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Positron thermalization in Si and GaAs
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Positron thermalization in Si and GaAs has been studied both by experiments and simulations. The decrease
in the positron mean energy due to the interactions with longitudinal-acoustic phonons was calculated down to
4 K by solving numerically the Boltzmann equation for the positron momentum distribution. We find that the
differences in the strength of the positron-phonon coupling can result in considerable variations in the ther-
malization time. At 10 K, the time needed by the positrons to reach twice the thermal energy is 25 ps in Si, and
80 ps in GaAs. We find experimental support for the calculated thermalization behavior by studying the
temperature dependence of the positron trapping rate at negative vacancy-type defects in Si and GaAs. In Si,
we observe that positron lifetime data depends strongly on the sample temperature at least down to 8 K, which
supports the predicted fast thermalization. In GaAs, the trapping rate below 20 K is observed to increase
considerably less than expected for positrons thermalized instantly after implantation. This demonstrates ex-
perimentally that the thermalization time in GaAs is indeed much longer than in Si. We show further that the
calculated positron energy-loss rates can explain quantitatively the temperature dependence of the experimental
trapping rate in GaAs down to 8 K.
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[. INTRODUCTION however, been paid in the literature to the differing cross

Positron thermalization in solids at low temperatures is arsections of positron-phonon interaction in different materials.
interesting and challenging problem that has been studieBrom the classical point of view, it can be expected that in a
both experimentally and theoretically every now and therheavy material, phonon scattering would be less efficient
over the last 40 years.’ Besides from the point of view of than in a light host. This could perhaps lead to significant
positron-host interactions, the problem is important alsdifferences in the thermalization times between materials. In
when considering positron annihilation studies of defects irthis paper we have addressed this side of the positron ther-
solids. In analyzing the annihilation radiation data, it is gen-malization problem by performing calculations similar to
erally assumed that the positron is in thermal equilibriigm  those in Ref. 7 in two different semiconductor materials, Si
very neay with the host very soon after implantatigwithin ~ and GaAs.
10 p9 even at 10 K. This assumption is widely accepted to Our calculations show that in some materials, positron
be true irrespective of the material. The experimental suppoithermalization down to the 10 K temperature range may take
for these ideas is based on ACARNgular correlation of much longer than generally thought. At 10 K in GaAs, for
annihilation radiationmeasurements of positron momentum example, it takes about 80 ps for the positrons to reach a
distribution at the time of annihilation in simple metal§he ~ mean energy of twice the thermal eneiy, and about 180
experimental distribution seems to follow the Maxwell- ps for the 1.X Ey, level. These times are clearly of the same
Boltzmann (MB) distribution even down to liquid helium order of magnitude as the average lifetime in the latfR20
temperature within the experimental accuracy. A most im-ps) thereby perhaps leading to observable effects in experi-
pressive piece of data is related to positronium atoms irmental studies. In Si, the thermalization is much faster: 25 ps
quartz at 4.2 K: even this neutral particle was found to therfor 2XEy, and 70 ps for 1.XEy,.
malize to a temperature of 10 K within the average lifetime Besides numerical calculations, the main objective of this
of 125 ps? This points out that phonon scattering is efficient paper was to search for evidence of nonthermal positrons
in reducing the positron or positronium energy. experimentally by studying the temperature dependence of

The rapidity of positron thermalization is supported by thethe positron trapping rate at negative vacancy-type defects
theoretical calculations in aluminum by Jensen and Walker.down to very low temperatures. The momentum distribution
They solved the Boltzmann equation for the positron mo-of thermalized positrons is of the Maxwell-Boltzmann type,
mentum distribution taking into account both conduction-and the trapping rate at negative vacancies should increase at
electron scattering and acoustic-phonon scattering as mealeast as rapidly a3 ~°° (Ref. 8. This is mainly due to the
of positron energy loss. According to their calculations, itenhancement of the free positron wave-function amplitude at
takes about 3 ps at 300 K, 7 ps at 100 K, and 35 ps at 10 khe vacancy site with decreasing positron energy, which in
for the positrons to thermalize to a mean energy of 1.1 timesurn increases the transition rate to the vacancy ground state.
the thermal energy. These are indeed short times compardtlis thus the effective positron temperature that is the impor-
with the average positron lifetime of 170 ps in Al. The re- tant concept when considering positron trapping at negative
sults by Jensen and Walker are in agreement with the experilefects. Hence, if thermalization is incomplete or slow, the
mental ACAR data by Kubica and Stewart. positron energy does not attain the equilibrium distribution

In all the latest calculations it has been pointed out thasoon enough after the implantation. The effective trapping
phonon scattering is the dominant energy-loss mechanismate thus cannot increase as rapidly as in the ideal situation
below 1-eV positron energy®’ Practically no attention has, and the deviation from th& °° behavior can be attributed

0163-1829/2001/636)/16520212)/$20.00 63 165202-1 ©2001 The American Physical Society



