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Current-voltage, capacitance-voltage, and activation-energy measurements obtained for epitaxial
nickel silicides grown on Si(111) have exposed the importance of the temperature used to flash-
evaporate oxide off the surface prior to metal deposition. Near-ideal behavior is found for Schottky
barriers grown on substrates cleaned at ~820°C in ultrahigh vacuum. The Fermi-level positions at
the interfaces of single-crystal type-A4 and type-B NiSi, are shown to differ by greater than 100
meV. Transmission electron microscopy demonstrated the epitaxial perfection of these silicide
layers. At a cleaning temperature of 1050°C, the apparent Schottky-barrier heights increased sub-
stantially for substrates with a doping concentration of N, less than approximately 10'* cm™>. This
increase is due to the conversion of the n-type semiconductor surface region to p type during the
1050°C anneal. The presence of this p-n junction results in a high apparent Schottky-barrier height
(>0.75 eV) which no longer bears an immediate relationship to the interface Fermi-level position.
Recent discrepancies reported by different groups concerning the barrier heights of NiSi, on Si(111)

are attributed to this effect.

I. INTRODUCTION

During recent years, there has been growing interest in
delineating the systematics of Schottky-barrier (SB) for-
mation.'~> Despite this effort, it is not yet possible to ei-
ther predict or explain the magnitudes of the Schottky-
barrier height (SBH) associated with different metal-
semiconductor interfaces. A major obstacle has been the
lack of direct experimental information correlating the
SBH with relevant interface physical parameters. In an
ordinary transport measurement at a polycrystalline
metal-semiconductor  junction, electrons travelling
through different parts of the interface may experience
different local barriers because of the inhomogeneity in
the interface structure and associated electronic proper-
ties. An average SBH is measured which contains little
information regarding the relationship between local elec-
tronic and structural properties. Such information, criti-
cal to understanding the microscopic SB mechanism, is
washed out in the averaging process. Epitaxial single-
crystal metal-semiconductor systems are a much better
choice in this respect because of their homogeneity in both
interface structure and electronic properties. Direct links
between the observed SBH and the physical parameters
can then be revealed and used to develop a SB theory.

The system consisting of NiSi, on Si(111) has been
shown to be nearly perfect in epitaxial structure. The
atomic structure of the interface has been modeled by
high-resolution transmission electron microscopy (TEM)
(Refs. 5 and 6) and ion channeling (Ref. 7), making the
system an ideal case for SB studies. Moreover, a unique
comparison is offered in that NiSi, layers can be formed
on Si(111) with either one of the two epitaxial orienta-
tions, type A or type B.* NiSi, has the cubic CaF, crys-
talline structure and the lattice constant of NiSi, is small-
er than that of silicon by ~0.4% at room temperature.
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An A-type NiSi, layer has the same orientation as the
Si(111) substrate, while a B-type layer shares the normal
(111) axis with the substrate but is rotated 180° about
this axis with respect to the substrate. With the observed
interface structure differing only by third-nearest-
neighbor atoms and beyond, the 4 and B interfaces are
identical in all bulk parameters which are thought to af-
fect the SBH. The experimentally determined interface
atomic positions are accurate to ~0.1 A; however, a sub-
stantial difference of 140 meV between SBH’s of type A
and type B was observed experimentally.® This was a sig-
nificant discovery because the variation of SBH with
orientation was not in agreement with previous SBH ex-
periments on polycrystalline systems and was also in con-
flict with the predictions of many existing SB models. A
mechanism of intrinsic nature is suggested by such a
correlation of SBH with details of the interface micro-
structure.

Recently, Liehr, Schmidt, LeGoues, and Ho’ challenged
the results of the original SBH measurements and claimed
that there is no difference in the SBH’s of the type- A and
type- B layers. Since it is very important to clarify this is-
sue, the present study was undertaken in order to identify
potential sources for the disparity. Particular emphasis
has been placed on identifying variables associated with
sample processing which differed in the previously report-
ed works and understanding the manner in which such
variables might influence the analysis of data used to ex-
tract a value for the Schottky-barrier height. It was found
that a doping-compensation phenomenon occurring under
the experimental conditions of Liehr et al.’ was capable
of dominating the electrical environment near the inter-
face and bringing the apparent SBH’s of type 4 and type
B close together. When such spurious effects are absent,
the SBH’s of type- 4 and type- B NiSi, are shown to differ
by 120—140 meV as claimed in our original work.?
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II. EXPERIMENTAL PROCEDURES

A. Sample preparation

height
measurement
c-v
AE

A comparison of published preparation parameters
relevant to the two works is presented in Table I. This
study has emphasized an examination of two parameters
which differed substantially in the reports by Tung® and
Liehr et al’ The first of these is the substrate doping
concentration, which has been varied between Njp
=1%x10" and 3% 10'® cm™3 in this study in order to
overlap the substrate-resistivity range employed previous-
ly. Boron-doped p-type substrates were also used. The
second parameter is the thermal processing temperature
T, used to clean the Si substrate of contaminants prior to
metal deposition. Liehr et al.’ employed a brief (~ 10
sec), high-temperature flash around 1100°C, whereas
Tung used temperatures below 1000°C. In the present
work substrate cleaning at two temperatures, Ty~ 820
and 1050°C, has been examined using substrates cleaned
ex situ by the Shiraki method."® The duration of the
flash was varied from 10 sec to 2 min. The temperature
was measured by optical pyrometry and was estimated to
be accurate to +25°C. Substrates not cleaned by the
Shiraki technique were also used to provide a comparison.
A few substrates were given a brief HF etch and rinsed
with methanol to deliberately increase the surface carbon
content.

The detailed procedures utilized in sample preparation
under ultrahigh-vacuum (UHYV) conditions (base pressure
~1X10~1° Torr) are similar to those employed in previ-
ous works.!"!? Arrays of circular windows with diame-
ters of 127—635 um are photolithographically defined in
the (3000—5000)-A-thick SiO, layer grown on Si. Large
regions not covered by oxide, ~3 mm wide, are available
on every sample. These areas, which are also metallized
during the silicide growth, facilitate in situ characteriza-
tion by Auger-electron spectroscopy (AES) and low-
energy electron diffraction (LEED), and eventually pro-
vide space for Rutherford backscattering spectroscopy
(RBS) and TEM analyses. A few experiments were per-
formed on substrates without the oxide layer to single out
potential contamination problems due to the presence of
the oxide. These silicide layers were then etched into ar-
rays of plateaus for electrical measurement.

