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The development of efficient microcrystalline silicon (uc-Si) thin-film solar cells offers a promising
route to reduce photovoltaic costs. This work presents, for the first time, a comprehensive numerical
model to optimize ZnMgO/uc-Si-based solar cells by analyzing its performance metrics. The model
incorporates horizontal and vertical grain boundaries (GBs) in the absorber with Gaussian-distributed
donor- and acceptor-like trap states. Key parameters studied are Mg concentration, thickness, and
doping in the ZnMgO emitter, as well as GB-induced recombination in the uc-Si absorber. Results
show that increasing Mg concentration up to 20% significantly enhances performance, while higher
concentrations yield negligible improvement. GB recombination critically affects performance: smaller
grain size, which increases GB density, causes exponential degradation, and GB trap densities above
10% cm~2 lead to a sharp decline in metrics. The ZnMgO emitter exhibits optimal performance at
~100 nm thickness and ~5x10® cm~3 doping. A maximum efficiency of ~14.3% is achieved with 20%
Mg, 100 nm thickness, 5x10¢ cm~3 doping in ZnMgO, and an absorber containing 10 GBs with trap
density of 10! cm~2. The model is validated against previously reported results.
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Thin-film technology offers the potential to lightweight, cost-effective silicon solar cells on flexible substrates!-2.
Beyond lowering material usage and fabrication costs, zinc oxide (ZnO)-based thin-film heterojunction solar
cells offer additional advantages such as improved optical transparency, tunable band alignment, and enhanced
carrier collection due to the wide-bandgap ZnO window layer®. Their compatibility with low-temperature
deposition techniques makes them suitable for flexible substrates and large-area fabrication®. These features
position ZnO-based thin-film heterojunctions as a promising pathway toward high-efficiency, lightweight, and
scalable photovoltaic technologies. Significant research has been conducted on silicon-based thin-film solar
cells*~7. However, their limited efficiency highlights the need for further advancements. One of the techniques
to improve the efficiency of solar cells is light management, such as surface texturing>®-10. However, texturing in
thin-film silicon solar cells is challenging due to their extremely thin structure. This problem can be mitigated
by using transparent conducting oxide (TCO) as the emitter layer in the solar cell. Indium tin oxide (ITO) is
sometimes used as a TCO layer!!. However, the scarcity of indium makes it a costly material. Heterojunction
solar cells with a wide-bandgap emitter layer, such as the zinc oxide (ZnO), on a crystalline silicon (c-Si)
absorber, have gained significant attention from researchers due to the numerous advantages they offer. The
deposition of ZnO thin-film is cost-effective, and it possesses excellent electrical and optical properties, while
being a non-toxic material'2.

Several research works on ZnO/c-Si heterojunction solar cells have already been published in the
literature'-17. However, all these studies were conducted on conventional bulk silicon wafers and thus do not
address the unique characteristics of thin-film technologies. In contrast, there are very few studies on thin-film
solar cells with ZnO as the emitter layerl&lg. For example, Pietruszka et al.!8 fabricated ZnO/c-Si thin-film solar
cells using a 50 um thick silicon absorber and achieved a maximum efficiency of 9.1%. However, a solar cell with
50 um thick absorber layer cannot be classified as thin-film device and, thus, lacks the advantages of lightweight
design, flexibility, and reduced material costs. Moreover, the growth of c-Si is quite complex and expensive,
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which increases the overall cost of ZnO/c-Si solar cells. On the other hand, high-quality microcrystalline silicon
(uc-Si) films can be deposited at low temperatures using PECVD technique?®2!. Furthermore, Knusten et al."
conducted band-offset engineering on magnesium-doped zinc oxide (ZnMgO)-based silicon solar cells to
predict higher efficiency by varying the Mg concentration. However, the study again focusses on bulk nature
of the device. Therefore, the development of ZnMgO/pc-Si thin-film solar cell becomes important and has the
potential to revolutionize the photovoltaic market.

