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Using triethyigallium and arsine, high-quality GaAs can be grown at a relatively low substrate
temperature of 500 °C by chemical beam epitaxy. Such a low temperature has the advantage of
a negligible Si diffusion effect. Capacitance-voltage {C-F) measurements of the Si 8-doped
GaAs show extremely narrow profile widths of 22 A at 300 K and 18 A at 77 X, indicating a
very high degree of Si spatial localization has been achieved. The subsequent annealing
experiments reveal that significant Si segregation and diffusion exist at a high growth
temperature of ~ 600 °C, usually employed in conventional molecular-beam epitaxy. The C-¥
widths of the annealed §-doped structures also provide an excellent measure to determine the

Si diffusion constant in GaAs.

Epitaxial growth of semiconductor structures employ-
ing narrow and intricate doping profiles normal to the sur-
faces is important for achieving high performance optoelec-
trounic devices. In molecular-beam epitaxial (MBE) growth
of Gahs, the §-doping technique employs growth interrup-
tion to allow the deposition of 2 two-dimensional (2D) layer
of dopants embedded within one lattice constant along the
growth orientation in the host crystal. This doping method
gives ultimate control of the narrow doping profile. In the
selectively doped AlGaAs heterosiructure using Si, this §-
doping technique has led to significant enhancement in mo-
bility and 2D electron concentration’ when compared to
similar structures using homogeneous doping scheme. For
high-quality GaAs the MBE growth temperature is relative-
Iy high { ~600°C) and the phenomena of Si diffusion and
segregation in the growth front may not be negligible. This
prevents the §-doping plane from being monolayer sharp. It
was found necessary to use a low growth temperature of
520 °C {Ref. 2) to achieve narrow width of the capacitance-
voitage (C-¥) profile in the Si 5-doped GaAs.

In chemical beam epitaxial (CBE) growth of GaAs the
presence of mobile molecular Ga species modifies the
growth kinetics in the growth front, which is supperted by
the studies using reflection high-energy electron diffraction
(RHEED) during growth.” Consequently, the optimal CBE
growth conditions for GaAs may differ from conventional
MBE. It hias been shown recently® that GaAs epilayers with
excellent electrical and optical properties can be prepared
using triethylgallium and arsine at a low growth tempera-
ture of 500 °C. In particular the carbon incorporation mech-
anism favors low growth temperature for lower carbon im-
purity concentration.*® Furthermore, intrinsic to such low
growth temperature is the advantage of much reduced impu-
rity diffusion effect, important for preserving abrupt doping
profile. In the present work we employ C-¥ profiling tech-
nigues on the §-doped structures to investigate Si diffusion in
GaAs during the growth and its subsequent annealing be-
havior.
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The é-doped structures were grown on Si-doped sub-
sirates. The undoped GaAs has a residual p-type back-
ground in the low 10'°-cm ™ range due tc carbon. Si dopants
were evaporated using effusion cell. The structures investi-
gated generally consist of an undoped i-um buffer layer,
then single or multiple Si 5-doped planes introduced by
growth interruption to allow the deposition of Si up to some
fraction of a monolayer. After the donor evaporation, a 0.1-
pm undoped cap layer was laid down, leaving the n-type 8i-
doping plane embedded in a slightly p-type epilayer. Details
of the epitaxial growth of GaAs have previously been de-
scribed.® After the crystal growth, circular Ti/Au Schottky
contacts were defined by evaporation through mask for elec-
trical measurements.

Ideally, the Si dopants of the §-doped structure should
be confined to one sublattice plane. The extent of Silocaliza-
tion is determined from the width of the C-F profile. In ho-
mogeneously doped layers, the resolution of the doping con-
centration determined from C-¥ measurements is known to
be limited by the Debye screening length.® The classical the-
ory for C-F measurement may not strictly apply to the ex-
tremely narrow 2D degenerately doped guantum-mechani-
cal system, and the spatial movement of the 2D electron gas
wave functions under external bias voltage may need to be
considered.” Consequently the C-¥ profile may not be equal
to the true impurity distribution of the &-doped structure.
However, we show here the spatial location of the doping
plane and the integrated donor concentration determined
from the C-Fmeasurement both correlate very well with the
actual growth parameters. The annealing results discussed
later in this paper also indicate that the full width at half
maximum (FWHM) of the C-¥V profile remains a good ap-
proximation to estimate the extent of impurity localization.

