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We have studied the electrical properties of both orientations of the NiSi, /Si{111)interface in re-

lation to the atomic structure at the very interface. The flat-band Schottky-barrier heights corre-
sponding to the A- and B-type oriented silicides are shown to be 0.65 and 0.81 eV, respectively, in

agreement with the literature. Measurements using medium-energy ion scattering show that the
concentrations of atoms displaced from lattice sites at the A- and B-type oriented NiSi2/Si{111) in-

terfaces are smaller than —1 X 10"Si atoms cm and -3X 10"Si atoms cm -, respectively, ruling

out the possibility that the difference in Schottky-barrier height is caused by defects. The difference
should therefore be intrinsically related to the interfacial atomic geometry.

I. INTRODUCTION

Since the discovery of the rectifying property of a
point-contact device, much work has been devoted to the
unraveling of the formation mechanism of the energy
barrier for electron transport across a metal-
semiconductor interface, the so-called Schottky bar-
rier. ' The electronic behavior of a metal-
semiconductor system is not only influenced by the bulk
properties (e.g. , work function and electronegativity) of
metal and semiconductor, but also by the structural prop-
erties of the metal-semiconductor interface (e.g. , defects,
giving rise to interface states which pin the Fermi level in
the band gap).

The development of theory for Schottky-barrier forma-
tion has been guided by the observed chemical trends in
barrier heights of different metal-semiconductor com-
binations. The original Schottky-Mott proposal that the
barrier height equals the difference between the metal
work function and the semiconductor electron affinity
does not hold, ' but this parameter does correlate with
the barrier height for many metal-semiconductor com-
binations. Bardeen recognized that electronic states in
the band gap had to be invoked to account for the rela-
tively weak dependence of the Schottky-barrier height on
this difference. Over the years many theories attempting
to identify the nature of these interface states have been
proposed. However, so far none of the theories pro-
posed seems to provide an indisputable and complete ex-
planation of the experimental data. This is largely be-
cause interface states arise from a variety of subtle
structural features, such as impurities and defects. Ex-
perimentally, it is difficult to characterize these properties

to the required level of detail. This makes it difficult to
compare the electrical properties of different metal-
serniconductor combinations. Clearly, the understanding
of the fundamental parameters governing Schottky-
barrier formation would greatly benefit from experiments
on "model" metal-semiconductor contacts which form a
uniform atomically well-ordered interface over the entire
semiconductor surface area; for such a model system, all
structural properties would be known.

Recently, model systems have become available due to
the possibility of growing epitaxially the disilicides of Ni
and Co on Si(111)under UHV conditions with a high de-

gree of crystalline perfection. Epitaxial NiSi2 offers an
additional feature: It has been shown to grow in two
orientations with respect to a Si(111) substrate, namely
the so-called type- 3 orientation, in which the silicide has
the same orientation as the substrate, and the type-8
orientation, in which the silicide is rotated over 180 with
respect to the substrate around the surface normal. ' The
silicide orientation can be influenced by an appropriate
choice of the initial amount of Ni evaporated. The
NiSiz/Si(111) interfaces are well characterized on an
atomic scale: For both silicide interface orientations
there appears to be agreement on structure models in
which the interface Ni atoms are seven-fold coordinat-
ed." " The only difference between the two systems is
the atomic arrangement at the interface; the bulk proper-
ties of the constituting materials are of course identical.

Measurements of the Schottky-barrier heights of these
well-defined interfaces, however, have resulted in a con-
troversy. Tung et al. ' ' reported the barrier heights for
A-type NiSi2/Si(111) (0.65 eV on n-type doped Si) to
differ by 0.14 eV from that of B-type (0.79 eV on n-type
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Si); these authors attributed this difference in electronic
behavior to the difference in atomic arrangement at the
interface. This conclusion, however, was challenged by
Liehr et al. ,

' who asserted that the Schottky-barrier
heights are related to the structural perfection of the
silicide-silicon interfaces prepared. These authors ob-
served barrier heights of 0.78 eV, not only for A- and B-
type oriented interfaces, but occasionally even for a so-
called "C-type" NiSi/Si(111) interface. Less-perfect, e.g. ,
mixed A- and B-type interfaces resulted in lower barrier
heights (-0.66 eV). An observed lower barrier height for
A-type oriented NiSiz/Si(ill) interfaces would, accord-
ing to this work, be caused by a higher density of inter-
face defects; a higher defect density at the A-type inter-
face as compared to the B-type one is consistent with the
fact that the former is higher in energy than the latter. '

Ho et al. have since published measurements using for-
ward capacitance methods giving evidence for the pres-
ence of defect-related interface states. This conclusion
has since been challenged by Chantre et al. ' and Werner
et al.

Hauenstein et al. ' and Ospelt et al. essentially
have confirmed Tung's experimental results: Low bar-
riers (0.62—0.64 eV) were observed for A-type and higher
barriers (0.69—0.76 eV) for B-type oriented interfaces.
These papers, however, did not yield new information as
to the question whether an observed difference in barrier
height was "intrinsic" or just related to the defect con-
centration at the interface.

