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Abstract. The influence of the black silicon (5-Si) morphology on the photovoltaic proper-
ties of heterojunction solar cell is investigated. We used cryogenic etching (-150 °C) in a SF,/O,
gas mixture to obtain b-Si structures and a total reflectance in the range of 1—3%. The height
of the obtained b-Si structures varies from 200 to 760 nm, the shape from nanowires to cone-
shaped. The heterojunction a-Si:H/c-Si was fabricated by PECVD at a temperature of 250 °C.
The best heterojunction solar cell based on a 200 nm height cone-shaped b-Si demonstrates a
promising passivation properties reaching open circuit voltage of 648 mV. With a short-circuit
current density of 29.7 mA/cm? and fill factor of 67% a power conversion efficiency of 12.8%
was achieved. The solar cells based on cone-shaped 5-Si gain also in external quantum effi-
ciency compared to nanowire b-Si.
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AnHotanuga. B paHHO# crarhe HCCieqOBaHO BiUsIHUME MOPGHOJIOTUM YEPHOTO KPEeMHMUS
(b-Si) Ha boTOBIEKTPUUECKUE CBOMCTBA TeTEPOCTPYKTYPHOTO COJHEUHOTO 3jeMeHTa. [l
MOJy4YeHUsT CTPYKTyp b-Si M o0iero koahduiiMeHTa oTpaxeHus: B auanasone 1—3% O6bu10
UCTIONb30BaHO KproreHHoe TpasneHue (-150 °C) B rasosoii cmecu SF/O,. BeicoTa moay4eHHbIX
cTpyKTyp b-Si Bappupyercs ot 200 mo 760 HM, hopMa — OT HUTEBUIHON 10 KOHYCOOOPa3HOIA.
I'ereponiepexon a-Si:H/c-Si OBIT M3rOTOBJIEH METOIOM ILTa3MOXMUMUUYECKOTO OCAXKICHUS W3
razoBoii (assl ipu Temreparype 250 °C. Jlydmumii reTepoCTpyKTYPHBIM COJTHEUYHBIM 2JIEMEHT
Ha OCHOBe KOHYycooOpaszHoro b-Si Bwicoroir 200 HM AEMOHCTPUPYET MHOTOOOEIIalolIne

© Vyacheslavova E.A., Uvarov A.V., Maksimova A.A., Baranov A.l., Gudovskikh A.S., 2023. Published by Peter the Great St.
Petersburg Polytechnic University.

434



4 Physical electronics

[MacCUBUPYIOLLKE CBOMCTBA, JOCTUras HANpsKeHUs XxouocTtoro xona 648 mB. IIpu miotHocT
TOKa KOPOTKOI0 3aMbIKaHUs 29,7 MA/cM? 1 KoaddulreHTe 3aroHeHust 67% Obl1 JOCTUTHYT
KIIJ B 12,8%. ConHeuHbIe 3JIEMEHTHI HA OCHOBE KOHYCO0OpPa3HOTO b-Si TakKe BBIMIPHIBAIOT
10 3HAYEHUSIM BHeElIHel KBaHTOBOU 3(h(HEKTUBHOCTU MO CPAaBHEHUIO C HUTEBUIHBIM b-Si.
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Introduction

The energy of the future will largely consist of renewable energy sources. Photovoltaic
conversion of solar energy is the most promising way to generate electricity. It is expected that
the overall growth of global solar photovoltaic power could reach almost 260 GW by 2026 [1].

Silicon solar cells dominate the overall growing solar cell (SC) market due to their availability,
durability and relatively low cost. The technology of solar cell production based on the amorphous/
crystalline (a-Si:H/c-Si) heterojunction (HJT) is one of the most promising concepts for a highly
efficient silicon solar cell [2]. To reduce optical losses and increase the efficiency of industrial
heterojunction solar cells, pyramidal texturing is used, obtained by the alkaline anisotropic
etching [3, 4]. However, this approach works effectively in a narrow range of wavelengths and
angles of incidence. Relatively recently, a more efficient way to reduce reflection has been
proposed by forming a nanostructured silicon surface, known as black silicon (5-Si). In turn,
b-Si has excellent optical properties in both a wide wavelengths range (from 250 to 1200 nm)
and incidence angles [5]. Due to this property, b-Si is an extremely promising solution for
photovoltaic applications.

However, formation of a-Si:H/c-Si heterojunction based on »-Si have a problem of Si surface
passivation being an important issue for HJT SC. The silicon surface is passivated with thin layers
using the plasma-enhanced chemical vapor deposition (PECVD) method at low temperatures.
The most popular is the use of an undoped layer of (i)a-Si:H, which makes it possible to obtain
a record low surface recombination rate of 0.7 cm/s [6]. Thus, the passivation quality of the
nanostructured silicon surface is a key point in the design of heterojunction b-Si solar cells.

In this article, the influence of the black silicon morphology on the photovoltaic properties of
a solar cell based on b-Si is considered.

