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Introduction

It is well known that defects can be annealed
at lower anneal temperatures in hydrogenated
crystalline silicon than in hydrogen-free silicon
[1]. A theoretical study of hydrogenated vacancy-
defect interaction with silicon interstitial and
various dopants in silicon has shown the ability of
atomic hydrogen to enhance the processes of
Frenkel pair annihilation [2] and implanted dopant
activation [3]. This in turn offers an explanation
of the processes of structural relaxation with
hydrogen and the role of RF hydrogen plasma in
the structural ordering of amorphous and
crystalline silicon. This paper presents the results
of an investigation of the influence of hydrogen
on the electrical and structural changes in silicon
subsurface layers created by co-implantation of

AsT and H(D™) ions.

Experimental Details

The As ions (dose 1x1014 ions/cmz) were
implanted at an energy of 100 KeV through the
oxide layer into SiO,/Si interface. In addition,
parts of the As-implanted wafers were implanted
with H or D ions at an energy of 33 KeV and

doses of 1x1012 and 1x1014 ions/cm?. After
implantation the samples were isochronically
annealed in a nitrogen ambient for 15 minutes
over the temperature range 300 - 800°C.

On part of the wafers the thermal oxide was
chemically etched to carry out electrical resistivity
measurements by 4-point probe method and
structural optical studies by Raman scattering
technique. The remaining parts of the wafers
implanted with As and with (As + D) ions were
analyzed by SIMS technique.

The Raman scattering spectra were measured
at room temperature, using an Ar laser (A=514,5
nm, P<100mW) excitation. The arsenic and
deuterium concentration profiles were obtained by
SIMS measurements with a CAMECA IMS4F
system.

Experimental Results and Discussion

Electrical measurements.
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The electrical measurement results for the
subsurface silicon layers formed by implantation

of As™ ions, as well as As™ and HT (or DY) ions
are presented in Fig.1. As can be seen from Fig. 1,
the conductivity type of the Si surface layer is
changed from p- to n-type at temperatures higher
than 300°C.
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Fig.1. Normalized resistivity of implanted samples as

a function of annealing temperature (t=15 min., N)).

The

implantation at a dose of 1x1014 jons/cm? leads
to considerable decrease in resistivity over the
temperature range 350 to 500°C. The resistivity of
the (As + H/D) co-implanted samples is seen to be
lower than that of the As-implanted samples by a
factor over 50 after thermal annealing at 400°C.
The deuterium implantation at this temperature
appears to give a slightly lower resistivity than the
hydrogen implantation. If the hydrogen (or
deuterium) co-implantation dose is lower

additional hydrogen or deuterium

(IXIO12 ions/cmz), we do not observe such a
large resistivity decrease. At anneal temperatures
above 550°C, no difference in the resistivity of the
As and (As + H/D) co-implanted samples is
observed.

Raman spectra
Presented in Fig.2 are the Raman spectra of
the as-implanted (initial) and annealed samples



that had the As™ (dose 1x1014 jons/cm?2) and D*

(dose 1x1014 ions/cmz) co-implants. The Raman
spectrum for the unannealed sample is typical of
amorphous silicon, with three distinguishable
regions: i) a dominating broad band (half-width

I'= 110 cm‘l) with a maximum at 460 cm-!
caused by the scattering on the TO branch and

corresponds to a-Si; ii) a line at 300 cm~1 which
corresponds to LO and LA frequencies; iii) a wide

band with maximum at 150 cm~! corresponding to
TA vibrations.
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Figure 2. Raman spectra of Si implanted with 1x10"

em? As™ ions and with 1x10'* em™ D™ ions,
followed 15 min. thermal anneal.

In the high frequency edge of the a-Si TO

line a weak peak at 520 cm-! is observed. This
signal corresponds to microcrystalline regions
imbedded in an amorphous environment. A
similar Raman spectrum is observed in samples

implanted only with As™. It is thus clear that
before the anneal the subsurface silicon layer in
both cases is almost fully amorphous.

For estimating the influence of hydrogen on
the microcrystalline peak, we have compared the

change in the peak amplitude for the (As+D) co-
implanted samples with that for the As-only
implanted samples as a function of thermal anneal
temperature. The amplitude of the peak with 520

cm-! for the co-implanted sample after thermal
annealing at 400°C is higher than that for the As-
only implanted one by a factor of 1.6, and
decreases with rise in anneal temperature. At
600°C, the difference is negligible.
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SIMS results

The SIMS measurements show that the
deuterium distribution in the silicon layer changes
significantly after the anneal at 500°C. Whereas
before anneal the deuterium distribution is mainly
located away from the As peak in the depth of
silicon wafer, after annealing the deuterium
distribution is shifted towards the SiO2-Si

interface and is collected in the region of As peak.
Thus, thermal anneal is effective in causing
deuterium to migrate towards regions containing
defects and dopants, in our case localized near the
Si02-Si interface.

