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Study of the possibility to increase annual electricity production using
silicon solar cells with a nanostructured surface
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The results of a study of the angular dependence of the reflectivity of black silicon structures with conical
and filamentary nanowires, and a silicon surface with a textured pyramidal surface coated with an ITO layer are
presented. The possibility to increase the annual electricity generation for solar cells based on black silicon has
been demonstrated due to the weak angle dependence of the total reflectance. Compared to the textured pyramidal
surface, the increase is 7.34% and 6.33% for the solar cells based on black silicon with conical and filamentary

nanowires, respectively.

Keywords: Solar energy, black silicon, total reflection, power generation.

DOI: 10.61011/5C.2023.07.57412.5013C

The development of solar energy requires reducing
the cost of electricity, increasing the efficiency of pho-
tovoltaic converters and increasing the energy generated.
The current record efficiency value of a silicon solar
cell is 26.7% [1], which is close to the theoretical
Shockley—Quisser limit 30% [2]. Further development is
possible by reducing the amount of reflected light over
a wide range of angles and by capturing reflected and
scattered light. More recently, a more efficient way to
reduce optical loss by forming a developed silicon surface
known as ,black silicon“ has been proposed. It effective
over a wide spectral range as well as at different angles
of incidence. Thus, black silicon effectively absorbs solar
radiation over a wide wavelength range 4 = 250—1200 nm.
A solar cell (SC) based on a structure with interdigitated
back contact (IBC) and a black silicon front surface has
already achieved an efficiency of 22.1% [3]. However,
to date, little information is available on the real gain of
black silicon-based SC compared to the classical textured-
surface SC design. In this work, based on experimental data
on the angular dependence of the reflectance, the average
annual power generation for black silicon-based SCs and
heterostructured SCs with a textured surface was calculated.

To perform the calculation, the angular dependence of
the reflectance spectra for two black silicon (b-Si) samples
differing in silicon fiber geometry and substrate backside
structure were obtained. Both samples were obtained
by cryogenic dry etching of n-type (10!°cm=3) silicon
wafers and orientation (100). The process was carried
out in an inductively coupled plasma in an SF¢/O, gas
mixture at a temperature —150°C [4]. The first sample
was fabricated with cone-shaped silicon fibers on only one
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side of the substrate (Figure 1,a) by using our developed
process with the addition of argon [4], and the second
sample was formed with the characteristic b-Si geometry —
with silicon fibers of different diameters obtained on both
sides of the substrate (Figure 1,5). A sample based on a a-
Si: H/c-Si-heterajunction with a textured silicon surface with
an ITO layer deposited was taken for comparative analysis
(Figure 1, ¢).

A dual CAS 140B Array Spectrometer was used to
receive the received radiation for the entire spectral range,
and to measure the total reflectance R(1) — an integrating
sphere UPB-150-ART, for which a sample holder was
fabricated that allowed the angle of incidence of the input
light beam to be varied over a range from 0—90°.

To estimate the annual energy production of the SC, it
is necessary to calculate the power output for each silicon
SC, taking into account the daily and annual variation of il-
lumination — insolation, as well as the angular dependence
of the position of the Sun relative to the surface SC. Such
a calculation requires data on the position of the Sun at
a particular time with the necessary discreteness, as well
as insolation data for the selected region — the city of
St. Petersburg, Russia. The solar orientation of the SC,
i.e, the angle of incidence of the sun’s rays on the SC,
is determined by the solar azimuth ps and its height above
the horizon as in spherical coordinates and is determined
by the formula from [5] when the SC is oriented strictly to
the south:

cos 6 = | cos 0 cos 8 + sin 0, sin 8 cos s/,

(1)

where 0, = 90—as, B — the angle of inclination of the SC
to the surface.
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Figure 1. SEM images of the structures: a — a unilateral black silicon sample with cone-shaped nanofibers, b — a bilateral black silicon
sample with filamentary nanofibers, ¢ — a silicon sample based on a-Si: H/c-Si-heterojunction with textured surface.
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Figure 2. Spectral dependences of total reflection at sample tilt angles 0 and 75° (a), dependence of the weighted average reflectance
for b-Si and HJT on the angle of incidence of radiation (). (The colored version of the figure is available on-line).

