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Thin films of Mo and W were grown on top of (100) GaAs in a molecular beam epitaxy system. Mo
grew epitaxially between 200 and 450 °C with its (111) plane parallel to {100) GaAs plane. W grew
as a random polycrystalline deposit. For both metals, interaction with the GaAs occurred during
growth at 500 °C. Schottky barrier heights determined by current and capacitance measurements
show that the electrical properties of the metal-GaAs interface do not strongly depend on the
growth temperature and the microstructure of the films.

Metal-semiconductor junctions are of prime technolo-
gical importance due to their vast number of applications,
especially as Schottky barriers (detectors, field-effect transis-
tor gates, hot-electron injectors)'~* and ohmic contacts.* The
metal-n-GaAs interface attracts interest in particular, be-
cause of the poorly understood mechanism of the Schottky
barrier formation® and the relatively unreliable ohmic con-
tacts available.* The use of molecular beam epitaxy (MBE),
which enables the growth of intimate clean junctions,® can
significantly help in the study of such interfaces.

Among the many metals for which growth mechanisms
on GaAs have been investigated,” Mo and W are believed not
to react with GaAs upon heat treatment below ~ 600 °C and
may be useful as diffusion barriers for Ga and As.*® How-
ever, recent results suggest that an interface reaction occurs
even at room temperature in a zone ~ 10 A wide.'® Both Mo
and W have a bec structure with similar lattice constants,
namely, 3.15 A for Mo and 3.16 A for W. The interesting
question is whether and how such a structure can grow epi-
taxially on GaAs that has a zincblende structure with a lat-
tice constant of 5.654 A. Iron is the only bee metal that has
been grown epitaxially on GaAs, and this is due to their good
lattice match."'

We report here the growth of Mo and W on MBE
grown {100) GaAs epilayers under UHYV conditions. Special
attention was devoted to material purity, interface cleanli-
ness, and minimization of background impurities during
evaporation. Electron diffraction patterns, Auger results,
and Schottky barrier studies on the Mo-GaAs and W-GaAs
systems will be presented.

Two 5-kW electrostatic electron gun evaporators
were built for the in situ evaporation of refractory metals. All
parts that are subject to excess heat are made of electron-
beam-melted Mo or Ta. Special precautions were taken to
prevent the escape of elastically scattered electrons, which
cause outgassing from the chamber walls."* The guns were
mounted into a REBER 1000-1 MBE system, below a LN,
cooled shroud. With a system base pressure of 210"
Torr prior to the evaporation, the pressure increased to
5% 107" Torr during Mo, and 2% 107" Torr during W
evaporations (mostly due to hydrogen). The pressure mea-
sured by an ion gauge situated in the substrate position, due
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to the flux of metal atoms, was ~(5-10)x 10~° Torr, for
growth rates of 1-3 A/min.

Conductive (100} oriented GaAs substrates were
cleaned and mounted onto a Ta block using Ga. Following
growth at 600°C of ~1 um GaAs doped with Si to
~1x10" cm™2,'® the substrate temperature was reduced
and held at T, ~300 °C in the chamber, until background
pressure reached ~5X107!" Torr. Thereafter, T, was
brought to the desired growth temperature, and metal evap-
oration was initiated. Growth rates of 1~3 A/min, and typi-
cal layer thickness of 150 A were used. Reflection high-ener-
gy electron diffraction patterns were monitored during
growth, and Auger electron spectra were taken in situ imme-
diately after the evaporation was completed. The samples
were then removed and prepared for transmission electron
microscopy studies and Schottky barrier height measure-
ments.

Electron diffraction results reveal that the metal film
structures are determined by substrate temperature for
which there are three distinct regions. (1) At low tempera-
tures, the films are polycrystalline and randomly oriented.
(2} At an intermediate region of temperatures, preferred ori-
entation and epitaxial growth are achieved. (3) At high tem-
peratures, the metals react with GaAs. The tendency toward
preferred orientation starts at 7, = 100°C for Mo and
250 °C for W, and increases at higher temperatures.

