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Electronic and vibrational structure of a gold- and lithium-related center in silicon
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The electronic and vibrational properties of a gold- and lithium-related center in silicon have been investi-
gated by Fourier-transform spectroscopy in conjunction with uniaxial stress and magnetic field. The excitation
spectrum shows close similarity to the previously studied gold-pair center in that it consists of zero-phonon
lines followed by several relatively sharp phonon replicas. Transitions to three different series were observed
and in all cases phonon energies of about 59 and 47*emere deduced for the final and initial stages of the
transitions, respectively. A Huang-Rhys factor of about 5.7 was determined. In addition to the low-temperature
transitions from the initial-state phonon ground state, transitions from the first and the second excited phonon
states were observed at higher sample temperatures. Uniaxial stress experiments reveal trigonal symmetry for
the center and show that the initial as well as the final electronic states are orbital singlets. Zeeman experiment
shows that the center is nonparamagnetic. It is suggested that the center consists of two nearest-neighbor
substitutional gold atoms and an unknown number of interstitial Li ip86163-18208)06831-3

. INTRODUCTION the center that is tentatively assigned as a-Aiicomplex.

The electronic structure of the isolated substitutional gold
center and other gold-related centers in silicon have previ- Il. EXPERIMENTAL DETAILS
ously been studied in some detail by employing excitation
spectroscopy-> The reason for this interest is the role the The samples were prepared framwdoped floating zone
isolated substitutional gold center has been recognized tsilicon with a resistivity of 100Q) cm. After standard pol-
play in the general understanding of the electronic structuréshing and cleaning procedures, the gold doping was per-
of defects as well as its technological importafce. formed by solid-state diffusion. A gold layer with a thickness

In gold-doped silicon several different excitation spectraof approximately 1000 A was evaporated onto one sample
have previously been observed. Transitions to the shallowurface. The samples were introduced into quartz ampoules,
acceptor and donor states have been revealed for the welkhich were evacuated and sealed. A heat treatment at about
known single substitutional gold centérwith a donor and 1250 °C for 24 h was followed by a rapid quench to room
an acceptor level aEy+0.35 andE,+0.67 eV, respec- temperature in ethylene glycol. After cleaning, the sample
tively. The dominating excitation spectrum in the Au was introduced into another quartz ampoule with one side of
samples has, however, been attributed to transitions at tHbe sample coated by a thin layer of lithium. After evacua-
trigonal gold-pair center AL® This spectrum consists of sev- tion, a heat treatment at about 1100 °C for 30 min was car-
eral zero-phonon lines followed by relatively sharp phononried out, which was ended by a rapid quench to room tem-
replicas. Phonon energies of about 119.8 and 105.7'cm perature. The samples were then polished for good optical
were found for the neutral and negatively charged statessurfaces. Samples prepared in this way are referred to below
respectively. A Huang-Rhys factor of about £@.1 was as Au-Li samples.
determined for the neutral charge state. The transmission spectra were obtained using a Bomem

Yet another gold-related center with a spectral structurd>A 3.01+ Fourier transform spectrometer equipped with a
similar to that observed for the Awenter(a zero-phonon liquid-N,-cooled InSh detector. A wire grid polarizer on a
line together with several phonon repli¢asas tentatively CaF, substrate was used in the polarization experiments.
been assigned to a complex consisting of thg Aenter and
iron on a nearby interstitial site, i.e., a Atre complext: A
phonon energy of 57.4 cnt and a Hunag-Rhys factor of lll. RESULTS AND DISCUSSION
about unity were deduced for this center.

In this paper we discuss the electronic and vibrational
structure of an excitation spectrum observed in silicon that A typical excitation spectrum observed for the Au-Li
has been diffused with both gold and lithium. The spectrunmsamples is shown in Fig. 1 for two different sample tempera-
shows a close resemblance to spectra observed previously flures. Although other sets of lines are observed, the spectrum
the Au, and the Ay-Fe centers in that numerous intense andin Fig. 1 has the highest intensity and dominates. The ap-
relatively sharp phonon replicas are observed for severglearance of this Au- and Li-related spectrum was always
zero-phonon lines. Due to overlap between different seriegzonnected with a decrease in the intensity of all other Au-
however, only one zero-phonon line was directly observedrelated spectra, i.e., those for the Au donor, the Au acceptor,
The electronic structure has been investigated by uniaxiednd the Ay center. It is interesting to note that the largest
stress spectroscopy and a trigonal symmetry was found falecrease was always observed for the Au-pair lines, suggest-

