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Low-temperature positron diffusion in GaAs
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Positron diffusion has been measured in undoped and Si doped (n5231018 cm23) GaAs in the temperature
range 20–290 K using the positron-beam technique. The experimental diffusion length values are strongly
influenced by positron trapping at vacancies and negative ions existing in the samples. After subtraction of the
trapping effects the diffusion coefficient for free positrons in the GaAs lattice is obtained. The diffusion
coefficient is 1462 cm2 s21 at 20 K and 1.660.2 cm2 s21 at 295 K. Below 80 K it follows theT21/2 law due
to scattering from acoustic phonons. From 80 to 300 K the diffusion coefficient decreases strongly with
increasing temperature meaning that positron scattering from polar-optical phonons is switched on.
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I. INTRODUCTION

Positrons in semiconductors are analogous to free carr
Their transport is described by drift-diffusion equation i
cluding annihilation and trapping at defects.1 Due to strong
repulsion between positrons and positive-ion cores the di
sion is limited by scattering from phonons.

The slow-positron beam is a practical tool for experime
tal investigation of positron diffusion.2 It has several times
been applied to GaAs.3–5 Saarinenet al.3 found that in
liquid-encapsulated Czochralski-grown~LEC! GaAs the dif-
fusion length is strongly reduced below 300 K and they
tributed it to positron trapping at Rydberg states arou
negative ions. According to Soininenet al.4 the diffusion co-
efficient from 300 to 800 K depends only weakly on tem
perature due to positron scattering from both acoustic
polar-optical phonons. In the recent experiments of S
et al.5 the positron diffusion coefficient shows a strong te
perature dependence below 300 K and the authors attrib
it to optical phonons.

The motivation of this work is to clarify the role of acou
tic and polar-optical phonons in positron diffusion. Our e
perimental data from 20 to 300 K show that positron mot
is strongly affected by trapping at native vacancies and ne
tive ions which seem to be unavoidable in GaAs mater
After careful subtraction of the trapping effects the diffusi
of free positrons can be deduced. The diffusion is limit
only by acoustic phonons below 80 K. From 80 to 300 K t
diffusion coefficient strongly decreases due to the onse
scattering from polar-optical phonons.

II. EXPERIMENTAL

Two different GaAs materials were used. The Si-dop
GaAs sample (n5231018cm23) was grown by molecular-
beam epitaxy~MBE! on a ~100!-oriented GaAs substrate a
900 K ~sample ‘‘L’’ in Ref. 6!. The epilayer was 2mm thick
and electrically fully activated. The undoped LEC GaAs w
semi-insulating with a resistivity of 108 V cm. As the refer-
ence sample for positron annihilation in the bulk lattice
used a Zn-doped LEC GaAs sample (p51018cm23). The
Si-doped sample was measured in the as-received
whereas the undoped and Zn-doped samples were
etched with the H2SO4:H2O2:H2O ~3:1:1! solution.
PRB 620163-1829/2000/62~12!/8058~4!/$15.00
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Positron annihilation spectra were measured using
low-energy positron beam technique.2,7 The annihilation ra-
diation was monitored by a high-purity Ge detector with
resolution of 1.4 keV. The shape of the 511-keV annihilati
line was described by the conventional low and hi
electron-momentum parametersS and W. The S parameter
was defined as the ratio of annihilation events in the gam
ray energy rangeEg551160.95 keV around the centroid o
the peak to the total number of events in the annihilat
line. It represents the electron-positron pairs with a longi
dinal momentum component ofpL /m0c,3.731023, where
m0 is the electron mass andc the velocity of light. The core
annihilation parameterW was defined as the fraction of th
annihilation events in the tail of the peak, 2.9 keV,uEg

2511 keVu,7.3 keV ~or 1131023,pL /m0c,2831023).
When positrons annihilate at vacancies or surfaces, thS
parameter increases and theW parameter decreases, since
larger fraction of annihilations takes place with low
momentum valence electrons.

The S and W parameters were measured as functions
the positron energyE from 0 to 25 keV at various tempera
tures between 20 and 290 K. Below 150 K there were
perimental difficulties, because theS and W parameters at
low energies became time dependent due to slow adsorp
of residual gases on the sample surface. The problem
eliminated by annealing the sample at 150 K before e
measured point. Using this procedure we were able to m
sure reversibleS(E) andW(E) curves even at 20 K.

Positron lifetime spectra were also measured in the
doped and Zn-doped GaAs samples between 80 and 29
The average positron lifetimet is more accurate than th
Doppler parameterS or W, but we could measure it only in
the two bulk samples.

