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Zinc diffusion in gallium arsenide and the properties of gallium interstitials
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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 &2 X 10'° cmi™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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[. INTRODUCTION Laidig et all® The Zn and Ga diffusion profiles, which were
simultaneously recorded by means of secondary ion mass
spectrometrySIMS), as well as earlier Zn and Cd diffusion
profiles, were accurately described by the following set of
gefect reactions’

Zinc (Zn) 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 las

30 years as documented by the numerous papers published A=A+ I(()Ba+ 2h, (2
on Zn diffusion and its simulatiotr:!* According to Gosele

12
and Moreheatiand more recent results of Yet all? and AF+ V2 — A+ 2h, 3)

Boskeret al.,*® Zn diffusion in GaAs is generally considered
to proceed via the kick-out mechanism . B
Ai +V€a‘j AGa+ 3h. (4)

Here A represents the acceptor dopant Zn or @, V¢,

Zn, Zng, andlg, denote the interstitially and substitution- |G andh denote neutral and singly positively charged Ga
ally dissolved Zn and a Ga interstitial, respectively. The suvacancies, neutral Ga self-interstitials, and holes, respec-
perscripts indicate the charge state of the particular poinfively. On the basis of reaction&)—4) the kink-and-tail
defect. In addition to the participation ¢&', a contribution ~dopant profiles and, simultaneously, the interdiffusion of the

+

of 13t was proposed by Bosket al1® in order to describe ° GaAs/'GaAs layers were reproduced. In addition, kink-

two step Zn diffusion profiles. Similar kink-and-tail profiles and-tail Zn and Cd profiles from the literatti?d® were
are known to develop in the very high concentration regiordescribed’” On the basis of reactionf2)~(4) the near-

(Czn= 102 cni™3). These profiles are associated with the for-surface kink is a consequence ;- and Vg controlled
mation of voids and interstitial-type dislocation dopantdiffusion. The profile tail is shaped by the diffusion of

loops1121415However, kink-and-tail profiles were also ob- !ga @nd the maximum penetration depth is related to the

served in samples which contain no voids or dislocatiordiffusion of A;. - _ o _
loops!3 These profiles given by Béskat all3 were ana- In order to investigate the validity of reactiong)—-4)
lyzed on the basis of the kick-out mechanism assumingnd. in particular, to determine the charge states of the Ga

|é+a,3+_ A major drawback of the diffusion model is that the interstitials we performed additional Zn diffusion experi-

high equilibrium concentration o, which is required to Ments. The experiments were carried out under conditions

reproduce the tail of the acceptor dopant profiles, leads t§1at suppress the formation of the near-surface kink. The
almost complete electrical compensation of the acceptordPserved char%cter|st|c+s-shaped Zn profiles provide strong
near the diffusion front® Had the authors considered com- €vidence of ang,- andlg mediated Zn diffusion.
pensation, the calculated gpprofile would be not as steep
at the diffusion front as the experimental profile.

Recently one of ugH.B.) investigated Zn-enhanced Ga
diffusion in GaAs isotope multilayer structutésn order to Samples with typical lateral dimensions of 6 mm
study impurity-induced layer disorderindILD) in group X 10 mm were cut from a semi-insulating GaAs wafer with a

[1I-V compound semiconductors which was discovered bythickness of 50Qum. The samples were rinsed in organic

Znf = Zng,+ 13, (1)

II. EXPERIMENT
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solvents, etched in dilute HCI, and purged with deionized 10”7 . . .
water. Then they were sealed in evacuated silica ampoules ooty Ga-rich ;
together with about 50 mg of a Ga-Zn alloy. Alloys with less o % +  T=620°C.t=2h ]
than 1.0 at.% Zn were used as diffusion source in order to g N *“a A T=620°C,t=3h |
significantly reduce the Zn partial pressure during annealing. < 10" % ++A e  T=620°C.1=2h
In this way a concentration of substitutional Zn at the surface %’ '.. + B
of about 16° cm™3 is established. The diffusion anneals were g e K
. . =1 L)

performed in a resistance-heated furnace at temperatures be- = \%AK&EM
tween 620 °C and 870 °C for times that are appropriate to g 107 '\%g
realize penetration depths of less thap®. The tempera- g ]
ture was controlled with an accuracy of +2 K. The diffusion ®
process was terminated by rapidly cooling the ampoule with ) . . . .
ethylene g_choI down to room temperature. _ 0 0 02 03 04 05

Zn profiles were measured by means of electrochemical depth (10°em)

capacitance voltagéECV) profiling (BioRad PN4400 sys-
tem) and secondary ion mass spectrome®yMS) using a