Kikuchi et al. have provided evidence that a
difference could be due to defects. This they concluded
from their observation that the barrier height of type-8
oriented silicide decreases from 0.75 to 0.65 eV as the sili-
cide thickness increases from 50 to 500 A. For larger
thicknesses interface states related to misfit dislocations
would cause a lowering of the type-8 Schottky-barrier
height to a defect-dominated value of 0.65 eV; therefore,
the barrier height of 0.65 eV at the type-A oriented inter-
face is, according to these authors, also dominated by a
high defect concentration. Kikuchi et al. ' interpret
their data in terms of an interface-defect model, using the
model as described by Zur et al. They conclude that a
lowering of the Schottky-barrier height to 0.65 eV re-
quires a density of at least -3X10' electrically active
defects per cm at the interface.

The correlation that Liehr et al. made between a high
value for the Schottky-barrier height (-0.80 eV) for A-

type oriented silicide and the structural perfection of the
interface has not been confirmed by other groups; more-
over, it appears that the results on Schottky-barrier
heights by Liehr et al. have been influenced by changes
in the substrate doping profile caused by the high-
temperature surface cleaning treatment employed in that
work. ' ' At present, there is little doubt that the
Schottky-barrier heights for both interfaces are different.
The fundamental issue whether the difference in barrier
height is intrinsically related to the different interfacial
atomic arrangements, or just related to a difference in de-
fect density, remains to be solved. Until now, the only
defect-sensitive structural probes employed for monitor-
ing the silicide and silicide-silicon interface quality have

been cross section and planar-view high-resolution
transmission electron microscopy (HRTEM) techniques,
which probe a small silicide area. To date, no systematic
quantitative studies of the interfacial defect density over
large silicide areas have been reported.

In this work we address the issue concerning the origin
of the difference in barrier height. We have performed
electrical measurements on differently prepared samples
using I-V, C-V, and photoresponse techniques, and have
correlated them with the silicide orientation as found by
medium-energy ion scattering (MEIS) measurements; in
addition, we have probed the quality of both interfaces
over a macroscopic area ( —50 mm ) using MEIS in con-
junction with channeling and blocking and observed
them to be of very high quality. We present the first ex-
perimental evidence that the defect density at the type-A
interface is smaller than the critical density for defect-
dominated pinning of the Fermi level in the band gap; the
difference in Schottky-barrier height cannot be explained
from the difference in defect density at the type-A and
type-8 oriented interfaces. It should therefore be intrin-
sically related to the atomic symmetry at the interface.

II. EXPERIMENT

First, we describe the experimental setup and pro-
cedures used, then the sample preparation.

A. Setup and experimental procedures

The samples were prepared in a multichamber
ultrahigh-vacuum system, consisting of a surface analysis
chamber, a molecular-beam epitaxy (MBE) apparatus,
and a sample loading chamber. The base pressure of
this system was 7X 10 Pa. Ni was evaporated using an
electron-beam evaporator; in an earlier stage of the ex-
periment sublimation wires were used. During deposi-
tion and transfer to the analysis chamber, the pressure
did not exceed 3 X 10 Pa and quickly recovered after-
wards. Sample temperatures were monitored using an in-
frared pyrometer with an accuracy of 50'C.

MEIS was employed in situ for monitoring the silicide
growth process, determination of the silicide orientation
obtained, and measurements of the interfacial defect den-
sity. The measurements were performed using a 99.8-
keV proton or 175-keV He+ beam collimated to within
0.1'. The sample orientation is controlled by a high-
precision UHV three-axis goniometer, enabling align-
ment of the ion beam with respect to the silicide axes to
within 0.1'. The backscattered ions are energy analyzed
with a toroidal electrostatic analyzer, ' enabling simul-
taneous detection over a 20' range of scattering angles
with an angular resolution of better than 0.2 and an an-
gular accuracy of 0.05 . The energy resolution AE/E is
3.6 X 10 . The detector can be rotated around the sam-
ple by means of a rotary table. By combining scans taken
for different angular positions of the analyzer, angular
ranges larger than 20' are covered.

The silicide orientation is determined using an ion
blocking method initially proposed by van Loenen
et al. We have labeled the scattering geometries corre-
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sponding to both silicide orientations with respect to ion
beam and detector I and II; the silicides will be referred to
as "type I" and "type II" ("type 3" and "type 8" refer
to interface orientations). Both geometries can be chosen
for a given interface orientation by rotating the sample
over 180' around the surface normal. The ion beam (175
keV He+) is incident on the silicide in the (110) scatter-
ing plane with an incident angle cz of 24.5 with respect to
the surface plane (Fig. 1). This angle does not correspond
to a major channeling axis for either of the scattering
geometries, so that about equal sensitivities are obtained
for both silicide orientations. On their way to the vacu-
um, the backscattered ions are blocked in directions
which are specific for the silicide orientation. For exam-
ple, silicide in orientation I gives rise to a characteristic
blocking minimum at an exit angle P of 35.03, and the
blocking pattern for silicide in orientation II contains a
deep minimum at P=19.3' (Fig. 1). In the case of a sili-
cide containing grains of both orientations, the angular
distribution of the backscattered ion yield ("blocking pat-
tern") can be described as a weighted average of the
characteristic patterns corresponding to type-I and type-
II oriented silicides. In an orientation determination ex-
periment, the relative areal fraction of type-I oriented

