A rough estimate for the sputtering yield was obtained
from the time it took to etch through the silicon target. After
the measurements at different fluxes and temperatures we
could calculate a mean etch rate of 2500 A /min correspond-
ing with a sputtering yield of roughly 15 Si atoms per incom-
ing Ar* ion.

In conclusion, we can say that ion-assisted etching by
means of physisorbed SF, on Si is quite efficient. The etch
rate is in between that for XeF, and Cl,. Clearly dissociation
of SF, and breaking of Si-Si bonds by the ion bombardment
leads to new chemical products like SiF, with x<4. Sputter-
ing of species SiF, with x < 4 is similar to sputtering of the
chlorine compounds in the case of chlorine-assisted etch-
ing** and shows a collision cascade behavior. The energies of
SiF, itself are about an order of magnitude lower. Like in the
case of chlorine-assisted etching we can assume that the
fluorides are present in the amorphized silicon matrix since
their presence on the surface would undoubtedly have given
rise to evaporation.'?
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Controtied low barrier height n*-inGaAs/n-GaAs pseudomorphic

heterojunction Schottky diodes
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Heterojunction Schottky barrier diodes, in which a pseudomorphic layer of n*-InGaAs played
the role of a metal contacting n-GaAs, were grown by molecular beam epitaxy. The junctions had
low barrier heights (30-150 meV) which could be controlled by composition and doping of the n™
layer. I-¥V measurements of the devices confirmed that the devices behaved as Schottky diodes, in
accordance with the theory of tunneling and thermally assisted tunneling in the temperature
range 4-200 K. An exponential increase in conductance with decreasing In concentration
indicates a decrease in barrier height which is at least qualitatively consistent with simulations of
the barriers based on earlier experiments, which showed that the band-gap discontinuity appears

predominately in the conduction band.

Metal-}1I-V compound semiconductor interfaces ex-
hibit Fermi level pinning, resuiting in Schottky barrier
heights which can be varied over only a refatively smalt
range."” A number of models attempt to explain this behav-
ior; however, at the present time none has sufficient preci-
sion to aid in the development of contacts suitable for field-
effect transistor (FET} devices in large scale integration {LSI)
applications. [n the case of GaAs, for example, the two ma-
jor contact problems are (1} a gate Schottky barrier of about
{but not exactly} 0.8 eV and (2} a source and drain ohmic
contact metallurgy {Au-Ge-Ni} which is unstable to subse-
quent processing above 400-500 °C highly dependent on
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subtle processing conditions, and not understood theoreti-
cally.® Recent laboratory successes notwithstanding, it is
quite possible that the variability in Schottiky barrier heights
and contact resistances in current technology could fimit the
usefulness of GaAs in LSI applications. In addition it is not
possible, with known metal-semiconductor contacts, to arbi-
trarily control barrier heights in order to fabricate devices
which are optimized for low-temperature applications in
which fow barriers are needed.

In carefully prepared lattice-matched isoelectronic he-
terojunctions (e.g., GaAlAs/GaAs) Fermi level pinning is
absent, the height and shape of the interfacial barrier are
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determined by band alignment and doping. This property is
used in such devices as double heterostructure (DH) lasers
and high electron mobility transistors. However, except for
an early report by Chandra and Eastman® on GaAs/
GaAlAs n-n heterojunctions, structures which utilize ma-
jority-carrier transport normal to the interface (e.g.,
Schottky barrier diodes) have not been widely studied. How-
ever, modern epitaxial growth techniques such as molecular
beam epitaxy (MBE) and metalorganic chemical vapor depo-
sition (MOCVD), which permit good control of layer thick-
ness, doping, and composition, should allow fabrication of
such structures with sufficient contro! of the barriers to meet
device requirements. We report here the first results on the
fabrication and characterization of MBE-grown n-InGaAs—
n-GaAs heterojunction Schottky diodes with low barriers
{30-150 meV), in which the barrier height is controlled by
band offset and doping level rather than by Fermi level pin-
ning. '
Although the lineup of the bands at heterojunction in-
terfaces is not well understood,”” in many cases {such as
InGaAs/GaAs most of the band-gap discontinuity is taken
up by the conduction band,’ giving the possibility of major-
carrier devices based on controllable barriers to electron
transport (e.g., #-n isotype heterojunction diodes). The con-
duction-band shape at interfaces between 1x10' n-
In,_Ga, _,As(x =0.07,0.10, 0.15) and 2 X 10'® n-GaAs is
illustrated in Fig. 1. This plot was obtained by solving Pois-
son’s equation for the InGaAs/GaAs heterojunction system
using MONTE, a general device simulator® which incorpo-
rates Fermi-Dirac statistics for the electron gas and uses a
finite difference scheme. A conduction-band discontinuity
of 85% of the band-gap difference, which is a known func-
tion of composition,” was assumed. The structure forms a
Schottky barrier diode in which the InGaAs plays the role of
the metal. The barrier height E, is approximated by
Eg~ AE, — £, where AE, is the total conduction-band off-
set at the interface and £, is the Fermi level degeneracy in the
InGaAs layer (the exact result includes the small band bend-
ing in the InGaAs and £, the Fermi level degeneracy in the
GaAs). Thus the diode barrier height is determined primar-
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FIG. 1. Behavior of the conduction band near the #-In, Ga, _ , As/n-GaAs
heterojunction interface, in absence of applied bias, for the three samples
described in the text: {(a) x = 0.15 (4K, = 198 meV, E; = 125 meV, and
w =96 nm), (b) x =0.10 (AE, = 134 meV, E; =67 meV, and w= 71
nm), and {c} x = 0.07 (AE, =95 meV, E; = 31 meV, and w = 51 nm). In
all three, &, =4 meV (N, =2x10'%), & = 57 meV (N, = 1X 10", and
T=10K.

