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HaHonopucTble cnon Ge, ChopMmnpoBaHHbIe METOAOM MMMIaHTaLuK MOHOB In+ ¢ 3Hepruein E=30 kaB 1 go3amm
D ot 1.8-101610 7.5 1016moH/cM2, viccneaoBaMcb METOLAMMW PACTPOBOW 3/1EKTPOHHOM MUKPOCKOMNMM 1 KOMBMHaL-
OHHoro paccesHus ceeta (KPC). MonyyeHHble MUKpOgoTOorpadmm no3sosnam oLeHnTs MoOponoruio U NopucTocTb
cnoes. Ha ocHoBaHWMM AaHHbIX KPC yCTaHOB/MEHO, YTO MO/yYeHHble HAHOCTPYKTYpPbI ABAAOTCA aMOpgHbIMU. Bo3-
6y>xaeHne KPC nasepom C MHTEHCUBHOCTbIO 6onee 1500 BT/cM2 NpuBOAUT K HArpeBy W nocnefytoLLein noKanbHOM
KpucTanamsauum 06/1y4eHHbIX obnacteit. Mo pesynstatam KPC nccnegoBaHuin oLeHeHa 06beMHas [0S KpucTanim-
4ecKoii (hasbl, KOTOpas OKasaiaCb MakCManbHOM anis obpasya c D = 5.6 1016 MOH/CM2, YTO KOPPENMPYET C OLEHKON
NOPUCTOCTY.
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Nanoporous Ge layers formed by implantation of In+ ions with the energy E=30 keV, at the current density in the
ion beam J=5 pA/cm2 and doses D from 1.8 1016to 7.5 1016ion/cm2with the ion accelerator ILU-3, were studied by
the methods of scanning electron microscopy (SEM) and Raman scattering (RS). The obtained SEM micrographs
allowed us to establish the morphology of the nanoporous layers, which turned out to be a spongy structure consisting
of intertwined nanowires. Quantitative estimates of the nanowire diameters were carried out and the dependences of
the change in their diameters on the ion D were plotted. Based on the Raman scattering data carried out at low laser
intensities, it was found that the porous Ge structures obtained in the process of ion implantation are amorphous.
Excitation of Raman scattering by a laser with an intensity of more than 1500 W/cm2leads to heating and subsequent
local crystallization of the irradiated areas. For each sample, the spectra were decomposed into crystalline and
amorphous components. The fraction of the crystalline phase was calculated for each value of the laser radiation
intensity. The volume fraction of the crystalline phase was maximum for the sample with D = 5.6 1016ion/cm2 which
correlates with the porosity estimate from SEM data.

Keywords: porous germanium nanostructures; ion implantation; SEM; Raman spectroscopy.

BBegeHune Kpuctannmuecknii  c-Ge TakxXe LWKUPOKO

MonynpoBoLHWNKOBbIE mMatepuansl, Mcnonb3yetcds B TaHAEMHbIX CONMHEYHbBIX
coctoAlWMe W3  HaHOHWTel, obnagatoT aneMeHTax [3]. Bbicokue 3HayYeHuUs
6onbWUM noTeHunanom NPUMEHeHUs, Koath(huumeHTa NOrNOWEHNA U MoKasaTens
Hanpumep, B COJIHEYHbIX 3neMeHTax [1] wu npenomMmneHuns ans c-Ge no3BoNAoT
TEPMO3INEKTPUUECKUX  YCTpOWCTBAx [2]. co3gaBaTb HaHonopucTole cnoun Ge ¢
Co/lHeuHble 6aTapen M3 KPUCTANTNYECKOTO Si XenaemblMy  ONTUYECKUMWU  CBOMNCTBaAMM.
3aHMMaloT 60/MblWYIO 4acTb PblHKa, 0A4HAaKO, Mo3aToMy AOMNOMIHUTENbHBLIM MEPCMEKTUBHBIM
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HanpaBneHNem aBnaercs co3fiaHune
CYOMUKPOHHBIX peweTok u3 Ge, KoOTopble
MOryT CNYXWUTb aHTUOTpaXkar WnmMm
MOKPLITUAMW N TEM CaMblM MOBbILWAK LW UMHU
3h(heKTMBHOCTb CONHEUYHbIX BaTapei [4].

HaHocTpykTypbl Ge  LEMOHCTPUPYHOT
npuMmeyaTesnbHble XapaKTepucTuku B
KauyecTBe aHofHoOro Mmatepuana pgna Li-
MOHHBbIX OaTapeil C BbICOKOW YAEeNbHO
emKocTblo [5, 6]. bBbI0 noKas3aHo, u4TO

yMeHbLWeHne O06BLEMHOrTO MONYNPOBOAHMKA
[0 HAHOPa3MEepPOB yNyULL aeT XapakTepUCTUKM
Li-noHHbIX 6GaTapeit. [losaTomy co3faHue
HaHonopucTbix cfnoes Ge © u3y4vyeHue, B
4acTHOCTM, nx ONTUYECKMNX CBOMCTB
npeactaBnsfeT 601bWONA UHTepec.

