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Trap-limited diffusion of hydrogen in Zn-doped GaAs

M. C. Wagener, J. R. Botha, and A. W. R. Leitch
Department of Physics, University of Port Elizabeth, P.O. Box 1600, Port Elizabeth 6000, South Africa

~Received 18 May 1998; revised manuscript received 1 October 1998!

An effective diffusion coefficientDeff for hydrogen in zinc-doped GaAs is accurately determined within the
temperature range 90–150 °C and for doping levels ofNA53.431016 cm23 andNA52.631017 cm23. The
effective diffusion coefficients are measured directly from the profiles and satisfy the Arrhenius equation
NADeff5Po exp(2EP /kT), whereEP5(1.3660.04) eV andPo5(822

124)31020 cm21/s. The measured acti-
vation energyEP5(1.3660.04) eV is found to be closely matched to previously determined values for the
dissociation energy of the zinc-hydrogen complex, whileDeff is inversely proportional to the acceptor concen-
tration. The values ofDeff consequently display the same temperature dependence as the zinc-hydrogen dis-
sociation kinetics. The diffusion process, under the experimental conditions of this study (T,150 °C, NA

.231015 cm23), is found to be controlled entirely by the association and dissociation processes of hydrogen
with the zinc atoms and to be independent of the intrinsic diffusivity of hydrogen in the GaAs layers.
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I. INTRODUCTION

An understanding of the migration of hydrogen in cryst
line semiconductors is a challenging problem. Atomic hyd
gen is affected by various effects during its motion throu
the lattice, such as interconversion between the monato
charge states1 H1, Ho, and H2, trapping by immobile impu-
rities and lattice defects,1,2 and hydrogen-hydrogen
interaction,2 such as molecular hydrogen (H2) and dimer
(H2* ) formation.3

The most commonly used technique for investigating
diffusion behavior of hydrogen has been secondary ion m
spectrometry~SIMS!. This technique yields the hydroge
distribution directly and has the advantage of providing
total hydrogen concentration. However, due to the la
background signal, SIMS is only feasible for relatively lar
hydrogen concentrations. The indirect technique
capacitance-voltage (C-V) measurements provides th
charge density of the ionized dopants within the deplet
region of a reverse biased Schottky barrier diode. The red
tion in charge density is then related to the amount of d
ants neutralized by the formation of dopant-hydrog
complexes.4–6 Diffusion profiles are generally obtained b
exposing the samples to a hydrogen/deuterium plasma~or a
proton beam! and monitoring the introduction~or redistribu-
tion! as a function of time and temperature.7,8

An important parameter used to describe the migration
hydrogen~or any impurity! in a semiconductor, in the ab
sence of trapping centers, is the intrinsic diffusion coeffici
Di . High-temperature diffusion experiments9 and computer
simulation studies10,11 have shownDi to display an Arrhen-
ius temperature dependence

Di5Dio expF2Em

kT G , ~1!

whereEm is the migration activation energy required for th
hydrogen atom to leave its equilibrium lattice site. The p
PRB 600163-1829/99/60~3!/1752~7!/$15.00
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factor Dio , also called the diffusion constant, depends
entropy effects. A review of available diffusion studies o
silicon and GaAs suggests that the values reported forDi are
only ‘‘apparent’’ values, instead of the true intrinsic valu
This deviation fromDi stems from a diffusion model used t
extractDi not fully incorporating all aspects of the diffusio
process. Excluding experimental factors that influence dif
sion will therefore result inDi showing a dependence o
these factors, which in turn could vary from one diffusio
study to the next. The reliability of a reported diffusion c
efficient should therefore be rated by the number of fact
influencing the diffusion process and how well the diffusi
model takes them into account.

