the 
GaAs contribution to the PC in the measured range of wavelengths, 
while PCQD_CL designates the integrated PC for energies below 
1.37 eV, quantifying the contribution of the QD-CL structures. For a 
simpler comparison, both values have been normalized to that of 
PCcaAs in sample Sbi, the highest measured value under 0 V con
ditions. The relative increase APC=[PC(-3 V)-PC(0 V)[/PC(0 V), is 
also shown in Table 1 for both ranges of wavelengths. The main 
conclusions drawn from the values in Table 1 are the following: 

• The comparison at 0 V reveals that the presence of InAs QDs is 
hindering the collection of carriers photogenerated at GaAs. 

Table 1 
Estimation of the integrated PC between 1.37 and 1.6 eV (PCGaAs), related to the 
GaAs absorption, and for energies under 1.37 eV (PCQD-CL), corresponding to the 
contribution from the nanostructures (QD-CL). The estimations under 0 and - 3 V 
are shown, roughly corresponding to electric fields in the intrinsic region of 
17.5 kV/cm and 55 kV/cm, respectively. For a simpler comparison, all the values 
have been normalized to that of PCGaAs in sample Sb,, the highest measured value 
under 0 V conditions. APC represents the relative increase for both ranges of wa
velengths, which is defined as APC=100[PC(-3 V)-PC(0 V)]/PC(0 V). 

Sb0 

Sb, 
Sb„ 

PCcaAs 

ov 

0.94 
1 
0.84 

- 3 V 

1.14 
1.13 
1.10 

A PCGaAs (%) 

21 
13 
31 

PCQD-CL 

OV 

0.13 
0.31 
0.47 

- 3 V 

0.21 
0.38 
0.62 

A PCQD_CL (%) 

62 
23 
32 

Nevertheless, this effect is partially inhibited by the introduc
tion of the GaAsSb CL. This is evidenced by the improved PCGaAs 

in Sbi as compared to Sb0 under photovoltaic conditions. This 
suggests that the sole presence of a thin WL might be affecting 
the transport of carriers through the structure, as it has already 
been proposed in other devices [14], and that the type-II band 
alignment exhibited by the WL-CL structure leads to a more 
efficient carrier collection at 0 V. Indeed, since the relative 
section occupied by the QDs is only a fraction around 10% of 
the overall device section [7], the trapping of carriers drifting 
through the structure must occur most likely at the WL. As 
shown in Section 3.2, the type-II band alignment increases 
carrier radiative lifetime in the WL compared to the reference 
sample Sb0, which would reduce radiative recombination of 
trapped carriers and facilitate thermal carrier escape and 
electric field collection. Since carriers photogenerated at GaAs 
have the highest relative weight in the overall PC, avoiding 
losses of carriers trapped at the WL has a significant impact on 
the device performance. 

• The analysis at reverse bias shows a much smaller relative in
crease of PCQD_CL from 0 V to - 3 V in both Sb: and Sbn than that 
in Sb0 (23% and 32% vs. 62%, respectively). This indicates an 
improved carrier extraction from the nanostructures with the 
addition of the GaAsSb CL. This could be likely related to a two-
step hole escape mechanism in the type-I structure (from the 
QD to the GaAsSb CL and from the CL to the GaAs barrier) and to 
the longer hole lifetimes in the type-II sample. 

• The use of a high Sb content induces a lower PCGaAs in Sbn at 0 V 
as compared to the other samples. This is expected both from 
the presence of extended defects and the introduction of deep 
hole levels in the structure. Remarkably, the relative increases in 
PCQD-CL and PCGaAs in Sbn are approximately the same (32% vs. 
31%, respectively). This suggests that, in this sample, a me
chanism other than carrier trapping or a hindered extraction 
from the nanostructures is involved in the incomplete carrier 
collection under photovoltaic conditions, affecting in a similar 
extent carriers photogenerated in any region of the device. It is 
known that, in the presence of defects, the collection efficiency 
strongly depends on the thickness of the intrinsic region and 
the drift lengths of carriers which, in turn, directly depend on 
the carrier lifetime and the built-in field [33]. In the case of Sbn 

it can be assumed that defect-induced non-radiative recombi
nation is reduced by stronger built-in fields, increasing drift 
lengths and allowing a more efficient carrier collection by the 
application of reverse bias [34]. 

• Despite the presence of extended defects, Sbn shows the highest 
contribution from the nanostructures. Indeed, PCQD_CL at 0V 
increases with the Sb content. This enhancement is due to the 
extension of the absorption edge to longer wavelengths, the 
strong contribution of the CL, and the type-II WL-CL structure. 



In addition, despite the lower PCGaAs due to the presence of 
defects, the overall integrated PC under photovoltaic conditions 
in Sbn, i.e., the addition of PCGaAs and PCQD_CL, is as high as that 
in Sbi, strongly exceeding it at - 3 V. Hence further benefits are 
expected from such structures if the creation of dislocations is 
inhibited, what would allow improved carrier collection effi
ciencies for higher Sb contents, providing a higher Jsc. This is 
feasible, for instance, through strain-balancing techniques, such 
as the use of N- or P-containing strain-compensating spacer 
layers [35-37]. 

