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Thin-film silicon solar cells have sparked a great deal of research interest because of their low material
usage and cost-effective processing. Despite the potential benefits, thin-film silicon solar cells have low
power-conversion efficiency, which limits their commercial usage and mass production. To solve this
problem, we design an ultrathin dual junction tandem solar cell with Cu,ZnSnS, (CZTS) and crystalline
silicon (c-Si) as the main absorbing layer for the top and bottom cells, respectively, through
optoelectronic simulation. To enhance light absorption in thin-film crystalline silicon, we use silver

20 200 nanoparticles at the rear end of the bottom cell. We utilize amorphous Si with a c-Si heterojunction to
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Accepted 11th April 2023 boost the carrier collection efficiency. Computational analyses show that within 9 um thin-film c-Si, we
achieve 28.28% power conversion efficiency with a 220 nm top CZTS layer. These findings will help

DOI: 10.1039/d2na00826b reduce the amount of Si (~10 vs. ~180 um) in silicon-based solar cells while maintaining high power
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1. Introduction

The need for sustainable energy development has significantly
increased interest in renewable resources. Solar energy is
a prominent renewable energy source that provides “limitless”
emission-free energy. Among many semiconductor materials,
silicon has a nearly 70 year development history for photovoltaic
purposes. Si-wafer based PV technology accounted for about
95% of the total production in 2020 (ref. 1) because of several
reasons: silicon is the second most abundant element in the
Earth's crust; the bandgap of silicon is within the optimal
region (1.1-1.4 eV) for efficient solar energy conversion; it is
stable and non-toxic and silicon semiconductor technology is
well established. The current crystalline silicon (c-Si) solar cell
efficiency record is 26.7%.> However, the maximum achievable
power conversion efficiency (PCE) is limited to 29.43% (ref. 3) by
silicon's indirect bandgap at 1.12 eV and nonradiative auger
recombination-a dominant intrinsic loss mechanism for a c-Si
photovoltaic cell. Another bottleneck for c-Si solar cell devel-
opment is the material cost, which represents about 50% of the
cost of a solar panel.* Due to silicon's indirect bandgap,
photocurrent obtained using single-pass absorption is quite low
unless the thickness surpasses many tens of microns. Thus, to
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achieve a sufficient photocurrent, the thickness of c-Si needs to
be around 100-200 pm, while the current industry standard for
wafer-based c-Si solar cells is 180 pm.*> Consequently, there is
a tradeoff between higher efficiency and material cost while
developing silicon photovoltaic cells.

Several strategies have been used to obtain highly efficient
silicon based solar cells. Although the PERC cell is the most
efficient silicon homojunction solar cell,® significant improve-
ments have been made since 2015, owing primarily to the
development of Si heterojunction (SHJ) solar cells formed
between hydrogenated amorphous silicon (a-Si:H) and crystal-
line silicon (c-Si) absorbers using improved passivating contact
technology. The present success of SHJ solar cells is primarily
attributed to the fact that they combine bulk c-Si and thin film
solar cell technology, integrating the advantages of both.” SHJ
cells are further improved through developing the hetero-
junction with intrinsic thin-layer (HIT) cells by inserting a thin
intrinsic layer between a-Si and c-Si layers. As a result, the
carrier collection efficiency in the device improves. This tech-
nology enabled the development of high efficiency Si solar cells
with a wafer thickness below 100 pm at a low processing
temperature (200 °C).* Moreover, the Staebler-Wronski effect
observed in amorphous silicon solar cells does not occur in SHJ
solar cells, as the base material of the structure is crystalline
silicon.® Furthermore, compared to standard c-Si solar cells
(—0.45%/K), the HIT solar cell shows a better temperature
coefficient (<—0.25%/K)."* However, achieving high HIT solar
cell efficiency requires a high-quality a-Si:H(i) layer and a-Si:H/c-
Si interface.

