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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 DLTS. The total density of electrically active centers is defined by shallow donor
centers with ionization energies of 0.016-0.045 eV. The effect of growth conditions and post-growth annealing
on the composition and density of electrically active centers has been studied. Significant differences in com-
position of the electrically actlve centers with deep levels and in channels of energy transfer from the electron
subsystem of a crystal to Er'* ions between Si:Er layers grown by SMBE and ion implantation have been

revealed. © 2002 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 wm, which lies in
the maximum transparence window of quartz optical
communication fibers. Promising methods for creating
effectively emitting Si:Er/Si 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 Si crystal initially doped with Er and other neces-
sary impurities [3]. SMBE has been used to fabricate
structures with uniformly doped light-emitting Si:Er
layers [4-8], as 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 Er** 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-emitting SMBE 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 Q cm
resistivity in a vacuum chamber with a residual pres-
sure of 2 x 10~ mbar. Wafers cut from Si:Er ingots with
an Er and O content of up to 5 x 10 and 1 x 10" cm™,
respectively, were used as sublimating sources. The
growth temperature 7, was varied from 400 to 600°C,
and the layer thlckness from 0.2 to 3 wm. Several struc-
tures were addltlonally annealed in hydrogen at 7,,, =
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
(DLTS) in the temperature range 7' = 10-350 K. The
admittance was measured in the frequency range f =
0.1-1000 kHz. The active (G) and capacitive (C) com-
ponents of the current flowing through the structure
were selected using the lock-in technique. DLTS mea-
surements were done at 400 kHz 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 Schottky contacts for capacitance 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~® mbar. The ohmic contact
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Fig. 1. DLTS spectra of a Si:Er/Si structure: (a) before and
(b) after annealing. Substrate KEF-0.008, growth tempera-
ture T, = 430°C; annealing conditions: 900°C/30 min/H,.
Spectrurn recording conditions: T jndow = 0.6 ms, voltage
U=-2V. (I) calibration pulse amplitude AC= 107" 3C, 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 Schottky con-
tact near the measuring contact (for structures on high-
resistivity p-type substrates).

3. RESULTS 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 10'°~10'8 cm™ at 7= 300 K.

3.1. Unannealed Layers

Electrically active centers with deep levels with
ionization energies in the 0.15-0.45 eV range were
observed in unannealed Si:Er layers (Fig. 1). Their
density was Ny < 2 x 10" cm™, with relative density
N4 (Np—N,) < 0.03. Earlier studies [3, 11] have shown
that the background level of contaminants introduced

by the equipment in the process of SMBE growth is on
the order of ~2 x 10'* cm™ [3, 11]. Therefore, the origin
of the observed electrically active centers is related to
the process of Er introduction. The N value is defined
by the conditions of fabricating the Si:Er layers, being
the largest in layers grown at a lower temperature (7, <
500°C) and decreasing as the growth temperature is
raised. Presumably, Ny is independent of the type of
substrate: deep level densities were nearly the same in
Si:Er layers grown on low-resistivity (KEF-0.008) and
relatively high-resistivity (KDB-10, KDB-20) substrates.
KEF-0.008 stands for n-Si:P with p = 0.008 Q cm; and
KDB-10 and KDB-20 stand for p-Si:B p = 10 and
20 Q cm, 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, H,).
Earlier studies of isochronous (30 min) annealing of
uniformly doped SMBE-structures have shown that the
type of emitting center is modified by annealing. The
intensity of PL related to Er’* ions is the lowest at
annealing temperature 7,,, = 750°C and increases upon
annealing of Si:Er/Si structures at 7,,, = 800-900°C
[6, 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 Er’* ions. In all probability, they
should be classified as growth defects.

Another specific feature of unannealed layers is the
strong temperature dependence of the measured barrier
capacitance (Fig. 2a). The observed C(7) dependence
cannot be accounted for by the effect of deep levels
localized in the space charge region (SCR), because the
relative density of deep levels in this structure is too
low: Ny/(Np— N,) < 0.03. The effect of thermally stim-
ulated capacitance [12], 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 observed neither in this nor in similar
structures. It is possible that the observed C(7) 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 |dC/dT| 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 ~10' ¢m * at
1300°C [14]. High-temperature annealing in hydrogen
(Fig. 2b) eliminates this anomaly of the C(7) 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. Admittance spectra of a Si:Er/Si structure: (a) before
and (b) after annealing. The structure and the annealing
conditions are the same as in Fig. 1. Spectra recorded at fre-
quency f= 1 MHz, voltage U = 0.

3.2. Annealed Layers

The only type of electrically active centers observed
in annealed Si:Er layers are shallow donor centers with
ionization energies of 0.016—0.045 eV. Figure 3a shows
the admittance spectra C(7) and G(7) of a Si:Er/Si
structure, recorded at zero bias with the probing signal
frequency f= 80.6 kHz. It is worth noting that, for this
case, the peak in the G(7) 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 [12]. If the
probing frequency is varied, the observed dependences
shift along the temperature axis. Figure 3b presents the
temperature at which G(7) has a maximum as a func-
tion of the probing-signal frequency in the Arrhenius
coordinates. The ionization energy of the level, which
defines the slope of the Arrhenius dependence, is
0.016 eV. In determining the ionization energy,
account was taken of the temperature dependence of
the effective density of states in the conduction band,
NAT) = T*?, and the temperature dependence of the
carrier mobility was disregarded.

