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Nanometer-resolved spatial variations in the Schottky barrier height of a Au/n-type GaAs diode
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Nanometer-resolved lateral variations in the Schottky barrier height (SBH) formed at a chemically
prepared Au/n-type GaAs interface were measured using ballistic-electron-emission microscopy
(BEEM). The spatial profile and the statistical distribution of the SBH’s thus obtained were compared to
current-voltage (I'¥) and capacitance-voltage (C¥) characteristics of the same metal-semiconductor con-
tact. This comparison showed that the macroscopic SBH obtained from the IV measurements can be
successfully interpreted using the parallel conduction model applied to the BEEM-derived distribution,
if the effect of thermionic field emission is included. The SBH obtained from the CV measurements is
greater than the mean value obtained from BEEM measurements by nearly the image-force lowering ex-

pected for a Au/GaAs diode.

I. INTRODUCTION

Understanding the mechanism for Schottky barrier
(SB) formation is contingent upon the correct interpreta-
tion of the experiments used to probe the electronic
structure of metal-semiconductor (MS) interfaces. The
majority of MS contacts investigated up to now have
been  characterized with  current-voltage (IV),
capacitance-voltage (CV), and photoresponse spectros-
copies.! These techniques remain the primary tools with
which the Schottky barrier height (SBH) at a particular
MS contact is evaluated.> An additional method that has
recently been developed for studying barrier formation at
MS interfaces and semiconductor heterojunctions is
ballistic-electron-emission microscopy (BEEM).® Unlike
conventional methods (IV, CV, PR) where the entire area
of the contact is sampled in evaluating the SBH, BEEM
is a local probe that can in principle resolve the SBH on a
nanometer scale,’ and provide information about the spa-
tial distribution of the SBH.* The SBH at a chemically
inert, highly ordered, epitaxial MS interface may be uni-
form, but a spatially varying SBH is likely to form at a
mixed phase or at a polycrystalline interface.’°

One of the major issues confronting those who study
SB formation is the discrepancy between IV and CV data
collected from the same diode. This difference has been
observed for both Si- and GaAs-based MS systems and is
usually much too large to be attributed solely to the
image-force contribution to the IV measurement.> Al-
though an explanation of the discrepancy between IV and
CV results based on a distribution of SBH’s caused by in-
terface inhomogeneity has been proposed on several oc-
casions,’”° and a recent theoretical model has attempted
to quantify the difference,’ this conjecture has not yet
been experimentally verified. In this work, we investigat-
ed nanometer-scale lateral variations of the SBH at a
chemically prepared Au/(100) n-type GaAs diode using
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BEEM, and compared the spatial and statistical distribu-
tion of the SBH with the IV and CV data collected from
the same diode. We have also examined the microstruc-
ture of the interface using transmission electron micros-
copy (TEM). The results of this study show that the SBH
varies on the nanometer scale at a chemically prepared
Au/GaAs interface, and that the nanoscopic distribution
of the SBH determines the macroscopic electrical charac-
teristics of the MS contact.

BEEM is a three-terminal extension of scanning tun-
neling microscopy (STM) for the study of buried inter-
faces. Provided that the thickness of the metallization is
less than the electron mean free path (~ 10 nm for Au),°
a large fraction of the electrons that tunnel from the STM
tip (emitter) into the metal film (base) will reach the MS
interface without scattering. If the kinetic energy of
these ballistic electrons, as determined by the tunnel volt-
age V,, is greater than the SBH, a fraction will cross the
MS interface into the conduction-band (CB) minimum of
the semiconductor (collector) generating a collector
current /.. Bell and Kaiser have developed a theory, re-
ferred to herein as the BK model, which describes the
dependence of the collector current on the tunnel volt-
age.> The SBH may be calculated by numerically fitting
the experimental BEEM spectra with the BK model.
Since the source of ballistic electrons is an STM tip, the
SBH may be determined at the tip location, provided that
region of the interface transmits ballistic electrons and
the contribution of inelastically scattered electrons to the
collector current is small. The spatial resolution of
BEEM for measuring the SBH is governed primarily by
the minimum momentum normal to the interface neces-
sary for the ballistic electrons to cross the barrier. Con-
servation of energy and momentum conditions require
that only a narrow cone of electrons characterized by a
critical angle ©, can contribute to the collector current.’
For electrons crossing into the CB of GaAs with an ener-
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gy 0.2 eV above the SBH, the critical angle is 2.7°, and for
a 5-nm-thick Au film on GaAs, the lateral resolution of
BEEM is thus, theoretically, 0.5 nm.