One of the direct ways to surpass the Shockley-Queisser
efficiency limit for silicon-based solar cells is by utilizing
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a multi-junction tandem cell structure, which increases the
spectral efficiency of the device. C-Si has a high potential for
usage in multi-junction cells because its bandgap of 1.12 eV is
almost ideal for a two-terminal tandem and when paired with
a top absorber with a bandgap of 1.72 eV, a maximum PCE of up
to 43% is possible."* Group III-V materials and perovskite have
been studied extensively as the top absorber of Si-based tandem
cells.>*? Thin film chalcogenides (TFCs) such as CdTe, CIGSSe,
and CZTSSe are promising candidates for the top absorber due
to their high single-junction solar cell efficiencies, direct and
tunable bandgap, competitive manufacturing costs, and supe-
rior stability.”** Among these materials, kesterite-based Cu,-
ZnSnS, (CZTS) is gaining considerable attention because it is
composed entirely of abundant, non-toxic elements and
exhibits a high absorption coefficient (>10* cm™~*).131¢ Moreover,
its bandgap is dependent on the degree of cationic disorder,
ranging from about 1.5 eV in the completely disordered state to
1.65 eV in the less disordered state.” The theoretical maximum
efficiency of a tandem cell based on a top cell with a bandgap of
1.65 eV is 35%.'® Hajijafarassar et al. investigated the mono-
lithic integration of CZTS on a Si bottom solar cell by inserting
a TiN buffer layer." The efficiency of the tandem cell was
limited to 1.1% (with a 350 um thick Si absorber) due to the
difficulty of reproducing high-quality CZTS absorbers on non-
glass substrates as well as non-ohmic blocking behaviour at
the TiN interfaces. Valentini et al. achieved 3.5% efficiency (with
a 250 pm thick Si absorber) using a MoS,/FTO/ZnO trilayer
structure as an intermediate contact between the top and the
bottom cells with poor short circuit current density (/) (6 mA
cm %) because of the low transmittance of the trilayer inter-
mediate contact.” Overall, further research is required to
develop an ohmic intermediate layer with high transmittance.
Additionally, it is necessary to increase the short circuit current
of the tandem cell, which can be achieved by enhancing the
photon absorption of the tandem cell. At the same time, it is
important to reduce the thickness of the Si absorber layer in
order to build ultrathin, high-performance Si solar cells that
could reduce the cost of commercial silicon based
photovoltaics.

Typically, single-pass light absorption within the absorber
layers of any thin-film solar cell is relatively low. Thus, several
light absorption enhancement techniques based on increasing
the optical path length and embedding scatterers within cells
have been developed to increase efficiency. Plasmonic light
trapping is a popular approach for effective light coupling into
the cell while avoiding the adverse effects of surface texturing,
such as increased surface recombination. As a result, the solar
cell's absorption improves, leading to a rise in short circuit
current and conversion efficiency. Plasmonic nanostructures
have been employed in at least three different configurations:*®
on the cell's surface,”>** embedded in the active layer,**** and at
the bottom interface between the semiconductor and metal in
the form of metal nanoparticles (MNPs)***” or surface plas-
monic gratings.*® Zhang et al. theoretically studied nanoparticle
integrated ultra-thin solar cells with a Si thickness of 20 pm that
can potentially achieve 18.2% efficiency by combining the
absorption enhancement with the benefit of a thinner Si
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induced open circuit voltage increase.” Yan et al. achieved
15.1% efficient ultrathin (20 pum) front-textured crystalline
silicon solar cells with rear-located periodic silver nanoarrays.*®
Marom et al. observed a clear optical absorption increase in the
a-Si thin films in the NIR by integrating silver nanoparticles.*'
The performance of these plasmonic solar cells can be further
enhanced by employing a tandem cell structure, since adding
another absorber would enhance the total light absorption of
the device.

All the techniques mentioned above improve the perfor-
mance of Si solar cells, which motivated us to combine plas-
monics, HIT cell and tandem cell technologies to develop
a highly efficient thin film CZTS/Si tandem cell. In this paper,
we have designed and investigated the prospects of ultrathin
CZTS/Si heterojunction tandem solar cells with an integrated
plasmonic back reflector through computational analysis. We
have also studied the effect of metal nanoparticles in the
tandem solar cell as well as optimized the absorbers’ thick-
nesses to maximize the performance of the tandem cell.