J. NISSILA K. SAARINEN, AND P. HAUTOJARVI PHYSICAL REVIEW B 63 165202

to nonthermal positrons. In this experimental approach, th@acancy-type defect in this sample below 90 K temperatures
positron energy distribution is monitored when the positronss the negative phosphorus-vacancy pair (V-P§
disappear from the delocalized state either by trapping or '
annihilation. This is, of course, earlier than the time of anni- B. Positron spectroscopy
hilation probed in ACAR measurements. Two independent experimental methods were used to
We apply this method to positron trapping at negativestudy positron trapping: positron-lifetime and Doppler-
divacancies and vacancy-phosphorous complexes in pure $iroadening measurements'® The lifetime spectra were re-
and negative Ga vacancies in undoped GaAs. The expercorded with a conventional fast-fast spectrometer with a
mental data in Si is in agreement with the theoretically preresolution of 240 ps full width at half maximutti-WHM).
dicted rather rapid thermalization down to 8 K. In GaAs, theThe Doppler broadening of the annihilation line was mea-
positron lifetime and Doppler-broadening data support thesured with a high-purity Ge detector connected to a digitally
theoretical results of slow thermalization to low tempera-stabilized multichannel analyzer. The energy resolution was
tures. Our experimental results at various sample temperd-2 keV (FWHM) at 511 keV. The positron source was 30
tures can be even quantitatively explained by the calculategtCi of carrier-free *NaCl enclosed between 2m alumi-
time development of the average positron energy duringhum foils. The source was sandwiched between two identical
thermalization. Most importantly, a considerable discrepancyp X5 mn? samples. Approximately 210° counts were
between the measured and calculated data appears if the pesilected to each lifetime spectrum ancd&0° counts to
itrons are assumed to thermalize instantly. All in all, oureach Doppler spectrum. For the variation of the temperature,
theoretical and experimental results indicate that the positrothe samples were mounted in a closed-cycle He cryostat with
thermalization rate may vary from one substance to anothex temperature range from 6.5 to 350 K. The temperature was
more than generally assumed in positron studies. controlled with a resistive 36 W heater and it was measured
This paper is organized as follows. The experimental dewith a calibrated AdFe 0.07%-Chromel thermocouple at-
tails are explained in the next sectit®ec. I). In Sec. lllwe  tached near the sample. The accuracy of the temperature con-
present the main features of the theory behind the thermalirol was estimated to be better than 0.5 K.
zation calculationd. This is followed by the numerical re-
sults in Si and GaAsSec. I\). The experimental data are C. Data analysis
shown in Sec. VA and the models used to combine the The positron lifetime spectra were analyzed in the con-
experimental and theoretical results in Sec. V B. The meayentional way'>~*’ After the reduction of a background and
surement results are discussed in light of the theoretical regnnihilations in the source, the spectra were analyzed with
sults in Sec. V C and the final conclusions are presented iBne or two exponentials. In the case of two components, the

Sec. VI. average positron lifetime-,, was calculated as,,=3>I;7;
wherel; and 7; are the intensities and lifetime components
Il. EXPERIMENTAL METHODS from the decomposition, respectively. The average lifetime is
a statistically reliable parameter since it is insensitive to the
A. Samples

details of the decomposition. Due to the reduced electron
The temperature dependence of positron trapping can b#ensity in a vacancy, the characteristic lifetimgis longer
ideally studied in a material containing only one type of athan that in the bulkrg. Thus, if positrons get trapped at
positron trap: a negative vacancy, the concentration of whiclvacancies, the average lifetime increases. In case of only one
remains constant at all temperatures. In this paper we hawsacancy type in the sample, the average lifetime can be ex-
investigated one GaAs and two Si samples. pressed as,,~=(1— »ny) g+ ny7y. Here,ny is the fraction
The GaAs sample was commercial undoped semiof trapped positrons. The valug is obtained by measuring
insulating GaAs that contains negative Ga vacarnti€sThe  the positron lifetime in defect-free samples ang as the
Fermi level is pinned at the midgap by the so-called EL2second lifetime in the decomposition of the lifetime spectra.
defects(arsenic antisitesat all temperatures. At this position The Doppler-broadening spectra were characterized with
of the Fermi level, the gallium vacancies are three timeparameter§andW. TheS parameter, defined as the fraction
negatively charged according to theoretical calculatidns. of counts in the central part of the 511-keV peak|Bt,
This sample is called sample 1. —511 ke\[<0.7 keV, measures mainly annihilations with
Both Si samples are floating-zone refined material inlow-momentum valence electrons. Té parameter, calcu-
which the impurity concentrations are below 1 lated as the fraction of counts in the wings of the peak at 2.5
% 10 cm™3 according to photoluminescence studies. TheykeV <|E,—511 keV|< 4.2 keV, is related to the annihila-
have both been irradiated with 2-MeV electrons at room temtions with high-momentum core electrons. Annihilations in
perature. One of the Si samplé&y is pure, highly resistive vacancies lead to the narrowing of the annihilation line, i.e.,
and has been irradiated to a fluence of 10'® cm 2. The  a decrease itW and an increase . If a fraction 7, of
dominant defect has been identified as the negativpositrons is trapped at vacancies, the measGradd W pa-
divacancy*? It is, however, possible that a small fraction of rameters can be written &= (1— 5y)Fg+ 7yFy whereF
the divacancies are in the neutral charge state in this=S or W. Fgz andF,, are the characteristic Doppler param-
sample'® The other Si samplé3) is of phosphorus-doped eters in the defect-free lattice and at the vacancy, respec-
([P]1=3x10% cm3) n-type material that has been irradi- tively. They can be determined by combining positron-
ated to a total fluence of 210'® cm 2. The prevailing lifetime and Doppler-broadening experimefts’
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[ll. THEORY OF POSITRON THERMALIZATION itron energy distribution is very close to a MB distribution
BY ACOUSTIC-PHONON SCATTERING with an average energy of about half the band gap, and we

L . start the calculation with such a distribution. Thus, the start-
The Boltzmann transport equation is well applicable for;

the positron thermalization problem. Using this approachmgl time of our calculationst¢=0 in this paper corresponds

Woll and Carbott& calculated the positron thermalization in FO the. time of O. ps<t=5 ps after implantation of positrons
in typical experiments.

simple metals considering only conduction-electron scatter- Positrons scatter off both acoustic and optical phonons in

ing as the energy-loss mechanism. A more refined calculaéi and GaAs. The scattering rate off transverse-acoustic

tion in Al was performed by Jensen and Walkewho also . .
included scattering off longitudinal-acoustic phonons. phonons 1S pracucally zero due to thg momentum conserva-
The Boltzmann equation determines the time evolution oftlon.' During therm_ah;atmn, the positron energy loss via
: o . ..~ optical-phonon emission ceases to play a role after the posi-
the positron momentum distribution given an initial distribu- X - !
tion and the interactions as input. In a homogeneous met_ron energies decrease be_Iow the minimum phonon energies,
dium. the positron momentum distr.ibutim t) at timet is 64 meV in Si and 35 meV in GaA$ . These threshold values
the s,olutiorr)1 of the following equation: a: are so high that also positron scattering via optical-phonon
9€q ' absorption at sample temperatures below 100 K can be

neglected®?°Hence, as we concentrate on positron thermal-

d
d—n(q,t):f d3q’[W(q',q)n(q’,t)—W(q,q")n(q,t)] ization to very low temperatures, we take only the
t longitudinal-acoustic phonons into account in this paper. For
— [N+ k(@) IN(G 1) + MO ). (1)  them we apply the Debye approximation.