The type of conduction defined by these impurity
centers and the behavior under post-growth annealing
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
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Fig. 3. Determining the ionization energy of shallow donors
from the admittance-spectroscopy data: (a) admittance
spectra, (b) Arrhenius plot. Spectra recorded at frequency
f=8x10%-8 x 10* Hz, voltage U = 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(7) of an
SMBE Si:Er/Si 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 observation of carrier freeze-out
to electrically active centers localized either in the sub-
strate or in the Si:Er layer. If an In—-Ga contact is used
as the ohmic contact (Fig. 4, curve /), the neutral region
of the diode includes the in-series connected substrate
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Fig. 4. Admittance spectra of a Si:Er/Si 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 ionization energy
(boron in the substrate). If the large-area Schottky 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). In this case, we observe carrier freeze-out to
shallow centers localized in the epitaxial Si:Er layer at
a lower temperature, which indicates the lower ioniza-
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 connected in
parallel (Fig.4, curve 3), we observe carrier freeze-out
to the impurities localized 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 (shunting) 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 ionization energies of 0.1-0.2 eV,
including the level £, — 0.15 eV, which, according to

current concepts, is responsible for the transfer of exci-
tation to Er’* ions in the implanted layers [16]. In the
SMBE layers, all attempts to observe deep levels in this
range of ionization energies failed despite the intensive
PL related to optically active Er’* ions. For example, in
a S1:Er/Si structure exhibiting intensive Er PL, the den-
sity of Er-related optically active centers at liquid

helium temperature was Nph =2 x 10'¢ cm™ [17] at a

total Er density of Ny, = 1 x 10! cm™. 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 Er'* ions (via the
mechanism of exciton capture by deep levels, described

in [16, 18]), was N5 <1 x 10" cm™. We believe that

. | “.
such a large difference between Ny» and Ny, densities

indicates that additional (compared with implanted lay-
ers) channels of excitation transfer from the electron
subsystem of a Si crystal to Er** ions, unrelated to the
E-—0.15 eV level, exist in SMBE layers.
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AneKTpNUYECKN aKTUBHbIE LIEHTPbl B cBeTou3ny4alowux cnosx Si: Er,
NOMYYeHHbIX MeTOA0M Cy6nMMaLNOHHOR MONEKYNAPHO-Ny4eBOoM
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McTonamMu aIMHTTAHC-CIICKTPOCKOIIMU C TCMIICPATypPHBIM CKAHMPOBAHUCM M PCIIAKCAIMOHHOHM CICKTPOCKOIIHH
DTyGOKHX YPOBHCH MCCIICIOBAHDBI YJICKTPHICCKH aKTUBHBIC LICHTPBI B CBCTOM3Iydalonmx cliosx Si: Er, BhIpaicHHbIX
HA TIOJUIOKKAX M3 MOHOKPHCTAJUTHICCKOTO KPCMHHSI MCTOHOM CyOJIMMAIMOHHON MOJICKYJIIPHO-Ty4CBOM SIMTaK-
CHHM. YCTaHOBJICHO, 9TO CyMMAapHas KOHLICHTpAalWsl 3JICKTPUICCKH AKTHUBHBIX LICHTPOB ONPCACIACTCA MCIIKMMH
JIOHOPHBIMH ILICHTpaMH ¢ sHcprucit uoHusauuu ot 0.016 mo 0.0453B. McencnopaHo BAMAHUC YCIOBMA pocTa U
II0CJICPOCTOBOIO OTXHIa Ha COCTAB U KOHICHTPALMIO YJICKTPHICCKH aKTUBHBIX ICHTPOB. B ciiosax Si: Er, nomydacmbix
CYOIMMAaIMOHHOH MOJICKYJISIPHO-IYdCBOM 3IMTAKCUCH W HOHHOM HMIUIAHTAIMCH, YCTAHOBJICHBI CYIICCTBCHHBIC
PasJIMYMsA B COCTABC 3JICKTPUICCKA aKTHBHBIX LICHTPOB C NTyOOKAMH YPOBHAMH M B KaHaJlaX IICPCAAaTH BO30yKICHHUS

o : 3
OT JICKTPOHHOH MOICHCTCMBI KpucTaiuta Si noHam Er'™.

1. BBepgeHue

Kpemnuii, terupoBasHbiii 3pOueM, IpUBJIEKaeT BHUMAHHE
MCCIIENIOBATEIE B CBS3M C BO3MOXKHOCTBIO cO3[1aHus 3 dek-
THBHBIX M3JTyyaresieil Ha [UIMHY BOJHBI 1.54 MKM, JIexKalllylo
B 00JIACTH MaKCHMMAaJIbHON NPO3PAaYHOCTH KBAPLEBBIX BOJIO-
KOHHBIX CBETOBOIOB. [lepCHeKTHBHBIMI METOIaMHU CO3IaHHUs
shdexTuBHo wm3myvaomux crpyktyp Si:Er/Si ssisorcs
MoJIeKy/IspHO-TyueBas snurakcus (MJID) [1,2] u cybimma-
uoHHbii Bapuant MJID (CMJID), 0co6eHHOCTBIO KOTOPOTo
SIBJIIETCSI IOTy4EHHUE MOJIEKYJISIPHBIX 10TOKOB Si ¥ Er nyTem
cybJmMManuu KpucTauia Si, Mu3HayasibHo JieruposanHoro Er u
fpyrumu HeobxonumeiMu npumecsivi [3]. Meronom CMITD
[0J1y4eHbl CTPYKTYPBHl KaK C OZHOPOIHO JIEMMPOBAHHbIMU
cBeTomsyvaoummu cnosmi Si: Er [4-8], Tak u nepuomu-
yeCKHMe MHOTOCJIOMHBIE CTPYKTYpPBI C YepelOBaHHUEM CJIOEB
YMCTOr0 KPeMHHKsi M KPeMHUs, JIErMPOBaHHOro 3pbueM, Ko-
TOpbIE B [IepecyeTe Ha TOJILIMHY CBETOU3/TYHalolIero cJios
OKa3bIBAOT PEKOPIHO BBICOKYIO MHTEHCHBHOCTb (OTOJLO-
muHecuenwm [7,8].