2. Device modeling and simulation
method
Fig. 1 illustrates the architecture of a CZTS/Si tandem solar cell.

The top cell architecture (ZnO/CdS(n)/CZTS(p)) is modeled
based on an experimental structure proposed by Shin et al.**

MgF,
ZnO

a-Si(n+)
a-Si(i

Y a-Si(i)

Fig.1 Cross-sectional schematic of the Cu,ZnSnS,4 (CZTS)/Si tandem
cell with a plasmonic back reflector. The CZTS top cell and si bottom
cell are connected by an ito recombination layer. The hemispherical
plasmonic Ag nanoparticles (NPs) are embedded in a 100 nm MgF,
dielectric layer followed by an Ag mirror which also serves as the back
contact. Between the bottom cell and the Ag NPs, a 20 nm SiO, spacer
layer is inserted for passivation purposes.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Here, CZTS and CdS work as the primary absorber layer and
buffer layer, respectively. An N-type transparent ZnO window
layer acts as the top surface field layer. CdS and ZnO are both
30 nm thick. The thickness of the CZTS layer has been varied
later for the current matching purpose. 50 nm MgF, is applied
on top of ZnO as an antireflection coating layer. The HIT
structure is used in the bottom cell design with Ag nano-
particles incorporated in the MgF,/Ag back reflector at the rear
of the structure for plasmonic enhancement. In the design, n-
type c-Si works as the main bottom cell absorber. 5 nm
intrinsic a-Si:H passivation layers are placed on both sides of
the c-Si. N-doped a-Si:H and p-doped a-Si:H act as emitter and
back surface field layers, respectively. The thickness of both n-
doped and p-doped a-Si:H layers is 10 nm. In the backside of
the cell, we placed an array of hemispherical silver (Ag) MNPs
embedded in a 100 nm thick MgF, layer, followed by a rear Ag
mirror, similar to configurations that have shown EQE
enhancement.”® Hemispherical nanoparticles are used to
improve the coupling of scattered light into the Si layer. It was
observed that the maximum plasmonic coupling is achieved if
the pitch of the Ag MNPs is ~750-900 nm (ESI, section S47).
Therefore, we considered the array period of Ag MNPs to be
750 nm for the rest of the simulation. Between the a-Si:H(p)
layer and the Ag nanoparticles, a 20 nm SiO, spacer layer is
inserted, which is necessary for enhanced light trapping and
high-quality surface passivation.?® Small contact windows are
opened on the rear SiO, layer through which a-Si (p) is con-
nected to the back contact. No transparent conductive oxide
(TCO) layer is used in the back contact, as high-efficiency SHJ
without TCO in rear a-Si:H(p)/Ag emitter contact has been
demonstrated, which was achieved by proper junction engi-
neering.*® To connect the bottom and top cells, a 30 nm ITO
recombination layer is inserted between the two cells. Along
with the other parts of the tandem solar cell, the CZTS/ITO
interface is experimentally realizable.** Therefore, the
proposed structure can be realized using currently available
fabrication technology.

Next, we studied the junction energy levels to assess the
carrier collection efficiency of the tandem cell.** Fig. 2 illustrates
the energy band diagram of the tandem cell. In this case,
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Fig. 2 Energy band diagram of the CZTS/Si tandem cell under equi-
librium conditions.
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a spike-like conduction band offset (CBO) is observed at the
CdS/CZTS interface, which is supported by high-performance
devices.**** However, the band alignment of CdS/CZTS in
lower performance devices has been reported to be cliff-type
which limits the V,. of solar cells by assisting interfacial
recombination.?” The interfacial defects at the CdS/CZTS junc-
tion can be reduced by epitaxial growth of CBD-CdS and Cd
diffusion.*® The holes produced at the CZTS absorber do not
reach the cathode side due to the energy barrier created by CdS
and the ZnO layer. These holes reach the ITO recombination
layer, recombining with the electrons generated at the c-Si
absorber. The surface dangling bonds and defects in the c-Si/
a-Si junction are passivated by inserting a high-quality 5 nm
intrinsic a-Si layer between the two layers using a low-damage
process. Again, the electrons produced at the c-Si absorber are
restricted by the a-Si (p) back surface field layer; thus, these
electrons cannot reach the anode. However, the holes can easily
cross the narrow spike-like CBO at the c-Si/a-Si junction at the
rear end of the cell to reach the anode. Overall, the cell is
designed to maximize the carrier collection efficiency of the
tandem cell.

