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Abstract-Electrically active centers in light-emitting Si:Er layers grown by sublimation molecular-beam
epitaxy (SMBE) on single-crystal Si substrates have been investigated by admittance spectroscopy with tem-
perature scanning and by DUIS. The total density ofelectically active centers is defined by shallow donor
centerswith ionization energies of 0,01ó-0.045 eV The effect of growth conditions andpost-growtharurealing
on the composition and density of electrically active centers has been studied. Significant differences in com-
position of the eleckically active centers with deep levels and in channels of energy transfer from the electron
subsystem of a crystal to Ef ions between Si:Er layers grown by SMBE and ion implantation have been
revealed. @ 2 002 MAIK " Nauka / Interperiodica ".

1. INTRODUCTION

Erbium-doped silicon is attracting much attention as

a material for the fabrication of efficient light emitters
operating at the wavelength of 1 .54 Fm, which lies in
the maximum transparence window of quartz optical
communication fibers. Promising methods for creating
effectively emitting Si:ErlSi structures are molecular-
beam epitaxy (MBE) [1, 2] and its variation, sublima-
tion molecular-beam epitaxy (SMBE), in which the Si
and Er molecular beams are produced by sublimation
of a f i rrytt?l initialt: 9pee.d wtlh Er and other neces-
sary impurities [3]. SMBE has been used to fabricate
structures with uniformly doped light-emitting Si:Er
layers t4-8], os well as periodic multilayer structures
with alternating pure silicon and Si:Er layers, which
demonstrate record-breaking photoluminescence (PL)
intensity per unit thickness of light-emitting layer [7, 8].

Optical properties of SMBE structures, including
the classification of optically active centers and their
transformation under post-growth annealing, have been
studied in sufficient detail [4-8]. The electrically active
centers and their role in the excitation and de-excitation
of optically active Er3* ions have been studied to a
lesser extent [5, 9]. The goal of this study was to inves-
tigate, by means of capacitance spectroscopy, the elec-
trically active centers in light-anitting SMep Si:Er
layers, their transformation under post-growth thermal
treatment, and their effect on the optical properties of
the layers.

2. EXPERIMENTAL

Uniformly doped Si:Er layers were grown on p- and
n-type (100) Si substrates with 20,10 and 0.008 O cm
resistivity in a vacuum chambor with a residual pres-
sure of 2 x 10-7 mbar. Wafers cut from Si:Er ingots with
an Er and O content of up to 5 x 1020 and 1 x 1Ore cm-3,
respectively, were used as sublimating sources. The
growth temperature Q was varied from 400 to 600"C,
and the layer thickness, from 0.2 to 3 pm. Several struc-
tures were additionally annealed in hydrogen at 4.,r, :
900"C for 30 min.

The electrically active centers in the Si:Er layers
were studied by admittance spectroscopy with temper-
ature scanning and by deep level transient spectroscopy
(DU|S) in the temperature range T: 10-350 K. The
admittance was measured in the frequency range .f :
0.1-1000 I<Hz. The active (G) and capacitive (C) com-
ponents of the cuffent flowing through the structure
were selected using the lock-in technique. DLTS mea-
surements were done at 400 I<Hz using a dual-gated sig-
nal averager (double boxcar) [10]. It is necessary to
note that the combination of DLTS with admittance
spectroscopy allowed us to identify both shallow and
deep levels in a single experiment, thus enhancing the
bulk and the reliability of the obtained data.

The Schottlcy contacts for sapacitance measure-
ments were fabricated by thermal evaporation of Pd
onto the preliminarily treated surface of a sample at a

residual pressure of -6 x 10-6 mbar. The ohmic contact
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Fig. l- DLTS spectra of a Si:ErlSi structure: (a) before and
@l after anneafing. Substrate KÉF-0.008, growth tempera-
ture To: 430"C; annealing conditions: 900'C130 min/H2.
Spectrirm recording conditiorsr T*6dow : 0.6 mq, voltage
(/ : -2V. (/) calibration pulse amplitude L,C : 10-'C, where
C is the structure capacitance at the calibration temperature.

was formed by rubbing In-Ga alloy in the back surface
of a sample or by sputtering a large -area Schottlcy con-
tact near the measuring contact (for structures on high-
resistivi ty p -type substrates) .

3. RESURS AND DISCUSSION

All the epitaxial layers studied had n-type conduc-
tion, irrespective of the growth temperature. The type
of conduction did not change upon subsequent thermal
treatment of the structures. The free carrier density
determined from capacitance-voltage and the Hall
effect measurements was 1016-1018 cm-3 at T - 300 K.

3. L (Jnannealed Layers

Electrically active centers with deep levels with
ronrzation energies in the 0.15-0.45 eV range were
observed in unannealed Si:Er layers (Fig. 1). Their
density was Nr s 2 x 1Ors cm-3, with relative density
IV /(N n- N e) s 0.03. Earlier studies [3, 1 1 ] have shown
that the background level of contaminants introduced

by the equipment in the process of SMBE growth is on
the order of^' 2 x1 013 cm-3 [3, 1 1 ]. Therefore, the origin
of the obsenred electrically active centers is related to
the process of Er introduction. The //r value is defined
by the conditions of fabricating the Si:Er layers, being
the largest ip layers gïown at a lower temperature (f r 7
500"C) and decreasing as the growth temperature is
raised. Presumably, /ft is independent of the Upe of
substrate: deep level densities were nearly the same in
Si:Er layers growïr on low-resistivity (KEF-0.008) and
relatively high-resistivity (KDB- 1 0, KDB- 20) substrares.
KEF-0.008 stands for zr-Si:P with p - 0.008 Q cm; and
KDB-10 and KDB-20 stand for p-Si:B p - l0 and
20 {2 cffi, respectively.