In many cases, however, an effective diffusion coefficie
Deff is produced by applying the standard~Fickian! diffusion
model to the hydrogen profiles. The profiles, which are u
ally hydrogen passivation12 or redistribution13,14 profiles, are
fitted either by an error function or the measured diffusi
depth L inserted into the expressionDeff5L2/t. Since the
standard diffusion model excludes hydrogen interaction
fects, the resulting values are expected to have a depend
on the density of trapping sites within the material and
dissociation energies of the defect-hydrogen complexes. T
appears to be the case when studying the redistribution
files of post-implanted deuterium inn-GaAs:Si,13 which pro-
vided an effective diffusion coefficient expressed by
Arrhenius equation with an activation energyEm eff
51.43 eV and a prefactorDo eff590 cm2/s. The similarity
of the activation energy and the silicon-hydrogen dissoc
tion energy of (1.2560.05) eV ~Ref. 4! suggests that
dopant-hydrogen interaction could be involved in the diff
sion process. The same is noticed for diffusion studies
deuterium plasma exposedn-GaAs:Si,12 which yielded an
activation energy of 1.38 eV by fitting the complementa
error function to the deuterium profiles. Although the me
sured activation energies are explained by the dissocia
energy of the Si-H complex, no clear relationship has be
established for the prefactorDo eff in GaAs.

To extract the intrinsic diffusion coefficient from the cla
1752 ©1999 The American Physical Society
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PRB 60 1753TRAP-LIMITED DIFFUSION OF HYDROGEN IN Zn- . . .
of diffusion studies in which the hydrogen profiles are d
pendent on the conditions by which the hydrogen is int
duced requires complex diffusion models to take factors s
as the interaction of hydrogen with itself and defects int
duced during hydrogenation, variations in the surface hyd
gen concentration, as well as the built-in electric field, in
account. Although the hydrogen distribution profiles are u
ally simulated well by the model used, the large number
parameters required could prevent the solution from be
unique.

The majority of diffusion studies on GaAs used SIMS
profile the migration of hydrogen. This is, however, the fi
diffusion study to our knowledge onp-type GaAs that uti-
lizes the neutralizing property of hydrogen to obtain diff
sion profiles. In this work, the effective diffusion coefficie
is accurately determined for zinc-doped GaAs by perform
the diffusion study independently from the passivation p
cedure. This is achieved by employing the ability of t
charged hydrogen species to undergo field-assisted drif
order to produce a hydrogen gradient within the bulk of
samples. This is then used as a starting position from wh
to initiate the diffusion of hydrogen back towards the s
face. The ability of hydrogen to neutralize acceptors is u
to determine the hydrogen distribution fromC-V measure-
ments of the free-carrier distribution. This technique has
advantage of using a relatively small hydrogen concen
tion, as compared to that required by SIMS. The format
of molecular hydrogen is hence minimized and the built
field at the passivation edge reduced. The influence of de
centers formed during hydrogenation is also eliminated
obtaining the diffusion profiles within the bulk of the layer
The diffusion model used describes the diffusion proc
fully using only three parameters. The initial conditions
the model are also simple and well defined.

A previous study by Zundel and Weber,6 which applied
this technique to boron-doped silicon, revealed the diffus
process to be independent of the intrinsic diffusion coe
cient Di and entirely controlled by the trapping and detra
ping of hydrogen by the boron atoms. This technique
recently been used to demonstrate the trap-limit diffusion
lithium in p-type GaAs.15 The present study is, howeve
believed to be the first report of the technique being use
study the diffusion of hydrogen in GaAs.

In Sec. II the sample preparation and experimental pro
dures are discussed. In Sec. III the measurement of the
drogen profiles is described andDeff is extracted in Sec. IV.
The dependence of the diffusion process on temperature
zinc concentration is illustrated in Sec. V and discussed
Sec. VI.

II. EXPERIMENTAL DETAILS

Zinc-doped GaAs (NA53.431016 cm23 and NA5
2.631017 cm23) was grown by metalorganic vapor pha
epitaxy~MOVPE! on p1-GaAs, orientated 2° off the~100!.