The thickness of the NiSi, films studied was usually
60—70 A for both A4 and B orientations. The A-oriented
disilicide was formed by deposition of ~18 A of Ni at a
substrate temperature of below 100°C followed by anneal-
ing at 450—500°C for ~1 min.*, The B orientation was
obtained by depositions of ~18 A Ni and ~50 A Si fol-
lowed by annealing at 450—500°C, or by repeated Ni
depositions (~4 A at a time) and annealing after each
deposition. Some type-B layers were grown by deposition
of ~8—11 A Ni and annealing. Thick (> 500 A) silicide
layers were grown by deposition of Ni at ~600—650°C on
the thin template layers.!* The major difference between
thick and thin layers is the much lower density of misfit
dislocations at the interfaces of the thin, pseudomorphic
layers. Orientation of the silicide was preliminarily deter-
mined in situ with LEED.* After the samples had been
characterized electrically, the orientation was checked by

Schottky-barrier®

Orientation
determination
LEED
channeling
Cross-section
TEM
LEED
channeling
TEM

Silicide
thiclgness
(A)
60—800
60—120
60—900

Silicide
reaction
temperature
°C)
~500
450—500

400500

in situ
< 1000°C

2 min

1100°C
seconds

~820°C
and
~1050°C
2 min?

Substrate
cleaning

ex situ
methanol

ethanol

Shiraki
cleaning

Metal
mask
Oxide
windows
and
etched
plateaus

TABLE 1. Sample-preparation parameters for thin NiSi, on Si(111).
Oxide
windows

Diode
delineation

Dopant
As,P
P
As,P

0.2-25

02-1.3
8—1

Substrate
resistivity (Q cm)

PR, photoresponse; AE, activation-energy method.

210-sec heating at 1050°C was also used.

Tung

(Ref. 11)
Liehr et al.
(Ref. 9)
This work
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RBS.!* Selected samples were thinned down for TEM
analysis at 200 kV accelerating voltage. In related experi-
ments, we have studied polycrystalline NiSi and CoSi
layers. They were grown by deposition of ~100—200 A
Ni or Co, respectively, and annealing to ~400°C for 10
min. It was found that the unreacted metal on top of the
SiO, was electrically isolated from the silicide and there-
fore no attempt was made to remove it.

A- and B-oriented NiSi, layers were grown side by side
simultaneously on the same wafer, thus ensuring compar-
able contamination levels in the two regions. The physical
layout of adjacent A- and B-oriented regions also mini-
mizes any differences in reaction temperature during the
annealing phase of silicide formation. Variations in either
the annealing temperature or contamination levels have
been 9identiﬁed previously as potential sources of low bar-
riers.

Ohmic contact was made to the entire backside of the
n-type sample by Sb deposition (~ 150 A thick), followed
by laser alloying (~ 1.5 J/cm?, 30 nsec, ruby) and Au eva-
poration (~1000 A thick). On some lightly doped sam-
ples which were heated to 1050°C, a few scribe marks
were made on the backside of the sample before Ohmic
contact was made. This was done as a precaution against
possible p-n junction formation as we will describe. How-
ever, even without these steps, the back Ohmic contact
was found to be good. On p-type samples, In deposition
(~150 A thick) was used (instead of Sb) to make back
Ohmic contact.

B. SBH measurements

Current-voltage (I- V) data were recorded with an x-y
plotter. The linear portion of the logarithmic I-V curves
was extrapolated to obtain the zero-bias saturation current
I, and the diode-ideality factor n.'*!> The I-V barrier
height, ¢ or ¢%, was obtained by assuming the single-
carrier thermionic-emission expression for current trans-
port given by

*%k 2
gn— KL, | 44T
q

I , (1

where A is the diode area and A** is the effective
Richardson’s constant. A value of 4** equal to 112 and
32 Acm~2K~? was used for n- and p-type substrates,
respectively. Image-force lowering was then added to ¢7%
to give the intrinsic SBH, ¢%,. Richardson’s plot of the
saturation current in the temperature range ~ 150—300 K
was used to determine the SBH by the activation energy
method. Capacitances were measured with a C- ¥ plotter
and with a capacitance bridge. Frequencies of 40 kHz to
1 MHz were used with ~ 10 mV modulation voltage. Oc-
casionally, the temperature was lowered to reduce the in-
phase component and allow a more accurate measure-
ment. The C-V plotter was not used for substrate doping
Np <1x10" cm~3 because of the potential errors in-
volved with such instruments when capacitances are low.
Under these circumstances a capacitance bridge was al-
ways used.
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III. RESULTS

The Shiraki cleaning procedure!® was very effective in
reducing the carbon content on the Si surface. After sub-
strates were degassed at ~600°C in UHV, the carbon
272-eV AES intensity was barely detectable, at less than
0.1% of that of the silicon LVV intensity. We could not
positively identify any change of the carbon line intensity
when oxide was flashed off the surface at ~820°C or at
~1050°C. No oxygen was detected after either heat treat-
ment and sharp 7X7 patterns were observed by LEED.
When degreased substrates were introduced in the
chamber without the Shiraki cleaning procedures, a much
higher carbon level was observed on the surface. After
degassing, the carbon line was about 20% of the silicon
AES line. However, following the 1050°C annealing, the
carbon AES signal also dropped to near the detection lim-
it. Neither LEED nor AES could detect any difference in
the structure and chemical content of the substrate sur-
face prepared by these methods.

Orientations of NiSi, layers were deduced by LEED,
RBS and channeling, and TEM measurements. It was
found that the desired method for intentional type-A
growth consistently gave pure type- 4 single crystals.* For
type-B formation, the method of sequential Ni and Si
deposition worked almost every time, while the repeated
template growth method had a much lower success rate,
yielding mixed A + B layers about half of the time. Be-
cause of this, the bulk of the data was obtained from
type- B layers grown by the former method.

