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Low-temperature positron transport in semi-insulating GaAs
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P. Asoka-Kumar
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S. Fung and C. B. Beling
Department of Physics, The University of Hong Kong, Hong Kong

~Received 6 November 1996!

Positron diffusion and drift in semi-insulating~SI! GaAs in the temperature range of 50–300 K were studied
by the slow-positron beam technique. Both the temperature-dependent positron diffusion coefficient and pos-
itron mobility were measured independently using the method reported recently@Y. Y. Shanet al., Phys. Rev.
B 54, 1982~1996!#. The experimental results are consistent with the Einstein relation. The diffusion coefficient
and mobility approximately followD1(T)59400T2b cm2 s21, andm1(T)51083T2s cm2 V21 s21, with
b51.560.1, ands52.560.2, respectively in the temperature range of 50–300 K. The results are consistent
with scattering from optical-phonon modes as the dominant scattering process for positron transport in GaAs
~SI! in this temperature range. No trapped positron states were observed to 50 K.@S0163-1829~97!00716-9#
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I. INTRODUCTION

Carrier transport measurements are of interest for un
standing the mechanisms of phonon and impurity inter
tions in solids. As a positive carrier of electric charge, t
positron has a simpler band structure and relatively lar
effective mass than electrons and holes in comm
semiconductors.1 The study of positron motion provide
unique information about lattice scattering in solids, which
essential to many applications of the positron annihilat
technique.2

The positron motion can be characterized by measu
its diffusion coefficientD1 , and mobility m1 . There are
several methods used to determine these two quanti
Mills and co-workers studied positron mobility by measuri
its drift velocities based on the very small changes in
Doppler shift of the annihilation radiation.3,4 The positron
lifetime method has been carried out to measure posi
mobility in Si ~Ref. 5! and GaAs.6 The positron beam tech
nique has been effectively used to determine positron di
sion coefficients in metals7 and semiconductors.8–14 In these
methods, eitherD1 or m1 can be obtained experimentally.
one is determined, the other is deduced via Einstein relat
So far, few measurements of independently determining b
the positron mobility and diffusion coefficient have been
ported.

GaAs, as an important semiconductor compound,
been extensively studied. The positron mobility value
35610 and 60620 cm2 V21 s21 at room temperature wer
reported by the drift velocity technique and lifetime tec
nique, respectively,15,16 which, using the Einstein relation
relate to diffusion coefficients of 0.960.3 and
1.660.5 cm2 s21, respectively. Using the slow positro
beam technique, diffusion lengths of 18006140 and
15006100 Å were reported forn-type GaAs at 300 K,
which correspond to positron diffusion coefficients of 0.9
550163-1829/97/55~15!/9897~7!/$10.00
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1.4 cm2 s21.17,18 Soininenet al. reported a diffusion coeffi-
cient of 1.6~2! cm2 s21 in semi-insulating~SI! GaAs at 300
K.15 More recently, a diffusion coefficient of 1.8~2!
cm2 s21 and a mobility of 70610 cm2 V21 s21 in GaAs
~SI! were obtained independently at room temperature.19

Measurements of the temperature effect on positron
fusion showed that scattering from acoustic phonons is p
dominant in cubic metals~20–1400 K!,7 Ge (.500 K!,14

and Si ~30–500 K!.14,20,21The diffusion coefficient follows
the T21/2 power law. While in GaAs~SI!, the diffusion co-
efficient exhibits a weak temperature dependence and d
not follow theT21/2 power law in the temperature of 300
1000 K.14 In n-type GaAs, clear deviations fromT21/2 was
observed in the temperature of 100–300 K.18 It was attrib-
uted to positron shallow traps, possibly from negative co
pensating centers, where the positron is localized in Rydb
states.

In this study, monoenergetic positron beam measurem
are provided for both the positron diffusion and drift in GaA
~SI! in the low-temperature range 50–300 K. The tempe
ture dependence of the positron diffusion coefficient and m
bility are independently determined. The results are con
tent with the Einstein relation. The diffusion coefficie
approximately follows the power lawD1}T23/2, indicating
that positron motion is largely limited by optical-phono
scattering in this temperature range according to the calc
tion of the momentum relaxation time using the deformatio
potential approximation.14,22–25

II. EXPERIMENT

The sample used in our experiments were undo
liquid-encapsulated-Czochralski-grown semi-insulati
GaAs~100!, grown by the ICI Wafer Technology Ltd. Th
room temperature resistivity of the sample was 108 V, and
the thickness was 0.5 mm. The substrate was anneale
9897 © 1997 The American Physical Society
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500 °C for an hour to reduce possible positron trapp
defects inside the bulk. This was confirmed by positr
lifetime measurement in a previous work.26 It was then
degreased in acetone and ethanol prior to being etche
standard solutions of NH4OH:H2O2:H2O~3:1:90! and
H2SO4:H2O2:H2O~8:1:1! for 1 min, respectively. A 1000-
Å gold layer was evaporated onto each side of the samp
form a circular spot with 8-mm diameter. A dc bias w
applied across the sample for the positron drift measu
ments.