The transition rateW(q’,q)d%q’ from volume d3q’

Here n(q,t)d3qdt is the probability of finding the posi- aroundfiq’ to momentunfiq can be estimated by the Fermi
tron in a momentum e|eme|ﬂt3d3q aroundﬁq within time Golden Rule2.1 With Iongitudinal—acoustic phonons, the
interval [t,t+dt]. W(qg,q')d%q’ is the transition rate from deformation-potential theof$ gives us the Hamiltoniaf’
momentum#%q to momenta in the volumel®q’ at #q’,  =EqeV-U(R), where Egye is the positron deformation-
which is to be calculated with the Fermi Golden Rule. Fur-potential parameter ana(R) the lattice displacement of an
ther,\ denotes the annihilation rate in the delocalized stateatom whose equilibrium site is & A rather straightforward
«(q) the momentum dependent trapping rate, apg(q,t)  calculation gives
represents the initial positron source.

The effect of the trapping and annihilation terms is, of W(z q' q)
course, to reduce the number of positrons in the distribution. o '

2
== 2 KalH'[a")[?8(E—E)
In this paper, we are mainly interested in the shape of the ‘

distribution. The annihilation rat® can be considered mo- xo(q—q' k)

mentum independent and the term can be neglected. The

trapping rate<(q) at negative vacancies depends on both the = j d3q’th(q’ .q), 2
concentration of defects and the positron momentug

Because of the complexity of its contribution, we concentrate
here only on estimating the effect of positron-phonon inter-
actions on thermalization. Hence, also the trapping term is
neglected.

Positrons emitted from a radioactive source have a con-
tinuous energy spectrum with a mean energy of typically a
few hundred keV’s. Right upon penetration into the solid XOE+(qQ")—EL(q)—7icsk]dqr g+
sample, the energy-loss rate of positrons is very high: the
meaFr)1 energy dec?gases to eV Ievrzel in less than 5yps %y elec- X O(wp—Cek) +Tg(fiCsk)

with

2
wph<q',q>=4y—772k{[fa<ﬁcsk>+1]

tronic excitationg. Below 1-eV energies, the phonon scatter- X S[E+(q")—EL(q)+5Ck]8qr g«
ing has been shown to dominate over conduction-electron '
scattering in various metaf®:’ As an example, if only elec- X O(wp—Ccsk)}. 3

trons are taken into account when calculating the positron

thermalization in Al down to 10 K, it would require a time of ~ Here we use the Debye approximation for the phonon
about 20000 ps for the positrons to get within 10% of thedispersion relationp =csk, wherecs is the velocity of the
thermal energy. Including the phonons reduces the time bficoustic waves in the material akthe length of the phonon
more than two orders of magnitude. In practice, the role ofvave-vectok. wp denotes the Debye cutoff frequency that
positron-electron scattering in metals is small when thermalis calculated from the Debye temperatuf®, as wp
ization to temperatures below 300 K is considered. In semi=kg®p/%. In the deformation-potential approximation, the
conductors and insulators, the positron-electron scatteringquare of the positron-phonon coupling constant %
mechanism is even less effective due to the presence of tieEs/2NMcs. N is the ion density andl the ion mass,
energy gap. Therefore, studying here only semiconductordg(E) denotes the Bose-Einstein distributiofifg(E)
we neglect the electron scattering completely. Instead, we=[expE/ksT)—1] 1} andE, (q) =#2g?%/2m* the energy of
assume that at some time during the thermalization, the post positron with an effective mass*. © is the step function.
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Assuming that the positron momentum distributig(y, t) ¥2m* g(q,t) by K2
is isotropic, the distribution of momentum magnitudes 1,(q,t)= 5 ’ [f ek =1
g(q,t) can be calculated as 27?2 q a,  exphicsk/kgT)
by
— 2
9(q,t)dg=4mq°n(q,t)dq, (4) +fa2dkk2 1+ exp(hcsk/kBT)_l)} 8
9int(0,t)dg=47g’niy:(q,t)da. ©) The integration intervals are obtained by requiring the

conservation of energy and momentum, and by restricting
By taking the time derivative of Eq4) and using the the wave-vectok to values below the Debye cutoff wave-
reduced form of the Boltzmann equatiBq. (1)] as dis-  vectorkp=wp/cs. The resulting limits are the following:
cussed above, we obtain the required equation that allows us

to solveg(q,t): a;=max{0,2m*cs/fi—q)],

d d — i *
_ 2 b;=min[wp/cg,2(M*cs/h+q)],
gi9(a.=4mq" 4 n(q.t) s s

32:0,

— 2 ;

=q fdgo ' fde 1gqSiNfqyr
A o e b,=min[wp/cs,maxX0,2(q—m*cg/%)}].