We used rigorous optoelectronic simulation to evaluate the
performance of our proposed tandem cell. To simulate the
tandem solar cell, we used the methodology as previously
utilized by our team.** The optical***® and the electrical®***
parameters were extracted from the literature. Additionally, we
have listed the electronic properties in the ESI (section S1)7.
Moreover, we benchmarked our used parameters by modeling
experimental solar cells to ensure the reliability of the simula-
tion results, which can be found in the ESI (section S2).7 In this
regard, first, light absorption and carrier generation rates were
calculated by solving Maxwell's curl equation through finite
difference time domain (FDTD) analysis. The electrical charac-
teristics of the top CZTS cell and bottom Si cell were calculated
independently by solving the Poisson equation, continuity
equation, and drift-diffusion equation self-consistently. Next,
we modeled the top and bottom cells separately by using
equivalent circuits and then combined them using Matlab
Simulink to obtain the electrical characteristics of the tandem
cell. We compared the j-V characteristics obtained from the
circuit model to the device simulation results for both the top
and bottom cells to ascertain that the circuit model can accu-
rately reproduce the behavior of the top and bottom cells
calculated from the device simulations (ESI, section S3}). More
details on theoretical model including simulation equations
can be found in ref. 39.

3. Results and discussion
3.1 Effects of plasmonic nanoparticles

First, we investigated the effects of Ag nanoparticles on the
performance of the CZTS/Si tandem solar cell. To start our
analysis, we considered the top and bottom absorber thick-
nesses of 200 nm and 9 pm, respectively. As mentioned earlier,
absorber thicknesses have been optimized later. Fig. 3(a) shows
the absorption spectrum of the tandem cell, top cell, and
bottom cell without Ag nanoparticles. Photons with

Nanoscale Adv., 2023, 5, 2887-2896 | 2889
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Fig.3 Absorption as a function of wavelength in the (a) top CZTS cell, bottom Si cell and overall tandem cell without Ag nanoparticles and (b) top
CZTS cell with and without Ag NPs. The top cells with and without Ag NPs show identical absorption spectra for TM and TE polarized illumination.

Therefore, Ag NPs do not improve the light absorption of the CZTS to

a wavelength less than 600 nm are mostly absorbed in the top
CZTS cell, while longer wavelength photons (>900 nm) are
mainly absorbed in the bottom Si cell.

The total absorption in the tandem cell, which is the sum of
top and bottom cell absorption, is relatively high (>0.8) until
900 nm, although it declines for higher wavelength photons.
Thus, absorption enhancement in the tandem cell beyond
900 nm wavelength is the primary concern. To improve the total
absorption of low energy photons, we integrated hemispherical
Ag nanoparticles at the rear end of the tandem cell. However, it
should be noted that no absorption enhancement can be
observed in the top cell (Fig. 3(b)) since almost all shorter
wavelength photons are absorbed by a single pass through the
tandem cell and do not reach the Ag nanoparticles. As a result,
surface plasmon resonance (SPR) does not exist and absorption
remains the same for lower wavelength light. For this reason, we
only studied the impact of Ag nanoparticles on the bottom Si
cell.