Initially the GaAs layers were hydrogenated by expos
the as-grown samples to a dc hydrogen plasma at a temp
ture of 60 °C for 1 h. Note that this passivation temperat
is significantly lower than previously reported values.7,16

Schottky diodes were then formed by electron beam eva
ration of ruthenium onto the hydrogenated surface. The
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rect exposure of the samples to the H plasma resulted
large hydrogen concentration up to a depth of;0.5 mm,
followed by a sudden decrease. This high concentration
hydrogen, together with the possible defects introduced d
ing the exposure to the plasma,17 impeded the reactivation o
the zinc-hydrogen complexes within the near-surface reg
This problem was overcome by hydrogenating the layersaf-
ter fabricating the ruthenium contacts (400–450 Å thick!.
This approach resulted in an even distribution of neutraliz
acceptors, with the passivated region stretching deep into
layer. The electric field produced by the Schottky diode
sulted in the positively charged hydrogen species undergo
field-assisted drift away from the surface during hydroge
tion, thereby leaving the near-surface region less passiva
The efficient reactivation of these layers, compared to lay
exposed directly to the plasma, suggested that the ruthen
overlayer minimized both surface damage and the accu
lation of near-surface hydrogen observed for directly e
posed layers.

Due to the annealing procedure utilized in this work, t
Schottky diodes were required to remain functional after
tended periods of reverse-bias annealing. Annealing exp
ments on ruthenium/p-GaAs Schottky barrier diodes re
vealed superior annealing properties and an improvemen
barrier height upon hydrogenation.

The distribution of active acceptorsNact was measured
using a standard capacitance-voltage (C-V) measuring tech-
nique. The total hydrogen concentration@HT# was extracted
from Nact using the approximation:@HT#5@ZnH#1@H1#
5NA2Nact.@ZnH#, where@H1# and@ZnH# denote the con-
centration of free hydrogen and zinc-hydrogen complex
respectively. The assumption that@H1# is negligible com-
pared to@ZnH# will be validated in Sec. VI.

All anneals were performed in the dark in air using
filament-heated quartz tube. The initial hydrogen distrib
tion, from which the diffusion experiment is to be initiate
was produced by reverse-bias annealing the Schottky d
in two stages:6 for the NA53.431016 cm23 material, the
first anneal was at;150 °C for a period of 30 min, with the
Schottky diode reverse-biased at 4 V. The initial step pro
for the NA52.631017 cm23 material was produced by 2.
V reverse-bias annealing at 125 °C for 40 min. The low
required voltage is due to the smaller space-charge regio
the higher doped material. This first anneal ensured the
reactivation of the near-surface region, as well as an e
distribution of neutralized acceptors that stretched deep
the bulk of the material. This was followed by a seco
anneal at the diffusion temperatureTdiff for approximately 1
h. The second anneal atTdiff ensured that the temperatu
stabilized before the diffusion anneal was initiated. The d
fusion experiment was initiated directly after the second
neal by terminating the bias to the Schottky diode. T
sample was then annealed for a durationtdiff , after which it
was cooled rapidly to room temperature for theC-V mea-
surements, using liquid nitrogen. Before obtaining a dif
sion profile for a differenttdiff , the sample was again two
step reverse-bias annealed to obtain another initial hydro
distribution ~The initial profiles were all closely matched.!

III. DIFFUSION RESULTS

As a typical example, the diffusion of hydrogen atTdiff
5114 °C in a NA53.431016 cm23 sample is illustrated.
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1754 PRB 60M. C. WAGENER, J. R. BOTHA, AND A. W. R. LEITCH
TheC-V measurements on the hydrogenated layer show
98% neutralization of acceptors, stretching at least 3mm
into the layer. Figure 1~a! showsNact following the reverse-
bias anneals. The acceptors in the near-surface regiox
,0.3 mm) of the layer have been completely reactivate
This is followed by a sharp decrease inNact, which reaches
an even distribution after 0.6mm. This distribution is ex-
plained in the following way: positively charged hydroge
atoms resulting from the dissociation of zinc-hydrogen co
plexes undergo field-assisted drift from the high-field ne
surface region of the Schottky diodes to the low-field regi
where it recombines with zinc atoms at the edge of
space-charge region.

The acceptor distribution following the zero-bias annea
shown in Fig. 1~b!. The sharp initial acceptor profile ha
become smoothed, withNact having decreased forx
,0.4 mm and increased forx.0.4 mm.

Figure 2 shows the hydrogen distribution extracted fr
the active acceptor profiles fortdiff522, 40, and 80 min.
Note that the curves are only intended to show the gen
trends of the hydrogen profiles. The hydrogen concentra
@HT# progressively decreases for increasing anneal time
the regionx.0.4 mm, while a corresponding increase
evident in the regionx,0.4 mm.

