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Positron thermalization in Si and GaAs

J. Nissilä, K. Saarinen, and P. Hautoja¨rvi
Laboratory of Physics, Helsinki University of Technology, P. O. Box 1100, FIN-02015 HUT, Finland

~Received 6 July 2000; published 3 April 2001!

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.

DOI: 10.1103/PhysRevB.63.165202 PACS number~s!: 78.70.Bj, 71.60.1z, 72.80.Cw, 72.80.Ey
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I. INTRODUCTION

Positron thermalization in solids at low temperatures is
interesting and challenging problem that has been stu
both experimentally and theoretically every now and th
over the last 40 years.1–7 Besides from the point of view o
positron-host interactions, the problem is important a
when considering positron annihilation studies of defects
solids. In analyzing the annihilation radiation data, it is ge
erally assumed that the positron is in thermal equilibrium~or
very near! with the host very soon after implantation~within
10 ps! even at 10 K. This assumption is widely accepted
be true irrespective of the material. The experimental sup
for these ideas is based on ACAR~angular correlation of
annihilation radiation! measurements of positron momentu
distribution at the time of annihilation in simple metals.5 The
experimental distribution seems to follow the Maxwe
Boltzmann ~MB! distribution even down to liquid helium
temperature within the experimental accuracy. A most
pressive piece of data is related to positronium atoms
quartz at 4.2 K: even this neutral particle was found to th
malize to a temperature of 10 K within the average lifetim
of 125 ps.4 This points out that phonon scattering is efficie
in reducing the positron or positronium energy.

The rapidity of positron thermalization is supported by t
theoretical calculations in aluminum by Jensen and Walk7

They solved the Boltzmann equation for the positron m
mentum distribution taking into account both conductio
electron scattering and acoustic-phonon scattering as m
of positron energy loss. According to their calculations,
takes about 3 ps at 300 K, 7 ps at 100 K, and 35 ps at 1
for the positrons to thermalize to a mean energy of 1.1 tim
the thermal energy. These are indeed short times comp
with the average positron lifetime of 170 ps in Al. The r
sults by Jensen and Walker are in agreement with the exp
mental ACAR data by Kubica and Stewart.5

In all the latest calculations it has been pointed out t
phonon scattering is the dominant energy-loss mechan
below 1-eV positron energy.3,6,7 Practically no attention has
0163-1829/2001/63~16!/165202~12!/$20.00 63 1652
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however, been paid in the literature to the differing cro
sections of positron-phonon interaction in different materia
From the classical point of view, it can be expected that i
heavy material, phonon scattering would be less effici
than in a light host. This could perhaps lead to significa
differences in the thermalization times between materials
this paper we have addressed this side of the positron t
malization problem by performing calculations similar
those in Ref. 7 in two different semiconductor materials,
and GaAs.

Our calculations show that in some materials, positr
thermalization down to the 10 K temperature range may t
much longer than generally thought. At 10 K in GaAs, f
example, it takes about 80 ps for the positrons to reac
mean energy of twice the thermal energyEth , and about 180
ps for the 1.13Eth level. These times are clearly of the sam
order of magnitude as the average lifetime in the lattice~230
ps! thereby perhaps leading to observable effects in exp
mental studies. In Si, the thermalization is much faster: 25
for 23Eth and 70 ps for 1.13Eth .

Besides numerical calculations, the main objective of t
paper was to search for evidence of nonthermal positr
experimentally by studying the temperature dependence
the positron trapping rate at negative vacancy-type def
down to very low temperatures. The momentum distribut
of thermalized positrons is of the Maxwell-Boltzmann typ
and the trapping rate at negative vacancies should increa
least as rapidly asT20.5 ~Ref. 8!. This is mainly due to the
enhancement of the free positron wave-function amplitud
the vacancy site with decreasing positron energy, which
turn increases the transition rate to the vacancy ground s
It is thus the effective positron temperature that is the imp
tant concept when considering positron trapping at nega
defects. Hence, if thermalization is incomplete or slow, t
positron energy does not attain the equilibrium distributi
soon enough after the implantation. The effective trapp
rate thus cannot increase as rapidly as in the ideal situa
and the deviation from theT20.5 behavior can be attributed
©2001 The American Physical Society02-1
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to nonthermal positrons. In this experimental approach,
positron energy distribution is monitored when the positro
disappear from the delocalized state either by trapping
annihilation. This is, of course, earlier than the time of an
hilation probed in ACAR measurements.

We apply this method to positron trapping at negat
divacancies and vacancy-phosphorous complexes in pur
and negative Ga vacancies in undoped GaAs. The exp
mental data in Si is in agreement with the theoretically p
dicted rather rapid thermalization down to 8 K. In GaAs, t
positron lifetime and Doppler-broadening data support
theoretical results of slow thermalization to low tempe
tures. Our experimental results at various sample temp
tures can be even quantitatively explained by the calcula
time development of the average positron energy dur
thermalization. Most importantly, a considerable discrepa
between the measured and calculated data appears if the
itrons are assumed to thermalize instantly. All in all, o
theoretical and experimental results indicate that the posi
thermalization rate may vary from one substance to ano
more than generally assumed in positron studies.

This paper is organized as follows. The experimental
tails are explained in the next section~Sec. II!. In Sec. III we
present the main features of the theory behind the therm
zation calculations.7 This is followed by the numerical re
sults in Si and GaAs~Sec. IV!. The experimental data ar
shown in Sec. V A and the models used to combine
experimental and theoretical results in Sec. V B. The m
surement results are discussed in light of the theoretica
sults in Sec. V C and the final conclusions are presente
Sec. VI.

