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We have performed zinc diffusion experiments in gallium arsenide at temperatures between 620 °C and
870 °C with a dilute Ga-Zn source. The low Zn partial pressure established during annealing realizes Zn
surface concentrations ofø231019 cm−3, which lead to the formation of characteristic S-shaped diffusion
profiles. Accurate modeling of the Zn profiles, which were measured by means of secondary ion mass spec-
troscopy, shows that Zn diffusion under the particular doping conditions is mainly mediated by neutral and
singly positively charged Ga interstitials via the kick-out mechanism. We determined the temperature depen-
dence of the individual contributions of neutral and positively charged Ga interstitials to Ga diffusion for
electronically intrinsic conditions. The data are lower than the total Ga self-diffusion coefficient and hence
consistent with the general interpretation that Ga diffusion under intrinsic conditions is mainly mediated by Ga
vacancies. Our results disprove the general accepted interpretation of Zn diffusion in GaAs via doubly and
triply positively charged Ga interstitials and solves the inconsistency related to the electrical compensation of
the acceptor dopant Zn by the multiply charged Ga interstitials.
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I. INTRODUCTION

Zinc sZnd is one of the most commonly used impurities
for p-type doping of GaAs and AlGaAs because of its high
solubility, fast diffusion and low ionization energy. The dif-
fusion of Zn in GaAs has been studied extensively in the last
30 years as documented by the numerous papers published
on Zn diffusion and its simulation.1–13 According to Gösele
and Morehead5 and more recent results of Yuet al.12 and
Böskeret al.,13 Zn diffusion in GaAs is generally considered
to proceed via the kick-out mechanism

Zni
+
 ZnGa

− + IGa
2+. s1d

Zni, ZnGa, and IGa denote the interstitially and substitution-
ally dissolved Zn and a Ga interstitial, respectively. The su-
perscripts indicate the charge state of the particular point
defect. In addition to the participation ofIGa

2+, a contribution
of IGa

3+ was proposed by Böskeret al.13 in order to describe
two step Zn diffusion profiles. Similar kink-and-tail profiles
are known to develop in the very high concentration region
sCZn*1020 cm−3d. These profiles are associated with the for-
mation of voids and interstitial-type dislocation
loops.1,12,14,15However, kink-and-tail profiles were also ob-
served in samples which contain no voids or dislocation
loops.13 These profiles given by Böskeret al.13 were ana-
lyzed on the basis of the kick-out mechanism assuming
IGa
2+,3+. A major drawback of the diffusion model is that the

high equilibrium concentration ofIGa
2+, which is required to

reproduce the tail of the acceptor dopant profiles, leads to
almost complete electrical compensation of the acceptors
near the diffusion front.13 Had the authors considered com-
pensation, the calculated ZnGa profile would be not as steep
at the diffusion front as the experimental profile.

Recently one of ussH.B.d investigated Zn-enhanced Ga
diffusion in GaAs isotope multilayer structures17 in order to
study impurity-induced layer disorderingsIILD d in group
III-V compound semiconductors which was discovered by

Laidig et al.18 The Zn and Ga diffusion profiles, which were
simultaneously recorded by means of secondary ion mass
spectrometrysSIMSd, as well as earlier Zn and Cd diffusion
profiles, were accurately described by the following set of
defect reactions:17

Ai
+
 AGa

− + IGa
0 + 2h, s2d

Ai
+ + VGa

0 
 AGa
− + 2h, s3d

Ai
+ + VGa

+ 
 AGa
− + 3h. s4d

Here A represents the acceptor dopant Zn or Cd.VGa
0 , VGa

+ ,
IGa
0 , and h denote neutral and singly positively charged Ga

vacancies, neutral Ga self-interstitials, and holes, respec-
tively. On the basis of reactionss2d–s4d the kink-and-tail
dopant profiles and, simultaneously, the interdiffusion of the
69GaAs/71GaAs layers were reproduced. In addition, kink-
and-tail Zn and Cd profiles from the literature13,16 were
described.17 On the basis of reactionss2d–s4d the near-
surface kink is a consequence ofVGa

0 - and VGa
+ -controlled

dopant diffusion. The profile tail is shaped by the diffusion of
IGa
0 , and the maximum penetration depth is related to the

diffusion of Ai.
In order to investigate the validity of reactionss2d–s4d

and, in particular, to determine the charge states of the Ga
interstitials we performed additional Zn diffusion experi-
ments. The experiments were carried out under conditions
that suppress the formation of the near-surface kink. The
observed characteristic S-shaped Zn profiles provide strong
evidence of anIGa

0 - and IGa
+ -mediated Zn diffusion.

II. EXPERIMENT

Samples with typical lateral dimensions of 6 mm
310 mm were cut from a semi-insulating GaAs wafer with a
thickness of 500mm. The samples were rinsed in organic
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solvents, etched in dilute HCl, and purged with deionized
water. Then they were sealed in evacuated silica ampoules
together with about 50 mg of a Ga-Zn alloy. Alloys with less
than 1.0 at.% Zn were used as diffusion source in order to
significantly reduce the Zn partial pressure during annealing.
In this way a concentration of substitutional Zn at the surface
of about 1019 cm−3 is established. The diffusion anneals were
performed in a resistance-heated furnace at temperatures be-
tween 620 °C and 870 °C for times that are appropriate to
realize penetration depths of less than 5mm. The tempera-
ture was controlled with an accuracy of ±2 K. The diffusion
process was terminated by rapidly cooling the ampoule with
ethylene glycol down to room temperature.