A. Zero-stress results
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At T=10 K, a series of relatively sharp lines is detected
and is labeled as th@ series in Fig. 1. The zero-phonon line
is labeledB(0,0). A closer inspection reveals an additional
series, they series, which has a considerably lower intensity
than theB series. They lines appear as weak additional
features superimposed on thieseries lines at higher fre-
quency. They-series zero-phonon line and the lower phonon
replicas have not been directly observed due to their low
60.0) intensity (see further beloy The lines in the two series are

UUU labeledB(n,m) and y(n,m), wheren andm are the phonon
Bom) L L quantum number for the initial and final states, respectively.

m=0 12 Sl At this low temperaturd10 K) only the lowest vibrational
m=0 12 3. state in the initial state of the transitions is expected to be

significantly populatedsee below. About 16 phonon repli-

cas, which all have a phonon energy of abodub;

29K =58.7 cm?, are easily revealed for thg series. The an-
harmonicity in the final state is small since the energy spac-
Bltm) Lt ing between consecutive phonon replicas is, within experi-
L mental error, constant. A closer inspection shows that the

ﬂ'seriesl . . . B-series zero-phonon ling(0,0) is split into two nearby

4000 4200 4400 4600 4800 5000 5200 5400 lines at 4340.7 and 4341.8 cth The doublet has only
partly been resolved as is seen in the inset in Fig. 1. We have
studied this doublet in some detail at different temperatures

FIG. 1. Transmission spectra of silicon codoped with Li and Auin order to reveal any thermalization effects between the
silicon measured af=10 and 29 K. lines. No thermalization was observed, which indicates that

the origin of the doublet structure is to be found in the final
ing that the Au-Li center is related to Aui.e., a complex state of the transitions. This doublet structure could not be
involving interstitial Li and the Aw center. Interstitial Li in ~ observed for any of the phonon replicas due to their larger
silicon gives rise to a shallow donor center. It may thereforehalf-widths.
be expected that the excess Li, which is not complexed with Additional series of excitation lines are observed when
Au or other impurities and defects, raises the Fermi levehigher vibrational levels in the initial state becomes ther-
towards the conduction-band minimum. The decrease in thmally populated. This is clearly demonstrated by comparing
intensity observed for the Au centers may therefore, at leaghe 10- and the 29-K spectra in Fig. 1. In the case ofghe
partly, be caused by changes in the Fermi level position duseries, a series of four lines close to B ,m) zero-phonon
to incorporation of Li into the samples. It is thus difficult to lines is clearly revealed in the 29-K spectrum. They are due
judge which of the different effects dominates and causes th® transitions from the thermally populated first excited pho-
observed decrease in the intensity of the Au centers and faron level in the initial state. This series is accordingly la-
the Au, center in particular. beledB(1,m) and a simple analysis based on energy differ-

The Au-Li spectrum consists of several zero-phonon lineence between lines having the same final vibrational state in
(only directly observed for one serjefollowed by several the 8(0,m) andB(1,m) series results in a phonon energy of
phonon replicas. The spectrum is thus in many respects simaboutzw; =47 cm ! for the initial state. It is interesting to
lar to those observed for the Aland AwFe centers. It is note that this energy is substantially smaller than the one of
instructive to compare the spectral features observed for Auabout 58.7 cm? deduced for the final state.
and Au-Li-doped samples, on the one hand, with those ob- In order to add further proof to our results above, the
served for Pt- and Pt-Li-doped silicon, on the other hand. Inrelative intensity for lines in th@ series originating from the
silicon, the single substitutional Au and Pt centers have simitowest and first excited phonon states in the initial state was
lar electronic structure and one would therefore expect thamneasured for different temperatures. In this way the energy
Pt-pair centers are as easily formed at higher diffusion temseparation between the two lowest phonon states was found
peratures as has been demonstrated to be the case for &ube about 51 cm', which compares favorably with the
pairs in Au-doped silicon. This is not the case, howeveryalue of 47 cm! found for% w; previously.
since no spectral features similar to the,Agpectrum have Both phonons are resonant with the band phonon con-
been observed for Pt-doped silicon. This indicates that thénuum. The fact that the lines are relatively narrow indicates
formation of substitutional Pt-pair centers, R$ less prob- that the interaction between the discrete phonon states and
able. Accordingly, if no or only a small number of,Rten-  the continuum is weak. The vibrational modes are therefore,
ters are present in the samples there is no reason to expénta first approximation, localized at the defect and directly
such a high concentration of Pti complexes that is needed related to vibrations of the defect constituents.
for an optical detection of the centers. Interestingly, no spec- The difference in the phonon energy in the initial and the
trum similar to the one shown in Fig. 1 has so far beerfinal state implies different force constants for the two states.
detected in our Pt-Li silicon sampl@shis provides further The assumption that the vibrational modes effective mass is
evidence that the Au-Li center is associated with the, Au the same for the two states results in a final-state force con-
center. stant that is about 60% larger than the one for the initial