grains f, =S,!(S,+S»), in which S, and S„are the
areas of the probed part of the sample occupied by sili-
cides of orientations I and II, respectively, is obtained by
comparing the blocking pattern due to backscattering
from Ni atoms in a fitting procedure to a weighted aver-
age of the calculated Ni-blocking patterns for either of
both orientations on an absolute scale. The calculated
patterns are obtained using Monte Carlo methods. The
error in the areal fraction resulting from such a fit is es-
timated to be —8%, which is also the detection limit for
grains of opposite orientation in a single-oriented Qm.
Figure 2 shows measured blocking patterns (circles) and
fits (drawn lines), both for a type-II oriented film and a
film containing grains of type-I and II oriented silicide in
about equal amounts. For both A- and 8-type oriented
silicide-substrate interfaces, we have obtained areal frac-
tions of the opposite orientation f& 0.08, measured with
the silicide in scattering geometry II; after rotation of the
sample over 180 around the surface normal (the ex-
change of geometries I and II), the same analysis yielded
an areal fraction of f» -0.15. We believe that the form-
er number is reliable, as is concluded from the pho-
toresponse analyses of such samples (see below). A
difference in detection limit for detection of type-I orient-
ed grains in type-II material (8%) as compared to the
detection limit for type-II grains in type-I oriented sili-
cide (15%) is already expected from the difference in
channeling jblocking geometries I and II (Fig. 1), which
are differently sensitive to, e.g., small uncertainties in sur-
face relaxations and vibration amplitudes. Consequently,
we have analyzed the orientation of our samples of both
interfacial orientations with the silicide oriented accord-
ing to geometry II.

For definition of the diodes we used either evaporation
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FIG. 1. Scattering geometry used for the orientation deter-
minations in this experiment. Only one (110)scattering plane is
given for either of the two silicide orientations, which are la-
beled I and II. The ion beam (175 keV He+) is incident in a
direction which is "random" for both silicide orientations. The
number of Ni atoms visible to both ion beam and detector
shows minima in main crystallographic directions which are
specific for the silicide orientation (indicated).

FIG. 2. Two examples of observed blocking patterns (circles)
due to backscattering from Ni atoms obtained in the scattering
geometry indicated in Fig. 1. Characteristic blocking directions
for each of the silicide orientations are indicated. Drawn lines
are linear combinations of calculated patterns, assuming a rela-
tive areal fraction f, of regions oriented according to geometry
I as indicated. {a) shows the pattern for a silicide which con-
tains 50% of type-I oriented grains; in (b) the pattern from a
type-II oriented silicide is given.
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FIG. 3. The sample structures with diode delineation used
for the electrical analyses. The sample dimensions are in both
cases 7X16 mm . (a) SiO, pattern (left) and Ta evaporation
mask (right); (b) enlarged view of the diode area of the Si02 pat-
tern.

masks (stainless steel or Ta) or SiOz layers patterned by
standard photolithographical methods (Fig. 3). In both
cases, a large area (5 —20 mm ) on the sample was avail-
able for structure analysis of the silicide. Different diode
sizes were prepared with silicide areas ranging from 0.01
to 2 mm . Most electrical analyses were performed on
diodes of -0.05 mm . Back contacts to the substrate
were prepared in advance of the experiment by ion im-
plantation (30 keV P+, 1X10' cm ). This implantation
was electrically activated during the heating stage for
surface cleaning (see below). It was used in combination
with a thin Ga-In eutectic layer to establish the back con-
tact during electrical analysis; the behavior of the contact
was verified to be ohmic.

The electrical analyses were performed in air in a
light-shielded case, in which current-voltage (I V), -

capacitance-voltage ( C- V), and photoresponse (PR)
characteristics on the same diode can be measured subse-
quently without opening the box. The contact to the sili-
cide on the front side is established by positioning a thin
Au wire (0.1 mm) on the diode using an optical micro-
scope; the sample table can be moved in the X and Y
directions for accurate alignment of the sample with con-
tact wire and light beam. The sample temperature is
monitored using a calibrated Pt-100 resistance thermom-
eter.

I-V characteristics were automatically recorded using
a Keithley model 230 voltage source and model 619 mul-
timeter in a bias range from —0.5 to 0.5 V; from the
characteristics values were deduced for barrier height Pb,
ideality factor n, series resistance, and shunt resistance in
a computer fit. The latter parameter is useful for analysis
of diodes showing some leakage current.

For photoresponse analysis a light source was avail-
able, delivering monochromatic light with photon ener-
gies ranging from 0.62 to 0.97 eV. It consists of a W rib-
bon lamp, the filament of which is imaged by a lens onto
the entrance slit of a computer-controlled grating mono-
chromator (grating 300 lines/mm) and a long-wavelength
pass filter (h v &0.98 eV). A second lens and a small mir-
ror are used to image the monochromator exit slit onto
the diode area. The light beam is chopped at a frequency
of 80 Hz. The photon-induced signal from the Schottky
diode is measured using a lock-in amplifier (PAR model
121},digitized, and fed into the computer. For normali-
zation of the measured photon-induced signals the system
response is monitored using a pyroelectric detector
(Molectron 404CM).

Capacitance data at reverse bias were taken using a
Hewlett-Packard model 4192A LF impedance analyzer in
a frequency range from 0.1 to 2 MHz. The sample was
connected to the analyzer in a four-point configuration,
to reduce the inAuence of cable losses.