. . FIG. 1. Hole concentration profiles of Zn-diffused GaAs
Cs' ion-beam with an energy of 10 keV. SIMS analyses P

. samples measured by means of ECV profiling. Diffusion anneals
were performed on a CAMECA IMS-4f at the Institute of were performed with a dilute Ga-Zn source at temperatures and

FreseniugDresden, GermanyThe depths of the C_raters I_eft times as indicated. Multiple use of the Ga-Zn alloy reduces the
from the ECV and SIMS analyses were determined With &mount of zn and therewith the Zn-partial pressure established dur-
surface profilometer with an accuracy of about 5%. The meapg annealing. As a consequence the hole concentration at the sur-
sured secondary ion counts were converted into concentrgace decreases. Along with the reduction of the boundary concen-
tions, taking into account a homogeneously doped GaAs waration the profiles indicate a change from a kink-and-tail shape to a
fer with a Zn concentration of 3010' cm™ as reference  S-shaped form. For clarity only every second data point is shown.
sample. The free hole concentration of this reference sample

was checked with ECV profiling. Since Zn in GaAs is aing at temperatures between 620 °C and 870 °C. All profiles
shallow acceptor and mainly dissolved on the substitutionatlearly exhibit a S-shaped form. The upper profile in Fig. 3
Ga sites, the measured hole concentration equals to a go@dows the hole concentration profile, which was measured
approximation the total Zn concentration. with ECV profiling after diffusion at 820 °C for 1 h. A com-
The shape of the Zn profiles recorded by ECV profiling parison with the corresponding SIMS profile shows that the
can be affected by nonuniform etching of the crater, which isshape of the ECV and SIMS profiles are qualitatively similar.
typically 3 mm in diameter, and by contributions of the cra- Up to a depth of~1 um the hole and total Zn concentration

ter shell to the measured capacitance. SIMS measuremenige equal within the accuracy of both methods. However, the
were typically performed on a flat 17om X 175 um area

whereby secondary ions were only collected from an inner
area of 50um 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 F|G. 2. Concentration profiles of Zn measured with SIMS after
depletion of the source the Zn boundary concentration alsgiffusion at temperatures and times as indicated. The solid lines are
decreases. The impact of the source depletion on the shapetsdst fits to the experimental profiles that were obtained on the basis
the Zn profile is illustrated in Fig. 1. Although we cannot of the kick-out reactior(5) taking into account2, and ¢, Note,
specify the actual amount of Zn in the source after its multhe different penetration depths of the two uppermost Zn profiles,
tiple use, Fig. 1 clearly demonstrates that the shape of thehich both were obtained after diffusion annealing at 870 °C for
profile changes from a kink-and-tail to a S-shaped profile. 30 min, reflect the doping dependence of the Zn diffusion coeffi-

Samples with S-shaped profiles identified by ECV profil-cient Dgf;- (see Sec. IV A According to this doping dependence
ing were subsequently analyzed with SIMS to determine thehe profil%awith the higher Zn surface concentration is expected to
shape of the profile more accurately. Figures 2 and 3 showxhibit a higher penetration depth. For clarity only every tenth ex-
SIMS concentration profiles measured after diffusion annealperimental data point is shown.

105----|---'|"“““|E

Ga-rich

concentration of Zn (cm‘J)

depth (104cm)
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FIG. 3. Concentration profiles of Zn measured with SIMS after  FIG. 5. Normalized concentration profiles of an acceptor dopant
diffusion at temperatures and times as indicated. The solid lines ar@ calculated on the basis of the dissociative mechartimfor
best fits to the experimental profiles that were obtained on the basiérious charge statesof Vi, Solid (dashedllines represent diffu-
of the kick-out reactior(5), taking into account®, and 1, For  Sion profiles, which are expected in the case of the native point
clarity only every tenth SIMS data point is shown. The upper curvedefect-(foreign-atom controlled diffusion mode. The calculations
(X) shows the hole concentration profile of the sample annealed &témonstrate that the shape of the dopant profile depends on the

820 °C which was measured by means of ECV profiliagly ev- charge state 0fg, only in the case when the diffusion of the dopant
ery third data point is shown is controlled by the native point defect. For the foreign-atom-

controlled mode all charge states\df,, predict similar box-shaped

I . profiles. For a better representation of the profile shape near the
shape of the ECV profile in the range Qf 1 to_ 2"_51 d_ev" . surface(depth=0.5 um) the profiles calculated for theg,-, V%a-,
ates from the SIMS measurement. This deviation is attriby 4 Vg mediated dopant diffusion were divided by 8, 4, and 2,

uted to instrumental broadening effects related to ECV prozegpeciively.

filing (see abovg which are considered to be more severe

than the instrumental broadening due to SIMS profiling.

