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We have found evidence that the surface depletion charge density in molecular beam epitaxial #-
GaAs doped heavily with Siapproaches the Si concentration. In situ metallization of the as-grown
surface of GaAs uniform}y doped with Si at 1x 10?° cm~—* yields a specific contact resistivity of
1.3 12 cm?, indicating a space-charge density about equal to the silicon density despite a
measured bulk electron density of 4 X 10'® cm~2. This contact resistivity is among the lowest for
nonalloyed ohmic contacts to n-GaAs. We attribute the large discrepancy between surface space-
charge density and bulk electron density to the amphoteric behavior of silicon in GaAs. Surface
Fermi-level pinning and arsenic stabilization create a surface depletion region where donor site
selection predominates, whereas the extrinsic electron density in the bulk causes self-

compensation.

Bulk thermochemistry establishes that for a given crys-
tal growth condition, an amphoteric dopant such as silicon
in GaAs has an equilibrium ratio of donors to acceptors that
is proportional to the ratio of holes to electrons.’ Conse-
quently, carrier density saturates at high dopant concentra-
tions by causing the ratio of donors to acceptors to approach
unity. However, in GaAs, a wide variety of conditions pins
the surface Fermi level near midgap, depleting the near-sur-
face region of free carriers and fixing the hole-to-electron
ratio there near unity. Thus, if Fermi-level pinning occurs at
the surface during growth, the equilibrium donor-to-accep-
tor ratio in the surface depletion region does not depend
upon dopant concentration, and saturation of the surface
space-charge density should not occur. This is important be-
cause most metal contacts to GaAs produce midgap pinning
which, in order to exhibit low-resistance ohmic behavior,
requires the depleted GaAs at the metal interface to have a
high space-charge density.

In this letter, we report that for molecular beam epitaxy
(MBE) of (100) GaAs doped with S1, measured bulk electron
concentrations and surface space-charge densities that are
inferred through contact resistance indicate that initial se-
lection of donor and acceptor sites by Si atoms is dominated
by the effects of arsenic stabilization and the consequent Fer-
mi-level pinning. In situ metallization of GaAs doped with Si
at 1 10* cm™? yields a specific contact resistivity of 1.3
142 cm? at 300 K. The solubility limit of Si in GaAs of
~2X10% cm ™3 (Ref. 2) suggests that a contact resistivity as
fow as 0.5 2 cm? might be achieved.

Molecular beam epitaxial GaAs doped with Si was
grown with etemental sources at a growth rate of I 4/h using
semi-insulating {100} GaAs substrates held at 550-610°C
with As, or As, pressures roughly ten times the Ga pressure.
Silicon was sublimed from an etched silicon wafer with
many parallel filaments.” Electrically, the source resembles
the single filament used by Miller and co-workers,** because
thermal runaway causes only one filament to heat. This
source allows high-purity Si doping at high growth rates.
For growth of GaAs at micron-per-hour rates, the conven-
tional Si effusion cell is unsuitable for doping at percent lev-
els, because the high temperatures required decompose its
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boron nitride crucible and insulators.

The layers were doped uniformly to allow both bulk
and surface characterization. The silicon content was mea-
sured prior to growth with a mass spectrometer at the sub-
strate’s growth position. Following growth, the silicon den-
sity in heavily doped layers was verified by electron
microprobe. Bulk carrier concentrations and mobilities were
measured by Hall effect. Surface space-charge density was
inferred from the specific contact resistivity of nonalloyed
metatlurgy applied in situ following growth. Ag was chosen
for its lack of reaction with GaAs and ease of patterning into
transmission lines.® Actual contact spacings, measured by
optical microscopy, were the major source of uncertainty in
the resistivity measurement. Surface space-charge density
was estimated by reference to the work of Chang et al.” and
Schroder and Meier.® For an effective mass m*, Richardson
constant A **, Boltzmann constant k, temperature 7,
Planck’s constant A, a net space-charge density (V, — N, ) of
N, electron charge g, permittivity €, and barrier @, the specif-
ic contact resistivity p_ is

p.Ak /gTA **jexpl (20® /h |\flem*/N)].
The barrier @ is reduced from the low-field barrier height ¢

by “Jg°Né /877€ . This expression for p, is approximate,
and the temperature dependence of the pre-exponential fac-
tor is uncertain.