FIG. 1. Active zinc concentrationNact in hydrogenated Zn-
doped GaAs, after~a! a two-step 4 V reverse-bias anneal and~b! a
subsequent 40-min zero-bias anneal at 114 °C.

FIG. 2. Normalized hydrogen distribution in Zn-doped Ga
(NA53.431016 cm23), after zero-bias annealing for various time
at 114 °C. Ho denotes the total hydrogen concentration forx
.0.6 mm. The curves are drawn as an aid to the eye for determ
ing the trends of the data.
a
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IV. ANALYSIS

The redistribution of hydrogen shown in Fig. 2 is inte
preted as follows: hydrogen atoms that have dissociated f
the zinc atoms undergo random motion in the absence o
electric field. The concentration gradient, however, cause
net flux of hydrogen from the high concentration region
the low concentration region. The hydrogen impurity sho
an amphoteric behavior by taking on three possible cha
states,3 H1, H2, and Ho, with their relative concentrations
dependent on the positions of the energy levels induced
the hydrogen impurity within the band gap. The efficie
passivation and reactivation of acceptors, together with
existing uncertainty in the positions of the energy levels,7,18

has led to the assumption that, within the Fermi-level ran
of this study, hydrogen predominantly exists in the posit
charge state H1. This results in the dissociation-associatio
reaction H11Zn2

—

˜(ZnH)° being the dominant process in
fluencing diffusion, while the formation of molecular hydro
gen may be neglected. The free hydrogen concentra
@H1# is then described by the modified diffusion equation

]@H1#

]t
5Di

1
]2@H1#

]x2
2

]@ZnH#

]t
, ~2!

where Di
1 is the intrinsic diffusion coefficient of H1 in

GaAs. The term]@ZnH#/]t accounts for the association an
dissociation of H atoms with the zinc acceptors and is r
resented by

]@ZnH#

]t
5sZnH~NA2@ZnH# !@H1#2nZnH@ZnH#, ~3!

wheresZnH is the capture rate of H1 by the acceptors and
nZnH is the dissociation rate of the acceptor-hydrogen co
plex. The parametersZnH can be expressed in terms of th
hydrogen diffusivity and the capture radius of the ioniz
zinc atomR, according to the relationsZnH54pRDi

1 . The
dissociation frequency of the zinc-hydrogen complex is
scribed by the Arrhenius equation

nZnH5no expF2ED

kT G , ~4!

with the values no5731013 s21 and ED5(1.33
60.03) eV having been determined previously by therm
reactivation studies.19

An analytical solution to Eqs.~2! and ~3! provides an
effective diffusion coefficientDeff , which is measured di-
rectly from the experimental diffusion profiles. Followin
the arguments of Zundel and Weber,6 Deff is represented by

Deff5
nZnH

4pRNA
, ~5!

which hasno dependence onDi
1 , thus implying that the

diffusion process is entirely controlled by the associatio
dissociation reactions.

The derivation of Eq.~5! is based on the assumptions th
~i! the dissociation-association processes are in dyna
-
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PRB 60 1755TRAP-LIMITED DIFFUSION OF HYDROGEN IN Zn- . . .
equilibrium throughout the diffusion process~i.e.,
]@ZnH#/]t.0), that ~ii ! nZnH@sZnH@H1#, and that ~iii !
sZnHNA /nZnH@1. These assumptions are discussed in S
VI.

If the initial hydrogen distribution is approximated by
steplike distribution (@HT#50 for x,0.4 mm and @HT#
5Ho for x.0.4 mm), then the effective diffusion coeffi
cient is given by6

Deff5
1

4pt

1

@s~ t !#2
, ~6!

wheres(t) is the gradient of the normalized hydrogen pr
files at@HT#5 1

2 Ho . The measured profiles depicted in Fig.
are, however, asymmetric, with the curves crossing at@HT#
;0.70 Ho . Measurement ofs(t) at the 1