The most reliable method for determining the orienta-
tion and the morphology of the silicide layers is a com-
bination of TEM plan-view and cross-section imaging.
Cross-section TEM is ideally suited to study the details of
the atomic structure at the interface, but is unreliable in
giving information about the overall film morphology be-
cause of the very small area sampled. Of the ten samples
that were examined by TEM in this study and the many
more that were examined since the A,B epitaxial growth
was first discovered in our laboratory, the TEM findings
have always been in agreement with the LEED results.
We have not seen cases where substantial mixing of grains
was found in NiSi, layers when LEED had indicated a
layer to be of pure orientation. When deposition condi-
tions were deliberately changed so that a low density of 4
grains were introduced into the majority B-type film,
LEED was able to unequivocally detect the presence of
the A grains which occupied only about 5% of the total
area (see Fig. 1). This demonstrates that LEED is a very
convenient technique for silicide-orientation determina-
tion with a detection limit of better than a few percent.
RBS and channeling, on the other hand, comprise a less
reliable technique when trace amounts of mixed grains are
concerned. Although we were reasonably confident about
the silicide-orientation assignment by LEED, the absolute
confirmation came from TEM analyses performed on
layers where electrical measurements had been carried out.

Plan-view dark-field TEM images of typical 4 and B
thin layers and a mixed 4 + B layer are shown in Fig. 2.
Dark-field two-beam (113) Bragg reflections were used to
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FIG. 1. Low-energy electron-diffraction pattern of the surface of a pure type- A4 oriented NiSi, layer and an essentially type-B
layer with ~5% of the area covered by type- A material. The intensity of the arrowed spots gives an indication of the percentage of

area occupied by silicide of the opposite orientation.

form these images so that either B-type material in the
A-type film, or vice versa, would be imaged as a bright
area. The pictures demonstrate the absence of misorient-
ed material for the type-A and type-B films. For the
mixed A +B film a B reflection shows that type-B grain
size is ~1000 A and that type-B grains comprise less
than 50% of the total area in this particular film. Figure
3 shows TEM images taken with substrate reflections
which reveal both type- A and type-B areas and are useful
in identifying defect structures and topography in the
templates, All layers show occasional fine features
(~1000 A in size) which are thought to be related to
thickness nonuniformity. Only type-B templates show in-
frequent interface dislocations, although these are absent

in the thinnest films (<35 A). The most important con-
clusion from TEM is that we can fabricate truly single-
crystal layers of pure orientation; there are no detectable
B grains inside the A4 films and vice versa. Secondly, the
A-type and B-type layers are of similar morphology. So
the difference in SBH between A and B interfaces cannot
be explained by gross differences in interface roughness as
Liehr et al.® had suggested.

The apparent SBH’s of silicides were found to depend
on substrate-cleaning temperature 7; and on the
substrate-doping concentration Nj. Possible explanations
of this phenomenon will be discussed later in this paper.
Initially, SBH measurements will be presented in their
respective Np and T category. For convenience, T’s of

FIG. 2. Plan-view dark-field TEM images of thin (a) type- 4, (b) type-B, and (c) mixed 4 + B NiSi, template layers. Images were
taken with (113) reflections, which reveal misoriented material. :rhese demonstrate the epitaxial integrity of the type-4 and type-B
films and that the grain size of the mixed 4 +B film is ~1000 A. Mottled contrast in the upper part of (a) is due to damage in the

thinning process.
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FIG. 3. TEM images taken with substrate reflections which show both type- A- and type- B-oriented material from the same NiSi,

templates in Fig. 2, respectively.

~820 and ~1050°C will be referred to as the low tem-
perature (LT) and the high temperature (HT), respectively.
Substrate-doping concentrations of Np <1X 10" cm~—?
and Np>6X10"° cm™> will be referred to as lightly
doped (LD) and heavily doped (HD), respectively. Three
distinct categories of SBH variation can be found, namely
(1) LT, (2) HT-LD, and (3) HT-HD.

A. Substrate-cleaning temperature ~ 820°C (LT)

Electrical measurements of LT silicide samples essen-
tially reproduced the results originally published on this
system.® The I- ¥ behavior of type- A NiSi, was very con-
sistent and resembled an ideal Schottky diode (n < 1.03).
A small number of diodes, either type A or type B, had
identifiable levels of recombination-generation current!
and were excluded from the analyses. The SBH of type- 4
diodes always fell within a narrow range of
$%0=0.66+0.01 eV. The ideality factors of the type-B
NiSi, layers appeared to vary from sample to sample,
ranging from 1.02 to 1.12. But the SBH’s deduced from
the I-V curve still remained fairly consistent at
$%0=0.79+0.01 eV. C-V plots of thin NiSi, layers are
shown in Fig. 4. A ¢3, of 0.65+0.01 eV was determined
for type-A4 NiSi, from such measurements. For type-B
NiSi,, C-V yielded ¢30=0.79+0.02 eV. Capacitances
were found to be insensitive to the testing frequency in the
range 40 kHZ to 1 MHz. This is therefore a suitable
range for meaningful SBH measurements. The doping
concentration deduced from the slope of the 1/C? plot al-
ways agreed with the specified substrate bulk resistivity.

The SBH’s of thin NiSi, layers of mixed orientation de-
pended on the exact proportions of type-4 and type-B
areas in the films. On samples where roughly equal areas
of A and B orientation were present, the SBH determined
by I-V measurements was similar to the pure type-A4
films, i.e., ¢30~0.67 eV. The ¢3o deduced from C-V
measurement, however, was ~0.71 eV. A majority B-
type NiSi, layer which had been determined by LEED to
contain about ~10% of type-A grains displayed an I-V

SBH of 0.71 eV and a C-V SBH of ~0.77 eV. Occasion-
ally, nominal B-type layers also displayed this behavior; it
is believed that such layers contain small regions, such as
type- 4 oriented grains, of low SBH. The behavior of the
mixed A + B layers can be understood in terms of the
coexistence of A-type grains with their low SBH and B-
type grains with their high SBH. The low SBH tends to
dominate the current transport in I-V measurements,
while the depletion-region width is more evenly affected
by high and low SBH patches, and hence C-V measure-
ments tend to give an arithmetic average. Recently, direct
evidence on the modulation of SBH in mixed 4 + B NiSi,
films was obtained'® through electron-beam-induced
current (EBIC) measurements in a scanning electron mi-
croscope (SEM).

