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icated high quality, dielectric Ga,0j; thin fiims. The films with thicknesses between 40
were deposited by electron-beam evaporation using a single-crystal high purity

Gd;Gas0,, source. Metal-insulator-semiconductor (MIS) and metal-insulator-metal structures
(MIM) were fabricated in order to determine dielectric properties, which were found to depend
strongly on deposition conditions such as substrate temperature and oxygen pressure. We obtained
excellent dielectric properties for films deposited at substrate temperatures of 40 °C with no excess
oxygen and at 125 °C with an oxygen partial pressure of 2X10™* Torr. Specific resistivities p and .
dc breakdown fields E,, of up to 6X10%° Q cm and 2.1 MV/cm, respectively, were measured. Static
dielectric constants between 9.93 and 10.2 were determined for these films. Like in other dielectrics,
the current transport mechanisms are found to be bulk rather than electrode controlled.

Gallium oxide has proven to be a useful material for
many applications including metal-insulator-structures on
GaAs,! and facet coatings for .GaAs based lasers.” Gallium
oxide has also been used in oxygen sensors operating at high
temperatures. Stringent electrical and/or optical require-
ments’ have to be met including (i) low density of states
below or in the 101 cm_?“eV_1 range located in the forbid-
den gap at the insulator-semiconductor interface, (ii) very
good dielectric properties, and (iii) an index of refraction
close to \/ncaAs, which gives n~1.88* for a 0.98 pum laser.

It has been demonstrated, that gallium oxide meets both
requirements of refractive index and low density of interface
states The refractive index of bulk Ga,0j; is between 1.9 and
1.92.5 We report on optical properties including indices of
refraction between 1.80 and 1.91 for thin Ga,0; films in
another paper,” which demonstrates Ga,0; coatings on laser
facets. Callegari ef al.' showed that gallium oxide, in con-
junction with a GaAs surface previously treated in situ by H,
and N, plasma, gives insulator-semiconductor interfaces with
a very low density of states. An electrical characterization of
the gallium oxide-GaAs interface by capacitance-voltage (C-
V) measurements at 1 MHz showed almost no stretching out
of C-V curves. This indicates a midgap interface state den-
sity well below 10! crn‘2 eV, which is the detection limit
of Terman’s method.® Furthermore, in sifu photolumines-
cence and Fourier transform infrared spectroscopy measure-
ments revealed growth of Ga,O; on a GaAs surface during
passivation of surface states in a NH; or H, plasma at room
temperature.’

Ga,05 was fabricated in different ways,® however, excel-
lent dielectric properties of thin films have not been reported
yet. So far, gallium oxide films were deposited by electron-
beam evaporation of Ga in an O, radio frequency plasma.!
These films, however, show poor dielectric properties and
are not practical for MIS structures and laser facet coatings.

We have developed a new method of depositing homo-
geneous, high quality dielectric Ga,0; films. Qur single-
crystal high purity (99.999%) Gd;Gas0O,, source combines
the relatively covalent oxide Ga,0,, which volatilizes near
2000 K, and the pretransition oxide Gd,0; which has a boil-
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ing point (>4000 K) well above the foregoing temperature.
The more complex compound Gd;Gas;O;, (melting point
~2000 K) decrepltates during heating, slowing releasing
high purity Ga,0,.° Using this method, we have deposited
homogeneous, high quality dielectric Ga,05 films with thick-
nesses between 40 and 4000 A. The substrates were held at
temperatures T, between 40 and 370 °C during deposition
and we investigated both cases of no excess oxygen and
bleeding in of additional O, into the evaporation chamber to
prevent reduction of films which may occur at higher depo-
sition temperatures.” The background pressure in the cham-
ber (no bleeding in of O,) was at 1— 2><10 Torr. The maxi~
mum partial O, pressure was 2Xx10™* Torr. The deposition
rate, which was held at 0.5 A/s, and the film thickness were
measured during deposition by a crystal thickness monitor.
The films were deposited on Si wafers covered by a 900
A thick TiW metal layer and on nt GaAs substrates. All
films show an excellent homogeneity. as demonstrated by
Auger depth profiling. Figure 1 shows the depth profile of a
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FIG. 1. Auger depth profile of a 955 A thick Ga,0; layer deposited at
125 °C with O, partial pressure of 2X10™* Torr. The analysis was done by
using 4 keV Ar ions and the sensitivity factors for Ga and O were calibrated
against pressed Ga,O, powder. The nominal etch rate is 65 A/min. The film
is homogeneous and stoichiometrie.
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FIG. 2. Specific resistivities as a function of substrate temperature. Results
are shown for the limits of no excess. oxygen and 2X10™* Torr oxygen
present in the evaporation chamber. About ten films with thicknesses be-
tween 40 and 4000 A were measured for each data point. The resistivity was
determined at low fields (<50 kV/cm). Lines are guides to_the eye.

955 A thick Ga,05 layer deposited at 125 °C at an O, partial
pressure of 2X 10™* Torr. The measurements also demon-
strate that, within the limits of Auger spectroscopy, the films
are stoichiometric. No impurities could be detected by Auger
analysis (sensitivity =0.1%) including Gd, which is consid-
ered to be the dominant impurity in our Ga,05 films. The Gd
content estimated by SIMS was of the order of 0.1%.

MIS and MIM structures were fabricated by evaporating .

Ti/Au dots of different diameters (50, 100, 200, and 500 pm)
through a shadow mask. Capacitance-voltage (C-V) charac-
teristics were recorded on an HP 9194 A impedance/gain-
phase analyzer. Current-voltage (I-V) measurements were
made using an HP 4145A parameter analyzer and an HP
4140B pA meter. The thicknesses of the deposited films were
measured by ellipsometry at both 633 and 840 nm wave-
length in order that the static dielectric constant €, specific
resistivity p, and dc breakdown field E,, could be deter-
mined. All properties described in the following were ob-
tained for as-deposited films. No annealing procedures have
been carried out.

