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Fluctuations of the Au-Si(1QQ) Schottky Barrier Height
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Schottky barrier height fiuctuations of Au films on Si(100) are directly imaged with nm-scale resolu-
tion by ballistic electron emission. Fluctuations are made visible by using a highly doped (Nd = 10'
cm ) substrate. Randomly distributed (approximately 10'3 cm ) spots (about 2 nm in diameter) of
reduced barrier height (typical M&=20-50 meV) are observed. The microscopic distribution of barrier
heights eA'ective in emission is consistent with mean barrier height values measured by standard tech-
niques.

PACS numbers: 61.16.—d, 68.35.—p, 73.30.+y, 73.40.Ns

Fluctuations in the Schottky barrier height (SBH)
of metal-semiconductor contacts have recently been
thoroughly discussed in the literature [1,21, because their
existence plays a key role in the test of Schottky barrier
(SB) models [3,4]. Up to now SBH fiuctuations have not
been directly imaged; however, many anomalies in experi-
ments on SB contacts may be understood in terms of
SBH inhomogeneities, e.g. , an ideality factor greater than
unity or discrepancies between SBH values determined
by diA'erent measurement techniques [2].

In the present work, we show direct images of SBH
Auctuations. We employ a combination of ballistic elec-
tron emission microscopy (BEEM) and ballistic electron
emission spectroscopy (BEES) [5-7] in a pixel-by-pixel
evaluation procedure. The method was described and
successfully applied to an image in nanometer microscopy
of the SBH of thin Au films on Si(111) in an earlier pa-
per [8]. No significant Auctuations of the SBH were ob-
served in these measurements. In the present work, we
demonstrate the SBH fiuctuations in excess of 0.3 eV are
present in the SB at the Au-Si(100) interface; however,
these Auctuations are only visible in highly doped samples
causing high electric fields at the interface. In order to
demonstrate this field effect in SBH imaging, we have ap-
plied nanometer microscopy of the SBH to two specific
samples differing in the uniform substrate dopant concen-
tration by almost 3 orders of magnitude. The two n-type
(phosphorus) doping concentrations in Si(100) chosen
are Nd =1.5 & 10' cm and Nd =8.0x 10' cm . The
procedure for the deposition of the thin Au film in order
to prepare the Schottky contact was previously described
in Ref. [8]. The Au contacts for the two samples are
simultaneously fabricated to obtain comparable parame-
ters, e.g. , the Au film thickness t A„=7.9 nm and the typi-
cal Au grain diameter dA„=20 nm.

A commercial scanning tunneling microscope (STM)
(Besocke walker type [9]) is used to perform BEEM and
BEES measurements at room temperature. The tunnel-
ing injection current from a Pt-Ir tip is maintained con-
stant at I, =3 nA. The collector current I, analyzed in

the range 0 ~ I, ~ 100 pA is converted to a voltage by a
low-noise electrometer amplifier. The collector current is

measured without an external substrate bias voltage.
With a typical SBH for Au on n-Si(100) C&A„=0.8 eV,
the interface electric field of the samples is estimated to
be F=3.6&&10 V/cm and F= 1.l X10 V/cm for the low

and high doping concentrations, respectively. In the fol-
lowing, we refer to the sample having the lower electric
field as "LFLD" and to the other sample as "HFLD."

Images and histograms are determined by a combina-
tion of the BEEM and BEES methods in a pixel-by-pixel
evaluation as described in Ref. [8]. Typically twelve
BEEM images are taken at different tunneling bias volt-
ages V& in the range 0.5 V ~ V, ~ 1.2 V to define BEES
I, - V] characteristics for each pixel. The SBH @,ff
effective in BEES is determined as the voltage offset for
the collector current onset by applying a linear regression
to the individual I, -V, characteristics. Using a square
power law also proposed in the literature [101 for a nar-
row voltage region around the threshold of the collector
current yields similar image information. The magnitude
of the effective SBH determined by the linear and the
quadratic power law varies by less than 20 meV. For
more than 95% of the pixels, we obtain a good regression
coefticient r in the range 0.95 ~ r ~ 1. A pixel is defined
to be a dead element when the regression coe%cient
determined is outside this range. These dead elements
usually correlate with a low collector current I, ~ 2 pA.

Figures 1(a) and 1(b) show typical images of the
effective SBH @,g for the two samples. The image areas
are 60x60 nm in both cases. The contrast ranges from
0.6 eV (black) ~@,tr~ 1.0 eV (white). Dead elements
are depicted in white so that they are clearly visible in the
images. The LFLD sample in Fig. 1(a) in general shows
less contrast variation than the HFLD sample in Fig.
1(b). Figure 1(b) exhibits a large number (density ap-
proximately 10' cm ) of dark spots. The average spot
diameter is d = 2 nm. The peak barrier height reduction
in the spots ranges up to more than 100 meV. Typical
reduction values range within 20-50 meV. In the lower
right corner, there appears to be an extended area of a re-
duced barrier height. Neither the dark spots nor the ex-
tended area of reduced barrier height can be correlated
with the island structure of the Au film characterized by
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FIG. 2. Histograms of the effective barrier height @,fr for the
two samples LFLD and HFLD. Dead elements are not includ-
ed. The main parameters of the distribution are indicated by
the curves.

