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Abstract: In recent years, newly emerging photovoltaic (PV) devices based on silicon nanowire
solar cells (SINW-SCs) have attracted considerable research attention. This is due to their
efficient light-trapping capability and large carrier transportation and collection with compact
size. However, there is a strong desire to find effective strategies to provide high and wideband
optical absorption. In this paper, a modified circular nanowire (NW) with a nanocrescent hole
is newly introduced and analyzed for solar cell applications. The crescent hole can strongly
improve the light absorption through the NW due to the excitation of numbers of modes that can
be coupled with the incident light. The material index, volume, and position of the nanohole
are studied to significantly increase the optical absorption efficiency and hence the power
conversion efficiency (PCE). The absorption performance can be further preserved by using
a silicon substrate due to the coupling between the supported modes by the NW, and that of
the substrate. The optical and electrical characteristics of the suggested design are investigated
using finite difference time domain and finite element methods via Lumerical software packages.
The reported asymmetric design offers higher optical and electrical efficiencies compared to
the conventional NW counterpart. The proposed NW offers a short circuit current density (Js.)
of 33.85 (34.35) mA/cm? and power conversion efficiency (PCE) of 16.78 (17.05) % with an
enhancement of 16.3 (16.8) % and 17.3 (18.4) % for transverse magnetic (TM) and transverse
electric (TE) polarizations, respectively, compared to the conventional cylindrical counterpart.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Nowadays, there is a rapid increase in using renewable energy resources in our daily life. A
transition from fossil fuel-based energy to sustainable and clean energy resources plays an
important role in this aspect. It is highly aimed, in the photovoltaic (PV) community, to reduce the
amount of used silicon (Si) in solar cells (SC) to decrease its overall cost. This can be achieved by
using thin film (TF) SC with a thickness of few micrometers [1-4]. Further, the thinner Si wafers
have several advantages such as realization of efficient carrier diffusion and collection under a
short transport length. Additionally, lower-quality materials can be used for PV products at a low
cost. However, thin c-Si wafers have low optical absorption due to its indirect-bandgap [5].

In order to boost the absorbed light and power conversion efficiencies of the TFSC, several
strategies based on nanotechnologies have been employed. In this regard, nanopillars [6],
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nanowires [7,8], nanocones [9-11], nanoholes [12—14], nanodomes [15], nanostars [16], nanopy-
ramids [17-20], and nanopencils [21,22], have been used at the front and/or back side of the
absorber layer to reflect, diffract, and refract light, to increase the total optical path length within
the cell [23-26]. Previous studies showed that controlling the size, geometry and orientation of
the nanowire (NW) can readily tune the light absorption within the NW [8,27]. In this regard,
several designs have been introduced, analyzed and fabricated such as cylindrical, rectangular,
conical, stars and funnels NWs. Further, Hussein ef al., have proposed funnel shaped SiNWs with
an efficiency as high as 41.8% [28] and PCE of 14.13% [29]. Furthermore, it has been shown that
the NWs distributed in a rectangular geometry have higher external quantum efficiency (EQE)
than the hexagonal arrangement with the same volume [30,31]. Korany et al., [32] have studied
the optical and electrical characteristics of the conical structures with an optical efficiency of
44.21% and electrical efficiency of 17.21%.

Moreover, other studies have reported improved performance of the SCs based on different
materials such as indium phosphide [33,34], gallium arsenide [35,36], zinc oxide [37,38],
crystalline silicon [39—42], amorphous silicon alloys [43—45]. It has been reported that different
positions [46] and nano-hole (NH) diameters combinations [47] can improve the optical
absorption efficiency of centered nano-hole arrays. Perpendicular elliptical nanohole arrays
break the symmetry of circular arrays, thus boosting the number of modes that can be coupled
with the incident light [48]. Changing the rotation angle of the elliptical NH properly around its
axis to adjust the distance between the adjacent NH wall can also significantly increase optical
absorption efficiency. These results indicate that an asymmetrical design has better optical
absorption than symmetric counterparts. Further, Zhang et al., [49] showed that SINWs with
an asymmetrical nanovoid design can improve the short circuit current density by 37.5% over
the conventional solid nanowire devices with reduced photoactive material. Further, Yang et al.,
[46] reported that the broken angular symmetry of the NW could improve the light-harvesting
performance with photocurrent density enhancement of 45% over the conventional counterpart.
In this paper, we introduce a NWSC with a crescent nanohole to improve the absorption in most
of the visible and ultraviolet bands.