Bulk electron concentrations appear in Fig. 1 as trian-
gular symbols. Up to ~10" cm ™, the electron density is
nearly equal to the silicon density, as noted by others,>” from
mobilities similar to nonamphoteric dopants.'® Electron
density did not vary detectably with substrate temperature,
arsenic species, or arsenic pressure, although Ga-rich
growth was not examined. Observed variations” may be due
to unintentional impurities."' At silicon densities above
~10'"" em ™7, the electron concentration peaks and drops to
a level dependent upon substrate temperature.

The theoretical and actual values of p, are presented in
Fig. 2. The square symbol shows the result of Barnes and
Cho'? for Sn doping. The measured values of p, for the in situ
Ag contacts are plotted versus silicon density using circles.
Silicon densities of 0.4, 1, and 2X 10?® cm~? yield p, of
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FIG. 1. Electron density and surface space-charge density of MBE (100}
GaAs is plotted vs silicon concentration. The Hall electron density is shown
for layers grown at 550 (\7) and 610 °C (/\). The surface space-charge den-
sity inferred from the specific resistivity of nonalloyed contacts (O) is shown
from Fig. 2.

5(+2), 1.3(+0.7), and 1.5(+ 1) uf2 cm?, respectively.
Within the accuracy of both measurement and theory, the
resistivities obtained correspond with the theoretical vaiues
for a 0.7-0.8-eV barrier if the silicon density and the space-
charge density are equivalent. The lowest resistivity indi-
cates a space-charge density of ~1x 10° em™*, which ex-
ceeds the highest electron concentration obtained in GaAs
with any dopant'? and exceeds by tenfold the maximum elec-
tron density obtained in bulk GaAs with Si doping.

The effects of native oxide formation due to air expo-
sure confirmed the presence of a high space-charge density
layer confined to the near-surface region. Cr was evaporated
following an HCl rinse of layers that had been exposed to air
for several days. A layer with a Si density of 5x 10" cm~—?
yielded p. = 22( + 2) 2 cm?, several times that expected
for a similar in situ contact. The resistance of any residual
oxide only partly explains the increased p,., because higher Si
densities produced p, above 100 uf2 cm?, typical of bulk Si
doping limits. If high space-charge density exists only within
the original surface depletion zone, then oxidation of the top
few nanometers of GaAs extends the depletion zone into low
space-charge density material, increasing p.. For the
510" cm~? Si density, oxidation consumes some of the
high space-charge density layer, yielding p, lower than bulk
doping yields but higher than a similar /n situ contact. At
higher silicon densities, all of the high space-charge density
layer is destroyed, exposing bulk material that exhibits high
contact resistivity.

Silicon can be a donor or acceptor in GaAs. At equilib-
rium, the ratio of donors to acceptors is given by the expres-
sion

Np/N, =Sig,/Siy, = k(T)X(p/n)X P, , (1

where N, and N, are the donor and acceptor concentra-
tions, X (T} is a temperature-dependent constant incorporat-
ing the equilibrium arsenic pressure over GaAs, p/n is the
carrier concentration ratio, and P, is the arsenic dimer
pressure. At a given temperature and arsenic pressure, if the
GaAs is intrinsic, the ratio of donors to acceptors is constant
because p/n~=1. MBE of GaAs commonly uses an excess As
flux, yielding a ¢(2X 4) reconstruction, which Katnani et
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FIG. 2. Specific contact resistivity p, for nonalloyed ohmic contacts to -
GaAs is plotted vs the reciprocal square root of the space-charge density.
The lines show theoretical (see Refs. 7, 8) p, for 0.7- and 0.8-¢V barriers. ()
The result of Barnes and Cho (see Ref. 12} showing the accuracy of the
theory. {O) p. for our contacts with [Si] substituted for space-charge density.
The agreement with theory shows that surface space-charge density in these
samples is equivalent to the silicon density.

al."* show yields E .—E ,~~0.8 eV. Free electrons are depleted
from the surface region, where initial dopant site selection
occurs. In this depletion region, the p/n ratio is near 1 and,
therefore, in this region the equilibrium N,/N, should be
that of intrinsic material even though the bulk may be extrin-
sic. Therefore, for conditions that create low-compensation
n-type material at low dopant concentration, the surface
equilibrium N, /N, should be large for any dopant concen-
tration.