Onruyeckue cpoiictBa CMJID-cTpyxTyp, BKIIOYast Kjlac-
CUMOMKANMIO ONTHYECKH aKTUBHBIX LIEHTPOB, MX TpaHCQOop-
Mal{IO B IIPOLIecce MOCJIEPOCTOBOrO OTXKHUIa, UCCIIEIOBAHbI
OCTAaTOYHO MOAPOGHO W omucausl B [4-8]. B meHbuei
CTENeHH U3yYEHBI ATEKTPUIECKU aKTUBHBIE LIEHTPbI, UX POJIb
B poueccax BO3OYXIEHWs U [eBO30YIEeHMs ONTHYECKH
akTuBHbIX MOHOB Er*t [59].  Ilenb nacrosumeit pabo-
Thl — HCCJISIOBAHNE METOaMH E€MKOCTHOH CIEKTPOCKO-
[MM 3JIeKTPUYECKA aAKTHBHBIX LIEHTPOB B CBETOM3JIy4aro-
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umx CMJID-cnosix Si:Er, ux Tpancdopmaumm B npouecce
IIOCJIEPOCTOBOM TepMOOOPabOTKU CTPYKTYP U BJIMAHMUS Ha
OIITUYECKHE CBOHCTBA CJIOEB.

2. 39KcnepumeHT

HccnenoBaiuch OmHOPOMHO JierupoBaHHble ciion Si: Er,
BbIpAlIEHHble B BaKyyMe [IPH OCTATOYHOM  [1aBJICHHUM
2 - 1077 m6ap Ha nopoxkax Si(100) p- u n-Tuna npoBoju-
MOCTH ¢ yfie/ibhbiM corpotussienuem 20, 10 u 0.008 Om-cm.
B kauecTse cybaumupyoniero MCTOYHMKA MCIO/Ib30BaMCh
IUIaCTHHBI, Bbipe3aHHble U3 cyuTKOB Si:Er ¢ comepxanuem
EruO g0 5-10% u 1-10' em~? coorsercrenno. Temnepa-
Typa pocra T, BapbupoBanach oT 400 go 600°C, Tomumna
cioes — ot 0.2 mo 3mkMm. B psge cnyudaeB nposojusicst
IOTIOJIHATE/IBHBIA OTIKHUI CTPYKTYP B aTtMocgepe BOmopojia
pu Temaeparype Ty, = 900°C B Teuenue 30 mu.

DJIeKTPUYECKH aKTHBHblE LEHTphl B cjloax Si:Er uccie-
[I0BAJIMCb METOlaMU a[IMUTTAHC-CIIEKTPOCKOIIMK C Temile-
paTypHbIM CKAaHUPOBAHHEM M PeJIaKCallMOHHOMN CIIEKTPOCKO-
nuu rirybokux yposueir (PCIY) B gmanasone temmneparyp
T = 10-350K. M3mepenuss anMuTTaHca MPOBOIIIMUCH B
puanasone 4yacror f = 0.1—1000 kI'u. Axrusnas (G) u
emkoctHast (C) KOMIIOHEHTHI TOKa, MPOTEKAIOLIEro uepes
HCCIIeIYeMYIO CTPYKTYPY, BbIIE/SUIUCD ITyTeM CHHXPOHHOIO
nerekrupoBanus. PCT'Y-usmepenust poBOIMIMCH HA YacTo-
Te 400kl ¢ MCNOIB30BAHMEM TEXHHMKH JIByXKAHAJIBHOIO
crpob-unrerpuposanusi [10].  Ormerum, 4TO Ccoueranue
metonoB PCTY u agMuTTaHC-CIIEKTPOCKONMM [O3BOJIMIIO0
B paMKax OIHONO0 3KCHEPUMEHTa MIEHTUHHUMPOBATH Kak
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MeJiKie, TaKk M [NIyOOKUe 3HepreTHyecKue ypoBHU M TaKHMM
00pasoM yBeJMYHTh 00BEM M HA[EKHOCTb IIOJyYaeMbiX
[aHHbIX.

Konraktel IIOoTTKM )11 MpOBEeIEHUs EMKOCTHBIX H3Me-
peHuii FOTOBWINCH HAllbUIEHUEM MaJUlajusi B BaKyyMme IIpU
OCTaTO4HOM fiaBJjieHuH ~ 6 - 107¢ MGap Ha npenBapuTesnbHO
[OJI’OTOBJICHHYIO TOBEPXHOCTh 0Opasna. OMUYECKHi KOH-
TakT (GOPMHUPOBAJICS BTHpaHueM civiaBa In—-Ga B ThHUIbHYIO
NOBEPXHOCTb 00paslia WM HallbUleHUeM pPsIOM C U3MepH-
TeabHbIM KoHTakTa [IloTTky 60sbMIIO# IUT0IAaN (CTPYKTYPhI
Ha BBICOKOOMHBIX HOMIJIOXKAaX p-THIA IPOBOIUMOCTH).