In this study, the optical and electrical parameters of the proposed design are studied by using
the finite difference time domain (FDTD) and finite element (FEM) methods and compare the
performance parameters with conventional solid NW counterparts. It is worth mentioning that by
controlling the material index, volume, and position of the nanohole the absorption efficiency can
be maximized and hence the power conversion efficiency (PCE). The proposed design achieves
considerable light absorption improvement due to the excitation of reinforced resonances of the
nanohole cavity. The suggested NW with crescent NH shows an optical absorption enhancement
of 22.5% and (12.89%) for TM and (TE) polarizations, respectively, compared to the conventional
solid NWs counterparts. Additionally, the PCE is also improved by 17.3% (18.4%) relative to
the conventional solid NWs. Further, the suggested design has better PCE than funnel shaped
NW [29], by 18.75% and is comparable to conical NWs reported in [32].

2. Simulation strategy
2.1.  Optical simulation

Figure 1(a) displays a schematic diagram of the proposed SINW SC with a crescent nano hole.
The modified SINW has a radius R while the crescent nanohole has an inner and outer radii of r;
and r,, respectively, as revealed from Fig. 1(a). The crescent nanohole is shifted from the NW
center by distances dx, and dy in the x and y directions, respectively. In this study, the structure
periodicity A, nano wire height A, crescent nanohole depth v, and radius R are initially taken as
500 nm, 2330 nm, 2330 nm and 200 nm, respectively. To evaluate the absorption spectra of the
suggested SiNWs under plane wave incidence, 3D finite difference time domain (FDTD) is used
via Lumerical software package [50]. The periodic boundary conditions are employed in x- and
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y-directions to create an infinite periodic square array. However, a perfectly matched layer (PML)
boundary condition is also used along the top and bottom boundaries in z-direction as shown in
Fig. 1(a) to absorb any radiated modes and reduce unnecessary reflections. The absorption A(\)
is defined as the fraction of the absorbed incident light in the NWs at wavelength A, which can be
calculated from the transmission T()A) and reflection R()\) as follows

AQ) =1-=TO) - RO). (1)
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Fig. 1. (a) The simulated 3D computational domain of the modified Si NW unit cell, and
(b) cross-section of the suggested Si NW in x-y plane.

In order to calculate the T(A) and R()A), two monitors are placed below and above the studied
NW as shown in Fig. 1(a). In this investigation, the refractive index of the Si is taken from Palick
model reported in [51]. To evaluate the absorption capabilities of the proposed SiNWs with a
crescent nano hole, the ultimate efficiency 1), is calculated as follows:

138 Fs()£AA)dA
= £ . 2
NS T R @

Where Ag is the Si bandgap wavelength, and Fs () is the photon flux density in the AM 1.5 solar
spectral irradiance. In this study, Ag is taken as 1100 nm; corresponding to the silicon material
energy gap. Additionally, based on charge of electron e, plank’s constant h and , the short circuit
current density Jg is calculated as follows:

JA%00mm B 1) dA = 81.83 X n(mA/cm2). 3)

eA
Jse =1 f

h

2.2. Electrical simulation

From a practical point of view, it is necessary to perform an electrical stimulation for the studied
design. This is a vital step for the design of the solar cells , because the J is overestimated
in a pure optical design that assumes a perfect internal quantum efficiency (i.e., IQE=100%).
In the optical analysis, all carrier loss mechanisms are neglected during carrier transportation
and recombination. Further, it is previously assumed that every photon with greater than the
silicon bandgap produces one and only one electron hole pair. The electrical characterization
of the suggested design is carried out further by using the 3D finite element method via the
Lumerical Software package. Figures 2(a) and 2(b) show the schematic diagrams of a square
array of the crescent NWs and a unit cell with an axial (p-i-n) doping fixed on Si-substrate, while
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the top contact of the crescent NWs is used as an emitter. Additionally, the substrate entire area is
enveloped with bottom contact which is used as a base as shown in Fig. 2. The crescent NWSC
geometrical parameters are listed in Table 1.