II. EXPERIMENTAL METHODS

A. Samples

The temperature dependence of positron trapping can
ideally studied in a material containing only one type o
positron trap: a negative vacancy, the concentration of wh
remains constant at all temperatures. In this paper we h
investigated one GaAs and two Si samples.

The GaAs sample was commercial undoped se
insulating GaAs that contains negative Ga vacancies.9–11The
Fermi level is pinned at the midgap by the so-called E
defects~arsenic antisites! at all temperatures. At this positio
of the Fermi level, the gallium vacancies are three tim
negatively charged according to theoretical calculation12

This sample is called sample 1.
Both Si samples are floating-zone refined material

which the impurity concentrations are below
31015 cm23 according to photoluminescence studies. Th
have both been irradiated with 2-MeV electrons at room te
perature. One of the Si samples~2! is pure, highly resistive
and has been irradiated to a fluence of 131018 cm22. The
dominant defect has been identified as the nega
divacancy.13 It is, however, possible that a small fraction
the divacancies are in the neutral charge state in
sample.13 The other Si sample~3! is of phosphorus-doped
(@P#5331016 cm23) n-type material that has been irrad
ated to a total fluence of 231016 cm22. The prevailing
16520
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vacancy-type defect in this sample below 90 K temperatu
is the negative phosphorus-vacancy pair (V-P)2.14

B. Positron spectroscopy

Two independent experimental methods were used
study positron trapping: positron-lifetime and Dopple
broadening measurements.15,16 The lifetime spectra were re
corded with a conventional fast-fast spectrometer with
resolution of 240 ps full width at half maximum~FWHM!.
The Doppler broadening of the annihilation line was me
sured with a high-purity Ge detector connected to a digita
stabilized multichannel analyzer. The energy resolution w
1.2 keV ~FWHM! at 511 keV. The positron source was 3
mCi of carrier-free 22NaCl enclosed between 2mm alumi-
num foils. The source was sandwiched between two ident
535 mm2 samples. Approximately 23106 counts were
collected to each lifetime spectrum and 83106 counts to
each Doppler spectrum. For the variation of the temperat
the samples were mounted in a closed-cycle He cryostat
a temperature range from 6.5 to 350 K. The temperature
controlled with a resistive 36 W heater and it was measu
with a calibrated Au~Fe 0.07%!-Chromel thermocouple at
tached near the sample. The accuracy of the temperature
trol was estimated to be better than 0.5 K.

C. Data analysis

The positron lifetime spectra were analyzed in the co
ventional way.15–17 After the reduction of a background an
annihilations in the source, the spectra were analyzed w
one or two exponentials. In the case of two components,
average positron lifetimetav was calculated astav5(I it i
where I i and t i are the intensities and lifetime componen
from the decomposition, respectively. The average lifetime
a statistically reliable parameter since it is insensitive to
details of the decomposition. Due to the reduced elect
density in a vacancy, the characteristic lifetimetV is longer
than that in the bulktB . Thus, if positrons get trapped a
vacancies, the average lifetime increases. In case of only
vacancy type in the sample, the average lifetime can be
pressed astav5(12hV)tB1hVtV . Here,hV is the fraction
of trapped positrons. The valuetB is obtained by measuring
the positron lifetime in defect-free samples andtV as the
second lifetime in the decomposition of the lifetime spect

The Doppler-broadening spectra were characterized w
parametersSandW. TheSparameter, defined as the fractio
of counts in the central part of the 511-keV peak atuEg
2511 keVu,0.7 keV, measures mainly annihilations wi
low-momentum valence electrons. TheW parameter, calcu-
lated as the fraction of counts in the wings of the peak at
keV ,uEg2511 keV u, 4.2 keV, is related to the annihila
tions with high-momentum core electrons. Annihilations
vacancies lead to the narrowing of the annihilation line, i
a decrease inW and an increase inS. If a fraction hV of
positrons is trapped at vacancies, the measuredS andW pa-
rameters can be written asF5(12hV)FB1hVFV whereF
5S or W. FB andFV are the characteristic Doppler param
eters in the defect-free lattice and at the vacancy, resp
tively. They can be determined by combining positro
lifetime and Doppler-broadening experiments.15,17
2-2
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III. THEORY OF POSITRON THERMALIZATION
BY ACOUSTIC-PHONON SCATTERING

The Boltzmann transport equation is well applicable
the positron thermalization problem. Using this approa
Woll and Carbotte2 calculated the positron thermalization
simple metals considering only conduction-electron scat
ing as the energy-loss mechanism. A more refined calc
tion in Al was performed by Jensen and Walker,7 who also
included scattering off longitudinal-acoustic phonons.

The Boltzmann equation determines the time evolution
the positron momentum distribution given an initial distrib
tion and the interactions as input. In a homogeneous
dium, the positron momentum distributionn(q,t) at timet is
the solution of the following equation:

d

dt
n~q,t !5E d3q8@W~q8,q!n~q8,t !2W~q,q8!n~q,t !#

2@l1k~q!#n~q,t !1ninit~q,t !. ~1!

Here n(q,t)d3qdt is the probability of finding the posi
tron in a momentum element\3d3q around\q within time
interval @ t,t1dt#. W(q,q8)d3q8 is the transition rate from
momentum\q to momenta in the volumed3q8 at \q8,
which is to be calculated with the Fermi Golden Rule. F
ther,l denotes the annihilation rate in the delocalized sta
k(q) the momentum dependent trapping rate, andninit(q,t)
represents the initial positron source.

The effect of the trapping and annihilation terms is,
course, to reduce the number of positrons in the distribut
In this paper, we are mainly interested in the shape of
distribution. The annihilation ratel can be considered mo
mentum independent and the term can be neglected.
trapping ratek(q) at negative vacancies depends on both
concentration of defects and the positron momentum\q.
Because of the complexity of its contribution, we concentr
here only on estimating the effect of positron-phonon int
actions on thermalization. Hence, also the trapping term
neglected.