Fig. 4 compares light absorption in the bare (without Ag NPs)
bottom cell with that in the plasmonic bottom cell. A broadband
absorption improvement is achieved for TM polarized light for
wavelengths longer than 850 nm. Absorption enhancement is
also found for TE polarized illumination; however, the

1.0 e

c 0.8 1 Bottom Si cell

§e)

"é'_ 0.6

§ 047 = Without NPs

< — With NPs (TM)
0.2 — With NPs (TE)

300 400 500 600 700 800 900 100011001200
Wavelength (nm)

Fig. 4 Comparison of absorption spectra between bottom Si cells
with and without Ag NPs for TM and TE polarized light. Due to the

incorporation of Ag NPs, the Si cell exhibits enhanced broad-band light
absorption beyond 900 nm wavelength.

2890 | Nanoscale Adv, 2023, 5, 2887-2896

p cell.

plasmonic cell exhibits lower TE polarized light absorption in
the 1100-1170 nm wavelength region than the bare solar cell.

Incident electromagnetic radiation excites localized surface
plasmon (LSP) resonances on the Ag metal particles, which then
scatter light back into the Si absorber at resonant wavelengths.
Efficient scattering of photons into active materials increases
the length of the photon path, leading to increased absorption.
The amplification of the optical electric field, |Eop|/|Eop in|
(expressed as the ratio of the magnitude of the optical electric
field, £, ops to the magnitude of the incident optical electric field,
E op_in), Within the active layer at different wavelengths due to Ag
nanoparticles is illustrated in Fig. 5. For both TM (Fig. 5(a)) and
TE (Fig. 5(e)) polarized light, the electric field can improve the
incident field up to 2 times at 1200 nm wavelength. Moreover, it
can be noted that the field enhancement declines with
decreasing wavelengths. Since the electric field can increase two
times the incident field, the optical electric field intensity
(IE op|*) may enhance up to fourfold, significantly boosting the Si
absorber's absorption and improving the bottom cell's perfor-
mance. Overall, Ag nanoparticles improve both photon scat-
tering and the optical-electric field within the Si bottom cell,
resulting in improved power absorption in the Si bottom cell.

Fig. 6 compares the overall absorption in the plasmonic Si
bottom cell (the average of TM and TE polarized light absorp-
tion) and the bare bottom cell. Improved absorption for longer
wavelength light (>900 nm) is attained, which was the primary
motivation for introducing Ag nanoparticles, as discussed
previously. Absorption enhancement is ~150% for the 900-
1100 nm wavelength range, which reaches up to 400% for
1200 nm wavelength. Moreover, the reduced absorption
enhancement in the 1100-1150 nm range is not a major issue
because the AM 1.5G solar spectrum exhibits relatively lower
spectral irradiance in this range. Thus, higher absorption
enhancement in this range would have had little effect on the
cell's performance.

Next, we investigated the effect of the size of the hemi-
spherical Ag nanoparticles on the performance of the Si bottom
cell. The absorbed power (P,,s) enhancement due to the inser-
tion of Ag nanoparticles was calculated using the following
formula:

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electric-field enhancement in the bottom Si cell for TM polarized light at wavelengths (a) 1200 nm, (b) 1100 nm, (c) 1050 nm, and (d)
980 nm, and for TE polarized light at wavelengths (e) 1200 nm, (f) 1085 nm, (g) 1000 nm and (h) 965 nm.
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Fig. 6 Comparison of overall absorption spectra (the average of TM
and TE polarized light absorption) in bottom Si cells without and
without Ag NPs. The inset shows the absorption enhancement in the
bottom cell due to the insertion of Ag nanoparticles.

© 2023 The Author(s). Published by the Royal Society of Chemistry

I AbSOrptionwith_nanoparticle (A)IAM 1.5 (A)dA
J‘ AbSOrptionwithout_nanoparticle (A ) IAMI 5 (A) da

(1)

where Absorptionwithfnanopatﬁcle(A) and AbSOrptionwithout,nanopalticle
is the absorbed power within the Si bottom cell with and without
Ag NPs, respectively, at a wavelength A and Iy 5(4) is the AM1.5
solar spectrum.