@ (b)

Fig. 2. Schematic diagram of (a) the vertically aligned crescent NWs array and (b) the axial
p —i —n junction of the proposed NW.

Table 1. The geometrical parameters of the suggested

NWSC.
Parameter | Description Nominal value
R Nanowire radius 200 nm
I crescent nanohole inner radius | 80nm
To crescent nanohole outer radius 160 nm
v crescent nanohole depth 2330nm
dx sidelong deviation distance 15nm
dy deviance distance 15 nm
h Nanowire height 2330 nm

Table 2. The geometrical parameters of the
doping concentrations.

Doping layer n++ n i p P++
Thickness (nm) 50 250 | 3350 | 400 80

3. Results and discussion
3.1. Optical results

Figures 3(a) and 3(b) show the simulated absorption spectra for both conventional solid cylindrical
SiNWs and the proposed SiNWs with the crescent nanohole for transverse electric (TE) and
transverse magnetic (TM) polarizations. In this study, the geometrical parameters values are
R =200nm, r; =80nm, r, =160nm, dyx = 15nm and dy = 15nm, as shown in Table 2. It is
evident from Fig. 3 that the proposed design offers better absorption efficiency in short and
long wavelengths than conventional cylindrical solid NWs for TE and TM polarizations. The
conventional cylindrical NWs array cannot support some modes owing to its mirror symmetry
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[52,53]. The point group symmetry of the unit cell of a circular NW array contains a four-fold
rotation axis and four mirror planes. Therefore, the use of asymmetric crescent nanohole through
the NW will remove the mirror symmetry of the proposed NW. Therefore, the number of bands
that can be coupled with external incident light will be increased with absorption enhancement.
Further, vertical channeling modes are supported in the crescent nanohole, which is favorable to
the absorption of incident light. This is due to the enhancement in antireflection caused by the
channeling modes concentration in the low-index crescent nanoholes [54]. To understand the
absorption enhancement through the crescent nanohole NW, the electric field distributions in the
x-y plane are shown in Figs. 3(c) and 3(e) for TE and TM polarizations at wavelength of 496 nm.
Additionally, the field distribution through the solid NW is depicted in Figs. 3(d) and 3(f). It
may be seen from these figures that the resonant modes are more complex in the NW with the
crescent nanohole than the solid NW. This is owing to the nanohole defect inside the NW which
adjusts the interior resonant nature dramatically and produces stronger resonances. Therefore, the
absorption and hence the J. are improved as shown in Figs. 3(a) and 3(b), and listed in Table 3.
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Fig. 3. Absorption of the modified Si NW and solid SINW at R=200 nm for (a) TM and
(b) TE polarizations. The electric field profiles in the x-y plane are shown through the (c,e)
suggested crescent Si NW and (d,f) solid Si NW at A =496 nm, and R =200 nm, r; = 80 nm,

1o =160nm, dx = 15nm and dy = 15nm.

Table 3. The ultimate efficiency and short
circuit current density of the suggested
design and the solid NW.

Parameters Proposed NW Solid NW
TE ™ TE ™
M % 324 | 348 28.7 | 28.4
Jsc (mA/em?) | 265 28.5 234 | 232
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To further emphasize the implied mechanism of the absorption improvement, the field profiles
through the solid NW is studied. Figure 4 shows the steady-state field profiles in the x-z plane for
the suggested crescent nanowire and the conventional solid cylindrical at A =924 nm for TE and
TM polarizations. It is evident that more incident light is coupled with the supported modes
through the suggested crescent nanowire arrays than the conventional NW. The coupled light has
been absorbed by the active material which enhances the electron hole pair generation and power
conversion efficiency through the suggested NW. This is compatible with that reported in [55]
with off-axial core/shell silicon NWs where the photoactive region is deviated from the shell
center. It has been shown that the asymmetric core/shell design has a dramatic improved light
absorption over a broadband of wavelengths. Such an absorption enhancement is mainly due to
the strengthened nanofocusing effect with improved coupling between the photoactive material
and the focus of the dielectric shell [55].