A specific feature of this group of electrically active
centers is that they are completely annealed out upon
additional post-growth annealing (900"C, 30 min, Hr).
Earlier studies of isochronous (30 min) annealing of
uniformly doped SMBE-structures have shown that the
type of emitting center is modified by anneali.rg. The
intensity of PL related to Er3* ions is the lowest at
annealing temperature 4.rr,, 

:7 50"C and increases upon
annealing of Si:ErlSi structures at 4,r,, - 800-900"C
16,7]. This suggests that the electrically active centers
revealed in unannealed Si:Er layers are not involved in
the transfer of excitation from the electron subsystem
of the Si crystal to Er3* ions. In all probability, they
should be classif,ed as growth defects.

Another specific feature of unannealed layers is the
strong temperafure dependence of the measured barrier
capacitance (Fig. 2a). The observed C(T) dependence
cannot be accounted for by the effect of deep levels
locahzed in the space charge region (SCR), because the
relative density of deep levels in this structure is too
low: Itl/(Np- N) s 0.03. The effect of thermally stim-
ulated capacitance 112), which might be evidence in
favor of the hypothesis relating the observed variation
of the barrier capacitance to recharging of deep levels
in the SCR, is obsenred neither in this nor in similar
structures. tt is possible that the observed C(D depen-
dence is defined by the fluctuations of the band poten-
tial in the SCR. It is known that these fluctuations,
which arise, e.g., in the case of a nonuniform distribu-
tion of impurities, yield an anomalous temperature
dependence of the barrier capacitance, similar to that
presented in Fig . 2a, with the magnitude of the deriva-
tive ldcldfl proportional to the dispersion which char-
acterizes the fluctuations of the band potential [13].
A nonuniform distribution of impurities may arise from
the fact that the Er density in the Si:Er layer is several
orders of magnitude higher than the equilibrium solu-
bility of Er in Si, which is equal to -1016 cm I at
1300"C [14]. High-temperature annealing in hydïogen
(Fig. 2b) eliminates this anomaly of the C(T) depen-
dence. It is noteworthy that, in this case, we are dealing
with equilibrium changes in barrier capacitance, which
are not related to nonequilibrium thermally stimulated
processes.
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Fig.2.Adrnittance spectra of a Si:ErlSi structure: (a) before
and (b) after annealing. The structure and the annealing
conditions are the same as in Fig. l. Spectra recorded at fre-
quency/: I MHz,voltage U: 0.

3,2. Annealed Layers

The only type of electrically active centers observed
in annealed Sinr layers are shallow donor centers with
ronrzation energies of 0.016-0 .045 eV. Figure 3a shows
the admittance spectra C(T) and G(T) of a Si:ErlSi
structure, recorded at zero bias with the probing signal
frequensy í: 80.6 kHz. It is worth noting that, for this
case, the peak in the G(T) and the step in C(T) curves
are due to carrier freeze-out to the main (shallow)
impurity in the neutral region of the diode 1121. If the
probing frequency is varied, the observed dependences
shift along the temperature axis. Figure 3b presents the
temperature at which G(T) has a maximum as a func-
tion of the probing-signal frequency in the Arrhenius
coordinates. The rontzation energy of the level, which
defines the slope of the Arrhenius dependense, is
0.016 eV. In determining the ronrzation energy,
account was taken of the temperature dependence of
the effective density of states in the conduction band,
NcQ) o< 73t2, and the temperafure dependence of the
carrier mobility was disregarded.

The type of conduction defined by these impurity
senters and the behavior under post-growth annealittg
suggest that the observed shallow centers can be classi-
fied as quenched-in donors, i.e., impurity-defect com-
plexes arising in oxygen-enriched silicon crystals under

102

95 100 105 110 115 t20 125

1000/r, K-r

Fig. 3. Determining the ioni zationenergy of shallow donors
from the admittance-spectroscopy data: (a) admittance
spectra, (Q) Arrhenius plot. Spectra recorded at frequency
í-8 x l0'-8x l0"Hz,voltage (I:0.

thermal treatment. The role of Er in their formation is
not quite clear. Probably, Er atoms, which are larger
than Si atoms, introduce significant distortions into the
silicon crystal lattice, thus accelerating the generation
of thermodonors [15]. Noteworthy is the difference
between the compositions of shallow, electrically active
centers in SMBE layers grown from different Si:Er
sources. In our opinion, the most probable reason is the
effect of residual impurities, especially, O, C, and N,
(and, possibly, other light element impurities), which
can be incorporated into the observed shallow centers.

Figure 4 presents the admittance spectra C(T) of an
SMBE Si:ErlSi structure grown on a high-resistivity
KDB -20 substrate (see the inset). An interesting feature
of these spectra is that, depending on the measuring cir-
cuit, they allow for the obseruation of carrier freeze-out
to electrically active centers locahzed either in the sub-
strate or in the Si:Er layer. If an [n-Ga contact is used
as the ohmic contact (Fig. 4, cvwe I), the neutral region
of the diode includes the in-series connected substrate

0.016 eV

0.032 eV
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Fig. 4. Admittance spectra of a Si:ErlSi structure for differ-
ent circuit connections. For explanation, see text.

and part of the epitaxial Si:Er layer. In this situation,
with temperature lowered, we observe carrier freeze-
out to the impurity with a higher ronrzation energy
(boron in the substrate). If the large-area Schottlcy con-
tact (planar configuration of contacts) is used as the
ohmic contact, the neutral region of the diode includes
only some part of the epitaxial layer and not the sub-
strate, and, therefore, the freeze-out in the substrate
does not affect the measured barrier capacitance (Fig. 4,
curve 2). tn this case, we observe carrier freeze-out to
shallow centers locaHzed in the epitaxial Si:Er layer at
a lower temperafure, which indicates the lower rofiza-
tion energies of the electrically active centers as com-
pared with boron. When the substrate and the epitaxial
layer in the neutral region of the diode are coïmected in
parallel (Fig.4, cunre 3), we obseïve carrier freeze-out
to the impurities Iocahzed both in the substrate and in
the Si:Er layer. The freeze-out in the substrate is less
pronounced, because the epitaxial layer is a well-con-
ducting parallel (shuntittg) channel at this temperature.