The capability of C-V proiiling to probe the spatial lo-
calization of the Si 6-doped plane is illustrated in Fig. !,
which shows a typical room-temperature C-V profile of a §-
doped structure grown at 560 °C containing four Si-doped
sheets every 1200 A. Two sharp peaks with a maximum C-V
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FIG. 1. C-V profile on logarithmic scale of a GaAs epilayer with multiple Si
S-doped planes grown at 560 °C.

concentration of 1X10"™ cm™ and a narrow width
(FWHM) of 80 A, focated at 1200 and 2400 A below the
metal-semiconductor interface, are clearly observed. Break-
down occurs at higher bias voltage before the third doped
sheet is fully depleted.

The narrowest C-¥ profiles are measured from samples
grown at a low temperature of 500 °C. Figure 2 shows that a
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FIG. 2. C-¥profile measured at {a) 300 K and (b) 77 K of a 8i S-doped
structure grown at 500 °C.
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very sharp peak located near 1200 A below the Schottky
contact is observed, in excellent agreement with the position
of the 8-doped sheet. A maximum C-¥ concentration of 16*°
cm ™7 is measured and the integrated C-¥ concentration is
close to the sheet doping density of N, £ 1 X 10" cm ™2 The
widths of 22 A at 300 K and 18 A at 77 K indicate that a very
high degree of localization is achieved. The narrowing of the
C-¥ profile when the sample is cooled from 300 to 77 K 1s
much smaller than the 7 dependence expected from the
Debye screening effect.

The importance of low growth temperature to achieve
narrow spatial localization of 5i dopants is made unambigu-
ously clear in the following experiment. First, a structure
with a §-doped plane 24C0 A below the surface was grown at
500 °C. Then a portion of the wafer was annealed af 630 °Cin
the growth chamber under As overpressure for 60 min. The
-V profiles for both samples illustrated in Fig. 3 show that
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the narrow width of 31 A for the sample grown at 500 °C
broadens to 143 A after annealing. A second sample of simi-
far structure was grown at 630 °C of which the time for the &-
doped plane maintained at the growth temperature was only
10 min. However, a much larger width of 208 A is measured
for this sample. From this finding we conclude that, in addi-
tion to Si diffusion, segregation exists at high growth tem-
perature to give a larger C-¥ profile width combining both
effects. Alternatively, the diffusion constant of Si impurity in
the growing surface may be significantly different from that
in the bulk. Unfortunately, there is no information available
in either case in the temperature range of 560-600 °C. The
capability of CBE to grow high-quality GaAs at low tem-
perature to prepare extremely narrow doping plane of very
high 2D impurity concentration provides an excellent way
to study the diffusion phenomena in the bulk of GaAs. In
particular, the S-doped structure is buried in the crystal
which does not have other complications such as surface
vacancies and the surface ambient overpressure usually en-
countered in conventional diffusion experiments.® Using
rapid thermal annealing (RTA), portions of the previous
sample giving the narrowest C-¥ width of 22 A were an-
nealed at 600, 800, and 950 °C, respectively, for 5 s. Figure 4
shows that the C-¥ profile FWHMs are broadened 1o 35, 45,
and 82 A, respectively. Defining the difference of the half-
widths at half maximum (FWHM) as the mean penetration
depth z of impurity after the annealing time ¢, the diffusion
constant D can be obtained from z = 2./ (Dr /7).° The RTA
results described above give values for D of 6.6, 24, and
140X 1071 cm®/s at 600, 800, and 950 °C, respectively.
Such a simple approach gives values of D in remarkable
agreement 1o the resuits compiled by Greiner and Gibbons.®
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More comprehensive studies of the diffusion measurements
and possible diffusion mechanisms are in progress and will
be discussed in a later publication.

In summary, the advantage of low growth temperature
to obtain high-quality GaAs with abrupt Si doping profile
has been described. C-¥ characterization shows extremely
narrow widths of 22 and 18 A at 300 and 77K, respectively.
Subsequent annealing experiments indicate that both diffu-
sion and segregation of the Si dopants exist at the conven-
ticnal MBE growth temperature of ~ 600 °C, which will lim-
it the ultimate control of the abrupiness of doping profile.
The d-doped structure prepared at low growth temperature
is likely to provide a simple and accurate method to study the
diffusion phenomena of impurities in 1II-V compound semi-
conductors.
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