B. Sample preparation

The samples (n-type, P or As doped, substrate doping
levels ranging from 2 X 10' to 2 X 10' cm ) were sub-
jected to a cleaning procedure, involving a degreasing
step using high-purity ethanol in an ultrasonic bath and a
chemical treatment. The latter has been described by
Ishizaka et al. and is based on repeated alternating
steps of Si oxidation and removal of the thin oxide film
formed. The solutions used are HNO3 at 90'C and 1%
HF at 25'C, respectively. In this process, also a negligi-
bly small part of the Si02 mask is removed. Finally, a
volatile oxide is grown, using a solution of H20, H202,
and HC1 at 90'C. After each chemical step, the samples
are flushed using high-purity water (12—18 MQ cm) ob-
tained from a Millipore Milli-Q water cleaning system.
Baker VLSI-grade chemicals with very low residual parti-
cle densities are used throughout. After loading into the
UHV system, the thin oxide is evaporated off at a temper-
ature of 800'C during 10—20 min by direct-current resis-
tive heating. The ion-implanted layer for the back con-
tact is likewise activated during this annealing step.
After cleaning, no impurities were detectable using
Auger electron spectroscopy [intensity ratios
I(C(I'LL) )/I(Si(L VV) ) and l(O(ICLL) }/I(Si(LVV) )
smaller than 1 X 10 ] or MEIS (detection limit
—10 —10 monolayer for elements heavier than Si).

Following the recipes given by Tung, A- and B-type
oriented silicide layers were grown by deposition of an
appropriate amount of Ni at room temperature and an-
nealing to 450—500'C. In the case of samples without a
patterned Si02 layer for delineation of the diodes, the
mask was used during evaporation.

B-type oriented silicides were obtained by deposition of
Ni to an amount of -4 or —9X10' cm (5 or 10 A);
3-type oriented silicides resulted upon annealing of an
initially deposited amount of —16X10'5 cm 2 (18 A).
The silicide orientation was checked as described in Sec.
IIA. Using the electron-beam evaporator at high eva-

0
poration speeds (-2 A s ') silicides were obtained which
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were of single orientation to within 8%%uo, which is the
MEIS areal fraction detection limit for detection of sili-
cide grains of opposite orientation (see Sec. II A). Sam-

ples with initial coverages differing substantially from the
values given above and samples prepared using evapora-
tion wires with much lower Ni yields (-3X 10 A s ')
generally contained mixed silicide layers of which more
than —15% of the total area was occupied by grains of
the opposite orientation. This is in agreement with the
literature. In the case of the thin 8-type oriented lay-
ers, the silicide thickness was increased to -70 A using
the "template" method, ' ' to allow for electrical
analysis of the samples.

In the case of samples with a patterned Si02 layer, the
unreacted Ni present on top of the Si02 mask after sili-

cide formation was chemically removed to ensure mutual
electrical isolation of the diodes. Electrical analysis usu-

ally was performed within 24 h after the samples had
been exposed to air.
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FIG. 4. An example of measured (circles) and calculated
(drawn lines) I-V data for each of the silicide orientations. The
diode area is 3.6X10 '- mm'.

III. RESULTS

Both measurements of electrical characteristics and
silicide-substrate interface quality were performed. First
we discuss the results of the electrical analyses, then the
MEIS measurements of interface quality.

A. Electrical measurements

The electrical characteristics of Schottky-barrier
diodes tend to be extremely sensitive to small variations
in the preparation conditions. In this experiment, we in-
vestigated the electrical properties of some 21 differently
prepared samples containing silicide layers of which nine
were of A-type orientation and seven of 8-type orienta-
tion. Five samples contained grains of both silicide orien-
tations. Most samples were prepared using a SiOz mask
and contained 96 diodes each. Perfect electrical charac-
teristics were generally, but not always, observed, less
perfect diodes being characterized by I-V ideality factors
n &1.20 and/or leakage current in the reverse charac-
teristic. Diodes with poor I-V characteristics were not
further considered in the analyses.

All values for barrier heights given are flat-band bar-
rier heights, i.e., the image force has been corrected for;
the noncorrected ("observed") barrier height will be re-
ferred to as "apparent barrier height. "

The I-V data reveal convincing dependence of the
Schottky-barrier height on interface orientation (Fig. 4).
Analysis of the I-V behavior of the A-type and mainly
(f„&0.8) A-type oriented samples results in a
Schottky-barrier height of 0.64 0.01 eV with ideality
factors n =1.02—1.15. Type-8 oriented silicide gives rise
to a barrier height which shows a larger variation, also
over different diodes on one sample, yield an I-V barrier
height of -0.72+0.03 eV, n ~ l. 10. Quite linear
log(I)-V behaviors with very low leakage currents are ob-
served for either of both orientations. Layers containing
grains of both silicide orientations yield barrier heights
which, depending on f„,vary between 0.65 and 0.68 eV.