B(0,0)

B-series
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state. This difference may be due to a substantially altered ' ' ' ' '
bonding scheme for the two states. In the case of the Au  __ | ° . BgO,m) Sjr:es atT=10K
center, the phonon energy for the negative charge state was *"é o ' S)a(llzli;:shape
found to be slightly smaller than that for the neutral charge 5L o
state® The difference was interpreted as a mode softening £
caused by a higher occupancy in an antibonding state for the = | 7 o
negatively charged center than for the neutral center. %‘
As is readily seen in Fig. 1, yet another series, the g
series, is observed at=29 K. This series seems already to =l
be weakly detected at 10 K and it is believed to originate @
from thermal population of an excited electronic state. The 2+
relative intensity of the varioug lines could only be mea- E r
sured with a substantial uncertainty, which, unfortunately, L § f Po.
made it impossible to identify which replica corresponds to a mr S . . .
particular final phonon state. 4200 4400 4600 4800 5000 5200
The spectra in Fig. 1 indicate a linear electron-phonon Wave number (cm™)

coupling, i.e., a coupling term that is linear in the vibrational R . ,
coordinate. Furthermore, as will be shown below, theT_Fll(c);'KZ('bCrglcﬂgtedn:el"’;t'\éet |r:then5|)t(y fﬁ%thﬁ(?mz srerlez iitt N
uniaxial stress measurements reveal that the optical transl-_ ars and compared fo the experimental infegrated inten-
. . sity (O). The Huang-Rhys factor we8=5.7 and the phonon ener-
tions take place between two orbitally nondegenerate elec-. o —A7em andho.—58.7 ol din the initial and
tronic states{when disregarding the doublet structure ob- 'S @i=ArCMm andhog=o8.f tm- Were Use In the Initial and

. . . . final states of the transitions, respectively. See the text for details.
served for the3(0,0) line]. In a harmonic approximation, the
intensity for transitions from the initial electronic statand
phonon state to the final electronic stateand phonon state

m is then approximately given by

phonon energies, the calculated intensities fontlseries are
shown in Fig. 3 and compared to the experimental data. The
fit to the experimental points is acceptable when taking into
account the difficulty to accurately determining the experi-
L= t(E)=10Avn > [(x(m)]xi(n))PS(Ef m—E; »—E), mental intensities in general and for thé0,3) line in par-

m ticular (see Fig. 1L Nevertheless, our identification of the
phonon replicas seems to be appropriate and the fit enables

. ... .. the energy position for thg(0,m) series zero-phonon line to
whereAuv, indicates the thermal average over the initial vi- be determined to be about 4823.3 cn

brational states.” Er,r, is the energy of thenth vibrational We have also carried out numerical calculations of the
state when the center is in the electronic final sfaend ;o shapes expected faf=29 K. The results for threg
similarly for the initial statex;(n) and x;(m) are harmonic- g rjes a5 well as the corresponding experimental values for
oscillator wave functions for the initial and final states, re-the integrated intensity are presented in Fig. 4. Transitions
spectively. An expllcn analytical expression in _closed _form from then=0, 1, and 2 initial phonon states for tifeseries
may only be obtained when the harmonic oscillators in th%labeled,B(O m), B(1,m), andB(2,m), respectively are ob-

initial and final states have the same phonon enéffyis is served. For theB(0,m) series, the agreement with experi-

obviously not the case for the Au-Li center and we h""Vemental data is excellent for the low-phonon replicas, while it

therefore numerically calculated the relative intensities fofg' o satisfactory for the higher-phonon replicas. This poor
the various lines at different temperatures using a Huang-
Rhys factor S=5.7 and the phonon energigsw;=47
cm ! and iw;=58.7 cm! for the initial and final states +(0;m) series at T=10 K
respectively.