III. RESULTS ON DIFFUSION LENGTH

TheS(E) curves for the Si-doped sample at 20 and 290
are shown in Fig. 1. We can see that the half-width of
S(E) curve is smaller at 20 than at 290 K. Similar kinds
curves can be drawn for theW parameter. In undoped GaA
the width of theS(E) curve is rather independent of tem
perature.
8058 ©2000 The American Physical Society
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PRB 62 8059LOW-TEMPERATURE POSITRON DIFFUSION IN GaAs
The experimental data were analyzed in the conventio
way, see, e.g., Soininenet al.4 After implantation and rapid
thermalization, positrons start to diffuse. They annihilate
the sample interior, or diffuse back and annihilate on
entrance surface. The surface was intentionally covered
thin oxide to prevent positron or positronium emission in
vacuum. No positron drift effect was taken into account. T
high carrier concentration in the Si-doped sample screens
any surface electric field at a distance of 100 Å. In undop
GaAs the Fermi-level pins close to the midgap which
gether with the very low carrier concentration leads to a n
ligible electric field.

The fraction of the annihilations on the surfacef (E) is
determined by the implantation depth profileP(E,x) and the
diffusion lengthL1 . The experimental Doppler paramet
S(E) measured as a function of positron incident energyE is
a superposition of the differentS-parameter values for th
annihilations in the interior (Sint) and on the sample surfac
(Ssurf):

S~E!5 f ~E!Ssurf1@12 f ~E!#Sint , ~1!

where

f ~E!5E
0

`

P~E,x!e2x/L1dx. ~2!

For the positron implantation profileP(E,x) we used the
Makhovian profile with the parametersm51.8,n51.60, and
A0570 Å.4

The experimentalS(E) curves were fitted to Eq.~1! with
three free parametersSsurf, Sint , andL1 . The energy range
Emin223 keV was used, and small energies (Emin

FIG. 1. The low electron-momentum parameterS as a function
of positron energy measured at two different temperatures in
Si-doped GaAs layer with@Si#5231018 cm23.
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50,...,3 keV) were skipped due to weak~,10%! positro-
nium formation and epithermal positron emission. The so
lines in Fig. 1 show fitted curves and the fitted values forL1

are presented in the upper part of Fig. 2.
The diffusion length in undoped GaAs decreases fr

2500 to 2000 Å, suggesting reduced phonon scattering
free positrons at low temperatures. In the Si-doped Ga
sampleL1 is only 800 Å at 20 K and increases to 1500 Å
290 K. The big differences between the samples point ou
different amount of defects trapping positrons during diff
sion. Indeed theS values in the Si-doped sample and thet
values in the undoped sample are higher than the corresp
ing values measured in the Zn-doped GaAs sample wh
according to earlier lifetime experiments8 serves as the ref
erence for free positron annihilation in the lattice.

The presence of negative ions and vacancies are cle
manifested by the shape of theSint(T) curve in the Si-doped
GaAs.6 Negative ions are able to bind positrons in compe
tion with vacancies only below 200 K. Above 100 KSint
increases when positrons start to escape from the ions a
larger fraction of them annihilate at vacancies. The solid l
for the Zn-doped sample represents purely the lattice exp
sion effects on the free positron annihilation parame
Sb(T).

IV. RESULTS ON DIFFUSION COEFFICIENT

The diffusion coefficient for free positrons is obtaine
from the diffusion length by3,7

e
FIG. 2. Positron diffusion lengthL1 , the Sint parameter in the

sample interior, and positron lifetimet in the GaAs samples. The
solid lines forSint(T) andt(T) curves are the results of the trappin
model fits.
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D15L1
2 /teff , ~3!

where the effective lifetimeteff is the mean residence time o
positrons in the freely diffusing state. In the presence of tr
ping at vacancies~rate kv), trapping at shallow Rydberg
states around negative ions~ratek ion), and detrapping from
ions ~rated ion) we have

teff
215tb

211kv1
k ion

11t iond ion
. ~4!

Here tb and t ion denote the positron lifetime in the bul
lattice and around the negative ions, respectively. In prac
they are equal, i.e.,t ion5tb .

We analyzed theSint(T) curve of the Si-doped sample an
the t(T) curve of the undoped sample using the model,
cluding positron trapping at vacancies and negative ions
detrapping from ions.6,9,10In the case of the undoped samp
the trapping effect is so weak that it is reliably deduced o
from the lifetime data. The annihilation parameterSint ~and
t! is a superposition of different annihilation states:

Sint5 f bSb1 f ionSion1 f vSv ~5!

where the annihilation fractions are

f b512 f ion2 f v ,

f ion5
k ion

~11d ion /l ion!S lb1kv1
k ion

11d ion /l ion
D , ~6!

f v5
kv

lb1kv1
k ion

11d ion /l ion

.

Based on our earlier lifetime- and Doppler-broadening
sults on vacancies in GaAs,6,10,11 we usedSv51.015Sb and
for the ionsSion5Sb . The positron trapping rate at a defect
proportional to the defect concentration, i.e.,kv5mvcv and
k ion5m ioncion . The trapping coefficientmv is T-dependent
@Eq. ~3! in Ref. 10# and has a value of 1.431015at s21 at 300
K. For ions m ion54.531016(T/K) 21/2at s21 was used. The
detrapping rate from ions isd ion}exp(2Eb /kT) where Eb
'40 meV is the positron binding energy to the ion.