3. Peaynbrartbl U uX obcyxnpaeHue

Bce uccnenoBaHHble 3MMTaKcHabHblE cJlod 0bJ1afa/u
[pPOBOIUMOCTBIO K-THIIA HE3aBHCHUMO OT TeMIepaTyphl po-
cra. [Ipu nocnenyroone#i TepmMood6paboTKe CTPYKTYp Tul
[POBOIMMOCTU He MeHsUICsl. KoHueHnTpauus cBoOOIHbIX HO-
curesiedl 3apsia, MO JaHHbBIM BOJIbT-(GapaaHbX MU3MEpEeHHi
¥ u3Mepenuit adpdexra Xona, cocrasisiia 101°—1018 em—3
opu T = 300K.

3.1. HeoTtoX>XeHHble cnou

B HeoToxoxeHHbx cosix Si: Er obHapyxeHb! 3jekTpude-
CKHM aKTHMBHbIE UEHTpbI ¢ rirybokumu ypostsimu (IY), auep-
[Usl FOHM3ALMK KOTOPBIX Jiexxut B unrepsaje 0.15-0.453B
(puc. 1). Mx xonnenrpammsi cocrasisia Ny < 2- 10 em 3,
OTHOCHTeNIbHAst KoHueHtpauuss Np/(Np — Ny) < 0.03.
[IpoBenenHble paHee H3MepeHUs MOKAa3aId, 4TO YPOBEHb
(OHOBBIX 3arpsi3HEHHH, BHOCHMbIX alapaTypod B Ipolec-
ce BbipammBanus CMJID-cTpyKTyp, COCTaB/ISAET BEJIMYUHY
~ 2-108em™3 [3,11). CnenoBarenbHo, BO3HMKHOBEHHE
HabJIoIaeMbIX 3JIEKTPUYECKH aKTHBHBIX LIEHTPOB CBSI3aHO C
nporeccoM BBenenusi Er. Benuyuna Ny onpenessiercs: ycjio-
BUsIMH pocTa ciioeB Si:Er. ona makcumasibHa B CJ105IX, Bbl-
palleHHbIX NPy HOHWKeHHo! Temneparype (7, < 500°C),
Y YMEHbIIAeTCsl C HOBBIIIEHNEM TeMIepaTypbl pocra. Benu-
yuHa N7 He 3aBHCHT, II0-BUIUMOMY, OT THIIA UCIIOIb3yeMOH
nomoxky: I'Y HabJumoganmuch NpuMepHO B OIMHAKOBOM KOH-
HeHTpauu B c1osx Si: Er, BeipanieHHbIX Kak Ha HU3KOOMHBIX
nomioxkax (K9®-0.008), Tak ¥ Ha OTHOCHTEIBHO BBICOKO-
omubix (KIB-10, KIIB-20).

OmmunrenbHasi 0COOEHHOCTb 3TOH IPYIIIbl 3JIEKTpUYe-
CKMA aKTHBHBIX LIEHTPOB — TO, YTO OHM IIOJHOCTBIO OT-
JKUTAIOTCSl MPU JTOMOJHUTEIBHOM I10CIEPOCTOBOM OTXKHUIe
(900°C, 30mun, H,). TlposenenHsie paHee HCCJIEOBAHUA
1o u30XpoHHOMY (30 MHH) OTXWUrY OTHOPOIHO JIErMPOBaH-
Hbx CMIJIO-cTpykTyp mokasanu, 4To NOA BO3OEHCTBUEM
OTKAra MEHSIeTC THIl M3JIyYalollUMX LEeHTpoB. MIHTeHCHUs-
HOCTh (DOTOJIOMUHECIIEHIMH, CBSI3AHHOH ¢ MoHamu Er’t,
MMeeT MHHEMYM IIpU Temmnepatype omiura Ty, = 750°C
¥ Bo3pacTaeT npu omxure crpykTyp Si:Er/Si B unreppane
temneparyp T = 800—900°C [6,7]. Dro mnossossier
HaM YTBEPXKIaTh, YTO 3JIEKTPUYECKU aKTHBHbIE LEHTPBI,
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oOHapy>XeHHble B HEOTOMOKEHHBIX ci1os1x Si: Er, He yyacTsy-
I0T B IIpoliecce Ieperayd BO30OYxIeHHs OT 3/1eKTPOHHOMH
nofcucTemsl Kpuctaia Si monam Er’t. Ckopee Bcero mx
clielyeT OTHECTH K JedeKram pocra.

Chenyoeid 0coO6eHHOCTPIO HEOTOMOKEHHbIX CJIOEB 5BJIs-
eTcsl CWIbHasi 3aBUCUMOCTb M3MepsieMOl OapbepHOH eMKo-
cry or Temueparypsl (puc. 2,a). Habmonaemyio 3aBucu-
mocts C(T') He yaaercst 00bsACHUTD BiusiHUeM ['Y, jiokanu3o-
BaHHbIX B obJsiacTu mpocrpaHcTBeHHoro 3apsina (OI13), no-
CKOJIBKY OTHOCHTEJIbHAs KoHIeHTpauys 'Y, Habmonaemblx B
[aHHOMW CTPYKTYype, cyuikoM Maa: Nr/(Np — Ny) < 0.03.
Oddexr TepMOCTUMYIMPOBAHHOA eMKOCTH [12], KOTOpbIi
Mor Obl [OKa3aTe/bHO IMOATBEPIUTH MIIOTE3Y O CBS3M Ha-
fogaemMoro U3MeHeHus1 OapbepHOH eMKOCTH C Iepes3apsi-
ko I'Y B OII3, Tarxke He NposBJIAETCS B JaHHOH U nOo0-
HbIX el cTpykTypax. BosmoxxHo, Habmogaemas 3aBUCUMOCTD
C(T) BbisBaHa (uyKTyalusiMu 30HHOTO noTeHnumana B OI13.
NsBecTHo, yro (urykTyauuu 30oHHOro norenuuasia B OI3,
BO3HHUKAIOIIHE, HATIPUMED, IIPU HEOTHOPOIHOM pacmpefie/ie-
HUY [IpUMECEH, MPUBOAAT K aHOMAaJIbHOM TeMIlepaTypHOMH
3aBUCUMOCTH OapbepHON €MKOCTH, MOJOOHON HU300paxeH-