% j da'W(a'.a)g(a’.t IV. NUMERICAL RESULTS

d d : da'a’? The material-related parameters used in the calculations
N ?q'.q | dbq,gSINGq q | AO'Q are presented in Table I. The positron deformation potential
, is obtained from theoretical calculatiohsGood estimates
xW(q,9")g(q,t) + ginir(9,t) for the effective mass can be found from experimental posi-
=1,(0,t)— 1 5(q,t) + go(q) 8(1). 6) tron diffusion studie¥ that probe the same positron-phonon

interactions as we do in this study. Foy, we use the ve-
locity of longitudinal-acoustic phonons in th¢110]
directiorf® that represents an estimate of the average velocity
over all principal directions.
performing the integrations gives the following expression In the actual ngmeri_cal cglculations, the po_sitron momen-
for | i di D- Sum range was discretized into 300 mesh points. This mesh
or 11(q.t) andl(q.1): was updated regularly such that it covered only the range in
2 % which the distributiorg(q,t) is significantly above zero. An
ym IMSL Fortran library routineDIVPRK was used to solve the
2mh? system of ordinary differential equations, E&). The rou-
tine uses the Runge-Kutta-Verner fifth-order and sixth-order
bldkg[(q2+ 2m* ck/fi) 2 t] 2 methods’® The time steps were chosen densely enough so
a 92+ 2m* c ki that only small changes took place between the steps. A rela-
tive accuracy irg(q,t) better than 10° was required in each
1 time step throughout the calculation.
+ exp(fick/kgT)—1 Our program was tested by performing a similar calcula-
tion in Al as Jensen and Walker did in Ref. 7. For this cal-
by g[(g%—2m*ck/f)2t] culation we included the conduction-electron scattering in
dk 2ot oklh our program. After a careful investigation we believe that
q s there is a mistake in their calculation related to the phonon-
scattering part. We get exactly the same results as they did if
, (7)  we deliberately multiply the phonon scattering rdtegs.(7)

Here, the functiongy(q) gives the initial positron mo-
mentum distribution. Substituting the interaction rates
Wpr(9',q) in the form of Eq.(3) for W(q',q) in Eq. (6) and

|1(Q=t):

X1

a
k2
X
expfickikgT) — 1

TABLE I. Material parameters used in the thermalization calculations.

Material Eget(€V) m* (m,) cs(m/s 0Op (K) N (10?2 cm 9) M (proton masses

Si -6.19 1.6° 913C 645° 4.96 28.1
GaAs —5.87 1.2 5230 344 4.42 72.3

%Reference 23.
bReference 24.
‘Reference 25.
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FIG. 1. The positron mean energy as a function of time during E L X |
thermalization in(a) Si and(b) GaAs at various sample tempera- = = - mean positron energy 1.1 By,
tures. The curves are based on solving the Boltzmann equation for — mean positron energy 2.0 E;
the positron momentum distribution. The calculation was started 10 L a1 a1l . Loy o1 111l
(t=0) at the mean energy of 0.5 eV in Si and at 0.8 eV in GaAs. 3 4 56789 2 3 4 56789
Only positron scattering with longitudinal-acoustic phonons was in- 10 100
cluded in the calculation. (b) TEMPERATURE (K)

and (8)] by an extra factor of 2. Thus, the thermalization FIG. 2. The positron thermalization time vs sample temperature
times given in Ref. 7 are too short by a factor of about 2. in (&) Si and(b) GaAs. The solid curves indicate the time needed

In Figs. Xa) and Xb) we present the calculated positron for the positrons to reach the mean energy equaling twice the ther-
mean energy as a function of time at various temperatures fépal energy. The dashed lines again represent the level of 1.1
Si and GaAs, respectively. The mean energy was calculateq Et-

as choice of the initial energy is not important when consider-

ing temperatures below 100 K.
E(t)zf dq(#2q%2m*)g(q,t). (9) In Fig. 2 we show how much time is required for the
positrons to reach the mean energies of 2, and 1.1

X Ey,. After reaching the latter energy, the positrons appear

Th_e results show tha_t Fhe mean energy declme_s along &s fully thermalized particles from the experimental point of
unique path characteristic of the material irrespective of th%iew In Si[Fig. 2a)], thermalization even down to 10 K

sample temperature, except near ”.‘efma' eth_br_pm Whergeems to be rather fast: positrons get within 10% of the final
the curves flatten out. In Si, the variation of the initial mean

= . i . thermal energy in 70 ps. Below 10 K, complete thermaliza-
energyE(t=0) from 0.4 to 0.8 eV has in practice no influ- tjon however, takes a time that is comparable to the mean
ence onk(t) att=10 ps. The same was observed for GaAslifetime in the lattice =218 p3. In GaAs [Fig. 2(b)],

at t=30 ps with starting energies 0.5-0.9 eV. Thus, thethermalization times are considerably longer than in Si at alll
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temperatures. At 10 K it takes about 80 ps for the positrons As positive particles, positrons scan the interstitial space
to reach a mean energy ofxE,,, and about 180 ps for of the lattice and feel neutral and negative vacancies as at-
1.1X Ey,. At 4 K it takes nearly 400 ps for the thermalization tractive centers at which they can get trapped. Positron trap-
within 10% of the sample temperature. It could be expecteging ratex is defined asc= uc wherec is the concentration
that these thermalization times result in experimentally ob-of vacancies. The trapping coefficigntmeasures the sensi-
servable effects in GaAs since they are of the same order divity of positrons to a particular vacancy defect. In case of
magnitude as the positron lifetime in the latticegfss  neutral vacancies the positron trapping rate is independent of
=230 ps. temperaturé:?’

The calculations indicate that depending on the tempera- There is a wealth of experimental evidence that the posi-
ture (4—100 K), the thermalization times in GaAs are 2-4 tron trapping rate at negative defects increases strongly with
times longer than in Si. This is mainly due to the differencedecreasing sample temperature, at least down to about 30
in the mass densities of the materials. Namely, the positrof.%1*27-?8 Theoretically, this is well understoddBefore
energy-loss rate is inversely proportional to this quarfige  trapping, the positron occupies a delocalized Coulomb wave.
Eqg. (3)]. Ga and As are much heavier atoms than Si, and th&he amplitude of the Coulomb wave at a negatively charged
ratio of the mass densities is 2.5, which thus largely explaingrap increases strongly towards lower positron energies, i.e.
the observed difference in the thermalization times. temperatures. This leads to a larger overlap between the ini-