Measurements of the photon-induced electron yield

1.2

rn 1.0
~ data

~ 0.6
C0
CL
%04
L0
~ 0.2

—1 —— 1 I l I I I

060 065 070 075 080 085 090 095 100
photon energy (eV)

FIG. 5. Photoresponse data (circles) and calculated curves
(drawn lines) showing the sensitivity of such data to barrier
height nonuniformity. The calculated curves were obtained as-
suming a two-barrier model using barrier heights of 0.65 and
0.81 eV, respectively, and a relative areal fraction f~,„of re-
gions with low barrier height. The curves with f,„„=0.00 and
1.00 show a linear behavior for suSciently large photon ener-
gies. Type- A oriented samples yield f„„=1.00; analysis of
samples with type-8 orientation results in numbers as small as

f~,„=0.07. A strong correlation between f„„and silicide
orientation is observed.

also show a dependence of the Schottky-barrier height on
interface orientation (Fig. 5). All Fowler curves corre-
sponding to A-type oriented silicide show a linear behav-
ior, resulting in Schottky-barrier heights of -0.64+0.02
eV. Analysis of 8-type oriented silicide results in a non-
linear Fowler curve, which does not correspond to a uni-
form barrier height. This is also observed by Hauenstein
et al. and Ospelt et al. The data can be satisfactorily
described as a linear combination of the contributions to
the electron yield from regions with "low" and "high"
barrier heights P&~ and P&s, occupying relative areal frac-
tions offi,„and (1 f„„)accor—ding to
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4=f„„@[(hv —eP» ) /kT]

+(1 f—„„)4[(hv e—Pb„)/kT] .

In this equation, 4 denotes the Fowler function defined
by

4(p) =c

2 2 2p 3pp „e e
6 2 4 9

for @~0, (2a)

e2p e3@e"— + ~ ~ ~

4 9
for p(0 .

(2b)

In this equation c is a constant. A computer fit to the
photoelectric data indicates at least -7% of the silicide
area of a type-8 oriented sample to be occupied by grains
with a lower barrier height (0.60—0.65 eV), the rest of the
sample area having a barrier height of -0.81 eV. This
results in a photoresponse curve with a "bowing" feature
(Fig. 5). The areal fraction of the grains with low barrier
height can be as high as -0.3, even for well-oriented
samples with f„=0.08. From the parameters of the fit

(the apparent barrier heights P» and P~„and the areal
fraction f„„)the Schottky-barrier height to be expected
from an I-V analysis of the diode can be calculated. As-
suming that the observed current can be described as the
sum of the contributions from the two regions with
different barrier heights, one arrives at

4b, app=

In this equation Pb, is the expected apparent barrier
height. The observed values for the I-V barrier height of
a certain diode are in agreement to within 0.02 eV with
the predicted value from photoresponse using this simple
model, for all values of f~,„boserved.

An analysis of samples containing silicide grains of
both orientations results in photoresponse curves which
can be described well in terms of the same model assum-
ing two different flat-band barrier heights with values

P» =0.65 eV and Pbz =0.81 eV. Observed I Vvalues for-
the Schottky-barrier height are again in good agreement
with the prediction derived from photoelectric data. The
areal fraction occupied by domains of low barrier height
is consistent to within 20% with the areal fraction of A-

type oriented silicide as determined using MEIS. In
those cases in which a deviation of fh„ from f„was ob-
served, f„„was larger than f„, indicating that the bar-
rier height is locally pinned to a lower value {see below).

The results from C-V analysis of our samples are less
clear cut. Although in most cases the slope of the plot of
C against V agrees with the substrate doping levels
used, the Schottky-barrier heights obtained using this
technique were generally 0.05 —0.1 eV higher than the
C- V values predicted from photoresponse analysis of the
diodes. In some cases nonlinear plots of C against V
are obtained, making a determination of the barrier

height impossible. Annealing temperatures for surface
cleaning used in this experiment were -800 C, so that
the problem is not related to dopant segregation.

In summary, from our photoresponse and current-
voltage data we conclude that the flat-band barrier
heights of type-A and type-8 oriented interfaces are 0.65
and -0.81 eV, respectively. The relative areal fraction
f&,„ofregions with the low barrier height as determined
using photoresponse is generally consistent with the rela-
tive areal fraction of type-A oriented regions in the sili-
cide as determined using ion scattering. The fits to pho-
toresponse curves indicate that the barrier height corre-
sponding to the purely type-8 oriented interface amounts
to 0.81 eV. The data indicate that a nonnegligible frac-
tion (at least -7%) of the sample area is occupied by re-
gions having a barrier height of -0.64 eV. We could as-
cribe this contribution to -7% of the area of a type-B
oriented sample to be of type-A orientation. However, a
part of type-8 oriented silicide having low barrier height
could also be related to defects present as the type-8
oriented interface, e.g. , due to steps at this interface, lo-
cally lowering the barrier height. This is consistent with
a slightly higher defect concentration at this interface
(see Sec. III B). Observed I Vbarrier -heights are in good
agreement with those expected from the two-barrier
model. Our conclusions are in quantitative agreement
with the results by Hauenstein et al. and Ospelt et al.

B. Search for interface defects

In order to investigate the degree of crystalline perfec-
tion of the NiSiz/Si(111) interfaces, we performed a
MEIS experiment on samples without diodes, so that a
large silicide area (-50 mm ) was available for structural
analysis.

The experiment was performed in the (110) scattering
plane using protons with a primary energy of 99.8 keV.
The ion beam was aligned with the [1 1 1] (normal) crys-
tal axis, in order to reduce the hitting probability of the
atoms on lattice sites and to obtain a high sensitivity to
displaced atoms. The detector was set around the [111]
axis in the silicide to further enhance the sensitivity. This
particular set of channeling/blocking axes (see Fig. 6) was
chosen for the following reason.

