i g

DOI:10.22184/1993-7296.FR0s.2024.18.7.536.538

NUccnepoBaHue
cneKkTpa norjouw,eHus
NOBEpPXHOCTHO-
MOAUPULUPOBAHHOIO
KpeMHuUsa B AMnanasoHe
AJIVUH BOJIH

OoT 2,5 A0 25 MKM

[.B.Topeaos’, H. M. Comos', 1. B.ITomaneHxo’,

J1.B.Hosuxkos"2, B. B. Ameauyes’

! ®T'BHY HIIK «TexHoAoz2u4ecKuil ueHmp», 2. 3eaeHozpad,
Mocksa, Poccusa

2 HauuoHaAbHbLil uccaedosameAbckull yHusepcumen
«MHIT», 2. 3eAEHoepa8, Mocksa, Poccus

MpepcTaBneHbl pesyabTaThl OTPAboOTKU
TexHoJsiorum GopMMUpoOBaHMUS
MOAUGULUPOBAHHBIX MOr/IOLLAOLLUX
noBepxXHOCTer KpeMHUS, NO3BOJISAIOLLEN
YAYYLWUTb CNEKTPasibHble XapaKTePUCTUKU
npu6opoB., co3gaBaeMbliX Ha €ro OCHOBe:
YCTPOWCTB pagmnaLMOHHOIO OXJ1aXAEHUS,
MCTOYHMKOB U AaTYUKOB UK-usnyyeHums.

KntoueBble cnoBa: MogndumnKaLms NOBEPXHOCTHU
KpeMHU4, NnasmMoxmmmyeckoe TpaBsieHue,
onTunyeckoe noraouweHune, MK-grnanasoH

CraTbs noctynuna: 18.09.2024
CTaTbs NnpuHsaTa: 04.10.2024

OBEepXHOCTHO-MOIUQHUIIMPOBAHHBIE KpPeMHHUH
I Inpe):LCTaBn;{eT cob0¥ MHKPOOCTPUIHYIO CTPyK-

TYPy, OBHUM H3 CII0COO0B ITOTyueHHUsI KOTOPOH
SBJsieTCsl I71yboKkoe aHM30TPOIIHOe TpaBieHue [1]. Bra-
rofapsi TaKOM MOPQOIOTHMH IOBEPXHOCTH JOCTHUTAeTCs
HeIpepeIBHOE M3MeHeHHe IoKa3aTesis IIpeJIoM/IeHHs,
4T0 5dEeKTHBHO IIOBBIIIAET IIOIVIOIIeHHEe OITHYe-
ckoro usnydeHus [2]. IlonydeHHBIN I1OBEPXHOCTHO-
MOAMOULIMPOBAHHBIN KPeMHHUI C BBICOTOM MHKpO-
OCTpUI h~10 MKM I10Ka3a/I BBICOKYIO IIOIJIOIIATEIBHYIO
CIIOCOOHOCTb IIOBEPXHOCTH Bhllle 90% B AHaIla3oHe
IJIMH BOJIH OT 2,5 mo 23 MkM. OITHYecKHe CBOMCTBa
MHKPOCTPYKTYPHUPOBAaHHOTO KpPeMHHS I103BOJISIIOT
HCIIO/Ib30BaTh ero B (OTOBONMbTaMKe, MPH CO3LAHHU
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structure. One of its generation methods

is deep anisotropic etching [1]. Due to this
surface morphology, a continuous change in the
refraction index is achieved that efficiently increases
the absorption of optical radiation [2]. The obtained
surface-modified silicon with a micro-point height
of h~10 pm demonstrated a high surface absorption
capacity of over 90% within the wavelength
range from 2.5 to 23 pm. The optical properties
of microstructurized silicon allow it to be used in
photovoltaics, in the development of biosensors,
light-emitting devices, gas-sensitive detectors and
antibacterial coatings [3-5].