II. SAMPLE PREPARATION

The Si-doped (100) n-type GaAs (N;=3.1X 10" cm )
wafers used in this study were degreased in chloroform,
rinsed in double-distilled deionized water (H,0), etched
for 1 min in NH,OH/H,O (1:1), and finally rinsed again
in H,O prior to insertion into the UHV deposition
chamber. Indium was used to form backside Ohmic con-
tacts prior to the surface-etching procedure. The chemi-
cal composition of the GaAs surface produced by the
above treatment has been described previously.!! This
treatment has been shown to leave a ~2-nm-thick oxide
as determined with x-ray photoemission, which acts as a
diffusion barrier to Au and is essential for the BEEM
measurements.!! The Au was thermally evaporated from
a tungsten filament at an operating pressure of 2X 10~°
torr onto the GaAs substrates to form 6+ 1-nm-thick
films as determined with a quartz-crystal monitor cali-
brated by Rutherford backscattering. The substrate was
shielded with a mask containing ‘“dumbbell”-shaped
holes with an effective diameter of 1.5 mm, allowing one
portion of the diodes to be directly contacted with metal
portion for conventional I¥ and CV measurements while
leaving the other part for STM analysis. The deposition
was carried out with the substrate at nominally room
temperature.

ITI. TRANSMISSION ELECTRON MICROSCOPY

Thinned samples for plan-view TEM of Au/GaAs
diodes were made by chemically etching the substrate
from the backside in NaOH/H-peroxide-based solutions.
Except for a brief 5-sec heating to 140°C for mounting
the chip for etching, they were prepared completely at
room temperature. Figure 1 shows a bright-field image
and the corresponding diffraction pattern of the Au layer
" in a region where the substrate has been completely
etched away. The image shows predominantly regions
with sharp contrast variations surrounding smaller
brighter regions with lower contrast, which are not holes.
The regions with a strong variation in contrast are clearly
crystalline with stacking faults evident in some of the
grains. These are polycrystalline Au grains with a slight

preferred (001) orientation as indicated by the diffraction

pattern. The other smaller areas with a uniform contrast
were likely thinner and may be epitaxial or amorphous in
microstructure. However, extra rings or spots in the
diffraction pattern that would indicate an extra epitaxial
phase such as crystalline Ga,0; or AuGa, were not
detected, suggesting an amorphous structure consistent
with the interfacial oxide.

Samples for cross-section TEM were prepared by
mechanical polishing followed by ion milling at low tem-
peratures. A lattice image of the sample is shown in Fig.
2. This image clearly shows a distinct heterogeneous lay-
er with a total thickness of 7-9 nm. Lattice fringes are
visible in the surface grains consistent with polycrystal-
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FIG. 1. Plan-view transmission electron microscopy image of
a Au/oxide/GaAs(100) diode chemically etched in
NaOH/H,0, from the backside. In this area of the thinned
sample, the substrate and other soluble phases have been com-
pletely removed. The diffraction pattern shown in the inset in-
dexed exactly to Au. The white areas are not holes but have
visible contrast. (Bright field image taken at an accelerating
voltage of 300 keV.)

line Au with a thickness of 4.5-7.5 nm. Also visible is an
interfacial phase, 0-3 nm thick, which displays no
fringes and corresponds to the 2-nm oxide layer original-
ly present on the chemically prepared GaAs surface. The
actual interface is not smooth and has a darker contrast
layer 2-3 fringe spacings thick (0.7 nm), possibly the be-
ginnings of a reaction with the substrate. The lattice im-
age is entirely consistent with the plan-view image.

IV. CURRENT-VOLTAGE AND CAPACITANCE-
VOLTAGE RESULTS

Current-voltage characterization was performed with a
three-terminal probe station, which allowed independent
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FIG. 2. Cross-sectional transmission electron microscopy im-
age of a Au/oxide/GaAs(100) diode prepared by ion milling at
low temperatures. The top layer with lattice fringes visible is
polycrystalline Au and the phase closer to the interface is the
oxide. The darker layer with fringes right at the interface is
perhaps an indication of a reaction beginning with the substrate
(300 keV, [110] pole).
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current control and eliminated the contribution of con-
tact resistances to the IV measurements. Forward IV
curves were analyzed with the thermionic emission
current-density formula,

—®
kT

qV
nkT

J=A*T?xp exp -

, (1)

where A * is the Richardson constant, T is the tempera-
ture, q is the elementary charge, k is the Boltzmann con-
stant, @, is the SBH, V is the applied voltage, and n an
empirical “ideality” factor, which is unity for an ideal
diode. The IV curve collected on the particular diode,
which was subjected to the BEEM measurements de-
scribed here, is shown in Fig. 3(a). Using Eq. (1) with
A*=8.2 A/cm’K?, we obtained ®;,=0.83+0.01 eV,
and an ideality factor of 1.08.

