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Field effect on positron diffusion in semi-insulating GaAs
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An energy-tunable monoenergetic positron beam was used to study positron diffusion in the space-charge
region of an Au/GaA&SI) (semi-insulating Schottky contact, where the electric field reaches0® V cm !
by reverse biasing the diode. An analytical solution of the time-dependent positron drift-diffusion model under
an electric field was obtained for the case of a semi-infinite body with a capturing boundary, and explains the
experimental results well. A positron diffusion coefficient of £@2 cn? s~ %, and a positron mobility of
7010 cn? V " 1s ! in GaAqSl) at 300 K, were obtained independently. This result is consistent with the
Einstein relation. The dependence of the positron current density at the Au/GaAs interface on the electric field
shows that GaASI) is a possible candidate for the fabrication of the field-assisted positron moderator.
[S0163-182606)04428-1

I. INTRODUCTION GaAgSI) (semi-insulatingwas reported recentf{?. All these
results were obtained by numerically fitting the diffusion
Studies of carrier transport in solids provide unique infor-model without including the electric field.
mation about mechanisms of interactions in the material. The diffusion-equation approach is used frequently in
Positrons exhibit transport properties similar to those of elecanalyzing the results from positron beam experiméhtso
trons and holes. The motion of positrons is of interest formodel slow-positron beam experiments and obtain the posi-
understanding the mechanisms of positron scattering, and féfon current density, the time-dependent diffusion equation
various applications of the positron annihilation technique inhas to be usetf~%*
condensed matter. In this work, we present results of a positron beam study
Positron diffusion in several cubic metals was studied exin semi-insulating(Sl) GaAs under large reverse bias £10
tensively by Soinineret al,! and the diffusion coefficient is V cm ™). Itis similar to the method used elsewhéfé>The
1-2 cn? s~ ! at 300 K. Mills and co-workers studied posi- time-dependent drift-diffusion equation with a capturing
tron motion in semiconductors by measuring drift velocities,boundary in semi-infinite space and electric field can be
based on the Doppler shift in the annihilation radiation in Gesolved analytically. It shows that the positron diffusion coef-
and Si crystals ofy detector<? They showed that phonon ficient and positron mobility can be experimentally deter-
scattering is the main lattice-scattering mechanism for posimined without implementing the Nernst-Einstein relation,

trons. A similar experiment was carried out in GaAs, and ahus providing a consistency check for the experimental
low positron mobility of 20 cmd V ~1 s~ ! was reported at nhumbers. We also discuss the relationship between the maxi-
300 K4 mum fraction of the positron drift to the interface, the exter-
Simpsoret al®> measured positron mobility in Si using the nal bias, and the implantation energy.
positron-lifetime technique.Recently, a positron mobility
value of 60 c_n"f v istt in GaAs at 300 K was reported Il EXPERIMENT
using the lifetime method, in which the effect of the strong
electric field inside the space-charge region was considered. The sample used was undoped liquid-encapsulated
Measurements of positron diffusion using monoenergeticCzochralski-grown SI GaA400) with a room-temperature
positron beams were discussed in detail by Schultz andesistivity of 1¢ Q0 cm and thickness of 0.5 mm, and was
Lynn’ and Huomo, Soininen, and VeharfeRositron diffu-  purchased from ICI Wafer Technology Ltd. The EL2 con-
sion coefficients in Si and Ge obtained in early slow-beanctentration of the wafer was given as ¥.50'® cm~3. The
experiments varied significantfy1* Space-charge effects at substrate was annealed at 500 °C under forming(§8%6
semiconductor surfaces were suggested to explain some bf, and 20% H) for h to reduce possible positron trapping
these anomalie$'>°The diffusion coefficient of 3.80.25  defects inside the bulk. The sample then was degreased in
cm? s~ ! in n-type Si was obtained by numerically solving acetone and ethanol before being etched in standard
the quasistationary drift-diffusion equation by consideringNH ,OH:H,0,:H,0(3:1:90 and H,SO4:H,0,:H,
the effect of the electric field in the space-charge redfdn.  O(8:1:1) solutions for 1 min. A 1000-A gold layer was
GaAs, diffusion lengths of 1880140 (Ref. 17 and 1400 A  evaporated onto each side of the substrate’s surface, forming
(Ref. 18 were reported fon-type GaAs at 300 K, which a circular spot 8 mm in diameter. A dc bias was applied
correspond to positron diffusion coefficients of 0.9-1.4across the sample so that the internal electric field was op-
cm?s™ i A diffusion coefficient of 1.62) cm?s™! in  posite to the direction of beam injection. Th&/ character-
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istics of the sample were recorded using a picoammeter arigh at the interfacd>>* The equation can be solved under the
a digital voltmeter. initial condition ofn(z,0)=Pg(z). The positron distribution

