Diffusion of atomic silicon in gallium arsenide
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Silicon impurities with an initial Dirac-delta-function-like distribution profile are diffused into
GaAs using rapid thermal annealing. The diffusion of atomic Si is determined by a novel
method of comparing experimental capacitance-voltage profiles with a corresponding self-
consistent profile calculation. Capacitance-voltage profiles broaden from 30 to 137 A upon
rapid thermal annealing at 1000 °C for 3 s. The diffusion coefficient and the activation energy

of atomic Si diffusion in GaAs are determined to be D, = 4 X 107*

cm?®/s and E, = 2.45 &V,

respectively. The diffusion coefficient is two orders of magnitude smaller as compared to Si-

pair diffusion in GaAs.

In this letter we investigate diffusion of individual 8i
atoms in GaAs using rapid thermal annealing (RTA). The
nonannealed GaAs layers have a Dirac-delta- function-like'
doping profile. The diffusion is determined from electronic
characteristics of the semiconductor using the capacitance-
voltage profiling technigue. The redistribution of Si impuri-
ties is assumed to be Gaussian and is modeled with self-con-
sistent calculations. This technigue is very semsitive and
allows us to determine diffusion on a 10 A scale. The tech-
nique is therefore well suited to diffusion determination of
elements with a small diffusion coefficient such as Si in
GaAs.

Although diffusion parameters of many clements in
GaAs have been determined,” the diffusion coefficient and
activation energy of atomic Si have not been previously de-
termined by conventional technigues due to the very low
diffusivity.? In contrast, the diffusion coefficient of Si pairs
or 8i complexes has been determined by Greiner and Gib-
bons.” They presumed that paired Si atoms have a higher
diffusivity than single Si atoms due to conservation of charge
and vacancy type during substitutional diffusion.” Omura et
al.® determined the temperature dependence of the diffusion
coefficient of 3i pairs in GaAs under excess As pressure and
obtained resulits comparable to those found in Ref. 3.

The epitaxial GaAs layers used for this study have been
grownon r ™ -type GaAs subsirates in a Riber CBE32 chemi-
cal beam epitaxy system using Ga(C,H;); and thermally
decomposed AsH, for cations and anions, respectively. The
subsirate temperature during growth was 550 °C. The resid-
ual background concentration of undoped GaAs is p type
with N, + N, > 10'° cm %, The layer sequence is shown in
Fig. 1 and consists of the # ¥ -type substrate, 9000 A undoped
GaAs, the §-doped laver with a sheet concentration of
4% 10" cm 2, and an undoped 1000-A-thick GaAs top lay-
er. After the growth process, the samples were cleaved inte
several pieces and the individual pieces were then annealed
in an AG-Associates Heatpulse AG-410 rapid thermal an-
nealing furnace for 5 s at temperatures ranging from 600 to
1000 °C. The time of 5 s is the actual time which the sample is
exposed to the high annealing temperature.” AuGe/Ni/Au
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{2000 A/500 A/2000 A) metallization has been alloyed at
420°C for 30 s and was used for chmic backside contacts.
Circalar Ti/Au (500 A/1500 A) Schottky contacts with a
diameter of 500 pm were evaporated through a shadow
mask. The capacitance-voltage (C-¥) characteristics were
measured on a Hewlett-Packard 4194A impedance gain-
phase analyzer. The current-voltage phase angle was > 87°
at a frequency of § MHz, indicating the dominating capaci-
tive character of the Schottky contacts. C-¥ concentration
versus depth profiles were obtained from C-V curves using
well-known equations. Additional current-voitage charac-
tetistics yielded a good ideality factor of # = 1.04,
Self-consistent solutions of Schridinger’s and Poisson’s
equations are used to obtain subband structure and charge
distribution of the JS-doped semiconductor at a given
Schottky voltage. An example for the subband structure of
S-doped GaAs is shown in Fig. 2. At a dopant sheet concen-
tration of N2 = 5 10’2 cm” four eigenvalues F,~E, are

=—1000 A ~—le— 9000 A——»
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FIG. 1. Schematic layer sequence {top) of a 8-doped GaAs sample grown
on a n ™" -type substrate and (bottom) corresponding band diagram.
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FIG. 2. Self-consistently calculated subband structure of 5-doped Gahs
with a sheet dopant concentration of 5 X 10" cm™? and s Gaussian impuri-
ty distribution (=1 A).

obtained below the Fermi level. The wave functions dis-
played in Fig. 2 are normalized so that the product
P(x)¥* (x) indicates the actual population of the subbands.
Many-body effects have not been taken into account in our
present calculation. They are, however, not significant in the
kigh concentration regime, due to the high kinetic energy of
carriers as compared to the average interaction energy.® Fur-
thermore, we assumed a parabolic dispersion relation of the
[',., conduction-band minimum, with no significant changes
of the results as compared to a nenparabolic dispersion rela-
tion.' Self-consistent sofutions are obtained for different bias
conditions {typically 15) and one specific diffusion length.
Thus, theoretical charge-voltage and capacitance-voliage re-
iationships are established, which in turn allow us to calcu-
late theoretical C-¥ profiles.

