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Abstract —  An InAs/GaAs0.86Sb0.14 QDSC and a GaAsSb control 
cell were investigated using temperature dependent J-V, 
external quantum efficiency (EQE), photoluminescence (PL) 
and electroluminescence (EL) measurements. Thermally 
activated defect states associated with the GaAsSb matrix 
materials are found to account for the reduction of the 
performance of the solar cell. The rapid quenching of the PL 
and EL intensity, along with the shift (above 150 K) of the 
dominant recombination process during spontaneous emission 
(EL) further indicate the prevalence of non-radiative processes 
at elevated temperatures in these systems. These findings are 
supported by a reduction in the open circuit voltage at elevated 
temperatures in these devices.  

I. INTRODUCTION 

Intermediate band solar cells (IBSC) [2] have been 
proposed as a candidate material system to go beyond the 
Shockley-Queisser limit [1]; i.e., the efficiency limit (~ 30%) 
of single band gap solar cells [1]. Through additional 
absorption of sub-band gap photons, a potential efficiency of 
> 60% has been predicted for IBSCs under ideal conditions 
[1][3]. The formation of the Intermediate band (IB) requires 
an isolated band situated within the band gap of the active 
region. Semiconductor quantum dots (QDs) are considered as 
a candidate system to form such IBs because of the discrete 
energy levels introduced by the 3-dimensional confinement of 
QDs. Several QD systems have been investigated over the past 
decade [4]-[9] where the most well-studied material system 
for IBSC applications is the InAs/GaAs QD system [4]-
[6][9][11]. Despite significant progress, the practical potential 
of the InAs/GaAs QD system isl imited by non-optimized 
spectral overlap and lower QD absorption [13]. By replacing 
the GaAs matrix material with GaAsSb, a higher density of 
QDs has been demonstrated [12][18]. This, coupled with a 
better spectral overlap of the InAs/GaAsSb system to the solar 
spectrum, make this system an interesting alternative for QD 
IBSCs [13].   

 
Figure 1 Schematic plot of the p-i-n GaAs solar cell 
structure: (a) Control cell, (b) InAs/GaAs0.86Sb0.14 QDSC 

II. EXPERIMENT DETAILS 

A schematic of the comparative structures investigated in 
this manuscript is presented in Figure 1. Two p-i-n GaAs solar 
cells with different intrinsic materials were grown by 
molecular beam epitaxy (MBE). The basic structure consists 
of 250 nm of n+-type GaAs (1 x 1018 cm-3) grown on top of an 
GaAs (001) substrate. This is followed by a 30 nm n-
Al0.30GaAs0.70 (5 x 1017 cm-3) back-surface field layer, and a 300 
nm n-type GaAs (2 x 1017 cm-3) buffer layer, which completes 
the base region of the solar cell. The intrinsic region for the 
QD containing structure consists of two 50 nm GaAs layers 
sandwiching 7 periods of InAs QDs in a GaAs1-xSbx matrix. 
Each individual period (or QD layer) has a 20 nm GaAsSb 
layer upon which 3 monolayers (ML) of InAs is deposited to 
form the QDs. The final period of the QD stack is capped with 
a 30 nm GaAsSb layer; the total thickness of the intrinsic 
region is 270 nm (Figure 1). The intrinsic region of the control 
cell (a) has two 50 nm GaAs layers sandwiching 170 nm of 
GaAsSb.  An Sb composition of 14% is chosen (based on a 
previous study for this material system[12, 18]) to achieve 
quasi-flat valence band (VB) conditions. 

Temperature dependent (TD) current density-voltage (J-V) 
measurements were performed in a Linkam THMS600E micro 
cryostat with a Keithley 2400 multimeter and a Newport Oriel 



 

Sol2A solar simulator. An Oriel Merlin digital lock-in 
radiometry system with an Oriel 300-watt xenon arc lamp and 
a quartz tungsten halogen (QTH) lamp was used to take the 
external quantum efficiency (EQE) measurements. 
Photoluminescence (PL) was carried out in a Janis cryostat 
with a HeNe laser excitation wavelength of 632.8 nm. A 
Princeton Instruments spectrometer fitted with a Roper 
Scientific liquid nitrogen (LN2) cooled InGaAs linear 
array was used to collect the signal. Electroluminescence (EL) 
was taken with a Spex 270M spectrometer and Edinburgh 
Instruments LN2 cooled Ge detector. 

