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Nanohole (NH) patterning in silicon has been widely explored as an effective light-trapping strategy for
photovoltaic devices; however, the extent to which optical enhancement translates into electrical performance
improvement remains strongly limited by carrier recombination and doping-dependent transport effects. In
this work, a coupled optical-electrical TCAD framework is employed to systematically investigate the impact
of engineered silicon nanohole geometries on both light absorption and device-level performance. Nanohole
thicknesses ranging from 100 to 400 nm and acceptor doping concentrations from 10 to 10'® cm -3 are ana-
lyzed through weighted optical efficiencies, carrier generation, recombination dynamics, and current-voltage
characteristics. The results show that increasing nanohole thickness significantly enhances light trapping,
with weighted absorption efficiency exceeding 45 % for a nanohole thickness of 400 nm and up to ~ 40 % im-
provement in optical absorption compared to a planar reference structure. Electrical simulations reveal a
clear efficiency optimum at an acceptor doping concentration of approximately 108 ¢cm-3, beyond which
Shockley-Read-Hall recombination degrades carrier collection. At this optimal operating point, the 400 nm
nanohole-based device achieves a significant PCE enhancement relative to the planar thin-film cell. The
study demonstrates that maximum efficiency is achieved through a balanced co-optimization of nanohole ge-
ometry and doping concentration, and establishes TCAD-based quantitative design guidelines for a

nanostructured silicon solar cell beyond optical-only optimization approaches [1-3, 6-9].
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1. INTRODUCTION

In recent years, renewable energy-based technologies
have gained significant global attention. Solar PV tech-
nologies are gaining importance for sustainable energy,
with performance largely dependent on efficient light
absorption. Silicon is widely used, but requires thick
layers due to its indirect bandgap and low near-infrared
absorption, increasing cost [5]. Nanohole (NH) struc-
tures improve light trapping via scattering and resonant
effects, enhancing absorption in thinner layers [6].

However, higher absorption alone does not ensure
better efficiency, as carrier transport, doping, and re-
combination also play key roles. In nanostructures, in-
creased surface area raises recombination — especially
Shockley-Read-Hall-reducing performance. The com-
bined impact of NH geometry and doping on optical and
electrical behaviour remains insufficiently explored.

This work uses coupled optical-electrical TCAD
simulations, varying NH thickness (100-400 nm) and
doping (10%5-1019 ¢m~3), to analyse absorption, carrier
dynamics, and device performance. It links light trap-
ping with recombination effects, providing design
guidelines for optimized silicon solar cells.

Unlike previous studies that focus predominantly
on optical enhancement, this work establishes a direct
correlation between nanohole-induced light trapping
and recombination-limited electrical performance. The
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results provide quantitative TCAD-based design guide-
lines for optimizing nanohole geometry and doping con-
centration, thereby enabling efficient silicon solar cell
designs beyond conventional optical-only optimization
approaches [2-3, 7-10].

While nanohole-based silicon architectures have been
extensively explored for enhancing optical absorption in
photovoltaic devices, most previous studies primarily fo-
cus on optical performance without systematically ad-
dressing the associated electrical transport and recombi-
nation losses. In particular, the interplay between
nanostructure geometry and doping-dependent carrier
recombination remains insufficiently quantified.

NH array

Fig. 1 — Illustration of a silicon nanohole (NH) array structure
used for enhanced light trapping in photovoltaic applications
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In this work, we address this gap by employing a
coupled optical-electrical TCAD approach to identify
performance optima arising from the co-optimization of
nanohole thickness and acceptor doping concentration.
By explicitly correlating light-trapping enhancement
with carrier generation, recombination dynamics, and
current-voltage characteristics, this study provides de-
vice-level insights and quantitative design guidelines
that extend beyond optical-only optimization [1-3, 6-8].

2. METHODOLOGY

Simulations were carried out using the Sentaurus
suite of Synopsys TCAD tools. The structure under
study consists of a p-n junction with a variable-
thickness active layer and varied doping concentrations
in the absorber region. Optical simulations included
calculations of light absorption, reflection, and physical
processes affecting performance and yield. Nanohole
diameter and depth (aspect ratio) strongly influence
absorption efficiency.
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Fig. 2 — Absorption spectra of thin films with thickness rang-
ing from 100 nm to 400 nm

Sentaurus device is an advanced TCAD simulator
for modelling electrical, thermal and optical behavior in
silicon. Array Periodicity: How spacing affects resonant
modes. Incident Light Angle: The effect of oblique illu-
mination.