In this work, a two-dimensional device simulation model has been developed, for the first time to the best of
the author’s knowledge, to investigate the performance of ZnMgO/uc-Si thin-film solar cells, considering ZnMgO
as the emitter and pc-Si as the absorber layer. The model accounts for grain boundary (GB) recombination by
incorporating multiple horizontal- and vertical-like GBs in the absorber layer and multiple vertical-like GBs in
the emitter layer. The performance of the solar cell has been analyzed in terms of short-circuit current density
(Ugc)> open-circuit voltage (V ), fill factor (FF), and efficiency, by varying key parameters, including magnesium
(Mg) concentration, doping level, and thickness of the ZnMgO layer, as well as the number of grains and grain
boundary (GB) trap density in the absorber layer. An optimized design of the device is proposed by tuning above
mentioned parameters of both the emitter and absorber layers. The developed model has been validated against
the published results from the literature ensuring accuracy and reliability. This work makes the following key
contributions:

First comprehensive 2D model: Developed, for the first time, a numerical device model of ZnMgO/uc-Si
thin-film solar cells considering both horizontal and vertical grain boundaries (GBs) with Gaussian-distributed
donor- and acceptor-like traps.

« Emitter optimization: Demonstrated that a ZnMgO emitter with ~20% Mg concentration, ~ 100 nm thick-
ness, and ~ 5x 10'® cm™ doping level provides optimal device performance.

« Grain boundary impact: Established that increasing GB density (smaller grain size) exponentially deteriorates
device performance, while GB trap densities above 10! cm2 cause a sharp decline in the efficiency.

o Performance enhancement: Showed that Mg incorporation in ZnMgO up to 20% significantly improves the
device performance.

« Validated model: Verified the developed model by benchmarking results against reported data in the litera-
ture, ensuring accuracy and reliability.

« High efficiency achieved: Proposed an optimized structure delivering a maximum efficiency of ~14.3% with
realistic device parameters.

Structural design and meshing

Figure 1 displays two-dimensional structure of ZnMgO/uc-Si thin-film solar cell studied in this work. The
heterojunction consists of n-type ZnMgO acting as emitter layer and a p-type microcrystalline silicon (p-pc-Si)
serving as an absorber layer. The ZnMgO layer thickness is optimized to one-quarter of the optical wavelength
at 700 nm, allowing it to act as both an anti-reflective coating and the emitter layer. Aluminum is utilized for
the selective-area front contact and the full-area rear contact. The wavelength-dependent refractive indices
for ZnMgO and pc-Si are obtained from existing literature?>?. The device is assumed to be illuminated from
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Fig. 1. (a) Two-dimensional schematic of ZnMgO/pc-Si solar cell considered in this work (b) obtained silvaco
TCAD structure by considering 0.175 um thick emitter and 2 um thick absorber.
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the top surface. Width of the device is considered as 1 um throughout the analysis. In Fig. 1, the X-axis and
Z-axis represent the device width and thickness, respectively. In this study, two-dimensional simulations were
performed using Silvaco TCAD software.

Simulation models and material parameters

Device models are crucial for ensuring that simulation studies closely reflect experimental investigations.
Consequently, selecting accurate models is vital. To effectively evaluate device performance, the following
models have been incorporated into this simulation.

Drift-diffusion model
The current densities in the continuity equations can be approximated using the drift-diffusion model by
applying the Einstein relations*%:

Jn = qnunErn + qDrVn (1)
and,
Jp = qpupEp — qDpVp 2

where, Jy, (Jp) is current density of electrons (holes), u_ (u,) is mobility of electrons (holes), E (Ep) is effective
electric field due to electrons (holes), D,[= (kT/q)u ] (Dp] = (KT/ q)u p]) is diffusion coefficient of

electrons (holes), n (p) is non-equilibrium concentration of electrons (holes), and V n (V p) is concentration
gradient of electrons (holes), respectively.

Field-dependent mobility models

Carrier mobilities vary with the electric field E and do not remain constant across its entire range. To account
for this dependence, field-dependent mobility models have been employed in the simulations. The mobility of
electrons and holes as functions of E are described by Egs. (3) and (4), respectively**:

fon (B) = pino [1/{1+ (tno/Vaatn)’ "} 1/7n )
iy (B) = o [1/ {14 (po/Vaarp)* }] /% W

where, 1, ( S ) is mobility, E is the electric field, Viatn ( Vsatp) is saturation velocity, 5 ,, ( ,6’ ) is constant
of electrons (holes) respectively, and g .o = p,,(T1/300)”"# =, and Hopo =t (TL /300) . Here,

1., (T# p) is constant and equal to 1.5.

Carrier recombination model

Grain boundary (GB) recombination is a major factor limiting the efficiency of pic-Si-based thin-film solar cells.
Thus, accurate modeling of this phenomenon is essential for understanding and enhancing device performance.
Shockley-Read-Hall (SRH) recombination is expected to dominate in pc-Si layer and at the ZnO/uc-Si interface
of the device?. Therefore, SRH model is used to investigate GB and interface recombination in this study. The
SRH model for GB recombination in pic-Si layer can be expressed as®:

pn — n?

i [t o (B ) 75 e () ?