I-V behaviors of selected samples were studied below

Nisip 7 Si (411)
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NA o
3 S
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o
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v
o ]
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1 1 1 1
0.5 o] -0.5 -1.0 -1.5
BIAS (V)

FIG. 4. C-V plots of type-A4 and type-B NiSi,, measured at
three different frequencies.
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FIG. 5. Low-temperature I- ¥ behavior of a type- A NiSi; on
n-type Si(111). Noise at low temperature is due to the contact to
silicide layer.

room temperature. Typical results for a thin type- 4 NiSi,
layer are shown in Fig. 5. It was found that the SBH
remained constant for a wide temperature range. The
slope of the I-V plot changed with temperature to main-
tain a consistently low ideality factor. The plot of
In(I,/T? versus 1/T as shown in Fig. 6 yielded a ¢}, of
0.67 eV, which was very close to the SBH deduced from
other measurements. On the average, a $5¢=0.66 eV was
deduced for type-A NiSi, from activation-energy mea-
surements. This agreement justified our choice of the ef-
fective Richardson’s constant. The low-temperature I-V
measurements of type-B NiSi, displayed more complicat-
ed behavior. Results of one example are shown in Fig. 7.
There was a steady decrease of the measured ®} and a

10-12
10719 \ \
& '\\ T:PE A Nisiz
x 10-161 $g5=0.66ev
g
o~
;,,10'15—
= TYPE B NoSIZ
= 0.70eV
10"20-
10722 \\.\
, . N
3.0 4.0 5.0 6.0
1000/T (K™Y

FIG. 6. Richardson’s plot of the saturation current as a func-
tion of temperature. Data points were deduced from curves
shown in Figs. 4 and 6, respectively, for the type- 4 and type-B
NiSi,.
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CURRENT (A)

10"9}

10-10|

10~}

10712 ] ] 1 ]
0.1 0.2

FORWARD BIAS (V)

FIG. 7. Low-temperature I- ¥ behavior of a type- B NiSi, on
n-type Si(111).

slow increase of the ideality factor as the temperature was
lowered. A likely explanation of such behavior is the pos-
sible existence of very small areas of low SBH in the layer,
such as the edges of the diode, type- 4 grains, dislocations,
steps, etc. As the temperature was lowered, the contribu-
tion of such local weak spots to the total /iunctlon current

became significant because of the e factor, and a
lower SBH was measured. A Richardson’s plot (Fig. 6) of
the saturation current yielded a ¢3 of ~0.72 eV for this
particular diode, and 0.73 eV on the average. Because of
the difficulties just mentioned, this value should be viewed
only as a lower limit of the SBH. Capacitance measure-
ments below room temperature yielded a ¢%, of 0.79 and
0.65 eV for type-B and type- 4 layers, respectively, agree-
ing with the room-temperature results.

The electrical behavior of plateau diodes processed
from NiSi, layers grown on Si(111) without oxide pattern-
ing was essentially identical to those observed on diodes
within oxide windows. Examples of I- ¥ characteristics of
a type-A NiSi, plateau diode at various temperatures are
shown in Fig. 8. An activation-energy plot deduced a ¢%,
of 0.65 eV for this diode. TEM analysis was then carried
out in these same diodes and verified that the orientation
was indeed type A4 and that no type B grains were present.

Previously, we have attempted SBH measurements of
the NiSi, epitaxial layers on p-type Si(111). Nearly Ohm-
ic behavior was found for type-B NiSi, and a value of
¢%0=0.47 eV was obtained for type-4 NiSi, from room-
temperature I-V studies.!! Because the linear regions in
the logI plots were short, artificial corrections for the
series resistance had to be made to deduce the SBH as well
as the ideality factor.!! In the present study, the uncer-
tainty associated with curve fitting was removed by per-
forming I- ¥V measurements of these diodes at below room
temperature. The reduced magnitudes of the current
lessened the effect of series resistance and hence allowed
more accurate measurement of the SBH. Examples are
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FIG. 8. Low-temperature I-V behavior of a plateau diode
etched from a type- 4 NiSi, layer grown on n-type Si(111). Pla-

teau area is 8.9 10~* cm?.

shown in Fig. 9. These and other data suggested a ¢%( of
0.471£0.02 and 0.34+0.03 eV for type-4 and type-B
NiSi,, respectively. The fact that the difference between
SBH’s of type-A and type-B NiSi, on p-type substrates is
about the same as the difference on n-type Si has very im-
portant implications. If the low SBH for type- A NiSi, on
n-type Si(111) had been due to interface roughness as had
been suggested,’ regions between facets or steps should
still have a high SBH. On a p-type substrate, these re-
gions became “weak spots” of low SBH and should dom-
inate the I-V characteristics. Therefore, the present ob-
servation of 0.47 eV for the SBH of the type-A NiSi, on
p-type Si(111) argues strongly against the explanation of-
fered by Liehr et al.’ Mixed A4 +B layers had a ¢4, of
~0.34 eV on p-type Si(111), similar to the lower (type B
in this case) of the two SBH’s on this substrate. This
behavior, expected from the “patch effect,” showed clear-
ly the inhomogeneity of the Fermi-level (FL) position of
the mixed A + B interface, in contrast to the assignment
of a uniform SBH for such mixed layers by Liehr et al.’
The sum of SBH’s on p and n-type substrates is very
close to the band gap of Si for either 4 or B orientation.
This suggests that the FL position for Si near the inter-
face is independent of the doping type and differs by
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FIG. 9. I-V characteristics of type-A4 and type-B NiSi, on
p-type Si(111). Measurements were done at below room tem-
perature.

about ~ 140 meV depending on whether type 4 or type B
is in contact with it. Table II summarizes results of all
the electrical measurements for samples grown on LT
substrates.