Zn profiles were measured by means of electrochemical
capacitance voltagesECVd profiling sBioRad PN4400 sys-
temd and secondary ion mass spectrometrysSIMSd using a
Cs+ ion-beam with an energy of 10 keV. SIMS analyses
were performed on a CAMECA IMS-4f at the Institute of
FreseniussDresden, Germanyd. The depths of the craters left
from the ECV and SIMS analyses were determined with a
surface profilometer with an accuracy of about 5%. The mea-
sured secondary ion counts were converted into concentra-
tions, taking into account a homogeneously doped GaAs wa-
fer with a Zn concentration of 3.031018 cm−3 as reference
sample. The free hole concentration of this reference sample
was checked with ECV profiling. Since Zn in GaAs is a
shallow acceptor and mainly dissolved on the substitutional
Ga sites, the measured hole concentration equals to a good
approximation the total Zn concentration.

The shape of the Zn profiles recorded by ECV profiling
can be affected by nonuniform etching of the crater, which is
typically 3 mm in diameter, and by contributions of the cra-
ter shell to the measured capacitance. SIMS measurements
were typically performed on a flat 175mm3175 mm area
whereby secondary ions were only collected from an inner
area of 50mm in diameter. In this way instrumental broad-
ening effects due to secondary ions released from the crater
edges were reduced. Taking into account the peculiarities of
the respective ECV and SIMS profiling methods, SIMS mea-
surements are considered to provide a better representation
of the actual Zn profile than ECV measurements. Accord-
ingly, only the profiles measured with SIMS were taken into
account for detailed modeling.

In order to select appropriate Zn-diffused GaAs samples
for SIMS analyses all samples were first investigated with
ECV profiling. Hole concentration profiles with a kink-and-
tail shape were observed after diffusion annealing in the case
when a Ga-Zn source with 1 at.% Zn was used. Further
reduction of the Zn content in the alloy was achieved by
multiple use of the same Ga-Zn source. With continuing
depletion of the source the Zn boundary concentration also
decreases. The impact of the source depletion on the shape of
the Zn profile is illustrated in Fig. 1. Although we cannot
specify the actual amount of Zn in the source after its mul-
tiple use, Fig. 1 clearly demonstrates that the shape of the
profile changes from a kink-and-tail to a S-shaped profile.

Samples with S-shaped profiles identified by ECV profil-
ing were subsequently analyzed with SIMS to determine the
shape of the profile more accurately. Figures 2 and 3 show
SIMS concentration profiles measured after diffusion anneal-

ing at temperatures between 620 °C and 870 °C. All profiles
clearly exhibit a S-shaped form. The upper profile in Fig. 3
shows the hole concentration profile, which was measured
with ECV profiling after diffusion at 820 °C for 1 h. A com-
parison with the corresponding SIMS profile shows that the
shape of the ECV and SIMS profiles are qualitatively similar.
Up to a depth of,1 mm the hole and total Zn concentration
are equal within the accuracy of both methods. However, the

FIG. 1. Hole concentration profiles of Zn-diffused GaAs
samples measured by means of ECV profiling. Diffusion anneals
were performed with a dilute Ga-Zn source at temperatures and
times as indicated. Multiple use of the Ga-Zn alloy reduces the
amount of Zn and therewith the Zn-partial pressure established dur-
ing annealing. As a consequence the hole concentration at the sur-
face decreases. Along with the reduction of the boundary concen-
tration the profiles indicate a change from a kink-and-tail shape to a
S-shaped form. For clarity only every second data point is shown.

FIG. 2. Concentration profiles of Zn measured with SIMS after
diffusion at temperatures and times as indicated. The solid lines are
best fits to the experimental profiles that were obtained on the basis
of the kick-out reactions5d taking into accountIGa

0 and IGa
+ . Note,

the different penetration depths of the two uppermost Zn profiles,
which both were obtained after diffusion annealing at 870 °C for
30 min, reflect the doping dependence of the Zn diffusion coeffi-
cient DZnGa

−
eff ssee Sec. IV Ad. According to this doping dependence

the profile with the higher Zn surface concentration is expected to
exhibit a higher penetration depth. For clarity only every tenth ex-
perimental data point is shown.
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shape of the ECV profile in the range of 1 to 2.5mm devi-
ates from the SIMS measurement. This deviation is attrib-
uted to instrumental broadening effects related to ECV pro-
filing ssee aboved, which are considered to be more severe
than the instrumental broadening due to SIMS profiling.
Therefore, only the SIMS measurements were taken into ac-
count for a detailed analysis of the Zn profiles.