The evolution of the RHEED patterns during the
growth of Mo at substrate temperatures between 200 and
400 °C consists of the following steps. Initially, the surface
reconstruction followed by the bulk features of the GaAs
disappears completely after a coverage of approximately 5
A. In the following 20-35-A deposition, the screen shows a
high background level without any defined pattern; there-
after, the Mo patterns appears abruptly. Presently we do not
understand the reason for this phenomenon. The RHEED
patterns of the Mo initially appear in the form of wide and
elongated streaks, reconfirming that the surface is reasona-
bly smooth but somewhat distorted [Fig. 1{a)}. As the depo-
sition continues, the streaks change to round dots, as shown
in Fig. }(b), suggesting a three-dimensional structure. After
deposition of ~ 50 A, the film exhibits a steady-state struc-
ture that does not change significantly up to 150 A. Aninter-
pretation of the RHEED patterns is possible only after the
epitaxial relations are established from the TEM patterns,
and will be discussed later.
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FIG. 1. RHEED patterns of Mo
grown on (100) GaAs at 270 °C. (a)
After a growth of ~50 A; (b) after
growth of ~ 150 A; {c) interpretation
of (b), with the parent domain orien-
tation shown by (O} and the twinned
one by (®). The 000 diffraction spot
does not appear in the micrographs
of (a) and (b).

The TEM results exhibit, as also observed in the
RHEED patterns, that at a minimum growth temperature of
200 °C, the Mo films grow epitaxially. Figures 3 and 4 are the
diffraction pattern and the bright-field image, respectively,
for an electron beam perpendicular to the {100) surface of the
GaAs. The epitaxial arrangement is (111) Mo }] {100} GaAs
with the [011] Mo I [011] GaAs, as proposed by the model in
Fig. 2. Here the smallest nearest neighbor linear misfits are
11.5%, whereas the second neighbor misfits in the [011]
GaAs direction are — 3.5%. On top of a fixed (100} GaAs,
the {111) Mo may assume four separate orientations, each
rotated by 30° relative to the other. As shown by the electron
image in Fig. 4, the film is composed of small crystallites,
with an average size of several hundred angstroms. The
Moiré patterns which characterize separate crystallites con-
firm the epitaxial orientation of each grain. X-ray diffraction
of the same film reveals a {222} Mo peak, with a width that
corresponds to an average crystallite size of 120 &+ 20 A.
Crystallites having similar azimuthal orientations are
grouped into domains; each domain is several thousands
angstroms in size. In each domain the crystallites are orient-
ed within a small angle relative to the [011] of GaAs. This is
shown in Fig. 4 by the misalignment between the Moiré pat-
terns of different crystallites in the same domain and by the
small arcing, spanning 2°--3°, of the Mo spots in the diffrac-
tion pattern of Fig. 3. The reason for this small-angle rota-
tion is not clear, but it may be related to the large misfit
between the two lattices.

A simple explanation of the RHEED pattern is now
possible and is given in Fig. 1{c). This figure shows two do-
mains: one with the orientation shown in Fig. 2 and another
where the Mo is rotated by 30 °C. These domains are related
through twining about the [112] direction, and Fig. 1(b)is a
combined diffraction pattern for both. This RHEED pattern
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FIG. 2. Schematic atom arrangements of (111) Mo 1 {100) GaAs, with [011]

Mo | [011] GaAs. (@) GaAs atoms. (O) metal atoms. Solid and open arrows
show directions in the GaAs and the metal lattices, respectively.

is taken along the {010] GaAs or [110] Mo and is repeated
every 60° of azimuthal rotation.

The discussed epitaxial growth persists up to
T, ~450°C. At 520°C, a substantial chemical reaction
between Mo and GaAs takes place, as indicated by changes
in the diffraction patterns of the RHEED and TEM. The
main product identified by TEM diffraction pattern is
MosAs,. (The RHEED pattern is very rich in details, which
are more difficult to explain.)