4. CONCLUSION

The most pronounced difference between the struc-
tures grown by SMBE and by ion implantation is as fol-
lows. In the implanted structures, deep levels are reli-
ably observed at rontzation energies of 0.7-0.2 eV
includittg the level E c - 0. 1 5 eV, which, according to

current concepts, is responsible for the transfer of exci-
tation to Er3* ions in the implanted layers [16]. In the
SMBE layers, all attempts to observe deep levels in this
range of ionrzatíon energies failed despite the intensive
PL related to optically active Er3* ions. For example, in
a Si:ErlSi structure exhibiting intensive Er PL, the den-
sity of Er-related optically active centers at liquid
helium temperature was /Gl' - 2 x 1016 cm-r llTl at a

total Er density of lf[,' _ 1 x 10rB cm-3. According to
DLTS data, the density of deep levels with ionization
energy in the range 0.1-0.3 eV, which could be
involved in the transfer of energy to Et'* ions (via the
mechanism of exciton capture by deep levels, described

in [16, 18]), was //fr,

such a large difference between 1i[!' and /i;i densities
indicates that additional (compared with implanted lay-
ers) channels of excitation transfer from the electron
subsystem of a Si crystal to Et'* ions, unrelated to the
E c - 0.1 5 eV level, exist in SMBE layers.
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enexrpnr{ecKn aKTuBHbre qeHTpbr B cBeronsnyqatorqr,tx cnof,x Si : Er,

nonyqeHHbrx MeroAotvt cy6nnMaLluoHxoi uoneKynf, pHo-nyveaoi
9nnTaKClll,l
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hxcrraryr $usvtt<vt Ml4KpocïpyKryp Poccr,rÍcxofi axageuuu nayr,
603950 HuxxuË Hoeropo4, Poccus
. Hayuxo-uccnegoBarenbcKrafi $uarano-rexnuqecruÍ uHcnlTyr Huxeropogcxoro yHuBepcurera,
603600 Hvrxnui Hoeropo4, PoccuR
ï Van der Waals-Zeeman lnstitute, University oÍ Amsterdam,
1018 XE Amsterdam, The Netherlands
r lnstitute oÍ Applied Physics, University oÍ Erlangen-Nurnberg, Gebaude A3,
D-91058, Erlangen, Germany

([Tonyuena 29 uas 2001 r. llpunnra K ne.laru 5 upnn 2001 r.)

Mcro4avru a,qr\4rlT'Tarrc-c[cKTpocKorun c rcM[cparypnbrM cKarr]ÍpoBanr4cM I.r pcJraKcaluoruroft cncrrrpocKotruu

my6ololx yponncri r,rcc,'rc4oBanbr srcKTpncccKr.Í aKTrrBr{hrc IIcHTpbr B cBcro}r3JryrIÍtpu[Íx cro.ffx Si:Er, nuparucrurux

Ha ttog;Ioxtr<ax r,r3 MonoKpr,rcraffu{ÍrccKoro KpcMHr4s Mcro[oM cy6nmraarpronnolï rraoncxynxpno-nyrclorï 3IIr{TaK-

crul. Vctanourcno, rITo cyMMapíÍrt KoIqcHTpaI[ls 3ncroprÍqccKrr aKTI4BHbIx qclrrpoB onpciqcrlqcrct McJIKTMI{

Àonop[ÍDlMrr rlcnTpÍrMr,r c encpruct r{onu3arurr or 0.016 no 0.045s8. I,IccncAoBaHo BJrtrflHr,Ic ycnonr.uï pocra I{

rrocJrcpocroBoro onr{ura Ha cocrÍrB r,Í KonrlcntpÍuruo gJrcKTprÍqccKr4 aKTr{BrÍHx rlcnrpor. B cxosn Si: Er, norryvacuux
cy6rnuvrargronuoË rvrolcxynnpno-ryrcnorï enmaxcr,rcft u r,rounorï Iar,rurantarprcft, ycranollJrcnbl cyrlccrBcunbrc

pawrwrnfl. B cocranc gJrcKTpr{qccKrl aKTr.ÍBHbrx qcHTpoB c rny6oronrau ypoDIUrM}r I{ B KaHÍuIÍu( rrcpcAacr,r noe6yxgcrux
or gJrcKrpoHHoft no4cr.rcrcvu KpncrÍIJrJra Si lronau Er3+.

1. BeegeHue

Kp ennHnrï, Jretlrp oB anHbr ft ap6neM, rrp lmreKaer BHI{MÍIHue

r4ccne[oBaTeJrefi n cBfl3]I c Bo3Mo]KHocTbro co3ÀaHpnr eQSex-

THBHhrx r{3nyqareneË Ha [nnHy BoJrHhI L' MKM, ne)Kaulylo

B o6nacrn MaKcuMarrbHoft [po3paquocrpr KBaprIeBbIX BoJIo-

KOHHbTX CB eTOBOAOB . llep CneKTr{BHbrMpr MeToAaMpI c o3ÀaHr.Ifl

eS$emunuo H3nf{arcuux crpyr(Typ Si: Erl Si nBnnrorcn

MorreKyrrnpHo-nrreBan srruraKcHn (MII3 ) ll,2l v cy6ril4Nra-

rlr4oHrrbr fi napvranT MJIS ( CMf3 ), oco6el{HocTblo KoTopofo

flBrflercfl fronr{eHpre MoneKyJrflpFrhrx froroKoB Si rE Er nyrerra

cy6rmvrarJlzlz,KpncTa run Si, nsHaqa-rbHo nernpoBaHnoro Er n

Apyfr,rMr4 Heo6xoÀrrMbrMlr npr,lMecflMr.r [3] . MerouoM CMJI3
roryqeHbr cTpyKTypbl KaK c oÀHopo[Ho nefnpoBaHHbIMI4

cBeror{3xyqarcur,rMu cJroflMn Si : Er [4-8], TaK u repnoAr{-
qecKr,re MHorocnoËHble crpyKTypbl c qepeÀoBuIHI4eM cnoeB
ril{croto KpeMwng, r4 KpeMHHrr, retHpoBaHHoro eporaena, Ko-

Topbre B [epecqeTe Ha ToJIruHHy cBeToH3nrlaroulefo cnofl
roKa3brBaroT peKopÀHo BbrcoKyro r4HTeHcr4BHocTb $oronro-
Mr,rHecueHrlr4rr [7, 8] .