Ec-0.14eV

>
[5)
I
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53]

AC, arb.units
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Puc. 1. Cuckrpel PCI'Y crpykrypsl Si:Er/Sii a — po omxura,
b — mocnc omxura. Iomnoxka K9®-0.008, Temmcpartypa pocra
T, = 430°C; ycmopust omxura — 900°C/30mun/H,. Veio-
BUsl perucrpauuy crckrpon: 0.6 mMc, Hampsbkcmue U = —2B.
1 — KaTMOpPOBOYHBIC HMITYJIbCH, AMIUTUTY/1a KATMOPOBOTHOTO UM-
mymca AC = 107*C, C — cMKOCTb CTPYKTYPHI I[P TCMIICPATypC
KaJTUOPOBKU.
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Puc. 2. Apmwurranc-crickTpsl cTpykTypnl Si:Er/Sii a — o

omkura, b — mnociac omkura. CTpyKTypa M YCIOBUS OTXHTa TC
XKC, 9TO M Ha pHC. 1. YCIOBHA PCTHCTPAlMM CIICKTPOB: 4acToTa
f = 1MTr'u, Hanpspkchuc U = 0.

HOW Ha puC. 2,a, mpudeM MOLy/1b mpousBopHont |dC/dT)|
1 [UCTepcHsi, Xapakrepusylomas ¢UIyKTyallid 30HHOTO HO-
TeHLMANa, CBSI3aHbI IPOIIOPLMOHAIBHOM 3aBUCHMOCTHIO [13].
[TpryuHOM BOZHMKHOBEHHsI HEOJHOPOOHOCTEH B pacipere-
JIeHUH npumeceidl MoxeT ObITb TO, YTO KOHLieHTpauus Er B
csoe Si:Er Ha HeckoJIbKO IOPSIIKOB BeJIMYMHBI IIPEBbIILIAET
paBHOBECHYI0 pacTBopuMOCTb Er B Si, cocTaB/sLoILyI0, I10
naunbv [14], Benmauy ~ 10 em™3 npu 1300°C. Bbicoko-
TeMIiepaTypHbiii oTkUr B aTMocdepe Bomopoma (puc. 2, b)
yCTpaHseT OTMEYEHHYI0 aHoMaibHylo 3aBucumoctb C(T).
OTMmeTHM, 4TO peyb B JaHHOM CJIydae HIeT O PaBHOBECHOM
xapakTepe M3MeHeHUH 6apbepHOi eMKOCTH, HE CBSI3aHHOM C
HEPaBHOBECHBIMH TE€PMOCTHMY/IMPOBAHHBIMH IIPOLIECCAMH.

3.2. OTOXXEeHHble crnon

EQMHCTBEHHBIMU 3JIEKTPUYECKM aKTHBHBIMU LEHTPaMH,
PEruCTpUPYEMbIMA B OTOMOKEHHbIX cjlosix Si:Er, sBis-
I0TCSl MEJIKUE [IOHOPHBIE LIGHTPHl C 3HEprueil MOHU3ALUU
0.016—0.0453B. Ha puc. 3,a mnpuBeneHbl agMUTTaHC-
cnektppl C(T) m G(T) crpykrypst Si:Er/Si, cusatse
[Py HYJIEBOM CMEIIEHHM U 4YacTOTe TECTOBOrO CHIHAA
f = 80.6xI'u. OrMernM, YTO BO3ZHUKHOBEHHE NMKA Ha
saucumoct G(T) u crynenbku Ha 3aBucumoctd C(T)
00yC/IOB/IEHO B aHHOM CJIydae BBIMOPa)KMBAHUEM HOCHTe-

Jieil 3apsAza Ha OCHOBHOM (MeJIKO#) npumecH B 067acTH
3/IEKTPHYECKOM HEHTPabHOCTH M3Mepsiemoro auona [12].
M3meHeHne TecTOBOHM 4aCTOTHI BH3bIBAET CMELIeHHEe HA0/110-
HaeMblX 3aBUCHMOCTeH mo ocu TemmnepaTyp. Ha puc. 3,5 B
KOOpAMHaTax AppeHHyca IPUBECHa 3aBUCUMOCTb TeMIIepa-
TYpHI, IIpM KOTOPOH peructpupyercs makcumym G(T), ot
4acTOThl TECTOBOIO CHMTHajIa. DHEpPrus MOHW3aLMU YPOBHS,
ompefessionasl HaKJIOH 3aBHCUMOCTH AppeHuyca, cocTa-
Bwia 0.0163B. Ilpm onpenesieHuM 3HEPrud HOHM3ALMH
Obl1a yuyTeHa TemilepaTypHas 3aBUCHUMOCTb 3(GheKTHBHOM
IUIOTHOCTYU COCTOSIHMIA B 30He poBoaumoctu Np (T) oc T3/2,
3aBMCUMOCTDb IIOJBIDKHOCTH HOCUTesIeH 3apsiia OT Temmepa-
TYpbl HE YUMTBIBaJIaCh.

