Diffusion and drift of Si dopants in 5-doped n-type Al, Ga,_, As
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The study of diffusion and drift of Si in Al Ga, _As by means of capacitance-voltage
measurements reveals that low substrate temperatures during growth by molecular beam
epitaxy are required to achieve §-function-like doping profiles. The diffusion coefficient of Si in
Al . GaqAs is determined. We further show theoretically that the random Poisson
distribution {usually assumed for dopant distributions in semiconductors} should be modified
at high dopant concentrations due to repulsive interactions of impurities.

Semiconductors in which dopants are spatially confined
to a thin, highly doped region can be grown by molecular
beam epitaxy (MBE) by evaporation of dopants on the non-
growing crystal surface,'™ The thickness of the doped re-
gion has been shown to be on the order of few lattice con-
stants in  Si-doped GaAs.! High  frec-carrier
concentrations™ of 2 10" cm " have been achieved. Spa-
tial confinement of Si dopants in Al,Ga, Asand selective-
ly doped Al Ga, _As/GaAs heterostructures is desirable
due to improved transport characteristics of heterostruc-
tures which include enhanced concentrations® as well as the
minimization of remote ionized impurity scattering” in se-
lectively 5-doped heterostructures,

This letter assesses the crystal growth conditions under
which &-function-like doping profiles can be attained in
Al Ga,  As. Employment of capacitance-voltage mea-
surementis and rapid thermal annecaling are used to deter-
mine the diffusion coefficient of Si in Al, Ga, |, As. We esii-
mate the importance of drifi, i.c., the movement of
impurities in the electric field of vicinal impurities. We
further show theoretically that the random Poisson distribu-
tion should be modified at high dopant concentrations due to
repulsive Coulomb interactions of impurities.

The Al,;Ga,, As epitaxial layers used for the present
study were grown by MBE in a Varian Gen [I system at
temperatures ranging from 500 to 700°C. The samples
grown at 500 "C werc cleaved into several pieces and ther-
mally anncaled for 5 s at temperatures ranging from 600 to
1000 °C. Further experimentaf details were reported pre-
viously. !>

Capacitance-voltage (C-F) profiles of Si S-doped
Al ;Ga,; As are shown in Fig. 1. The profile of the sample
grown at 500 °C exhibits a peak with full width of 51 A ata
depth of 950 A. However, as the substrate temperature is
increased to 600 and 700 °C significant broadening of the
profiles is observed. The broad profiles elucidate that smear-
ing of dopants over more than 100 A occurs if S-doped
Al Ga, _Asis grown at clevated substrate temperatures.

It is currently assumed that the growth of high quality
Al Ga, _Asby MBE requires high substrate tcmperatures
such as 600-65C °C. However, an improvement in source
purity as well as in residual pressure in the MBE system may
extend the range of tolerable growth temperatures. The pho-
toluminescence spectrum of undoped Al 5, Ga,, ., As depict-
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ed in Fig. 2 has indeed the typical features of high quality
material such as strong bound exciton intensity, clearly re-
solved transitions, and narrow photoluminescence
linewidth, Thus, Al Ga, ,Asofgood crystalline perfection
can be obtained at low growth temperatures which in turn
are required for the spatial localization of Si dopants.

The C-¥ profiles of 5-doped Al,Ga, _  As rapidly ther-
mally annealed at different temperatures for 5 s are depicted
int Fig. 3. A systematic decrease in the peak concentration as
well as an increase in width is observed with increasing an-
nealing temperature. The width (2¢) of the C-¥ profiles
allows us to determine the approximate diffusion length as-
sociated with each annealing temperature using the relation

0 =04 + 07, (1)

where o, represents the half width at half maximum of the C-
¥ profile in the absence of diffuston (o, =25 A) and oy is
the diffusion-induced broadening of the C-¥ profile.

Diffusion in an initially é-function-like dopant profile
located at z == 0 results in a Gaussian dopant distribution
with

NZD 2
o (2) = —2 appmi(ﬁj}. (2)
2ro 2 \o

The diffusion length is defined as L ,, = /Dr and is related to
the standard deviation of the Gaussian distribution by

L, =\Dr=0/\2, (3)
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FIG. 1. C-Fprofiles measured at 300 X of d-doped Al Ga, | As grown at
substrate temperatures of 500, 600, and 700 °C.
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FIG. 2. Low-temperature photoluminescence spectrum of undoped
Al ., Ga, , As grown by MBE at a substrate temperature of 500 °C. The

transifions are attributed to the bound exciton and a C-acceptor related
transition.

where 7 is the time the sample is subjected to annealing. The
diffusion coefficient of Siin Al,Ga, , Asisshown in Fig. 4.
The experimental points are described best by an activation
energy of £, = 1.3eVand a D, = 410 cm™/s.