Onrn.recKue cBoËcTBa CMJIS-crpyKTyp, BKrroqafl lcrlac-

cn$rrKarll4ro o[TI{qecKIí aKTI4BHrIX IIeHTpoB, r4x rpaHc$op-
Marlr4ro B llpoqecce llocnepocToBofo oTx(I4la, vIccJIe[oBaHhI

AocraroqHo rlogpo6Ho n orucaubl B [4*8]. B MeHbrueIï

cTeIIeHpr r,r3r{eHhl SneKTpLrtIecKu aKTr4BHbre rIeHTpbI, I{x poJlb

B rpoqeccax Bo36yxA ewas. vr AeBo3oy)KAeHprfl orrnr{ecKrr
ar(rrrBnhrx rroHoB Er3+ [5,9]. Ifern HacTonrqefi pa6o-

Tbr r4ccneAoBaHple MeToAaMu eMKocrHoIï cIIeKTpocKo-

trr4yr sneKTpr4qecKn aKTIdSHbIX IIeHTpOB B CBeTOII3IT{4rc-

ulr4x CMJIS-cnonx Si: Er, r{x rpaHc$opMaurui B rlpouecce

rocxepocroBorï TepMoo6pa6orKlr cTpyKTyp Í4 BrufrHylfl, Ha

oflTuqecKne cBoËcrBa cxoeB.

2. excnepuMeHT

I4ccnegoBaJrprcb oÀHopogno Jrerr{poBêHHbre cnon Si : Er,

BbrpaueHHbre B BaKyyMe rlpn ocTaToqHoM AaBreHH]r
2 . Ig-t vr6ap Ha rogrrox(Kax Si (100) p- v n-Tvtna rpoBoAr4-

Mocrr4 c yAexbHbrM corrpoTHBJreHlreM 20, 10 ra 0.008 ona.cM.

B KaqecTBe cy1nattfutpyroruefo HcTor{H[Ka Hcfrolrb3oBar]Ícb

rrJracrHHhr, Bbrpe3aHHbre vs CJMTKOB Si: Er c cof,epx(aHHeM

Er n O no 5.1020 vt 1.101e cu-3 coorBercrBeHHo. Terranepa-

rypa pocTa Ts BapbrlpoBarracb or 400 Ao 600" C, TorrunHa

cnoeB oT 0.2 Ao 3 MKvr. B pflÀe cnyqaeB rpoBogu^rrcfl

AofroJrHtlTenbHbrfi oT)KHr crpyKTyp B aTMocoepe Bo[opo[a
rpr4 TeMfreparype 4rr, - 900"C n reqeHfle 30 MIIH.

3lexrpnqecKr4 aKTHBHbre ueHTpbr B crroflx Si :Er nccJre-

AOBaJIIICb MeTO[aMn AAMr{TTaHC-CIeKTpOCKOLHH C TeMile-

paTypHbrM cKaHkrpoBÍrHr{eM 14 peJraKcaqr{oHHorï cnel{rpocKo-

wM uy6oKr.rx ypoBHerï (PCI-V) n Auafra3oHe reMreparyp
T - 10-350K. Irlsrraepenus, aAMHTTaHca rlpoBoAwmcb B

[LIafIa3oHe qacroT f - 0. 1- 1000 rfU. Axrusnan (G) kt

eMKOCTlFrAfl, (c) KOMfrOHeHThr rOKa, rrpoTeKaroqefo qepe3

nccne[yeMyrc cTpyKTypY, BbrÀeIrflrmcb ryteM cH]rxpoHHoro

AereKTr4p oB ÍrHtlf . P C ry-r{3Mep e EíJ1Ifl, rrp oBo[ nrmcb Ha qa cTo -

Te 400 Kfu c HcrIoJIb3oBaHHeM TeXHltKH AByxKaHarbHoto
cTpo6-HHTerpkrpoBanufl, [10]. OrMerHM, rITo coqeraHr{e

MeroAoB PCry v aAMurralrc-cfreKTpocKoru4H rro3Borr4,'ro

B paMKax oAHofo sKcrepHMeHTa HÀeHTHsnutapoBaTb KaKï E-mail: shrn@ipm.sci-nnov.ru
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MeJrKr{e, TaK H fJry6oKHe sHepfernqecKHe ypoBlfffl/l n raKIÍM
o6pasorr,r yBennqnrb o6nena n HaAexcnocTb rlorf{aeMblx
AaHHbIX.

KoHramm IIIomru AJrr rrpoBe[eHrdfl eMKocTHbrx rr3Me-

penuïa roToBr{.flucb HarrbrJreHl{eM naJulaÀvlfl, B BaKyyMe rtpr
ocraTorrnoM AaBneHur{ ,^-, 6. 10-6 vr6ap Ha rpe[BaplareJlbHo
rrogroroBneHnyro rroBepxHocrb o6pasqa. Orvrn.recxrarï KoH-

TaKT SoprurerpoBaJrcfl BTprpanneM crlraBa In-Ga B TblJrbtrylo

floBepxnocTb o6pasqa yrJM HarrbrrreHrreM pfllorr,r c H3MepI{-

TeJrbHbrM KoHTaKTa IIIomxu 6olrruorï nrlouagr{ (crpyrcrypm
Ha BbrcoKooMHbIX [Io[nox(Kax p-rw]l [poBoÀrartrocÏ,r) .