Positrons emitted from a radioactive source have a c
tinuous energy spectrum with a mean energy of typicall
few hundred keV’s. Right upon penetration into the so
sample, the energy-loss rate of positrons is very high:
mean energy decreases to eV level in less than 5 ps by
tronic excitations.6 Below 1-eV energies, the phonon scatte
ing has been shown to dominate over conduction-elec
scattering in various metals.3,6,7 As an example, if only elec-
trons are taken into account when calculating the posit
thermalization in Al down to 10 K, it would require a time o
about 20 000 ps for the positrons to get within 10% of t
thermal energy. Including the phonons reduces the time
more than two orders of magnitude. In practice, the role
positron-electron scattering in metals is small when therm
ization to temperatures below 300 K is considered. In se
conductors and insulators, the positron-electron scatte
mechanism is even less effective due to the presence o
energy gap. Therefore, studying here only semiconduct
we neglect the electron scattering completely. Instead,
assume that at some time during the thermalization, the
16520
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itron energy distribution is very close to a MB distributio
with an average energy of about half the band gap, and
start the calculation with such a distribution. Thus, the sta
ing time of our calculations (t50 in this paper! corresponds
to the time of 0 ps<t<5 ps after implantation of positron
in typical experiments.

Positrons scatter off both acoustic and optical phonon
Si and GaAs. The scattering rate off transverse-acou
phonons is practically zero due to the momentum conse
tion. During thermalization, the positron energy loss v
optical-phonon emission ceases to play a role after the p
tron energies decrease below the minimum phonon energ
64 meV in Si and 35 meV in GaAs.18 These threshold value
are so high that also positron scattering via optical-phon
absorption at sample temperatures below 100 K can
neglected.19,20Hence, as we concentrate on positron therm
ization to very low temperatures, we take only th
longitudinal-acoustic phonons into account in this paper.
them we apply the Debye approximation.

The transition rateW(q8,q)d3q8 from volume d3q8
around\q8 to momentum\q can be estimated by the Ferm
Golden Rule.21 With longitudinal-acoustic phonons, th
deformation-potential theory22 gives us the HamiltonianH8
5Edef¹•u(R), where Edef is the positron deformation
potential parameter andu(R) the lattice displacement of a
atom whose equilibrium site is atR. A rather straightforward
calculation gives

WS (
q8

q8,qD 5
2p

\ (
q8

u^quH8uq8&u2d~Ef2Ei !

3d~q2q86k!

5E d3q8Wph~q8,q!, ~2!

with

Wph~q8,q!5
g2

4p2
k$@ f B~\csk!11#

3d@E1~q8!2E1~q!2\csk#dq8,q1k

3Q~vD2csk!1 f B~\csk!

3d@E1~q8!2E1~q!1\csk#dq8,q2k

3Q~vD2csk!%. ~3!

Here we use the Debye approximation for the phon
dispersion relation,v5csk, wherecs is the velocity of the
acoustic waves in the material andk the length of the phonon
wave-vectork. vD denotes the Debye cutoff frequency th
is calculated from the Debye temperatureQD as vD
5kBQD /\. In the deformation-potential approximation, th
square of the positron-phonon coupling constant isg2

5Edef
2 /2NMcs . N is the ion density andM the ion mass,

f B(E) denotes the Bose-Einstein distribution$ f B(E)
5@exp(E/kBT)21#21% and E1(q)5\2q2/2m* the energy of
a positron with an effective massm* . Q is the step function.
2-3
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Assuming that the positron momentum distributionn(q,t)
is isotropic, the distribution of momentum magnitud
g(q,t) can be calculated as

g~q,t !dq54pq2n~q,t !dq, ~4!

ginit~q,t !dq54pq2ninit~q,t !dq. ~5!

By taking the time derivative of Eq.~4! and using the
reduced form of the Boltzmann equation@Eq. ~1!# as dis-
cussed above, we obtain the required equation that allow
to solveg(q,t):

d

dt
g~q,t !54pq2

d

dt
n~q,t !

5q2E dwq8,qE duq8,qsinuq8,q

3E dq8W~q8,q!g~q8,t !

2E dwq8,qE duq8,qsinuq8,qE dq8q82

3W~q,q8!g~q,t !1ginit~q,t !

5I 1~q,t !2I 2~q,t !1g0~q!d~ t !. ~6!

Here, the functiong0(q) gives the initial positron mo-
mentum distribution. Substituting the interaction rat
Wph(q8,q) in the form of Eq.~3! for W(q8,q) in Eq. ~6! and
performing the integrations gives the following expressio
for I 1(q,t) and I 2(q,t):

I 1~q,t !5
g2m*

2p\2

3FqE
a1

b1
dk

g@~q212m* csk/\!1/2,t#

q212m* csk/\
k2

3S 11
1

exp~\csk/kBT!21D
1qE

a2

b2
dk

g@~q222m* csk/\!1/2,t#

q222m* csk/\

3
k2

exp~\csk/kBT!21G , ~7!
16520
us
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I 2~q,t !5
g2m*

2p\2

g~q,t !

q
3F E

a1

b1
dk

k2

exp~\csk/kBT!21

1E
a2

b2
dkk2S 11

1

exp~\csk/kBT!21D G . ~8!

The integration intervals are obtained by requiring the
conservation of energy and momentum, and by restricting
the wave-vectork to values below the Debye cutoff wave-
vectorkD5vD /cs . The resulting limits are the following:

a15max@0,2~m* cs /\2q!#,

b15min @vD /cs ,2~m* cs /\1q!#,

a250,

b25min@vD /cs ,max$0,2~q2m* cs /\!%#.