III. RESULTS AND DISCUSSIONS 

Figure 2 shows the PL spectra of the (a) QD and (b) control 
cells from 4 K to 200 K.  Peaks related to the GaAs-related 
transistion(s) are seen in both the QD and control cells; 
displaying the Varshni [19] shift to longer wavelength as a 
function of increasing temperature (830 - 850 nm). A peak 
related to the InAs/GaAsSb QDs transition (from VB to IB) is 
observed in the QD cell (Figure 2 (a)); similarly, displaying a 
shift to longer wavelengths (1080 - 1120 nm) with increasing 
temperature. The peak intensity of the QD transition as a 
function of temperature is shown in the inset to Figure 2(a).  
The signal related to GaAsSb is not very pronounced in the 
QD structure as compared with the control cell (Figure 2 (b) 
910 – 975 nm).  The presence of a broad defect-related peak 
(950 – 1500 nm) is also evident in the control cell across the 
full temperature range investigated.  In contrast, the defect 
peak becomes more evident in the QD cell above 150 K. This 
defect band is attributed to strain and therefore dislocations 
caused by the large lattice mismatch between GaAs and 
GaAsSb [12][15]. 

The QD PL peak shows an asymmetric shape with a high-
energy shoulder due to the inhomogeneity of the QDs, which 
is more prevalent at low temperature (4 - 120 K). The origin 
of the bimodality evident in these QDs is attributed to a 
combination of QD strain relaxation, composition variations, 
QD size differences in the intrinsic region. As the intrinsic 
region becomes thicker, the tensile strain between the InAs 
and GaAsSb tends to relax [22], [23]; which results in larger 
and more uniform QDs, thus a lower energy PL.  

At elevated temperatures (120 - 150 K), the extra thermal 
energy helps to redistribute the carriers among the different 
QDs to the lowest energy levels, where the PL spectra are 
dominated by the larger QDs; which narrows the linewidth, 
see Figure 2(a). As the temperature increases, the PL 
linewidth increases, while the PL intensity quenches rapidly 
(Figure 2a inset). This reduction in the PL FWHM is related to 
thermal redistribution and enhanced carrier escape processes 
at increasing temperatures. In addition, at elevated 
temperatures a broad peak related to defects becomes more 
evident for the QD-containing structure (Figure 2a). This 
defect band reflects the contribution of dislocations in the 
matrix region of the sample that form since the thickness of 
the intrinsic region exceeds that of the critical thickness for 

strain relaxation in this system (estimated to be 10 nm based 
on theoretical calculation [20]).  

 
Figure 2 Temperature dependent PL measurement results 
of (a) the QD solar cell and (b) the control cell from 4 K to 
200 K.  Inset to (a) is the plot of PL peak intensity related 
to QDs as a function of temperature.  
 

Figure 3 (a) and (b) compare the J-V measurements for the 
control and QD cells under illumination as a function of 
temperature. There are two main the features evident in these 
data: a large reduction of the open circuit voltage (Voc) and a 
noticeable influence of series resistance and inhomogeneity in 
the QD cell (Figure 3b).  

At low temperatures (77 – 150 K), the influence of series 
resistance and the multimodal behavior (0.8 - 1.0 V inset of 
Figure 3 (a)) is evident in the QD cell. This is consistent with 
PL measurements (see Figure 2a), where the photo-generated 
carriers are isolated in QDs of different sizes at lower 
temperatures and therefore result in strong luminescence from 
the individual subsets of QDs. The effect in the J-V 
measurements is a higher series resistance, due to inhibited 
carrier transport, and noticable inflections in the light J-V 
measurements below T = 150 K. Although not dominant, 
localization in defects at lower temperatures also contributes 
to the resistance, which can be seen at low temperatures for 
the control structure in Figure 3(b). As the temperature is 
increased, there is a notable, and dramatic, reduction of Voc 
observed for both cells; such a massive reduction of Voc is 



 

related to defect induced non-radiative recombination. The 
increasing recombination current contributes to the dark 
saturation current and decreases the Voc significantly.  The 
large effect of dark current losses is directly related to defect 
states and dislocations associated with the lattice mismatch 
between GaAs and GaAsSb. 