Suggested NW Solid NW

x(nm) x(nm)

(c) (d)

Fig. 4. Absorption field profiles in x-z plane at A =924 nm for (a, b) TM, and (c, d) TE

polarizations.
29 - 29
28
< 28 “—
£ g 27
o o
< 27 ~ N < 26
E E
> »25
= 26/=TM | - / —T™
TE 24 TE
o5 [~ (TM4TE)/2 - , = (TM+TE)/2
25 50 75 100 85 115 145 170
ri(nm) ro(nm)
(a) (b)

Fig. 5. Short-circuit current density versus (a) the inner radius rj, and (b) the nanohole outer
radius r,.

The geometrical parameters are studied thoroughly to improve the light absorption and
minimize the reflection. First, the effect of shifting the center of the crescent nanohole layer
upwards or downwards from the central position as shown in the inset of Fig. 5. Figure 5(a)
shows the variation of the J. with the deviance distance dy from the center while the other
parameters are kept constants at their initial values. It can be seen that as dy is increased from 0
to 15 nm, the J is increased to maximum value of 28.5 mA/cm?. Figure 5(c) shows the norm
component of the fundamental TM mode through the suggested NW at dy= dy = 15nm. It may
be seen that the fundamental mode is well confined through the NW which can produce high
absorption through the active layer. If dy is further increased to 70 nm, the outward leakage of
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Fig. 6. (a) Jsc versus the refractive index n of the filling materials. The absorption spectra
of the NWSCs with nanoholes filling with air and SiO; under (b) TM and (c) TE incidences,
respectively.

the fundamental mode will be increased with increased radiation losses as shown in Fig. 5(d).
This will reduce the absorption and hence the Jy to 25.4 mA/cm?. Therefore, dy=15nm will
be used in the subsequent simulations. Next, the impact of the sidelong deviation dy of the
nanohole on the NW solar absorption is studied. Figure 5(b) illustrates the short circuit current
density Js. dependence on the sidelong deviation dy under TM, TE, and unpolarized cases. It
may be seen that the J;. curve is symmetric around dy =0nm and dy = 15 nm for the studied
polarizations. Further, maximum Jy. of 28.5 mA/cm? can be obtained for TM polarization with
an improvement of 22.8% at dy=15 nm. If dy is further increased to 40 nm, the leakage of the
fundamental mode and hence the radiation losses will be increased as shown in Fig. 5(e). This
will reduce the absorption and hence the Js. to 27.01 mA/cm?. Notably, the position of the
crescent nanohole inside the NW is critical, which should be configured in an asymmetrical
way to improve optical absorption. The geometrical parameters of the other design are tuned
to further improve the optical efficiency of the reported design. Figure 6(a) shows the relation
between Jg. and r; while the other parameters are fixed at dy =15, dy=15, R =200, r, = 160 nm.
It can be noted that as r; increases, the J is also increased. The maximum Jg is attained at
1r; = 80 nm. Figure 6(b) shows the variation of the Ji. with the nanohole radius r, while the other
parameters dy, R, rj and dy are fixed to 15 nm, 200 nm, 80 nm and 15 nm, respectively. It may be
revealed from this figure that the Ji. increases with increasing the r, for TM incidence where
maximum Jg of 28.5 mA/cm? is obtained at r,=160 nm. However, maximum J of 27.9 mA/cm?
is obtained at 1,=180 for (TE) incidence. At dy=dx=15nm, if the crescent nanohole size is
increased, various new modes are excited in the long wavelength region. Additionally, the hole
resonances are strengthened with dramatically improved absorption performance as shown in
Fig. 3. The filling material through the crescent hole is next studied. Figure 7(a) shows the J
as a function of the refractive index (n) of the filling material for the TM, TE, and unpolarized
incidences. The studied materials are air (n=1), SiO,(n=1.45), SizN4(n=1.98) and SiC (n=2.6).
Further, the nanohole SiNW has R=200 nm, r; =80 nm, r, = 160 nm, dy = 15nm, and dx = 15 nm.
It is evident that the asymmetrical NW with the air crescent hole has higher light-harvesting
performance than the filled nanohole with other materials for all studied polarizations as shown
in Fig. 7. Figures 7(b) and 7(c), show the absorption spectra of the NWSCs with air (n=1)
and SiO, (n = 1.45) filled nanoholes. At n=1, the high index contrast between the air hole and
the silica material with n=3.5. Therefore, high field confinement through the active material is
obtained with high J of 28.5 (26.5) mA/cm? for TM (TE) polarization. As the filling refractive
index increases, the leakage of the field towards the crescent material is increased. Therefore, the
J is decreased to 25.3 (24.5) mA/cm? at n=2.6. If the filling material is set to Si, conventional
cylindrical NW with reduced absorption is obtained with Ji. of 23.2 (23.4) mA/cm?.
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Fig. 7. Short-circuit current density versus (a) the deviance distance dy at dx=15 nm, and
(b) the sidelong deviation dx at dy=15nm for TE and TM incidences. The field plot of
the norm component of the fundamental TM mode at (¢) dy=dx=15nm, (d) dx=15nm and
dy=70nm, and (e) dx =40 nm, and dy=15nm.