Therefore, only the SIMS measurements were taken into ac- [ll. ANALYSIS

count for a detailed analysis of the Zn profiles. For modeling Zn diffusion we consider both the kick-out

mechanism

[ —— native point defect controlled diffusion - .
[ ---- foreign-at trolled diffusi i . 7n- -
1L foreign-atom con iffusion ] Zni = ZnGa+ IGa+ (2 k)h (5)

and the dissociative mechanism
Zn' + Vg, = Zng,+ (2 +1)h. (6)

k andr in reactiong(5) and(6) represent the charge states of

I&, and Vi, respectively. Figure 4 illustrates diffusion pro-

files that are expected in the case when Zn diffuses via reac-

tion (5). Two different diffusion modes are distinguished.

These are the native point defect- and foreign-atom-

controlled modes. In the former mode the supply of #om

Y the surface is faster than the removallgf, created by the

depth (10" cm) Zn;— Zng, exchange. This mode predicts profiles which are
pe . . k .

, _ i specific with respect to the charge statef 15, (see solid

FIG. 4. Normalized concentration profiles of an acceptor dopanhne‘,S in Fig. 4. In the latter mode the supply of Zdeter-

A calculated on the basis of the kick-out reacti@ for various mines the formation of Zg, In this case the dopant profile is

charge statek of 15, Solid (dashedi lines represent diffusion pro- - . .
files, which are expected in the case of the native point defeci?.dependem of the charge Statelég (see dashed lines in

(foreign-atom controlled diffusion mode. The calculations demon- ig. 4). Similar calculations were performed on the basis of

strate that the shape of the dopant profile depends on the char?@e d|§sog|at|ve mechanis(®). The result.s are shown by the
state ofI, only in the case when the diffusion of the dopant is IN€S iN Fig. 5. In the case of the native defect-controlled

controlled by the native point defect. For the foreign-atom-difoSion mode the calculated profilésee solid 1ine)srevea|
controlled mode all charge states I, predict similar box-shaped & Strong dependence on the charge staté Vi, For the
profiles. For a better representation of the profile shape near thoreign-atom-controlled mode the calculated profiles are in-

normalized acceptor concentration

0 0.5

1.0 1.5

surface(depth=<0.5 um) the profiles calculated for thi;, 12-,  dependent o¥/, (see dashed lines in Fig).Note, the kick-
and I smediated dopant diffusion were divided by 8, 4, and 2,0ut and dissociative mechanisms predict the same box-
respectively. shaped dopant profiles in the foreign-atom-controlled mode.
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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-

PHYSICAL REVIEW B71, 115216(2005

eq €q eq
Cor- Ci'p

K=K (12)

cates that the native defect-controlled diffusion mode prewhereCS" denotes the thermal equilibrium concentrations of
dicts dopant diffusion profiles that are very similar to thethe particular point defect for the underlying doping condi-

experiment. More specifically, tHg ; andlg -controlled dif-
fusion via reaction(5) and theVg_-controlled diffusion via

tions. Assuming that the hole concentratipris mainly de-
termined by the concentration of the acceptor, the neutrality

reaction (6) predict S-shaped dopant profiles. However, agquation yields

contribution ofvé‘a 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 bf, and
suppresses the formation \@§, Hence the diffusion profiles

shown in Figs. 2 and 3 are considered to be a consequence of

the kick-out reactior(5), which involvesl2_ and g,

A. Modeling of Zn diffusion

The mathematical formulation of Zn diffusion on the ba-
sis of reaction(5) with 12, andlg, is given by the following
set of four coupled partial differential equations

ﬂcznéa_ 1 ~€d  ~eq\ 2/~ ~ o B2
I ksCio a(p Y(Czn = Czn Ci2 P9
+ kgcfgapeq(CZni" - CZnéacl’éaT)) ) (7)
eq = eq ~ ~ ~
CZni+ o"CZni+ ~ CZniJrDZni+ J (aCan Can (;p> aCZn(_;a
eq eq ’
CZnéa ot CZnEza OX\ X p ox ot
(8)
Co Co  Ci'D #Cpo
Ga Ga_ __Ga ©a Ga
c o ceu X2
ZnGa ZnGa

+kiCZ (p")%(Can = Czny Co P, (9)

[5-%)

+KC p*(Can = Czi G P (10)