Fig. 7(a) illustrates P,ps enhancement as a function of the
radius of hemispherical Ag nanoparticles. The enhancement is
minimal for smaller particles (<100 nm), as the enhancement

P, enhancement =

provided by small particles is limited by plasma damping due to
surface scattering.®® Furthermore, the plasmon resonance range
is narrow for smaller particles (Fig. 7(b)); thus, broadband
enhancement is not achieved. On the other hand, power
absorption improves with increasing nanoparticle size, as
scattering is more efficient than absorption for larger parti-
cles.®* Moreover, from Fig. 7(b), it can be observed that the
resonance peak red-shifts with an increasing nanoparticle
radius, which happens due to dynamic depolarization in larger

Nanoscale Adv., 2023, 5, 2887-2896 | 2891


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2na00826b

Open Access Article. Published on 12 April 2023. Downloaded on 4/7/2026 9:22:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Advances Paper
(a) (b)
1.0 T T " T . . .
)
5 0.8
: s
o S 06T
& g
< 2 0.4/
w -
<
n_% 0.2
1.02 : : : * : : : : :
50 100 150 200 250 300 400 500 600 700 800 900 1000 1100

Ag Nanoparticle size (nm)

Fig. 7

Wavelength (nm)

(a) Power absorption (P,s) enhancement in a plasmonic Si bottom cell as a function of Ag nanoparticles' radius, and (b) optical absorption

spectra of a plasmonic bottom cell incorporating different Ag nanoparticles.

plasmonic metal nanoparticles.®® Additionally, absorption

spectra become broader as a result of radiation damping.®**

The red-shift and broadening of the resonance with
increased particle size cause significant P,,s enhancement. The
P,ps enhancement is maximum (>1.12) for the 130-180 nm
radius range. Beyond a radius of 180 nm, P,,; enhancement
decreases with the magnitude of the plasmonic resonance, and
absorption declines due to radiation damping.®** As a result,
relatively large particles lose their plasmonic characteristics.

Considering that the maximum enhancement in power
absorption occurs for nanoparticles with a radius of 130-
180 nm, we used 130 nm Ag nanoparticles for the rest of the
analysis.

3.2 Thickness optimization of the tandem cell

The current mismatch between cells is one of the major issues
reducing a tandem device's final output efficiency. For this
reason, we optimized the thickness of CZTS and Si absorbers to
improve the performance of the tandem solar cell through
current matching. In this regard, optical interference with

Absorption

600 900

Wavelength (nm)

1200

Fig. 8 Absorption in the c-Si absorber at different thicknesses indi-
cating the interference pattern at different wavelengths.

2892 | Nanoscale Adv, 2023, 5, 2887-2896

thickness needs to be discussed since optical interference
might be used for an additional light trapping mechanism.*®
Fig. 8 shows the absorption spectrum for different c-Si layer
thicknesses. It can be observed that there are various wave-
lengths with greater absorption, indicating constructive inter-
ference in these wavelengths. As reflection at the a-Si/c-Si
interfaces is negligible due to the extremely thin a-Si layer
thickness and the roughly similar refractive indices of a-Si and
c-Si, these interference patterns are primarily produced at the
SiO,/Ag back reflector interface. It can be observed that with
increasing thickness of the absorber layer, the number of
wavelengths at which constructive interference occurs also
increases. However, this is not the primary reason for photo-
current enhancement with increasing thickness. The absorp-
tion spectrum also moves upwards with increasing thickness
indicating the absorption length enhancement in the absorber,
facilitating greater light absorption. The bottom cell's photo-
current increases with absorber thickness mainly for this
reason.

Fig. 9(a) illustrates the dependence of a tandem cell's Js. on
the CZTS and Si absorber's thicknesses. CZTS absorbs a signif-
icant amount of radiation at a relatively lower thickness (170 to
230 nm) since, in a tandem structure, the top cell absorbs high-
energy photons with relatively short absorption depth. Further
increasing the thickness of CZTS results in lower J,. in the top
cell due to increased carrier recombination. Additionally,
a thicker top absorber allows very little optical radiation to reach
the bottom cell, resulting in a larger current mismatch. On the
other hand, the Si bottom cell shows a high current density at
a very thin thickness (~9 um) due to the introduction of plas-
monic nanoparticles in the bottom cell, which significantly
improves the absorbance of the cell at longer wavelengths.
Furthermore, recombination loss in the ultrathin Si absorber is
reduced considerably, boosting the short circuit current
through improved carrier collection. At 210 nm CZTS and 9 um
Si, the maximum J,. of 20.21 mA cm ™2 was achieved. Since we
observe high J,. at a wide range of CZTS and Si thicknesses, we
analyzed the effect of absorbers thicknesses on the tandem
cell's open circuit voltage, V..