Capacitance-voltage measurements on the same diode
were carried out at 10 MHz, and the SBH, &, was cal-
culated according to Eq. (2),

C N (Pey—E+qV,—kT) , )
where C is the differential capacitance per unit area, €, is
the dielectric constant of GaAs, £ is the difference be-
tween the CB minimum (CBM) and the Fermi level E in
the bulk semiconductor, and V, is the reverse voltage.
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FIG. 3. (a) Forward IV characteristics of the diode on which
the BEEM measurements described in this paper were per-
formed; (b) CV profile of the same diode collected at 10 MHz.
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The SBH obtained according to the above formula was
0.92+0.01 eV. The CV plot is shown in Fig. 3(b). The
macroscopic electrical characteristics were essentially the
same for all diodes prepared in the manner described here
and agree with those reported by numerous other
researchers.” Although the diodes in this study contained
a thin interfacial layer, it is highly conductive.!! There-
fore, no compensation for the presence of an insulating
interfacial layer was required in our calculations.

V. NANOSCOPIC VARIATION OF THE SBH

Lateral profiles of the SBH were obtained by collecting
20-60 different BEEM spectra 0.7 nm apart in single line
scans at various regions of the diode. Each spectrum was
the average of 40 current readings taken by the analog-
to-digital converter at each voltage to increase the
signal-to-noise ratio. For each spectrum, ¥, was varied
from 0.50 to 1.20 V, at 0.020-V steps. The uncertainty of
0.010 eV in determining the SBH was the 95% confidence
limit (from the Student ¢ distribution) obtained by fitting
ten different spectra collected at a single point to the BK
theory; this uncertainty was found to be essentially the
same for points selected at random over the area of the
BEEM scan. A STM topograph along with a simultane-
ously recorded BEEM image of the area surrounding one
of the line scans are shown in Figs. 4(a) and 4(b), respec-
tively. The images were collected at V, of 1.6 V and a
tunnel current of 2 nA. The surface roughness observed
(~3 nm) and feature size (10—20 nm) are consistent with
the TEM data. The dotted line shown in Fig. 4(a) indi-
cates the exact location where the line scan in Fig. 5 was
collected. Such profiles could be reasonably reproduced
by repeatedly probing the same region, provided the STM
drift rate was sufficiently low ( <1 nm/h).

STM and BEEM images like those presented in Fig. 4
were routinely obtained on Au/GaAs diodes prepared in
the manner described in this work. Both images
remained essentially unchanged after numerous repeat
scans. Although the minimum to maximum BEEM
current varied by 30% about the average BEEM current
across the area of the diode, no regions were found with
zero transmittance. This condition is critical since the
SBH cannot be determined at regions that do not
transmit ballistic electrons. The native oxide that
separates the Au film from the GaAs increases dramati-
cally both the fraction of the contact area which
transmits ballistic electrons as well as the period of time
over which this condition persists ( > 35 days)."!

The SBH profile shown in Fig. 5 is typical of the lateral
variations in potential we observed for our samples. Al-
though this line scan was collected entirely over one
feature in the STM image, the SBH in that region varied
over a range of almost 0.10 eV. TEM images of the Au
films showed that the features observed in the STM im-
ages were probably individual Au grains, and that the
spatial separation of grain boundaries or stacking fault
defects was much larger than the lateral-variation length
observed in the SBH. Furthermore, the excellent agree-
ment between the average BEEM-derived SBH and the
macroscopic SBH measurements suggests that scattered
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electrons contribute a negligible amount to the BEEM
signal, indicating that the nanoscopic variations detected
are variations in the SBH rather than the result of
scattering processes. This suggests that structural and/or
chemical variations at the oxide-GaAs interface, includ-
ing intrinsic point defects or dopant atoms, influence the
spatial dependence of the SBH. Palm, Arbes, and
Schulz'? recently used BEEM to investigate SBH fluctua-
tions at Au contacts to n-type (100)Si (N,=8X10'®
cm™?) and, similarly, found no correlation between film
topography and SBH. These workers observed SBH vari-
ation as large as 0.1 eV/nm for the Au/(100)Si interface.
Variations in the local barrier height rarely exceeded
0.02 eV/nm. However, several abrupt “valleys” where