Due to an in-plane elastic stretching of the NiSi2 lattice
to match the Si substrate lattice, the off-normal crystal
axes in the silicide are slightly tilted toward the surface
plane. Consequently, for type-A oriented silicide these
axes do not exactly coincide with their counterparts in
the Si substrate lattice, but have a slightly different direc-
tion. This causes an enhanced dechanneling of ions trav-
eling along such axes once they enter the substrate from
the silicide. The only crystal axis which has exactly the
same direction in silicide and silicon is the [1 11] axis.
Therefore this entrance axis offers a very small dechan-
neling probability for ions entering the substrate. Of
course, the stretching of the lattice does affect the detec-
tion probability of protons backscattered from substrate
lattice-site atoms along the [111] outgoing direction.
The angular shift of this axis amounts to 0.15 . Both the
[1 1 1] and the [111]directions are very efficient ( 111)-
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FIG. 7. Energy spectrum taken on type-A orient-A oriented silicide
alon the [111]outgoing direction (Fig. 6), showing measuredaong t e
data (circles) and a calculated curve {drawn line . e a
been obtained using Monte Carlo techniques (see tex . n

'
text). Indicat-

ed is the position of the interface in the Si s'gi nal which is stud-
ied in more detail in Figs. 8 and 9.

FIG. 6. Scattering geometry used in the dethe determinations of
the interface quality. The proton beam (99.8 keV primary ener-

'd '
th direction along the surface normal. n i-

d are the exit directions used in this experiment. ote a
the [111]outgoing direction in type-8 ortented si ici
main crystallographic direction in the Si substrate.

t e blocking axes, resulting in a ve y yr low ield fromype
atoms on lattice sites, and, due 'gto a hi h ion Aux in the
crystal channels, in an enhanced yield from atoms which
are significantly displaced from lattice sites.

For type- orienF -8 oriented silicide the situation is slightly
different. eTh [1 1 1] direction in the silicide agam
remains unc ange, soh d so that the substrate atoms are s a-
dowed equally well. The direction of the type-8 [ 1 si-
' 'd bl ckin axis, however, does not corresps ond to that

he case forof a major blocking axis in the substrate, as is the
the type-A oriented interface [see Fig. 6(b)]. Consequent-

a on this axis the detection probabilities of ions back-
scattered from silicide atoms are identica o
t e- A case, but the backscattering yield from substrate
atoms increases with increasing ep
type-A orien e in et d terface because the backscattered ions
are not oc e onbl k d their way through the substrate.

F 7 shows an energy spectrum of the ac sca-igure s
tered ion yield taken from a type-A oriented sarnp
a silicide thickness oh k f 63 A. The channeling/blocking
geometry is that o ig.h f F 6(a). Because of the different
masses of Ni and Si atoms, the corresponding surface

h u at different energies. Ion backscattere
f atoms residing deeper in the bulk lose energy ue
electronic interactions ("stopping', as ey
through the crystal and show up at lower energies in the

A s pointed out in the previousenergy spectrum. s was
paragraph, the detection probability of such atoms is

11 (-5X10 ) for a perfect crystal. The bac-back-very sma
CCscattered ion yield behind the surface peak ( minimum

' ld") is therefore directly indicative of crysta qua ity,yie is ere
d f m this spectrum it is already clear tha e q

'
yt the ualitan rom i

is a s ectrumof the silicide is excellent. The drawn line is a sp
obtain e romd from Monte Carlo computer simu ations and
will be discussed below. The arrows indicate the expec-

f the silicide/silicon interface in t e Si sig-
-87 keV)nal as calculated for ordered interface atoms (- e

and disordered atoms at the interface — e . o '-—88 keV). No in-
terfacial disorder is evident from this spectrum.

In order to investigate the quality of the interfaces in
d '1 we have performed an experiment on the in-

terface region using the Si signal (Figs. an
each of the silicides both the cases of double alignment
([111]-direction, exit angle p=19.3'), and single align-
ment (p=25. 0') are considered. The parts of the spectra
not shown are virtua y i

'
t 11 identical for both orientations

~ ~

equal silicide thicknesses of -63 A were analyzed in t ts
experiment . The data taken at 19.3' [Figs. 8(a) and 8(c)]
demonstrate that indeed the parts of the spectra showing
the minimum yields due to the silicide (energy range

the case of the87—89 keV) are identical, and that in the c
type-8 crystal the minimum yield is higher below this en-

' Little or no difference is observed betweenergy range. i e o
"out o-the spectra or of b th orientations in the "random ou go-

ing direction corresponding to 25.0' exit ang e [ tg.
and 8(d)].

ced b MonteAll of these data are accurately reproduce y on e
Carlo computer simulations on p yerfectl ordered crystal
models. ' n suc aI h simulation a representative set of
ion trajectories rougs through a crystal slab is constructe . or

h of the ion tracks, collision probabilities an e as iceac o e ion
and inelastic energy losses of the ions are evavaluated. It is
well known that the energy losses are dependent on the

1. For instance, forion trajectories through the crysta .
an ion which is backscattered from a lattice site to be
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exit angle P=19.3') and single (P=25.0') alignment. Data
points are indicated by circles. The calculated curves are de-
scribed in the text.