MaTepunanbl u MeTOAbI UCCMefoBaHNA

MmnnaHTauusa nnactuH c-Ge nposoguach
noHammn In+ Ha yckoputene W/Y-3 npwu
KOMHaTHON TemnepaType, KakK MoAapo6Ho
onucaHo B pa6oTe [7]. MnacTuHbl c-Ge umenu
TonwumHy 0.5 MM un opueHTauuio <100>.
OHeprua E coctaBnana 30 k3B npu
NAOTHOCTH TOKa B MOHHOM nyuyke
J=5 mKkA/cm2. lo3a noHos D BapbupoBanaco
oT 1.8*1016 g0 7.5*1016 moHOB/CM2.

Ons perncrtpauuu CNeKTpoB KPC
ncnonb3oBanachb MWKpOpamMaHOoBCKas
yctaHoBka Horiba Jobin Yvon HR800.

M CTOYHUKOM BO3OYXAEHUA SBNANCA Tenuii-
HeoHoBbI (He-Ne) nasep (gvHa BOMHbI A=
633 HM) C MaKCMMabHOK MOLWHOCTLIO 6 MBT.
MowHocTs naszepa ocnabnanacs ¢ NOMOLLbIO

huUNbTPOB pasnnyHOM ONTWUYECKOI
nnotHoctu. PerucTtpayma curHana KPC
npons3BoAnach B KOH(urypauuu Ha

oTpaxeHue ¢ 100x 06beKTMBOM. Pa3noxeHue
B CMNeKTp OCYLWeCcTBAANOCL AUGPAKLUOHHOW
peweTkol co 1800 wTpuxos/mMM. B KayecTBe

feTeKkTopa WCNOMb30Banachb oOxfaxpjaemas
umpposas Kamepa C KpemHuesoin [M3C
MaTpuLei.

Pe3synbTaTbl N UX 06CYXeHWe

Ona nMmnnaHTUpoBaHHbIX 06pasLoB 6biK
nony4vyeHbl MUKpockonuyeckne POM nsobpa-
XeHns. XapaKTepHoe m3obpaxeHue gna o6-
pasuya ¢ D = 5.6*1016 noH/cM2 npuBefeHO Ha

puc. la. Obpasubl NnpeAcTaBnaoT coboli cnoii
M3 nepenneTakwWmMXcsa HaHOHUTen. Mo POM-
n3obpaxeHmam 6bI10 paccunTaHo pacnpeje-
neHWe HaHoOHWUTel no guameTtpam (puc. 16).
POM-un3obpaxeHns 6binn npeobpasoBaHbl B
YyepHo-6enble CHUMKW NMOCPeACTBOM 3afaHunA
nopora fApKOCTW MUKCeNa, MNocne 4Yero
HalileHO OTHOLEeHMWe NaoWagn NOPUCTbIX 06-
nacTeil Ko Bceli maowagu U OLueHeHa Mopu-
CTOCTb 06pasyoB..

@)

AvameTp, HM

©

Prc. 1L a- POM u306pakeHUs NOBEPXHOCTN UMMIaH-
TuposaHHoro cnos Ge (D = 5.6-1016voH/cm?); 6 -pac-
npegeneHvie No pasmepamM AMameTpoB HaHOHUTEN

Bbinnm nonyueHbl cnektpol KPC o6pasuos
HaHonopuctoro Ge npu nocnegoBaTe/ibHOM
yBeNWYEHUU WHTEHCUBHOCTM /1a3epHOr0 U3-
nydenus | ot 300 go 3000 B1/cm2, a ganee ¢
noHmxeHnem | Ao HayanbHOro 3HavyeHus 300
BT/cm2.Kak npumep, Ha puc. 2 npegcTaB/ieHbl
pesynbTaTbl M3MepeHuin gnd obpasua ¢ D =
5.6* 1016 noH/cM2. Mpu MUHUMANLHOW UHTEH-
CUBHOCTM BO36YXAEHMNA BCe CNEKTPbl UMEKOT
hopmy, cooTBeTcTByHOWY ana a-Ge. Mpu
MOBbIWEHNN WHTEHCUBHOCTM W3Ny4YyeHUa [0
1500 BT/cm2 nosABnsfeTcd OCTPbIA MWK Ha
300 cm-1, xapakTepHbliA gns c-Ge.
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Ons Kaxporo o6pasua 660 NPOM3BEAEHO
pa3noXeHue CMEKTPOB Ha KPUCTaNNUYECKY IO
n amopHytlo cocTaBnstouime. bbina paccuu-
TaHa JONA KPUCTANNNYeCKONR (asbl Npu Kax-
[,O0M 3HAYEHUUN NMHTEHCUBHOCTM Na3epHOro us-
Ny4YeHuns.