2 Ho concentration
will therefore be at smaller depths with respect to the ini
hydrogen profile. The nearly linear dependence of@HT# on x
in the range 0.3–0.45mm will, however, result ins(t) being
insensitive to this change in position. By measuring the sl
in this region for the different annealing times, a mean va
for the effective diffusion coefficient ofDeff5(3.726
0.55)310214 cm2/s is determined. The displacement of t
inflection point from1

2 Ho is discussed in Sec. VI.

V. DEPENDENCE OF THE DIFFUSION PROCESS ON
THE TEMPERATURE AND ZINC CONCENTRATION

Equation~5! predicts thatDeff is inversely proportional to
the acceptor concentrationNA and that the diffusion proces

FIG. 3. Normalized hydrogen distribution in Zn-doped Ga
(NA52.631017 cm23), after zero-bias annealing for various time
at 100 °C. Ho denotes the total hydrogen concentration forx
.0.2 mm. The curves are drawn as an aid to the eye for determ
ing the trends of the data.

TABLE I. The effective H diffusion coefficientDeff calculated
using Eq.~6!. Total zinc concentration isNA53.431016 cm23.

Tdiff (°C) Deff (cm2/s)

89 2.17310215

114 (3.7260.55)310214

130 (2.0160.71)310213

148 (1.1860.12)310212
c.

l

e
e

obeys the same kinetics as the zinc-hydrogen complex.
obtain an activation energy, the diffusion experiment d
scribed above was repeated at 89 °C, 130 °C, and 148
The resulting diffusion profiles were similar in shape, wi
the point of intersection remaining relatively unchanged. T
values obtained forDeff are given in Table I.

In order to ascertain whether the inverse dependence
NA is satisfied, the diffusion experiments were also p
formed onNA52.631017 cm23 doped material. Exposing
these samples to the H plasma resulted in an even neu
ization of zinc acceptors which stretched;1.5 mm into the
layer. The normalized diffusion profiles obtained by zer
bias annealing at 100 °C for 30 and 60 min are shown in F
3. Although the profiles are also asymmetric, an appro
mately linear region exists forx,0.12 mm. From the slope,
an effective diffusion coefficient of Deff5(1.596
0.36)310215 cm2/s was calculated. A diffusion profile wa
also obtained at 123 °C by zero-bias annealing for 5 m
The results are summarized in Table II.

To show the inverse dependence ofDeff on NA , the prod-
uct P5NADeff is plotted in Fig. 4 as a function of 1/T for
NA53.431016 cm23 ~solid circles! and NA52.631017

cm23 ~open squares!. It is evident that the values forNADeff
are well fitted by the Arrhenius equationP5Po exp
(2EP /kT), with Po5(822

124)31020 cm21/s and an activation
energyEP5(1.3660.04) eV. By substituting Eq.~4! into
Eq. ~5!, P is instead given by

P5
no

4pR
expF2ED

kT G . ~7!

-
FIG. 4. Arrhenius plot ofP5NADeff . The solid line represents

the fit of the equationP5Po exp(2EP /kT) to the data, withPo

5(822
124)31020 cm21/s andEP5(1.3660.04) eV.

TABLE II. The effective H diffusion coefficientDeff calculated
using Eq.~6!. Total zinc concentration isNA52.631017 cm23.

Tdiff (°C) Deff (cm2/s)

100 (1.5960.36)310215

123 1.43310214
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1756 PRB 60M. C. WAGENER, J. R. BOTHA, AND A. W. R. LEITCH
Excellent agreement exists between the activation ene
EP5(1.3660.04) eV and the zinc-hydrogen dissociatio
energy ofED5(1.3360.03) eV. TakingR530 Å ~from
the approximationkT.e2/@4p«sR#) andno5731013 s21,
the prefactorno /(4pR).231019 cm21/s is calculated and
found to compare reasonably well to the measured va
Po5(822

124)31020 cm21/s.