III. ANALYSIS

For modeling Zn diffusion we consider both the kick-out
mechanism

Zni
+
 ZnGa

− + IGa
k + s2 − kdh s5d

and the dissociative mechanism

Zni
+ + VGa

r 
 ZnGa
− + s2 + rdh. s6d

k andr in reactionss5d ands6d represent the charge states of
IGa
k and VGa

r , respectively. Figure 4 illustrates diffusion pro-
files that are expected in the case when Zn diffuses via reac-
tion s5d. Two different diffusion modes are distinguished.
These are the native point defect- and foreign-atom-
controlled modes. In the former mode the supply of Zni from
the surface is faster than the removal ofIGa created by the
Zni →ZnGa exchange. This mode predicts profiles which are
specific with respect to the charge statek of IGa

k ssee solid
lines in Fig. 4d. In the latter mode the supply of Zni deter-
mines the formation of ZnGa. In this case the dopant profile is
independent of the charge state ofIGa

k ssee dashed lines in
Fig. 4d. Similar calculations were performed on the basis of
the dissociative mechanisms6d. The results are shown by the
lines in Fig. 5. In the case of the native defect-controlled
diffusion mode the calculated profilesssee solid linesd reveal
a strong dependence on the charge stater of VGa

r . For the
foreign-atom-controlled mode the calculated profiles are in-
dependent ofVGa

r ssee dashed lines in Fig. 5d. Note, the kick-
out and dissociative mechanisms predict the same box-
shaped dopant profiles in the foreign-atom-controlled mode.

FIG. 4. Normalized concentration profiles of an acceptor dopant
A calculated on the basis of the kick-out reactions5d for various
charge statesk of IGa

k . Solid sdashedd lines represent diffusion pro-
files, which are expected in the case of the native point defect
sforeign-atomd controlled diffusion mode. The calculations demon-
strate that the shape of the dopant profile depends on the charge
state of IGa

k only in the case when the diffusion of the dopant is
controlled by the native point defect. For the foreign-atom-
controlled mode all charge states ofIGa

k predict similar box-shaped
profiles. For a better representation of the profile shape near the
surfacesdepthø0.5 mmd the profiles calculated for theIGa

3+-, IGa
2+-,

and IGa
+ -mediated dopant diffusion were divided by 8, 4, and 2,

respectively.

FIG. 5. Normalized concentration profiles of an acceptor dopant
A calculated on the basis of the dissociative mechanisms6d for
various charge statesr of VGa

r . Solid sdashedd lines represent diffu-
sion profiles, which are expected in the case of the native point
defect-sforeign-atomd controlled diffusion mode. The calculations
demonstrate that the shape of the dopant profile depends on the
charge state ofVGa

r only in the case when the diffusion of the dopant
is controlled by the native point defect. For the foreign-atom-
controlled mode all charge states ofVGa

r predict similar box-shaped
profiles. For a better representation of the profile shape near the
surfacesdepthø0.5 mmd the profiles calculated for theVGa

+ -, VGa
0 -,

and VGa
− -mediated dopant diffusion were divided by 8, 4, and 2,

respectively.

FIG. 3. Concentration profiles of Zn measured with SIMS after
diffusion at temperatures and times as indicated. The solid lines are
best fits to the experimental profiles that were obtained on the basis
of the kick-out reactions5d, taking into accountIGa

0 and IGa
+ . For

clarity only every tenth SIMS data point is shown. The upper curve
s3d shows the hole concentration profile of the sample annealed at
820 °C which was measured by means of ECV profilingsonly ev-
ery third data point is shownd.
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Profiles that belong to this mode cannot aid in distinguishing
between the kick-out and dissociative mechanisms.

A qualitative comparison of the profiles shown in Figs. 2
and 3 with the simulations illustrated in Figs. 4 and 5 indi-
cates that the native defect-controlled diffusion mode pre-
dicts dopant diffusion profiles that are very similar to the
experiment. More specifically, theIGa

0 - andIGa
+ -controlled dif-

fusion via reactions5d and theVGa
2−-controlled diffusion via

reaction s6d predict S-shaped dopant profiles. However, a
contribution ofVGa

2− is very unlikely because acceptor doping
is expected to suppress the formation of negatively charged
defects. Moreover, our experiments were performed under
Ga-rich conditions, which favors the formation ofIGa and
suppresses the formation ofVGa. Hence the diffusion profiles
shown in Figs. 2 and 3 are considered to be a consequence of
the kick-out reactions5d, which involvesIGa

0 and IGa
+ .

A. Modeling of Zn diffusion

The mathematical formulation of Zn diffusion on the ba-
sis of reactions5d with IGa

0 and IGa
+ is given by the following

set of four coupled partial differential equations

]C̃ZnGa
−

]t
= kb8CIGa

0
eq speqd2sC̃Zni

+ − C̃ZnGa
− C̃IGa

0 p̃2d

+ kb9CIGa
+

eq peqsC̃Zni
+ − C̃ZnGa

− C̃IGa
+ p̃d, s7d

CZni
+

eq

CZnGa
−

eq

]C̃Zni
+

]t
=

CZni
+

eq DZni
+

CZnGa
−

eq

]

]x
S ]C̃Zni

+

]x
−

C̃Zni
+

p

]p

]x
D −

]C̃ZnGa
−

]t
,

s8d

CIGa
0

eq

CZnGa
−

eq

]C̃IGa
0

]t
=

CIGa
0

eq DIGa
0

CZnGa
−

eq

]2C̃IGa
0

]x2

+ kb8CIGa
0

eq speqd2sC̃Zni
+ − C̃ZnGa

− C̃IGa
0 p̃2d, s9d

CIGa
+

eq

CZnGa
−

eq

]C̃IGa
+

]t
=

CIGa
+

eq DIGa
+

CZnGa
−

eq

]