FIG. 1. Images of the effective Schottky barrier height @,&.

The image area is 60&60 nm covered by 512&512 pixels. The
image contrast window is 0.6 eV (black) (4,a ( 1.0 eV
(white). Dead pixels are depicted white. (a) Low-field sample
LFLD. (b) High-field sample HFLD.

a standard STM image.
It is noted that the image spots extend over approxi-

mately 15x15 pixels and are not caused by noise in the
image. The slight stretch out of the spots in the horizon-
tal scan direction is an artifact of the measurement
response time. The spot pattern appears to be caused by
randomly distributed defects in the interface region caus-
ing a SBH reduction. The density of these defects is
more than 2 orders of magnitude larger than the area
density (approximately 10" cm ) of doping centers in

the interface region of 10 nm depth.
Quantitative information on the effective barrier height

can be extracted from the histograms shown in Fig. 2.
The histograms of Fig. 2 show the same data as in Fig. 1;
only dead elements are excluded. The barrier height dis-
tributions are smooth with only one maximum, thus indi-
cating a well defined mean barrier height smeared out by
statistical fluctuations. The maxima yield the most prob-
able barrier height magnitudes +LFLD „=825meV and
NHFLD, „=801meV for the LFLD and HFLD cases, re-
spectively. The shift h. =24~ 10 meV of the maximum
to a lower barrier height value at high fields is within the
error in accordance with the lowering hsE=31 meV due
to the Schottky effect. A noticeable fraction (5-10 meV)
of the mean barrier lowering is estimated to be caused by

the barrier reduction in the spots.
It is also noted that the width of the distribution is in-

creased for the HFLD case. The value of the full width
at half maximum is almost doubled from FW H M
(LFLD) =55 meV = 2kgT to FWHM(HFLD) =95
meV. The HFLD distribution also shows a long tail to-
wards low barriers in an asymmetric distribution. The
width of the distribution in the LFLD case is of the order
of thermal broadening which limits the barrier height
measurements [10]. Figure 1(a) of the LFLD sample
also shows a similar spotlike structure as Fig. 1(b) of the
HFLD sample; however, the magnitude of this structure
cannot be clearly distinguished from thermal noise. The
increased broadening in the HFLD case is significantly
larger than the thermal broadening. We interpret this
broadening by barrier height fluctuations which are
present in the Au-Si(100) interface. Since both samples
are fabricated in the same way, the fluctuations are most
probably present in both samples but only clearly visible
in the HFLD sample.

The magnitude of the effective barrier height fluctua-
tions observed in BEEM measurements is discussed on
the basis of the inhomogeneous band bending as reported
in the literature [1,2] together with an additional effective
barrier lowering due to the Schottky effect [11]. The
barrier lowering effects are depicted in Fig. 3. The mag-
nitude of the effective barrier height and the lowering for
the LFLD and HFLD samples are calculated for a uni-
form metal-semiconductor interface barrier height Ago
=800 meV superimposed by a constant lowering A&I.-

=300 meV assumed in the shape of a circular patch of
d=2 nm diameter in accordance with the spot diameter
observed in the image Fig. 1(b). The dotted lines indi-
cate the triangular band bending outside the patch for the
two doping concentrations of our samples (LFLD,HFLD)
extrapolated to the interface. The dash-dotted curves
show the band bending along a line normal to the inter-
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TABLE I. Barrier height values @r v, @pE, and Nc v as
determined from I-V, photoelectric, and C-V measurements, re-
spectively, and weighted averages for the two samples LFLD
and HFLD.
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FIG. 3. Calculated band bending E, as a function of depth z
normal to the interface for the LFLD and the HFLD sample.
The dotted curves indicate the ideal triangular profiles. The
dash-dotted curves show the band bending normal to a circular
patch of 2 nm in diameter having a reduced interface barrier
height of 500 meV. The dashed lines and the continuous lines
are determined by superposition of the image force potential
with the dotted and the dash-dotted curves, respectively. The
effective barrier height differences hL and h, H due to the inter-
face barrier height variation are indicated for the LFLD and
the HFLD case.

face from the center of the circular patch into the semi-
conductor space charge region. The dash-dotted curves
are calculated by solving Poisson's equation [Eq. (6) in

Ref. [1]]. An effective barrier height occurs at the band
bending maximum inside the space charge region. An
additional band bending is due to the Schottky effect in-

duced by the image force potential [11]. The total band
bending outside the patch is shown in Fig. 3 by the
dashed lines and at the center position of the patch by the
continuous lines. The effective barrier is located approxi-
mately 12 nm below the interface in the space charge re-
gion for the LFLD sample. At this distance the interface
barrier lowering h, ~F =300 meV has almost completely de-
cayed. The barrier height variation hL = 2 meV between
the band bending maxima inside and outside the patch is

marginal. Therefore, it is not possible to detect interface
barrier fluctuations using low-doped semiconductor sub-
str ates.