OnpezesnsieMblil JaHHBIMU LIEHTPAMHU TUI IPOBOIMMOCTH,
NOBE/IeHUe MPU MOCIEPOCTOBOM OTHKUIE [O3BOJLIOT Mpef-
IIOJIOXKUTD, YTO HAOJIIOIaeMble MEJIKAE LIEHTPBI OTHOCATCS K
rpyIe TePMOJOHOPOB — MNPHUMECHO-Ie(PEKTHBIX KOMILIEK-
COB, BO3HHUKAIOIIUX B 0DOrall[eHHBIX KHCIOPOIOM KPUCTaJl-
Jlax KpeMHusl IpHu ux Tepmoobpadorie. He sicHa 1o koHia
posib Er B ux ¢dopmupoBannu. BosmoxHo, arombl Er, B
cuwily ux OosiblIero pasmepa Mo CpaBHEHUIO C aroMamu Si,
BHOCSIT 3aME€THbIE HCKa)XXEHUS B PEILIETKY KpUCTaL1a Si ¥ TeM
CaMbIM YCKOPSIIOT IeHepaliio TepMofoHOopoB [15]. Orme-
THUM Pa3/Mule B COCTaBE MEJIKHX 3JIEKTPHYECKH aKTHBHBIX
LeHTpoB, Habmogaembx B CMIJIO-ci1051X, BRpalIeHHbIX U3
pasubix ucrouynukoB Si:Er. Haubonee BepositHasi npuumHa,

30 T T T T T T T v T T 04
a <+—
225} 2
= =
3 3
° T 1022
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P o TR (|
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T, K
|
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1000/T, K
Puc. 3. OmpcaciacHuc SHCPIMM HMOHM3ALMM MCJIKHX JOHOPOB

O JIAHHBIM aIMUTTAHC-CIICKTPOCKOIMK: & — AIIMUTTAHC-CIICKTPBI,
b — npamas AppcHuyca. YCJIOBHSI PCTHCTPALMH CIICKTPOB: 4aCTOTa
f=28-10°—8 - 10* 'y, nanpsoicrmc U = 0.
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Puc. 4. Amvurrasc-cicktpsl cTpykTypsl Si:Er/Si mpu pasHbix
criocobax cc BKIoYCHUs. [10sSICHCHUSI B TCKCTC.

Ha Halll B3[VIsI, — BJIMSIHUE OCTaTOYHbBIX IPHMeCeid, Ipesxe
Bcero O, C, N (1, BO3MOXHO, IPUMECEH [APYTUX JIETKHUX 3Jie-
MEHTOB), KOTOpbIE MOTYT BXO[MTb B COCTaB HaOJIOIaEMbIX
MEJIKUX LEHTPOB.

Ha puc. 4 npusenens! anmurtadc-cnexTpsl C(7) cTpyKTy-
pet Si:Er/Si, BeipamenHoit meroqom CMJID Ha BHICOKOOM-
Hout nooxke KIIB-20 (cMm. Berasky). TlpuBenentbie criex-
TPbl UHTEPECHBI T€M, YTO B 3aBUCHMOCTH OT CXEMbl BKJIIO-
YeHHs] CTPYKTYPh! HO3BOJISIOT HAaOJIIOAaTh BbIMOpaXKMBaHUe
HOCHTE/El Ha 3/IEKTPUYIECKH aKTHBHBIX 1IEHTPaX, JIOKaIM30-
BaHHBIX KaK B MOMJIOXKKe, Tak 1 B cjioe Si:Er. Ecim B Ka-
4ecTBE OMUYECKOr0 KOHTaKTa ucnosib3yercsi In—Ga-KoHTakT
(puc. 4, kpuBasi 1), TO 06JaCTb 3JEKTPHIECKOH HEHTPAIIb-
HOCTH [MON2 BKIOYaeT B CeOsi MOMIONKY M 4acTh 3IH-
TakcuanabHOro ciosi Si: Er, coenuHeHHBbIE MOC/IEI0BATESIBHO.
B arom ciyyae Npu MOHIDKEHMH TeMIIEPaTyphl MIPOUCXO-
IMT BHIMOP@>XHBAHME HOCHTEJIEH Ha IpuMecH, obsagaiouieit
Oosbiueii sHeprueil moHusauuu (60p B nomuoxke). Ecim
B KayecTBE OMHYECKOro ucnosibdyercs kourakr LlorTku
OosibLLIO# [U10IIaNH (IUTAHAPHOE PACHOJIOXEHHe KOHTAKTOB),
TO 00JIACTh 3JIEKTPUYECKOM HEATPAJbHOCTH HE BK/IIOYAET
NOMJIOKKY, @ BK/IIOYAET TOJIbKO JIMLIb YacTh 3MUTAKCHATILHO-
ro c/1osl, IO3TOMY BBIMOP@XMBaHUE HOCHUTEJICH B MOIJIOKKE
HE OKa3blBaeT BJMSAHUSA Ha U3MeEpsieMyIo DapbepHYI0 eMKOCTb
(puc. 4, xpuBas 2). B 3roM cityvae Mbl HabJOgaEM BIMOpa-
YKMBaHUE HOCHUTEJICH Ha MEJIKUMX LIEHTpaX, JIOKal1U30BaHHbIX
B 3MMTaKcHaIbHOM cioe Si: Er, pu 6osiee HU3KOH Temnepa-
TYpe€, YTO CBUIETE/IbCTBYET O MEHbLIEH 3HEPrud MOHU3ALUU
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OAaHHBIX 3JIEKTPHYECKU aKTHUBHBIX LIEHTPOB IIO CPABHEHHIO
c Gopom. Ilpy mnapauiesIbHOM BK/IIOYEHHM MOMJIONKKH H
3IMTaKCHAJIbHOIO CJ1051 B 00JIaCTH 3JIEKTPUIECKOH HEUTpalib-
HoctH (puc. 4, kpuBasi 3) MBI HabJLOIaEM BHIMODP@KMBAHHE
HOCHTEJIEH Ha IPUMECSX, JIOKaIM30BaHHbIX KaK B MOVIOKKe,
Tax 4 B ciioe Si: Er. BeiMopaxuBaHue B O1/105KKE BIPOKEHO
ci1abee, IOCKOJIbKY IIPU 3TOH TEMIIEPATYPe MUTAKCHATIbHbBINA
CJI0# nepACcTaB/IsieT coO0H XOpOLTO NPOBOISIIMIA NapasLie/ib-
Hblii (UIYHTHPYIOIIMA) KaHAIL