1169 Appl. Phys. Lett., Vol. 46, No. 12, 15 June 1985

ily by the composition and doping of the InGaAs layer, and
is adjustable over a wide range. For a given height, the deple-
tion width (barrier shape) is determined by the doping in the
GaAs layer.

The structures used in these experiments consisted of
semiconductor multilayers, grown by MBE on conducting
GaAs substrates. Care was taken to ensure that the InGaAs
layer was thin enough to be pseudomorphic, i.e., that no
misfit dislocations were formed at the InGaAs/GaAs inter-
face. The composition of the InGaAs layer was graded back
to GaAs. Early attempts to grade this layer to pure InAs to
aid in ohmic contact formation resulted in misfit dislocation
formation at the critical InGaAs/GaAs interface (it is
known'? that misfit dislocations are electrically active and
will pin the Fermi level, negating the effects of the band
offsets). Junction area was defined by chemical etching,
which was terminated above the epi-substrate interface in
order to avoid any deleterious effects such as Fermi level
pinning at that interface. Low resistance Au-Ge-Ni ohmic
contacts were made to the structures and to the back of the
wafer (contact resistance was always much lower than the
junction resistance). Alloying was done carefully, so that the
contact did not penetrate into the active region of the junc-
tions.

Electron transport in these structures is clue to ther-
mionic emission (TE) over or tunneling through the barrier.
Tunneling or field emission (FE) dominates at low tempera-
tures (in which the electrons have insufficient energy to sur-
mount the barrier). Field emission is large in samples with
heavy doping and/or low barrier height. Due to the decrease
in barrier width with increasing energy, the energy distribu-
tion of tunneling electrons can be rather narrowly peaked at
an energy between the Fermi level and the top of the barrier
at intermediate temperatures, giving rise to a well-character-
ized regime of temperature-assisted tunneling, or ther-
mionic field emission {7-FE).'"'? Current-voltage charac-
teristics are ohmic (linear) for low biases {/ = ¥ /R,}, and
exponential for large biases (J = J,e?"/£). The parameters
R,, J,, and E,, and their dependence on temperature, con-
tain information on the barrier, including the barrier height,
and indicate the crossover between the various conduction
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FIG. 2. Semilog plot of the current-voltage characteristics of the three de-
vices described in Fig. 1. Absolute values of both foreward and reverse char-
acteristics are shown. Note that only the composition of the InGaAs layer
was varied between the three samples; this plot thus illustrates the exponen-
tial increase in the conductance of these structures as the barrier height is
lowered by reducing the In concentration.
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regimes. At low temperatures, £, has the value Ey, = (gh /
4m)(N,/em)"?, which is a characteristic energy for tunnel-
ing.>'"!? The three regimes of conduction are defined by
E > kT for¥E,Ey,~ kT for T-FE, and E,€kT for TE. The
major barrier height (E,) dependence is contained in
Ro{ < ) with Ry < e,