3. Peaynbrarbr l4 Hx o6cy)KgeHue

Bce nccne[oBÍIHHhr€ gruTaKcrraJrbnhre cJrou o6na[ann
rrpoBoÀrrMocTbro n-Tvrna He3aBrrcrrMo oT TeMfrepaTypbl po-
cra. llp" rocne[yrou1efi TepMoo6pa6orKe cTpyrTyp rr{fr
rpoBo4rrMocrrr He MeHr.JIcs. KoHrIeHTp arv4fl cno6oAHbIX Ho-

cnrereË 3ap.flÀa, ro AaHHbrM BoJrbr-$apaRnux r43Mepenr4ír

14 u3MepeHr,rfi eQQercra Xonna, cocraBrrflra 1016- 1018 cvr-3
rrpn T - 300K.

3.1. HeoroxxeHHbre cnor4

B ueoroxcreHnbrx cJroflx Si:Er o6Hapy)KeHbr 3neKTpuqe-

cKH aKTr4BHbre rreHTpbr c rny6oruvrrd ypoBHflMn (I-y), 3Hep-

wrfl, HoHr,r3arJW Koropbrx nexcr4T B LrHTepBaJIe 0. 15-0.45 sB

(p".. l). IrIx roHqernpaur{n cocraBrnrral/r 5 2.1915.r-3,
orHocr{rerrbHan KoHrleHrpurnn Nr l(l/, Na) S 0.03.

flponegeHHhre pÍLnee rr3Mepewas, rrora3aJrr{, qro ypoBeHb

$oHonbrx 3afpqgHeHr.ilï, BnocrrMbrx arrfraparypoË n rpoqec-
ce BhrpauvrnaÍrvrfl, CMJIS-crpyKTyp, cocraBJrrer BeJMqLIHy
,\-/ 2 . 1013 cna-3 [3,11]. CnegoBaretlbuo, Bo3HpIKHoBeHue

ua6nrogaeMhrx gJreKTpu.recKn aKTrdBHhrx rIeHTpoB cBfl3alro c

rpoqeccoM nse4eHufl Er. Bem.{wn.Àft onpegetrflercfl ycJlo-

BvrflNtn pocTa cJroeB Si : Er: oHa MaKcHMaJIbHa B cJlo.flx, BbI-

parrteHHbrx npn roHrDreHnoË reMreparype (Tr S 500"C),
r{ yMeHbrrraercfl c rroBbrrrreHrreM TeMneparypbr pocTa. BerrtE-
qrrna Àh ue 3aBncrr! [o-BlrÀrdMoMy, or rr4fra ncnonbsyenrorï

rrognoxffir,r: fY Ha6ruogÍurl{cb rpllMepHo B oÀI4uaKoeoË KoH-

rIeHTparI4rrB cnoflx Si: Er, BbrpaueHHbrx KaK Ha Hrr3KooMHbIX

rro4noxcKax (K3O-0.008), TaK kr Ha orHocrlÍrenbHo BbrcoKo-

oMHbrx (KÀF-10, KÀF-20).
OrnnqrrreJrbHafl oco6enHocrb sroË ryyrrtbl 3xexTprqe-

CKI4 aKTI/IBHbIX IIOHTpOB TO, tITO OHII IIOIHOCTbIO OT-

xfl4faroTcfl rlpu Ao[oJrHHTenbHoM llocnepocToBoM oT]rcl4re

(900"C, 30 rr,run, Hz ). llpone4euHhle paHee nccnegoBaul{n

no r,r3oxponHoMy (30 MraH) orxcrry oAHopoAHo rernpoBaH-
Hbrx CMJIS-c-rpyKTyp rloKa3a-rur, qro rIoA sosgelïcrBlreM

oT)Kr{ra MeHfleTcfl Trr[ Id3nf{arcull4x IIeHTpoB, trfureucplB-

Hocrb SoronroMpruecrleHrllryr, cnnaanHoft c HoHaMpI Er3+

nMeer MI{HIIMyM npn TeMneparype oTx(Hra 4,,r, - 750"i
r{ Bo3pacraeT rrpu orxcr{re crpyKTyp Si : Er / Si n I,IHTepBare

reMreparyp 4,u, - 800-900"C '6,71. 3ro rlo3Borlner

HaM yrnepxflaTb, rITo SneKTpnqecKn aKTI4BHbIe IIeHTpbI,

4* (Dusuxa u rexHuKa nonynpoBogHr4KoB, 2002, rou 36, sun. 2

o6uapy)KeHnbre B Heoro)Kx(eHHbrx cJroflx Si: Er, He yqacrBy-
roT B rpoqecce [epeqar{Ll nos6yxc,qeHr4fl or 3rercponHoË
rro[cucTeMhr Kpncrarra Si HoHaM Er3+. Cropee Bcero vtx

cre[yer orHecrr{ K ge$eKTuIM pocra.