IV. NUMERICAL RESULTS

The material-related parameters used in the calculation
are presented in Table I. The positron deformation potentia
is obtained from theoretical calculations.23 Good estimates
for the effective mass can be found from experimental posi-
tron diffusion studies24 that probe the same positron-phonon
interactions as we do in this study. Forcs , we use the ve-
locity of longitudinal-acoustic phonons in the@110#
direction25 that represents an estimate of the average velocity
over all principal directions.

In the actual numerical calculations, the positron momen-
tum range was discretized into 300 mesh points. This mesh
was updated regularly such that it covered only the range in
which the distributiong(q,t) is significantly above zero. An
IMSL Fortran library routineDIVPRK was used to solve the
system of ordinary differential equations, Eq.~6!. The rou-
tine uses the Runge-Kutta-Verner fifth-order and sixth-order
methods.26 The time steps were chosen densely enough so
that only small changes took place between the steps. A rela
tive accuracy ing(q,t) better than 1023 was required in each
time step throughout the calculation.

Our program was tested by performing a similar calcula-
tion in Al as Jensen and Walker did in Ref. 7. For this cal-
culation we included the conduction-electron scattering in
our program. After a careful investigation we believe that
there is a mistake in their calculation related to the phonon-
scattering part. We get exactly the same results as they did
we deliberately multiply the phonon scattering rates@Eqs.~7!
TABLE I. Material parameters used in the thermalization calculations.

Material Edef ~eV! m* (me) cs ~m/s! QD ~K! N (1022 cm23) M ~proton masses!

Si 26.19a 1.6b 9130c 645c 4.96 28.1
GaAs 25.87a 1.3b 5230c 344c 4.42 72.3

aReference 23.
bReference 24.
cReference 25.
2-4



n
.
n
f

at

g
th
e
an
-
A
th

er-

e

ear
of

nal
a-

ean

all

in
a-
n
te
As
in

ure
ed
her-
1.1

POSITRON THERMALIZATION IN Si AND GaAs PHYSICAL REVIEW B63 165202
and ~8!# by an extra factor of 2. Thus, the thermalizatio
times given in Ref. 7 are too short by a factor of about 2

In Figs. 1~a! and 1~b! we present the calculated positro
mean energy as a function of time at various temperatures
Si and GaAs, respectively. The mean energy was calcul
as

Ē~ t !5E dq~\2q2/2m* !g~q,t !. ~9!

The results show that the mean energy declines alon
unique path characteristic of the material irrespective of
sample temperature, except near thermal equilibrium wh
the curves flatten out. In Si, the variation of the initial me
energyĒ(t50) from 0.4 to 0.8 eV has in practice no influ
ence onĒ(t) at t>10 ps. The same was observed for Ga
at t>30 ps with starting energies 0.5–0.9 eV. Thus,

FIG. 1. The positron mean energy as a function of time dur
thermalization in~a! Si and ~b! GaAs at various sample temper
tures. The curves are based on solving the Boltzmann equatio
the positron momentum distribution. The calculation was star
(t50) at the mean energy of 0.5 eV in Si and at 0.8 eV in Ga
Only positron scattering with longitudinal-acoustic phonons was
cluded in the calculation.
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choice of the initial energy is not important when consid
ing temperatures below 100 K.

In Fig. 2 we show how much time is required for th
positrons to reach the mean energies of 23Eth and 1.1
3Eth . After reaching the latter energy, the positrons app
as fully thermalized particles from the experimental point
view. In Si @Fig. 2~a!#, thermalization even down to 10 K
seems to be rather fast: positrons get within 10% of the fi
thermal energy in 70 ps. Below 10 K, complete thermaliz
tion, however, takes a time that is comparable to the m
lifetime in the lattice (tSi5218 ps!. In GaAs @Fig. 2~b!#,
thermalization times are considerably longer than in Si at

g

for
d
.
-

FIG. 2. The positron thermalization time vs sample temperat
in ~a! Si and~b! GaAs. The solid curves indicate the time need
for the positrons to reach the mean energy equaling twice the t
mal energy. The dashed lines again represent the level of
3Eth .
2-5
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temperatures. At 10 K it takes about 80 ps for the positr
to reach a mean energy of 23Eth , and about 180 ps fo
1.13Eth . At 4 K it takes nearly 400 ps for the thermalizatio
within 10% of the sample temperature. It could be expec
that these thermalization times result in experimentally
servable effects in GaAs since they are of the same orde
magnitude as the positron lifetime in the lattice (tGaAs
5230 ps!.

The calculations indicate that depending on the temp
ture ~4–100 K!, the thermalization times in GaAs are 2
times longer than in Si. This is mainly due to the differen
in the mass densities of the materials. Namely, the posi
energy-loss rate is inversely proportional to this quantity@see
Eq. ~3!#. Ga and As are much heavier atoms than Si, and
ratio of the mass densities is 2.5, which thus largely expla
the observed difference in the thermalization times.

In addition to the mass density, the energy-loss rate a
depends on the positron deformation potentialEdef and the
effective massm* . In GaAs and Si, they have relativel
similar values~see Table I! leading only to a minor contri-
bution to the difference in the thermalization rate. Furth
the scattering rate is inversely proportional to the velocity
the acoustic wavescs . On the other hand, the average ener
released by the positron in the phonon emission is dire
proportional tocs . Thus, the energy-loss rate that is propo
tional to the product of the scattering rate and the aver
energy released in the scattering event, is independent ocs .
A numerical calculation by solving Eq.~6! with variable val-
ues of cs confirms that this simple argument seems to
valid relatively accurately, the effect ofcs being quite small.
Hence, although thecs values, and thereby the hardnesses
GaAs and Si, differ significantly, their role is small whe
considering the thermalization times. The comparison
tween the thermalization times in different materials cann
of course, be fully based on evaluation of the positro
phonon coupling constantsg2 since also the integrals of Eqs
~7! and ~8! play a role.