]x
S ]C̃IGa

+

]x
−

C̃IGa
+

p

]p

]x
D

+ kb9CIGa
+

eq peqsC̃Zni
+ − C̃ZnGa

− C̃IGa
+ p̃d. s10d

C̃X andDX with XP hZnGa
− ,Zni

+,IGa
0,+j are the normalized con-

centrationsC̃X=CX/CX
eq and diffusion coefficients of the par-

ticular point defect, respectively.p̃ represents the normalized
hole concentrationp̃=p/peq. kb8 andkb9 denote the backward
rate constants of reactions5d for k=0 andk=1, respectively.
Applying the law of mass action to reactions5d, the forward
rate constantskf were substituted by

kf8 = kb8
CZnGa

−
eq CIGa

0
eq speqd2

CZni
+

eq , s11d

kf9 = kb9
CZnGa

−
eq CIGa

+
eq peq

CZni
+

eq , s12d

whereCX
eq denotes the thermal equilibrium concentrations of

the particular point defect for the underlying doping condi-
tions. Assuming that the hole concentrationp is mainly de-
termined by the concentration of the acceptor, the neutrality
equation yields

p = 1
2sCZnGa

− + ÎsCZnGa
− d2 + 4ni

2d s13d

and

peq= 1
2sCZnGa

−
eq + ÎsCZnGa

−
eq d2 + 4ni

2d. s14d

ni is the intrinsic carrier concentration in GaAs.22 With Eq.
s13d the terms1/pds]p/]xd in Eqs. s8d and s10d, which ac-
counts for the effect of the electric field on the diffusion of
charged defects,12 is replaced with

1

p

]p

]x
=

1

ÎC̃ZnGa
−

2 + 4ñi
2

]C̃ZnGa
−

]x
, s15d

whereñi =ni /p
eq andpeq<CZnGa

−
eq .

Numerical solutions of Eqs.s7d–s10d were calculated us-
ing a software package provided by Jünglinget al.,19 which
we have modified for our simulations. For the calculations
the initial concentrations of the point defects were normal-
ized to the respective thermal equilibrium concentrations af-
ter diffusion. The following values were assumed:

C̃ZnGa
− sx,t = 0d = C̃Zni

+sx,t = 0d = 10−8, s16d

C̃IGa
0 sx,t = 0d = 1.0, s17d

C̃IGa
+ sx,t = 0d = ñi . s18d

Equation s16d takes into account that the concentration of
ZnGa and Zni prior to diffusion is below the detection limit of
SIMS. The initial concentrations ofIGa

0 andIGa
+ given by Eqs.

s17d and s18d were considered to equal the thermal equilib-
rium concentrations under electronically intrinsic conditions.
The thermal equilibrium concentration ofIGa

0 is independent
of doping. Hence we obtain Eq.s17d. The relationship

CIGa
+

eq speqd = CIGa
+

eq snid
peq

ni
=

CIGa
+

eq snid

ñi

s19d

describes the impact of doping on the formation ofIGa
+ sRef.

20d and yields Eq.s18d.
The boundary concentrations atx=0 were set to the ther-

mal equilibrium concentrations under extrinsic conditions,
i.e.,
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C̃ZnGa
− sx = 0,td = C̃Zni

+sx = 0,td = 1.0,

C̃IGa
0 sx = 0,td = C̃IGa

+ sx = 0,td = 1.0. s20d

At the boundaryx=d we chose the conditions

U ]C̃ZnGa
−

]x
U

x=d
= U ]C̃Zni

+

]x
U

x=d
= 0,

U ]C̃IGa
0

]x
U

x=d
= U ]C̃IGa

+

]x
U

x=d
= 0. s21d

B. Fitting of Zn profiles

The Zn profiles shown in Figs. 2 and 3 were modeled
by solving Eqs. s7d–s10d numerically under the initial
and boundary conditions given by Eqs.s16d–s21d. For the
simulations we usedCZni

+
eq /CZnGa

−
eq =10−4, CIGa

0
eq /CZnGa

−
eq =10−8,

CIGa
+

eq /CZnGa
−

eq =10−8, kb8CIGa
0

eq speqd2=1.0 s−1, and kb9CIGa
+

eq peq

=1.0 s−1. Other values for these model parameters do not
significantly affect the calculated profiles. This holds as long
as the factorskb8CIGa

0
eq speqd2 andkb9CIGa

+
eq peq ensure local equilib-

rium of the kick-out reaction for times that are small com-
pared to the total diffusion time. In the case when local equi-
librium is established, Zn diffusion is fairly insensitive to the
equilibrium concentrationsCX

eq sX=Zni ,IGad. Then the pro-
files are mainly determined by the three parameters

DZnGa
−

eff = CZni
+

eq DZni
+/CZnGa

−
eq , s22d

DIGa
0

* = CIGa
0

eq DIGa
0 /CZnGa

−
eq , s23d

DIGa
+

* = CIGa
+

eq DIGa
+ /CZnGa

−
eq . s24d

Solid lines in Figs. 2 and 3 represent best fits to the experi-
mental profiles. For fitting the solver for coupled partial dif-

ferential equations was combined with the PROFILE optimi-
zation driver.21 The values determined for the model
parameterss22d–s24d are summarized in Table I together
with the equilibrium Zn dopant concentrationCZnGa

−
eq estab-

lished at the surface. All diffusion coefficients listed in Table
I refer to Ga-rich and extrinsic doping conditions.