In the HFLD case, the effective barrier maximum is

moved close (= 2 nm) to the interface. The residual bar-
rier height variation is AH=23 meV. The lowering due
to the Schottky effect compared to the LFLD case is 31
meV. This Schottky effect barrier lowering is directly
visible in the experimentally observed shift of the HFLD
distribution maxima of 24 ~ 10 meV. The calculated
value is in accordance with the experimental value. The
measurement of the Schottky effect by ballistic electron
emission with the BEEM technique is in agreement with
the classical photoelectric measurements on Schottky
barriers [12].

The effective barrier height variation hH in Fig. 3 is

chosen to be within the magnitude range of typical bar-
rier lowering values observed in the spots of Fig. 1(b). A
rather small value was picked from the range in order to
estimate a lower limit of the interface barrier height devi-

ation. In general, the knowledge of the effective barrier
height variation hH and hL is not suScient to extrapolate
back to an abrupt metal-semiconductor interface barrier
height variation A~F, because the decay of interface fluc-
tuations to the position of the effective barrier depends on

the individual characteristics of the fluctuation, e.g. , on
the diameter of the circular patch. In our measurement,
however, we are able to determine the characteristic fluc-
tuation length from the spot diameter d = 2 nm in the
image Fig. 1(b). This diameter is applied in the calcula-
tion of the band bending in Fig. 3; therefore, the extrapo-
lated interface variation A~F =300 meV is a low estimate
of the deviation in the interface barrier. The spots having
an effective barrier lowering in excess of 100 meV lead to
interface barrier lowerings larger than the SBH. For
such a large fluctuation the extrapolation to a planar in-

terface is not valid. This discrepancy, the magnitude of
the barrier lowering, and the spotlike appearance of the
observed fluctuations may well be explained by defects
distributed a few nanometers from the interface into the
semiconductor; however, we cannot rule out an interface
roughness as the origin of the fluctuations. For a discus-
sion of the origin of these fluctuations and the conse-
quences on SB models further information on the inter-
face structure is necessary.

The histograms in Fig. 2 may be regarded as probabili-
ty distributions of the effective barrier height. These
probability distributions can be used to calculate weight-
ed averages of the effective barrier height as they are ob-
served in various measurement methods. In the follow-

ing, we perform these evaluations to compare our BEEM
barrier height data with the mean barrier height values
obtained by the standard capacitance-voltage (C-V), the
current-voltage (I V), and the photo-electric (PE) mea-
surements performed on the same HFLD and LFLD
samples as used in the BEEM measurements. The bar-
rier height values experimentally determined by the
different methods are listed in Table I for the LFLD and
the H FLD samples, respectively. The experimental
methods chosen for the comparison characteristically
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diff'er in the weighting of the average formation. The
current in thermionic emission across a barrier @,g is

exponentially weighted by the Boltzmann factor
=exp[ —@,tr/kttTl [131. The barrier height determina-
tion by photoelectric measurement takes an average value
with a weighting wpE = (h v —@,tr) according to the
Fowler model of internal photoemission [14] where hv is
the photon energy in the measurement range. In the C-V
measurement, the mean barrier height is determined;
however, an image force is not present. The average
BEEM barrier height value must therefore be corrected
by the Schottky eAect lowering.

The barrier height values calculated from the histo-
grams with the appropriate weighting factors are listed in

Table I together with the experimentally determined bar-
rier heights for the LFLD and HFLD samples. The ex-
perimentally determined barrier height values difler con-
siderably for the various measurement techniques; the
@c v and @t v barrier height magnitudes for the HFLD
sample diAer by more than 100 meV. The barrier height
values calculated from the histograms reflect the trends
of the barrier lowering very well and quantitatively agree
with the measured values within the measurement error
(standard deviation). The comparison shows that the
diA'erent weighting by which barrier height fluctuations
aA'ect the various measurement methods leads to a large
scatter of the mean barrier height values. The eA'ect is

especially strong for the I-V measurement for which re-
gions of low barrier height are favored by the exponential
weighting. The barrier height fluctuations strongly affect
the barrier height determination when high fields are
present at the interface either induced by a high doping
concentration or by a reverse bias voltage applied. In the
measurements, we have therefore limited the bias varia-
tion to a narrow range to make the comparison valid.
Only slightly differing mean barrier height values are
determined in the LFLD case.

In summary, we have shown a direct image of Schottky
barrier height fluctuations by a pixel-by-pixel evaluation
of ballistic electron emission microscopy measurements.
The fluctuations are made visible by using a highly doped

semiconductor substrate. The high doping concentration
shifts the barrier effective in emission very close (approxi-
mately 2 nm) to the interface. The effect is demonstrated
by comparing the results of a high- and a low-doped sam-
ple. The barrier height image shows nanometer-size spots
with a reduced barrier which are not correlated with the
island structure of the metal film. The magnitude of the
fluctuations and their spotlike appearance indicate a dis-
tribution of defects from the interface a few nanometers
into the semiconductor. The microscopic barrier height
distribution measured by BEEM is used to calcul-
ate weighted averages of barrier heights as determined
in standard macroscopic measurements. Quantitative
agreement is obtained with measured data.
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