detected in a major crystal direction, it must have trav-
eled along a trajectory close to the atomic strings where
the electronic density is relatively high. Therefore such
an ion will have lost a relatively large amount of energy.
If, on the other hand, the ion is backscattered from atoms
which reside in the center of the crystal channels (e.g. ,
defected atoms), where the electronic density is much
smaller, it will lose a relatively small amount of energy.
The computer code used here assumes an ion-atom
impact-parameter-dependent inelastic energy loss which
obeys the semiempirical exponential relationship given by
Oen and Robinson. The energy-loss function is norrnal-
ized such that it reproduces the random stopping
power. The spectra are constructed taking into account
the contributions from different isotopes of the elements.
Additional "smearing" effects like multiple collisions and
Doppler broadening have been taken into account; the
detector resolution (full width at half maximum 360 eV)
is modeled as a Gaussian. The energy loss at a fixed ion-
atom impact parameter is assumed to be statistically
spread around its mean value (the calculated spectra are
influenced only weakly by this spread; the energy strag-
gling introduced by the impact-parameter dependence of
the energy losses and the detector resolution dominate
the energy spread in this particular case). The energy
spectra obtained from the simulations are in good agree-
ment with experimental data, both as regards absolute in-
tensities and energy losses involved.

In the simulation of this experiment, one-dimensional
root-mean-square (rms) vibration amplitudes of 0.095 and

L0

0.00

P ~ Oy
type A

=I~IIg
84 86 88

energy (keV)
90

FIG. 9. The spectra of Figs. 8(a) and 8(c) in an enlarged view,
showing the defect detection sensitivity in double alignment

([ill] silicide outgoing direction) for both interface orienta-
tions. Calculated curves are given for a perfectly ordered crys-
ta1 (drawn curves) and for a model in which a concentration of
3 X 10"Si atoms cm is visible to ion beam and detector at the
interface (dashed curves}.

0

0.110 A have been assumed for the Ni and Si atoms in the
silicide, respectively; for the vibration amplitudes of the
Si substrate atoms a value of 0.078 A has been taken.
These values are identical to those used in previous stud-
ies. Both the calculated spectra and experimental data,
after background subtraction, were normalized to the Si
random height, using tabulated values for the stopping of
protons in Si. The results are given in Figs. 7—9. Strik-
ing quantitative agreement between simulations and ex-
perimental data is obtained throughout for the ordered
model, for both single and double alignment and for both
silicide orientations (Fig. 8); for the case of type-B silicide
in double alignment ([111]axis), the higher yield from
the substrate atoms (E (87 keV) is also accurately de-
scribed.

The low minimum yield in double alignment results in
a high efficiency for the detection of defects. Figure 9
shows the data for both interface orientations in an en-
larged view. The simulations for perfectly ordered inter-
faces (drawn curves) are in good agreement with the data.
Upper limits for the interfacia1 defect concentrations will

be derived in the following paragraph.
In this experiment the "relative detection efficiency, "

i.e., the number of detected atoms per displaced atom, is
larger than 1 due to several reasons. %'e will discuss
some conceivable types of defects and estimate their rela-
tive detection efficiency. Interstitial atoms are detected
with an enhanced detection probability, due to ion focus-
ing effects both on the incoming and outgoing tracks (the
full incident and backscattered ion flux is confined to the
crystal channels, giving high collision probabilities there;
this is experimentally demonstrated in Ref. 12). Using
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the computer simulations of the experiment, we have cal-
culated the ion fluxes in the centers of the crystal chan-
nels to amount to up to 3 times the incident ion flux both
on the incoming and outgoing directions. If we neglect
associated strain fields, we arrive at a relative detection
efficiency of at least 2 —3. Point defects other than intersti
tials are detected with a similar efficiency as regards
direct scattering and additionally may give rise to strain
fields in the crystal such that crystal channels are bent,
resulting in an enhanced dechanneling probability and
therefore an increased yield. Misfit dislocations and
stacking faults at the interface are detected with very high
sensitivity. Apart from the many displaced atoms in-
volved, in this case complete substrate atom strings are
visible to the high-flux ion beam, giving rise to ion yields
equivalent to 3—4 atoms per displaced atom. From these
considerations, an equivalent ion yield of at least 2 —3
detected atoms per displaced atom is to be expected.
Therefore, we have conservatively assumed a relative
detection efficiency of 2 in this analysis.

In Fig. 9 the spectra which are to be expected from
samples containing a concentration of 3 X 10' cm of
disordered Si atoms located at the interface are given
(broken lines). From the data we conclude that the num-
ber of displaced atoms at the type- A oriented
NiSi2/Si(111) interface [see Fig. 9(a)] must be smaller
than the equivalent of l%%uo of a monolayer, which is
—1 X 10' cm . The density of specific types of defects,
e.g. , misfit dislocations, is even smaller. The defect densi-
ty given is a total concentration in a few layers at the in-
terface. The spectrum from the type-8 oriented interface
in double alignment [Fig. 9(b)] shows a slightly enhanced
yield in the energy range around 88.5 keV, indicative of
the presence of a small concentration of disordered atoms
at the interface or in the silicide. From the data the con-
centration of displaced atoms at the interface is estimated
to be at most 3 X 10' cm . Because steps are always
present at a real (slightly misoriented) surface, a higher
defect concentration at the type-8 oriented interface is
expected because steps with a height of one or two (111)
layers necessarily give rise to dislocations at the interface.

It is reasonable to assume that the number of electri-
cally active interface states associated with the defected
atoms is at most one per defected atom; that means that
the interface state concentration is equal to or smaller
than the numbers given above: less than -™1X10'cm
for type-A, and less than -3X10' cm for type-B
oriented silicide.