The presence of relatively high electric fields in d-doped
structures raises the question if the drift of ionized dopants is
significant. Using the Einstein relation, the drift length of an
ionized impurity atom within a homogeneous clectric field 7
is given by

Ly = B(e/kT)Fr, (4)

where ¢ is the elementary charge and £ 7'is the thermal ener-
gy. The electric field caused by the sheet of impurities is
21

given by F' = eN 5,°/2¢.The comparison of Egs. (3) and (4)
shows that short annealing times and low temperatures
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FIG. 3. C-V profiles of 8-doped Al Ga,
peratures for § s

 As annealed at different tem-
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FIG. 4. Biffusion coeflicient of 81 in Al _Ga, ,As vs reciprocal tempera-
ture.

make diffusion the prevailing process in the redistribution of
Si dopants. However, using the diffusion coefficient dis-
played in Fig. 4, drift is found to dominate at temperatures
T'> 850 °Cfor r = §s. Inspection of Fig. 4 in fact reveals that
the diffusion coefficient at T=900°C (D =2x 10 Y em?/
s) is surprisingly high as compared to the T'=800°C
(D =3x107" cm?/s) data point, which further indicates
the importance of drift. At T'> 90G °C dopants have spread
out over distances> 100 A such that the electric field de-
creases and drift becomes again less important.

In the following we will show that the repulsive Cou-
lomb interaction can lead to correlation effects and to a devi-
ation from the generally assumed Poisson distribution of do-
pants in highly doped semiconductors. If 2 homogeneously
doped semiconductor has an uncorrelated dopant distribu-
tion with density &, the probability of finding 4 dopants
within a volume ¥ 'is given by the Poisson distribution:

p(AY = (N"/ADe ¥, (5)

where NV = &, is the average number of dopants within the
volume V. For large V the Poisson distribution can be ap-
proximated by a Gaussian distribution with variance 0@ = N
and expectation value V:

. A~ N\? )
p(A):_—;—w_nexp{—i<—t—_) ] (6)
2N 2\ JN

This distribution is shown in Fig. 5 by the solid curve for
N = 100. The exponential term of the Gaussian distribution
would correspond to  the entropy term exp(7S/
kT = exp(S/k) in a calculation based on statistical me-
chanics.”

The potential energy of repulsive donor ions of charge e
is given by

v
E=+ P (7)

2 i 477'6?1-]-

This energy is reminiscent of the Madelung energy in ionic
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FIG. 5. Poisson distribution (solid line) of dopants in a semiconductor vol-
uwme which contains an average of 100 dopant ions. Also shown are distribu-
tions {dashed lines) which deviate from the Poisson distribulion due to
Coulomb interaction of dopants at high concentrations. As a result the stan-
dard deviations ¢ of the new distributions decrease with increasing doping
concentration.

crystals. The potential energy is minimized, if dopants are
ordered in a face-centered-cubic lattice. For simplicily we
assume that dopants are rather in a simple cubic lattice with
the distance between dopants being d == N ,, °. While the
volume of an ordered impurity lattice contains & ions, differ-
ent volumes may contain & + N ions for a random distri-
bution. The mean distance then changes by

gy = ijI)V f’/ﬁVI/R. (8)
The introduction of the dimensionless parameter
A=(4—N/N (%)

allows one to change continuously from the ordered (4 = 0)
to the random (1 = 1) distribution of dopant ions. The rela-
tive displacement is then given by

o, /d = + (1/3)A°N 12 (1)
If a dopant atom is displaced by o, in the directions of the
Cartesian coordinates, the mean increase of electrostatic en-
ergy {only next neighbors considered} is given by

3 6'7' 1 (Crd )2
dre d \d/’

The total increase of potential energy within the volume ¥V
due to an ordered-to-random transition of the impurity dis-
tribution is then given by

Opn = (/12N A2 (123
Different dopant configurations thus correspond to different
energies. Under conditions close to thermal equilibrium the
configurations can be assumed to be distributed according to
a Boltzmann distribution:

plAy ~exp| — o, (AY/KT .

(1)

Opy =

(13)
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The Boltzmann distribution changes the random distribu-
tion in terms of decreasing the probability of configurations
far away from the average configuration (4 = ). Combi-
nation of the Boltzmann distribution with the erxtropy factor
of the Gaussian distribution yieids after renormalization:

1 el’,jv D/’ 172
PA) = s | ] el
27N N ek
(A—n) [, ¢ '};’"H
Xexp| -~ 1+ . (14)
p[ 2N ( GrekT

For difute doping concentrations (&, < 10" cm ™) the po-
tential energy does not change the random distribution (sol-
id line in Fig. 5). However, at high doping concentration
significant deviations from the random Poisson distribution
are expected. Note that screening is of minor influence, since
the Thomas—Fermi screening iength exceeds the interparti-
cle distance at high doping concentrations. Semiconductors
with nonrandom dopant distributions should exhibit new
transport properties due to modifications of ionized impuri-
ty scattering as recently pointed out by Levi ef ¢l.” Such
nonrandom dopant distributions were recently observed by
x-ray diffraction: Headrick ez a/.” found B tobe orderedina
two-dimensional, hexagonal stracture in 8i grown along the
{111} direction.

As shown earlier the relative importance of drift and
diffusion depends on the annealing conditions [see Egs. (4)
and (5)]. Random and nonrandom dopant distributions
should therefore be possible under appropriate annealing or
growth conditions.

In conclusion, the study of diffusion and drift in §-doped
Al Ga, Asrcvealsthat low substrate temperatures are re-
guired during crystal growth by MBE to achieve spacially
confined dopant distributions. The diffusion coeflicient of Si
in Al _Ga,  Asisdetermined. It is further shown theoreti-
cally that the random Poisson distribution should be modi-
fled at high doping concentrations due to Coulomb correla-
tion cffects.
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