Positron annihilation spectroscopy measurements wers obtained as
carried out with a magnetically guided positron beam at

Brookhaven National Laboratory. Fast positrons from a _ e M +oo &~ (2- v, 0)]?4D .t
80-m Ci ?°Na source were moderated in audn-thick n(z,H)= Pe(é)le
. o o . 2\JywD,tJo
single-crystal W100) foil in transmission geometry. The in-
tensity of the slow positron beam was about B0°e*/s, and —elrs /D+)§e7[§+<zfV+t)]2/4D+t]d§_ (5)

its diameter was 4 mm. The incident-beam energy was var- ) ) )

ied from 0.1 to 50 keV. The pressure was 1Gmbar. The Using Egs(4) and(5), the fraction of positrons reaching the
511-keV annihilationy spectra were detected and accumu-interface can be obtained as

lated by a high-purity Ge detector and a digitally stabilized

multichannel analyzer. A total of 210° counts were col- Fin= fwj(z,t)|2:0dt
lected under the annihilation photopeak for each positron 0
energy.

_ fwPE(E)e_[(” 12D )+ XD )+ v, 12D, /2D+)2]§d§_ (6)
Ill. POSITRON IMPLANTATION AND TIME-DEPENDENT 0

DRIFT-DIFFUSION MODEL When j<0 and v, <0 mean the direction of the positron

As a low monoenergetic positron beam is implanted intocurrent density, and the internal electric field is toward the
—z direction, opposite to the direction of positron beam in-

solids, positrons thermalize very rapidly, within 10’pghe ! - ) :

positron stopping profilePc(z) can be approximately de- J€ction. Rewriting the variablg to z, we obtain

scribed as a Makhovian distributiéf.Based on the Monte .

Carlo simulations of slowing down, and the experimental szf Pe(z)e [(7+ 2D+ VIND )+ (v, 12D )27 (7)
studies of multilayer structures, the stopping profile is taken 0

ag’™% A different derivation of Eq.(7) was given by Mills and
MurrayX® When the electric field is zero, E¢7) reduces to
, (1)  the results obtained in the previous wotks®?°
Positron annihilation at various incident energies is mea-
sured by analyzing the Doppler-broadening spectrum of the
511-keV annihilation which reflects the momentum distribu-
tion of the annihilating electron-positron pair. The Doppler-
broadening paramet& is defined as the ratio of the counts
in the central part of the 511-keV annihilation line to the
total number of counts in the annihilation peak. The mea-
suredS value is the linear combination of tH& parameter
contributions from different annihilation stat&s, i.e.,
S(E)=Xf,(E)S;, wheref;(E) is the fraction of positrons
, (2)  annihilating in theith state characterized by tt% param-
eter. The fractions$;(E) can be obtained by solving the dif-
wherezy=(a/psand E", and the beam enerdy is in keV.  fusion equation, subject to the positron implantation profile
The electric field is not expected to distort the stopping pro-and boundary conditions.
file of the keV positrons. As in the previous wor® the average electric field in the
Once thermalized, positrons undergo diffusive motion in-depletion region of the GaAs is taken as
side the sample. By using Fick's law and the continuity

z+a\"

Zy

Zm-1
P(z)=m exg —
@
wherea=(pay/pcapdA, andpp,, and pgaas are densities
(in g cm™3) of the Au overlayer and the GaAs crystal, re-
spectively.A is the thickness of the Au layez.denotes the
distance from the interface along the direction of positron
beam injection. The parameters are taken as 450
Agcem™3 m=2.0, andn=1.63"32The mean implantation
depth equals

7=z,

1
1+ =
m

equation, positron evolution in one dimension can be de- _eNp  [eNp(¢pitVg) |
scribed by the diffusion-annihilation equatin E= 2e08, 2g08, ' ®
an(z,t) n(z,t) an(z,t) whereW is the bias-dependent width of the depletion region,
0 Dz ve————An(zY), (3 given by’
wheren(z,t) is the positron densityD , is the positron dif- _[280e(pi+Va) |2
fusion coefficienty, is the electric-field-dependent positron N eNp ' ©)
drift velocity, v, =u, E, and\ is the positron annihilation ) ) L . .
rate. The positron current density is given by g, is the relative permltt|V|ty, .anld}\lD is the concenFrathn of
deep donor EL2¢y; is the “built-in” contact potential given
) an(z,t) by edni=¢,— (E.—E;), and ¢, is the Schottky barrier
i(zt)==D.———+n(zhr,. (4)  height. E.— E; is the bulk Fermi level measured from the