In addition to the mass density, the energy-loss rate alstial and final state wave functions, thus increasing the trap-
depends on the positron deformation potenkigl; and the ping coefficient and thereby, the transition rate of the posi-
effective massm*. In GaAs and Si, they have relatively tron to the localized vacancy ground state.
similar values(see Table )l leading only to a minor contri- The model calculations by Puskaal. show that the trap-
bution to the difference in the thermalization rate. Furtherping rate increases at least as rapidlyTa$-® for fully ther-
the scattering rate is inversely proportional to the velocity ofmalized positron. The predicted divergence a—0 K
the acoustic waves;. On the other hand, the average energymeans that positrons become extremely sensitive to negative
released by the positron in the phonon emission is directlyglefects at low temperatures, if fully thermalized. The diver-
proportional toc,. Thus, the energy-loss rate that is propor-gence, however, may not be observed due to incomplete
tional to the product of the scattering rate and the averagthermalization, since the mean positron energy is higher than
energy released in the scattering event, is independant.of the thermal energy corresponding to the crystal temperature.
A numerical calculation by solving E@6) with variable val-  If the effective trapping rate is observed to increase with
ues ofcg confirms that this simple argument seems to bedecreasing host temperature according t¢* with «<<0.5,
valid relatively accurately, the effect of being quite small. this can be taken as an evidence of incomplete thermaliza-
Hence, although the, values, and thereby the hardnesses oftion.

GaAs and Si, differ significantly, their role is small when

considering the thermalization times. The comparison be-

tween the thermalization times in different materials cannot, A. Experimental results

of course, be fully based on evaluation of the positron- The positron lifetime in the delocalized statieulk) in
phonon coupling constants’ since also the integrals of Eqs. GaAs was determined from ptype sample with neither
(7) and(8) play a role. neutral nor negative vacancy defects. The lifetime was con-

As a conclusion, the strength of the positron coupling tostant 228 ps from 8 to 150 K consistently with previous
phonons may vary considerably from one material to anmeasurementsThe undoped sample 1 was studied in dark-
other. If the coupling is weak, positron thermalization downness where negative Ga vacancies act as the only positron
to 10 K may take even hundreds of picoseconds which igraps!®®The lifetime spectra were decomposed with a sec-
well of the order of positron lifetime. The main reason for ond lifetime component of 260 ps in agreement with earlier
the big difference in the thermalization times in Si and GaAsinvestigations:'° The average lifetime at 300 K is 231 ps,
is the difference in the mass densities. When consideringind it increases rapidly down to 25 K, reaching a value of
other materials, this quantity, together with the positron de239 ps. In Fig. 3, the average lifetime is presented with
formation potential, determine the thermalization time tocjrcles from 8 to 50 K. From 50 to 25 K it increases about 2

very low temperatures. ps, but from 25 to 8 K, at the most, 1 ps. The Doppler-
broadening data show an effect of the same kind: the
V. EXPERIMENTAL SEARCH FOR NONTHERMAL W—paramgter values decrease strongly down to 25 K, but
below this the temperature dependence becomes much
POSITRONS weaker

The calculations suggest that there is a clear difference in In Si, the positron lifetime in bulk was measured to be
the thermalization times in Si and GaAs when considerinf217 ps below 100 K and above this, it increases slightly,
temperatures below 100 K. In Si, positrons thermalize closeeaching 218 ps at 300 K. The average lifetime in the pure
to 10 K in a time that is well shorter than the lifetime in the silicon sample 2 is about 218 ps in temperatures 200—300 K.
lattice, whereas in GaAs it takes a time of the order of life-Below 200 K, it increases strongly attaining a value of 247
time. To get experimental support for the theoretical resultsps at 40 K. The data below 100 K are shown in Fig. 4 with
we studied the temperature dependence of positron trappingpen circles. Between 40 and 20 K, the average lifetime
at negative vacancies. decreases about 5 ps and then it increases again towards
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FIG. 3. The average positron lifetime vs sample temperature in B0 =
undoped GaAs sample 1. The dashed line shows the lowest life-
times explainable by the theory that assumes the positrons to ther- . .
malize instantly after the implantation. 225 |- ﬁiﬁ:fftegetﬁg :—lrlnlz]ait;a)?ion
] ] ] ] ]

L i 0 20 40 60 80 100
lower temperatures. The second lifetime component in a

two-component analysis is 295 ps at temperatures above 40 TEMPERATURE (K)

K. This is the characteristic lifetime of the divacan€yThe

lifetime 7, decreases to 280 ps between 40 and 25 K and FIG. 4. The average positron lifetime as a function of sample
remains at that value down to 8 K. The temperature range d¢mperature in electron-irradiated FZ-Si. Open circles describe the

which the 7, has a lower value than 295 ps coincides with data measured in the pure sample 2 and the closed circles in the
that at which the dip in the average lifetime is seen P-doped sample 3. The lines describe the best fits with different

The average lifetime measured in tRedoped Si sample models that are explained in the text. The shaded area illustrates the

effect of incomplete thermalization: the dashed line above the

(3) increases from 226 ps at 90 K to 233 ps at 30 K. E’(alowshaded area results from a model assuming instant thermalization

30Kt Igvels ‘?ﬁ a§ can be seen from.th('a data described @3nd the thick solid line below the shaded area, from a model taking
closed circles in Fig. 4. The average lifetime from 30 downhe calculated thermalization effects into account. The thin lines on
to 8 K remains more or less unchanged at a value 234 pshe data points are based on models that assume fully thermalized
The lifetime data show a constant second lifetime componergositrons getting trapped at vacancies and shallow traps.
of 251 ps from 8 to 90 K in agreement with Ref. 14. This is
the positron lifetime at negative/-P) ~ pair. B. Modeling of experimental results with thermalization