The upper limits for the defect concentrations obtained
from our experiment should be compared to the defect
concentrations required to pin the Fermi level in the
band gap (for metal-Si contacts, defect states are believed
to pin the Fermi level at an energy level of 0.62 eV below
the conduction-band edge at the interface, ' ' so that de-
fects lower the barrier height on n-type Si in this case}.
Zur et al. have calculated the Fermi-level position in
the band gap as a function of the interface defect density,
both for submonolayer coverage and thick films of meta1.
For the latter case they conclude that the critical defect
density for Fermi-level pinning is —10' cm . Using ex-
actly the same scheme, Kikuchi ' has calculated that

for a lowering of the barrier of a NiSi2/Si(111) interface
from 0.79 (type B) to 0.65 eV (type A), a change in defect
density from -3X 10' (type B}to —3 X 10' cm (type
A) is required. The fact that high defect densities are re-
quired for Fermi-level pinning is related to the associated
energy levels for charge transfer being spread over the
band gap in a broad distribution. Our experiment shows
that the defect density at the type- A oriented interface is
significantly lower than these critical values; therefore, it
is too small to explain a lowering of the barrier height
from 0.79 to 0.65 eV. Moreover, a higher instead of a
lower barrier height is observed for type-8 oriented sili-
cide, which has the higher defect density. This is incon-
sistent with a model in which the A and B type
NiSi2/Si(111) barrier height difference is solely caused by
defects

It has been argued by Kikuchi et al. that defects,
present in thick (-500 A) type-8 oriented silicide layers,
are responsible for a significant lowering of the Schottky-
barrier height. We also have experimental evidence in
support of this for thin type-8 oriented films (70 A) in
which defects were introduced by ion bombardment. Ad-
ditionally, we note that the presence of regions with a low
barrier height on type-B oriented samples (see Sec. III A)
can be associated with the local presence of defects,
which is consistent with our measurements of defect den-
sity.

We conclude that the difference in Schottky-barrier
height between both interface orientations cannot be ex-
plained from a higher defect density at the type- A orient-
ed interface as compared to type B. Hence, the difference
should have an intrinsic origin; defects at these interfaces,
however, do significantly affect Schottky-barrier height.

In summary, the type-A and type-B oriented silicides
are found to be structurally of high quality; there is no
evident for atoms displaced from lattice positions to
within 1X10' cm for the type-A oriented interface.
The defect density at the type-B oriented interface is
smaller than 3X10' cm . It is concluded that the
difference in Schottky-barrier height between type-A and
type-8 oriented interfaces is intrinsically related to the in-
terface atomic arrangement.

IV. DISCUSSION

Epitaxial NiSi2/Si(111) is the first evidently nondefect-
dominated metal-semiconductor model system. This has
important consequences for the description of its electric
properties. The absence of defect-related pinning at the
interface enables the barrier height to be fully determined
by intrinsic mechanisms.

In the years following the discovery of the A- and B-
type NiSiz/Si(111) barrier height difference, ' several ex-
perimental and theoretical papers have contributed to ex-
plaining an intrinsic difference. Werner has exper-
imentally shown that the barrier height dependence on
interface bond length is too small to explain the
difference in terms of different silicide-silicon distances
for both orientations.

In our view, the long-range order at the interface
plane, related to the small density of defects, gives rise to
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a strong two-dimensional interface state which has a
well-defined energy in the band gap, such that the local
density of states shows a distinct peak. The state should
be strong enough to inhuence or "pin" the position of the
Fermi level in the band gap. The nature of such a surface
state is directly related to the interaction between the
three-dimensional electron states in metal and semicon-
ductor, which obey spatial translational and rotational
symmetry rules imposed by the crystal. Das et al. have
performed band-structure calculations for the two
different interfaces. An interface band is calculated hav-
ing a semidangling bond character, related to the seven-
fold coordination number of the interface Si atoms. The
position of this band relative to the conduction-band edge
is different for both interface orientations. These authors
calculate a difference in barrier height of 0.14 eV between
both interfaces, in agreement with experiment. However,
the absolute values of the barrier heights are in error by
as much as 0.4 eV. The interface band gives rise to a di-
pole in the semiconductor near the interface which is
different for both orientations. The presence of such an
orientation-dependent dipole is also suggested by Yeh.

Recently, a second system which shows a strong
dependence of Schottky-barrier height on interface struc-
ture has been discovered. In that work, the barrier
heights of differently prepared Pb/Si(111) interfaces have
been shown to differ by as much as 0.23 eV. The anoma-
lously high value of the Schottky-barrier height at a
Si(111)(+3X +3)R 30'-Pb interface (0.93 eV) is attributed
to pinning of the Fermi level by an intrinsic electronic
state in the band gap at an energy of 0.93 eV below the
conduction-band edge. This explanation is perfectly con-

sistent with the picture for the behavior of the
NiSi2/Si(111) interface as given above.

V. CONCLUSIONS

In this experiment we have confirmed that the barrier
heights of nonrotated and rotated epitaxial NiSiz/(111)
films on n-type Si(111)are 0.65 and -0.81 eV, respective-
ly. Measurements of the interfacial defect density show
that the silicide-silicon interfaces are of very good quali-
ty. As a result of this work, it is concluded that the
difference in Schottky-barrier height cannot be explained
in terms of interface defect states, but instead is intrinsi-
cally related to the different atomic configurations at the
interfaces.
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