Rep =

where, Rgp is GB recombination rate, n, (E) is intrinsic carrier concentration (intrinsic energy level), Er, k,
and T are trap energy level, Boltzmann constant, and lattice temperature, respectively, n ( p) is non-equilibrium
concentratlon of electrons (holes), and reff (7’ ) is the effective carrier lifetime of electrons (holes), which
can be expressed mathematically as®®

11 1 11 1 p
T\ Tt ©

Tp

where, 7 ¢/ ( ;f I ) is effect lifetime of electrons (holes), 7 » (7 p) and T 9b( 1 Zb) are electrons (holes) lifetime

at grain and GBs, respectively, in pc-Si layer of the device. Moreover, the structural characteristics of an interface
and GB is same. Therefore, the model employed for GB can also be apply for interface recombination. Thus, GB
recombination model discussed in Egs. (5) and (6) have also been applied for interface recombination. It is worth
noting that the GBs in non-crystalline silicon, ic-Si in particular, contain a high density of trap states distributed
within the bandgap, with their positions being largely random. Consequently, their energy distribution within
the bandgap is modelled using a Gaussian profile. Here, the peaks of the Gaussian-distributed trap densities are
positioned at the mid-gap to account for maximum recombination.
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Optical model

In the device under consideration, ZnO layer functions as the emitter, making its transmission and reflection
properties critical. These properties primarily depend on the refractive index and thickness of the ZnO layer.
Notably, the refractive index of ZnO closely matches the optimal value for antireflection coating when the
underlying absorber layer is made of silicon?®. The transfer matrix method (TMM) solver is utilized to calculate
the beam propagation and transmission characteristics of the layer. The transmission coeflicient of the ZnO layer
is calculated to by the following relation®®:

. 2 . 2
TZnO _ nsi |: T Air :| (7)

nair | [nairHi1 + nairnsiHi2 + Ma1 + ngi Hao|

where, Tz, 0is transmission coeflicient of the ZnO layer, n ip TS and n MELG wavelength-dependent refractive
indices of air, silicon, and aluminum, respectively, and Hii, Hi2, H21, and Hao are elements of the
characteristic matrix My, related in terms of ZnO thickness, refractive index, and absorption coefficient?.

Moreover, reflectance of ZnO layer in terms of its refractive index and thickness can be written as2o:

R _ 2472+ 2rim0 cos(20) ®)
A r2r2 + 2r173 cos(20)
where, Rznois reflectance of  the ZnO layer, r1 = (Nair — N2n0)/ (Nair + nzno),

re = (nzno —nsi)/ (nzno + nsi),and@ = (27 X nzno X tzno)/ A.-Here,nzno (tzno) isrefractive index
(thickness) of the ZnO layer.

Material parameters are crucial for simulations, as they influence the performance of electronic and
optoelectronic devices. Their accuracy is essential for reliable modeling and optimization. Therefore, some
important parameters of ZnO and pc-Si used in the simulation are listed in Table 1. A flowchart illustrating the
model development process is given in Fig. 2.

Model validation

Validating the developed device simulation model against available reported data is essential to ensure its
consistency before analysis. To the best of the author’s knowledge, this is the first study on ZnMgO/uc-Si-based
thin-film solar cells with ZnMgO used as the emitter layer and a thin film of pc-Si as absorber layer. Therefore,
the developed model has been validated, as shown in Fig. 3a, against a related study reported in!®, where the
performance of a ZnMgO/c-Si bulk solar cell was analysed. It is worth mentioning that, for validating the
developed model, we considered a solar cell with 0.175 pm thick ZnMgO (Mg = 20%) emitter and a 300 um thick
crystalline silicon (c-Si) absorber, as reported in'®. This choice was made because, to the best of our knowledge,
no prior study has investigated a solar cell configuration employing a ZnO emitter with a puc-Si absorber. Some
key material parameters from'?, such as bandgap, thickness, electron affinity, carrier lifetime, and carrier.

mobilities of each layer of the cell, along with the best-fit trap density at the ZnMgO/pc-Si interface used
in the simulation, are listed in Table 2. It may be mention here that Mg concentration-dependent electron
affinity and bandgap of ZnO, as reported in literature!® and shown in Fig. 3b, has been used in the simulation