C?B (QE:IJr
Ga Ga _
ot

eq ~ ~
Colitao(Cr, Ciruap

X

cSd ox

ZnGa

cd p X

ZnGa

Cy andDy with X e {Znge 20,122} are the normalized con-

centrationsCy=Cy/C{? and diffusion coefficients of the par-
ticular point defect, respectivelfp.represents the normalized
hole concentratioip=p/p®9. ki, andk; denote the backward
rate constants of reactids) for k=0 andk=1, respectively.
Applying the law of mass action to reactigb), the forward
rate constantg&; were substituted by

(11

>~
o

P=35(Cang, * \(Can )* + 40) (13)

and

p*i=3(Con_+ \(Co )2+ 4nd). (14)
n; is the intrinsic carrier concentration in Ga&sWith Eq.
(13) the term(1/p)(dp/dx) in Egs. (8) and (10), which ac-
counts for the effect of the electric field on the diffusion of
charged defect¥ is replaced with

1gp_ 1 Py,

X [R2
P \/CZn;a+ e X

: (15

whereTi;=n;/p®9 and p®d~C5'. .

Numerical solutions of Equ(aY)—(lO) were calculated us-
ing a software package provided by Jiinglietgal ,*® 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:

Can (X,1=0) = Cgpe(x,t=0) = 10°8, (16)
Cio (xt=0)=1.0, (17)
Ciz (xt=0) =Ty (18)

Equation (16) takes into account that the concentration of
Zng, and Zn prior to diffusion is below the detection limit of
SIMS. The initial concentrations ¢f, andlg, given by Egs.
(17) and (18) were considered to equal the thermal equilib-
rium concentrations under electronically intrinsic conditions.
The thermal equilibrium concentration tff, is independent
of doping. Hence we obtain E¢l7). The relationship

pc

Ci(m)
L Ga
n;

i (p%) =i (m) (19

I
describes the impact of doping on the formatior of (Ref.
20) and yields Eq(198).

The boundary concentrations>at 0 were set to the ther-
mal equilibrium concentrations under extrinsic conditions,
ie.,

115216-4
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TABLE |. Data of the model parameteEEZ |° , and D|+ [see Eqs(22—(24)], which were deter-

mined from fitting the Zn profiles shown in Flgs 2 and 3. The diffusion parameters refer to extrinsic and
Ga-rich condltlonsCZn_ equals the Zn surface concentration, which was considered for the simulations.
Ga

ff
T t Cone. D7, D, ° D, .
(°C) (s (cm™) (cmPs™h (cm2 s‘l) (cm2 s‘l)
620 10800 4.0x 1018 1.4x 10713 1.4x 10718 8.4x 10°Y7
671 3600 5.0 108 2.1x 10718 9.1x 10718 3.3x10Y7
671 7200 4.0 108 2.5x 10713 1.3x 107 2.5x 10716
720 3600 5.0 108 4.9x 10713 2.7x 10716 2.4x 10715
770 3600 6.0 108 2.6x 10712 3.2x 10715 6.7x 10715
820 1800 7.5¢ 108 5.5x 10712 8.4x 10715 1.1x 10718
820 3600 6.0 108 6.8x 10712 5.2x 10714 8.6x 10714
870 1800 1.810" 3.3x10 5.3x 101 5.1x 10713
870 1800 1.0¢ 10" 1.7x10% 1.6x10713 3.3x10*3
= _ _F _ _ ferential equations was combined with the PROFILE optimi-
C,- (x=0,)=C,+(x=0,t) = 1.0, ; . .
Z”Ga( ) n ( ) zation drive! The values determined for the model

5 _ parameters(22)—(24) are summarized in Table | together
Co (x=0,t) =Cpz (x=0,t) = 1.0. (200 with the equilibrium Zn dopant concentratid®! - estab-

a a Ga
lished at the surface. All diffusion coefficients listed in Table

At the boundary=d we chose the conditions | refer to Ga-rich and extrinsic doping conditions.

(%Zné ﬁEan
= ' =0, C. Fitting of earlier Zn and Cd profiles
X x=d X x=d

Figures 6 and 7 illustrate acceptor dopant profiles of Zn
and Cd from the literature. The solid lines are best fits, which

ac'%a _ aC'Ea -0 (21) were obtained on the basis of reactltﬁﬁ);—(4) 1 Flttlng pro-
X | yeg X |yeq vides data for the model paramet®§ ~ and D,o , which
Ga
are compared in Sec. IV with the results from the S-shaped
B. Fitting of Zn profiles Zn profiles.