Doppler broadening measurements of positron annih
tion radiation were performed with a magnetically guid
positron beam at Brookhaven National Laboratory. Fast p
itrons from a 50 m Ci22Na source was moderated in a
mm-thick W~100! single crystal foil in transmission geom
etry. The beam intensity was about 33105e1/s, and its di-
ameter was 4 mm. The sample was mounted on the cold
ger of a closed-cycle He refrigerator cryostat for lo
temperature measurements and the pressure during
measurements was 1028 mbar. The incident positron beam
energy was varied from 0.1 to 50 keV. A high-purity G
detector was used to detect the positron-electron annihila
gamma spectra. A total of 13106 counts were collected un
der the 511-keV annihilation photopeak using a digitally s
bilized multichannel analyzer.

III. METHOD OF MEASURING BOTH
TEMPERATURE-DEPENDENT POSITRON DIFFUSION

COEFFICIENT AND MOBILITY

Positrons thermalize rapidly (;10 ps! after they are im-
planted into solids.27 Thermal positron transport can be mo
eled using the drift-diffusion equation.1,28 In our case, the
system can be approximately treated as a semi-infinite s
with a perfectly absorbing boundary at the Au/GaAs int
face. The drift-diffusion equation can be solved with prop
boundary and initial conditions.19 By integrating the positron
current density at the Au/GaAs interface, the fraction of p
itrons reaching this interface (z50) can be obtained as19,29

F in5E
0

`

PE~z!e2z/Leffdz, ~1!

where z denotes the distance from the interface along
positron beam entering direction.PE(z) is the implantation
profile for a two layer structure, given as20,30–34

P~z!5m
~z1a!m21

z0
m expF2S z1a

z0
DmG , ~2!

where a5(rAu /rGaAs)D, rAu and rGaAs are densities~in
g cm23) of Au overlayer and GaAs crystal, respective
D is the thickness of the Au layer. The parameters
taken as a5450 Å g cm23, m52.0, n51.6.32–36 z05
(a/rGaAs)E

n, and the beam energyE is in keV. The electric
field is not expected to distort the implantation profile of t
keV positrons. The positron mean implantation depth
z0G(111/m).

The effective diffusion length

Leff~T,V!5H n1~V!

2D1~T!
1F 1

D1t
1S n1

2D1
D 2G1/2J 21

~3!
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depends on both the temperatureT and the applied biasV
across the sample.n1 is the positron drift velocity,D1 is the
positron diffusion coefficient, andt is the positron lifetime.
The measured line-shape parameterS(E) can be expressed
as37

S~E!5FAuSAu1~12FAu!@F inSin1~12F in!Sb#, ~4!

whereFAu is the fraction of positrons annihilated in gol
overlayer.SAu , Sin , andSb are the specificS parameters of
the Au overlayer, Au-GaAs interface, and bulk GaAs~SI!.
Thus an experimental value of the fraction of positro
reaching the absorbing boundary for beam energyE at tem-
peratureT under a bias ofV can be obtained as

F in~E,T,V!5
1

Sb~T!2Sin~T!

3FSb~T!2
S~E,T,V!2FAuSAu~T!

12FAu
G . ~5!

When no bias is applied across the sample, i.e.,V50, the
electric field throughout the sample is zero, expect in
narrow Au/GaAs contact region where a small ‘‘built-in
contact potential exists. Since the ‘‘built-in’’ potential o
Au/GaAs is very small (;0.3 eV!, this field effect in the
contact region is neglected in our analysis and will not se
ously influence the positron motion in the bulk. Under th
approximation, from Eqs.~1! and~3!, the fraction of positron
diffusing back to the interface is

F in~E,T,0!5E
0

`

PE~z!e2z/Leff~T,0!dz, ~6!

whereLeff(T,0)5@D1(T)t(T)#
1/2. By fitting Eq. ~6! to the

experimental data, the temperature-dependent positron d
sion coefficientD1(T) can be obtained.