To obtain the surface-modified silicon, the silicon
plasma-chemical etching (PCE) process in SF;/C,Fq
plasma (Bosch process) through the photoresist
mask and SiO, with the dimensions of etching

The surface-modified silicon is a micro-point
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Ta6nuua. Pexxvm TpasneHnsa KpeMHms no Bosch-npoueccy
Table. Silicon etching mode according to the Bosch process

STan SFg.sccm | O,,sccm | GyFg, sccm  Ar, sccm

Stage

I/i/m

30/250/0 ‘30/20/0 ‘0/0/160 ‘70/10/0

LasneHwue, MNMa
Pressure, Pa

9/7/4

i g

ICP!, BT RF2, BT | Bpewms,c

Time, s

Kon-BO LIMKOB
Number of
cycles, pcs.

‘ 800/800/800 ‘ 50/5/1 ‘ 1/6/3 ‘ 100

1 ICP - inductively cupled plasma (MHAyKTHBHO-CBSI3aHHAs [1a3Ma).

2 RF-radio frequency power (pafro4acTOTHas MOLIHOCTB).

61OCEeHCOPOB, CBETOM3YYAIOI[UX YCTPOMCTB, Ta30-
YYBCTBUTE/IbHBIX JETEKTOPOB K aHTHUOAKTepHaIbHBIX
IIOKPBITHH [3-5].

Jly1g mony4yeHUs] IIOBEPXHOCTHO-MOAHUQPHUILIMPOBAH-
HOTO KPeMHHSl HCII0/Ib30Ba/ICS TeXIIpOoLiecC IIa3Mo-
xuMuveckoro TpasiaeHust (IIXT) KpeMHHs B IUIa3Me
SF,/C,Fg (Bosch-mporiecc) uepe3 mMacky U3 dpoTopesucra
u SiO, ¢ pa3Mmepamu obnacTter TpaBieHHs 10x10 Mmm?
1 15x15 Mm?. TpaB/leHHe OCyIIeCTB/IS/IOCh Ha yCTaHOBKe
Sentech SI 500. [TapameTpsl pesKMMa TPaBIeHHUS KpeM-
HUS 110 Bosch-iporieccy mpuBeneHs! B Tabuile.

B KauecTBe IJIACTHH HCIIONb30BA/ILCh CTAaHAAPTHBIE
IIOZI/IOKKK MOHOKPHCTA//IMYECKOr0 KPeMHUSI MapKHU
K39-4,5 (100) ¢ OmHOCTOPOHHEM IIOMKPOBKOM. Ilomy-
yeHHass MOPOJIOrHsl MOBEPXHOCTH KpeMHHS, HcCCiIe-
DOBaHHAsI C UCI0/Ib30BaHUEM PaCTPOBOM 371eKTPOHHOL
MMKPOCKOIIUH (POM), 1okas3aHa Ha puc. 1.

[IXT KpeMHUSA 110 Bosch-miponieccy nmeeT nuxinde-
CKHI XapaKTep U IIPOXOLUT B TPU Talla: STl HOHHOTO
TpaB/IeHUs! (3aYMCTKU) IIOJIMMepa Ha JHe CTPYKTYPHL,
3Tall OCHOBHOM CTaJWUM TPaBAeHHUS M 3TaIl OCaXKie-
HUS TonuMepa. s GOpMUPOBaHHUS IIOBEPXHOCTHO-
MOIUOHUIIMPOBAHHOIO C/I0S KpPeMHHS HeoOXOmHMO

area of 10x10 mm and 15x15 mm was used. The
etching process was performed using a Sentech SI
500 unit. The parameters of the silicon etching
mode according to the Bosch process are given in the
table.

The standard substrates of single-crystalline silicon
of the KEF-4.5 (100) brand with one-side polishing
were used as the plates. The obtained silicon surface
morphology studied using the scanning electron
microscopy (SEM), is shown in Fig. 1.

The silicon PCE according to the Bosch process
is cyclical and consists of three stages: the stage of
polymer ion-beam etching (cleaning) at the bottom
of the structure, the stage of the main etching, and
the stage of polymer deposition. Thus, to generate
a surface-modified silicon layer, it is necessary to
strike a balance between the stages of etching and
polymer deposition, so that the polymer deposition
does not interfere with etching, while forming a lot
of silicon micro-points. The etching/deposition ratio
was regulated by the stage duration. The height of the
silicon micro-points was regulated by the number of
etching/deposition cycles.