C. Fitting of earlier Zn and Cd profiles

Figures 6 and 7 illustrate acceptor dopant profiles of Zn
and Cd from the literature. The solid lines are best fits, which
were obtained on the basis of reactionss2d–s4d.17 Fitting pro-
vides data for the model parametersDZnGa

−
eff and DIGa

0
* , which

are compared in Sec. IV with the results from the S-shaped
Zn profiles.

TABLE I. Data of the model parametersDZnGa
−

eff , DIGa
0

* , andDIGa
+

* fsee Eqs.s22d–s24dg, which were deter-

mined from fitting the Zn profiles shown in Figs. 2 and 3. The diffusion parameters refer to extrinsic and
Ga-rich conditions.CZnGa

−
eq equals the Zn surface concentration, which was considered for the simulations.

T
s°Cd

t
ssd

CZnGa
−

eq

scm−3d

DZnGa
−

eff

scm2 s−1d

DIGa
0

*

scm2 s−1d

DIGa
+

*

scm2 s−1d

620 10800 4.031018 1.4310−13 1.4310−18 8.4310−17

671 3600 5.031018 2.1310−13 9.1310−18 3.3310−17

671 7200 4.031018 2.5310−13 1.3310−17 2.5310−16

720 3600 5.031018 4.9310−13 2.7310−16 2.4310−15

770 3600 6.031018 2.6310−12 3.2310−15 6.7310−15

820 1800 7.531018 5.5310−12 8.4310−15 1.1310−13

820 3600 6.031018 6.8310−12 5.2310−14 8.6310−14

870 1800 1.831019 3.3310−11 5.3310−14 5.1310−13

870 1800 1.031019 1.7310−11 1.6310−13 3.3310−13

FIG. 6. Evolution of Zn concentration profiles in GaAs mea-
sured by Böskeret al. sRef. 13d using spreading-resistance profiling
after Zn diffusion at 906 °C under an As4 pressure ofPAs4

=5
3104 Pa for times as indicated. These authors originally described
their profiles on the basis of the kick-out mechanisms5d with IGa

2+

and IGa
3+. Our analysis on the basis of reactionss2d–s4d not only

provided an accurate fitssee solid linesd but also solved the self-
compensation problem associated with theIGa

2+,3+-controlled mode of
Zn diffusion.
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IV. RESULTS

A. Zn-related diffusion coefficient

In order to compare the Zn-related diffusion coefficient
DZnGa

−
eff with data given in the literature,DZnGa

−
eff was reduced to

an As vapor pressure ofPAs4
=105 Pa and electronically in-

trinsic conditionssp=n=nid. This transformation to standard
conditions is described by12

DZnGa
− ,r

eff = DZnGa
−

eff S ni

peqD2S PAs4

105 Pa
D . s25d

PAs4
represents the partial pressure of As for Ga-rich condi-

tions. We used the data reported by Arthur23 for PAs4
, which

are approximated by

PAs4
sGa − richd = 8.13 1021 expS−

5.44 eV

kBT
D Pa. s26d

DZnGa
− ,r

eff was calculated with Eq.s25d taking into accountpeq

<CZnGa
−

eq ssee Table Id and the data ofni given by Blakemore22

ssee Table IId. The results are listed in Table II and illustrated
in Fig. 8 as solid symbols. The plus symbols represent data
that we obtained from the analysis of kink-and-tail profiles
given in the literature13,24 ssee Fig. 6d. The open circles are
data that were deduced from modeling the simultaneous dif-
fusion of Zn and Ga in GaAs isotope multilayer structures.17.
Figure 8 demonstrates that allDZnGa

− ,r
eff data are consistent. The

temperature dependence is best described by

DZnGa
− ,r

eff = s2.9−1.8
+4.5d102 expS−

s4.24 ± 0.08d eV

kBT
D cm2

s

s27d

and illustrated by the solid line in Fig. 8. The dashed line
represents the result reported by Yuet al.,12 who have ana-
lyzed Zn diffusion under isoconcentration conditions.25,26

Without extensive modeling isoconcentration diffusion stud-
ies provide direct measures ofDZnGa

−
eff for the underlying back-

ground doping concentration. The good agreement between
the data ofDZnGa

− ,r
eff reported in this work and the results of the

isoconcentration diffusion experiments support our analysis
of Zn diffusion in GaAs.

B. I Ga
0 - and I Ga

+ -related diffusion coefficients

Data for DIGa
0

* and DIGa
+

* obtained from fitting the Zn pro-

files shown in Figs. 2 and 3 are listed in Table I. In addition,
kink-and-tail Zn and Cd profiles illustrated in Figs. 6 and 7
also yield data ofDIGa

0
* . According to Eq.s23d, DIGa

0
* is corre-

FIG. 7. Concentration profiles of Cd in GaAs measured by
Bösker et al. sRef. 16d with SIMS after diffusion under an As4

pressure ofPAs4
=53104 Pa at temperatures and times as indicated.

These authors originally described their profiles on the basis of the
kick-out mechanisms5d with IGa

2+ andIGa
3+.16 Solid lines represent our

best fits to their data obtained on the basis of reactionss2d–s4d.