100 (a)

nm

100

s

100

FIG. 4. (a) An STM image of a 100X 100 nm? region of the
Au/GaAs diode, and (b) the simultaneously obtained BEEM
image. In the STM image, the dark to light range is 1-4 nm,
and in the BEEM image, the dark to light range is 6-12 pA.
The images were collected at a tunnel current of 2 nA and a
tunnel voltage of 1.6 V. The dotted line in the lower left-hand

corner of the STM image indicates the location of the SBH
profile shown in Fig. 5.
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FIG. 5. SBH profile under a single Au grain (Fig. 4). Each
point required 25 sec to collect, since the current was sampled
40 times at each voltage. The error bars correspond to 95%
confidence limits from several measurements at the same point
on the surface.

the SBH changed by as much as 0.06 eV/nm were also
encountered. According to Freeouf et al.,® and more re-
cently Tung,’ a patch of the interface with a SBH lower
than the surrounding area will be effectively “pinched
off”” by spillover of the depletion width from surrounding
regions if the area of the patch is small enough and/or
the difference in the SBH is large enough. Following
Tung, we calculated the required interface potential
necessary to establish the “effective” potential probed by
BEEM and IV using the formula
2

1-Z | +v+g—a

Viz)=V,

-z
(ZZ+R2)1/2 ?
(3)

where z is the distance from the MS interface normal to
the contact plane (see inset in Fig. 6), W is the depletion
width (60 nm for our diodes), V is the applied voltage
(generally, ¥ =0 for BEEM experiments), and A is the
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FIG. 6. The diffusion potential, calculated using Eq. (3), as a
function of distance from the interface (see Ref. 9).
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difference between the SBH at a circular patch of radius
R and the SBH of the surrounding area. The results of
this calculation for our diodes are shown in Fig. 6. It
should be noted that even for the most extreme case of
A=0.40 eV, the maximum value of the barrier height is
only ~2 nm away from the interface, so that the effects
of inelastic scattering within the interior of the semicon-
ductor on the measured SBH are minimal.

VI. COMPARISON WITH THE PARALLEL
CONDUCTION MODEL

The results of all the BEEM measurements performed
on the same diode comprise a statistical distribution of
barrier heights at the interface. The distribution ob-
served for the particular diode we describe here is shown
in Fig. 7. The average SBH, ( ®ygpy ), is 0.895 eV, and
has a standard deviation of 0.024 eV. Kaiser and Bell,
who investigated oxide-free Au/(100)GaAs contacts with
BEEM, also reported a { ®ggpy) of 0.89 eV, and a &,
of 0.80 eV.!? Their results were based on spatially aver-
aged BEEM spectra collected at regions of the diode that
supported BEEM. The fact that the presence of the ox-
ide does not alter (®Pggpy) suggests that additional
inelastic-scattering events in the oxide have no apprecia-
ble effect on Pgrgy. Otherwise, the distribution of SBH’s
would have been broadened, and the average value in-
creased, as compared to contacts without an intervening
oxide.

According to the parallel conduction model proposed
by Ohdomari and Tu’ for treatment of mixed-phase con-
tacts, the total junction current at a MS diode during an
IV measurement equals the sum of the currents flowing
through the various regions of the interface with the
different barrier heights. Using the model, we may calcu-
late the effective SBH expected for IV measurements
(®,) based on the barrier-height distribution shown in
Fig. 7 using the following expression:
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FIG. 7. A distribution of SBH’s measured with BEEM
(~200 points) on a single diode. Superimposed on this distribu-
tion are the experimentally determined values of the SB deter-
mined using IV and CV measurements on the same diode.
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where N is the total number of BEEM measurements and
®,, is the SBH determined from the mth measurement.
The effective SBH which we calculate based on the above
model is ®,=0.885 eV, which is considerably larger than
the measured value of ®;, =0.83 eV.

The discrepancy between the thermionic emission and
BEEM-derived values of the SBH can be explained in
terms of additional current-transport mechanisms other
than thermionic emission, such as thermionic field emis-
sion (TFE), contributing to the total junction current dur-
ing a IV measurement. In the forward bias regime, TFE
occurs when electrons with a certain energy above the
CBM tunnel through the barrier. In the reverse bias re-
gime, TFE can also take place when a sufficiently large
voltage is applied so that the Schottky barrier becomes
thin enough for the electrons to tunnel through. In
GaAs, TFE becomes significant when the dopant concen-
tration increases above 10!7 cm 3,2 which is the case for
the samples used in this study. TFE is not expected to
contribute significantly to ®gpgy since the junction is not
biased during a BEEM experiment. We calculated the
effective lowering of the SBH due to TFE, A®gg, to be
0.060 eV, using the following expression:?