The Zn profiles shown in Figs. 2 and 3 were modeled
by solving Egs. (7)—<(10) numerically under the initial
and boundary conditions given by Eq46)—21). For the
simulations we usedCS./C5l =10 C3'/C5L =10‘8,

n Ga Ga Ga
/ceq =10% KCjo (p®9?=1.0s% and Kk/C pecI
—1 0 sl Other vaIuestor these model parameters do not
significantly affect the caIcuIated proflles. This holds as long
as the factorskbC (pf"q)2 andk;C peq ensure local equilib-

rium of the kick- out reaction for fimes 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 concentration€§? (X=2Zn;,lgy). Then the pro- 10"
files are mainly determined by the three parameters

=3
o

concentration of Zn (cm's)
—
o—

depth (10*cm)

_ (e eq
Zn =C; +DZ” C (22) FIG. 6. Evolution of Zn concentration profiles in GaAs mea-

sured by Boskeet al. (Ref. 13 using spreading-resistance profiling
DTO =Cp'Do /CSL (23)  after Zn diffusion at 906 °C under an Apressure ofPas, =5
Ga Ga ©Ga “Tea X 10* Pa for times as indicated. These authors originally descrlbed
their profiles on the basis of the kick-out mechanih with I
|+ = C|+ D,+ /CZq (24) and If;; Our analysis on the basis of reactio(®—(4) not onIy
"ea provided an accurate fisee solid linesbut also solved the self-
Solid lines in Figs. 2 and 3 represent best fits to the expericompensation problem associated with I§g**-controlled mode of
mental profiles. For fitting the solver for coupled partial dif- Zn diffusion.
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5.44 e
Py, = 5x10"Pa Pas,(Ga - rich =8.1x 10% exp(— T \/) Pa. (26)
B
19
10 07°C D;: . was calculated with Eq(25) taking into accounp®d

7d
~C, 5 (see Table)land the data ofi; given by Blakemor&

(see Table . The results are listed in Table Il 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 literatur® 24 (see Fig. 6. The open circles are
data that were deduced from modeling the simultaneous dif-
fusion of Zn and Ga in GaAs isotope multilayer structures.

._.
o_.
=

concentration of Cd (cm‘s)

1017 . L . .
0 5 10 15 Figure 8 demonstrates that E]E . data are consistent. The
depth (10”cm) temperature dependence is best descrlbed by
FIG. 7. Concentration profiles of Cd in GaAs measured by L (4.24+0.08 eV cn?
Boskeret al. (Ref. 1§ with SIMS after diffusion under an As Dan,dr = (2-9—1.3)102 expl —- T s
pressure oPA54:5>< 10* Pa at temperatures and times as indicated. B
These authors originally described their profiles on the basis of the (27)

kick-out mechanisn(5) with 12 and12, 16 Solid lines represent our

best fits to their data obtained on the basis of reacti@hg4). and illustrated by the solid line in Fig. 8. The dashed line

represents the result reported by &ual,'? who have ana-

V. RESULTS lyzed Zn diffusion under isoconcentration conditiGhg®
- N Without extensive modeling isoconcentration diffusion stud-
A. Zn-related diffusion coefficient ies provide direct measuresBf_ for the underlying back-

. . - e

Dz, With data given in the IrteratureDZ - was reduced to  the data oD _ reported in this work and the results of the
Ga

an As vapor pressure #as,=10° Pa and electronically in- isoconcentration diffusion experiments support our analysis

trinsic conditions(p=n=n,). ThIS transformation to standard of Zn diffusion in GaAs.

conditions is described By

D = pef ( n ) ( PAs4a) (25) B. 12.- and |15 -related diffusion coefficients

Zn_ 2 —Fzns
"ea! ) P Data forD’ 10, and DI+ obtained from fitting the Zn pro-

Pas, represents the partial pressure of As for Ga-rich condifiles shown in F|gs 2 and 3 are listed in Table I. In addition,
tions. We used the data reported by Arfiiufor Pas, Which kink-and-tail Zn and Cd profiles illustrated in Figs. 6 and 7
are approximated by also yield data oD, . According to Eq«(23), D, is corre-

Ga Ga

TABLE Il. The reduced Zn-related effective diffusion coeﬁlc@ﬁ and the individual contributions

DIGa and DIGa of neutral and positively charged Ga interstitiglg andIGato Ga diffusion in GaAs. All data
refer to standard conditions, i.e., to electronically intrinsic conditions and an As pressureRd.I0he data
were derived from Eq925), (31), and(32) taking into account the results listed in Table I. For the intrinsic
carrier concentratiom, we used the values reported by Blakem&f@he As, pressure(PAS4) for Ga-rich
conditions was calculated with E(R6).

