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780-meV photoluminescence band in silver-doped silicon:
Isotope effect and time-resolved spectroscopy
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Silver doping of silicon crystals results in intense emission at 780 meV which consists of narrow no-phonon
A-B-Clines and phonon replicas. Observation of an isopote shift confirms participation of a silver atom in the
microscopic structure of the defect center responsible for this emission. Decay times of the three no-phonon
lines of the 780 meV band are measured and found to be of the order gislOthese long decay times are
consistent with a model which assigns the investigated band to recombination of an exciton bound to an
isoelectronic center.
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[. INTRODUCTION In the present work, we report observation of a silver-
isotope-dependent shift of the no-phonyrB, andC lines of
Deep impurities which introduce energy levels near thethe 780-meV band, providing direct microscopic evidence of
middle of the forbidden gap influence electrical conductivity silver involvement in the center responsible for this emis-
and the free-carrier lifetime of semiconductors. Like othersion. The decay time of these lines is also investigated.
noble metals, silver is an important impurity in silicon. Elec-

trical properties of silver in silicon were extensively studied Il. EXPERIMENTAL DETAILS
and a number of Ag-related deep levels have been
reported? In a deep-level transient spectrosco@yLTS) Silver-doped silicon samples for the present study were

study, Baberet al® reported that silver creates an acceptorprepared from 75-12%) cm p-type float-zone silicon by
level atE,—0.54 eV and a donor level &,+0.34eV. An  diffusion. Thin silver layers were evaporated on both sides of
absorption spectrum in the 6200—6700 ¢nenergy range the silicon samples. The diffusion was performed fon 4t
observed in a silver-doped silicon sample was attributed td150 °C in a closed quartz ampoule containing 100 mbar of
transitions of the silver dondrTransitions of the Ag-related argon. Following the diffusion step, the samples were
acceptor were not found. Silver-doped silicon was also thorquenched to room temperature by dropping the whole am-
oughly studied by electron paramagnetic resonaifdeR); poule in water. After diffusion, the surface layers were me-
following analyses of the EPR spectra, microscopic modelghanically lapped and etched in a mixture of HF and HNO
of several Ag-related centers were proposéd. (1:3). For the diffusion, both natural and isotopically en-
Also, the photoluminescend®L) of silver-doped silicon  riched silver(99.5% and 99.4% of’’Ag and *°°Ag isotopes,
has been investigated. It has been found that silver doping gespectively were used.
silicon crystals results in generation of a characteristic low- The PL experiments were performed with a variable-
temperature emission spectrum at 780 me¥.In the pho-  temperature continuous-flow cryostat accessing the 1.5-300
toluminescence spectrum narrow no-phonon littesnedA, K range(Oxford Instruments Optistat GFThe samples were
B, andC) and lower-energy phonon replicas have been disexcited using a cw argon-ion laser operating at 514.5 nm. All
tinguished. The observed structure was identified as transépectra were obtained with a 1.5-F/12 monochromator
tions from the effective-mass-like electronic states near théJobin-Yvon THR-150D and detected by a high-sensitivity
conduction band to the ground state. At temperatures belogermanium detectofEdinburgh Instrumenjs
8 K, the spectrum was dominated by two no-phonon liaes  Time-resolved measurements were carried out using a
and B with energies of 778.91 and 779.85 meV, digital oscilloscope(Tektronix TDS 3032 in combination
respectively Both lines produced phonon replicas with local with an InP/InGaAs nitrogen-cooled photomultiplier tube
phonon energies of approximately 6 and 15 meV. At energieslamamatsu R5509-72. Transient excitation was achieved by
of 20.7 and 33.1 meV below th& line, two broad features using a pinhole and mechanical choppif)0 H2 of the
were observed and assigned to the transverse-acdlistjc 514-nm line of an Af-ion laser. In this configuration, the
and longitudinal-acousti¢LA) silicon phonon replicas, re- experimentally measured system response time wgss38
spectively. At higher temperatures a third no-phonon (e
appeared at 784.31 meV. The intensity of this line rapidly IIl. EXPERIMENTAL RESULTS
increases with temperature while the intensities ofAhend
B lines decrease, and tteB-C system thermalize$At tem- For all the investigated samples photoluminescence was
peratures higher than 20 K some local phonon replicas of theneasured for the spectral energy range between the silicon
C line were also observed. band gap energy and approximately 700 meV. Figure 1
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FIG. 1. The 780-meV PL band observed in silver-doped silicon

atT=8 and 25 K. FIG. 3. Decay time characteristics for theline of the 780-PL
band measured at 15 K.