3aknoyeHune

AHanun3upysa paHHble POM, 6b1710 nony-
YeHO pacnpefeneHne HaHOHWUTEN Mo guamer-
pam ans obpasuoB c pa3Hoi Ao030i ob6nyuye-
Husa. CpefHWin pasmep guameTpa 415 BCEX 06-
pa3uoB cocTaBu 0Kosio 20 HM. Takxe kKauye-
CTBEHHO OLUEeHeHa nNopucTocTb 06pasyos.
[aHHbI aHannM3 NO3BONAET cAenatb BbIBOA O
TOM, 4TO MNOPMUCTOCTb MEHSAETCA HE MOHO-
TOHHO, a o6pasey ¢ D = 56*1016 noH/cm2
MMeeT MaKCUManbHOe 3Ha4YeHue.

Mpu pasHbIX UHTEHCMBHOCTAX BO36YyXAa-
HOLWero u3nyyeHns nonyyeHsl cnektpol KPC
nopmucTbix cnoeB Ge, CHOPMUPOBAHHbLIX UM-
nnaHTaumei moHoB In+ nnactuH c-Ge. MNoka-
3aHO, YTO MCXOLHO MOPUCTbIE CAOW WMEKT
amop(gHYyt CTPYKTypy. B pe3synbTaTte nokanb-

Horo o6nyuveHuna sosbyxpgawwmm He-Ne na-
3epomM Habnwopgaetcd HeobpaTUMoe U3MeHe-
HUe CTPYKTYpbl HUTER, cOCTOALLee B NOABMeE-
HUW KpucTannuyeckoi dasbl Ge.

BbinonHeHo pasnoxeHue cnektpos KPC
MOPUCTbIX CNOEB Ha aMOP(HY U KpUcTanin-
Yeckylo cocTaBnfawuwme. PesynbTaTbl pasno-
XEHNA MO3BONNIN OLEHUTb 06BEMHYIO AOI0
KpUCTannmnyeckoin gasbl, KoOTOpas okasanacb
MaKcuManbHOW gna ob6pasya ¢ D = 5.6-1016
MOH/CM2, 4TO KOpPpPenupyeT C OLEHKOI nopu-
CTOCTH.

Bubnuorpagunyeckune ccoblsiku

LYunJ.H., Park Y.C., Kim J. et al. Solution-processed
germanium nanowire-positioned Schottky solar
cells. Nanoscale Res Lett 2011; 6: 2871-2875.

2. Kim J.,, Bahk J.-H., Hwang J., Kim H., Park H. and
Kim W. Thermoelectricity in semiconductor
nanowires. Phys. StatusSolidiRRL 2013; 7(10): 767-
780.

3.Isomura M., Nakahata K., Shima M., Taira S,
Wakisaka K., Tanaka M., Kiyama S
Microcrystalline silicon-germanium solar cells for
multi-junction structSolar Energy Materials and
Solar Cells 2002; 74(1-4): 519-524.

4.Leem JW., Kim Y.P., Yu J. S,, Tunable behavior of
reflectance minima in periodic Ge submicron grating
structures, Journal ofthe Optical Society ofAmerica
B 2012; 29: 357-362.

5.Liu S, Feng J,, Bian X, Qian Y., Liu J., Xu H,
Nanoporous germanium as high-capacity lithium-ion
battery anode. Nano Energy 2015; 13: 651-657.

6. Maspunosa T.M1., XaHTnmepos C.M., HyxxanH B.U.,
Banees B.®., Poros A.M., CtenaHos A.J1. CosgaHue
aHoda NWUTWIA-MOHHOTO akKyMy/nsTopa Ha OCHOBE
HaHOMOPUCTOr0 repmaHus, CHopPMUPOBAHHOTO WUM-
nnaHTauuven noHamu cepebpa, Mucbma B XXTP 2022;
48(8): 33.

7. CtenaHos A.J1., HyxauH B.W., Poros A.M., Bopo-
6beB B.B. ®dopmupoBaHve CNoeB NOpuCToro Kpem-
HUA U TepMaHns C MEeTa//IMYECKUMM HaHOYacTu-
uamn. KasaHb: ®UILIMPECC; 2019.

16-1 Me>kiyHapofHaa koHepeHuus «B3aumogeiicTBMe N3NyYeHNii C TBepPAbIM Tenom», 22-25 ceHTA6pa 2025 r., MuHck, benapych
16th International Conference “Interaction ofRadiation with Solids", September 22-25, 2025, Minsk, Belarus

419



