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Quantum dot solar cells are promising for next generation photovoltaics owing to their potential for improved device
efficiency related to bandgap tailoring and quantum confinement of charge carriers. Yet implementing effective
photon management to increase the absorptivity of the quantum dots is instrumental. To this end, the performance
of thin-film InAs/GaAs quantum dot solar cells with planar and structured back reflectors is reported. The
experimental thin-film solar cells with planar reflector exhibited a bandgap-voltage offset of 0.3 V with an open
circuit voltage of 0.884 V, which is one of the highest values reported for quantum dot solar cells grown by molecular
beam epitaxy. Using measured external quantum efficiency and current-voltage characteristics, we parametrize a
simulation model that was used to design an advanced reflector with diffractive pyramidal gratings revealing a 12-
fold increase of the photocurrent generation in the quantum dot layers. © 2020 Optical Society of America

http://dx.doi.org/10.1364/A0.99.099999

1. INTRODUCTION

Quantum dots (QDs) have gained interest for photovoltaics due to their
ability to enhance the infrared spectral response of single-junction solar
cells (SCs) thus increasing their short-circuit current densities (Jsc) [1, 2].
They also bring more options for tuning the bandgap in III-V
multijunction SCs [3, 4] and have triggered the development of
intermediate band SCs [5]. However, research in recent years has
pinpointed several issues to solve for attaining the theoretical efficiency.
These are largely linked to the relatively modest absorption provided by
the QDs [6]. To enhance the absorption, a high number of QD layers and
high QD densities are required [7], yet the fabrication of such structures
with high crystalline quality is challenging. Moreover, with a high
number of QD layers (>20 layers) the open-circuit voltage (Vo) tends to
decrease, in part due to the strain induced defects that compromise the
material quality, and in partinherently related to the narrower bandgap
of the quantum dots [2, 6, 8]. On the other hand, when using just a few
QD layers (~10 layers), the Vo degradation is marginal [9, 10] but the
current enhancement is modest. To alleviate this limitation, a reflector
can be applied on the back of the SC to increase the absorption length
and the photocurrent. Implementing reflectors requires a thin-film
architecture employing substrate removal, which brings additional
benefits, in particular for applications where flexibility and high power-
to-weight ratio are needed [11-13]. Thin-film QDSCs have been

reported with planar back reflector [14, 15] and more recently with
textured back reflector [16]. Furthermore, many structural concepts
have been successfully introduced to solar cells enabling the light-
trapping effect and increasing the photocurrent generation [17-22].

Here, we demonstrate the performance of a thin-film InAs/GaAs
QDSC with a planar back reflector and compare it to the performance of
a standard wafer-based (i.e, thick) QDSC. The enhancement in the QD
photocurrent and the performance of the thin-film QDSC are
benchmarked against those of the wafer based QDSC, using external
quantum efficiency (EQE) and current-voltage (I-V) characteristics
measured at different concentration. Based on the experimental data a
simulation model is parametrized and used to design a diffractive back
reflector employing pyramidal gratings to further enhance the
photocurrent.

2. METHODS

A. Device concept

The QDSC structures studied are schematically presented in Fig. 1, all
incorporating similar QD stacks. Two structures were experimentally
fabricated: they are a standard wafer-based structure and thin-film
(substrate removed) structure with a planar back reflector. A third
structure, representing a thin-film architecture with a back reflector
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incorporating pyramidal gratings was simulated based on experimental
results obtained for the fabricated devices.
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Fig. 1. Schematic drawings of the QDSCs: the wafer-based substrate
configuration (left), the thin-film configuration with a planar back-side
reflector (middle), and the simulated thin-film configuration with a back
grating and a reflector (right).

B. Fabrication and characterization

The InAs/GaAs QDSCs were grown by molecular beam epitaxy (MBE)
employing a shallow junction design with an n-doped emitter and a p-
doped base [23]. The QDSC stackincluded 10 QD layers with an in-plane
QD density of approximately 6x1010 1/cm? separated by ~30 nm thick
GaAs layers. The total thickness of the photogeneration layer in thin-film
configuration is 0.75 pm. Such a thin layer is far from being optimum for
terrestrial operation but was chosen in view of optimizing the cell
performance after irradiation exposure [24]. The thin-film prototype
included a thick AllnP window layer (600 nm) to enable the fabrication
of nanostructured antireflection coating [25, 26]. The wafer-based
structure is very similar with some minor differences that do notimpact
the analysis in this paper. The wafer-based QDSC was processed by
leaving the substrate intact. Front Ni/Au and back Ti/Au contacts were
deposited by electron beam (e-beam) evaporation using shadow mask.
A TiO2/SiO2 antireflection coating (ARC) was deposited by e-beam
evaporation in the areas where contact GaAs layer was removed by
selective wet etching.