TABLE II. The reduced Zn-related effective diffusion coefficientDZnGa
− ,r

eff and the individual contributions

DGa
IGa
0

andDGa
IGa
+

of neutral and positively charged Ga interstitialsIGa
0 andIGa

+ to Ga diffusion in GaAs. All data
refer to standard conditions, i.e., to electronically intrinsic conditions and an As pressure of 105 Pa. The data
were derived from Eqs.s25d, s31d, ands32d taking into account the results listed in Table I. For the intrinsic
carrier concentrationni we used the values reported by Blakemore.22 The As4 pressuresPAs4

d for Ga-rich
conditions was calculated with Eq.s26d.

T
s°Cd

ni

scm−3d
sPAs4

d1/4

sPa1/4d

DZnGa
− ,r

eff

scm2 s−1d
DGa

IGa
0

scm2 s−1d
DGa

IGa
+

scm2 s−1d

620 9.131015 6.3310−3 2.7310−22 9.0310−26 1.2310−26

671 1.831016 1.6310−2 2.6310−21 1.9310−24 2.5310−26

671 1.831016 1.6310−2 4.7310−21 2.2310−24 1.9310−25

720 3.431016 3.7310−2 4.7310−20 1.3310−22 7.6310−24

770 6.031016 8.0310−2 1.2310−18 3.9310−21 8.1310−23

820 1.031017 1.6310−1 9.2310−18 2.5310−20 4.7310−21

820 1.031017 1.6310−1 9.2310−18 2.5310−20 4.7310−21

820 1.031017 1.6310−1 1.8310−17 1.3310−19 3.6310−21

870 1.731017 3.0310−1 5.1310−17 7.1310−19 6.5310−20

870 1.731017 3.0310−1 7.9310−17 1.2310−18 4.2310−20
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lated with the productCIGa
0

eq DIGa
0 . This product is associated

with the Ga diffusion coefficientDGa in GaAs.DGa is given
by the sum of the individual contributions of charged Ga
interstitials IGa

k and charged Ga vacanciesVGa
r to Ga diffu-

sion, i.e.,

DGa=
1

Co
So

k=0

3+

fkCIGa
k

eq DIGa
k + o

r=3−

1+

f rCVGa
r

eq DVGa
r D

= o
k=0

3+

DGa
IGa
k

+ o
r=3−

1+

DGa
VGa

r

. s28d

Equations28d assumes that Ga diffusion is restricted to the
Ga sublattice, i.e., no interference between Ga and As diffu-
sion is considered.fk,r denotes the diffusion correlation fac-
tor. For simplicity we assumefk,r <1 for both native defects
and all possible charge states. The charge states considered
in Eq. s28d are in accordance with the predictions of theoret-
ical calculations.27,28 In addition a contribution ofIGa

0 was
assumed. The quantity

DGa
Y = CY

eqDY/Co s29d

denotes the individual contribution of the native point defect
Y= IGa

k ,VGa
r to Ga diffusion in GaAs. Cos=2.215

31022 cm−3d is the Ga atom density in GaAs.
Ga diffusion in undoped and extrinsically doped GaAs

has been extensively investigated by means of
69GaAs/71GaAs isotope heterostructures.29–34 Based on the
arguments given in Refs. 32–34, Ga diffusion under intrinsic
conditions andPAs4

=105 Pa is described by33

DGa= s0.64−0.31
+0.61dexpS−

s3.71 ± 0.07d eV

kBT
D cm2

s
. s30d

This temperature dependence of Ga diffusion is shown in
Fig. 9 by the dashed line.

In order to determine the contributionsDGa
IGa
0

and DGa
IGa
+

to
Ga diffusion, the model parametersDIGa

0
* andDIGa

+
* , which are

defined by Eqs.s23d and s24d and listed in Table I, were
multiplied with CZnGa

−
eq /Co and reduced to standard conditions

sp=ni andPAs4
=105 Pad according to the relationships

DGa
IGa
0

sni,105 Pad = DIGa
0

*
CZnGa

−
eq

Co
S PAs4

105 Pa
D0.25

, s31d

DGa
IGa
+

sni,105 Pad = DIGa
+

*
CZnGa

−
eq

Co

ni

peqS PAs4

105 Pa
D0.25

. s32d

The last factor of Eqs.s31d and s32d accounts for the As4
pressure dependence ofDIGa

0,+
* via CIGa

0,+
eq fsee Eqs.s23d and

s24dg and reducesDGa
IGa
0,+

to PAs4
=105 Pa.35 The factorni /p

eq in
Eq. s32d reducesDIGa

+
* , which depends on the doping level via

CIGa
+

eq speq,PAs4
d fsee Eq.s19dg, to intrinsic conditions. Taking

into account the data ofCZnGa
−

eq , DIGa
0,+

* , ni andsPAs4
d0.25 given in

Tables I and II, and the approximationpeq<CZnGa
−

eq , DGa
IGa
0

and

DGa
IGa
+

were calculated with Eqs.s31d ands32d. The results are
listed in Table II.

FIG. 8. Temperature dependence of the reduced Zn diffusivity
DZnGa

− ,r
eff determined from Zn diffusion in GaAs under Ga-rich con-

ditions fP: this work;s: sRef. 17dg and from Zn diffusion under an
As4 pressure ofPAs4

<53104 Pa f1: our analysis of Zn profiles
measured by Böskeret al. sRefs. 13 and 24dg. The solid line repre-
sents the best fit to allDZnGa

− ,r
eff data, which is reproduced by Eq.s27d.

The dashed line shows the temperature dependence deduced by
Yu et al. sRef. 12d from Zn diffusion experiments under isoconcen-
tration conditions performed by Caseyet al.25,26 fDZnGa

− ,r
eff

=96.8 exps−4.07 eV/kBTd cm2 s−1g.