As a conclusion, the strength of the positron coupling
phonons may vary considerably from one material to
other. If the coupling is weak, positron thermalization dow
to 10 K may take even hundreds of picoseconds which
well of the order of positron lifetime. The main reason f
the big difference in the thermalization times in Si and Ga
is the difference in the mass densities. When conside
other materials, this quantity, together with the positron
formation potential, determine the thermalization time
very low temperatures.

V. EXPERIMENTAL SEARCH FOR NONTHERMAL
POSITRONS

The calculations suggest that there is a clear differenc
the thermalization times in Si and GaAs when consider
temperatures below 100 K. In Si, positrons thermalize cl
to 10 K in a time that is well shorter than the lifetime in th
lattice, whereas in GaAs it takes a time of the order of li
time. To get experimental support for the theoretical resu
we studied the temperature dependence of positron trap
at negative vacancies.
16520
s

d
-
of

a-

n

e
s

o

,
f
y
ly
-
e

e

f

-
t,
-

o
-

is

s
g
-

in
g
e

-
s,
ng

As positive particles, positrons scan the interstitial spa
of the lattice and feel neutral and negative vacancies as
tractive centers at which they can get trapped. Positron t
ping ratek is defined ask5mc wherec is the concentration
of vacancies. The trapping coefficientm measures the sens
tivity of positrons to a particular vacancy defect. In case
neutral vacancies the positron trapping rate is independen
temperature.8,27

There is a wealth of experimental evidence that the po
tron trapping rate at negative defects increases strongly
decreasing sample temperature, at least down to abou
K.9,14,27,28 Theoretically, this is well understood.8 Before
trapping, the positron occupies a delocalized Coulomb wa
The amplitude of the Coulomb wave at a negatively charg
trap increases strongly towards lower positron energies,
temperatures. This leads to a larger overlap between the
tial and final state wave functions, thus increasing the tr
ping coefficient and thereby, the transition rate of the po
tron to the localized vacancy ground state.

The model calculations by Puskaet al.show that the trap-
ping rate increases at least as rapidly asT20.5 for fully ther-
malized positrons.8 The predicted divergence atT→0 K
means that positrons become extremely sensitive to nega
defects at low temperatures, if fully thermalized. The div
gence, however, may not be observed due to incomp
thermalization, since the mean positron energy is higher t
the thermal energy corresponding to the crystal temperat
If the effective trapping rate is observed to increase w
decreasing host temperature according toT2a with a,0.5,
this can be taken as an evidence of incomplete therma
tion.

A. Experimental results

The positron lifetime in the delocalized state~bulk! in
GaAs was determined from ap-type sample with neither
neutral nor negative vacancy defects. The lifetime was c
stant 228 ps from 8 to 150 K consistently with previo
measurements.9 The undoped sample 1 was studied in da
ness where negative Ga vacancies act as the only pos
traps.10,15 The lifetime spectra were decomposed with a s
ond lifetime component of 260 ps in agreement with ear
investigations.9,10 The average lifetime at 300 K is 231 p
and it increases rapidly down to 25 K, reaching a value
239 ps. In Fig. 3, the average lifetime is presented w
circles from 8 to 50 K. From 50 to 25 K it increases abou
ps, but from 25 to 8 K, at the most, 1 ps. The Dopple
broadening data show an effect of the same kind:
W-parameter values decrease strongly down to 25 K,
below this the temperature dependence becomes m
weaker.

In Si, the positron lifetime in bulk was measured to
217 ps below 100 K and above this, it increases sligh
reaching 218 ps at 300 K. The average lifetime in the p
silicon sample 2 is about 218 ps in temperatures 200–300
Below 200 K, it increases strongly attaining a value of 2
ps at 40 K. The data below 100 K are shown in Fig. 4 w
open circles. Between 40 and 20 K, the average lifeti
decreases about 5 ps and then it increases again tow
2-6
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POSITRON THERMALIZATION IN Si AND GaAs PHYSICAL REVIEW B63 165202
lower temperatures. The second lifetime component i
two-component analysis is 295 ps at temperatures abov
K. This is the characteristic lifetime of the divacancy.13 The
lifetime t2 decreases to 280 ps between 40 and 25 K
remains at that value down to 8 K. The temperature rang
which thet2 has a lower value than 295 ps coincides w
that at which the dip in the average lifetime is seen.

The average lifetime measured in theP-doped Si sample
~3! increases from 226 ps at 90 K to 233 ps at 30 K. Bel
30 K it levels off as can be seen from the data described
closed circles in Fig. 4. The average lifetime from 30 do
to 8 K remains more or less unchanged at a value 234
The lifetime data show a constant second lifetime compon
of 251 ps from 8 to 90 K in agreement with Ref. 14. This
the positron lifetime at negative~V-P! 2 pair.

The experimental positron trapping fraction at Ga vac
cies in GaAs can be extracted from the lifetime and Dopp
broadening data by substitutingt or W for F in the formula

hV5
F2FB

FV2FB
. ~10!