Theoretical analysis of diffusion of $i impurities in 6-
doped GaAs samples is straightforward, We assume an ini-
tial distribution according to the Dirac-delta function:

Np(x) = NP6(x — x) (1)
and obtain a Gaussian distribution with diffusion length
L, = /Dr after diffusion:

2
Np(x) = N¥P(4nDr) 12 exp( - —(%%?)—) @

This normal distribution represents a solution of the one-
dimensional Fickian diffusion equation. The diffusion time
is denoted as = and D is the so-called diffusion coefficient,
which depends on temperature according to

D= Dyexp( — E,/kT3, (3)

where E, is the activation energy of the diffusion process, &
is Boltzmann’s constant, and 7 the absoiute temperature.
The set of equations given above is valid only for atomic
diffusion but not for Si-pair or Si-complex diffusion observed
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previously.” Because the mean impurity separation in our
8-doped samples is approximately [N2°] ~'?=50 A, Si-
pair diffusion is very unlikely. Furthermore, Si-cluster for-
mation during growth (Volmer-Weber growth) is unlikely.
Such a cluster formation (8i-Si bonrds) would result in auto-
compensation and a reduction of free carriers, which is not
observed experimentally. A capacitance-voliage (C-V) pro-
file obtained from a 8-doped GaAs sample measured at 300
K is shown in Fig. 3. The C-¥ profile peak occurs at a depth
of 1123 A, whichisin good agreement with the depth of 1000
A anticipated during crystal growth. The full width at half-
maximum of the profile is 30 A, which is one of the narrow-
est O-¥ profiles measured on any semiconductor structure.’
The narrow profile clearly demonstrates that diffusion is not
important at a growth temperature of 550 °C, in agreement
with our earlier resuits.' The free-carrier concentration can
be obtained by integration of the C-V profile, as indicated by
the shaded area in Fig. 3. The integral yields a density of
carriers in the two-dimensional electron gas of

MoppG = JF Nep dx=41x10%em™ 2,

in good agreement with the anticipated value.® After anneal-
ing samples at temperatures ranging from 600 to 1000 °C for
5 s, the shape of the C-V profiles changes drastically, as
shown in Fig. 4. The full width at half-maximum increases
from 30 A for the as-grown sample up to 137 A for the sam-
ple annealed at 1000 °C. Furthermore, the maximum C-V
concentration drops from >7 X 10'® cm™? for the as-grown
sample to <3x10*® cm™* for the sample annealed at
1000 °C. The free-carrier concentration (integral of C-V pro-
file) decreases by about 10% from 4.1X10' em™? to
3.7 X 10" cm 2. This minor reduction suggests that some Si
impurities might have diffused on As vacancies, i.e., accep-
tor sites.

The actual diffusion lengths and diffusion coefficients
can be obtained from the C-¥ profiles using two approaches.
First, calculated C-¥ profiles, assuming Gaussian diffusion
profiles of different L,,, are compared with measured C-V
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FIG. 3. Capacitance-voltage profile of a 5-doped GaAs sample. Integration
of the profile yields the sheet free-carrier concentration of 5,
= 41X 10% em ™2
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FIG. 4. C-V profiles of different pieces of a 4-doped GaAs sample rapidly
thermally annealed at temperatures 600 °C« T 1000 °C for 5 s.

profiles. From this comparison the appropriate diffusion
length, valid at one specific annealing temperature, is in-
ferred. For this method, the background doping type and
concentration of the semiconductor is required, because C-V
profile widths depend (weakiy) on background doping. A
second approximate method to determine diffusion lengths
and coefficients can be obtained by assuming a diffusion
broadening L, and an intrinsic broadening £, of the C-F
profiles. The total broadening is then given by’

L=(Li+ L% (4)

This equation allows us to easily determine a diffusion length
from a C-¥ profile. This second method yields good results
for initiaily narrow nonannealed profiles, as shown in Fig. 3
For large L, self-consistent calculations are required to de-
termine L.

The diffusicn coefficients, wiich are determined from
the diffusion lengths according to D = £ 3, /7, are shown ver-
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FIG. 5. Diffusion coefficient for atomic 8i diffusion in §-doped Gads vs
reciprocal temperature.
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sus reciprocal temperature in Fig. 5. The activation energy of
the diffusion process determined from the Arrhenius plot is
E, =145 eV. The vzmmpoiated diffusion coefficient for
T—w is Py=4X10"" cm®/s. The diffusion coefficient
found in this study is extremely small as compared to other
impurities in [1}-V semiconductors.” Furthermore, the dif-
fusion coefficients depicted in Fig. 5 are two orders of magni-
tude smalier than the diffusion coefficients obtained for Si-
pair diffusion™ in GaAs. Ths finding is in agreement with a
presumption of Greiner and Gibbons,” who expected a larg-
er diffusion coefficient for 8i complexes in GaAs. The diffu-
sion mechanism is presumably substitutional diffusion on
Ga sites since both interstitial diffusion and diffusion via As
vacancies, i.e., acceptor sites, would resuit in 2 significant
reduction of the free-carrier concentration which we do not
observe. Furthermore, our diffusion coefficient at
F = 850°Cof D = 4 X 107" cm”/s is in excelient agreement
with diffusion data of Si ion-implanted GaAs.'”

Our findings allow an estimate of 5 diffusion during
growth of &-doped samples by molecular beam epitaxy at a
growth temperature of 55¢ °C. Using the results of Fig. 5 we
obtain a diffusion length of only 1.2 A, which corroborates
our earlier results of insignificant diffusion during growth.

In conclusion, we have examined atomic 8i diffusion in
GaAs, Siimpurities with an initial Dirac-delta-function-like
doping profile are diffused into GaAs using rapid thermal
annealing. Our novei method whick employs C-F profiling
and self-consistent caleulations is very semsitive, even to
small amounts of diffusion, and the method is therefore well
suited for determination of diffusion at relatively low tem-
peratures or of elements with small diffusion coefficients. An
activation energy of 2.45 ¢V and a diffusion coefficient of
4% 107 % em®/s are determined for atomic Si diffusion in
Gahs. The diffusion coefficient of atomic 8i diffusion is two
orders of magnitude smaller than the diffusion coefficient of
Si-pair diffusion in GaAs.
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