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ABSTRACT

In this work we present the first systematic study on the prospect of Cu,ZnSn(S,Se)s or CZTSSe-based thin film photovoltaic devices for indoor
energy harvesting applications. Based on numerical analysis, we estimate the performance characteristics of the experimentally reported
highest-efficiency CZTSSe device when it is operated under a commercially available white light emitting diode (LED). The obtained efficiency
of 13.77% and fill factor of 71.05% are both higher than the values reported under AM1.5 solar radiation. The results of our analysis indicate
that performance enhancement under indoor condition arises from the enhanced short-circuit current at high intensity and open-circuit
voltage at low intensity, which are both related to the high photon yield of the indoor spectrum corresponding to the bandgap of CZTSSe.
Further performance enhancement under indoor condition can be achieved using a type-II band alignment, which we have designed and
analyzed employing an intrinsic ZnO layer. The enhanced charge separation resulting from built-in-field of the ZnO layer increases the open
circuit voltage by as much as 0.17 V, which in effect leads to an overall efficiency of 15.85% when operated under the considered white LED
spectrum.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099274

I. INTRODUCTION

The smooth functioning of cyber-physical systems largely rely
on the operation of wired or wireless communication nodes, sen-
sors, actuators or on-chip computers, many of which operate with
only several milliwatts to few tens of micro-watts of power den-
sity.” Conventionally these devices are operated with batteries or
grid-connected adapters, which have both limited lifetime and non-
renewable sources of energy supply. Indoor photovoltaics offer a
paradigm shift in how these low-power electronic devices can be
supplied energy with. Particularly with recent advancements in
solid-state indoor lighting systems, the technology of ambient light
to electricity generation is being considered as a viable means to
fulfill the energy requirement of the ever-expanding network of
Internet of Things.”

Whereas the operation of outdoor photovoltaic devices is gen-
erally governed by outdoor weather and solar irradiation conditions,

indoor photovoltaic (PV) devices are designed to operate under the
more reliable and controllable indoor light spectrum. Moreover the
maximum efficiency limit of a single-junction PV device can theo-
retically exceed 60% under indoor condition, which is significantly
higher than the Schokley-Quisser limit of an equivalent solar cell.”"’
These inherent advantages have led to the investigation of indoor
PV devices employing different thin-film material systems, which
include GaAs, silicon, CdTe, GalnP, perovskites, organics and dye
sensitized materials.””'> However a material yet to be investigated in
this regard is the mixed chalcogenide in the form of Cu,ZnSn(S,Se)4
or CZTSSe, which is deemed to be particularly prospective for low-
cost renewable energy solutions because of the abundance of its
constituent elements in the earth.'”” Moreover, the maximum the-
oretical efficiency predicted for CZTSSe solar cell is 32.6%, which is
very close to the highest value of the Shockley-Quisser limit.’

In this study, we theoretically investigate the performance
characteristics of kesterite-type CSTSSe PV devices under an
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experimentally characterized white light emitting diode (LED).
By numerical simulation, we first analyze and model previously
reported experimental results of the highest-efficiency CZTSSe solar
cell.'® The model is then applied to analyze the performance char-
acteristics of the device under the measured white LED spectrum.
A maximum efficiency of 13.62% is obtained under this condition,
which is higher than previously reported efficiencies of CZTSSe
solar cells.'” The underlying reasons behind the higher efficiency
under indoor lighting condition are investigated and a design of a
CZTSSe PV device of higher efficiency is proposed and analyzed
for indoor applications. It is observed that by engineering the het-
erostructure, efficiency of a practical CZTSSe PV device can be
extended up to 15.85%, which is higher than the highest reported
efficiency of a chalcogenide-based PV device operated under indoor
conditions.””"”""”

Il. PERFORMANCE COMPARISON UNDER INDOOR
AND OUTDOOR CONDITIONS

The indoor light source considered in this study is a commer-
cially available 15W, 497 lumen white LED, which is measured to
have a color rendering index of 75.74% and correlated color tem-
perature of 6175K. The measured LED spectrum along with AM1.5
solar spectrum is shown in Fig. 1(a). In order to study performance
characteristics of a CZTSSe device under these spectra, a theoretical
model based on numerical solution of Poisson’s equation and con-
tinuity equation under optical generation-recombination conditions
is considered.'” The model is validated against output characteristics
of the highest efficiency CZTSSe solar cell, the current density vs.
voltage (J-V) characteristics of which is shown along with numer-
ical calculations in Fig. 1(b). Next the theoretical model is applied
to evaluate output characteristics of this device (labeled as Device
A in Table T) under indoor lighting condition. Efficiency and fill
factor of Device A, calculated as a function of radiation intensity
(Fig. 2(a)), indicate that at all intensity levels, the device performs
better under indoor conditions. For a comparative assessment, rel-
ative enhancement of fill factor (AFF), short circuit current density
(AJse), open circuit voltage (AV,.) and overall efficiency (An) - each
calculated with respect to the corresponding values obtained under
solar radiation - are plotted in Fig. 2(b). As can be seen, the rela-
tive enhancement for short circuit current density is about twice of
the values obtained for AV, and AFF at intensities above 150Wm .
However for lower intensities, the efficiency enhancement is

scitation.org/journal/adv

TABLE I. Different layers of the CZTSSe PV devices considered in this study.

Layers Device A Device B
Top Contact Ni-Al Ni-Al
Layer 1 n-ITO (50 nm) n-ZnO (10 nm)
Layer 2 n-ZnO (10 nm) i-ZnO (50 nm)
Layer 3 n-CdS (25 nm) n-CdS (60 nm)
Layer 4 p-CZTSSe (2 um) p-CZTSSe (2 um)

Bottom Contact Mo Mo

dominated by the relative increase of the open circuit voltage, AV .
The maximum enhancement of overall efficiency under this condi-
tion is 14%. This is promising for the operation of this device under
low-lighting conditions, which are more likely to appear under usual
indoor illuminations.””’