shows typical photoluminescence spectra obtained in this
study from silver-doped silicon samples at 8 and 25 K. Themonoisotopic silver was found to be in agreement with the
band around 780 meV is similar to that observed eafti€t, earlier reporf
and ascribed to silver on the basis of sample preparation. In Also, the D andE lines, as well as the 724-meV band,
addition to that two new PL bands at 806 and 811 meVwere detected in samples doped with monoisotopic silver.
labeledD and E lines, respectively, were detected. Also, a These were, however, considerably broader thanAtieC
weak PL band at approximately 724 meV, reported before inines. This obscured a reliable observation of the isotope ef-
Ag-doped silicor? could be distinguished. fect. Therefore, participation of silver atdgh in the micro-

Figure 2 compares the high-resolution photoluminescencscopic structure of defects responsible for these emissions
spectra of the 780-meV band recorded for three samplegould not be unambiguously established and remains open
doped with silver isotopé®/Ag, silver isotope'®Ag, and  for future investigations.
natural silver (5294°Ag+48%1%°Ag). While all three We have examined the decay characteristics ofiC
spectra show a similaA-B-C structure, the linewidth for no-phonon system. The measured decay times were found to
samples doped with a single silver isotope is smaller and thbe exponential over the entire temperature range and identi-
position of lines is shifted by~-—0.017 meV for cal within the experimental error for all the components. This
107pg-doped silicon and by-+0.017 meV for'®Ag-doped  serves as an independent confirmation that the whole band
silicon. Also, related shifts of the phonon satellites werecorresponds to transitions at the same center. Figure 3 illus-
observed. We note that th&-B-C lines in the sample con- trates intensity decay of th& line experimentally measured
taining natural silver are somewhat broader than those olat 15 K. A lifetime of~150 us can be determined. The decay
served for'®Ag or %°Ag doping. The temperature depen- time constants were found to decrease for higher tempera-
dence of theA-B-C lines in the samples doped with the tures, as depicted in Fig. 4.
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FIG. 4. The temperature dependence of the decay time fok the
FIG. 2. A, B, and C lines in silicon doped with isotopically and B lines. The solid line represents a fit with E¢f)—for an
enriched silver(upper curvesand natural silveflower curve. explanation, see the text.
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IV. DISCUSSION probability P, to be about 1. Further, we takE,/dT for
silicon to be— 2.1k at room temperatur¥, and from Eq.(2)

A. Isotope measurements
we have

The observation of isotope shifts féy, B, and C lines
provide conclusive microscopic evidence that the 780-meV
band is related to silver.

Isotope shifts of luminescence lines are convenient for_ o i )
identification of the chemical nature of such cenfeérdeine  nally, substituting the mentioned values into E4), we
and Henry? gave a quantitative description of the isotopeevaluate the difference in zero-point energy to be
shift of no-phonon optical transitions at defects in semicon-
ductors. If the force constant in the initial and/or final elec- S=0.015-0.001 meV, (6)
tronic state will change on isotopic substitution, an isotope
splitting of the no-phonon optical transition will result. In jn good agreement with the experimentally measured value
their model, the shift of the no-phonon eneigis related to  of 0.017 meV.

a softening effect of the electron and hole on the modes of

the perfect lattice. When the force constants between the _ )

atoms change, the state of the electronic system alters. The B. Luminescence decay time measurements

effect is related to the temperature dependence of the band As one can see from Fig. 4, a strong variation of the decay
gap of the pure material. The presence of a cagiét=e  times with temperature has been determined in the experi-
for an electron an¢=h for a holg on an atom lowers the ment. From a comparison with the temperature dependence

Yo+ vn=2.8. (5)

interatomic elastic constark by a fractiony.P: of the PL intensity/ it seems natural to assume that the high-
temperature decreasé&* 30 K) of the lifetime is due to the
AN =A[1—yP.], (1)  dissociation of the exciton. From the experiment we can con-

) - ) ) _ clude that the decay times of tiheandB lines are identical.
whereP is the probability of the carrier being at the impu- Also, the decay time of lin€, whose intensity allowed ac-
rity atom andy_ is the effect of the carrier. curate measurements f&e=10K, has a similar value. Such

