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Black silicon formation using cryogenic etching and photoresist layer
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Abstract. A series of experiments were conducted to develop the plasma etching of black
silicon through a layer of polydimethylglutarimide (PMGI) photoresist. The silicon wafers were
previously subjected to wet-chemical treatment. A ~25 nm thick photoresist layer facilitates the
process of creating regular black silicon structures on substrates with a diameter of 100 mm.
The etching process was varied in terms of the sulfur hexafluoride (SF,) and oxygen (O,) gas
mixture ratio, RF power applied to the substrate holder (bias power), inductively coupled
plasma (ICP) power and chamber pressure. Increasing the bias power from 10 to 30 W under
otherwise constant conditions enhances the etching rate. Reducing the pressure in the reactor
from 10 to 5 mTorr at a constant gas flow rate leading to a higher etching rate. Increasing the
proportion of oxygen in the SF /O, gas mixture (2:1) enhances passivation, reducing the black
silicon structures size.
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Annoranuga. bruta mpoBeseHa cepusi SKCIEPUMEHTOB 10 pa3pabOoTKe TEXHOJOIMU I1JIa3MeH-
HOTO TpaBJIEHUS YEPHOTO KPEeMHMSI 4epe3 cjIoil (oTope3ucTa IOJIMAMMETUILIYTapUMUIA
(PMGI). KpeMHueBbIe IUIACTUHBI IPEABAPUTE]bHO IIOABEPTAJMUCh KUIAKOU XMMUUYECKOM
obpabotke. Cnoii (orope3ucra TOJIIMHON ~25 HM CHOCOOCTBYET MpOLECCY CO3AaHUs
PeTyISIpHBIX CTPYKTYp UEpHOTO KpPEeMHMSI Ha TOMIOXKaxXx agmamerpoMm 100  mwM.
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[Ipouecc TpaBieHUsI NPOBEACH C BapuallMii COOTHOLICHMSI Ta30BOM cMmecu rekcadropuaa
cepnl (SF,) u kucnopona (O,), MOUIHOCTU PaaMOYaCTOTHOTO U3JIyYEHHUs, MOJABAEMOrO Ha
JepXKaTeslb MOMIOXKN (MOLUIHOCTh CMEIIeHUs), MOIIHOCT MHIYKTUBHO-CBSI3aHHOM IJIa3Mbl
(ACII) u gaBneHus: B Kamepe. YBeJandyeHUe MolIHOCTU cmelneHus ¢ 10 no 30 BT npu npouunx
PaBHBIX YCJIOBMSIX YBEJIMUYMBAET CKOPOCTh TpaBiieHUs. CHUXeHUe naBjieHus B peaktope ¢ 10
1m0 5 mTopp mpu MOCTOSTHHOM pacxoje ra3a MPUBOAUT K YBEJIMYEHUIO CKOPOCTH TPABICHMUSI.
YBenuuenue nonu Kuciaopoga B rasosoir cmecu SF. /O, (2:1) ycunuBaeT mnaccMBaluio,
YMEHbIILIasl pa3Mep CTPYKTYP YEPHOro KPEMHUS.

Kiouesbie cioBa: yepHbIi KpeMHMI, pe3uct PMGI, kprnoreHHOe TpaBiiecHUE, COTHCUHBIN
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Introduction

Solar photovoltaic power is among the most dynamically advancing fields in renewable energy.
Around 95% of the global photovoltaic market consists of silicon solar cells [1]. Nanostructured
black silicon (b-Si) is a promising solution for reducing optical reflectance in solar cells. This
material exhibits excellent optical characteristics across a wide wavelengths range and angles of
light incidence [2].

Black silicon can be obtained by various methods, including metal assistant chemical etching
(MACE) [3], laser texturing [4] and plasma etching [5]. MACE and laser texturing methods are
inferior to plasma etching in terms of precision, structure control, safety and scalability. Thus,
plasma etching demonstrates the best balance between structural quality and process flexibility.
The cryogenic etching [6] makes it possible to create highly aspect structures on a silicon substrate
using plasma etching techniques.

During cryogenic etching of substrates that had wet-chemical treatment, we encountered
an issue with the non-uniform formation of areas with b-Si structures. Therefore, a series of
experiments were conducted to develop and optimize the etching process for nanostructured
silicon using a photoresist layer. The influence of key parameters such as bias power, ICP
power, gas composition and pressure on the morphology and optical properties of black silicon
is investigated.