ff 0 +
T n, (Pas)™* D;nga,r D&s Ds

(°C) (cm™3) (P4 (cmés (cmés™ (cmés™

620 9.1x 10% 6.3x 1073 2.7x 1022 9.0x 10726 1.2x10°%
671 1.8x 1016 1.6x1072 2.6x102 1.9x10%4 2.5X 10726
671 1.8x 1016 1.6x1072 4.7x 102 2.2x10%4 1.9x10°2%5
720 3.4x 10 3.7x1072 4.7x 10720 1.3x 1022 7.6X 10724
770 6.0< 10 8.0x 1072 1.2x10°18 3.9x102 8.1x 10723
820 1.0x 107 1.6x101 9.2x10718 2.5% 10720 4.7x 1021
820 1.0x 107 1.6x101 9.2x10718 2.5% 10720 4.7x 102
820 1.0x 10 1.6x101 1.8x 107 1.3x 10710 3.6x 10721
870 1.7x 10Y7 3.0x101 5.1x 10°Y7 7.1x10719 6.5x 10720
870 1.7x 10 3.0x101 7.9x 1017 1.2x 10718 4.2x10°20
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FIG 8. Temperature dependence of the reduced Zn diffusivity FIG. 9. Temperature dependence of the individual contributions
DZn o determined from Zn diffusion in GaAs under Ga-rich con- of 12, [@: this work; O: (Ref. 19; +: our analysis of Zn profiles
dltlons[. this work; O: (Ref. 17] and from Zn diffusion under an Measured by Bosket al. (Refs. 13 and 24 [: our analysis of Cd

As, pressure ofPas, ~5% 10" Pa[+: our analysis of Zn profiles ~Profiles measured by Bosket al. (Ref. 18] and of I, (M: this
measured by Boskest aI (Refs. 13 and 24. The solid line repre- ~ Work) to Ga diffusion in GaAs in comparison to the directly mea-
sents the best fit to aI[D data, which is reproduced by E@7). sured Ga diffusion coefficienDg, in GaAs (dashed ling (Refs.

The dashed line shows the temperature dependence deduced 32,33)). The individual contributions and the Ga diffusivity were

Yu et al. (Ref. 12 f 7n diff ) d uced to standard conditions, i.e., electronically intrinsic condi-
u ? al.(ke . rom Zn diffusion experiments u2n5 2e6r 'Sogf?”ce“ tions and an Agpressure of 10Pa. The temperature dependence of
tration conditions performed by Casegt al=><® [D

Zng,r Dgais given by Eq.(30).
=96.8 exp(—4.07 eVkgT) cn? s71].

_(3.71£0.07 eV) ﬂ?_ (30

lated with the producC/g Do . This product is associated Dga= (0.64735)ex T
Ga a B

with the Ga diffusion coefficienDg, in GaAs.Dg,is given

by the sum of the individual contributions of charged GaThis temperature dependence of Ga diffusion is shown in

interstitials 1, and charged Ga vacanci#,, to Ga diffu- Fig. 9 by the dashed line.

0 i
sion, i.e., In order to determine the contributiorﬁﬂga and D to
3+ 1+ Ga diffusion, the model parametheo and D|+ , Which are
Dga (2 kak D|k + 2 f,Cr aDVE;a> defined by Egs(23) and (24) and listed in Table I, were
0 \ k=0

multiplied with Ceq /C, and reduced to standard conditions

_ i D ot E DVGa (28) (p=n, and Phas, _108 Pa according to the relationships
k=0 r=3- eq 0.25
A '
Equation(28) assumes that Ga diffusion is restricted to the Dgig(ni,lo5 Pa =D, nGa(%a) , (31)
Ga sublattice, i.e., no interference between Ga and As diffu- ca Co \10°P
sion is considered,, denotes the diffusion correlation fac-
tor. For simplicity we assumg, =~ 1 for both native defects Ceq 0.25
and all possible charge states. The charge states considered a(n 10° Pa = D T Znga Iy ( A54a) (32)
in Eq. (28) are in accordance with the predictions of theoret- v a C, pPI\10°P

ical calculationg”28 In addition a contribution o2, was
assumed. The quantity The last factor of Eqs(31) and (32) accounts for the As
pressure dependence Dfm via C|o+ [see Egs.(23) and

(24)]and reduceﬁ) to PAS —105 Pa35 The factom;/p®%in
denotes the individual contribution of the native point defectgq. (32) reducesD|+ , Wh|ch depends on the doping level via
Y=1K, V5, to Ga diffusion in GaAs. Cy(=2.215 ed / eq
% 102 cmd) is the Ga atom density in GaAs. C (p Pas,) [see Eq(19)] to intrinsic conditions. Taking
Ga diffusion in undoped and extrinsically doped GaAslntO account the data @3, .0+, n and(PAs )O #given in
has been extensively investigated by means o I~ C 12
%9GaAs/'GaAs isotope heterostructur®s34 Based on the FTables 1 and Il and the apprOX|mat|qn‘*i D¢ and
arguments given in Refs. 32-34, Ga diffusion under |ntr|nS|d3'Gawere calculated with Eq$31) and(32). The results are
conditions and:’As =10° Pa is described By I|sted in Table 1.