The sum of the effects of a freeh pair y=(vet+ yn) can g sjtuation is in agreement with the hypothesis thatAhB,
be found from the temperature dependence of the band gaghdC PL lines are due to transitions originating from three
energy. At temperatures well above the Debye temperaturgyermalizing states of the same cerfitat low temperatures,

this is given a¥’ we obtain long decay times of about 25@. This value is
large when compared to the lifetimes of donor or acceptor
dE; 3 bound excitons in silicon, which are in the nanosecond
~ar - akret ), @) range. For excitons bound to a donor or to an acceptor, the

lifetime strongly depends on the impurity binding enekgy
whereT denotes temperature akds Boltzmann’s constant. Experimenta”y, approximate dependenmEi_4'6 for an

From analysis of the data for several defects, Heine andcceptor orrx E; 3% for a donor were reported and the life-

Henry concluded that time shortening was attributed to a localized phononless Au-
ger recombination proces® For example, for excitons lo-
Yh=(3.6£1.0)ye. (3 calized at In acceptors in silicon Witl;,=154meV, a

™ f aith hol | il soft lifetime of 7=2.7ns has been determinEdThe lifetimes
s e o o e Slon i Soneheasured n s study are longer by facor o 10
than that of a,n electron. The total value of the isotope shi ndicates that npnrad|at|ve I|fet|m © ghortenlng processes are
can then be given B¢ ' _bser_1t, or heavily suppressed, m_thls case. For S|I|cc_)n such a
situation would occur for an exciton trapped at an isoelec-
tronic center.
) P.. (4) In the past, PL bands with long decay times were fre-
HT quently reported in the low-temperature spectra of crystalline
silicon®-2! Optical excitation spectra and decay times of
In Eq. (4), wp is Debye cutoff frequencyfor silicon 2 wp these centers were shown to be well explained by a micro-
=55.6 meV}, Mg is the atomic mass of a host semiconduc-scopic model of an exciton bound at an isoelectronic center.
tor, andM is the mass of a particular impurity atofiv In that case, a hole or an electron can be localized at the
~108 for silver with natural isotopic compositiprAM is  defect by a localcore potential. Upon localization of the
the mass difference introduced by isotope substitutionprimary particle, the secondary particle can be captured by
AM = +1 for 19°Ag and 1°/Ag impurities, respectively. Coulomb field into a shallow, effective-mass-theory state. An
In order to calculate®,, one must determine the wave electron and a hole may couple to form an exciton with states
function of the carrier bound to the defect center in either theof a different total momentum. The observed temperature
initial or the final stat€or both. Assuming that the 780-meV dependence of the decay time can then be described by ther-
band originates from recombination at an isoelectronic centemal population of two states where the lower one has a much
with a local hole binding potentidlwe roughly estimate the longer lifetime than the higher one, denotedand 7, re-
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spectively. Under these assumptions, an expression for the We note that the fitted value of the activation energy re-
temperature dependence of the lifetime can be derivedponsible for the lifetime shortening is close to the spectro-
21

as?® scopic separation between t#gB and C lines. Also, the
obtained lifetime ratio of the “slow” and “fast” components
1+9,/g; exp(—AE/KT) of (7a=7g)/ 7c=240us/11us~22 is close to the intensity
Texd T)= 71 : @) 0 Ic/(Ix=1 lated  f h
1+09,/9,yexp(—AE/KT) ratio 1c/( @9 B) extrapolate rom the temperature
dependence; supporting the model used to describe the

Herey=r /7, andAE denotes the energy splitting between temperature dependence of the decay time of ARB-C
the lower and upper levels with degeneractgsand g,,  system.
respectively.

We will now use the above expression to describe the V. CONCLUSION
temperature dependence of theéB-C band lifetime depicted , ) ) i
in Fig. 4. In the description we take also into account the Ve presented conclusive microscopic evidence for the
thermally induced intensity changes of the individual lines.Participation of silver in the optically active center respon-
In our model we assume that theandB lines correspond to  SiPl€ for the 780-meV PL band. The appearance of this emis-
transitions of a low probability, characterized by a long andSion has been frequently reported in silver-doped silicon and
identical lifetimer,= 5= 7, , while the upper level respon- attributed to a silver-related defect on basis of sample prepa-

sible for theC line has a considerably shorter lifetimg ~ 'ation conditions. The experimentally determined long life-
— 7,,. Since the precise origin of th& B, andC lines is not times of the three dominant no-phonon lines of the 780-meV
known, we assume identical multiplicity of the levels and band are in agreement with a model of an exciton localized

take therefore the degeneracy ratiogagg; =0.5. As can be 2t &N isoelectronic center.

concludgd from Fig. 4 under the above assumptlons a sat_ls— ACKNOWLEDGMENTS

factory fit to the experimental data can be obtained. The solid
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