NASA Power Data Access Viewer [6] databases were
used to obtain insolation data. For calculations, we took
data on insolation under clear skies for every fifth day
in 2021 year for the geographical region of Saint-Petersburg.
The data on the sun’s position was obtained using an online
resource for automating such calculations [7]. To account for
the angular and spectral dependence of the total reflectance,
the Weighted Average Reflectance (WAR) calculated by the
formula [8] should be used in the calculation of the output
power.

f ®RdA
WAR =2 2)
[ @da
Ao
where the flux ® is calculated from the standard

AM1.5G [9] solar radiation spectrum:

_ B
¢= 1240e 4,
Ey — spectrum intensity density distribution AM1.5G.
Calculation of output power of solar cells taking into

account their spectral dependence of total reflectance was

(3)
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carried out by the following formula:

WAR
P—PrIR<1— W) COSG, (4)
where cos(@) — cosine of the angle of incidence of

sunlight, P, — rated power for standard lighting conditions
(1000 W/m?), Ir — insolation value.

To estimate the absolute values of energy produced by
modules with different surface morphologies, the same
power rating for standard lighting conditions (P,) was
used in calculations. The technical characteristics of Hevel
heterostructured solar panels (HJT) with P, =400 W [10]
were taken as the basis. Factors that reduce the efficiency
of the SC, such as heating or snowing, are not considered
in this paper. Thus, only the difference in the angular
dependence of the reflectance was taken into account in
the calculations.

The spectral dependences of the total reflectance R for
the HJT sample and the investigated b-Si samples, measured
in the 300—1200nm wavelength range over the available
range of light incidence angles on the samples, are shown
in Figure 2,a. TFor the control sample HJT, the total
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Figure 3. Distribution of electricity generation during the year for
the region of St. Petersburg.

reflectance has a well-defined minimum with a reflection of
< 2% up to the angle 60° at a wavelength of 600 nm, which
is due to the antireflection effect of the ITO layer. However,
in the shortwave band, is R > 17% and grows to 60% with
increasing incident radiation tilt angle, and also increases
significantly with increasing tilt angle in the IR band.

The reflectance spectra for the b-Si samples (Figu-
re 2,a) do not exceed 2% over a wide wavelength
range (400—1000nm) for normal incidence and are weakly
dependent on the incident angle compared to the textured
surface. For incidence angles > 70°, the reflectance of
the one-sided sample with tapered nanofibers becomes
larger than that of the two-sided sample with filamentary
nanofibers. The weighted average reflectance of the WAR
was calculated from the reflectance data (Figure 2,5). The
WAR for b-Si samples depends weakly on the incident
angle and does not exceed 2% at angle 0—50°. The
up to 60° WAR for the surface with tapered nanofibers
is lower than that for filamentary ones. The WAR for
the textured control sample (HJT) increases monotonically
with increasing incidence angle, reaching 12% at 50°.
With increasing angles of incidence of light, WAR increases.
According to the received WAR by the formula (4),
the average annual electricity generation for the year is
calculated. The calculation of the optimum tilt angle
demonstrates the fact that SCs based on b-Si can achieve
higher power generation over the entire range of installation
angles. The calculation of daily power generation proves
that the b-Si-based structures are more efficient throughout
the day, but most — during morning and evening hours,
which is due to the weak angular dependence of R for b-Si.

The distribution of power generation by month (Figure 3)
shows that the gain using these b-Si samples is 7—9% for
the single-sided tapered fiber sample and 6—7.5% for the
double-sided filament sample. At the same time, black
silicon-based SCs allow to increase the output by ~ 7%
over time. Thus, the total annual power generation at the

southward orientation and at the optimum tilt angle 45° in
the Saint-Petersburg city district for panels with P, = 400 W
is 369kW - h for HJIT-SC, for black silicon elements with
conical nanofibers — 396kW -h and for black silicon
element with filamentary nanofibers ~ 392kW -h. The
gain using b-Si is 7.34 and 6.33% for b-Si with conical
nanofibers and b-Si with filamentary nanofibers, which
shows the promising application of silicon solar cells with
nanostructured surface in ground-based solar energy.
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