The experimental positron trapping fraction at Ga vacan- calculations

cies in GaAs can be extracted from the lifetime and Doppler- The effect of incomplete thermalization on positron trap-
broadening data by SUbStitUtin‘gor W for F in the formula p|ng properties can be evaluated by Ca|cu|ating a time-
dependent trapping rate(t) from the theoretical positron-
mean-energy data. The corresponding trapping fraction and
_ F—Fg the average lifetime can then be derived frat). In the
VT Fy—Fg’ (10 following, we will give expressions for these quantities in
order to compare the thermalization calculations with the
experimental trapping fraction and the average positron life-
The results are plotted in Fig. 5 from 8 to 120 K. The trap-time.
ping fraction at Ga vacancies increases from 0.12 at 100 K to Positron trapping at negative vacancy-type defects is
0.35 at 20 K where after, very little increase is observeddominated by a process in which positrons localize first at
Note that Eq(10) is valid whenever there are only two pos- shallow Rydberg states acting as precursors for the final tran-
itron states, the delocalized and the trapped states. It is indaition into the ground stafe** The transition rate from the
pendent of the details of the thermalization and trapping proRydberg state to the ground state is much faster than the
cesses. The conventional relation of the trapping rate, annihilation rate. The positron can also escape from the Ry-
=N\g(F—Fg)/(Fy—F), is based on the immediate complete dberg state back to the delocalized states with the aid of
thermalizatior tyem<1/(x+Ag)], and cannot be used here. thermal energy:?° For fully thermalized positrons, the trap-
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0.7 —r—r—TTm T T T T During thermalization, positrons are not in thermal equi-
librium with the crystal, and Eqg11) and (12) cannot be
0.6 > - GaAs (undoped) applied. A proper way to model the temperature dependence
0.5 - \\ | of the trapping fraction would be to implement the transi-
z ) tions between the delocalized states, the Rydberg states, and
) the vacancy ground states directly into the Boltzmann equa-
B 04 - tion. The modeling of the experimental data would then re-
é quire a time-consuming iterative procedure of varying the
fitting parameters, which we did not attempt. Instead we ap-
2 031~ m plied the following simple ideas.
= At low sample temperatures, in which detrapping from
the Rydberg states is not important, the positron trapping rate
® Doppler-broadening data o at the vacancy ground state is determined by the capture rate
02 O lifetime data — into the Rydberg state. This in turn is governed by the over-
- — - perfect thermalization lap between the delocalized and the Rydberg state wave
—— imperfect thermalization ® functions, which depends on the delocalized positron-mean-
Ll T A energyE(t) asE %% The time-dependent trapping rate can
3 .45 678910 2 3 45 678300 thus be written as
TEMPERATURE (K) MoCv_ . HMoCyV1.SKg 1
k(t)= N_Tpositron: N — (13
FIG. 5. The positron trapping fraction at Ga vacancies in un- at at E(t)

doped GaAs sample 1 as a function of sample temperature. The R .

solid line describes the best fit with the model that takes the calcufor Which E(t) is obtained from Eq(9).

lated thermalization behavior into account. If the positrons are as- If detrapping takes placekgTsampis~ Ep) the overall trap-

sumed to be thermal at the time of implantation, but the samding rate at the vacancy ground state is more difficult to

defect-related parameters are used as with the solid-line fit, thestimate as a function of time. It is clear that during thermal-

temperature dependence of the trapping fraction is that shown bization, the trapping rate(t) increases with decreasing pos-

the dashed line. The shading illustrates the effect of imperfect postron mean energy reaching finally the value given by Eq.

itron thermalization in GaAs. (11). We approximate the trapping ratét) at higher sample
temperaturegdetrapping notab)ein the following way: In

ping rate at the vacancy ground-stateand the trapping the beginning of thermalization, the positron trapping rate

fraction 5, can be expressedas varies according to Eq13). When the trapping rate given by
Eqg. (13) reaches the maximum value calculated from Eq.
,uoCUT_O'5 (11), this value is used for the rest of the time. This approxi-
" Ng mation is certainly a coarse one, but we stress that no essen-
K= T-05] ok ko) 15 e tial conclusions are based on the data in the temperature
1+ Mo TM” MeKg TL5 exp( _b> range in which detrapping is importart®£ 60 K in GaAs.
Na7r h? kgT To calculate the trapping fraction from the time-

(11 dependent trapping rate(t), we first solve the number of
positrons in the bulkng(t). The relevant kinetic equation

K 12 and its solution are
77V_)\B+ K . ( )
dng(t)
—ar —Ngng(t) — x(t)ng(t), (149

In Eq. (11), both the detrapping and the temperature de-
pendence of the trapping coefficient into the Rydberg state .
(=T~ %9 have been taken into account denotes the n (t):e—)\st—fdtx(t) (15)
vacancy concentratioiN,, is the atomic densityyg the tran- B 0 '
sition rate from the Rydberg state to the vacancy groun
state,m* the positron effective massp, the electron rest
masskg the Boltzmann constant, the absolute temperature, o
andE, the positron binding energy at the Rydberg state. At = 1—f dt\gng(t), (16)
low temperatures where the detrapping is not important 0
(kg T<Ey), the trapping rate follows the temperature depen-and the average lifetime can be calculated simplyrgs
dence expected for the trapping coefficient into the Rydberg= (1— »,) 75+ »y7y. These quantities can be compared
state ~T7%%. When detrapping plays a rolekdT  with the experimental results of Figs. 3—5.
~Ey), the trapping rate at the vacancy decreases with the Notice that in this approach of searching experimental
temperature much more strongly, like “ wherea is typi-  evidence on nonthermal positrons, we probe the positron mo-
cally ~1.5. mentum distribution at the time when the positron disappears

G’1’hen, the trapping fraction is found by integration
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from the delocalized state either by annihilation or trapping LO — 1T T7rr7] 260
[see Eqs(14)—(16)]. This is earlier than the time of annihi- i
lation monitored in ACAR experimenfs. Our method is Teeel
thus more sensitive to incomplete positron thermalization. Tl 255
0.8 RN
C. Discussion of experimental and theoretical \\\ 7
thermalization data N 3 250