As can be seen in Table II, thick layers of NiSi, have
essentially the same SBH as the thin layers of the corre-
sponding orientation. This shows that misfit dislocations
do not play a major role in the determination of the inter-
face FL position. In the growth of the thick layers, only
Ni was deposited and the NiSi,/Si interface moved in the
direction of bulk Si. The final interface position lies
~700 A beneath the original Si surface. If we assume

TABLE II. Schottky-barrier heights of NiSi, on Si(111) cleaned at ~820°C. (AE denotes
activation-energy method.)
¢po (V)
Orientation Thickness (A) Type v cv AE n*
A 60—70 n 0.66 0.65 0.66 1.00—1.03
B 60—70 n 0.79 0.79 0.73 1.01—1.10
A+B <100 n 0.66—0.70 0.68—0.79 0.67 1.03
A 700—900 n 0.65 0.65 1.04
B 700—900 n 0.79 0.79 1.02—1.15
A 60—70 P 0.47 0.47 1.01
B 60—70 P 0.34 0.32 1.05
A+B < 100 p 0.34 1.05

*For T >250 K.
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that a much lower density of deep-level impurities exists
in the bulk than near the original Si surface, then the fact
that thin and thick silicides have the same SBH suggests
that the FL position is not determined by impurity states.
Recent deep-level transient spectroscopy (DLTS) measure-
ments have shown no evidence for defect states at epitaxi-
al NiSi, interfaces.!’

B. Substrate-cleaning temperature ~ 1050°C and doping
concentration Np <1x10'* cm~* (HT-LD)

Under the HT-LD conditions, very different electrical
transport behavior was observed from the LT case. The
apparent SBH from I-V measurement was found to be
much higher than the usually reported value at LT for
every silicide and metal tested. For instance, typical I-V
traces for a few silicide phases are shown in Fig. 10,
where the substrates had been cleaned at 1050°C for 2
min. The increase of the apparent SBH was always ac-
companied by a high ideality factor (>1.2). Occasional-
ly, a small component of recombinationlike current was
observed. If the usual thermionic-emission equation and
parameters were assumed, SBH’s of over 0.75 eV were de-
duced for every silicide tested. Table III summarizes the
apparent I-V SBH observed under HT-LD conditions. A
comparison is also made with SBH obtained under LT, or
the usually accepted SBH value for the silicide or metal.
The observation of high SBH was independent of whether
oxide pattern or plateau structure was used. High SBH
(>0.75 eV) was also found for silicides on the (100) sub-
strate with N ~1X 10'* cm~3, and for as-deposited met-
al layers (Co or Ni). Although the magnitude of the I-V
SBH fluctuated from run to run, the values for type A

FIG. 10. I-V traces of an assortment of silicide-silicon junc-
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tions. All diodes have the same area, ~2 X 10~3 cm~—3.

TABLE III. Effect of high substrate cleaning temperature and low substrate doping level on the ap-
parent I- V Schottky-barrier height on n-type silicon. (poly denotes polycrystalline.)

LT HT-LD

Silicide Substrate %o (V) %0 (eV) n
Type-A4 NiSi, (111) 0.65 0.75—0.87 1.2—-1.3
~60—70 A
Type-B NiSi, (111) 0.79 0.82—0.87 1.2—-1.3
~60—70 A
Mixed 4 +B (11 0.66 0.85 ~1.2
NiSi,~70 A
Type-A NiSi, (111) 0.65 0.84 ~12
~800 A
Type-B NiSi, (1) 0.79 0.83 ~12
~800 A
CoSi, (1 0.64 0.74 ~12
~200 A
poly NiSi (1 0.65° 0.76 12
~300 A
poly NiSi (100) 0.68° 0.77 1.25
~300 A
as-deposited Ni (i 0.61° 0.85 1.4
~100 A
as-deposited Co (1 0.70° 0.85 1.4
~100 A

*Reference 11.
*Reference 15.
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and type B grown side by side in the same run were al-
ways close together (+0.02 eV). A few samples were ob-
tained on substrates heated to 1050 °C for only 10—15 sec;
high SBH’s (>0.83 eV) were also observed for either
type- A or mixed 4 + B NiSi, layers. Another property of
the I- V behaviors of HT-LD samples which differed from
the LT case was their sensitivity to light illumination. A
comparison is made in Fig. 11 of I-V characteristics of a
HT-LD sample with and without illumination.

The 1/C? plots for the majority of the samples had
considerable curvature. In the few samples where an ap-
proximate linear relationship was seen, extrapolation
yielded high built-in potentials. Capacitances were found
to be independent of frequency. The slopes were in
reasonable agreement with the bulk doping levels. The
built-in potential of a mixed-type 4 +B layer on 9-Q cm
substrates heated to ~1050°C for 10 sec was ~0.55 eV,
implying a ¢3, of 0.86 eV (Fig. 12). For a 2-min heating
period, the built-in potential was usually ~0.6—0.65 eV
for type- A NiSi, layers.

Layers of type-4 NiSi, and polycrystalline NiSi were
grown on p-type Si(111) cleaned by heating to ~1050°C
for 2 min. The SBH’s were determined from I-V mea-
surements at below room temperature to lie between
0.43—0.47 eV for both samples, in agreement with the LT
results. So, the increase in the apparent SBH on n-type Si
was not accompanied by a decrease in the SBH on p-type
Si. This fact does not support a shift in the FL position
at the silicide—n-type Si junction under HT conditions.

31  TYPE A Nisi, -
n-TYPE Si (111)
- 40 cm E
1050 °C/2 min.
2 — -
a | 4
i
-
P-4
w —
@x
/4
o
(8]
DARK —=/ [=——|LLUMINATED
o ]

1 | 1 1 1
02 04
FORWARD BIAS (V)

FIG. 11. I-V curves of a type- A NiSi, layer on a HT and LD
substrate, with and without the illumination of a microscope
lamp.
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FIG. 12. C-V plot of a mixed A +B NiSi, layer under HT-
LD conditions.