FIG. 9. Temperature dependence of the individual contributions
of IGa

0 fP: this work; s: sRef. 17d; 1: our analysis of Zn profiles
measured by Böskeret al. sRefs. 13 and 24d; h: our analysis of Cd
profiles measured by Böskeret al. sRef. 16dg and of IGa

+ sj: this
workd to Ga diffusion in GaAs in comparison to the directly mea-
sured Ga diffusion coefficientDGa in GaAs sdashed lined sRefs.
f32,33gd. The individual contributions and the Ga diffusivity were
reduced to standard conditions, i.e., electronically intrinsic condi-
tions and an As4 pressure of 105 Pa. The temperature dependence of
DGa is given by Eq.s30d.
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The contributionsDGa
IGa
0

andDGa
IGa
+

to Ga diffusion are shown
in Fig. 9 in comparison toDGa. The solid symbols represent

DGa
IGa
0,+

data that were deduced from the S-shaped Zn profiles of
Figs. 2 and 3. The plus signs and open boxes are results for

DGa
IGa
0

from Zn and Cd profiles given in the literature, respec-

tively ssee, e.g., Figs. 6 and 7d. The open circles showDGa
IGa
0

data that were obtained from the analysis of Zn diffusion in
GaAs isotope multilayer structures.17 Figure 9 clearly dem-

onstrates that all results forDGa
IGa
0

are consistent. The tempera-

ture dependence ofDGa
IGa
0

is described by

DGa
IGa
0

= s7.5−5.5
+20.7d105 expS−

s5.45 ± 0.12d eV

kBT
D cm2

s
.

s33d

The temperature dependence ofDGa
IGa
+

is illustrated by the
lower solid line in Fig. 9 and reproduced by

DGa
IGa
+

= s1.8−1.7
+690d106 expS−

s5.80 ± 0.32d eV

kBT
D cm2

s
.

s34d

Equationss33d and s34d represent the individual contribu-
tions of IGa

0 and IGa
+ to Ga diffusion in GaAs for a wide

temperature range.

V. DISCUSSION

The experimental realization of S-shaped Zn diffusion
profiles that develop with decreasing Zn surface concentra-
tion ssee Fig. 1d was essential for the finding thatIGa

0 andIGa
+

are involved in the diffusion of Zn in GaAs. The kick-out
model with neutral and singly positively charged Ga intersti-
tials predicts S-shaped Zn profiles, which yield an accurate
description of the experimental Zn profiles as illustrated by
the solid lines in Figs. 2 and 3. Fitting provides results for
the individual contributions ofIGa

0 and IGa
+ to Ga diffusion,

which, after reduction to standard conditions, are lower than
the directly measured Ga self-diffusion coefficientssee Fig.
9d. This is consistent with the general understanding that Ga
diffusion in GaAs under standard conditions is mainly con-
trolled by Ga vacanciesssee, e.g., Ref. 34 and references
thereind. For Zn surface concentrations exceeding 1019 cm−3

the convex shape of the Zn profile near the surface is covered
by a concave profile. These often observed kink-and-tail ac-
ceptor dopant profiles are accurately described on the basis
of reactionss2d–s4d ssee Ref. 17 and Figs. 6 and 7d. The
analysis of kink-and-tail profiles, which according to trans-
mission electron microscopy analyses of the samples are not
associated with the formation of microscopic defects,13,16,24

provide data for theIGa
0 contribution to Ga diffusion that are

in excellent agreement with the results obtained from the
analysis of the S-shaped Zn profiles. This shows that the tail
part of Zn profiles both in the case of S-shaped and kink-
and-tail profiles is mainly mediated byIGa

0 .
So far, kink-and-tail profiles treated in the literature were

mainly described on the basis of anIGa
2+- and IGa

3+-controlled

kick-out diffusion mechanism.13,16Although this model pro-
vides a fairly good fit to the experimental profiles, it suffers
from an inconsistency related to the electrical compensation
of ZnGa

− by IGa
2+.13,36This inconsistency is resolved when neu-

tral Ga interstitials mediate Zn diffusion. The accurate fits to
the experimental Zn and Cd profiles shown in this work, the
overall consistency of theIGa

0,+-related diffusion data with the
Ga self-diffusion coefficient in GaAs, and finally the clarifi-
cation of the compensation problem associated with the
former Zn diffusion model strongly support thatIGa

0,+ mediate
acceptor dopant diffusion in GaAs rather thanIGa

2+,3+.
The temperature dependence of theIGa

0 - and IGa
+ contribu-

tions to Ga diffusion is characterized with

DGa
IGa
0,+

= D0
IGa
0,+

expS−
HIGa

0,+
SD

kBT
D , s35d

where HIGa
0,+

SDs=HIGa
0,+

f +HIGa
0,+

m d is the activation enthalpy for

IGa
0,+-mediated Ga diffusion in GaAs, which equals the sum of

the formation enthalpyHIGa
0,+

f and migration enthalpyHIGa
0,+

m of

the particular point defect. Comparison of Eq.s35d with Eqs.
s33d and s34d yields HIGa