Parameters ZnMgO (n*) | uc-Si (p)
Acceptor doping density, N, (cm™) - 107
Donor doping density, N, (cm™?) 107 —10Y -
Thickness (um) 0.175" 1-5
Bandgap, Eg (eV) 3.3-3.9Y 1.45
Electron affinity (eV) 3.6-4.7" 3.9
Effective lifetime of electrons, 7 i’f ! (ps) 0.009"° 528
Effective lifetime of holes, T f,f I (us) 0.009" 528

Peak of gaussian distributed donor trap density, nyp (cm™2) 1010 — 10 1010 10

Peak of gaussian distributed acceptor trap density, g4 (cm™2) | 10'° - 10'* 1010 -10™

Energy level of gaussian distributed acceptor traps, ey (eV) Mid-gap*? 0.725

Energy level of gaussian distributed donor traps, e, p (eV) Mid-gap?? 0.725
Electron mobility, g, (cm?V~1s71) 16" 50%°
Hole mobility, 1, (cm?V-1s7t) 41 20%
Relative permittivity, € 9%7 11.2
Width of the device (um) 1

ZnO/pc-Si interface trap density, N¢ (cm~2) 10— 10

Table 1. Some important material parameters listed along with their sources.
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Fig. 2. Flowchart illustrating the model development process of the proposed solar cell simulation.
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Fig. 3. (a) Comparison of the device efficiencies obtained from the developed model with the reported results
in'® for 0% and 20% Mg concentrations. It is important to note that ZnO/Si bulk solar cell, as reported in'”
has been used for valildation of the developed model, as no ZnO/ic-Si thin film solar cell is reported so far
to the best of our knowledge. The percentage error between the reported and simulated results are given in
circular callouts (b) Variations of bandgap and electron affinity of ZnMgO layer for different values of Mg
concentration as reported in'’.
Parameters Zn, Mg, .0 (n")"® | c-Si (p)**
Thickness (um) 0.175 300
Bandgap (eV) 3.77 1.12
Electron affinity (eV) 3.81 4.05
Doping concentration (cm™3) 5% 10" 2x10'6
effective density conduction band, N, (cm™?) 4.42x10'8 2.8x10%Y
Effective density valence band, N, (cm™?) 1.78 x 10" 1.83x10Y
Electron lifetime (ns) 9 5x10°
Hole lifetime (ns) 9 5% 10°
Electron mobility (cm?V~1s71) 16 990
Hole mobility (cm?V~!s7!) 4 403
Zn, Mg, ,O/uc-Si interface trap density (cm™?) | 1x 10! (best fit value)
Table 2. Some key parameters used to authenticate the model are listed below along with their source. The
concentration of Mg in ZnO layer is considered to be 20%.
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to investigate device performance. The percentage error between the simulated and reported values for 0% Mg
concentration', is indicated with circular callouts in Fig. 3a.

Result and discussion

This section analyzes the solar cell performance parameter such as short-circuit current density (), open-circuit
voltage (V,.), fill-factor (FF), and efficiency by varying the Mg content, thickness, and doping concentration
of the ZnMgO layer, along with the absorber layer characteristics grain number and GB trap density. Figure
3b, taken from the literature!®, shows the variations of bandgap and electron affinity of the ZnMgO layer as a
function of Mg concentration. It should be mentioned here that the Mg concentration is limited to 28% because
it becomes insoluble in ZnO when exceeded beyond this value®®.

Effect of varying Mg concentration

From Fig. 3b, it is evident that changing Mg concentration changes electron affinity of the ZnMgO layer and
thus the band offset at ZnMgO/uc-Si heterointerface. Therefore, the solar cell performance has been investigated
by varying Mg concentration for different values of ZnMgO doping level. Figure 4a,b show the variations of /¢
(V) and FF (Efficiency), respectively, in relation with Mg concentration for different values of ZnMgO doping
concentration. It is found from Fig. 4a that J, increases gradually as the Mg concentration rises from 0% to 20%,
but saturates beyond this level. This behaviour is attributed to the significant reduction in the valence band notch
at the ZnMgO/pc-Si interface within this range of Mg concentration, which facilitates enhanced hole transport
across the junction. INSET-1 and INSET-2 of Fig. 5 illustrate the corresponding reduction in the valence band
notch and enhanced net hole flow across the interface with increased Mg concentrations. It may be noted that
INSET-2 of Fig. 5 shows only three Mg concentrations (0%, 8%, and 20%) for clarity, as including more would
reduce the visual comprehensibility. The ¢ saturates because the valence band notch at the interface found to
be reducing insignificantly beyond 20% Mg concentration, as can be seen from INSET-1 of Fig. 5. Moreover,
Fig. 4a shows that V. is nearly independent of Mg concentration up to 20%. However, a slight decrease in V.
is observed when Mg concentration varied from 20% to 24% and it saturates beyond 24% Mg concentration. It
can be observed from Fig. 4b that FF rapidly increases as the Mg concentration increases from 0% to 20%. This
due to the fact that increasing Mg concentration reduces the notch, resulting in reduce in series resistance of
the device. However, the FF remains nearly constant when Mg concentration increased beyond 20%, as there is
no significant reduction in the notch when Mg concentration increased beyond 20%. Since the device efficiency
is related to the product of o Voo and FF, it increases gradually with Mg concentration from 0% to 20%, but
shows a slight decline for Mg concentration between 20% and 24% and becomes constant beyond 24% Mg
concentration, as observed in Fig. 4b.