= C$Ct)ylco (29)

Zn’
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The contributionsD'é? andD@; to Ga diffusion are shown Kick-out diffusion mechanisri*¢ Although this model pro-

in Fig. 9 in comparison t®, The solid symbols represent Vides a fairly good fit to the experimental profiles, it suffers

0+ . from an inconsistency related to the electrical compensation
Dz data that were deduced from the S-shaped Zn profiles o(f Y P

: : f Zng, by 131330 This inconsistency is resolved when neu-
Figs. 2 and 3. The plus signs and open boxes are results f?lral Ga interstitials mediate Zn diffusion. The accurate fits to

0
D&z from Zn and Cd profiles given in the literature, respec-the experimental Zn and Cd profiles shown in this work, the
tively (see, e.g., Figs. 6 and.7The open circles shO\D'é; overall consistency of the -related diffusion data with the
data that were obtained from the analysis of Zn diffusion inGa self-diffusion coefficient in GaAs, and finally the clarifi-
GaAs isotope multilayer structuré§Figure 9 clearly dem- cation of the compensation problem associated with the

5 i n .
onstrates that all results f@g2are consistent. The tempera- former Zn diffusion model strongly support t +med|ate
acceptor dopant diffusion in GaAs rather thé*; :

12, ;
ture dependence @Sz is described by The temperature dependence of the andl, contribu-
0 (5.45+0.12 eV cn? tions to Ga diffusion is characterized with
D= (7.52%)10° eXp<— — ) —.

' kBT S H|SOD+

0,+ 0,+ :
(33) D2 = DG exp| — kGTa , (35)

B

The temperature dependence Egaa is illustrated by the
lower solid line in Fig. 9 and reproduced by
0.32 ev) cn?

o (5.80
Dlga= (1.8'599)1¢P exp(-T .

where Hl‘QE)'i(:Hlfo,++H|"3,+) is the activation enthalpy for
Ga a Ga
12*-mediated Ga diffusion in GaAs, which equals the sum of
the formation enthalpy-llfo,+ and migration enthalpylr&+ of
Ga Ga
the particular point defect. Comparison of E85) with Egs.
(34 (33 and (34) yields H3 =5.45 eV andH»"=5.80 eV. The
Ga Ga
Equations(33) and (34) represent the individual contribu- preexponential factoD'%; is associated through
tions of 12, and I, to Ga diffusion in GaAs for a wide 0
temperature range.

D
0,+
|0,+ _ ;
D¢ = gi0.1a5 o exp( kB) (36)
V. DISCUSSION

with the corresponding activation entroﬁﬁ'i(:ﬁfo,dﬁg,o,
Ga Ga Ga

The experimental realization of S-shaped Zn diffusion 8
profiles that develop with decreasing Zn surface concentraNich equals the sum of the entropy of formati§g. and

tion (see Fig. 1 was essential for the finding th%a andlg,  migration S{L. 9o is a geometry factor that depends on the
h ; o . . 2

are involved in the diffusion of Zn in GaAs. The kick-out orysta) structure and microscopic jump geometry. The factor

model with neutral and singly positively charged Ga mterstl—aO is the lattice constant5.65x 10°1° m) and v is the at-

tials predicts S-shaped Zn profiles, which yield an accurat@empt frequency. Assumingo+~1 and an attempt fre-

description of the experimental Zn profiles as illustrated by Ga 3 .1
the solid lines in Figs. 2 and 3. Fitting provides results forduency of the order of the Debye frequerieyl0'* s™), the

the individual contributions of%, and %, to Ga diffusion, ~Preexponential factors of Eqd33) and (34) yield Sz’:
which, after reduction to standard conditions, are lower than=17kg and gsf’z 18kg. For comparison the preexponential

the directly measured Ga self-diffusion coefficiéste Fig. factor D0:0.6G45-1 cnis! of Ga diffusion in GaAs[see Eq.