The results presented above allow us to
conclude that hydrogen is indeed trapped in the
defect silicon layer and is effective in lowering the
resistivity of Si subsurface layers formed by As
implantation, at anneal temperatures substantially
below conventional values. This can be ascribed
to both the hydrogen passivation of dangling
bonds in the implanted layer and enhanced
activation of the implanted dopant.

The Raman study notes some transformation
of the microcrystalline part of the amorphous
implanted  silicon layer after hydrogen
incorporation in this layer during the thermal
anneal. However these transformations are not so
significant as in the case of hydrogenation by RF
plasma [8]. We suggest the following explanation:
The concentration of H/D in the case of (As +
H/D) co-implantation is much smaller than with
RF plasma, and secondly the latter offers the
possibility of dynamic anneal of defects due to the
presence of UV and electrons during
hydrogenation.
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Beenenue

Xopouo U3BECTHO, 4YTO JE(PEKThHl MOTYyT
OTXKWTaThCsl IPHU TOHMKCHHOW TeMIepaType B
HaBOJOPOKEHHOM  KPUCTAUTMYECKOM KPEMHHHU
[1]. Teopernueckuid aHanmu3, MPOBEACHHBIN B
pabotax [2,3], MpoAEMOHCTPUPOBAT CIIOCOOHOCTh
BOZIOpPOJa YCKOPSTH MPOLECCH aHHUTHILILUK Hap
@peHkensiT W aKTUBaUUM HMMIUIAHTHPOBAaHHON
aerupymomei npumecu. OH Takke 00BSICHUI POJIb
BOZIOpOJa B MpoOLECcCcax CTPYKTYPHOH penakcayu
aMOp(}HBIX U Ae(PEKTHBIX KPUCTAIMYECKHUX CIOEB
KpeMHHsI TpH Bo3aedctBun Ha Hux BY
BOIOPOIHOH I1a3Mel. JlanHas pabota mocBsieHa
HCCIICIOBAHUIO BIMSHHUA BOJOPOJA Ha 3JICKTPH-
YeCKHe M CTPYKTYPHBIE CBOMCTBa KPEMHHEBBIX
MPUIIOBEPXHOCTHBIX CJOEB, MOABEPTHYTHIX COB-

MecTHOI uMILTanTarmn nonos Ast u HH(D™).

Oo6pa3ubl 1 METOAbI UCCIETOBAHUS
Crpyxtypsl SiO,-Si ¢ TonmmHo#i okucna 80
HM OBUIM HMMIUIAHTUPOBAHBI MOHAMH As" nosoit

1x1014 won/em2 u sHepruedt 100 KsB. Yacts

HUMIUIAaHTUPOBAHHBIX CTPYKTYp ObUIa [IOMIOJTHH-
+ +

TEJIbHO MMIUTaHTHpoBaHa HMoHamu H™ wmum D' ¢

snepruei 33 KaB u nozamu and 1x1012 u 1x1014

non/cm2. Tlocme UMIUTaHTAllMA 00pa3ibl ObLTH
OTOXOKEHBI B arMocepe a3oTa B OuMana3oHe
temiepatyp 300 - 800°C B TeueHnue 15 MUHYT.
Ilocne XUMHUYECKOTO0 TpaBJEHUS OKHCIA
ObUTM  W3MEpEeHBl 4-X 30HIOBBIM  METOIOM
YIENBHOE CONPOTHUBIICHHE HMIUIAHTHPOBAHHBIX
CIIOEB, a TaKXe CTPYKTypa TOHKOI'O IIOBEpX-
HOCTHOT'O CJIOSI KPEMHUSI METOIOM KOMOHMHAIMOH-
Horo paccesaus cBeta (KPC) Ha orpaxkenmue.
Cnektpet KPC wu3ydanmuce mnpu KOMHATHOM
TEMIIepaType, HCHOIb3Yys Uil  BO30YXKICHUS
aproHoBeIi nazep (A=514,5 am, P<100MBT).
[Ipodunu pacnpeneneHuss KOHLIEHTpPALMU
MBILIbSIKA M JCUTEpUs] B TOHKOM IPHIIOBEPXHO-
CTHOM CJIO€ KPEMHHMS M3Y4aJHCh METOAOM Macc-
CIEKTPOCKOIUY BTOPUYHBEIX HOHOB (MCBU).
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Pe3yabTathl u 00cyxaeHHE
DJIeKTpUYeCKHe H3MepPeHMs.
PesynbraThel H3MEPEHUS YIEIBHOTO
COIIPOTUBJICHUS MMOBCPXHOCTHBIX CJIOCB KPEMHU,
HUMILUTIAHTUPOBAHHBIX NOHAMHU AS+, a TaK¥XKe AS+ n