To investigate the reason behind the enhancement of the short
circuit current density and open circuit voltage under indoor con-
ditions, the photon yield of both white LED and solar spectrum are
calculated and shown in Fig. 3(a). As can be observed, for the con-
sidered white LED spectrum, a photon yield of ~100% is obtained
over the bandgap range of 1-1.5 eV of CZTSSe, whereas for solar
irradiation this value ranges from 60-75%. Because of these high
photon yields, enhancement of both Ji and V. are obtained at all
intensities under indoor condition. This enhancement however is
limited by the device’s external quantum efficiency (EQE) profile
(Fig. 3(b)), which peaks at ~2.5eV under both indoor and outdoor
conditions. Because the photon yields for solar and indoor radi-
ations are rather comparable at this energy, the overall efficiency
enhancement is relatively low. It is expected that the efficiency of the
device can be significantly enhanced by employing an indoor spec-
trum which results in higher photon yield around the peak energy
of the quantum efficiency profile. To further investigate operation
under indoor condition, the spectral response of the device under
both indoor and outdoor conditions are calculated. As shown in
Fig. 3(c), spectral response of the device under indoor condition
increases significantly for photon energies above 3.5eV, which is
indicative of the better performance characteristics of this device
in the short wavelength regime. This is further supported by the
calculated carrier generation profile shown in Fig. 3(d), which indi-
cates that generation rate in the vicinity of the p-n junction is higher
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for the case of indoor illumination. As photo-generation near the
junction is dominated by absorption of short-wavelength compo-
nent of the spectrum, it is likely that the high photon yields at short
wavelengths of the LED spectrum results in higher generation rates
in the CZTSSe device compared to the rates obtained under solar
radiation.

Ill. PERFORMANCE ENHANCEMENT UNDER
INDOOR CONDITION

The results discussed so far indicate that performance enhance-
ment of the CZTSSe device is primarily limited by the marginal

enhancement of Vo under indoor condition, even though Js
increases substantially at all intensity levels of the indoor spectra.
To further enhance efficiency of the device, we propose a modified
heterostructure which is denoted as Device B in Table I. In this struc-
ture, the n-doped ZnO and n-ITO layers of Device A are replaced
with intrinsic ZnO and n (Al)-doped ZnO respectively. This pro-
posed device can be experimentally fabricated employing low-cost,
non-vacuum deposition techniques which have been already uti-
lized for fabricating CZTSSe PV devices.”” Moreover, Al-doped ZnO
is considered to be an effective replacement of ITO as a transpar-
ent conductive oxide because of its equivalent performance char-
acteristics at relatively low cost.”’ To elucidate the advantage of
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Device B over Device A, non-equilibrium energy band diagrams of
both these devices are compared in Fig. 4(a)-(b). Whereas Device
A has a straddling (type I) heterostructure, the energy band of
Device B is staggered (type II) in nature because of the conduc-
tion band offsets between ZnO and CZTSSe.”””’ As discussed in
Ref. 24, energy spike appearing in the conduction band of straddling
gap heterostructure can possibly increase the open circuit voltage
of the device. However the intrinsic ZnO layer in Device B results
in a built-in field of 6.6x10° V/cm, which is approximately 11%
higher than the value obtained for Device A. This higher built in field
effectively enhances separation of photo-generated carriers near the
junction, which is evident from the larger energy difference of quasi
Fermi levels (AE;) in Device B than in Device A under identical
indoor conditions. Consequently, as illustrated in Figs. 4(c)-(d),
Device B exhibits a higher open circuit voltage and overall efficiency
than does Device A under indoor illumination of varying intensi-
ties. The relatively lower short-circuit current density of Device B
is related to the incorporation of n-ZnO layer, which has higher
absorption characteristics than that of ITO within 400-800 nm range
of the optical spectrum.”” Moreover, because of the relatively low
electron and hole mobilities of the intrinsic ZnO layer, the fill fac-
tor of Device B remains lower than that of Device A as shown in
Fig. 4(c).”® In spite of the reduced Jsc and FF, open circuit voltage in
Device B is ~ 40% higher with respect to the Vo values obtained
in Device A, thereby resulting in the higher overall efficiency of
Device B. Therefore, for indoor applications, an optimization can
be attained in the design of PV devices such that the efficiency can
be enhanced by improving the V.., albeit at the cost of reduced Js
and FF. It is envisaged that further design considerations of indoor

PV-devices can be explored by investigating indoor spectra-
dependent performance analysis, a study which was beyond the
scope of the present work.

IV. CONCLUSION

Performance characteristics of CZTSSe photovoltaic device
with respect to indoor energy harvesting applications is investigated
using numerical analysis. The study shows that enhancement of
efficiency and FF of a CZTSSe photovoltaic device under indoor
condition is related to the high photon yield of the illuminating
indoor spectrum, which results in higher generation rates, spectral
response and subsequently higher open circuit voltage and short
circuit current at low and high intensities respectively. Further effi-
ciency enhancement is obtained by designing a type-II heterostruc-
ture, in which better charge separation improves the open circuit
voltage by 40%. The study shows that in spite of the high photon
yield, efficiency enhancement in a CZTSSe device is limited by its
external quantum efficiency profile, the peak of which may not coin-
cide with the high photon yield regime corresponding to the indoor
spectrum. Hence performance optimization of PV devices under
indoor operation requires detailed spectra dependent analysis with
due consideration of the heterostructure.
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See supplementary material for detailed description of the
theoretical model and list of material parameters used in this study.
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