C. Substrate-cleaning temperature ~ 1050 °C and doping
concentration Np > 6% 10'* cm~3 (HT-HD)

The I-V behaviors under HT-HD conditions were al-
most identical to the LT case. The measured SBH took
on the same values as the LT samples. However, 1/C?
plots of these samples had a distinctive bowing feature, in-
dicative of a nonuniform doping profile. No determina-
tion of SBH was possible from C-¥ due to this difficulty.

The HT-HD case is a transition region between the LT
and the HT-LD cases. In the former, close to ideal SB
behaviors were observed, and in the latter there seemed to
be problems with interpretation of the data with a simple
Schottky picture. In the intermediate region, ideal SB
behaviors were observed from I-V measurements. The
capacitance study, on the other hand, suggested the pres-
ence of a nonuniform doping profile. The SBH’s of type-
A NiSi, obtained from I-V analyses are listed in Table IV
as a function of T and Nj.

TABLE IV. Schottky-barrier height of type-4 NiSi, on an-
type Si(111) from I- ¥ measurements.

Np % (eV) % (V)
(cm™3) T.,=820°C T4 =1050°C
3x10' 0.63 0.64
610" 0.64 0.64
1x 10" 0.65 ~0.83
5% 10 0.65 0.80—0.87
2x 10 0.65 ~0.81
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IV. DISCUSSION

A. Review of previous results

The main motivation behind the present study has been
to understand the circumstances under which discrepan-
cies might develop regarding SBH measurements of
metal-semiconductor systems. The central issue involves
the SBH’s of single-crystal NiSi, on n-type Si(111), where
Tung® found a high SBH (0.79 eV) for type B and a low
SBH for type A4 (0.65 eV) and mixed 4 +B (0.66 V),
while Liehr et al.’ attempted to follow the silicide growth
techniques described by Tung* and found a high SBH
(0.78 eV) for both pure type 4 and pure type B and either
a low (0.64 eV) or high (0.78 eV) SBH for the mixed
A +B, depending on grain size. The difference is there-
fore the observation of high SBH for type-A layers and,
occasionally, for mixed A + B layers by Liehr et al.’ We
will first review the experiments described in the two re-
ports. Differences in the procedures are identified. Our
present results are then discussed, aimed at resolving the
controversy based on the identified differences.

Tung®!! had used deposition and reaction techniques
which had repeatedly been shown by plan-view and
cross-section TEM to produce pure single-crystal layers
on Si wafers. The actual diodes, however, were grown in
small windows surrounded by SiO,. LEED and channel-
ing were used to determine the orientation of the NiSi,
layers grown as a control on large nearby Si areas on every
sample. Results of these characterizations were identical
in every respect to those from layers which had been
checked by TEM to be of pure orientation. So the orien-
tations of the NiSi, layers in Tung’s study were very likely
of pure orientation, but for the sake of argument, should
be regarded as suspect. The fact that electrical measure-
ments were performed on diodes inside oxide windows is
the source for some other uncertainties. The problem
rests with the possibility of contamination diffusing out of
oxide and into the Si openings and hence affecting the in-
terface impurity level, the interface roughness, and the sil-
icide orientation.” In earlier experiments, Tung®!! had
used a HF etch and methanol rinse which led to high car-
bon content on the starting surface. Later,!2 only the
Shiraki method was used. After heating, no difference
was seen in either the Si-surface cleanliness, the epitaxial
characteristics, or the electrical results. So the difference
in the cleanliness of the starting surface does not seem to
be a prime factor.

The shortcomings of Tung’s® original work have been
eliminated in the present study by the use of Si without
oxide patterning. TEM analyses of these layers ascer-
tained the fact that these are single-crystal layers of high
perfection. The electrical behavior of plateau structures
was found to be identical to that of diodes formed inside
oxide windows. This clearly demonstrated that patterned
oxide had no effect on the characteristics of SBH.

Some details of Liehr et al.’s experimental conditions
are not known to us, but potential problems can develop
in a few areas according to the published procedures.’
Cross-section TEM was used instead of conventional
plan-view TEM to determine the silicide orientation. This
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is very time consuming, so only a few samples from each
type were studied. A more serious problem is that only a
very small area (~0.01 um?) on each sample can be im-
aged. This is worrisome because the average grain size for
mixed 4 +B films are often as large as 0.5 um even for
very thin layers'® (<100 A). Liehr et al.’ had correlated
SBH’s with the average grain sizes (~0.1 um) of mixed
A +B layers. This correlation is suspicious because any
grain-size estimation by cross-section TEM alone is
known to be inherently unreliable. The main difficulty of
Liehr et al’s results, as we discovered, is with the
substrate-cleaning temperature that was used. This effect
will be described below in detail.

B. The present study

Some of the differences in the experimental procedures
adopted in the two laboratories and listed in Table I may
have no effect on the SBH. However, variation of two pa-
rameters, Np and T, resulted in a substantial variation
in the apparent SBH. Under LT conditions, the present
study reproduced Tung’s results.®!! Near-ideal diode
characteristics were observed, namely a long and straight
linear relationship for logI, and 1/C? plots from I-V and
C-V measurements and good ideality factors for I-V
traces. SBH’s determined from I-V, C-¥, and
activation-energy studies are all in good agreement with
each other. No dependence on substrate doping was ob-
served. The SBH’s on p-type SBH’s complemented the
n-type SBH’s. These studies offered no evidence for any
interpretation other than that the interface FL position
for type A is closer to the conduction-band edge by
~0.14 eV than for type B.

The HT data showed huge scatter. The overwhelming
result was that on LD substrates the apparent I- ¥ SBH of
every silicide metal phase tested was much greater than
the SBH generally reported for that particular phase.
Very poor diode characteristics were observed, namely
poor I-V ideality factors, curving C-V plots, and the fact
that these two different measurements did not agree on
the magnitude of the SBH. However, upon the use of
higher doping concentration (HD), these abnormalities
disappeared and SBH’s of LT conditions were recovered.