H" (um DT), mpencraBnensl ma Puc.l. Kak
BUIHO U3 Puc.1, mpu Temmneparype OTXKHra BBIIIE

300°C  mpoBOAMMOCTH  MMIUIAHTHPOBAHHOTO
KPpEMHUECBOT'O CJIOSI MEHACTCA C P-TUIIA HA N-TUIL.
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Puc.1. Hopmuposanuoe yoenvHoe conpomusnerue
UMNIAHMUPOBAHHBIX 00PA3YOE 8 3AGUCUMOCTNU OM
memnepamypul omacuea (t=15 mun., N2).

650

N
JlomomHUTEIbHAS MMIUTAaHTaIusl noHamu H

win D' no3oii 1x1014 nonos/cm2 MPUBOJIUT K
3HAYUTEITHLHOMY YMEHBIIICHUIO YIEIBHOTO
COIIPOTHUBJICHUS 10 CPaBHEHUIO C OOpa3laMu,
MMIUTAHTUPOBAHHBIMU TOJIBKO MOHAMH MBIIIbSKA,
MIpU TEPMUUECKOM OT)KHIe B AuamnaszoHe oT 350 no
500°C. JononautenpHas UMIUIAHTALUSA
BOJIOPOJIOM WM JEUTEpUEM MEHBIIUMU J03aMHU
HE JlaeT 3aMeTHOro d3(QekTa MOHMKCHHS
YAEIBHOTO CONPOTHUBJICHUS CIIOS. IIpu
temrepatype Boime 550°C He HabmrogaeTcs
OTIIMYHNE YIENBHOTO COMPOTUBICHUS M BCEX
HCCIICIyeMbIX UMILIAHTHPOBAHHBIX 00PA3IIOB.
Raman spectra
Ha Puc.2. mnpeacraBieHbl KPC

00pasnoB, WMIUIAHTHPOBAHHBIX HOHAMU Ast u

CIICKTPhL

Dt (mo3a 1x1014 I/IOHOB/CM2) IO U TIOCiEe
tepmuueckoro omkura. Cnexktp KPC  nmns



HEOTOXOKEHHBIX HMMIUIAHTUPOBAHHBIX CIIOEB TH-
IU4YeH UId aMOp(HOro KpPEeMHHUSI U COCTOUT B
OCHOBHOM M3 TpexX oOmacteid: 1) JOMHHHPYIOTHI
UPOKUI MUK (¢ nomymupuHoi ['= 110 CM‘l) c
MakcumymoMm — 1pu 460 CM'I, KOTOPBIi
BBI3BIBacTCA paccesuueM Ha TO KojebaHHIX
amopduoro kpemuus; 2) nuaus npu 300 em 1,
cootBercTBytomas LO konebanusmM; 3) mmpokas

30Ha ¢ MakcumymoM npu 150
cootBeTcTBYytomas TA komebaHusM a-Si.
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Puc. 2. Cnexmpwi KPC Ons kpemuus, umnianmupo-

. 14 2
sannozo uonamu AsT u DV ooszoii Ix10" cm” ¢
NOCACOVIOWUM OMIAUCUSOM 6 meyeHue 15 munym.

VY BbicokogacToTHOTO Kpas TO pmHmMu a-Si

HaOromaeTcs ciaOblii OUK Ha yactore 520 em !
OTOT CHWTHaJ COOTBETCTBYET MHKPOKPHCTAI-
JMYECKUM BKIIOYEHHMSIM B aMOp(hHOW Marpuile
kpemuus. [Togo6usrit ciektp KPC nabmonaercs B
Takke oOpas3lax, WMIUTAHTUPOBAHHBIX TOJIHKO

voHamu As'. 13 momyueHHBIX pe3ysibTaToOB MO
KPC sicHO, 9TO 10 OT)KMTa TOBEPXHOCTHEIN CIION
KPEMHHUS TTOYTH MTOTHOCTBI0 aMOP(HBIH.