Kinetic factors are expected to prevent equilibration in
MBE. However, the typical micron-scale surface mobility of
Ga adatoms and the low density of stoichiometric defects in
MBE GaAs show that surface kinetics may allow some reac-
tions to reach equilibrium. At high silicon concentrations,
initially depleted GaAs with high N,/N, encounters bulk
conditions as more material is grown atop it. To reach bulk
equilibrium where N,/N, is near 1, up to nearly half the
silicon atoms must switch from donor to acceptor sites. The
Ga vacancies and As interstitials produced must diffuse to
the surface for site switching to continue. Their diffusivity is
enhanced by proximity to the surface by exponentially in-
creasing near-surface vacancy concentrations and linearly
increasing concentration gradients. Therefore, the kinetics
of site switching can approach surface rates at high silicon
concentrations because the high space-charge density
shrinks the surface depletion layer so that bulk electron con-
centrations occur only a few nanometers from the surface.
The kinetic barrier to equilibration can be seen in Fig. 1,
where the electron density peaks near 10'® cm ™. Increasing
the Si density shrinks the surface depletion layer, increasing
site switching so that the electron density drops to its tem-
perature-dependent maximum equilibrium value.

The low contact resistances obtained (1.3-5 82 cm?)
are inconsistent with the bulk doping behavior of silicon in
GaAs. However, Miller e al.** also used silicon doping at
high concentrations for MBE tunnel diodes and obtained
unexpectedly high conductances. Both their diodes and our
contacts have Si-doped GaAs that is depleted of free elec-
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trons during growth due to the p-n junction and surface po-
tentials. Among alternative explanations, a deep donor at
high density would yield both a high space-charge density
and low electron density, but it is unlikely that the deep level
would be as tightly confined to the surface region as the air-
exposure experiments indicate. Similarly, a substantial re-
duction of @ would cause low p_ despite the low bulk elec-
tron concentration, but then the increase in p, with
increasing Si density for the air-exposed samples is unex-
plained. Thus, high space-charge density in the surface de-
pletion region is the likely mechanism by which the low con-
tact resistivity is obtained.

In conclusion, in situ Ag metallization of MBE GaAs
doped at 1 10?° cm~ with Si yields a nonalloyed specific
contact resistivity of 1.3 uf2 cm? This result indicates a
space-charge density in the GaAs at the metal interface ap-
proximately equal to the silicon density, despite a bulk elec-
tron density of 4Xx10'® cm™>. This effect is explained by
midgap Fermi-level pinning of the arsenic-stabilized GaAs
surface during growth. Silicon’s solubility in GaAs is
~2% 10? cm™?, suggesting that nonalloyed contacts ap-
plied in situ could yield a specific contact resistivity as low as
0.5 u2 cm?.
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NpnN double-heterojunction bipolar transistor on inGaAsP/inP
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Double-heterojunction bipolar transistors have been fabricated on InGaAs(P)/InP with current
gains of up to 200. Transistors with a p™ -InGaAs/N-InP base/collector junction exhibited
drastic gain reduction at low collector bias voltages which is ascribed to the electron repelling
effect of the conduction-band spike formed at the collector heterojunction. To overcome this
complication a thin n-InGaAs transition layer was inserted between the ternary base and the InP
wide-gap collector. The resulting nN double-layer collector structure leads to excellent current/

voltage characteristics.

In the last few years, III-V compound heterojunction
bipolar transistors (HBT) have gained increasing interest for
microwave amplification and high-speed switching as well
as for optical detection. Microwave HBT’s on GaAlAs/
GaAs have already been reported with excellent high-fre-
quency properties, namely, unity gain cut-off frequencies of
up to 25 GHz.'"> HBT’s on InGaAsP/InP, however, have
been mostly developed as phototransistors (e.g., Refs. 4 and
5) for long wavelength (1-1.6 um) optical communication
applications. Only recently InP-based “electrical” bipolar
transistors with base terminals have been published. These
devices mainly comprise a base-collector homojunction of
InGaAs (x,, = 0.53).5® Moreover, double-heterojunction
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transistors employing an InP wide gap collector in conjunc-
tion with a quaternary InGaAsP {4, = 1.1 um) base layer
have been fabricated to form a driving circuit together with a
monolithically integrated laser diode providing 1.6 Gbit/s
modulation capability.’

In order to optimize the high-frequency performance of
InGaAsP/InP HBT's a device structure should be chosen
which uses an In, 5, Ga, ., As layer for the base and InP as a
wide gap collector. In, s, Ga, 4, As is known to exhibit the
highest electron mobilities ( 300k =~8-11X 10° cm*/Vs at
n~10"" cm™*) within the InGaAsP/InP alloy system,
which result in short transit times in the {neutral) base. On
the other hand, for the collector of a microwave transistor
the high-field drift velocity rather than the (fow field) mobil-
ity is of importance. This is because the drift velocity deter-
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