The TCAD-generated designs were then imported
into optical simulation software to analyze light ab-
sorption characteristics [11, 12]. Optical simulations
focused on transmission, while electrical simulations
focused on I-V characteristics and recombination rates.

Silicon nanohole arrays are commonly fabricated
through electron beam lithography or nanoimprint li-
thography, followed by an etching process to define the
nanostructures. Optical absorption characteristics were
studied using finite-difference time-domain (FDTD)
simulations. The results were compared with flat silicon
surfaces to evaluate enhancement factors [5].

Sentaurus Device is used to solve Poisson and drift-
diffusion equations with SRH and Auger recombination,
using position-dependent generation, Ohmic contacts, and
a refined mesh for accurate nanohole transport [3-7].

3. RESULTS AND DISCUSSION
3.1 Spectral Absorption Trends

Peak absorption: The optical absorption spectra
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show distinct peaks in the 0.45-0.55 um (visible) range.
Among all samples, the 400 nm film (red curve) exhib-
its the highest peak absorption, reaching ~ 0.9, indicat-
ing superior light-harvesting capability in this spectral
region.

Tail Behavior: Beyond 0.6 um, all samples show a
gradual decrease in absorption, reflecting reduced in-
teraction with lower-energy photons in the near-
infrared region. This behavior indicates increased mate-
rial transparency and band-structure-limited absorption
at longer wavelengths, which is important for wave-
length-selective applications such as photovoltaics and
photodetectors.

Spectral Features: Nanostructured films with
400 nm nanoholes exhibit multiple absorption peaks
across the spectrum, indicating resonant optical effects
from periodic structures. These include plasmonic reso-
nance and guided mode coupling, enhancing light trap-
ping. Notably, absorption is significantly improved in
the near-infrared (NIR) region, making these structures
suitable for infrared photodetectors and advanced pho-
tovoltaic applications [7].

Absorption spectra were simulated for four nanohole
(NH) thicknesses — 100 nm, 200 nm, 300 nm, and 400
nm — revealing a trend of enhanced optical absorption
with increasing NH thickness [1-3, 6].

WAE improved with thickness up to a thickness of
NH 400 nm, beyond which gains were minimal due to
optical saturation.

WRE decreased with thickness as incoming light in-
teracts more extensively with the textured surface. This
creates multiple internal reflections, reflecting im-
proved light trapping.

WTE also decreased with thickness as more photons
were absorbed within the material.

A significant enhancement in 7w.e — WAE is observed
with increasing NH diameter. While the TF structure
demonstrates the lowest efficiency, a progressive increase
is noted from NH = 100 nm to NH = 400 nm, with the
latter achieving the highest efficiency exceeding 45 %.
This trend highlights the positive correlation between NH
size and light trapping capabilities, attributed to in-
creased scattering and absorption path length within the
active layer. Contrastingly, 7we — WRE shows an inverse
trend, where the TF structure and smaller NH diameters
(100-200 nm) yield higher efficiencies, and a sharp decline
is noted for NH = 300 nm and 400 nm.

Five doping concentrations were simulated. The fol-
lowing observations were made:

The short-circuit current density (Jsc) represents
the maximum current a solar cell can deliver when the
terminals are shorted (i.e., under zero external load). In
the context of silicon nanohole-based [4-6] absorption or
optical losses in the larger NH configurations under
specific conditions, such as wavelength sensitivity or
angular light incidence. Again 7wte — WTE confirms the
superior performance of NH = 400 nm, which surpasses all
other configurations, including TF. The slight differ-
ences in among NH sizes indicate a more moderate
sensitivity in this operational condition but still em-
phasize the advantage of nano-structuring for perfor-
mance enhancement.

Photovoltaic cells: Jsc exhibits a non-linear depend-
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ence on doping concentration. At low to moderate doping
levels, increased carrier concentration supports efficient
current generation. However, at high doping, the minority
carrier diffusion length (electrons in
p-type or holes in n-type) decreases significantly due to
enhanced impurity scattering and increased recombina-
tion. Consequently, although optical absorption remains
high, reduced diffusion length limits effective carrier col-
lection, leading to a decline in Jsc. This effect is further
aggravated by increased defect-assisted (SRH) recombina-
tion at higher doping levels. Additionally, the shortened
carrier lifetime restricts charge transport, making carrier
extraction less efficient and ultimately degrading device
performance. Furthermore, bandgap narrowing and Au-
ger recombination at very high doping concentrations can
further suppress carrier collection efficiency. Therefore, an
optimal doping range is essential to balance carrier gen-
eration and recombination losses for maximizing Jsc. In
nanostructured devices, this effect becomes more pro-
nounced due to the increased surface-to-volume ratio,
which enhances surface recombination. As a result, sur-
face passivation becomes critical for maintaining high
carrier collection efficiency. Overall, achieving high Jsc
requires careful control of both bulk doping and surface
recombination mechanisms.