JUis BBISICHEHMSI BJIMSIHHUSA BOJOpOJA Ha MUK,
CBSI3AaHHBIH C MHKPOKPUCTAJUTUYECKOU (a3oi
KpeMHUs, OBIJIO MPOBENEHO CPAaBHEHHE AaMILIH-

TyZAbl IHKa Ha yactoTe 520 em! ot TeMIIepaTypbl

OTXKHUTa Jis 00pa3ioB, WMILIAHTHPOBAHHBIX
+ +

uoHamMu As u D, wmw pmna oOpasnos,

+

MMIUTAHTUPOBAaHHBIX ~ TOJIBKO  HWOHaMU  As .

Pe3ynbpTaThl cpaBHEHHsI OKa3aJId, YTO OTKUT MIPU
teMiepatype 400°C mpUBOIUT K 3HAUUTEIBLHOMY
Bo3pacTanuio (1o 1,6 paza) amMIIMTYyIbl MHMKa Ha

qacrore 520 cm™l s CTPYKTYp, TMOABEPTHYTHIX
JBOMHOW WMIUIAHTallMM, 1O CpPaBHEHUIO CO
CTPYKTypaMH, MOJIBEPTHYTHIMH TOJBKO HMMILIAH-
Tanuelt wonamu As  Ilpu Temmeparype OTKHTa
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600°C wu BBIIIE OTHOIICHHE
YMEHBIIAETCS 10 SMHHIIBI.

Pesyastatel MCBHU u3mepennii

MCBU wusmepeHuss IMOKaszald, dYTO B
CTPYKTypax c JIBOMHOM HMMILUIaHTalueR
TEPMHYECKUM OTKUT Tpu Temmeparype 500°C
NPUBOIUT K  Tepepaclpe/ieicHHI0O  aTOMOB
JelTepusi B CTOPOHY pacIpelelieHrss aTOMOB
MbIIIbsAKa. [Ipu 3ToM TOJOGHBIN OTXKUT HE BIUSET
Ha pacIpe/ielIeHle aTOMOB MBIIIbSIKA.

HabmrogaeMplii pe3yabTaT CBHIETEIBCTBYET
0 TOM, 4TO OTXMWI B guama3oHe ot 400 go 600°C
NPUBOMUT K 3aXBaTy BOJOpPOAa Ha Je]eKTsl,
JIOKaJM30BaHHbIE B CJIOC WMILIAHTHPOBAHHOTO
kpemHuusi. [Ipu stom HaGmomaercs 3QQeKkTuBHOE
MOHW)KEHUE YJEIBHOTO CONPOTHBICHUS CJOS U
YCHJICHHE KPUCTAUTU3AINK aMOP(HOTO KPEeMHHUSL.
OpnHako, yCWIICHHE KPUCTAJUIM3AllMd HE TaKoe
3HaYUTeNbHOE, Kak B ciay4dae oOOpaboOTKH
UMIUTAaHTUpOBaHHOro cioss  BY  BogopoaHoit
mnazMoi. Kpome Toro, mnpum uMILIaHTaUUU
BOJOPOAOM He HabmoqaeTcs 3aMeTHOe
n3MeHeHue amopQHoil (azbl KPEMHHEBOTO CIIOA,
yTo Habmomaercss B ciaydae BY mmasMeHHOH
o0paboTku. IlomydeHHble pe3ynbTaThl MOTYT
OBITh OOBSICHEHBI CIICAYIONUM 00pa3oM: B CIIydae
MPOBENICHUS  JIOTIONIHUTEIbHON  WMILIAHTAIMN
BOJIOPOJIOM HCIIOJIB3YEMBIE JI03bl 3HAYUTEIHHO
MEHBIIIE, YeM BBOJMMAsi KOHIIEHTpAIUs BOAOPOA
MpH IIa3MEHHON 00paboTke; MpH IUTa3MEHHOM
00paboTKe  KpoME€  BBEACHHS  aTOMapHOTO
BOZIOpPOAa HEOOXOJMMO YUYWTHIBaTh BiugHnEe YD
0o0y4YeHHsT M 3JIEKTPOHHOW OOMOapIMpOBKH Ha
YHOPSIOYCHUE UMILUIAHTUPOBAHHOTO CJIOSL.
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