When a bias ofV is applied across the sample, the bi
will drop mainly across the wide depletion region of th
Au/GaAs Schottky contact, creating a large electric fie
The mean electric field in the depletion region is38

Ed~V!5FeND~fbi1V2IRb!

2«0« r
G1/2, ~7!

whereI is the current flowing through the sample.Rb is the
bulk resistance.« r is relative permittivity, andND is the
concentration of deep donor EL2 in GaAs~SI!. fbi is the
‘‘built-in’’ contact potential given by
efbi5fb2(Ec2Ef), fb is the Schottky barrier height
Ec2Ef is the bulk Fermi level measured from the bottom
the conduction band. Compared to the positron mean imp
tation depth of beam energy less than 50 keV in this stu
the wide depletion region (;3 mm! created by a large re
verse bias (;25 V! can be approximately treated as infinit
Thus the fraction of positron drift to the interface is

F in~E,T,V!5E
0

`

PE~z!e2z/Leff~T,V!dz, ~8!

where
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FIG. 1. The line-shapeS parameter as a func
tion of the incident positron beam energy at tem
peratures 50 and 300 K. The mean implantati
depth for incident energiesE,11 keV and
E>11 keV, represents positron implantatio
mainly in the 1000-Å overlayer and in bulk
GaAs, respectively.
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Leff~T,V!5H m1Ed~V!

2D1~T!
1F 1

D1t
1S m1Ed

2D1
D 2G1/2J 21

. ~9!

By fitting Eq. ~8! to the experimental data with a bias a
plied, a temperature-dependent positron mobilitym1(T) can
be obtained. Therefore, both temperature-dependent pos
diffusion coefficient and mobility are determined experime
tally. By comparing the obtainedD1(T) andm1(T), a way
to check the consistency of the Nerst-Einstein relation
positron transport in a wide temperature range can be
vided.

IV. RESULTS AND DISCUSSIONS

Figure 1 shows the measuredS parameter values as
function of positron incident energy at 50 and 300 K. T
S values are normalized to the bulk GaAsS value of 0.4985.
on
-

r
o-

The mean implantation depth is indicated on the upper a
The smallerS(E) values at 50 K indicate more positron di
fusing to the Au/GaAs interface at lower temperature b
cause the interfaceS value is smaller and the bulkS value
almost temperature independent, as presented in Fig. 2.
merge of the twoS(E) values at around 12 keV indicates th
Au/GaAs is a perfect absorbing boundary, which means
all the positrons diffusing back to the interface are trapp
and annihilate in the interface. This is in agreement with
lifetime measurements.26

Figure 2 shows theS parameter as a function of temper
ture for several incident-beam energies. The measureS
value of 0.4985~5! at a beam energy of 50 keV is assumed
be the bulkS value of GaAs~SI!, which shows a nearly
temperature-independent behavior, and is in good agreem
with other works.18,39All the S values are normalized to thi
bulk value. The constantS value at 50 keV indicates that n
for
0
m-
n
lk
FIG. 2. Doppler broadening line-shapeS pa-
rameter as a function of sample temperature
incident positron energies of 4, 18, 26, and 5
keV, corresponding to the cases of positrons i
planted meanly in the Au overlayer, in the regio
of GaAs close to Au/GaAs interface, and in bu
GaAs.
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FIG. 3. The fraction of the positron diffusing
back to the Au/GaAs interface as a function
temperature for positron beam energies of 18 a
26 keV, respectively. The solid and dotted line
are the calculations from Eq.~8!, corresponding
to diffusion coefficient D1(T)59400T2b

cm2 s21, b51.560.1.
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trapping at vacancy-type defects occurs in the studied t
perature range. TheS value of 0.9265~5! for a beam energy
of 4 keV characterized the Au overlayer, which shows a v
small linear increase possibly due to lattice expansion. So
specificS values characterizing bulk GaAs (Sb), Au/GaAs
interface (Sin), and Au overlayer (SAu) were all assumed to
be temperature independent, and were taken as 1.0, 0.9
and 0.9265, respectively, in our data analysis. The interf
S value can be obtained by fitting theS-E curve.19 For inci-
dent energies of 18 and 26 keV, positrons are mainly
planted into the bulk region close to the interface. Con
quently, a large amount of positrons will diffuse to th
interface and annihilate there. Since diffusion is tempera
dependent, the measuredS value as the function of tempera
ture will characterize the temperature-dependent positron
fusion. When temperature decreases from 300 to 50 KS
values decrease from 0.9843~5! to 0.9775~5!, and from
0.9944~5! to 0.9890~5! for beam energies of 18 and 26 keV
respectively. Although a measurement at a single ene
value is sufficient to yieldD1 andm1 , we used two beam
energy values to obtain a more robust result.