The results are plotted in Fig. 5 from 8 to 120 K. The tra
ping fraction at Ga vacancies increases from 0.12 at 100
0.35 at 20 K where after, very little increase is observ
Note that Eq.~10! is valid whenever there are only two po
itron states, the delocalized and the trapped states. It is i
pendent of the details of the thermalization and trapping p
cesses. The conventional relation of the trapping ratek
5lB(F2FB)/(FV2F), is based on the immediate comple
thermalization@ t therm!1/(k1lB)#, and cannot be used her

FIG. 3. The average positron lifetime vs sample temperatur
undoped GaAs sample 1. The dashed line shows the lowest
times explainable by the theory that assumes the positrons to
malize instantly after the implantation.
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B. Modeling of experimental results with thermalization
calculations

The effect of incomplete thermalization on positron tra
ping properties can be evaluated by calculating a tim
dependent trapping ratek(t) from the theoretical positron
mean-energy data. The corresponding trapping fraction
the average lifetime can then be derived fromk(t). In the
following, we will give expressions for these quantities
order to compare the thermalization calculations with
experimental trapping fraction and the average positron l
time.

Positron trapping at negative vacancy-type defects
dominated by a process in which positrons localize first
shallow Rydberg states acting as precursors for the final t
sition into the ground state.8,14 The transition rate from the
Rydberg state to the ground state is much faster than
annihilation rate. The positron can also escape from the
dberg state back to the delocalized states with the aid
thermal energy.8,29 For fully thermalized positrons, the trap

in
e-
er-

FIG. 4. The average positron lifetime as a function of sam
temperature in electron-irradiated FZ-Si. Open circles describe
data measured in the pure sample 2 and the closed circles in
P-doped sample 3. The lines describe the best fits with differ
models that are explained in the text. The shaded area illustrate
effect of incomplete thermalization: the dashed line above
shaded area results from a model assuming instant thermaliz
and the thick solid line below the shaded area, from a model tak
the calculated thermalization effects into account. The thin lines
the data points are based on models that assume fully therma
positrons getting trapped at vacancies and shallow traps.
2-7
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ping rate at the vacancy ground-statek and the trapping
fraction hV can be expressed as15

k5

m0cvT20.5

Nat

11
m0T20.5

NathR
S 2pm* mekB

h2 D 1.5

T1.5 expS 2Eb

kBT D ,

~11!

hV5
k

lB1k
. ~12!

In Eq. ~11!, both the detrapping and the temperature
pendence of the trapping coefficient into the Rydberg s
(m5m0T20.5) have been taken into account. cV denotes the
vacancy concentration,Nat is the atomic density,hR the tran-
sition rate from the Rydberg state to the vacancy grou
state,m* the positron effective mass,me the electron rest
mass,kB the Boltzmann constant,T the absolute temperature
andEb the positron binding energy at the Rydberg state.
low temperatures where the detrapping is not import
(kBT!Eb), the trapping rate follows the temperature depe
dence expected for the trapping coefficient into the Rydb
state (k;T20.5). When detrapping plays a role (kBT
;Eb), the trapping rate at the vacancy decreases with
temperature much more strongly, likeT2a wherea is typi-
cally ;1.5.

FIG. 5. The positron trapping fraction at Ga vacancies in
doped GaAs sample 1 as a function of sample temperature.
solid line describes the best fit with the model that takes the ca
lated thermalization behavior into account. If the positrons are
sumed to be thermal at the time of implantation, but the sa
defect-related parameters are used as with the solid-line fit,
temperature dependence of the trapping fraction is that show
the dashed line. The shading illustrates the effect of imperfect p
itron thermalization in GaAs.
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During thermalization, positrons are not in thermal eq
librium with the crystal, and Eqs.~11! and ~12! cannot be
applied. A proper way to model the temperature depende
of the trapping fraction would be to implement the tran
tions between the delocalized states, the Rydberg states
the vacancy ground states directly into the Boltzmann eq
tion. The modeling of the experimental data would then
quire a time-consuming iterative procedure of varying t
fitting parameters, which we did not attempt. Instead we
plied the following simple ideas.

At low sample temperatures, in which detrapping fro
the Rydberg states is not important, the positron trapping
at the vacancy ground state is determined by the capture
into the Rydberg state. This in turn is governed by the ov
lap between the delocalized and the Rydberg state w
functions, which depends on the delocalized positron-me
energyĒ(t) as Ē20.5. The time-dependent trapping rate ca
thus be written as

k~ t !5
m0cV

Nat

Tpositron
20.5 5

m0cVA1.5kB

Nat

1

AĒ~ t !
, ~13!

for which Ē(t) is obtained from Eq.~9!.
If detrapping takes place (kBTsample;Eb) the overall trap-

ping rate at the vacancy ground state is more difficult
estimate as a function of time. It is clear that during therm
ization, the trapping ratek(t) increases with decreasing po
itron mean energy reaching finally the value given by E
~11!. We approximate the trapping ratek(t) at higher sample
temperatures~detrapping notable! in the following way: In
the beginning of thermalization, the positron trapping ra
varies according to Eq.~13!. When the trapping rate given b
Eq. ~13! reaches the maximum value calculated from E
~11!, this value is used for the rest of the time. This appro
mation is certainly a coarse one, but we stress that no es
tial conclusions are based on the data in the tempera
range in which detrapping is important (T> 60 K in GaAs!.

To calculate the trapping fraction from the time
dependent trapping ratek(t), we first solve the number o
positrons in the bulknB(t). The relevant kinetic equation
and its solution are

dnB~ t !

dt
52lBnB~ t !2k~ t !nB~ t !, ~14!

nB~ t !5e2lBt2E
0

t

dtk(t). ~15!

Then, the trapping fraction is found by integration

hV512E
0

`

dtlBnB~ t !, ~16!

and the average lifetime can be calculated simply astav
5(12hV)tB1hVtV . These quantities can be compar
with the experimental results of Figs. 3–5.