1. GaAs

From previous studies, it is known that the model de-
scribed above by Eq11) is very well compatible with the
positron trapping data related to thfg, from 300 K down to
about 30 K> When trying to extend the fit to lower tem-
peratures with the present ddafgs. 3 and 5 we find that
the best fit follows the data nicely down to 20 K, below
which the fit gradually rises above the data. This is seen in
Fig. 3 in which the dashed line represents the best fit. Con-
sidering the trapping fractions, the difference between the fit
(not shown and the experimental data increases with de-
creasing temperature being about 30% at 8 K. The param-
eters of the best fit are the following:uy=60
x 10" s71 K95 5r=300 ns! and E,=14 meV, which
are very near to those published in Refs. 11 and 15. Based on
this model, the concentration of Ga vacanciescys=8.4
X101 cm 3,

The observed experimental trapping fraction increases
with decreasing temperature less than predicted by the theory
assuming instantly thermalized positrons. This fact is quali- FiG. 6. The effect of imperfect positron thermalization on the
tatively in agreement with the idea that imperfect positronpositron trapping fraction and the positron average lifetime at vari-
thermalization plays a role at low temperatures. The solitbus levels of the trapping fraction in GaAs. The dashed lines show
line in Fig. 5 describes the best fit by the model that takes thene ideal temperature dependence if positrons were in thermal equi-
calculated thermalization into accodiig. (16)]. As can be librium with the sample right after the implantation. The solid line
seen, the agreement is rather good on the whole temperatuneder each dashed line was calculated by taking into account the
range. The best fit converges to parameter valugs 60  theoretical thermalization data.

X 10" s71 K95 5g=130 ns?, andE,=16 meV, which

are similar to the values mentioned above. The reduction of

the effective trapping coefficient due to incomplete thermal-dashed one. At 4 K, the relative decrease in the trapping
ization leads to a slightly higher value for the vacancy condraction due to the incomplete thermalization is at its largest
centration,c,=9.8x 10'® cm 3. To clarify the effect of ~about 30-35% atp,=0.1-0.5. One also easily finds that
imperfect thermalization on the trapping fraction, we showthe higher the trapping fraction is, the higher the temperature
with the dashed line in Fig. 5 how the trapping fraction at which the trapping fraction starts to level off. This follows
would behave if the positrons were thermal at the time ofsimply from the fact that if the trapping rate is highg., due
implantation. Here, the model of E¢l1) has been applied to high vacancy concentratipfewer positrons remain in the
with exactly the same parameters that were used with theelocalized state and thermalize down to lower temperatures.
solid line fit. The influence of imperfect thermalization is to The leveling off takes place at a sample temperature below
decrease the trapping fraction such that between 4 and 10 Which the positrons have no time to cool down to before
the decrease is 25—30%. annihilating or being trapped.

In Fig. 6 we illustrate the role of imperfect thermalization
in GaAs at different levels of trapping fraction. The right

axis is numbered to show the average positron lifetime for The Jifetime data measured in tiedoped sample 3 look
the case of positron trapping atg, with a characteristic qualitatively similar to the data measured in sample 1 in
lifetime 7y =260 ps. The curves were generated using aGaAs (Figs. 3 and # The average positron lifetime in
model in which the trapping rate varies as°° with tem-  sample 3 is constant between 8-30 K, above which it de-
perature and no detrapping may take place. The dashed lineseases rapidly. In Fig. 4, the dashed line illustrates the best
describe the ideal temperature dependence of the trappirfg obtained with the model assuming fully thermalized pos-
fraction in case the positrons were thermalized immediatelyjtrons att=0 [Eq. (11)]. As seen, the model cannot describe
after implantation. The effect of the calculated imperfectthe leveling off of the data at the lowest temperatures. The
thermalization is shown with the solid curves under eachdifference between the experimental data and the model val-

TRAPPING FRACTION
(sd) ANILAATT NOILISOd

TEMPERATURE (K)

2. Si
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ues increases towards low temperatures. Similarly, as ithe sample. These observations are identical to those in the
sample 1 in GaAs, this effect is qualitatively explainablework of Kauppinenet al. where the effects inr,,, 7, and
with imperfect thermalization. 71 estcould be attributed to the V-O compléx.

The solid line bordering the shaded area from be(Big. The thin solid curve on the data in sample 2 results from
4) shows that taking the imperfect thermalization quantifiedfitting a model with two defect$; negative divacanciesu(
by our calculations into account improves the fit a little. The=oT %) and neutral shallow trapsuy constant, and
curve was calculated using the model described by(Eg. ~ assuming that positrons are fully thermalizedtat0. As
with the same parameters that were used with the dashed li€en. the data is very well described with this model without
fit. Although including the incomplete thermalization ex- a1y conS|derat|on.on.the thermalization. The omission of t_he
tends the explainable region from 40 to 30 K, the modelimperfect thermalization can be regarded as reasonable since

behavior deviates considerably from the experimental dathbe calgull<ati'\c/)lns predict t.hatl theh eflffect. is rgther_ small i? zi
towards the lowest temperatures. The effect of incompleté1 ove - Most interestingly, the lifetime data in sample
thermalization 84 K is about 4 ps. The experimental data can be explained by introducing a model in which positrons

clearly cannot be fully explained, even with nonthermal pos—Can get trapped at negativy/-P)~ and negative shallow

itrons traps (uwst~T %9. This is demonstrated by the thin solid

In Fia. 4 | h itron lifetime data in th line on the data of thé>-doped sample. This model also
N FIg. & We also SNoW posiron telime data n the un- explains the Doppler datenot shown. The fitted positron

doped s_ample 2. The average lifetime increases rapidly WitkBinding energies at the shallow traps in samples 2 and 3 are
decreasing temperature down to 40 K, decreases from 40 {8, same E,= 10 me\) suggesting that their structures are