The thin-film QDSC was processed using the following steps. First, the
planar Au reflector was deposited by e-beam evaporation on top of the
p-GaAs contact layer of the inverted-grown structure. Pt and Au layers
were evaporated on top of the reflector to act as a diffusion barrier and
bonding contact layer, respectively. Subsequent to the metal deposition,
the QDSC was indium bonded to a sub-mount. The substrate of the
QDSC was thinned and polished to thickness of ~100 um with a
Logitech PM5 precision lapping machine. The rest of the substrate was
removed by wet etching. Next, a front contact of Ni/Au was deposited
on top of the n-GaAs contact layer by e-beam evaporation using a
photolithographic lift-off process. The cells were electrically isolated by
wet etching. Finally, the n-GaAs contact layer was wet etched and a
TiO2/Si02 ARC was deposited by e-beam evaporation.

For EQE measurements we used a 250 W quartz tungsten halogen
lamp and a Digikrom DK240 monochromator equipped with an
800 nm long-passfilter. The signals were measured using an SRS SR830
lock-in amplifier and chopped light. A NIST-calibrated Ge reference

detector was used as a reference. I-V characteristics were measured at
25 °C with a commercial OAI solar simulator using AM1.5D spectrum.

C. Modelling

The samples were designed using in-house numerical tools developed
for QDSCs [27] and already validated against several experimental case
studies [2, 28-30]. In this framework, electrical transport was modeled
by a quantum-corrected drift-diffusion approach [27] coupled with a
full wave electromagnetic model for optical generation. In particular, 3D
rigorous coupled wave analysis was used for the case study with
pyramid gratings [29, 31]. Optical properties of the bulk materials were
taken from the literature for GaAs [32], AllnP and GalnP [33], and Ag
[34]. Concerning QDs, the optical model assumes a three-level absorber
with Lorentzian-shaped absorption bands corresponding to the wetting
layer, excited state, and ground state. Full width at half maximum is
about 50nm and peak wavelengths are 920nm, 1000 nm, and
1050 nm, as derived from the experimental photoluminescence spectra
of the samples with uncapped QD layers. We assume typical absorption
peakvalues of 2x1041/cm, 1000 1/cm, and 500 1/cm for wetting layer,
excited state, and ground state, respectively.

3. RESULTS AND DISCUSSIONS

The EQE spectra presented in Fig. 2(a) reveal the QD response in the
wavelength range of 900-1100 nm. The QDSC with back reflector
showed increased EQE when compared to the wafer-based QDSC.
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Fig. 2. (a) Measured and simulated EQE of the studied QDSCs. (b)
Normalized electric field intensity and (c) absorbed photon density for
the QDSC with pyramid back-side grating and reflector at A= 1050 nm.

Experimental and simulated results are in good agreement, with some
deviation near 900 nm, where the measured EQEs show higher values
than the simulated ones. This could be related to the fabrication process



of the QDs, which induces an absorption band tail in the range between
the GaAs band-edge and the QD wetting layer states [35], whereas
simulations assume a GaAs absorption profile with a sharp cut-off at
870 nm. The calculation of /s by integrating the measured (simulated)
EQE over the AM1.5D solar spectrum (1000 W/m?) in the wavelength
range of 900-1100nm yields a J« of 0.17(0.16) mA/cm? and
0.35 (0.33) mA/cm? for the wafer-based QDSC and the QDSC with the
back reflector, respectively. Thus, the QDSC with the back reflector
enhances approximately twice the current of the QDSC.

The I-V results of the thin-film QDSC with the planar back reflector
are presented in Fig. 3, and Table 1 summarizes the measured and
simulated photovoltaic figures of merit. Simulations provide a target
value since they neglect any extrinsic recombination mechanism. We
see a good match in terms of /., indicating that at short-circuit condition,
photogenerated carrier loss is negligible for the fabricated samples. The
fill factor (FF) of the thin-film solar cell is markedly lower than the
theoretical value but also lower than the value (80%) found for the
wafer-based sample. Presumably, the difference between the thin-film
and wafer-based cells results from the fact that in the thin-film SC, the
Au back reflector (also the electrical contact) is not forming an ohmic
contact with the p-GaAs contact layer, due to the not sufficiently high
doping level. Based on our previous study [36], the Au reflector should
form an ohmic contact if the doping level of the p-GaAs layer is high
enough. For the wafer-based QDSC, the ohmic contact is formed
between the highly doped p-GaAs wafer and the back metal.
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Fig. 3. Measured and simulated /-V results of the thin-film QDSC with
planar back reflector at one sun AM1.5D (1000 W/m?2).