Cneayroruelï oco6ermocTbro Heoro)K)KeHHbrx croeB flBJm-

eTcJr cn-rrbnafl, 3aBr{cprMocTb H3Mepfleuorï 6aplepnoË eMKo-

crn or reMrrepaTypbr (p".. 2, o). Ha6nrc[aeMyro 3aB]rcrd-

Mocrb C(T ) r" yÀaercs oínscruTb BnvrflÍrzrenr I-f, JroKaJrpr3o-

BaHHbrx B o6racrn rpocTpunrcrBeHHoro sapflÁa (On3), ilo-
cKoJrbKy oTHocnrenb laafl KoHrIeHTp arr4fl I-[ na6ruoaaeMbrx B

[ansoË crpyKType, crrrdrrrroM Mara: Ir,l7 l(No - N1) S 0.03.
SQSem repMocrrrMyrrlrponaruroË eMKocrn ll2l, KoropbrË

Mor 6u AoKa3areJrbHo rrogTBep.[nrn rnrroTe3y o cBq3lr Ha-

6nrouaeMoro r{3MeHerurfl 6aprepHolï eMKocrH c repe3apflÀ-
rorï fy s OfI3, TurK)Ke He rrpoflBJrfleTcfl B ÀauHoir pt nogo6-
Hhrx elï crpyKTypax. B ogvro)KHo, ua 6nro[aeMafl 3aBr{cr4Mocrb

C(f) Bbr3BÍIHa Qnyrcryaryuzrflrvrn 3oHHoro roTeHrrr4ana n OfI3.
ZsnecrHo, r{To Sryncryaulz,:z' 3oHHoro rroreHrlr{ata B Oll3,
BO3HrrKarOrrIHe, HZIfrprrMeP, trPlr HeoAHopoAHoM pacrpeÀere-
Hua rpr4Meceít, rprrBo[flT K aHoMamsofi TeMneparypuoll
3aBr{cr4Mocrrlr oaplepHofi eMKocrpl, froAooHofi nsoopaxeu-

100 2a0 300

T,K

Puc. 1. Cncrrpu PC|V crpyKrypbr Si:ErlSi: a - [o orxcrma,

b rrocJrc orïcnra. lIoRno)KKa K3O-0.008, rcMrcparypa pocra
Ts

Rprfl pcrrrcrpa:tgztr c[cKTpoB: 0.6 vrc, HirrrpflN(cHuc U - -2P .

I - rzr-nn6poBoqHbrc HM[yJrbcbr; aMrurkrryua xanrl6poBorrr{oro HM-

rryJrbca AC : 10-tC, C - cMKocrb crpyKTypbr rrpu TcMrrcparypr-
xtrnn6poBKrr.
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reË 3apflila Ha ocHoBHorï (laenxofi) nprlMecn B o6racrn
oneKTpr4qecKorï HerïTparbHocTrr rd3MepfleMoro Ar{o[a lI2]
ZsNaeHeHfle TecToBoË qacToTbr Bbr3brBaeT cMerqeHue Ha6ruo-

[aeMbrx 3aBucnMocTerï no ocr{ TeMrreparyp. Ha pnc. 3,,b B

KoopgrrHarax Apperuyca rp r4BeAeHa 3aB HcHMo cTb reMn e p a-

Typbr, npu KoTopofi perprcrpr{pyeTcn MaKcHMyM G(T), or
qacToTbl TecToBoro cplrHullla. Sneprun rroHrl3arlyff1l ypoBHfl,
orrpegenflroruafl HirrcrroH 3aBncrrMocTn AppeHryca, cocra-
Bvlta 0.016 eB. llp, orpegexenwt sHeprrrr{ troHu3aquz,n

6ura yqreHa reMrrepaTypnafl 3aBucrlMocTb e$SexrneHofi
rrJroTHo cTH cocToflFrr{fi B 3oHe rpoBoÀr{Mocru l/c (f ) o( Ti lz 

,

3aBlrcr{Mocrb rro[BrDrHocTra HocHTeJreË sap flg.a oT TeMnepa-

Typbr He yqHTbrBaJracb.

OnpegetrfleMbllï [ansuMr{ rIeHTpaMH Tnrr rrpoBoA}rMocTn,

IIoBeAeHue [pr4 rrocJrepocToBoM oTx(Hre fro3BonflroT [pea-
fronoxcr4Tb, r{To HaonroAaeMble MeJrKr4e rleHTpbr oTHocflTCfl K

rpymre repMogoHopoB rpr{MecHo-AeQelcrHrrx KoMrureK-

coB, Bo3Hr4Karorrlux B o6orarrlenHbrx KncnopogoM Kpr{cTar-
nax KpeMnr4fl rrpn r{x repnroo6pa6orxe. He flcHa [o KoHrIa

polrb Er B r'rx Qopr"rupoBannu. BosNaox(Ho, aToMbr Er, B

cprJty ktx 6oruueto pa3Mepa rro cpaBHeH]rro c aroMaMn Si,

BHocflT 3aMeTHbre HcKaxceHrlfl B perue'rxy KpHcTaJUra Si 14 TeM

caMhrM ycKopnror reHepaquro repMo[oHopoB [15]. Orvre-
TIrtM pa3JMque B COCTaBO MenKHX SneKTpnqeCKh aKTI{BHbIX

UeHTpoB, Ha6nro[aeMblx B CMJI3-cJroflx, Bh{pnrrIeHHhrx krs

pa3HbIX IrcToqHpIKoB Si : Er. Han6onee BepoflTHafl. nptrqr4Ha,

3.0 0.4

0.0
10

T,K

95 100 105 I 10 115 r20 Lzs
1000/r, K-r

Puc. 3. Onpcgcncnrrc 3ncprr,rr rroHu3alryztn McJrKLrx AoHopoB
tlo AaHHbIM aAMI,ITTaHC-CIICKTpOCKOIII|U: A 

- 
a[Mr.rTTaHC-CrrcKTpbr,

b - rlprMaff AppcHryca. VcroBr{r pcrncrp rryztu crcrffpoB: qacroril

í : 8 .102-8 . 104 fu, Harpq)KcHuc (J : 0.

(DugurKa u rexHuKa nonynpoBogHtrKoB, 2002, ToM 36, eurn. 2
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PHc. 2. A-qrrarrranc-crcrcpbr crpyKTypbr Si : Er / Si: ct [o
ot>ruta, b [ocJrc or]Kr,rra. Crpyxrypa u ycnoBrrfl orxcr{ra rc
xc, qro w Ha prÍc. 1. Vcronns pcrprcrparluu cncKTpoB: qacrora

.f : 1 Mfq, Harpflxccnuc U : 0.