Experimental section

The n-type conductivity silicon wafers (100) with a resistivity of 2—3 Q-cm were used as substrate
material. The b-Si structures were obtained by cryogenic etching in SF,/O, inductively coupled
plasma without using a template. The addition of Ar (5 sccm) to the gas mixture of SF, (45 sccm)
and O, (15 sccm) provide the cone-shape b-Si, while it does not affect the electrical properties
[7]. Prior to a-Si:H deposition the substrates were cleaned using the Shiraki technology [8]. The
native oxide was removed in 10% HF/H,O solution at room temperature for 60 s. The intrinsic
and p-doped layers were deposited on b-Si structures by PECVD from silane (SiH,) and hydrogen
(H,) precursors at 250 °C. Trimethylboron (TMB) was added to deposit p-type a-Si:H layer. A
10 nm thick (n)a-Si:H layer was deposited on the back side of the substrates to obtain ohmic
contact. Vacuum evaporated silver (Ag) layer was used for the bottom contact. Further, a layer
of a transparent conductive electrode based on indium tin oxide (ITO) was sputtered on the front
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face to form the top electrode. On the front side, point contacts were formed using Ag paste,
followed by drying at 180 °C for 10 min.

The current-voltage curves under AM1.5G simulator (Abet Technology SunLite) were measured
using a Keithley 2400 sourcemeter. The external quantum efficiency (EQE) spectra were carried
out using a Solar Laser M266 monochromator and a Stanford Research SR830 lock-in amplifier.
The total reflection spectra were measured using an integrating sphere and an AvaSpec SensLine
spectrometer.

Results and Discussion

Figure 1, a, b shows scanning electron microscope (SEM) images of the black silicon
nanostructured directly after etching. The b-Si average height varies from 200 to 760 nm, the
shape from nanowire to cone-shaped. Figure 1, ¢ shows a SEM image of the 600 nm height
cone-shape b-Si covered with a-Si:H layer that follows the contour of the 5-Si. The somewhat
conformal coverage of the -Si nanostructure with ITO is visible (Fig. 1, d). The ITO is deposited
on the »-Si nanostructure and also does reach it base.

b)

Fig. 1. SEM images of the »-Si different morphology: nanowire 4 ~ 760 nm (a);
cone-shape 4 ~ 600 nm (b), covered with a-Si:H (c¢), a-Si:H and ITO (d). The scale bar is 500 nm

The J—V curves of the solar cells based on b-Si are shown in Fig. 2. Photovoltaic parameters
such as open circuit voltage (V,,), short-circuit current density (J,.), fill factor (FF) and power
conversion efficiency (PCE) were calculated from illuminated current-voltage characteristics and
are shown in Table. The active area of the solar cells was 16 mm? and the measurements were
carried out using an aperture (area = 16 mm?).
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Fig. 2. J—V characteristics of the solar cells based on b-Si
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Table
Photovoltaic characteristics of the solar cells based on black silicon
Solar cell h, nm Ve, mV oo mA/cm? Ji%;nﬁ Q/CETz FE % PCE, %
Nanowire b-Si 760 440 24.1 27.2 83 8.8
600 620 28 28.7 60 10.3
Con;-;hape 410 506 28.6 282 71.2 10.35
>t 200 648 29.7 29 67 12.8

Solar cells based on a cone-shaped b-Si exceed a SC based on nanowire b-Si by a value of V.
up to 1.5 times (506—648 mV). At the same time, the V,.and J, are higher for cone-shaped 5-Si
of lower height. It is worth noting that for SC based on nanowire 5-Si FFis 83%. In the case SCs
based on cone-shape b-Si, the reduction in FF can be explained by the impact of series resistance.
The best heterojunction SC based on a cone-shaped b-Si with a height of 200 nm demonstrated
an efficiency of 12.8%.

Figure 3 shows the total reflectance specter of the resulting b-Si with a-Si:H coating. It can
be seen that »-Si sample has total reflectance below 3% up to 1000 nm. To study the spectral
sensitivity of the solar cells based on b-Si, FQFE spectra were measured and are also demonstrated
in Fig. 3. The maximum EQE value is 91.1% and was achieved for SC based on a 200 nm height
cone-shapes h-Si. A reduction of the EFQFE below ~850 nm wavelength are observed for others
SCs with increasing height b-Si.
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Fig. 3. FQE and total reflectance spectra of solar cells based on 5-Si

The integrated current density and J. obtained by FQF and current-voltage measurements,
respectively, were compared and shown in Table. The close of the Jg. values between these two
measurements confirms the precision of the experimental data.

The J,. decreasing to 24.1 mA/cm? for the SC based on nanowire b-Si is associated with a
drop of EQF specter in the short-wavelength region. This can be explained by an increasing
surface recombination as a result of insufficient passivation that confirm by low V.. In the case of
SCs based on cone-shaped b-Si the spectral characteristics indicates lower recombination losses.
According to the results obtained with a decreasing the height or density of cone-shaped b-Si
structures surface passivation improves. However, decreasing density of »-Si structures leads to
an increasing the total reflectance. Thus, decreasing the height of 5-Si structures is main key to
achieving better surface passivation.

Conclusion

Amorphous/crystalline silicon heterojunction solar cells based on black silicon with different
morphology have been fabricated. All structures of b-Si achieve a total reflectance below
3% in a wide spectral range. The EQF results clearly disclose the advantage of lower height
cone-shaped b-Si. The best heterojunction solar cell based on a 200 nm height cone-shaped
b-Si demonstrated an efficiency of 12.8%. However, the achieved value of V. (648 mV)
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demonstrates that a good passivation of Si surface is obtained being a promising result for
fabrication a-Si:H/c-Si heterojunction based on b-Si.
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