Table 1. Measured and simulated I-V results of the thin-film QDSC
with planar back reflector at one sun AM1.5D (1000 W/m?).

Jse Voc FF Efficiency
(mA/cm?) (V) (%) (%)
Measured 23.4 0.884 71 147
Simulated 23.2 0.942 87 19.1

The experimental Vo of 0.884 V exhibited by the QDSC with the back
reflector is high when compared to the reported values for other QDSCs
[2, 14, 37], but is about 60 mV lower than the designed value. The
simulated Vo implies a bandgap-voltage offset of about 0.24V
(measured 0.3 V) with respect to the QD ground state energy (1.18 V),

which can be understood as the consequence of radiative
recombination through the QDs. To grasp the cause of the extra 60 mV
loss, I-V measurements were carried out at varying concentrations for
both the wafer-based and thin-film samples. As shown in Fig. 4, /- scales
almost linearly with the concentration factor (C), confirming that the
samples are operating as a conventional single-junction cell (in contrast,
in intermediate band operation Jsc scales super-linearly with the
concentration factor [14]). Expressing the current density as
Jsc (C) = CJs1sun, and using the diode equation, the dependence of Voc on
concentration is given as Eq. (1):

Voc (C) = Voclsun + T]VT In(C), (1)

where 1 being the diode ideality factor. From Fig. 4, the extracted value
of 1) is about 1.4 for both solar cells. This suggests that the dark current
has an extrinsic component, due to nonradiative recombination in the
intrinsic layer stack, which causes the 60 mV penalty with respect to the
designed value. Such penalty is similar in the wafer-based and thin-film
samples, demonstrating that the Vec is otherwise preserved during the
thin-film processing, while there is still some margin of improvement in
terms of epitaxial growth.

With the validated physical model based on planar reflector
experiment, we simulated the performance of a thin-film QDSC that
utilizes a back reflector with pyramid gratings fabricated into an AllnP
back surface field (BSF) layer and planarized with a polymer layer
(Fig. 1). In this case, light is diffracted from the back reflector, resulting
in multiple passes through the photoactive layer. A preliminary
experimental and simulation study on textured polymer/metal
reflectors indicated that the pyramidal patterning is the most promising
one in terms of diffraction efficiency [29]. The calculated EQE spectrum
shown in Fig.2(a) demonstrates a remarkable increase of the cell
absorbance in the textured thin-film sample. The excitation of high
diffraction orders is well visible in the distribution of the electric field
intensity (at the wavelength of 1050 nm) reported in Fig.2(b). This
provides a genuine enhancement of the absorbed photon density in the
QD stack, as shown in Fig. 2(c), with some residual yet marginal loss in
the metal reflector.
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Fig. 4. Vo as a function of the concentration factor. In the inset, short-
circuit current density /s normalized by the /s at 1 sun illumination.

Asaresult, the QD photocurrent density rises to 1.89 mA/cm?, i.e, the
cell incorporating the pyramidal grating works as equivalent to a virtual
stack with 12 times the number of QD layers or QD areal density. Such



improvement is instrumental to achieve high-efficiency QDSCs, since it
enhances the cell absorptivity without increasing thermalization losses.

4. CONCLUSIONS

The impact of back reflectors on the performance of MBE-grown thin-
film InAs/GaAs QDSCs was assessed. The photocurrent generation in
the QD layers is increased by a factor of two when the thin-film
configuration utilizing a planar back reflector is compared to the wafer-
based QDSC while the performance in terms of Vo is preserved. Based
on the simulations, a 12-fold increase of photocurrent generation in the
QD layers could be achieved by employing diffractive gratings on the
backside of the QDSC. The QDSC with back reflector exhibited a
bandgap-voltage offset of about 0.3 V with respect to the QD ground
state energy, mostly due to radiative recombination through the QDs.
The demonstrated Vo of 0.884V is one of the highest Vo values
reported for MBE-grown QDSCs.
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