The experimental conditions of Liehr et al.’ fall within
our HT-LD category. The presence of a high apparent
SBH for pure type 4 and mixed 4 + B NiSi, layers under
HT-LD conditions appeared to agree with the results of
Liehr et al’ These are, however, differences. Notably,
we have not seen any I-V SBH’s below 0.75 eV under
HT-LD conditions, while Liehr et al.® occasionally ob-
tained ~0.66 eV for mixed 4 + B layers and for contam-
inated silicides. Furthermore, the good ideality factors
that Liehr et al. reported were never observed under our
HT-LD conditions. Differences in heating time and tem-
perature in these two studies may have contributed to
these differences. Nevertheless, it is not yet absolutely
certain that the high apparent SBH which we observed is
caused by the same effect which allowed the observation
of Liehr et al. of a high SBH. However, one important
point is clearly demonstrated: the apparent SBH will vary
appreciably depending on the two parameters T and Np.



Tung® and Liehr et al.’ happened to use choices of these
two parameters which in the present study produced very
different results. Therefore, this effect has to be con-
sidered and understood when SBH’s are analyzed. The
questions which then become important are “what is this
effect which can change the apparent SBH” and “which
set of experimental conditions gives more reliable SBH
measurements?”’

C. The effect of HT and LD

The first thing we have to be concerned with is whether
this apparent SBH increase represents a change in the FL
position [see Fig. 13(a)]. This FL change could have ar-
isen from a change in the interface-state density because
higher cleaning temperature changes the impurity or de-
fect concentration and/or changes the interface micros-
tructure. This could either free the FL from the previous
pinning mechanism or pin the FL to a new position.
However, for reasons discussed below, a FL change can be
ruled out. The main argument against a FL change is
that this effect depends on doping concentration. No
chan§e in SBH was seen on substrates with Np > 6 10"
cm ™" and on p-type substrates, when HT was used. The
interface morphology, structure, impurity concentration,
etc. are not expected to change with doping, and states
from shallow dopants are not known to influence the FL
at these concentrations. Another reason not in favor of a
FL change is the departure of the characteristics from
ideal SB behavior. In itself, this nonideal behavior argues
against a FL change. Finally, the phenomenon of surface
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FIG. 13. Possible models of the band bending at a HT-LD
interface for the increase of the apparent SBH.
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p-type layer formation, known in the literature to occur
under these conditions, is positively identified and is cap-
able of explaining every piece of experimental data
without invoking a FL change.

If the FL position remains the same, what are the
mechanisms which will yield a higher apparent I-¥V SBH?
Trivial answers like discontinuous metal film, poor Ohm-
ic contact, etc. can be ruled out. The only mechanism
that we are aware of is the introduction of negative charge
near the interface. Acceptors and charged traps near the
interface can cause upward band bending and hence an
apparent SBH increase.

There are two distinct stages of sample preparation at
which defects and contaminants could be expected to dif-
fuse into the bulk substrate. The first occurs during the
thermal cleaning cycle, whereas the second takes place
when the nickel overlayer is reacted with the substrate
around 500°C to form the disilicide. DLTS studies by
Weber!® indicate that the 3d-transition metals such as Ni
form donors in Si. Nevertheless, resistivity and Hall mea-
surements'>?° show that n-type Si may be compensated,
but in any event Ni is not the cause of the negative charge
at the interface, because even for cobalt silicide and as-
deposited Ni and Co the effect persisted.

Concerning the thermal cleaning in UHYV, there exists
considerable experimental evidence that this process pro-
duces acceptor-type defects,!~26 which diffuse into n-
type Si at temperatures in excess of 1000°C. This seemed
to be associated with resistive heating. The physical iden-
tity and the source of the acceptorlike trap have yet to be
firmly established. However, we note that boron has been
positively identified in a few studies,>?> and a correlation
with surface carbon contamination has been suggested by
others.?8 It is important to point out that, because we ob-
served this effect with and without SiO,, the patterned ox-
ide is ruled out as the main source of contamination. The
extent of the p-type layer is usually a few micrometers in
depth with an average doping concentration of > 10"
cm~32! The temperatures used in these studies were usu-
ally greater than 1200°C and long anneal times (> 15 min)
were used. Near the reported onset temperature for the
phenomenon, 1000°C, less data are available. Because
this is most probably due to an impurity effect, differ-
ences in ambients and sample handling among labora-
tories can lead to very different results. So clearly we
need to determine for ourselves what the likely concentra-
tion and depth of impurities are.

D. Determination of surface p-type doping concentration
from SBH results

Two models can be distinguished based on the
acceptor-to-donor ratio N,/Np and the width d of the
acceptor profile. For simplicity the acceptor profile is as-
sumed to be planar in the following discussion. The
space-charge density and band-edge diagram associated
with these two models are shown schematically in Fig. 13.

Model (i) is a metal-shallow p *-n structure where the
p-type layer is fully depleted. Such structures have been
deliberately fabricated and have been studied in detail in
the literature.?’ Usually, N4 >>Np and d << W have been
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used, where W is the space-charge width in the absence of
the acceptor doping. Assuming a planar acceptor profile
and that the depletion approximation is valid, the SBH in-
crease may then be solved analytically. However, such a
structure has a light-sensitive barrier height® whose I-V
characteristic is shifted in a qualitatively different fashion
from those of either a Schottky barrier or a p-n junction.
In Fig. 11 the I- ¥ characteristics of a HT-LD sample are
shown with and without illumination. The turn-on volt-
age under illumination is not shifted toward lower posi-
tive bias as predicted by the band-edge diagram of model
(i). This shift should be expected to occur because pho-
toinduced holes generated by band-gap illumination which
collect at the potential hump can lower the effective ac-
ceptor concentration. Another feature of model (i) which
is inconsistent with our data is that the B-type barrier
height should increase nearly as much as the A4 type, thus
maintaining a value always significantly higher than the
observed SBH for type-4 NiSi,. Because of these
disagreements with experiment, model (i) is not favored as
a realistic representation of the actual band bending.