Specific resistivities and breakdown fields were deter-
mined for a large range of deposition conditions. Both quan-
tities vary strongly with substrate temperature, O, partial
pressure, and position of the oxygen leak in the chamber. If
0, was introduced, the best results were obtained by posi-
tioning the oxygen leak valve close to the crucible. Figure 2
shows measured specific resistivities as a function of sub-
strate temperature for the limits of no excess oxygen and
2X10™* Torr oxygen present in the evaporation chamber.
The resistivity p was determined from I-V measurements of
MIM structures at low fields (<50 kV/cm). p varies by al-
most 8 orders of magnitude dependent on deposition condi-
tions, and is especially sensitive to substrate temperature for
deposition without excess O, The best results of
p=(63)X10' Q cm were obtained for T, =40 °C with no
introduction of oxygen. A relatively small change in sub-
strate temperature from 40 to 125 °C, however, leads to a
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FIG. 3. dc breakdown field vs substrate temperatufe for the experimental
limits of O, partial pressure. About ten films with thicknesses between 500
and 4000 A were measured for each data point. The breakdown voltage was
determined by applying a voltage ramp between 0.1 and 0.3 V/s until ther-
mal breakdown occurred. Lines are guides to the eye.

drastically reduced p of (21)X10° Q cm. Optical transmis-
sion measurements between 0.6 and 1.2 um wavelength on
the latter films revealed a finite imaginary part of the refrac-
tive index (n=2.06-i0.10), indicating absorbing properties
probably due to oxygen loss during deposition. All other
Ga,0; films show no detectable absorption in our measure-
ments between 0.6 and 1.2 um wavelength.

The voltage, at which destructive breakdown occurs,
normalized to the film thickness, is defined as the breakdown
field E,,. Figure 3 shows the dc breakdown field versus sub-
strate temperature with O, partial pressure as a parameter for
films with thicknesses between 500 and 4000 A. The best
results (E,,=2.1+0.12 MV/cm) were again obtained for
T,=40 °C with no introduction of oxygen into the deposition
chamber. The breakdown voltage scales with the oxide thick-
ness for films thicker than 500 A, however, slightly larger
values for E,, were obtained for thinner films. We attribute
the degradation of dielectric properties such as breakdown
field (Fig. 3) and specific resistivity (Fig. 2) at higher sub-
strate temperatures to oxygen loss during deposition.

Capacitance measurements were done on” Ga,0; layers
deposited under two different conditions (i) T,=40 °C, no
additional O, introduced, and (ii) T,=125°C, O, partial
pressure p,,=2X 10™* Torr. The capacitance is found to be
independent on frequency within the measurement range be-
tween 100 Hz and 1 MHz and scales correctly with oxide
thickness. The static dielectric constant €; was determined to
be 9.93+0.39 and 10.2+0.6, respectively. These results are
in close agreement with €,=10.22+0.3 for single-crystal
Ga,0; pla‘usle’ts.8

Figure 4 shows the current versus velectric field char-
acteristics of a Ti-Ga,05;-GaAs MIS structure with a 864 A
thick oxide layer deposited at 40 °C with no O, intentionally
introduced into the chamber. Two distinct regions of current
transport can be clearly identified. The ohmic /-V character-
istic at low fields is due to hopping of thermally excited
electrons from one jsolated state in the oxide to another.'® As
shown in the inset of Fig. 4, the current at high fields is
dominated by field enhanced thermal excitation of trapped
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FIG. 4. Current-velectric field characteristic of a Ti-Ga,0,;-GaAs metal-
insulator-semiconductor structure with an 864 A thick oxide layer deposited
at 40 °C with no O, intentionally introduced into the deposition chamber.
The characteristics, which are nearly independent on the polarity of the
electrodes, show two distinct regions of ohmic and Frenkel-Poole current
transport mechanisms. The inset shows Frenkel-Poole emission from
trapped electrons.

electrons into the conduction band (internal Schottky emis-
sion or Frenkel-Poole effect)

j<E exp(—g{[ $1— (qE/meoe)>1/kTY),

where E is the electric field, g the electronic charge, ¢, the
barrier height, €, the dynamic dielectric constant, T the tem-
perature in K, and k the Boltzmann constant. The Frenkel—
Poole emission is considered as a bulk effect in the insulating
layer with a dynamic dielectric constant €, between €,=3.61
(Ref. 2) and €,=9.93. From the high field characteristics in
Fig. 4, we found a dynamic dielectric constant €, of 4. This
is in agreement with the assumption of Frenkel-Poole emis-
sion as the dominant transport mechanism. On the other
hand, assuming Schottky emission across the metal-insulator
or insulator-semiconductor interface as the dominant trans-
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port mechanism would lead to an anomalous dynamic dielec-
tric constant €,<1."' Thus, like in other dielectrics,’® the
current transport mechanisms at both low and high electric
fields were found to be bulk rather than electrode controlled.

In summary, we have demonstrated that high quality,
dielectric Ga,0; thin films can be deposited by electron-
beam evaporation using a single-crystal high purity
Gd;Gas0,, source. Excellent dielectric properties for as-
deposited films were obtained at substrate temperatures of
40 °C with no excess oxygen and at 125 °C with an oxygen
partial pressure of 2X10™* Torr. We measured specific resis-
tivities p and dc breakdown fields E,, of up to 6X10" Q cm
and 2.1 MV/cm, respectively. Static dielectric constants be-
tween 9.93 and 10.2 were determined for these films. The
current transport mechanisms in MIS and MIM structures
were found to be bulk controlled rather than electrode con-
trolled.
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