bottom of the conduction band/;=V—IR, is the voltage

The system can be treated as a semi-infinite system with drop across the depletion regiov.is the applied biasy, is
perfectly absorbing boundary at the interface. The perfecthe bulk resistance, andis the current flowing through the
absorbing condition requires positron current density to vansample obtained from theV measurement shown in Fig. 1.
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30 TABLE I. The values of the parameters used in modeling the

experimental data.
Au/GaAs(ST)
239 Density Pau 19.3geni?®
PGans 532 gcm®
2.0 4
2 ] Relative permittivity of GaAs &, 13.2
; s Sample resistance at 300 K Ry 9.95x 10° O
g | Thickness of the Au layer A 1000 A
2 10 Deep donor concentration Np 1.5x10% cm~3
Built-in potential Dpi 0.3 eV
05 Implantation profile a 450 A gem®
m 2.0
0.0 T U T T T T T T T 4 1.6
0 20 40 60 80 100 120 140 160 Positron annihilation rate N (230 ps?

REVERSE BIAS (V)

FIG. 1. The current-voltage characteristics of the Au/G&)s the wider the plateau. The calculation shows tBgiaram-

sample under reverse bias. eter begins to increase from its plateau value when the beam
energy is larger than 6 keV. Implanted positrons begin to
IV. RESULTS AND DISCUSSIONS penetrate through the Au layer into the interface and bulk

when the implantation energy is over 6 keV. This result is in
Figure 2 shows th& parameter as a function of the inci- good agreement with the experimental data. As the beam
dent positron beam energy under different biases. When thenergy increases further, t&garameter rises to a saturation
Au/GaAs contact is reverse biased, the positrons are injecteghlue of 0.484(b) for the zero-biased spectrum. This value
against the electric field, which aids their diffusion back tocan be taken as the bulk val®g, to which all measure®
the interface. At very low implantation energies of less thanvalues were normalized. Therefore, the normalized surface
1 keV, anS value of 0.4550-0.4600 characterizes positronsand Au filmS values are 0.945) and 0.9271), respectively.
annihilating mainly on the Au surface. As the energy in- After normalization, bulk GaAs will have a8 value of 1.0.
creases, more positrons annihilate in the Au overlayer, angor reverse-biased spectr&(E) decreases in the positron
an S value of 0.449(b) is observed. That th&-E valley or  energy range of 15-35 keV in which positrons are mainly
plateau characterizes the Au film was verified by the previimplanted into the depletion regiqwith high electric field
ous experiment where a positron slow beam study was caand drift back to the interface. Since the Au/GaAs interface
ried out on GaAs with a series of Au overlayers with variousregion has a large concentration of open-volume defécts,
thicknesse$? It was observed that the thicker the Au film, this interface can be approximated as a perfect absorbing
boundary. Based on the drift-diffusion model discussed in
Sec. lll, theS parameter can be modeled as
MEAN IMPLANTATION DEPTH (um)
w20 30 S(E,V)=FauSaut (1= Fal)[FinSin+ (1= Fin) S, 10

whereF;, is calculated from Eq(7). Values of 0.9277 for
Sau» and 1.0 forS,, are taken. Table | lists the values of the
constants used in the calculation. In E0), the contribu-

. 410V tion of Au surface annihilation S, is included in the Au

o 425V overlayer contributionF 5,Sa,. and will not affect the ex-
traction of the positron diffusion character inside the GaAs.
Hence the theoretic@-E curve is flat(the solid line in Fig.

2) when the beam energy is lower than 6 keV. As was
pointed out®® the evaporated Au film is full of defects, and
8 the positron lifetime in Au is relatively short; therefore, the
o implanted thermalized positrons in the Au overlayer are as-
SRR AR AR A A sumed to be trapped and annihilate inside the Au layer.

5 10 15 20 25 30 35 40 45 50 X
POSITRON BEAM ENERGY E (keV) F A, can be expressed approximately as

-0.1 0 0.5
T T T T
Au-GaAs

1.000 5

0.990
0.980
0.970 5

0.960 -

S PARAMETER

0.950
0.940 J

0.930 7

0920 1,

EIG. 2. The line-shape paramet@ias a function of the ir)cident Fau= fo Pe(z)dz (12)
positron beam energy. Data for zero bias and reverse biases of 10

and 25 V are shown. The mean implantation depth for incident

energy,E<1 1 keV andE=11 keV, represents positron stopping 1he fitted results using the above model are shown as the
mainly in the 1000-A-thick Au overlayer and in bulk GaAs, respec- Solid lines in Fig. 2. The, value of 0.9781) in the interface
tively. The solid lines are the drift-diffusion model calculations for iS deduced. The discrepancy between the theory and experi-
D.=18cn’s tandu, =70 cm?V 1s71 mental data in the range of 5-8 keV comes from the uncer-