Notice that in this approach of searching experimen
evidence on nonthermal positrons, we probe the positron
mentum distribution at the time when the positron disappe

-
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e
e
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from the delocalized state either by annihilation or trapp
@see Eqs.~14!–~16!#. This is earlier than the time of annih
lation monitored in ACAR experiments.4,5 Our method is
thus more sensitive to incomplete positron thermalization

C. Discussion of experimental and theoretical
thermalization data

1. GaAs

From previous studies, it is known that the model d
scribed above by Eq.~11! is very well compatible with the
positron trapping data related to theVGa from 300 K down to
about 30 K.9,15 When trying to extend the fit to lower tem
peratures with the present data~Figs. 3 and 5!, we find that
the best fit follows the data nicely down to 20 K, belo
which the fit gradually rises above the data. This is seen
Fig. 3 in which the dashed line represents the best fit. C
sidering the trapping fractions, the difference between the
~not shown! and the experimental data increases with
creasing temperature being about 30% at 8 K. The par
eters of the best fit are the following:m0560
31015 s21 K0.5, hR5300 ns21 and Eb514 meV, which
are very near to those published in Refs. 11 and 15. Base
this model, the concentration of Ga vacancies iscV58.4
31015 cm23.

The observed experimental trapping fraction increa
with decreasing temperature less than predicted by the th
assuming instantly thermalized positrons. This fact is qu
tatively in agreement with the idea that imperfect positr
thermalization plays a role at low temperatures. The so
line in Fig. 5 describes the best fit by the model that takes
calculated thermalization into account@Eq. ~16!#. As can be
seen, the agreement is rather good on the whole temper
range. The best fit converges to parameter valuesm0560
31015 s21 K0.5, hR5130 ns21, andEb516 meV, which
are similar to the values mentioned above. The reduction
the effective trapping coefficient due to incomplete therm
ization leads to a slightly higher value for the vacancy co
centration,cV59.83 1015 cm23. To clarify the effect of
imperfect thermalization on the trapping fraction, we sh
with the dashed line in Fig. 5 how the trapping fractio
would behave if the positrons were thermal at the time
implantation. Here, the model of Eq.~11! has been applied
with exactly the same parameters that were used with
solid line fit. The influence of imperfect thermalization is
decrease the trapping fraction such that between 4 and 1
the decrease is 25–30%.

In Fig. 6 we illustrate the role of imperfect thermalizatio
in GaAs at different levels of trapping fraction. The rig
axis is numbered to show the average positron lifetime
the case of positron trapping atVGa with a characteristic
lifetime tVGa

5260 ps. The curves were generated using

model in which the trapping rate varies asT20.5 with tem-
perature and no detrapping may take place. The dashed
describe the ideal temperature dependence of the trap
fraction in case the positrons were thermalized immedia
after implantation. The effect of the calculated imperfe
thermalization is shown with the solid curves under ea
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dashed one. At 4 K, the relative decrease in the trapp
fraction due to the incomplete thermalization is at its larg
about 30–35 % athV50.120.5. One also easily finds tha
the higher the trapping fraction is, the higher the temperat
at which the trapping fraction starts to level off. This follow
simply from the fact that if the trapping rate is high~e.g., due
to high vacancy concentration! fewer positrons remain in the
delocalized state and thermalize down to lower temperatu
The leveling off takes place at a sample temperature be
which the positrons have no time to cool down to befo
annihilating or being trapped.

2. Si

The lifetime data measured in theP-doped sample 3 look
qualitatively similar to the data measured in sample 1
GaAs ~Figs. 3 and 4!. The average positron lifetime in
sample 3 is constant between 8–30 K, above which it
creases rapidly. In Fig. 4, the dashed line illustrates the b
fit obtained with the model assuming fully thermalized po
itrons att50 @Eq. ~11!#. As seen, the model cannot descri
the leveling off of the data at the lowest temperatures. T
difference between the experimental data and the model

FIG. 6. The effect of imperfect positron thermalization on t
positron trapping fraction and the positron average lifetime at v
ous levels of the trapping fraction in GaAs. The dashed lines sh
the ideal temperature dependence if positrons were in thermal e
librium with the sample right after the implantation. The solid lin
under each dashed line was calculated by taking into accoun
theoretical thermalization data.
2-9
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J. NISSILÄ, K. SAARINEN, AND P. HAUTOJÄRVI PHYSICAL REVIEW B 63 165202
ues increases towards low temperatures. Similarly, as
sample 1 in GaAs, this effect is qualitatively explainab
with imperfect thermalization.

The solid line bordering the shaded area from below~Fig.
4! shows that taking the imperfect thermalization quantifi
by our calculations into account improves the fit a little. T
curve was calculated using the model described by Eq.~16!
with the same parameters that were used with the dashed
fit. Although including the incomplete thermalization e
tends the explainable region from 40 to 30 K, the mo
behavior deviates considerably from the experimental d
towards the lowest temperatures. The effect of incomp
thermalization at 4 K is about 4 ps. The experimental da
clearly cannot be fully explained, even with nonthermal p
itrons.

In Fig. 4 we also show positron lifetime data in the u
doped sample 2. The average lifetime increases rapidly w
decreasing temperature down to 40 K, decreases from 4
20 K, and then increases again down to the lowest meas
temperature of 8 K. Changes in the positron trapping coe
cient at negative vacancy-type defects cannot explain
kind of nonmonotonic behavior. This is true irrespective
the positron thermalization properties. Kauppinenet al. pre-
liminarily observed this dip in the average positron lifetim
in Ref. 13. By comparing the positron-lifetime and Dopple
broadening data in Czochralski- and floating-zone~FZ!-
grown samples, they interpreted the temperature depend
with positrons getting trapped at divacancies, and at V
complexes acting as shallow positron traps. At low tempe
tures, a fraction of positrons get trapped at V-O complexe
which the characteristic lifetime is much smaller than in t
divacancies. This reduces the average lifetime. In Ref. 13
positron lifetime at the oxygen-related shallow trap was
timated to be 230 ps. Using the positron trapping ratekV-O
50.8(5) ns21 calculated similarly as in Ref. 13, and th
positron trapping coefficientm;1016 s21 ~Refs. 17,30!, we
obtain a concentration estimate@V-O#;1015 cm23. This is
in agreement with the model in which the rapidly migrati
silicon vacancies produced in the electron irradiation cou
to residual oxygen atoms forming;1015 cm23 V-O pairs.31