The TD J-V measurements are summarized in Figure 4. 
Figure 4(a) compares Voc or the control cell (solid black 
circles) and the QDSC (solid red triangles). At 77 K, an Voc of 
1.18 V under 1 sun illumination is observed for the control 
cell. The Voc measured for the QD cell is ~1.1 V, slightly 
smaller than the control cell, which is expected due to the 
additional recombination path provided by the QDs in the 
active region [21].  Moreover, the larger differential Voc 
provided by the QDs (~ 0.08 V) at lower temperature is 
associated with a greater series resistance caused by the 
localization of carriers in dots, as compared with the Voc 
reduction  (~ 0.03 V) above 150 K.  

  

 
Figure 3 Temperature dependent J-V measurements for 
the (a) QD cell and (b) control cell under illumination. 
Inset to (a) is a zoom in of light J-V of QD cell. 
 
     

 
Figure 4 Temperature dependent (a) Voc, (b) Vmax, (c) Jsc, 
and (d) Jmax for control (black squares) and QD cells (red 
triangles).  

 
Figure 4(b) and (d) compare Vmax and Jmax, respectively, for the 
control and QD SCs. These maximum current density and 
voltage points represent the values determined from the 
maximum power point of the illuminated J-V responses as a 
function of temperature. For the QD cell (closed red triangles), 
as the temperature increases from 77 K to 150 K, Vmax is 
relatively stable despite Voc dropping considerably. This 
difference in the behavior of the maximum and open circuit 
voltages with increasing temperature reflects the improvement 
in the fill factor as the series resistance is reduced at elevated 
temperatures, as carriers escape for the QDs and localized 
centers in the matrix. This behavior is also clearly reflected in 
the increasing Jmax over this temperature range. Above 150 K, 
the escape from the QDs supercedes the  confinement of QDs, 
and Vmax now follows the steady decreasing trend of the Voc. 
These data indicate that at T < 150K, where photgenerated 
carriers are localized in the QDs, the properties of the QDSC 
are mainly determined by carrier transport to and from the 
QDs. Above 150 K as carriers redistribute and escape the dots, 
defects in the matrix in the matrix control the system response. 
This is evident in the consistency of Jsc, Jmax, Voc, and Vmax in 
Figure 4 above 150 K. This is also strongly related to the 
quenching of the PL at T > 150 K (see Figure 2a) where 
carrier escape quenches the luminescence intensity 
conaiderably.   

On the other hand, the carriers in the control cell are 
relatively delocalized; thus these carriers interact with non-
radiative centers (defect states) more readily, and the 
maximum power point decreases monotonically as more 
defect states become activated with the increasing 
temperature. The increased contribution of non-radiative 
centers at elevated temperatures is likely due to the ionization 
of localized impurities on these centers that reveal deleterious 
trap states at higher tempratures [24]. The competing process 
of thermally activated non-radiative recombination and 
thermal escape of carriers from the QDs results in a complex 
Jsc behavior as illustrated by the non-monotonic behavior of Jsc 
in Figure 4(c). The Jsc fluctuates until the temperature goes 
above 240 K,  where the thermal escape becomes a more 



 

efficient process than the non-radiative recombination, and the 
Jsc keeps increasing.  

 
 

 
Figure 5 EL spectra for the QD cell as a function of 
injection current at temperatures of (a) 77 K, (b) 150 K, 
and (c) 210 K. (d) EL intensity at 123 mA injection current 
as a function of temperature. 