VI. DISCUSSION

The results have shown the effective diffusion coefficie
Deff to be accurately represented by Eq.~5!. The inverse
dependence on the acceptor concentration, together with
knowledge that the diffusion activation energyEP equals the
zinc-hydrogen dissociation energy, strongly suggests tha
diffusion process is entirely controlled by the dissociati
and association of hydrogen with the zinc atoms. This
further supported by Eq.~5! being independent of the intrin
sic diffusion coefficient. This independence onDi

1 will be
the case if the time that hydrogen is captured at a zinc a
significantly exceeds the time spent diffusing betwe
nearest-neighboring zinc atoms.6 The intrinsic diffusion co-
efficient will therefore only affect the solution to the diffu
sion equations@Eqs.~2! and~3!# if a significantly small value
is substituted when attempting to solve the equations num
cally, thereby implying a longer diffusion time between zi
atoms. Thus, if the diffusion process is entirely trap-limite
only a lower limit can be assigned to the intrinsic diffusio
coefficient when trying to find a numerical solution. This
the case for the hydrogen diffusion study by Zundel a
Weber6 on boron-doped silicon.

The deviation of the measured inflection point from1
2 Ho

is believed to be a consequence of the asymmetry of
initial hydrogen profiles. This is thought to result from a
increase in diffusion length as the hydrogen undergoes fi
assisted drift~during reverse-bias anneal! towards the accu-
mulation region. A larger step in the active zinc concent
tion will therefore produce a more notable change in
diffusion length, and hence a more asymmetric initial dis
bution. TheNA53.431016 cm23 material, which has a ste
in concentration of 2.931016 cm23, has an inflection point
of roughly 0.70 Ho , whereas theNA52.631017 cm23 ma-
terial, which has a 2.431017 cm23 step, has an inflection
point at about 0.80 Ho . The slightly smaller step o
2.131016 cm23, reported by Zundel and Weber,6 would
therefore explain their measured inflection point of 0.57 Ho .
The relative change in the diffusion length (nL/L) across
the step in hydrogen concentration can be estimated, s
the diffusion coefficient has been shown to be inversely p
portional to the active zinc concentration. Hence,L}NA

21/2,
which yieldsnL/L5@(NA2Ho)/NA#21/221. The relation-
ship betweennL/L and the inflection point of this work, an
that of Zundel and Weber,6 is illustrated in Fig. 5. It is evi-
dent that smaller changes in hydrogen concentration are p
erable in this kind of experiment, since it will result in
more symmetric initial profile, which will be approximate
better by a perfect steplike distribution.

In order to find an analytical solution to the diffusio
equations@Eqs. ~2! and ~3!#, a few assumptions had to b
made in Sec. IV. Assumption~i! has been verified by usin
Eqs. ~2! and ~3! to monitor the change in@ZnH# and @H1#
gy
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over short time intervals. This numerical analysis revea
that the rate at which the acceptor-hydrogen concentra
reached equilibrium significantly exceeded that of the dif
sion process. This was observed for a large range of di
sivity and capture radius values. The association and di
ciation processes, therefore, maintain the acceptor-hydro
complex concentration at a dynamic equilibrium.

From assumptions~i! and ~ii !, the effective diffusion co-
efficient is represented by

Deff5
Di

1

11
4pRDi

1NA

nZnH

. ~8!

The fact that the data in Fig. 4 rigorously satisfy the Arrhe
ius Eq.~7! implies that

b5
4pRDi

1NA

nZnH
5

sZnHNA

nZnH
~9!

is much larger than unity for the range of diffusion tempe
tures and acceptor concentrations studied, which support
sumption~iii !. A lower limit to the acceptor concentration o
;231015 cm23 is calculated atTdiff5148 °C by settingb
51. This implies that a trap density below
;231015 cm23 will result in the diffusion process becom
ing increasingly affected by intrinsic diffusion and cons
quently leading toDeff deviating from the Arrhenius relation

Assumption ~ii ! (nZnH@sZnH@H1#) was previously
validated6 by suggesting it to be equivalent to@H1#
!@ZnH#. It is, however, believed that these assumptions
not equivalent. Due to the fact that@H1# is unknown at the
diffusion temperatures, and due to the uncertainty expec
in the previously reported values forno ~Ref. 19! andDi

1 ,7 it
is not possible to directly verify assumption~ii !. However,
the agreement between the measured activation energy
the dissociation energy, together with the reasonably g
agreement between the measuredy intercept and calculated
prefactor in the present work and in other studies,6,15 suggest
that Eq.~5! is essentially correct.