Current-voltage characteristics at 4.2 K for the three
110" n-In,Ga, _, As {x = 0.07, 0.10, 0.15)}/2x10'® n-
GaAs samples are shown in Fig. 2, illustrating the exponen-
tial increase in current level with decreasing barrier height.
In curve (a), for the sample with the highest barrier height
(=125 meV), the foreward /-V relationship is exponential
over much of the range of the figure. At higher voltages,
which are a substantial fraction of the barrier height, the
diode is so conductive that the current is limited by series
resistance in the sample, causing a downward curvature in
the I-¥. In curves (b) and (c), representing lower barrier
heights, this occurs at lower voltages, due to the increased
conductance of the devices, so that no clear region of expo-
nential dependence is evident. Scaling the current by multi-
plying by the zero-bias resistance eliminates most of the bar-
rier height dependence, so that the JR, vs ¥ characteristics
should be almost identical at low voltages. This was ob-
served in these samples, which were identical except for the
difference in Schottky barrier height (see Fig. 1).

The current-voltage characteristics of a number of sam-
ples were studied at temperatures ranging from 4.2 to ~200
K {unction conductance was too large at higher tempera-
tures, even with the largest barrier heights studied, and con-
ductances were limited by other parts of the structure). The
I-V characteristics were fit using the theory of Padovani and
Stratton'? for the FE and 7-FE regimes. Using the value of
E,, obtained by fitting the exponentia} part of the character-
istics at 4.2 K, barrier heights were extracted which were
within =~10% of the value obtained from the simulations
(i.e., from solving Poisson’s equation for the heterostruc-
ture), at Ieast for samples with barrier heights (£ ) in excess
of ~100 meV. For samples with smaller barrier heights, the
I-V’s yielded larger values of E, than the simulations, so that
the samples were less conductive than expected. For Jow
barrier heights, there are several possibly important effects,
such as the effect of free carriers on the space charge,'? and
the fact that the “metal” in these Schottky barriers is actual-
ly a degenerate semiconductor, which were ignored. Also,
the depletion width is reduced to lengths approaching the
interdonor spacing. For a 50-meV barrier, the depletion
width in 2 X 10'® GaAs, even at zero bias, is only ~2 inter-
donor spacings. Thus, the theory is expected to break down
for very low barrier heights. However, it is clear that our
samples had barriers of small and controllable height.

The temperature dependences af the parameters R, and
J, were in agreement with theory in the FE and 7-FE re-
gimes. The value of £, increased more rapidly than expected
in the 7-FE regime, and appeared to approach E, o« nkT,
with n~1.6. Anincrease in £, with temperature beyond that
expected for a parabolic barrier is consistent with image
force lowering of the barrier.'® In all samples, the 4.2-K val-
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ues for E,, obtained from the I-V curves were larger than
expected for the known sample dopings. With image force
lowering inciuded, evaluation of the WKB tunneling prob-
ability using the known sample doping gave values of E,,
close to those actually observed. The behavior of the I-V
parameters, including their temperature dependence, con-
firms that these heterojunction devices behave as Schottky
barrier diodes.

In conclusion, we have demonstrated for the first time
Schottky barrier diodes with continuously adjustable barrier
heights, down to the millivolt (30-150 meV) level. In these
n*-InGaAs/n-GaAs heterojunctions the barrier height is
controtiable primarily through two fabrication parameters,
the doping and composition of the n* layer. Conduction at
smali biases in diodes with barrier heights in excess of ~100
meV could be accounted for by the theory of tunneling and
temperature-assisted tunneling in Schottky diodes. At larger
biases, in the exponential region of the I-V characteristic, the
magnitude and temperature dependence of the exponent
were both larger than expected, probably due to image force
lowering of the barrier. For lower barrier heights (below
~100 meV), the behavior of the diodes was qualitatively
similar to those with larger barriers; however, the increase in
diode conductance with decreasing barrier height, although
exponential, was somewhat slower than expected. Several
physical effects, including the breakdown of the uniform
doping model of the semiconductor depletion region as the
depletion width approaches the average interdonor spacing,
have not been taken into account, and illuminate the possi-
bility of interesting physics in this new regime of millivolt
barriers. Finally, these devices offer an alternative to metal-
semiconductor Schottky barriers, in which the barrier
height is determined by Fermi level pinning.

The authors wish to acknowledge the technical assis-
tance of C. Jessen and G. Pepper in processing of the multi-
layers, and the aid of J. Stasiak in assembling the low-tem-
perature apparatus.
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