2/3 1/3
NV, Y

3%
—_ , (5)
m*e,

AP rpp= 4

where m* (=0.067) is the effective mass of the electrons
in GaAs. If the effect of TFE is now added to the ob-
served @, the agreement with the ®, the value predict-
ed by the BEEM data and the parallel conduction model
is excellent (Table I).

We performed similar BEEM measurements on UHV-
prepared PtSi/(100)Si diodes that had a substrate dopant
concentration of 4.5X 10" cm 3. For such a low dopant
concentration, AP g is less than 0.01 eV, and the calcu-
lated ®,, based on the BEEM-derived distribution using
the parallel conduction model agrees very well with the
experimentally observed value.'*

The SBH determined by the CV measurement ® ., de-
pends only on the diffusion voltage and the donor densi-
ty, and, therefore, should ideally correspond to the mean
SBH of the contact.’ Unlike BEEM and IV methods that
rely on electrons or holes traversing the MS junction to
measure the SBH, the CV method involves no such car-
riers, and ® ., will, therefore, not be affected by the im-
age force. If the contribution of the image force A®y,
calculated according to the standard formula®

3 1/4
1N o eiry| (6)

AD = | ——
i 8mi(e, )’

is subtracted from @, one obtains &, =0.866 eV. We
have subtracted the contribution of the image force from
@ instead of adding it to Pggpy and Py so that our
BEEM results could be more readily compared to those
obtained by other workers in the field here. Since in the
derivation of Eq. (6) the maximum value of the electric
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TABLE I. Summary of results.

Method Symbol Value (eV) Equation
Parallel conduction model D, 0.885 (4)
applied to BEEM distribution
Thermionic field emission AdDrgg 0.060 (5)
contribution
®,-Adrpg 0.825

For comparison:
calculated from IV Lo 0.83+0.01 (1)
Average of BEEM 1 J— 0.895
distribution
Image-force Ad; 0.054 (6)
correction

(®ppem) +AD; 0.949
For comparison: [ P 0.92+0.01 (2)

calculated from CV

field due to the SB is used, A®;;=0.054 eV represents the
upper limit to the image-force lowering contribution.
Comparison of ®%, with (®gppy) reflects the overes-
timation of the image force by Eq. (6). The results of all
of the measurements and calculations discussed in this
paper are included in Table I.

VII. CONCLUSIONS

We have used BEEM to examine how the SBH varied
spatially at a Au interface with a chemically prepared n-
type (100)GaAs substrate. Lateral variations in potential
on the order of 0.02 eV/nm were routinely observed, and
several larger changes up to 0.064 eV/nm were also
found. These variations could not be correlated with the
metal-overlayer morphology from STM nor with micros-
tructure from TEM. We applied the parallel conduction
model to the nanoscopic distribution of SBH’s observed
with BEEM and found good agreement with the effective
SBH derived from the current-voltage characteristics.
Similar agreement was also observed for PtSi/(100)Si, and
will be fully discussed in a separate paper. The SBH mea-

sured with the CV method exceeded the average BEEM
barrier height by 0.03 eV and provided an experimental
estimate of the image-force lowering averaged over the
area of the contact. The excellent correspondence be-
tween the macroscopically measured SBH’s and those
determined with BEEM serves as strong evidence that
the nanoscopic variations in the barrier height presented
in this work are, in fact, variations of the SBH, rather
than the results of scattering events in the Au film or the
oxide passivation layer.
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FIG. 1. Plan-view transmission electron microscopy image of
a  Au/oxide/GaAs(100) diode chemically etched in
NaOH/H,0, from the backside. In this area of the thinned
sample, the substrate and other soluble phases have been com-
pletely removed. The diffraction pattern shown in the inset in-
dexed exactly to Au. The white areas are not holes but have
visible contrast. (Bright field image taken at an accelerating
voltage of 300 keV.)
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FIG. 2. Cross-sectional transmission electron microscopy im-
age of a Au/oxide/GaAs(100) diode prepared by ion milling at
low temperatures. The top layer with lattice fringes visible is
polycrystalline Au and the phase closer to the interface is the
oxide. The darker layer with fringes right at the interface is
perhaps an indication of a reaction beginning with the substrate
(300 keV, [110] pole).



FIG. 4. (a) An STM image of a 100X 100 nm? region of the
Au/GaAs diode, and (b) the simultaneously obtained BEEM
image. In the STM image, the dark to light range is 1-4 nm,
and in the BEEM image, the dark to light range is 6-12 pA.
The images were collected at a tunnel current of 2 nA and a
tunnel voltage of 1.6 V. The dotted line in the lower left-hand
corner of the STM image indicates the location of the SBH
profile shown in Fig. 5.