For W grown at T, = 300 °C, the TEM patterns indi-
cate a preferred growth of (111) W parallel to {100) GaAs, but
unlike Mo, its [111] direction is rotated by some 13° relative
to the GaAs [011] ( in the diffraction pattern, the arcs span
much larger angles). The (100) W is present to some extent
too, but without any epitaxial orientation. For T, > 500 °C, a
chemical reaction between the W and the GaAs takes place,

FIG. 3. Electron diffraction pattern of a 150-A-thick Mo film grown on
{100} GaAs at 310 °C. The {100} GaAs which is characterized by dots and
the (111) Mo by the short arcs are shown simultaneously in the pattern.
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FIG. 4. TEM bright-field of the film described in Fig. 3. Notice the small
misorientations between the Moiré fringes of different crystallites in the
same domain.

but the reaction products had not been identified.

AES measurements, taken immediately after the depo-
sition, did not detect any As or Gaon 150-A-thick Mo films
grown at T, up to 200 °C. Thereafter, the surface As content
increased up to 25% for 250 °C < T, < 450°C. Ga was de-
tected only at 7T, =400 °C and increased considerably at
higher temperatures. As and Ga were found on W films
grown at temperatures as low as room temperature. Since
the electron diffraction results do not show any compound
formation at temperatures below 500 °C, out-diffusion of As
and Ga to the W film surface probably takes place.

Current-voltage (I-¥') and capacitance-voltage (C-V)
techniques were used to obtain the Mo-GaAs and W-GaAs
Schottky barrier heights corresponding to growth at several
substrate temperatures. Devices were processed by forming
mesa structures (1 mm? and 0.25 mm?) and an alloyed
NiAuGe ohmic contact at the back of the n*-GaAs sub-
strate. Approximately 1000 A of Mo and W were evaporated
on top of the Mo and W thin films, respectively, in order to
assist in the top contact formation. Schottky barrier heights
(¢, ) and ideality factors (n) were calculated'® from the I-V
and C-V results and are listed in Table I.

While ¢ £¥ does not show any trend, ¢ is increased
slightly with growth temperature, which might be related to
As out-diffusion. Note that at 7, = 520 °C, where the reac-
tion between the Mo and GaAs starts taking place, the ideal-
ity factor n is considerably higher, whereas the barrier height
is almost unchanged. These results are similar to those pre-
viously published'® and exhibit similar differences between

1 and @ §". Since the existence of any oxide at the interface
is unlikely, the low ¢ & and the high n suggest some addi-
tional current transfer mechanisms, which could be related
to a nonideal interface; this interface, in turn, might have a
different dielectric constant, thus affecting ¢ §".

The obvious differences between the growth of W and
Mo could be related to differences in atom mobilities and
reactivity with the GaAs substrates. The existence of Gaand
As on the surfaces of both suggests that very clean W and Mo
are not necessarily good diffusion barriers for Ga and As.
Moreover, if reactions below our detection sensitivity }imits
do take place at the interfaces (for T, <500 °C), their in-
fluences on the Schottky barrier are negligible.

In summary, Mo epitaxial layers were grown on (100)
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TABLE I Schottky barriers and ideality factors of metal-GaAs interfaces
for several substrate temperatures.

T, é5" (44
Metal *C} (eV) (eV) n

Mo 100 1.00 + 0.01 0.70 1.21 + 0.03
270 1.03 + 0.03 0.70 1.18 + 0.01
310 1.02 - 0.03 0.72 1.18 + 0.02
370 1.03 +0.02 0.73 1.19 + 0.01
520 0.97 + 0.03" 0.735 1.31 +0.08

w 40 0.97 + 0.03 0.74 1.15 + 0.01
300 0.99 + 0.03 0.72 1.21 +0.03

* Experimental errors were < + 0.01 for all /-¥ measurements. 4 ** = 8.4
cm™? K’ ? was assumed.

P 1/C?* was not linear for voltage above 1 V. The results were obtained from
this range.

GaAs planes at temperatures between 200 and 400 °C. The
orientation relation s (111) Mo || (100) GaAs with {011] Mo ||
[011] GaAs. The films grew in a form of relatively large
domains consisting of smaller grains, which were all ar-
ranged in the same orientation. At lower temperatures, the
Mo films grew in a polycrystalline fashion. Epitaxial W films
are not formed under similar experimental conditions, Out-
diffusion of As and Ga is evident at relatively low tempera-
tures, but the effect on Schottky barrier characteristics is
small. Above T, =500 °C, the metals react with the GaAs
(with Mo,As, as the the main products for the Mo-GaAs
system).
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