The fitting to the experiments~solid lines shown in Fig. 2!
gave the following concentrations:cv52.731016cm23 and
cion56.631017cm23 in Si-doped GaAs, and cv55
31015cm23 and cion51.231017cm23 in undoped GaAs.
These concentrations are typically those found earlier
GaAs. The vacancies have been earlier identified as neg
Ga vacancies and the negative ions as acceptor impuritie
Ga antisites.6,9–11

We calculated the diffusion coefficient from the trappi
and detrapping rates using Eqs.~3! and ~4!. The results are
plotted in Fig. 3 together with the earlier high-temperatu
values of Soininenet al.4 One can see that the presentD1

values from both samples fall around the same line. Furt
they join smoothly with the high-temperature values. T
value ofD1 at 290 K is 1.660.2 cm2 s21 and it increases to
1462 cm2 s21 when the temperature drops down to 20
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Below 80 K the slope is close toT21/2 which is the predic-
tion based on scattering off acoustic phonons.12

The recent value of Shanet al.5 at 290 K is 1.6
60.5 cm2 s21 which is in good agreement with the presen
one. They also found the strong increase ofD1 with a slope
of T21.5 when temperature decreased from 290 to 50 K. Th
slope is slightly steeper than that of our results and th
values overshoot our values below 100 K. They failed
observe the change of the slope toT21/2 because they did not
measure at low enough temperatures. Taking into accoun
the difficulties in determining the absolute diffusion coeffi
cient values we consider that the agreement of our resu
and and those of Shanet al.5 is good.

V. MODELING OF THE DIFFUSION COEFFICIENT

In this section we extend down to 20 K the earlier calc
lations of the theoretical positron diffusion coefficient i
GaAs by Soininenet al.4 The contributions of longitudinal
acoustic~LA ! and polar-optical phonon~LO! scattering are
summed up as

D1
215DLA

211DLO
21. ~7!

The relaxation time approximation is used forDLA with
the earlier parameter values for the deformation potent
Ed525.83 eV,13 for the average elastic constant for long
tudinal phonons modescL514.131010Nm22, and for the
positron effective massm* 51.3m0 . Please note thatm*
was the only adjustable parameter by Soininenet al.,4 the
value of which was obtained by fitting the theoreticalD1 to
the experiments between 300 and 600 K.

FIG. 3. Positron diffusion coefficient in GaAs deduced from tw
different samples. The points above 300 K are taken from Soinin
et al. ~Ref. 4!. The broken lines show the theoretical contribution
of the longitudinal-acoustic and polar-optical phonons. The so
curve is the sum of the both contributions.
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The scattering from polar-optical phonons is both inel
tic and unisotropic, and therefore a universal relaxation ti
cannot be defined. We follow the calculation of Fletcher a
Butcher14 which is based on an exact solution of the line
ized Boltzmann equation. This calculation yields the mob
ity which gives the diffusion coefficient via the Einstein r
lation. The following material parameters are used:
phonon frequencyhv535.3 meV, and the static and high
frequency dielectric constants«(0)512.85 and «(`)
510.89, respectively.

The contributions ofDLA andDLO are plotted separatel
as broken lines in Fig. 3. The acoustic phonons give
T21/2 dependence. As can be seen, it fits well the experim
tal diffusion coefficient from 20 to 80 K. The contribution o
polar-optical phonons is switched on around 100 K expla
ing the rapid decrease of the experimental diffusion coe
cient.

The total diffusion coefficient from Eq.~3! is shown as
the solid line in Fig. 3. A good agreement between the
periments and theory is achieved in the whole tempera
range from 20 to 700 K. The present experimental data in
cate that above 100 K positron diffusion is limited both
longitudinal-acoustic and polar-optical phonons.
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It is interesting to note that no contribution of charge
impurity scattering is seen in the experimental results of
Si-doped GaAs sample although it contains 231018cm23

ionized Si1 impurities. The reason is that the critical don
concentration for the semiconductor-metal~Mott! transition
is only 531016cm23 in GaAs. Thus our sample is metalli
and the ionized Si1 impurities stay well screened by th
degenerate free electrons even at low temperatures.

VI. SUMMARY

We have reported on a positron-beam study of Ga
where positron diffusion coefficient was experimentally d
termined in the temperature range 20–290 K. We have s
that the positron diffusion length shortens at low tempe
tures when the sample contains defects like vacancies
negative ions. The diffusion coefficient can be deduced
taking into account the defect trapping effects. The diffus
coefficient of free positrons follow theT21/2 law in the tem-
perature range from 20 to 80 K due to scattering from aco
tic phonons. From 80 to 290 K the diffusion coefficien
strongly decreases because of the onset of scattering from
polar-optical phonons. Above 300 K the diffusion coefficie
is rather flat due to the presence of both types of phonon
-
,
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