Figure 3 shows the fractions of the positronF in diffusing
back to the Au/GaAs interface as a function of temperatu
F in increases when the temperature decreases. By fitting
~6! to the data, the temperature-dependent positron diffu
ity D1 of 9400 T2b cm2 s21, with b51.560.1, was ob-
tained. This result is consistent with the calculation of m
mentum relaxation time due to optical-phonon scatter
using the deformation-potential approximation.14,22–25 Un-
like cubic systems with only one atom in its primitive ce
zinc-blende lattice GaAs has two different atoms in its prim
tive cell. For each wave vector there are three acous
phonon modes and three optical-phonon modes. Opti
phonon scattering is important for positron diffusion
GaAs. As shown in earlier works, acoustic-phonon scatte
alone could not explain the experimental results.14,15,18

In the above data analysis, the fraction of positron an
hilated in the Au overlayer is calculated by
-
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FAu5E
2a

0

PE~z!dz. ~10!

The implanted thermalized positrons in the evaporated
overlayer can be assumed to be trapped, and to annih
inside the Au layer where significant defects are prese
Table I lists the values of the parameters used in the ca
lations.

When a reverse bias is applied across the sample, the
drops mainly across the Au/GaAs Schottky barrier regi
forming a wide depletion region with very strong electr
field (;105 cm V21). Positrons implanted into the deple
tion region will drift back to the Au/GaAs interface. The dri
effect depends on the positron mobility and the electric fi
it experiences. Figure 4 shows theS parameter as a function
of temperature under a reverse bias of 25 V for posit
energies of 18 and 26 keV. Also, data for no bias are p

TABLE I. The values of the parameters used in the calculat
fitting to the experimental data.

Relative permittivity of GaAs « r 13.2a

Sample resistance at 300 K Rb 9.953106 V

Thickness of the Au layer D 1000 Å
Density rAu 19.3 g cm23

rGaAs 5.32 g cm23

Deep donor concentration ND 1.531016 cm23

Built-in potential fbi 0.3 eVb

Potential across the sample V 25 V
IRb 7.5 V

Implantation profile a 450 Å g cm23

m 2.0
n 1.6

Positron lifetime t ~300 K! 230 ps
Dt ~ps/100 K! 0.6c

aSze~Ref. 38!.
bRhoderick and Williams~Ref. 40!.
cSoininenet al. ~Ref. 14!.
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FIG. 4. The comparisons of zero-biased a
25-V reverse-biased line-shapeS parameters as a
function of temperature for beam energies of
and 26 keV, respectively.
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sented for comparison. Smaller and less temperat
dependentS values were obtained, comparing to those wi
out bias. This can be understood because a large fractio
positrons implanted in the high-field depletion region w
drift back to the interface of low-S value when the contact i
reverse biased. Since the electric field is very la
(;105 cm V21), saturation of positron drift can be easi
achieved.

Figure 5 shows the fraction of positron drifting back
the interface as a function of temperature under a rev
bias of 25 V for beam energies of 18 and 26 keV, resp
tively. By fitting Eq. ~8! to this experimental data, a positro
mobility m1(T) of about 108T2s cm2 V21 s21 with
s52.560.2 was obtained. The electric field experienced
positron and the effective positron diffusion length we
found by using Eqs.~7! and~9!. The values of the paramete
used in the calculation are listed in Table I. Because of
saturation in drift,F in cannot be enhanced much by decre
e-
-
of

e

se
-

y

e
-

ing the temperature if an appropriate reverse bias is app
A possible high-efficiency positron moderator using Ga
~SI! can be operated at room temperature.16 On the other
hand,s will not be sensitive to the above fitting when po
itron drifting is saturated. A more sensitive way of determ
ing the temperature-dependent positron mobility is s
gested. If an Ohmic metal-GaAs~SI! contact is prepared
instead of a rectifying contact used in our measurement
small and uniform electric field can be established across
sample. In such case, no saturation drift will happen, an
more accurates value can be obtained. This may also be t
way to improve positron mobility measurement using dr
velocity method in which a uniform electric field is used.15