 
In addition to PL measurements, electroluminescence (EL) 

measurements were carried out on the cells. However, no EL 
signal is seen from 800 nm to 1700 nm for the control cell; the 
lack of an EL signal is attributed to a combination of limited 
carrier localization in the intrinsic region, and efficient non-
radiative processes in the control cell. Figure 5 shows EL 
spectra at different current injection levels at four 
temperatures for the QD cell. At 77 K, a blue shift is observed 
as the current injection increases. As noted in the PL 
measurements, the InAs/GaAsSb QDs are not uniform, and 
therefore exhibit the effects of inhomogenity such as carrier 
redistribution and competing QD ensembles at lower 
temperatures as is evident  in Figure 5(a). At higher 
temperatures (150 K and above), the additional thermal energy 
redistributes the carriers, allowing them to recombine in the 
lowest energy states. Thus, the peak position remains 
relatively constant at the elevated injection level as is evident 
in Figures 5(b) and (c), which show the EL at 150 K and 210 
K, respectively.  The peak intensity at a 123 mA injection 
level as a function of temperature is summarized in Figure 5 
(d). The peak intensity remains relative constant below 120 K; 
while quenching rapidly above 120 K. This behavior reflects 
that of the TD PL measurements (Figure 2 (a) inset) providing 
further evidence for carrier escape at elvated temperatures. 

 

 

 
Figure 6 PL (red) and EQE (black) measurements for the 
control cell at (a) 77 K and (c) 210 K.  EQE (black), PL 
(red), and EL (green) measurements for the 7 Layer QD 
cell at (b) 77 K  and (d) 210 K. 
 

Figure 6 compares the PL, EL, and EQE at 77 K (a, b) and 
210 K (c, d) for both the control (a) (c) and QD cells (b) (d). 
The EQE and PL of the control cell indicate that the photo-
generated carriers are indeed related to the GaAs and GaAsSb 
transitions; defect states are also observed in PL 
measurements. As mentioned before, the intrinsic region of 
the control cell is GaAsSb, which without employing any 
strain balancing techiques contains many defects; these 
defects serve as non-radiative recombination centers. As the 
temperature increases, the signal from GaAsSb quenches 
quickly; thermal broadening of both the GaAs peak and the 
defect band is also noted. 

A comparison of the EQE, PL, and EL of the QD cell at 77 
K (b) and 210 K (d) indicates that the additional increase of 
the photocurrent as seen in the EQE comes from the QD 
transition (above 950 nm); i.e., the VB to IB transition in the 
active region of the device. At 77 K, there are two extra 
features in the PL measurements not seen in the EL: at ~840 
nm and ~910 nm (not very pronounced); which correlate to 
the transitions for the GaAs and GaAsSb matrix, respectively. 
The absence of these features in the EL measurements across 
the whole temperature range reflects the direct injection of the 
carriers into the QDs and the separation of the quasi-fermi 
level that is set by the difference in energy of the QD 
transitions in EL. In the PL measurements, the GaAs emitter 
and QDs are probed simultaneously [14], which with the 
combination of the longer radiative lifetime of photogenerated 
carriers in the type-II QDs, contributes to significant PL from 
the continuum regions.  

At 210 K, the PL spectrum is normalized to the QD peak. 
The  peak intensity of the QDs has a three order of magnitude 
reduction and a considerable contribution of the low energy 
defect states to the PL. As the temperature is increased above 
210 K (not shown), the defect band transition dominates the 
PL. The peak intensity of the EL sees only one order of 



 

reduction by 210 K, because of the direct injection of the 
carriers into the active region.  

The carrier recombination processes are divided into two 
regimes: (1) a low temperature regime, where the radiative 
recombination within the QDs is more efficient, and the 
“frozen” defect states are not activated; (2) a higher 
temperature (> 150 K) region, where the additional thermal 
energy facilitates the carrier escape from the QDs, quenching 
the radiative recombination. This allows the Shockley-Read-
Hall (SRH) recombination to dominate the recombination 
process at higher temperature (see Figure 7). At T < 120 K, 
the photo-generated carriers are localized in the QDs, the 
carriers are isolated from the SRH recombination centers; at 
higher temperatures, thermally activated carriers are captured 
by the activated SRH recombination centers, which quenches 
both the PL and EL signals.  