The data in sample 2 are similar to those of Kauppin
et al.and can be explained as follows. Above 40 K, positro
get trapped only at V2. The increase intav is due to both
increasing trapping rate at, and decreasing detrapping
from, the Rydberg states of the divacancies. From 8 to 40
positrons also get trapped at the neutral shallow traps. In
range 8–20 K, no detrapping from the shallow traps ta
place but the increase in the trapping rate at the divacan
leads to an increase intav. Between 20 and 40 K, positron
are able to escape from the shallow traps, which increa
the fraction of positrons trapped at the divacancies towa
40 K. This is seen as an increase in the average pos
lifetime. This interpretation is supported by the decrease
t2 between 20 and 40 K as a result of the combination
two defect lifetimes,tV2

5295 ps andtV-O5230 ps. Test-
ing the simple one-defect trapping model with the test qu
tities lB,test5I 1l11I 2l2 and t1,test

21 5tB
21@11(tav2tB)/(t2

2tav)# also indicates the presence of more than one defe
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the sample. These observations are identical to those in
work of Kauppinenet al. where the effects intav, t2, and
t1,test could be attributed to the V-O complex.13

The thin solid curve on the data in sample 2 results fr
fitting a model with two defects,15 negative divacancies (m
5m0T20.5) and neutral shallow traps (mST constant!, and
assuming that positrons are fully thermalized att50. As
seen, the data is very well described with this model with
any consideration on the thermalization. The omission of
imperfect thermalization can be regarded as reasonable s
the calculations predict that the effect is rather small in
above 8 K. Most interestingly, the lifetime data in sample
can be explained by introducing a model in which positro
can get trapped at negative~V-P!2 and negative shallow
traps (mST;T20.5). This is demonstrated by the thin soli
line on the data of theP-doped sample. This model als
explains the Doppler data~not shown!. The fitted positron
binding energies at the shallow traps in samples 2 and 3
the same (Eb510 meV! suggesting that their structures a
the same. The assumed difference in the charge states o
shallow traps~neutral in sample 2 and negative in sample!
follows that of the V-O complex, which is neutral in highl
irradiated pure Si and negative inn-type Si according to
Ref. 32.

In any case, independent of the microscopic structure
the shallow positron traps, the strong increase in the posi
lifetime in sample 2 between 8 and 20 K can be regarded
an evidence on rapid positron thermalization in Si in agr
ment with our calculations. The increase means that the t
ping rate at the divacancies has to change considerabl
order to induce an increase of 5 ps between 8 and 20
Therefore, the mean positron energy also has to decr
efficiently with decreasing sample temperature.

3. Further comments

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

An interesting case for further experimental study of im
perfect positron thermalization could be to investigate po
tron trapping at negative vacancies in germanium. Ge is
heavy as GaAs and, therefore, positron thermalization is
pected to take a notable time compared with the lifetime
the lattice. A major advantage considering the experimen
that positron trapping at impurities might be totally avoid
since Ge is available with very small impurity concentr
tions.

VI. SUMMARY

We have studied positron thermalization down to lo
temperatures in two semiconductors, Si and GaAs, both
perimentally and theoretically. The emphasis in our pa
was on the possible material related differences in posit
thermalization properties.

To find the evolution of the mean positron energy in t
material as a function of time upon implantation, we solv
2-10
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the Boltzmann equation for the positron momentum distri
tion. The calculations were performed in the temperat
range 4–100 K. Only longitudinal-acoustic-phonon scatt
ings were included as a means of positron energy loss, s
other possible excitations have only a minor influence wh
considering temperatures below 100 K.

As a result of our numerical calculations, we observe t
positron thermalization in Si is rather rapid at least down
10 K: it takes about 25 ps for the positrons to reach the m
energy of twice the thermal energy and 70 ps to get to
level of 1.13Eth . These times are clearly shorter than t
positron lifetime in the Si lattice (tSi5218 ps!. In GaAs,
however, thermalization is considerably slower. The ti
needed by the positrons to reach 23Eth is 80 ps and 1.1
3Eth , 180 ps. These times are comparable with the lifeti
in the bulk (tGaAs5230 ps! thus leading to effects which
could be detected experimentally.

The main reason for the different thermalization times
Si and GaAs can be attributed to the differing mass densi
GaAs is much heavier than Si, and the ratio of the densi
is 2.5. According to our calculations, the ratio of the the
malization times in GaAs and Si is roughly the same, vary
between two and four in the temperature range 4–100 K

We find experimental support for the calculated therm
ization behavior by studying the temperature dependenc
,

,

-
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the positron trapping rate at negative vacancy-type defec
Si and GaAs. The theory suggests that the trapping
should increase at least as rapidly asT20.5 with decreasing
temperature if the positrons are thermal. Slower variation
expected if a considerable fraction of positrons escape f
the delocalized state before thermalization. In the exp
ments, we found that in GaAs the trapping rate at Ga vac
cies below 20 K increases considerably less than expe
for fully thermalized positrons. This is an experimental de
onstration of incomplete thermalization in GaAs. Taking in
account the calculated thermalization results, we can exp
the experimental data in GaAs all the way down to 8 K.
Si, the calculations suggest that the effect of imperfect th
malization is of minor importance above 10 K. This res
was supported by the experimental data in which the posi
annihilation characteristics show strong temperature dep
dence even down to 8 K.
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