20 K, and then increases again down to the lowest measurgfle same. The assumed difference in the charge states of the
temperature of 8 K. Changes in the positron trapping coeffishajiow trapgneutral in sample 2 and negative in sample 3
cient at negative vacancy-type defects cannot explain thig)ows that of the V-O complex, which is neutral in highly
kind of honmonotonic behavior. This is true irrespective ofjrradiated pure Si and negative imtype Si according to
the positron thermalization properties. Kauppiredral. pre-  Ref. 32.

liminarily observed this dip in the average positron lifetime |5 any case, independent of the microscopic structure of
in Ref. 13. By comparing the positron-lifetime and Doppler-the shallow positron traps, the strong increase in the positron
broadening data in Czochralski- and floating-zofi)- |ifetime in sample 2 between 8 and 20 K can be regarded as
grown samples, they interpreted the temperature dependengg evidence on rapid positron thermalization in Si in agree-
with positrons getting trapped at divacancies, and at V-Gnent with our calculations. The increase means that the trap-
complexes acting as shallow positron traps. At low temperaping rate at the divacancies has to change considerably in
tures, a fraction of positrons get trapped at V-O complexes irder to induce an increase of 5 ps between 8 and 20 K.

which the characteristic lifetime is much smaller than in theTherefore, the mean positron energy also has to decrease
divacancies. This reduces the average lifetime. In Ref. 13 thgfficiently with decreasing sample temperature.

positron lifetime at the oxygen-related shallow trap was es-
timated to be 230 ps. Using the positron trapping raje, 3. Further comments
=0.8(5) ns?! calculated similarly as in Ref. 13, and the
positron trapping coefficient~10'° s (Refs. 17,30, we
obtain a concentration estimaté-O]~ 10 cm™3. This is
in agreement with the model in which the rapidly migrating
silicon vacancies produced in the electron irradiation coupl
to residual oxygen atoms forming10*® c¢cm~2 V-O pairs®!
The data in sample 2 are similar to those of Kauppinen
et al.and can be explained as follows. Above 40 K, positron

Lower measurement temperatures are used to improve the
sensitivity of positrons to detect negative defects. Our results
indicate that the maximum sensitivity in GaAs is attained at
round 20 K due to incomplete thermalization whereas in Si,
he sensitivity is still improved even below 10 K.

An interesting case for further experimental study of im-
erfect positron thermalization could be to investigate posi-
: . . ron trapping at negative vacancies in germanium. Ge is as
e, reise I o e o blh ey as Gaks and hereor, posivon termazaton 1 o

' pected to take a notable time compared with the lifetime in

from, the Rydberg states of the divacancies. From 8 to 40 K‘the lattice. A major advantage considering the experiments is

positrons also get trapped at the neutral shallow traps. In th . . . . ; .
range 8—20 K, no detrapping from the shallow traps takesﬁ.]at positron trapping at impurities might be totally avoided

place but the increase in the trapping rate at the divacanci =nee Ge is available with very small impurity concentra-
leads to an increase if,. Between 20 and 40 K, positrons
are able to escape from the shallow traps, which increases

the fraction of positrons trapped at the divacancies towards VI. SUMMARY

40 K This_is.seen as an i_ncrease in the average positrpn We have studied positron thermalization down to low

lifetime. This interpretation is supported by the de_cregse ”lemperatures in two semiconductors, Si and GaAs, both ex-
7, between 20 and 40 K as a result of the combination olyerimentally and theoretically. The emphasis in our paper

two defect lifetimes,ry, =295 ps andry.o=230 ps. Test- a5 on the possible material related differences in positron
ing the simple one-defect trapping model with the test quanthermalization properties.

tities A ese= 111+ 12N, and Titlesf 75 {1+ (7o 78)/ (72 To find the evolution of the mean positron energy in the
— 7a ] also indicates the presence of more than one defect imaterial as a function of time upon implantation, we solved
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the Boltzmann equation for the positron momentum distributhe positron trapping rate at negative vacancy-type defects in
tion. The calculations were performed in the temperatureSi and GaAs. The theory suggests that the trapping rate
range 4-100 K. Only longitudinal-acoustic-phonon scattershould increase at least as rapidly &s’® with decreasing
ings were included as a means of positron energy loss, sing@mperature if the positrons are thermal. Slower variation is
other possible excitations have only a minor influence whemxpected if a considerable fraction of positrons escape from
considering temperatures below 100 K. the delocalized state before thermalization. In the experi-
As a result of our numerical calculations, we observe thainents we found that in GaAs the trapping rate at Ga vacan-
positrqn thermalization in Si is rather rapid at least down tOjes pelow 20 K increases considerably less than expected
10 K: it takes about 25 ps for the positrons to reach the meagy, yly thermalized positrons. This is an experimental dem-
energy of twice the thermal energy and 70 ps to get to thgnstration of incomplete thermalization in GaAs. Taking into
level of 1.1XEy,. These times are clearly shorter than theaccount the calculated thermalization results, we can explain
positron lifetime in the Si lattice 45=218 p3. In GaAs,  the experimental data in GaAs all the way down to 8 K. In
however, thermalization is considerably slower. The times; the calculations suggest that the effect of imperfect ther-
needed by the positrons to reack By, is 80 ps and 1.1  mgalization is of minor importance above 10 K. This result
X E, 180 ps. These times are comparable with the lifetimgyas supported by the experimental data in which the positron

in the bulk (rgaas=230 p3g thus leading to effects which annihilation characteristics show strong temperature depen-
could be detected experimentally. dence even down to 8 K.

The main reason for the different thermalization times in
Si and GaAs can be attributed to the differing mass densities:
GaAs is much heavier than Si, and the ratio of the densities
is 2.5. According to our calculations, the ratio of the ther-
malization times in GaAs and Si is roughly the same, varying We would like to thank Professor M. J. Puska and Pro-
between two and four in the temperature range 4—100 K. fessor R. M. Nieminen for invaluable discussions and critical

We find experimental support for the calculated thermal+eading of the manuscript. E.-R. Havukainen is acknowl-
ization behavior by studying the temperature dependence @dged for help in the theoretical calculations.
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