The impact of adding Si substrate and Ag back reflector to the suggested design is also
investigated as shown in Fig. 8. In this study, Si substrate of thickness 2000 nm and 200 nm Ag
back reflector have been used. It may be seen that an absorption improvement has been obtained
for the two polarizations after adding the substrate and Ag back reflector. The proposed SINW
with substrate and back reflector shows higher efficiency of 41.6% and 41.5% than the crescent
NW only by 19.5% and 28.08%, for TE and TM polarizations, respectively. This is attributed to
the strong coupling between the supported modes by the NW, and that of the underlying substrate
[29]. Further, an enhancement of 14.9% and 14.6% has been achieved relative to conventional
NW with the same substrate and reflector for the TM and TE polarizations, respectively, as shown

in Fig. 8(d).
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Fig. 8. (a) 3D representation of the reported SiNWs with substrate and back reflector.
Variation of the wavelength dependent absorption of the modified NWs for (a) TM and (b)
TE polarizations, (d) ultimate efficiency for the crescent NW, solid NW with substrate and
back reflector, and proposed crescent NW.
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3.2. Electrical results

In this study, the surface recombination velocity between the silicon material and the metal is
equal to 107 cm/s. In order to have an accurate electrical simulation, the surface recombination
velocity, Auger, radiative as well as Shockley—Read—Hall recombination are taken into regard.
The total optical generation rate obtained from optical simulation will be imported into the
Lumerical Device to solve the drift equation and Poisson equation. In this investigation, the
concentration of the p++ type doping is equal to 10%° cm™3, and that of the p-type doping is 10'°
cm™3, while the n++ type has a concentration of 5x10%° cm™3. However, the intrinsic i-type
doping concentration is equal to 1013 cm™3 [46]. The electrical parameters used in this study are
listed in Table 4.

Table 4. The electrical parameters of the crescent NW SC.

Parameters Description Nominal value
Hp Hole mobility 470.5 cm?/V.s
Hn Electron mobility 1471 cm?/V.s
Np Donor concentration (n- doping) 10'7 to 102 ¢cm™3
Na Acceptor concentration (p- doping) 1% 101 cm™3
n++ 5%10%° cm™3
p++ 1x10% ¢cm™3
Tn Electron SRH recombination lifetime 3.3us
Tp Hole SRH recombination lifetime 4 us
Cy, Auger Auger recombination of electrons for Silicon at 300K 2.8¢73 em®/ s
Cp, Auger Auger recombination of holes for Silicon at 300K 9.9¢3! cm®/s
Cradiative Radiative recombination coefficient for Silicon at 300K | 1. 6™ cm3/s