Open-circuit voltage (Voc) is the maximum voltage a
solar cell can produce when no current is drawn (i.e., the
circuit is open). Voc generally increases with moderate
doping levels because doping enhances the built-in electric
field and reduces the recombination of minority carriers,
particularly in the depletion region. With fewer recombi-
nation events, the separation between electron and hole
quasi-Fermi levels increases, leading to a higher Voc.

PCE is the ratio of electrical power output to the in-
cident solar power input. In this study, PCE reaches its
peak at an optimal doping level. At this point, the dop-
ing is sufficient to establish strong built-in fields and
limit recombination without introducing excessive de-
fects or reducing carrier mobility. Beyond this optimal
doping point, both Jsc and Voc begin to suffer due to
increased recombination and shorter carrier lifetimes,
leading to a decline in overall efficiency.

SRH recombination is a non-radiative process that
occurs via defect states in the bandgap, typically intro-
duced by impurities or lattice defects. This recombina-
tion mechanism becomes significantly more active at
higher doping concentrations. The increase in doping
leads to more defect-related trap states that act as re-
combination centers. As a result, SRH recombination
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rates increase, reducing the carrier lifetime and con-
tributing to both lower Jsc and Voc.

Optical generation refers to the creation of electron-
hole pairs due to light absorption. In nanohole arrays,
the optical generation remains relatively stable across
different doping concentrations because the physical
nanostructure governs how light is trapped and ab-
sorbed. These structures effectively enhance light ab-
sorption via mechanisms like multiple scattering and
resonance effects, especially in the visible and near-
infrared regions. However, while generation remains
high, the ability to collect the generated carriers (col-
lection efficiency) is heavily influenced by the doping
level. Higher doping may result in shorter diffusion
lengths and increased recombination, reducing the
fraction of generated carriers that contribute to the
electrical output.

3.2 Performance Comparison

Graphical data and spectral studies demonstrate
that silicon nanohole arrays have superior absorption
efficiency compared to flat silicon surfaces. The best-
performing nanostructure design shows an improve-
ment of up to 40 % in absorption, leading to enhanced
photocurrent output [10]. TCAD-enabled modelling
provided precise control over nanohole geometries, fa-
cilitating systematic design variations. The ability to
visualize and adjust parameters in TCAD before simu-
lation helped refine the structures for optimal light
absorption performance [1-4, 6-8]. The integration of
AutoCAD into the design process proved invaluable in
achieving precise and efficient nanostructures. Contin-
ued advancements in nano structuring techniques and
design tools like TCAD will pave the way for more effi-
cient and cost-effective solar technologies [12].

4. APPLICATIONS AND FUTURE PROSPECTS

Silicon nanohole arrays enhance light absorption
and PCE by optimizing doping and NH thickness with-
out added cost, and can be applied to perovskite, organ-
ic, and CIGS solar cells. Thicker NH layers improve
carrier generation and reduce recombination, making
them suitable for low-light use. They also enable appli-
cations in flexible electronics, sensors, and tandem
cells, with further gains possible using advanced mate-
rials and improved AutoCAD-based design.
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Fig. 3 — Comparison of nanostructures (NHs) of varying sizes in terms of (a) weighted absorption efficiency (7wae — WAE)
(b) weighted reflection efficiency (7we — WRE), and (c) weighted transmission efficiency (7wte — WTE) (cm -3 s-1) 1015
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Fig. 4 — (a) Short-circuit current as a function of acceptor doping levels; (b) Open-circuit voltage depending on acceptor
doping levels; (¢) Power conversion efficiency (PCE) as a function of doping levels; (d) I-V characteristics for all five con-
sidered geometries; (¢) SRH recombination rates as a function of doping levels; (f) Optical generation rates based on dop-

ing levels
5. CONCLUSION

In this work, a comprehensive TCAD-based optical-
electrical investigation of silicon nanohole (NH)-