010/15 MM

sio,

\
@/p-macka d
h

(I,

Si

MXT (Bosch-npouecc)

process)

Puc. 1. 3cku3 cmpykmypbi U PM-cHUMOK MopgoAozuL No8epxHOCMHO-MOodUPULLPOBAHHO20 KpeMHUSI, NOAY4EHHO20 Memodom

Fig. 1. Sketch of the structure and SEM image of the surface-modified silicon morphology obtained by the PCE method (Bosch
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cobnromeHust 6amaHca MeXIy STallaMH TpaBleHUS
M OCaXOeHHs IIoNHMepa, TaKUM obpa3om, YTOOBI
BbICaJIKa IIOJIMMEpa He IIPeISTCTBOBajia TPaBJIEHHIO,
IIpH 3TOM 06pa3ysi MHOKECTBO MHKPOOCTPUH KpeM-
HHs. COOTHOIIEHHe TpaBeHHe/ 0CaKAeHe PerylInpo-
BaJIOCh JJIMTE/IBHOCTBIO 3TAIlOB. BhICOTa MHUKPOOCTPHUI
KpPeMHHS PeryjiupoBasachk KOJIHYECTBOM LIMKI/IOB
TPaB/IeHU / OCAKICHHUS.

HccnenoBaHue ONTHYECKUX CBOMCTB IIOBEPXHOCTHO-
MOIUGUITMPOBAHHOIO KPeMHHUS OCYILIECTB/ISIOCh MeTO-
nom HK-CrieKTpocKoITuH ¢ ImpeobpasoBaHreM ypbe Ha
ciekTpoMeTpe ®CM 2201/2202 B Arana3oHe JJIKUH BOIH
oT 2,5 1o 25 MKM. CpaBHeHMe CIIeKTPOB IIOIJIOIIeHHUS
no u nocte IIXT KpeMmHUs 1o Bosch-mporeccy mpuse-
JIeHO Ha pHC. 2.

M3 mony4eHHBIX 3aBHCHMOCTEH BHAHO, YTO
IIOT/IOLIeHHE IIOBEPXHOCTHO-MOIOUPUIIMPOBAHHOIO
KpeMHHUs cocTaBiseT bonee 90% B muamasoHe oT 2,5
10 23 MKM. IIpoBelleHHBIN PeKMM TpaB/IeHUsSI KpeM-
HHUSI MOXET OBITh MCIIONB30BAaH [ISl IOMyYeHHSs
IIOBEPXHOCTHO-MOAUGHUIIMPOBAHHOIO KpeMHUSs
C TIIOBBIIIEHHOUW IIOIJIOIIATEIbHOM CIIOCOOHOCTBHIO
B 60Jee IIMPOKOM CIIEKTPAJIbHOM Auara3soHe [6]. Pop-
MHPOBaHHe IOIVIOLAMMIMX [T0OBEePXHOCTEL I103BOJIMT
YAYYILIMTD CIIeKTPajIbHble XapaKTePHUCTHKHU YCTPOKCTB
PaaMaliOHHOIO OXJIaXKAEeHMS, MCTOYHMKOB U JATYM-
KoB MK-M3/1y4YeHuUs.

BJIATOAAPHOCTb

CTaTbsl MOATOTOBJEHA IIPH (QUHAHCOBOM IIOAJEP>KKe
MuHMcTepcTBa 06pa3oBaHHUsI U Hayku Poccriickor Pefie-
panpu B paMKax BoinoaHeHuss HUP FNRM-2022-0009.
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nosepxHocmu kpemHusi 0o u nocae MXT no Bosch-npoueccy
Fig. 2. Comparison of the measured absorption spectra from
the silicon surface before and after PCE according to the
Bosch process.

The optical properties of surface-modified silicon
are studied using the IR spectroscopy with a Fourier
transformation on an FSM 2201/2202 spectrometer
within the wavelength range from 2.5 to 25 pm.
A comparison of the absorption spectra before and
after silicon PCE according to the Bosch process is
shown in Fig. 2.

The obtained dependences demonstrate that
the absorption of surface-modified silicon is more
than 90% within the range from 2.5 to 23 pm. The
completed silicon etching mode can be used to obtain
the surface-modified silicon with the increased
absorption capacity in a wider spectral range [6]. The
generation of absorption surfaces will improve spectral
characteristics of the radiation cooling devices, IR
sources and sensors.
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