Holï Ha pno 2, a, upriqeM Mogyrrb rrpor,r3BogHorï ldc I df 
l

r{ Ar{cr epcnfl, xapaKTeprr3yroulafl S"yrtyaulzla 3oHuoro rro-

TeHrrr,rara, cBfl3aHhr rrporop{uoHamHolï 3aBucrrMocrbro 
[ 

1 3 ] .

llpuurEHolï Bo3HlrKHoBeHrrfl HeogHopo4nocrelï B pacrpe4e-
rewr [prrMecefi Mox(eT 6nnr ro, r{To KoHrIeHTpaqH-fl Er s
croe Si:Er Ha HecKoJrbKo rropflÀKoB Berurq]ÍHbr npeBbrrrraer

paBHoBecHyro pacrBopnMocTb Er B Si, cocTaBrrrouyro, ro
[aHnbr* [14], nennynH] ,^, 1016 cu-3 rprr 1300"C. BucoKo-
reMrreparypnrrfi orxcllr B arrraoc$epe Bo[opoga (p".. 2, b)
ycrpanfleT oTMeqeHnyro aHoMulJrbHyro saBncr{MocTb C (f ),
Oruernna, qro per{b B AaHHoM cn1'.{ae lzryaeT o paBHoBecHoM

xapaKTepe u3MeHewtit 6apnepHoË eMKoc"Tr,r, He cBfl3iIHHoM c

H ep aBHoB ec HbrMr4 TepMo cTrlMyrurp oB aHHbrMr4 rp oqe c c aMr4.

3.2. OroxxeHHbre cnon

EguHcrBeHHbrMH gneKTpnqecKu aKTnBHhrMn rreHTpaMrr,

perrrcTprrpyeMhrMrr B oroxoreHHbrx cJroflx Si : Er, rnJrfl-

rorcfl MeJrKrre [onopHbre rlenTpbr c eueprnerï HoHrd3ar1r4kr

0.016-0.045 sB. Ha pnc. 3, a rpnBe4eHbr a4Mur:raHc-

crreKrpbr C(f ) n GV) crpyKrypbr Si:Erl Si, cnnrbre

flpn HyneBoM cMerueHrym n qacToTe TecToBofo curHa-[a

Í' - 80.6 xfq. Oruerutr., qro Bo3HtIKHoBeHpIe rlrKa Ha

3aBrrcnMocrur GQ) n c"ryrrenbKr4 Ha 3aBucrlMocrrr C(T)
o6ycnoBJreHo B AaHHoM cnf{ae BbrMopaxo4BaHr{eM HocrlTe-
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PHc. 4. A4rraurranc-crrcrffpbr crpyxTypbr Si:ErlSi rpu pa3Hbrx

crroco6ax cc BKJrroqcwrfl.. flo.scHclrozrfl, B TcKcrc.

Ha HUIII.r B3fIrgÀ, Brrntírme ocTaToqHbrx fip]rMeceË, npe)KAe

Bcero O, C, N (r, Bo3Molrcuo, rrpnMecerï Apyrr.{x rerKrrx sne-
MeHToB), KoTopbre Moryr BXoAr4Tb B cocraB Ha6nrolaeMbrx
MeJrKlrx qeHTpoB.

Ha puc . 4 ,rpr*egeHhr a4Mr4rraHc-cneKTpbr C (f ) cTpyKry-
pm Si:Er/Si, BbrpauennoË MeToÀola CMII3 ua BbrcoKooM-

Horï rognoxffie KI6-20 (.r. BcTaBKy). llp^e[eHnbre creK-
TpbI lIHTepecHhI TeM, tITo B 3aBHCrtMOCTr{ OT CXeMbr BKJITO-

qeHr4.fl crpyKTypbr rro3BoJrflror Ha6ruoAaTb BbrMopalrcnBaHrre

Hocnretl efi na oJleKTpuqecKn aKTr4BHbrx ueHTpax, JroKaJrI43o-

BaHHbrx KaK B [oAJro)KKe, TaK r{ B cxoe Si : Er. Ecnn s Ka-
qecTB e oMnqecKoro KoHTaKTa r{crronb3yercfl In-Ga-KoHTaKT
(p"t. 4, KprdBztfl I), To o6lacrt oneKTputrecKorï Herïrparb-
Hocrrr Àrroga BrcruoqaeT B ce6s rro[xoxmy 14 qacrb orru-

TaKcI,Ia[bHoro cJrofl Si : Er, coegrrHeHHbre rrocJregoBaTeJrbHo.

B oToM cnf{ae rpu roHlDmeHwr reMreparypbr rpoprcxo-

EHT BbrMopDKr{BÍtHHe HocrrrereË Ha [pr{M ecvr, o6n4garorueË

6ornrueË eHeprnelï nonu3aurírd (6op B nognoxre). Ecnu
B Kar{ecrBe oMuqecKoro rrc[oJrb3yeTcfl KoHTaKT IIIomxu
6omruoË moua[rd (nnauapHoe pacroxox(eHrre KoHTarron),
To odracm oneKTpnqecKofi ueftrpalrHocrn He BKruor{aeT