The calculated relative intensity for the lines at 10 K
[the B(0,m) serieg is presented as bars in Fig. 2 and is
compared to the corresponding experimental integrated in-
tensity. At this low temperature only the phonon ground state
is populated in the initial state of the transitions. The inten-
sity for both partners making up th&(0,0) line was added
together in the integrated intensity. This procedure is reason-
able since the two partners only are partially resolved for the
B(0,0) line and impossible to separate for the phonon repli-
cas. As is readily seen, the calculated line shape and the | |
integrated intensity for the experimental lines are in excellent e 12 s I
agreement. _ 4800 5000 5200 5400 5600 5800

The y-series spectral features are superimposed on the Wave number (cm™)

B-series higher phonon replicas, which made it difficult to

directly observe they zero-phonon line as well as to deduce  FIG. 3. Calculated relative intensity for thg(O,m) series at
the relative intensity accurately for the various lines. UsingT=10 K (bar$ and compared to the experimental integrated inten-
the same Huang-Rhys factor as for {hseries and the same sity (O). See Fig. 2 and the text for additional details.

o O exp data
1 calc line shape

Relative Intensity (arb. units)
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w | BQ, ° " .
-% BiLm) o FIG. 5. Stress splitting for thg(0,0) line for FI(100), (110, and
= (113). The solid lines were obtained from a fitting procedure. See
L o | | | | | x5 the text for details.
| 1.l | | I I ting of the line is expected. However, when stress is applied
m=01 2 8 in the (110 and{111) directions there are two nonequivalent
B(2,m) x10 orientations of the centers and the line should thus split into
L B I R T I B T two components.
m=0 1 23 In Fig. 6 the polarization behavior for the stress split
1500 450 7800 7800 5000 5200 B(0,0) line is presented for stress {110 and(111) direc-

tions. In Table | the expected linear stress-induced splittings
are presented together with the expected polarization rules
for a 7 dipole at a trigonal centérThe results in Fig. 6 and

in Table | clearly show that thg(0,0) line is due transitions
between two orbital singlets at a trigonal center with a tran-
sition moment oriented along th@121) direction. Further-
more, this result indicates that both partners in{@0) line
agreement for the higher-phonon replicas is due to the diffiare orbital singlets and that they are not due td=adoublet
culty of uniquely separating the experimental data for thesplit by an additional lower than trigonal crystal field.
higher-phonon replicas into contributions from t3¢0,m) The stress shifts determined for tj#€0,0) line are thus
and from theB(1,m) series. The experimental data presentecclearly nonlinear. This is most likely due to stress-induced
in Fig. 4 for the 8(0,m) series higher-phonon replicas are interaction with another electronic state. The nonlinear stress
therefore the sums of the intensities of both B @m) and  response shifts the stress split components to higher energies
the 8(1,m) series. than expected from the linear expressions in Table |. Since
no lines are observed at energies lower thangt@0) line,

Wave number (cm™)

FIG. 4. Calculated relative intensity for thg(0O,m), B(1,m),
and B(2,m) series aff=29 K (barg and compared to the experi-
mental integrated intensit§O). See Fig. 2 and the text for addi-
tional details.

B. Uniaxial stress

F Il <110>
148.6 MPa
B0.,0)

Fll<111>

The B-series zero-phonon ling(0,0) has been studied for 133.4 MPa

uniaxial stress= in the (001, (110, and (111) directions.

The stress response for the corresponding lower-phonon rep-
licas showed the same stress splitting behavior as that for the
B(0,0) line, while the stress splitting for the higher phonon
replicas remained undetected even for the highest stress due
to their larger half-widths. The result for compressive stress
in the (002), (110, and(111) directions is presented in Fig.

5. Stress in th€001) direction results in a nonlinear shift, but

no splitting of the line was detected. For stress in ¢ht0

and (111 directions, theB(0,0) line splits into two compo-
nents, which also shift with nonlinear rates. The nonlinear
stress response is presumably due to stress-induced interac-
tions with other nearby electronic statese further beloyv ' L ( L L L
This splitting pattern, i.e., the number of components for the 4340 4350 4360 4370 4340 4350 4360 4370
different stress directions, is characteristic of transitions at a
trigonal center between two nondegenerate electronic states.
When the stress is applied in tk@01) direction, all centers FIG. 6. Polarization spectra of thg(0,0) line for FI{110 and
will be at the same angle to the stress direction and no splitcL11). See the text for details.