Finally, in order to extract the hydrogen concentrati
from the measured free-carrier density profiles, it was

FIG. 5. The relative change in diffusion length across the ste
hydrogen concentration versus the measured inflection points.
data are from this work~solid squares! and from Ref. 6~solid tri-
angles!.
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PRB 60 1757TRAP-LIMITED DIFFUSION OF HYDROGEN IN Zn- . . .
sumed that@H1#!@ZnH#. To show this, Eq.~3! is rewritten
as follows by taking]@ZnH#/]t50, and using Eq.~4! and
sZnH54pRDi

1 ,

@H1#

@ZnH#
5

non21

4pRDio
1 expS ED2Em

kT D . ~10!

Heren5NA2@ZnH#5@Zn2#. A maximum@H1# to @ZnH#
ratio of ;0.4 is calculated using the parametersTdiff
5148 °C, ED51.36 eV, n5(NA2Ho)5531015 cm23,
no5731013 s21, and the valuesDio

154.2131026 cm2/s
andEm50.58 eV determined by Rahbiet al.7

This ratio quickly decreases with decreasing tempera
and with increasing carrier concentrations. The condit
that@H1#!@ZnH# will therefore also be satisfied at the me
suring temperature (T5300 K), thereby ensuring that th
relation,@HT#5@ZnH#1@H1#.@ZnH# holds true.

The independence ofDeff on the intrinsic diffusion coef-
ficient also suggests that the diffusion process is unaffe
by the diffusion path and corresponding potential barrie
The diffusion process is consequently expected to be sim
for different semiconductor materials with a sufficient imp
rity density. This is indeed the case, with the same trap
pendence having been demonstrated in a similar diffus
study on boron-doped silicon.6 The only significant differ-
ence between Fig. 4 and their reported values is a sl
difference in gradient due to the smaller dissociation ene
of the boron-hydrogen complex in silicon. The activati
energies obtained from the diffusion studies performed
Zavadaet al.13 and Chevallieret al.12 on n-type GaAs also
suggest that the diffusion process is trap limited within
ranges of their experimental conditions.

The insensitivity of the diffusion process toDi
1 resulted

in the numerical analysis of hydrogen diffusion in boro
doped silicon6 only providing a lower limit to the diffusivity
Di . In order to accurately extract an intrinsic diffusion coe
ficient from the diffusion data, a reduction in hydrogen tra
ping during the diffusion process, or quantitatively, a red
tion in b, would be required. In the present case, this co
t-
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be achieved by performing the diffusion experiment at te
peratures well in excess of 200 °C or by reducing the z
concentration in the GaAs. Both modifications would ma
diffusion measurements difficult due to the restrictions i
posed by the Schottky diode stability andC-V depth resolu-
tion. An alternative could be to use magnesium-doped Ga
instead. Until now, passivation of Mg-doped GaAs has be
unsuccessful due to a possible small capture radius.20 If it
could, however, be successfully passivated, diffusion res
with a sensitivity toDi

1 could be achieved, while at the sam
time retaining a sufficiently high doping density to allo
C-V profiling.

VII. CONCLUSIONS

It has been shown how the ability of hydrogen to under
field-assisted drift can be utilized to produce a hydrogen g
dient from which to initiate the diffusion of hydrogen from
the bulk of the material towards the surface. The results
lustrate how the resulting diffusion profiles are used to obt
an effective diffusion coefficientDeff . The experimental val-
ues ofDeff , which were determined within the temperatu
range 89–148 °C and for the zinc concentrationsNA5
3.431016 cm23 and NA52.631017 cm23, satisfy the
Arrhenius equation NADeff5Po exp(2EP /kT), with EP

5(1.3660.04) eV and Po5(822
124)31020 cm21/s. This

suggests thatDeff has an inverse dependence on the den
of zinc acceptors and that the diffusion process obeys
same kinetics as the dissociation of the zinc-hydrogen c
plex. It is concluded that, within the experimental conditio
of this study, the diffusion of hydrogen within the GaA
lattice is entirely controlled by the association and dissoc
tion processes of hydrogen with the zinc acceptors and
the diffusion process is independent of the intrinsic diffusi
coefficient of hydrogenDi

1 in the GaAs.
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