Effect of varying ZnMgO thickness

Optimization of ZnMgO, acting as emitter layer, is crucial for improved device performance. Therefore, this
subsection discusses the effect of varying ZnMgO thickness on the performance metrics of the cell. Figure 6a,b
show the variations of J,. (V) and FF (efficiency), respectively, as a function of ZnMgO thickness for Mg
concentration of 20%. It has been found that ] increases non-linearly as ZnMgO thickness increased from 20
to 100 nm, reaches its maximum value for ZnMgO thickness of 100 nm. This is because the best combination
of absorbance and resistivity is found for ZnMgO thickness near about 100 nm?’. Further increase in ZnMgO
thickness from 100 to 160 nm leads to slowly decrease in /¢ as the absorbance starts decreasing slowly. Increasing
the ZnMgO thickness beyond 160 nm causes a sharp decrease in ¢, as the absorbance drops rapidly in this
thickness range. However, V. is found to be independent for entire range of ZnMgO thickness. This is because
the ZnMgO layer does not significantly contribute to the junction formation where carrier recombination
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Fig. 4. Variations of (a) J, (V) and (b) FF (efficiency) as a function of Mg concentration for different values
of doping concentration of the ZnMgO layer.
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Fig. 6. Variations of (a) J, (V) and (b) FF (efficiency) as a function of ZnMgO thickness for 20% Mg
concentration of the ZnMgO layer.
occurs. Such variation of V. with the thickness of window layer has also been reported in®>. Now, Fig. 6b shows
that FF initially increases with the increase in ZnMgO thickness from 20 to 80 nm, remains constant between
80 nm and 180 nm, and decrease beyond 180 nm. The conversion efficiency is found to be following the nature
of J variation.
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Effect of varying ZnMgO doping concentration

This subsection discusses investigation of the device performance by varying ZnMgO doping concentration by
considering other parameters constant. Figure 7a,b show the variation of device parameters as a function of
ZnMgO doping concentration for 20% Mg concentration. It can be seen from Fig. 7a that ] . steeply increases
when ZnMgO doping level is varied from 10 to 5x 10'¢ cm™3.

This is because increasing doping level increases conductivity and thus reduces resistivity of the ZnMgO
layer, resulting in enhanced carrier collection. However, the rate of increase become slow for the doping range
between 5x10% to 10'7 cm™>. Increasing the doping concentration further from 10! to 5x 10'® cm~2 leads
Jsc to decrease slowly. This is because auger recombination, which is generally dominant at a high doping
concentration starts neutralizing the effect of enhanced carrier collection due to increase in doping level. J,. is
observed to be dropping rapidly for doping level greater than 5x 10'® cm~3, as auger recombination becomes
dominant over the effect of enhanced carrier collection. On the other hand, Voc is found to be decreasing
non-linearly as ZnMgO doping concentration increased from 10 to 10'® cm™3. This attributes to the fact that
increasing ZnMgO doping increases its Fermi level closer to the conduction band, which reduce the effective
built-in potential across the junction, leading to decrease in V,, .. Furthermore, it is found from Fig. 7b that FF
increasing rapidly when ZnMgO doping concentration is increased from 10'6 to 5x 106 cm™3. This is because of
reduced series resistivity of the cell. Moreover, FF is found to be decreasing slowly for doping range from 5 x 10
to 108 cm™3 but beyond 10'® cm™3, the rate of decrease becomes steeper due to enhanced auger recombination.
The figure also shows that efficiency rapidly increases for ZnMgO doping concentration from 10'¢ to 5x 10'¢
cm™? and decreases slowly when the doping concentration is increased beyond the value of 5x 10'® cm=3. This
behaviour attributes the combined effect of | o Voo and FF.