4, 3aknioJveHue

Hanbosiee CylieCTBEHHOE OTJIMYME — HCCIIEIOBAHHbIX
CMIJID-cTpykTyp OT CTPYKTYp, [OJy4aeMbX METOLOM
MOHHOM HMIUIAHTAlMM, COCTOMT B CJenyioueMm. B um-
IUIAHTHPOBAHHBIX ~ CJIOAX  YBEPEHHO  PerucTpUpyIoTCs
'Y B puanasone asHeprmit wmonmsaummu 0.1-0.23B, B
ToM u4Hciae ypoBeb Ec — (0.153B, kotopbid, corsacho
CYLUIECTBYIOUIMM  IPEICTaBJIEHUsIM,  OTBETCTBEH  3a
nepenady Bo30yxaenus nonam Er’t B uMIianTMpoBaHHbIX
ciosix [16]. B CMIJID-ci0s1x, HECMOTPsI HA MHTEHCHBHYIO
(OTOTIOMMHECIIEHLIIO, CBSI3AHHYIO C ONTHYECKHM aKTHBHbIMH
vonamu Er’*, me ymaerca saperucrpuposath I'Y B Tom
e [uamna3’oHe SHepruil uonusaumu. Tak, B cTpykType

Si:Er/Si, mnokaspBalollei HUHTEHCHUBHYIO  3pOHEBYIO
(GOTOMOMMHECIIEHIIMIO, TIPU  [OJHOA  KOHLIEHTPAlUu
apbus N = 1 - 10" em™3 komuenrpauusi ontuuecku

aKTHMBHbIX IEHTPOB, CBA3aHHBIX C 3pOUeM, IIPH TeMIepaType
JKMIKOrO rewsi cocraswia Ngo = 2 - 10%em™3 [17].
Konuenrpauus I'Y ¢ sHeprueil nMoHM3aumMu B [Malia3soHe
0.1-0.33B, koropbele Morau Obl yuacTBOBaTh B Iepejaye
sHeprum moHam Er't (mo MexaHusMy 3axBaTa 3KCHMTOHA
Ha TY, ommucanHomy B [16,18]), no pmauubim PCTY,
cocrapmwia Ng < 1-10"%cem? Ha naw ssrasz, crosb
Gosbloe pas/MuMe MexIy KOHLeHTpauusimu Ngr v N
CBMIETEILCTBYeT O cymiectBoBaHud B CMIID-ciosx
JOMOJIHATE/bHBIX (10 CPaBHEHHIO C HMMILIAHTALMOHHBIMU
CJIOSIMH) KaHaJIOB repeayu Bo30YKIEHUs OT 3JIEKTPOHHOM
nofgcucTeMbl Kpuctawia Si moHam Er't, ne cBs3aHHBIX C
ypoBHeM E¢c — 0.153B.

ABTOpHl  BhIp@XAOT IpH3HaTesbHOCTL 10.A. Kapnosy
(MHcTUTYT XUMHYeCKMX OPOOJIEM MHMKDPO3JIEKTPOHMKH,
MockBa) 3a mpefoCTaBjieHHe WCTOMHMKOB [UI Mpolecca
CMIJID.

Pabora BbinosHeHa mpu ¢uHAHCOBOM momnepxke POOU
(rpanmTbl 99-02-17750, 99-03-32757, 01-02-16439), INTAS
(rpant 99-01872) u MWO (mpoexr 047.009.013).

Cnucok nuteparypbl

(1] J. Stimmer, A. Recittinger, J.F. Nutzel, G. Abstreiter, H. Holz-
brecher. Ch. Buchal. Appl. Phys. Lett., 68, 3290 (1996).

[2] R. Scrna, JH. Shin, M. Lohngmcicr, E. Vlicg, A. Polman,
PF.A. Alkcmadc. J. Appl. Phys., 79, 2658 (1996).

(3] BUL Kysucuos, P.A. Py6uosa. ®TIL, 34, 519 (2000).



182 B.b. WmaruH, B.A. AHgpees, A.B. AHToHOB, 3.®. KpacunbHuk, B.I1. Ky3reyos, O.A. Ky3Heuos...

[4] M. Stcpikhova, A. Andrccv, B. Andrcev, Z. Krasil’nik,
V. Shmagin, V. Kuznetsov, R. Rubtsova, W. Jantsch, H. Ellmer,
L. Palmctshoffer, H. Preicr, Yu. Karpov, K. Piplits, H. Huttcr.
Acta Phys. Polon. A,94, 549 (1998).