Intensity (arb. units)

Ell Ell

Wave number (cm'l)
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TABLE I. Energy shifts, intensity, and polarization rules in +By(oy,+ oyt ny)Z that have to be added to the linear
first-order perturbation theory for trigonal centers under uniaxialenergy shifts in Table I. A least-squares fit to the experimen-
stress. The transitions are from a nondegenerate initial st&/af (5| gata was carried out and the solid lines in Fig. 5 represent
or A,) symmetry to the final state & symmetry, following Ref. 8. the result for A;=32.0 ceniYGPa A,=35.1 e YGPa

B,=100 cm YGP&, and B,=20 cmi YGP&, where A;

jitrrs:tfon ir;ﬁfgy Intensities and A, are defined as the reduced matrix elements
A =[THAUNT =TI AlIT;] and  A,=[TlIAITY]
ElF ELF —[TiIIALIT;], whereT'; andT'; denote the initial and final
FIK100 Ay 4 4 states, respectively. A plausible candidate for the interacting
Fl(111) A +2A, 3 0 electronic state is the-series initial electronic state.
A —213A, 1 4 Recently, electronic-structure calculations were carried
EIF ELF ELF out for different Au-Li and Pt-Li complexes in silicchThe
kI(002) kI(110 complexes all contained a single substitutional transition-
FI(110) A +A, 4 0 2 metal atom and thus no results were obtained fog-Au
A—A, 0 4 2 complexes that would be of interest here.

Several complexes that involve a transition metal and Li
have been studied recently by magnetic resondhisene of
the nonlinear shift is most probably due to interactions in thehe electron paramagnetic resonance centers were assigned to
initial state of the transitions. We thus have to consider the Au,-Li complex, which, at a first glance, indicates that the
lowest initial and a yet unknown excited nearby state andiu,-Li complex is not formed. However, we have carried

their interaction under stress. out a Zeeman study on the Au-Li spectrum reported here, but
The uniaxial stress operator @5, symmetry may be no splittings were observed, which indicates that the center is
written nonparamagnetic and thus is impossible to observe by mag-

netic resonance.

Hstress Astr(o) + Ai(”yz"' ozxt ny) +E 8o, ~tr(o))
IV. CONCLUSIONS
+ \/§Ee( Oxx— O'yy) + E;-)(zo'xy_ Oyz— T2x)

The electronic and vibrational properties of a gold- and
+\3EL(0y,— 07, (2)  lithium-related complex in silicon have been studied using
Fourier-transform infrared spectroscopy in conjunction with
uniaxial stress. The spectrum consists of three series of zero-
phonon lines and several corresponding phonon replicas.
o Phonon energies of about 59 and 47 ¢mvere deduced for
knowlfrom thg polgrlzatlon results that the Ipwest groundthe final and initial states of the transitions. Uniaxial stress in
state is an orbital singlet and ti#g operators will thus only - ;qqinction with polarization spectroscopy has conclusively
connect the ground state with states having the same Syl monstrated that the center has trigonal symmetry. The
metry. TheE operators will only be active in the case in close similarity between this spectrum and those for the Au

Wh:_?h the inte_rl;alc';ing higf|1ert-kl]ying sta]'Ee hﬁﬁyﬂ]gﬁgﬁh . and Au-Fe centers leads us to tentatively identify the Au-Li
ere we will study only the case for which both the in- oo 2 AuLi complex.

teracting states are orbital singlets, which will be shown to
satisfactorily account for the observed nonlinear stress shifts.
We have also studied the case when the higher-lying state
hasE symmetry, but with limited success, i.e., a less satis- The authors acknowledge financial support from the
factory fit to the experimental data. Second-order perturbaSwedish Natural Science Research Foundation and the
tion theory yields two additional termsB,(ir(¢))>  Swedish Research Council for Engineering Sciences.

where the stress tensor componeats refer to the cubic
axis. The two electronic operators on the first liAg,andA;
symmetry, whereas the other ones hdavesymmetry. We
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