This hypothesis that there is a thermally mediated transition 
from radiative to non-radiative processes in the PL and EL 
measurements above ~ 125 K is consistent with our 
unconventional TD J-V measurement results, where the Voc 
decreases significantly without a noticeable enhancement of Jsc. 
The competition between the non-radiative recombination and 
thermal escape at high temperature therefore leads to the 
complex behavior of the J-V measurements as shown in 
Figure 3. 
    To further investigate these hypotheses, here, the 
spontaneous emission in EL measurements is analyzed to 
determine the nature and dominance of the recombination 
processes under different conditions and correlate these 
findings to the PV analysis. The current injected into a device 
can be approximated by [16]: 

 
																				𝐼 = 𝑒𝑉(𝐴𝑛 + 𝐵𝑛+ + 𝐶𝑛-) + 𝐼/012		.												(1)	 
 

Where A, B, and C represent: single carrier recombination, 
radiative recombination, and Auger process coefficients, 
respectively [16]. Here, V is the active region volume. Single 
carrier recombination is associated with the non-radiative 
processes recombination via traps and defects (SRH) [16]; the 
radiative recombination is related to the spontaneous emission 
(EL). The total integrated spontaneous emission rate L is 
proportional to the radiative recombination 	𝑛+ . Thus, the 
carrier concentration n is directly proportional to 𝐿6/+. Then 
equation (1) is simplified to 𝐼 ∝ 𝑛9 ∝ 𝐿9/+ [16]. When 
radiative recombination dominates the current, the z-factor 
will be close to 2 (∝ 𝑛+). However, if z is close to 1 (∝ 𝑛), 
this indicates the current is dominated by non-radiative 
recombination centers - defects and traps. By plotting ln(𝐼) −
	ln	(𝐿6/+), the z-factor is extracted directly from the slope of 
the response to determine the nature of the dominant 
recombination processes.  

 

 
Figure 7 (a)  𝐥𝐧(𝑰) − 𝐥𝐧@𝑳𝟏/𝟐D plot from 77 K to 270 K; (b) 
Temperature dependent behavior of z factor. 
 
  The ln(𝐼) − 	ln	(𝐿6/+)  plots for the QDSCs at various 
temperatures are shown in Figure 7 (a), where different 
gradients are clearly evident with increasing temperature: a 
steeper the slope reflects a larger the z-factor. The temperature 
dependence of the z-factor for the QDSC is summarized in 
Figure 7 (b). The difference of the slopes suggests different 
mechanisms dominate the recombination process in different 
temperature regimes. At T < 120 K, z-factors of around 2 are 
observed, which indicates that the dominant recombination 
process is radiative.  Although a z = 3 reflects non-radiative 
Auger processes, which may be invoked at T < 100 K in 
Figure 7(b), such processes are not considered significant 
here. Auger processes are usually problematic at high 
injection currents, which were not necessary due to the strong 
luminescence efficiency. Here, the value of z  > 2 at T < 100 
K is rather attributed to inhomogeneities in the QD 



 

distribution and the contribution to subsets of QDs to the EL at 
lower temperatures.  
     At T > 125 K (150 K and above) a rapid reduction of the z-
factor towards z = 1 is evident. Such behavior indicates that 
SRH (non-radiative) recombination becomes dominant, which 
directly corresponds to the temperature dependent quenching 
of the EL and PL intensity and the massive reduction of the Voc 
at T > 150 K. This further supports the hypothesis that 
thermally activated carriers that escape from the QDs are 
trapped in defect states and o non-radiative channels in the 
matrix and thus not collected effectively, following the limited 
performance of the control cell. At higher temperature, higher 
injection currents are required to produce reasonable EL. This 
behavior provides further evidence for the important role of 
non-intentional impurities that are localized on traps at lower 
temperatures, which increased the concentration of available 
non-radiative centers at higher temperature.  
 

IV. CONCLUSION 

     An InAs/GaAs0.86Sb0.14 QD cell and a GaAsSb control cell 
were investigated using complementary PL and EL 
measurements. Defect states associated with the lattice 
mismatch between GaAsSb and GaAs are proposed to account 
for the limited performance of the solar cell. A rapid 
quenching of the PL and EL intensity, along with a 
simultaneous decrease in the z-factor from 2 to 1 (above 150 
K) in the EL  analysis, indicating a transition from radiative to 
non-radiative dominated recombination, further demonstrates 
the prevalence of non-radiative processes at elevated 
temperatures in these systems. This correlates qualitatively 
with TD EQE and J-V measurements - supporting the 
conclusion that the loss of carriers comes from the thermally 
activated defect states in the GaAsSb matrix at higher 
temperatures.  
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