0
SD=5.45 eV andHIGa

+
SD=5.80 eV. The

preexponential factorD0
IGa
0,+

is associated through

D0
IGa
0,+

= gIGa
0,+a0

2n0 expSSIGa
0,+

SD

kB

D s36d

with the corresponding activation entropySIGa
0,+

SDs=SIGa
0,+

f +SIGa
0,+

m d,

which equals the sum of the entropy of formationSIGa
0,+

f and

migrationSIGa
0,+

m . gIGa
0,+ is a geometry factor that depends on the

crystal structure and microscopic jump geometry. The factor
a0 is the lattice constants5.65310−10 md and n0 is the at-
tempt frequency. AssuminggIGa

0,+,1 and an attempt fre-
quency of the order of the Debye frequencys,1013 s−1d, the
preexponential factors of Eqs.s33d and s34d yield SIGa

0
SD

<17kB and SIGa
+

SD<18kB. For comparison the preexponential

factor D0=0.64 cm2 s−1 of Ga diffusion in GaAsfsee Eq.
s30dg yields a significantly lower activation entropy of 3kB.
This value is attributed to the Ga vacancy. The highSIGa

SD

indicates that the Ga interstitial in GaAs is spread out over
several neighboring lattice sites, whereas the lowSVGa

SD shows
that the Ga vacancy is more localized. Similar native point
defect properties were found for the self-interstitial and va-
cancy in silicon. The activation entropy for the vacancy-
mediated Si self-diffusion yieldsSVSi

SD=5.5kB. On the other
hand an activation entropy ofSISi

SD=13.2kB was determined
for the self-interstitial mediated Si self-diffusion.37 This
agreement between the activation entropies of native point
defects in compound and elemental semiconductors suggests
that the self-interstitial is always a more spread-out defect
than the vacancy. An additional comparison of the activation
enthalpy and entropy forIGa-mediated Ga diffusion in GaAs
with theoretical results would be very helpful but to our
knowledge no results were reported in the literature so far.

H. BRACHT AND S. BROTZMANN PHYSICAL REVIEW B71, 115216s2005d

115216-8



Finally, it is noted that modeling of kink-and-tail acceptor
dopant profiles on the basis of reactionss2d–s4d also provides
data for the individual contributions ofVGa

0 and VGa
+ to Ga

diffusion. TheVGa
0,+ contributions obtained from Zn and Cd

profiles for As-rich conditions exceed the contributions of
IGa
0,+ and are in good agreement with Ga diffusion.17 This is

consistent with the general understanding that Ga diffusion
in GaAs under standard conditions is mainly mediated by Ga
vacancies. However, it was shown in Ref. 17 that kink-and-
tail Zn profiles for Ga-rich conditions yield data for theVGa
contribution that significantly exceed Ga diffusion. This in-
consistency shows that the mechanism of Zn diffusion in
GaAs under Ga-rich conditions is still not fully understood.
But note, this only refers to the interpretation of the kink part
of the kink-and-tail profiles observed under Ga-rich condi-
tions. The tail of Zn and Cd profiles obtained after annealing

under both Ga-rich and As-rich conditions providesDGa
IGa
0

data
that are consistentssee Fig. 9d.

VI. CONCLUSIONS

We have performed experiments on Zn diffusion in GaAs
with a dilute Ga-Zn source. The obtained S-shaped diffusion
profiles are accurately described on the basis of the kick-out
mechanism taking into account neutral and singly positively
charged Ga interstitials, i.e.,IGa

0 andIGa
+ . Further evidence for

IGa
0,+-mediated Zn diffusion is given by the successful model-

ing of kink-and-tail Zn and Cd profiles given in the literature
and the fact that all data obtained for theIGa

0 contribution to
Ga diffusion are in excellent agreementssee Fig. 9d. The IGa

0

and IGa
+ contributions to Ga diffusion are smaller than the

total Ga diffusion coefficient. This is consistent with the gen-

eral understanding that Ga diffusion in GaAs under standard
conditionssp=ni and PAs4

=105 Pad is mainly mediated by
Ga vacancies. The temperature dependence of the
IGa
0 sIGa

+ d-mediated Ga diffusion is characterized by an activa-
tion enthalpy ofs5.45±0.12d eV fs5.80±0.32d eVg and large
preexponential factorsfsee Eqs.s33d ands34dg. These factors
yield large activation entropies of 17kB and 18kB for IGa

0 - and
IGa
+ -mediated Ga diffusion, respectively, and suggest that the

Ga interstitial extends over several atomic volumes.
Our interpretation ofIGa

0,+-mediated acceptor dopant diffu-
sion in GaAs solves the inconsistency related to the compen-
sation of the acceptor byIGa

2+. This doubly and, in addition,
triply positively charged Ga interstitials were generally con-
sidered to control Zn diffusion in GaAs. The diffusion ex-
periments presented in this work and our reanalysis of Zn
and Cd diffusion profiles given in the literature disproves the
earlier proposed diffusion model.

The present work reveals that acceptor dopant diffusion is
affected by Ga interstitials both under Ga- and As-rich con-
ditions. Under As-rich conditions an additional contribution
of Ga vacancies is very likely and the good agreement be-
tween the contribution of Ga vacancies to Ga diffusion with
the Ga diffusion coefficient supports this assumption.17 How-
ever, one question still remains. This concerns the origin of
the kink part of the kink-and-tail acceptor profiles that are
observed under Ga-rich conditions and high doping levels
s.1019 cm−3d. This will be the subject of further investiga-
tions.
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