—a
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) _ o _ FIG. 4. The line-shape parametgias a function of the applied
FIG. 3. The fraction of positrons drifting back to the interface pjas for incident positron energies of 25 and 47 keV. A positron
for different biases and different incident-beam energies. The soligjitfusion coefficient of 1.8 crAis~* and a positron mobility of 70

lines are calculated from Eq7), corresponding td,=1.8+0.2  :m2v-151 were used in the calculation.

cm?s tandu,=70x10 cn?V "1s7L

perimentalF;, value is very small and shows a relatively
large uncertainty. A maximum saturatién,, value of about

. S . LTI Y . 75% was obtained for a beam energy of 18 keV, and a re-
This variation in density will give rise to the uncertainty of | o .<a pias of 25 V. This result demonstrates fRatcan be

the parametea involved in the implantation profile, Eql).  icreased by properly biasing the sample, and, hence, that

For the case of a high bias of 25.\/’ the deviation of the fittedsemi-insula’[ing GaAs is a potential substrate material for
curve to the data points for positron energies above 30 ke\,aying high-efficiency field-assisted positron moderators.

may arise from the approximations resorted to in the model. Figure 4 shows th& parameter as a function of the ap-
One is the Ilnear_approxmanpn betwegn the positron drnctplied bias measured at constant incident positron beam ener-
velocity an'd the high electric flgld gxpenenced by_ POSItroNS yias of 25 and 47 keV, corresponding to mean implantation
The other is the average electric-field approximation used i epths of 0.94 and 3.2m, respectively. The electric-field
thgfdepletlon (;t_aglon V\r/]he;e, Iln fact, thg Ielectrlc field is NOteftect of positron diffusion is apparent by the changes in the
un (;]rm C‘?CCW ing to t ef ﬁp etion mo gﬁ . ffici S parameter. As the reverse bias increagesitive voltage
The eter.mmatlon o the posnron' fffusion coetficient valueg, the S value decreases because a higher fraction of
D.* and positron mobilityu., was carrlt_ad out as f_OIIOWS' ositrons drift to the Au/GaAs interface. Tl parameter
First, Icg?sldetrhthel ca;s_e f\_’VTgn Z€ro b|a§ IS "ﬂOp“ed 10 thEaches a constant value when the reverse bias is larger than
sample; then the electric field is zero, and E).becomes 25 V, indicating a saturation of drift. The solid lines
. are the theoretical results with,=1.8+0.2 cn?s™ 1,
,:mzj Pe(z)e” VMDzgz, (12 w+=70+x10 cn?V 's~! andS,=0.9731). Thegradi-
0 ent of theS-V curve can be written as

tainty of the Au film density(causing the evaporated layers
to be less than the value of 19.3 g chused in the fitting

Thus F;, is a function ofD, . By fitting Eq. (10) to the ds dF,,
zero-biased spectrum, a diffusion coefficient of AB2 d—vz(l—FAu)(Sm—Sb) VA
cm?s ! is obtained. Then Eq0) is fitted to the different

bias S-E data, whereF;, is a function ofD, and . as reflecting how effectively the electric field affects the posi-
expressed in Eq7). Using thisD , value, a positron mobil- tron transport. For reverse biadSdV<0 whenS,<S,,

ity u, of 70=10 cn? V ~ 1 s~ ! is obtained. Unlike previous anddSdV>0 whenS,,>S,.

works where one of the coefficients was derived from the

(14

experimer]tal data and the other obtained by using the Ein- V. CONCLUSIONS
stein relation, here botb . andw . are determined directly.
Figure 3 compares the theoretidal, value with the ex- A variable energy positron beam of 0.1-50 keV was used
perimental value obtained by to study positron diffusion in semi-insulating GaAs. The ef-
fect of the high electric field in the Au/GaAs depletion re-
1 |S(E,V)—FauSay gion on positron diffusion was observed. An analytical solu-
Fin= S—S, 1—Fp, —Sp. (13 tion to the time-dependent positron diffusion model under an

electric field in a semi-infinite body with a perfectly captur-
Good agreement is found, except for beam energies less thamg boundary was derived which describes the experimental
8 keV; this is because when the beam energy is low, thelata well. Without resorting to the Einstein relationship, as in
positrons stop predominantly in the Au overlayer, so the exstudies by others, a positron diffusion coefficient of
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1.8+0.2 cn?s ! and positron mobility of 7810  greater than 25 V. This finding indicates that semi-insulating

cm?s~ ! in GaAgSI) at 300 K were directly obtained from GaAs may be a promising candidate for fabricating a high-

the experimental data. These results are consistent with thefficiency field-assisted positron moderator.

Einstein relation. The multilayer implantation profflaised

here describes the present Au/GaAs system reasonably well,

but certainty about the layer densities, which may differ from ACKNOWLEDGMENTS
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