9). This is consistent with the general understanding that 6?30)] yields a significantly lower activation entropy ok

diffusion in GaAs under standard conditions is mainly CON-This value is attributed to the Ga vacancy. The h@'sr?
trolled by Ga vacanciessee, e.g., Ref. 34 and references. ' Ga

therein. For Zn surface concentrations exceeding®ion indicates that the Ga interstitial in GaAs is spread out over

the convex shape of the Zn profile near the surface is covere?]everal neighboring Igttlce sites, whereas .the.: 33\52 shows )
by a concave profile. These often observed kink-and-tail acthat the Ga vacancy is more localized. Similar native point
ceptor dopant profiles are accurately described on the basfiefect _prop_e_rtles were fm_md _for the self-interstitial and va-
of reactions(2)—(4) (see Ref. 17 and Figs. 6 and. 7The ~ cancy in SI|'ICOI’1. The gctwgﬂon %ntropy for the vacancy-
analysis of kink-and-tail profiles, which according to trans-mediated Si self-diffusion y'eld§/555-5‘8- On the other
mission electron microscopy analyses of the samples are nb&nd an activation entropy dﬁi‘?: 13.Xg was determined
associated with the formation of microscopic deféét$?*  for the self-interstitial mediated Si self-diffusidh. This
provide data for thekga contribution to Ga diffusion that are agreement between the activation entropies of native point
in excellent agreement with the results obtained from thelefects in compound and elemental semiconductors suggests
analysis of the S-shaped Zn profiles. This shows that the tathat the self-interstitial is always a more spread-out defect
part of Zn profiles both in the case of S-shaped and kinkthan the vacancy. An additional comparison of the activation
and-tail profiles is mainly mediated b%a. enthalpy and entropy fdig-mediated Ga diffusion in GaAs

So far, kink-and-tail profiles treated in the literature werewith theoretical results would be very helpful but to our
mainly described on the basis of a@; and I%}controlled knowledge no results were reported in the literature so far.

115216-8
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Finally, it is noted that modeling of kink-and-tail acceptor eral understanding that Ga diffusion in GaAs under standard
dopant profiles on the basis of reactig@s—(4) also provides conditions(p=n; and PAS4:1@ Pa is mainly mediated by
data for the individual contributions of, and Vg, to Ga Ga vacancies. The temperature dependence of the
diffusion. TheV; contributions obtained from Zn and Cd 12 (I%,)-mediated Ga diffusion is characterized by an activa-
profiles for As-rich conditions exceed the contributions oftijon enthalpy 0f(5.45+0.12 eV [(5.80+0.32 eV] and large
1% and are in good agreement with Ga diffusidriThis is  preexponential factofsee Eqs(33) and(34)]. These factors
consistent with the general understanding that Ga diffusiogjeld large activation entropies of k7 and 1&g for 12, and
in GaAs under standard conditions is mainly mediated by G, _mediated Ga diffusion, respectively, and suggest that the
vacancies. However, it was shown in Ref. 17 that kink-andGa interstitial extends over several atomic volumes.
tail Zn profiles for Ga-rich conditions yield data for tNg, Our interpretation of 2 -mediated acceptor dopant diffu-
Contl’ibution that Signiﬁcantly exceed Ga diﬁusion. Th|s in- Sion in GaAs So|ves the inconsistency re'ated to the Compen-
Consistency ShOWS that the meChanism Of Zn diﬁ:usion irbation of the acceptor bhé; Th|s doub|y and’ in addition,
GaAs under Ga-rich conditions is still not fU”y Understood.trip|y positively Charged Ga interstitia|s were genera”y con-
But note, this only refers to the interpretation of the kink partsidered to control Zn diffusion in GaAs. The diffusion ex-
of the kink-and-tail profiles observed under Ga-rich condi-periments presented in this work and our reanalysis of Zn
tions. The tail of Zn and Cd profiles obtained after annealindand Cd diffusion profiles given in the literature disproves the
under both Ga-rich and As-rich conditions provicﬂl‘@; data  earlier proposed diffusion model.
that are consisterisee Fig. 9. 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-

We have performed experiments on Zn diffusion in GaAstween the contribution of Ga vacancies to Ga diffusion with
with a dilute Ga-Zn source. The obtained S-shaped diﬁ:USiOIﬁhe Ga diffusion coefficient supports this assumpﬁbﬁow_
profiles are accurately described on the basis of the kick-ouver, one question still remains. This concerns the origin of
mechanism taking into account neutral and singly positivelthe kink part of the kink-and-tail acceptor profiles that are
charged Ga interstitials, i.dg, andlg,, Further evidence for opserved under Ga-rich conditions and high doping levels

I&:-mediated Zn diffusion is given by the successful model-(>10!® cm3). This will be the subject of further investiga-

ing of kink-and-tail Zn and Cd profiles given in the literature tjgns.
and the fact that all data obtained for ttfg contribution to
Ga diffusion are in excellent agreemdgéee Fig. 9. Thel%a
and I, contributions to Ga diffusion are smaller than the
total Ga diffusion coefficient. This is consistent with the gen-

VI. CONCLUSIONS
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