engineered photovoltaic devices has been presented,
with a particular emphasis on correlating nanohole
geometry and acceptor doping concentration with re-
combination-limited device performance. By systemati-
cally varying the nanohole thickness from 100 nm to
400 nm and the acceptor doping concentration from
1015 to 1019 ¢cm — 3, distinct performance regimes govern-
ing optical absorption, carrier transport, and power
conversion efficiency were identified [6-8]. Optical sim-
ulations demonstrate that nanohole patterning signifi-
cantly enhances light trapping compared to planar
thin-film silicon. The weighted absorption efficiency
(WAE) increases monotonically with nanohole thick-
ness, exceeding 45 % for a nanohole thickness of
400 nm. Compared to the planar reference structure,
the optimized nanohole configuration exhibits up to
~ 40 % enhancement in optical absorption, particularly
within the visible and near-infrared spectral regions.
Electrical analysis reveals that device performance is
strongly influenced by the interplay between optical
generation and recombination dynamics. The short-
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DopMyBaHHS HAHOOTBOPIB ¥ KPEMHII IIIPOKO JTOCTKYETHCS AK e(DEeKTUBHA CTPATETIsS 3aXOIJIEHHs CBIT/IAa
111 hOTOETIEKTPUYHUX IIPUCTPOIB; ONHAK CTYIIHB, 10 SKOI OIITUYHEe IIOKPAIleHHA IPHU3BOAUTD JI0 IIOKPAIIEHHS
€JIEKTPUYHUX XapaKTEePUCTHUK, 3aJIAIIAETHCS CHILHO 00MesKeHOI PeKOMOIHATIIEI0 HOCIIB 3apsity Ta 3aJIesKHIMI
Bl JIETYBaHHS TPAHCHOPTHUME edeKTamMu. Y Il pobOTi BHKOPHCTOBYETHCS IIOB'SI3aHA OIITHUKO-€JIEKTPHYHA
crpykrypa TCAD st cucTeMaTWYHOrO JOCITIKEHHS BIUIMBY CIPOEKTOBAHUX IeOMeTpiil KPeMHIEBHUX Ha-
HOOTBOPIB SIK Ha IOIVIMHAHHS CBITJIA, TaK 1 HA IPOAYKTUBHICTH IpucTpor. TopumHa HaHooTBOpiB Big 100 mo
400 HM Ta KOHIIEHTPAIILS JIeryBaHHsA akmerropamu Bix 1015 mo 101 ¢cm ™ aHATI3YIOTHCS 32 JOIIOMOTOI0 3BAKe-
HOI OIITHYHOI e)eKTUBHOCTI, TeHepallii HOCIiB, JMHAMIKM PEeKOMOIHAII Ta BOJILT-AMIIEPHUX XAPAKTEPHUCTHUK.
PesynpraTi nokasyiors, 110 30LIbIIIEHHS TOBIIUHNA HAHOOTBOPIB 3HAYHO IOKPAIIyE 3aXOILIEHHS CBITJIA, IPHU-
YoMy 3BasKeHA e(PeKTHBHICTD IIOIVIMHAHHS IIepeBuinye 45 % Iy TOBIMHA HaHOoOoTBOpY 400 HM Ta IOKpAaIiye
orrTryHe moramHAaHHA 10 ~ 40 % HOPIBHAHO 3 IUIAHAPHOIO OIIOPHOKI CTPYKTYpoko. EjaexTpuyHe MopmesoBaHHS
BUSIBJIsSIE YITKUN ONTUMYM e(eKTHBHOCTI IIPX KOHIEHTpAIIll JeryBaHHs akifenrropa npubsmsno 1018 cm -3, 3a
Meskamu sikol pexombirartis Hloximi-Piga-Xosia noripiye 36upasHs HociiB 3apsiy. ¥ Il oTUMaIbHIN pobo-
4iif TOYI[ IPHUCTPiil Ha OCHOBI HAHOOTBOPIB podmipom 400 HM nocsrae 3HauHoro mokpaineHts PCE mopiBasHO 3
IJIAHAPHOI TOHKOILTIBKOBOI KOMIpKOW. JOCTipReHHSI TIEMOHCTPYE, 10 MaKCHMAaJbHAa e(PeKTHBHICTE J0csra-
€ThbCsI 3aBISAKK 30aIaHCOBAHIM KOONTHMMI3allli reoMeTpii HAHOOTBOPIB Ta KOHIIEHTpAIll JIEryBaHHS, a TaKOK
BCTAHOBJIIOE KUIHKICHI PEKOMEH/IAIIIT 010 TPOEKTYBAHHS HAHOCTPYKTYPOBAHOTO KPEMHIEBOTO COHSYHOTO eJie-
menTa Ha ocHOoBl TCAD, 110 BUXOATE 32 pAMKH JIMIIe ONTUYHUX IMIX0/IIB onTuMisalii [1-3, 6-9].

Knrouosi ciiosa: Hanoorsopu, Kpemmiit, TCAD, Omrruuse morymHauHs, [linBuinena epeKTUBHICTS.
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