Experimental section

The etching was carried out using ¢-Si (100) wafers (n-type doped, 2-3-10"° ¢cm3) through
a PMGI photoresist layer. The substrates were previously subjected to wet-chemical treatment.
It were boiled in carbon tetrachloride and then in isopropyl alcohol for 5 minutes. Then the
substrates were dipped in a hydrofluoric acid solution for 1 minute to remove the natural oxide.
The substrates were washed with deionized water after each stage.

To obtain a thin and uniform coating, PMGI was diluted with the solvent T-Thinner (by
Micro Chem). Before applying PMGI, it was heated to room temperature to ensure optimal
adhesion of the photoresist to the substrate surface and to reproduce the layer thickness. The
PMGI photoresist was applied via spin coating at 4000 rpm for 4 minutes across the entire surface
of silicon substrate with a diameter of 100 mm. Followed by baking on a hotplate of 5 minutes at
180 °C. A thin (~25 nm) photoresist layer acts as the organic layer that initiates the formation of
ordered black silicon structures.
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Then we used cryogenic etching (—150 °C) in an SF /O, gas mixture to obtain 5-Si structures.
The etching process time was 10 min. A series of experiments was conducted with variations in
SF,/O, process gas flow ratio, RF power, ICP power and pressure. The different technological
parameters of cryogenic etching summarized in Table.

Table
Investigation of different cryogenic etching parameters
Ne RF power, W SF /O, Pressure, mTorr ICP power, W h, pum
1.1 10 ~4.1
1.2 20 ~6.3
3/1
1.3 30 5 -
1.4 5 ~1.1
1000
2.2 2/1 ~1.4
2.3 5/1 -
3.2 7 ~2.8
10
33 10 -
3/1
4.2 5 1200 ~6.3
43 700 -

The b-Si morphology was examined by SEM (Carl Zeiss Supra 25). The total reflectance
spectra were measured using an integrating sphere and an AvaSpec SensLine spectrometer.

Results and Discussion

The key challenge is to optimize the nanostructure geometry (height, shape, and periodicity) to
achieve low reflectivity through surface texturing while maintaining effective passivation properties
for recombination suppression.

The etched silicon wafers consist of high density of 5-Si structures. Figure 1 shows a SEM
images of nanostructures at different bias power (a-c), pressure (d) and ICP power (e).

7mTorr 1200W
10W, 1000W SmTorr, 10W

Fig. 1. A SEM image of the b-Si at different RF power (a-c), pressure (d) and ICP power (e)

Increasing the RF power from 10 to 30 W under otherwise constant conditions (SF,/O, of
3/1, pressure of 5 mTorr, ICP power of 1000 W) enhances the etching rate due to the growing
contribution of the ion-induced (physical) component of the etching process. However, at 30 W,
the process becomes destructive to the b-Si structure formation.

To investigate the effect of the oxygen ratio in the SF,/O, gas mixture, the gas proportion was
varied while keeping the other parameters constant (RF power of 10 W, pressure of 5 mTorr, ICP
power of 1000 W). Increasing the proportion of oxygen in the SF /O, gas mixture (2:1) enhances
passivation, reducing the structures size. With an SF/O, ratio of 5:1, the oxygen proportion may
be too low for passivation, and black silicon structures do not form.
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Reducing the pressure in the reactor from 10 to 5 mTorr at a constant gas flow rate increases
the mean free path and energy of ions, leading to a higher etching rate.

Raising the ICP power to 1200 W causes excessive etching of the nanostructures tips, making
subsequent surface passivation more challenging. Constant process parameters include RF power
of 10 W, SF,/O, of 3/1, pressure of 5 mTorr.

Figure 2 compares the total reflectance spectra of the non-cryogenically etching ¢-Si wafer and
substrates with black silicon structures.
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Fig. 2. Total reflectance spectrum of h-Si structures fabricated under different etching parameters

The Si substrate exhibits the total reflectance of more than 24% from 400 to 1000 nm.
The nanostructure obtained at a RF power of 5 W consists of sparse cone-shaped formations
approximately 1.1 pm in height. Its reflectance is similar to that of an non-etched substrate.

The b-Si structures obtained at a pressure of 7 mTorr exhibit a conical shape with a height
of ~2.8 um. It demonstrate a total reflectance below 10% across a broad spectral range and are
likely to achieve even lower reflectivity after the emitter layer deposition.

Conclusion

The technology for plasma etching of black silicon on substrates subjected to wet-chemical
treatment has been developed. A ~25 nm thick PMGI resist layer, formed via spin-coating,
facilitates the process of creating black silicon structures on substrate with diameter of 100 mm.
The etching process was carried out by varying parameters such as the SF,/O, gas mixture ratio,
bias power, ICP power and chamber pressure.
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