[oAno)KKy, a BKJIIOqaeT TOnbKO Jftilrrb qacTb STMTaKCI{a-IbHO-

ro cnofl, rrogToMy BhrMopÍDKlrlurnpre HocnreleË B rrognox(Ke

He oKa3brBaer B ri,ynrmns, Ha r{3Mepfl eMyro 6ap tepHyro eMKocTb

(p".. 4, rpun an 2). B sroM cnf{ae Mbr Ha6nrotaeM BbrMopa-

)Ifl,IBaHIre HocHTeJreË ga MeJTKI,IX rleHTpax, JroKaJIu3oBaHHhrx

B orMTaKcHaJrbHoM cnoe Si:Er, rpn 6olee nugrofi TeMrrepa-

Type, r{To cBr{ÀerenbcTByer o MeHbruelï 3Heprnrr HoH}r3aqufi

(Dr4suxa il TexHuKa noflynpoBoAHt4KoB , 2002, Tovr 36, eurn. 2

AaHrlbrx sneKTpHqecKr4 aKTplBHbrx rIeHTpoB fro cpaBHeHHro

c 6oponr. llpm [apa-MeJrbnoM BKrror{ eruyr,z' rrognoxffin vr

3 IMTaKcI4arbHoro c JIoq s o 6r acryr 3 xeKTpH q ecKo Ë ne lïrp aJrb -

HocTI4 (p".. 4, rpnnaa 3) Mhr Ha6nrogaeM BbrMopa)KHBaHr{e

Hocldreretï Ha npnMecrx) roKaJrlr3oBaHHbrx KaK B rroÀrox(Ke,
TaK pI B cJroe Si : Er. BuvropztlKrlBaune B rrogro]KKe BbrpDKeHo

cra6ee, rlocKonbKy rrpu erorï TeMrrepaType sruTaKcna-msurï
cloË repÀc"TaBJrfl eT co 6ofi xoporuo rrp oBousruplï rapaJurerb-
Hufi (ruyHrnpyrorlufi) rcaHal.

4. 3axnpqeHne

Hara6onee cyuecrBeHHoe oTrnqr4e HccreAoBBHHbrX

CMJIS-crpyKTyp or crpyKTyp, rorf{aeMbrx MeroAoM
aonuorï nMrLTaHTauW, cocronT B cre4ynilIeM. B r4M-

rrJraHTHpoBaHHbrx cJroflx yBepeHHo pefr{cTp}1py}oTcfl

ry B Aprarra3oHe eueprnrï proHu3auril{ 0. I -0 .2 eB, B

ToM rrucre ypoBenb Eg 0. 15 oB, xoropufi, couracHo
cyruecTByroulHM rrpeAcTêBJr€Ht1flM, oTBeTcTBeH 3a

rlepeAaqy Bo36yxueuvrn HoHaM Er3+ B r{MruraHT}rpoBaHHbrx

crronx [16]. B CMf3-crronx, HecMorpn Ha r4HreHcrlBHyro

Q oronroMl{HeclreHrrruo, cBfl3aHHyro c ofrrn qec Kr4 aKTr4BHbrMH

r4oHaMu Et'+, He yÀaercr 3aperucrpupoBaTb fy B ToM

)Ke Àr{ara3oHe eHeprHrï rloHu3arryilr. Tax, B cTpyrType
Si:Er/ Si, rroKa3brnaroulefi rrHTeHcHBHyro ep6nenyro

$oronroMfiHecrleHrlkno, trptr uolHolï KoHrIeHTp arrL4lt

ep6ua Nbï - 1 ' 1018 cvr-3 KoHIreHTp awn orruqecKlr
aKTr4BHbrx rIeHTpoB, cBfl3aHnhrx c ep6ueM, rrpr{ TeMrrepaType
xtla[Koro rem4r cocTaBvLna ,ql' - 2 . 1016 cpr-' [I7].
KoHqeHTpalurfl fy c eneprnefi vottnsarrlzlz- B [r{afra3one
0. 1-0.3 eB, Koropbre MotJM 6nr yqacTBoBarb B repe4ar{e
3Hepfr4}r r{oHaM Et'+ (no MexaH}r3My 3zxBaTa 3KCHTOHa

Ha ry orucaHHoMy B [16,18] ), tro AaHHbrM PCry
cocraB :ruta l/Ëi
6omruoe pa3nnqr4e MelmÀy KoHrreHTp awnNrr ,qf' n l/Ël
cBr{ÀereJrbcTByerocyuecrBoBêHuraBcMJIS-cJroflx
[orIonHrrreJIbHhIX (tto cpaBHenruo c r{MruraHTaur{oHnbrMpr

cnorvna) KaHaroB nepeÀ a.gír sos6yxq e:Fff1rfl oT sJrexrpoHHoË

nogcncTeMbr Kpr{cTa-rra Si HoHaM Et'+, He cBq3aHnbrx c
ypoBHeM Ec - 0. 15 eB.

Alroprr BbrpDr(aror rrpr43uarerbHocrb IO.A. Kapnony
(IrIHcruryr xnMnr{ecKr{x upo6nerra MnKposneKTpoHHKH,

Mocrna) 3a [peÀocTaBJreHue r4cror{Hr.rKoB Erfl rrpoqecca
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Abstract Thc clcctrically activc dcfccts in light-cmitting Si:Er
laycrs grov/n on Si substratcs with sublimation molccular-bcam
cpitaxy (SMBE) *" invcstigatcd using adrnittancc spcctroscopy

with tcmpcraturc scanning and dccp lcvcl transicnt spcctroscopy.

Thc total conccntration of clcctrically activc dcfccts is dcfincd

by shallow donors with thc ionization cncrgy from 0.016 to
0.045 cV. Thc growth and post-growth anncaling influcncc on
clcctrically activc dcfccts in SMBE Si: Er laycrs is invcstigatcd.

Thc csscntial diffcrcncc bctwccn dccp dcfccts formcd in SMBE
and ion implantcd Si : Er laycrs is found. tt is supposcd that thcrc
arc additional channcls of thc cncrgy transfcr to Er3+ ions, not
conncctcd with cncrgy lcvcl Ec - 0. 15 cV in SMBE Si: Er laycrs.

(DmgyrKa tA TexHutKa nonynpoBogHt4KoB, 2002, ToM 36, eurn. 2