Figure 6 shows the consistency between the Einstein
lation and the relation of the obtained positron diffusion c
efficient and positron mobility in our measurements. T
data points represent cases of the largest deviation from
stein relation when (s2b)51.060.3 is obtained from the
V
ith
,
a-
FIG. 5. The fraction of positrons drifting
back to the Au/GaAs interface under 25-
reverse bias as a function of temperature w
positron incident energies of 18 and 26 keV
respectively. The solid lines are the calcul
tions from Eq. ~10!, with positron diffusion
coefficient of D1(T)59400T2b cm2 s21, b5
1.5, and positron mobility of m1(T)5
108T2s cm2 V21 s21, s52.5.



tal
-

9902 55SHAN, LYNN, ASOKA-KUMAR, FUNG, AND BELING
FIG. 6. Comparison between the experimen
results of positron diffusion coefficient and mo
bility with the Einstein relation.
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previous fitting shown in Figs. 3 and 5. The agreement in
low-temperature range supports that positron diffusion co
ficient follows theT23/2 power law, i.e., the main scatterin
is from optical phonons in GaAs~SI! in the temperature
range of 50–300 K.

V. CONCLUSIONS

A monoenergetic positron beam of 0.1–50 keV was u
to study positron transport in semi-insulating GaAs in t
temperature range of 50–300 K. Low-temperature effects
positron diffusion and drift were observed. The nea
temperature-independent bulkS value is interpreted that no
vacancy-type trap is present at low temperatures. B
temperature-dependent diffusion coefficient and mobility c
be experimentally determined for positrons without resort
to the Einstein relation. A positron diffusion coefficient
-
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9400T2b cm2 s21 and a positron mobility of 108T2s

cm2 V21 s21 in GaAs ~SI!, with b51.560.1 and
s52.560.2, were obtained in the temperature range of 5
300 K. A way to check the consistency of the Einstein re
tion for positron motion was provided in this work. The fa
that the positron diffusion coefficient and mobility follow th
above-temperature power law suggests optical-phonon s
tering is the main scattering mechanism in GaAs~SI! in the
temperature range studied.
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21J. Mäkinen, C. Corbel, P. Hautoja¨rvi, and D. Mathiot, Phys. Rev
B 43, 12 114~1991!.

22P. Lawaetz, Phys. Rev.174, 867 ~1968!.
23E. M. Conwell, inHigh Field Transport in Semiconductors, Solid

State Physics Supplement 9, edited by F. Seitz, D. Turnbull,
H. Ehrenreich~Academic, New York, 1967!.

24B. Bergersen, E. Pajanne, P. Kubica, M. J. Stott, and C.
Hodges, Solid State Commun.15, 1377~1974!.

25B. K. Ridley, Quantum Processes in Semiconductors, 2nd ed.
~Clarendon, Oxford, 1988!.

26Y. Y. Shan, B. K. Panda, S. Fung, and C. D. Beling, Phys. R
B 52, 4724~1995!.
,

e

.

d

.

.

27Positrons in Solids, edited by P. Hautoja¨rvi, Topics in Current
Physics Vol. 12~Springer, Berlin, 1979!.

28P. J. Schultz and K. G. Lynn, Rev. Mod. Phys.60, 701 ~1988!.
29A. P. Mills, Jr. and C. A. Murray, Appl. Phys.21, 323 ~1980!.
30K. G. Lynn and D. O. Welch, Phys. Rev. B22, 99 ~1980!.
31S. Valkealahti and R. M. Nieminen, Appl. Phys. A32, 95 ~1983!.
32S. Valkealahti and R. M. Nieminen, Appl. Phys. A35, 51 ~1984!.
33K. G. Lynn, D. M. Chen, B. Nielsen, and R. Pareja, Phys. Rev

34, 12 114~1986!.
34A. Vehane, K. Saarinen, P. Hautoja¨rvi, and H. Huomo, Phys.

Rev. B35, 4606~1987!.
35J. A. Baker, N. B. Chilton, and P. G. Coleman, Appl. Phys. Le

59, 164 ~1991!.
36P. Asoka-Kumar, K. G. Lynn, and D. O. Welch, J. Appl. Phy

76, 4935~1994!.
37J. L. Campbell, Appl. Phys.13, 365 ~1977!.
38S. M. Sze,Physics of Semiconductor Devices, 2nd ed.~Wiley,

New York, 1981!.
39R. Krause, K. Saarinen, P. Hautoja¨rvi, A. Polity, G. Gärtner, and
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