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.9 Variation of (a) short circuit current density (Jsc), (b) open circuit voltage, (V) and (c) efficiency of the plasmonic CZTS/Si tandem cell with

the thicknesses of CZTS and c-Si absorbers.

In contrast to the open circuit current of a tandem cell,
which is equal to the minimum /. of the two cells, the open
circuit voltage of a tandem cell is roughly equal to the sum of
the individual V,,. of top and bottom cells. As a result, in order to
optimize the V. of the tandem cell, the open circuit voltages of
the individual cells must be maximized. Fig. 9(b) shows that V,,.
is maximum when the thickness of both cells is small. With
increasing thickness, the bulk recombination in absorbers
increases, which reduces the V,. in the top and bottom cells.
The highest V, (1.68 V) is obtained at 150 nm of CZTS and 5 um
of Si. Further decreasing the thicknesses of the absorbers would
have reduced the open circuit voltage because of the reduction
of electron-hole pair generation in ultrathin absorbers. The fill
factor of the tandem cell is between 83 and 89%.

Finally, we analyzed the variation of tandem efficiency with
top and bottom cells’ absorber thicknesses (Fig. 9(c)). The

maximum efficiency of 28.28% can be obtained at 220 nm CZTS
and 9 um Si. Moreover, we compared the plasmonic tandem cell
with the back textured tandem cell (ESI, section S5t). The
textured cell results in poorer optical power absorption in the
700-1000 nm wavelength range compared to the plasmonic
tandem cell. As a result, the total efficiency of the back textured
cell is ~8% lower than that of the plasmonic cell (28.28 vs.
26.24%).

Fig. 10(a) illustrates the -V and P-V characteristics of the
fully optimized plasmonic CZTS/Si tandem cell. The compar-
ison of performance characteristics between tandem cells with
and without a plasmonic back reflector is given in Table 1.
Because of the light trapping mechanism, the plasmonic cell
shows a J. of 19.93 mA cm ™~ which is ~39.76% higher than that
of the tandem cell without the plasmonic back reflector. Thus,
the usage of a plasmonic back reflector significantly improves

a (b) 8
( )20 . 30 20 x10
- J.V curve — Top CZTS cell
15} = P-V curve <~ 15t — Bottom Si cell
NE 120 NE NE — Tandem cell
(3] 2 'E
< 10 =S 10
£ - [
£ =28.28% 10 £
2 5l Jie=19.93 mAcm? SO
Voe=1.662 V o
FF =85.38%
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Fig. 10

(a) Current-voltage (J-V) and power—voltage (P-V) characteristics and the (b) power absorption spectrum of the fully optimized

plasmonic CZTS/Si tandem solar cell. The thickness of the top cell CZTS absorber is 220 nm and the bottom cell c-Si absorber is 9 um. The radius

of the hemispherical ag nanoparticles is 130-180 nm.

Table 1 Comparison of characteristic matrices between CZTS/Si tandem cells with and without a plasmonic back reflector

Tandem cell Voe (V) Jse (MA cm™?) FF (%) Efficiency (%)
Without a plasmonic back reflector 1.654 14.26 89 20.99
With a plasmonic back reflector 1.662 19.93 85.38 28.28

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of characteristic matrices between bare and plasmonic CZTS/Si tandem cells

Cell type Si absorber thickness (um) Voe (V) Jse (MA cm™?) FF (%) Efficiency (%)
This work 9 1.662 19.93 85.38 28.28
Ultrathin c-Si® 10 0.589 33.9 78.5 15.7
Ultrathin ¢-Si”° 10 0.623 29 76 13.7