[5] AIO. Augpees, B.A. Augpees, M.H. [Iposnos, B.I1. Kysucnos,
HTI. Kanyrun, 3.9. Kpacwibhuk, I0.A. Kapros, P.A. Pybuosa,
M.B. CrcrmxoBa, E.A. Yckopa, B.b. IlImarun, E. XcnemyrT,
JI. Namemercxodep, K. Mumumurn, X, Xaimn, OTII, 33, 156
(1999).

[6] B.A. Andrcev, A.Yu. Andrcev, H. Ellmer, H. Hutter, ZF. Kra-
si’nik, V.P. Kuznctsov, S. Lanzcrstorfcr, L. Palmctshoffer,
K. Piplits, RA. Rubtsova, N.S. Sokolov, V.B. Shmagin,
M.V. Stepikhova, E.A. Uskova. J. Cryst. Growth, 201/202,
534 (1999).

[7] M.V. Stepikhova, B.A. Andrecv, V.B. Shmagin, Z F. Krasil’nik,
V.P. Kuznctsov, V.G. Shengurov, S.P. Svctlov, W. Jantsch,
L. Palmetshofer, H. Ellmer. Thin Sol. Films, 381, 164 (2001).

[8] M. Stcpikhova, B. Andrccv, Z. Krasil'nik, A. Soldatkin,
V. Kuznetsov, O. Guscv. Mater. Sci. Eng. B,81 (1-3), 67
(2001).

[9] B.b. IlImarun, B.A. Aunpees, A.B. Aurosros, 3.0. Kpacuis-
nuk, M.B. Ctcrmxopa, B.I1. Kysucuos, E.A. Yckona, O.A. Kys-
Heuos, P.A. Py6bunosa. Mss. PAH. Cep. ¢us., 65, 276 (2001).

[10] D.V. Lang. J. Appl. Phys., 45, 3023 (1974).

11] VP. Kuzncetsov, A.Yu. Andreey, O.A. Kuznetsov, L.E. Nikola-
cva, TM. Sotova, N.V. Gudkova. Phys. St. Sol. (a), 127, 371
(1991).

[12] JI.C. Bepman, A.A. Jlcbenes. Emkocmitan cnexmpockonus
anybokux yenmpos 8 noaynposoonurax (J1., Hayka, 1981).

[13] C.B. Bymsapckuit, H.C. pyuko. lenepayuoiuio-peicombuiia-
yuonnwle npoyeccol 8 axmusibix daemenmax (M., Wsn-Bo
MTIY, 1995) . 1, c. 23.

[14] FY.G. Ren, J. Michel, Q. Sun-Paduano, B. Zheng, H. Kitagawa,
D.C. Jacobson, JM. Poatc, L.C. Kimecrling. In: Rare Earth
Doped Semiconductors, cd. by G.S.Pomrenke, P.B. Klcin, and
D.W.Langer [Mater. Res. Soc. Symp. Proc. (Pitsburgh), 422,
1996] p. 87.

[15] V.V. Emtscv, V.V. Emtscv jr., D.S. Poloskin, E.I Shck, N.A. So-
bolev, J. Michel, L.C. Kimerling. ®TI1, 33, 1192 (1999).

[16] S. Libertino, S. Coffa, G. Franzo, F. Priolo. J. Appl. Phys., 78,
3867 (1995).

(17] B.A. Augpees, M.C. Bpeeiep, O.B. T'ycees, 3.9. KpacuibHuk,
B.I1. KysHenon, A.O. Conpatkun, MH. flccucsua. Uss. PAH.
Cep. ¢ms., 65,271 (2001).

(18] M.C. Bpccnep, O.B. I'yees, B.I1. 3axapucus, UH. flccucpud.
DTT, 38, 1474 (1996).

Peoaxmop JLB. ILllapoiosa

Electrically active centers in light emitting
Si: Er layers grown with sublimation
molecular beam epitaxy

V.B. Shmagin, B.A. Andreev, A.V. Antonov,
Z.F. Krasil'nik, V.P. Kuznetsov*, O.A. Kuznetsov*,
E.A. Uskova*, C.A.J. Ammerlaan’, G. Pensl}

Institute for Physics of Microstructures,
Russian Academy of Sciences,
603950 Nizhny Novgorod, Russia

* Physicotechnical Institute,

N. Novgorod State University,

603600 Nizhny Novgorod, Russia
tVan der Waals—Zeeman Institute,
University of Amsterdam,

1018 XE Amsterdam, The Netherlands
institute of Applied Physics,
University of Erlangen-Nurnberg,
Gebaude A3, D-91058, Erlangen, Germany

Abstract The clectrically active defects in light-cmitting Si: Er
laycrs grown on Si substratcs with sublimation molccular-bcam
cpitaxy (SMBE) arc investigated using admittance spectroscopy
with tempcraturc scanning and decp level transicnt spectroscopy.
The total concentration of clectrically active dcefects is defined
by shallow donors with thc ionization cnergy from 0.016 to
0.045cV. The growth and post-growth anncaling influcnce on
clectrically active defects in SMBE Si:Er layers is investigated.
The cssential difference between deep defects formed in SMBE
and ion implanted Si: Er layers is found. It is supposcd that there
arc additional channcls of thc cnergy transfer to Er'™ ions, not
connccted with cnergy level Ec — 0.15c¢V, in SMBE Si: Er layers.
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