Grain boundary effects

Since the absorber layer, which contains multiple grain boundaries (GBs), is the primary region for generating
electron-hole pairs that contribute to the device current, it is essential to investigate the impact of GB
recombination on the device performance. In this subsection, number of grains in the absorber layer has been
varied to analyze the device performance. It has been found from experimental data that GB size of pic-Si ranges
from 3 nm to 100 nm*. Therefore, by considering 1 um width of the device, size of the grain along the X-axis
would range approximately from 10 to 100. Figure 8a,b show the variations of /o (V) and FF (efficiency) as
a function of number of grains in the absorber layer for Mg concentration of 20% of the ZnMgO layer. It can
be observed from Fig. 8a that J. (V,).) exponentially decreases from 20.64 mA/cm?* (0.815 V) to 16.48 mA/
cm? (0.71 V) mA/cm? when the number of grains in the absorber layer is varied from 10 to 100. Moreover,
FF (efficiency) is found to be exponentially decreasing from 84.78% (14.3%) to 71.7% (8.4%) as number of
grains in the absorber layer is varied from 10 to 100, as shown in Fig. 8b. Such decrement in J., V., FF, and
efficiency with the increase in number of grains is because increasing the number of grains increases number
of grain boundaries, consequently increase effective carrier recombination in the absorber layer leading poor
device performance. Now, the solar cell performance has been investigated by varying GB trap density for 20%
Mg concentration of ZnMgO layer, as shown in Fig. 9a,b. The variation of J¢. (V,,.), and FF (efficiency) as a
function of GB trap density is shown in Fig. 9a, respectively. It is found from Fig. 9a,b that effect of GB trap
density from 10'° cm 2 to 10" ecm™ on J, V,,» FF, and efficiency has insignificant impact. This is because
net carrier recombination is dominated by the bulk recombination in the absorber for this range of GB trap
density. However, as the GB trap density increased beyond 101 cm2, Jso Voo FFs and efficiency are found
to be decreasing sharply, as GB recombination becomes the dominant mechanism?!-34. It may be noted that
experimentally reported values of GB trap densities in silicon range from 10'! cm~2 to 10'2 cm™#*>%, Therefore,
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Parameter Value
Voo (V) 0.82
Jgc (mA/cm?) 20.64
EF (%) 84.47
Efficiency (%) 14.3
ZnMgO thickness (nm) 100
ZnMgO doping level (cm™3) 5x10'°
Number of grains in the absorber layer | 10
GB trap density (cm™2) 10!
Mg concentration in ZnMgO layer (%) | 20
Table 3. List of optimized device parameters yielding maximum efficiency.
the range of GB trap densities considered in our study fully encompasses the experimentally reported values. The
optimized parameters corresponding to the maximum device efficiency is summarized in Table 3.
Conclusion
This work presented, for the first time, a comprehensive two-dimensional numerical model for ZnMgO/pc-
Si thin-film solar cells, incorporating the effects of Mg concentration, ZnMgO thickness and doping, as well
as GB recombination in the pc-Si absorber. The study investigates device performance by varying the Mg
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concentration, thickness, and doping density of the ZnMgO emitter, along with the number of grains and GB
trap density in the absorber layer. The results demonstrate that device performance improves significantly with
Mg incorporation up to 20%, beyond which the effect saturates. Optimal emitter performance is achieved at a
thickness of ~ 100 nm and a doping level of ~ 5 x 10'® cm™>. It was further shown that GB recombination critically
limits efficiency, with device performance sharply deteriorating once GB trap density exceeds 10'! cm™. The
developed model predicts a maximum efficiency of ~14.3% for an optimized ZnMgO/pc-Si configuration and
exhibits good agreement with reported experimental trends, underscoring its reliability. These findings highlight
the potential of ZnMgO/uc-Si heterojunctions for low-cost, high-performance thin-film photovoltaics and
emphasize the necessity of interface and GB passivation through some chemical and field passivation for further
efficiency enhancement. It is important to note that fabricating ZnMgO/uc-Si thin-film solar cells involve key
challenges, including precise control of ZnMgO composition for proper band alignment, uniform layer thickness
to prevent local performance variations, and effective passivation of grain boundaries in the pc-Si absorber to
reduce recombination. Addressing these factors makes the simulation model more realistic.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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