Figures 9(a)-9(c) show the current density—voltage (J-V) curves of the reported SINW with
the crescent NH and the conventional solid nanowire counterpart. However, Figs. 9(b)-9(d)
illustrate the power density—voltage (P-V curve) under TM and TE incidences. It can be clearly
seen from these figures that the proposed NW offers electrical characteristics better than that of
the conventional solid NW. The proposed design shows Js. of 33.85 mA/cm?, and 34.35 mA/cm?,
respectively, for the NW with crescent hole under TM (TE) incidences with an enhancement
of PCE 16.3 (16.8) % compared to the conventional solid NW. Additionally, the power energy
conversion (PCE) of the reported design is 16.78% and 17.05 for TM and TE polarizations,
respectively, which is greater than the conventional solid NW by 17.3 (18.4)%. The enhancement
in the JV and PV characteristics of the suggested design is basically due to the absorption
improvement as shown in Fig. 3(a) and 3(b). Table 5 summarizes the parameters of the electrical
performance (V, Jsc, PCE) of the conventional solid NW and the modified SINW with crescent
hole under TE and TM incidences.

Table 5. Electrical results of the crescent
and the solid NW SCs under TE and TM
incidences

Proposed NW Solid NW

TE ™ TE ™

Jse (mA/em?) | 3435 | 33.85 | 29.4 | 29.1
Voe (V) 0.61 0.61 0.60 | 0.60
PCE % 17.05 | 16.78 | 144 | 143

Parameters
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Figures 10(a)-10(b) show the effects of the different doping concentrations on the Js. and the
PCE at Np layer thickness of 250 nm. The Np concentration is varied from 10!7 to 10%° cm™3
while the other concentrations are fixed to their initial values listed in Table 4. It can be seen
from this figure that the J;. and PCE are strongly dependent on the Np value. As Np increases
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Fig. 10. (a) Variation of the short circuit current density (Js¢) and (b) PCE of the crescent
NW with n-doping concentration at Np layer thickness of 250 nm.
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from 10'7 cm to 10%° cm™3, the J. decreases from 33.85 (34.4) to 30.1 (30.88) mA/cm? and
the PCE decreases from 16.78% (17.06%) to 14.78% (15.02%), respectively. The high doping
will decrease the carrier lifetime with large carrier recombination losses. Auger recombination,
radiative recombination, and Shockley—Read—Hall recombination are responsible for producing
these recombination losses. The high doping level decreases dramatically the mobility of the
charge-carrier with significant carrier recombination losses [56].

4. Fabrication process

The proposed crescent nanowire SC can be fabricated by a metal assisted chemical etching
(MACE) process as reported in [57,58] and shown in Fig. 11. The Si substrate is first cleaned
with acetone, ethanol, and deionized water subsequently. The Ag film is then deposited on the
Si substrate using thermal evaporation (Fig. 11(a)). Then, the etching process is performed to
obtain the cylindrical NW as shown in Fig. 11(b). In order to remove the Ag coating over the
nanowire and the Si substrate, a mixed etchant solution of HF and H,O, is used with the catalysis
(Fig. 11(c)). Next, the crescent NH can be formed using patterned metal disc-in-hole binary
(DIHB) arrays as shown in Fig. 11(e). The electron beam lithography, holographic lithography,
and reactive ion etching can accurately control the size, shape, and particle spacing with lower
inhomogeneity in large arrays. Further, these methods have been previously used for etching
crescent shape as reported in [57,58]. Then, the etching process and Ag film removal are made
as shown in Figs. 11(e) and 11(f). The final design is illustrated in Fig. 11(g).

Bl Silver film Deposition of Ag film
B Sisubstrate

[ Crescent hole @
a

Si NWs etching process Nanoholes etching process

Ag crescent

(e)

Remove the Ag Remove the Ag

(c) (f)

Solid NWs Crescent NWs

Fig. 11. Flow chart of the fabrication process of the crescent NWSCs using MACE

5. Conclusion

In this paper, a novel design of silicon nanowire with nanocrescent hole is introduced and
analyzed. The FEM and FDTD methods are employed to calculate the electrical and optical
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characteristics of the reported design. A power conversion efficiency of 16.78 (17.05) % and a
short circuit current density of 33.85 (34.35) mA/cm? are achieved with improvement of 17.3
(18.4) and 16.3 (16.8) % compared with the conventional solid cylindrical silicon NW counterpart.
This improvement is attributed to the crescent nanohole that can excite highly reinforced optical
resonances through the suggested NW.
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