3.4. Solar cell performance 

J-V curves of the set of samples under AM1.5D spectrum are 
depicted in Fig. 7(a). The use of the GaAsSb CL in sample Sbi in
duces a small reduction of 0.033 V in Voc with respect to Sb0 

(VOC=0.585 V). Nevertheless, Jsc is increased by almost 15%. An 
enhancement of Jsc has already been reported by using GaAsSb CLs 
with 10% Sb in strain-coupled structures [15]. Indeed, the Jsc values 
reported by W.-S. Liu et al. [15] were significantly higher than ours, 
likely partially due to the use of an optimized solar cell structure. 
Nevertheless, higher Sb contents leading to a type-II structure 
resulted in that work in a reduced Jsc [15]. In our case, although Voc 

in Sbn is further decreased in 0.059 V, Jsc remains virtually un
altered as compared with Sbi. Hence, Sbi and Sbn exceed the ex
ternal quantum efficiency of Sb0 by 20% and a 10%, respectively, 
despite the significant introduction of additional accumulated 
strain and, in case of Sbn, extended defects [38]. The extended PC, 
the contribution from the CL and the improved carrier collection 
discussed previously are likely behind the conversion efficiency 
enhancement. 

Finally, the impact of light concentration on Voc has been 
analyzed in the set of samples. For this purpose, a commercial 
laser diode at 781 nm was employed, whose incident power was 
calibrated by the use of an attenuating filter. Fig. 7(b) shows the 
evolution of the monochromatic Voc as a function of the light 
power. Dashed lines represent the expected Voc according to the 
ideality factors deduced from the dark I-V curves: 1.40 (Sb0), 1.36 
(Sbi), and 1.36 (Sbn). The Voc of Sb0 follows the expected evolution, 
consistently with the diode equation. Remarkably, Voc in Sbn fol
lows an increasing tendency with light power faster than expected 
from the dark I-V curve. Indeed, the Voc of Sbn exceeds that of Sb0 

under high light power (0.94 vs. 0.92 V). This fact means that light 
concentration is avoiding the impact of introducing a lower ef
fective bandgap within the host material in these structures: the 
Voc is not limited by the low bandgap of the CLs, contrary to what 
happens in the case of using thicker GaAsN barriers [39]. Although 

Fig. 7. (a) Current-voltage characteristics of samples Sb0, Sbi, and Sbn under 900 W/m' 
power density. 

a faster Voc increase at low concentrations would be expected in 
Sbn due to the Stark effect, this would never lead to an Voc higher 
than that in a type-I structure. Indeed, the current generated using 
the highest light power is close below 30 A/cm2, which was used 
for one of the EL measurements (gray curve in Fig. 6(c)). As can be 
observed in Fig. 6(c), the EL peak at such injection currents is 
clearly located below the energy corresponding to the Voc (0.90 eV 
and 0.94 V, respectively). This means that in Sbn high light con
centrations lead to an Voc higher than the effective bandgap (de
fined by the QD ground state). This must be induced by a faster 
quasi-Fermi-level splitting following the faster population of the 
QD electronic states with light power because of the much longer 
radiative lifetimes in the type-II QD-CL structures. Indeed, EL 
emission from QD excited states and even from the WL-CL is ob
served in this sample at injection current levels for which emis
sion in Sb0 and Sbi only occurs at the QD ground state (Fig. 6). 

Regarding Sbi, the Voc follows the tendency expected from the 
dark I-V curve for low light power densities, switching to a faster 
increasing tendency under higher light concentrations and also 
leading to an Voc slightly higher than in Sb0. A high light power 
regime is also observed in Sbn, starting from some lower light 
concentration. Although further investigation is necessary for a 
good understanding, this behavior is likely related to the type-II 
WL-CL band structure in both Sbi and Sbn. 

4. Conclusions 

In conclusion, we have presented a study on the effect of using 
thin GaAsSb CLs for InAs QD solar cells with two different Sb 
contents providing QD-CL structures with type-I and type-II band 
alignments. The QD absorption can be extended by increasing the 
Sb content in the CL, achieving photoresponse up to beyond 1.5 urn 
in the type-II structure. The CL provides a strong additional con
tribution to the PC, and is found to improve the carrier collection 
efficiency of a reference QD solar cell, likely due to the type-II WL-
CL band alignment. Indeed, the WL-CL band alignment seems to 
have a stronger impact on the overall solar cell performance than 
the QD-CL band alignment under 1 sun illumination. An efficiency 
improvement of up to 20% as compared to the reference QD solar 
cell has been obtained when using a moderate Sb content. For high 
Sb contents, despite the larger contribution from the nanos-
tructures to the PC, the efficiency improvement is reduced to 10%. 
The presence of dislocations due to excessive accumulated strain is 
probably the main reason behind this effect. Nevertheless, an 
especially faster Voc increase is found under light concentration in 
this case, slightly exceeding that of the reference QD solar cell in 
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both Sb-containing devices. The type-II band alignment in both 
the QD-CL and the WL-CL structures appears as a competing fac
tor, allowing an enhanced improvement of the Voc under light 
concentration. 
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