Single junction c-Si® 165 0.738 42.65 84.90 26.7
Perovskite/Si tandem”* 260 1.90 19.26 79.52 29.15
AlGaAs/Si tandem™ 300 1.55 27.90 58 25.20

2
J ph(mAIcm )

1 1.5 2 25 3
Refractive Index (n)

3.5 4

Fig. 11 Photocurrent in the bottom cell as a function of refractive
index, n of the dielectric Ag NPs embedding medium.

the short circuit current of the tandem cell. Since the open
circuit voltage is logarithmically dependent on the photocur-
rent, only a slight increase in V. (1.654 V to 1.662 V) is achieved.
The overall PCE is improved by ~34.66% (from ~21% to 28.28).
In this regard, the highest experimentally reported efficiency of
a CZTS solar cell is 11%* which was improved theoretically to
19.4% by direct integration of a thin Si layer with a thickness as
low as 2 pm between the Mo back-contact and the primary CZTS
active layer.® Our tandem cell without a plasmonic back
reflector achieves ~8.24% efficiency improvement (~21 vs.
19.4%) over the double-absorber hybrid model. This improve-
ment can be attributed to tandem structure implementation,
increasing Si absorber thicknesses to 9 pm and using an anti-
reflection coating layer. Fig. 10(b) illustrates the power
absorption spectrum of the fully optimized plasmonic CZTS/Si
tandem solar cell.

The performances of several Si-based solar cells are listed in
Table 2. The plasmonic CZTS/Si tandem cell provides superior
performance compared to the III-V/Si tandem cells and is only
surpassed by the Perovskite/Si tandem cell. In addition, the
proposed plasmonic tandem cell's performance is much supe-
rior to existing ultrathin silicon photovoltaics.

3.3 Impact of the dielectric medium

In addition, we investigated the effects of the dielectric medium
surrounding the Ag nanoparticles to find out the best dielectric

2894 | Nanoscale Adv., 2023, 5, 2887-2896

material for the tandem cell. The dependence of photocurrent
(Jpn) of the bottom Si cell as a function of the refractive index of
the insulator medium is depicted in Fig. 11. The Jp, is the
maximum in three distinct refractive index regions. Compared
to the other regions, region 1 (1.28-1.45) generated the
maximum J,,,. The refractive index of MgF, for visible light lies
within this range which is used in the proposed structure.

Consequently, our structure already employs the optimal
refractive index. Other fluorides such as LiF and AlF;,”> as well
as oxides SiO, and ZnO:Al have a similar refractive index.
Region 2 covers the refractive index range from 2.4 to 2.8. TiO,
has a refractive index that falls into this range.” Si has
a refractive index in region 3 (3.7-3.9) for visible radiation.
However, embedding nanoparticles directly in the Si absorber
layer leads to significant optical and electrical losses.”

4. Conclusion

We have investigated the prospects of CZTS/Si tandem cells with
plasmonic Ag nanoparticles embedded in MgF, dielectric at the
rear end of the cell. Although the characteristics of the CZTS top
cell are not much altered, a significant improvement of the Si
bottom cell can be observed due to the addition of Ag nano-
particles. The scattering of light into the c-Si absorber and
electric field intensity is improved, resulting in higher absor-
bance of longer wavelength photons in the tandem -cell.
Absorption improvement resulted in a higher photogenerated
current in the bottom cell. Furthermore, we optimized the size
of the nanoparticles for the highest absorption enhancement,
which was calculated to be in the 130 and 180 nm range. The
thicknesses of the absorbers were also tuned for current
matching of the top and bottom cells. The optimized cell
consists of a 220 nm CZTS top absorber and a 9 um bottom c-Si
bottom absorber. Thus, the thickness of the c-Si absorber is
significantly reduced (only ~5% of commercial Si cells) because
of the plasmonic light trapping mechanism, which would
considerably reduce the tandem cell's production cost. The fully
optimized solar cell achieves a PCE of 28.28%. As a result, it is
feasible to manufacture silicon-based solar cells with lower
material consumption and production costs that are extremely
efficient.
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