Model (ii) represents the case of a p-n junction in series
with a p-type Schottky barrier [see Fig. 13(c)]. This
model differs from model (i) in that it requires type con-
version of the surface layer to a depth such that the
space-charge regions of the p-n junction and the Schottky
barrier are separated by a neutral region. The extent of
the HT-induced p-type surface layer reported in the litera-
ture?!2223 are in perfect agreement with the conditions of
model (ii). We also find this model to be capable of ex-
plaining our experimental results. The SBH’s recorded in
Tables III and IV as a function of substrate-doping and
substrate-cleaning temperature can now be explained as
follows. For substrates typically doped to donor concen-
trations exceeding 6 < 10! cm 3, there are insufficient ac-
ceptors generated during the 1050°C cleaning cycle to
convert the surface type, so that no p-n junction forms.
As a result, we have never observed a high A-type barrier
on material doped at 0.6—3 % 10'® cm 3.

On substrates with Np <1x 10" cm™3, a 1050°C an-
neal for 2 min converted the surface region to p type.
This puts the uncompensated acceptor concentration at
1X10¥ <N, <6x10" cm~? for such an anneal. The
depth of this p-type layer is estimated to exceed 0.5 um to
make the apparent SBH independent of the original FL
position. It should be stressed that these estimates were
arrived at based on the results of many different runs,
where fluctuations were inevitable and as such they
should be regarded as order-of-magnitude estimates.
Nevertheless, we note that these estimates are in good
agreement with other reports in the literature.?!=2¢ In an
I-V measurement, since the voltage applied is shared be-
tween the p-n junction and the p-type SB, a low current
level is expected as well as a high ideality factor. Hence,
the apparent I- ¥ SBH of every silicide metal junction was
high. The C-V measurements are consistent with the ex-
istence of a p-n junction of doping levels of ~10'°> cm~—3.
Such agreement is only qualitative due to the uncertainty
with the exact doping profile. The same p-type formation
may be expected on Si(100), explaining our observed result
on that surface. On a p-type substrate, addition of accep-
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tors do not convert the type and hence no change in the
SBH was observed.

E. Direct surface-doping profiling

Recently, spreading-resistance (SR) measurements were
performed on an assortment of unmetallized Si substrates
which had been prepared in either the LT or the HT con-
dition in UHV. A surface p-type layer is unambiguously
identified on the n-type HT-LD samples as shown in Fig.
14. On samples heated to 1050°C for 2 min, the depth of
this p-type layer is ~0.6 um. The location of the p-n
junction is shallower (~0.2 pum) for samples heated to
1050°C for only 10 sec. The nominal N, of these surface
p-type layers determined from SR measurements is some-
what above the range of N, as deduced from SBH mea-
surements. This difference may be due to possible error
associated with the SR technique,?® particularly in the
presence of a p-n junction. In addition, slight variation in
sample prepartion can also bring about a different level of
impurity concentration near the surface. The depths of
the p-type layers are consistent with a v’z dependence.
This tends to support the theory that these acceptor
dopants had diffused from the surface. The HT treat-
ment also enriched the surface of the p-type doped sub-
strates as one of the profiles in Fig. 15 illustrates. The net
increase in N4 near the surface was ~5X10'> cm~3, in
good agreement with that determined from SBH measure-
ments.

In the case of Si substrates heated to 800°C (LT) for 2
min in UHV, the carrier density near the surface
remained essentially unchanged from the bulk-impurity
concentration as shown in Fig. 15. Therefore, this LT
treatment produces substrates which are most suitable for
SBH measurements upon metallization. Under the HT-
LD conditions, the surface-doping profile is quite com-
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FIG. 14. Carrier-concentration profiles of Si(111) samples
with 1X10'* cm~? bulk-doping concentration. One sample has
been cleaned by the Shiraki method and heated in UHV to
1050°C for 2 min, the other has been degreased and heated to
1050°C for 10 sec.
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FIG. 15. Carrier-concentration profiles from spreading resis-
tance measurements of a p-type Si(111) substrate heated to
1050°C and an n-type Si(111) heated to 800°C for 2 min.

plex. A p-n junction forms after heating to 1050°C for as
short as 10 sec. Under this complicated band diagram
[Fig. 13(c)], it is extremely difficult, if not impossible, to
determine the metal-semiconductor interface FL position.
Inaccurate conclusions can be drawn about the magnitude
of the SBH from transport measurement through the en-
tire structure, if a simple Schottky-barrier picture is as-
sumed. For this reason, it is clear that we should abso-
lutely avoid using the HT-LD conditions when perform-
ing SBH measurement, and that any SBH measurements
carried out under the HT-LD conditions are likely to be
fortuitous.

V. CONCLUSIONS

The formation of a p-type layer on an n-type substrate
at high annealing temperature is most likely due to impur-
ities. The depth and carrier concentration of the p-type
layer should depend on parameters such as the tempera-
ture and duration of heating, the substrate doping, wafer
handling, cleanliness of the Ta or Mo clamps used in
resistive heating, and other sources of impurities. The re-
sults in our laboratory seem to be consistent enough from
run to run to observe a clear threshold of substrate-doping
concentration where this effect is present. We expect
when the HT annealing time is reduced, a less clear-cut

7089

situation may result. However, it was noted that heating
to 1050°C for as short as 10 sec already brought about a
SBH increase of ~200 meV on a substrate with
Np=5x10" cm™3. These conditions are very similar to
that employed by Liehr et al.’

All of our data obtained on substrates cleaned at
~ 820°C consistently indicated that the interfacial FL po-
sition for type-A NiSi, is unshifted from the value of
~0.65 eV. Conventional, plan-view TEM has shown
these layers to be of essentially single orientation. Using
experimental conditions similar to that of Liehr et al.’
we observed high apparent I- ¥ SBH for the type- 4 layer,
similar to that reported by Liehr et al. This increase was
shown to be of spurious origin and not related to any
change in the interface FL position. Rather, it is due to a
thermally induced, type-conversion phenomenon near the
surface which results in a p-n junction in series with the
Schottky barrier. Spreading-resistance measurements al-
lowed direct observation of this p-n junction. Because
Liehr et al. happened to use experimental conditions’
identical to those which produced spurious effects in our
study, their results and conclusion must be viewed with
suspicion. Under careful experimental conditions where
no doping compensation occurs, the electrical behavior of
the epitaxial NiSi,-Si(111) interface is very consistent and
well behaved. Tung’s original results about the SBH’s of
type- A and type-B NiSi, are confirmed in this study. On
n-type Si(111), the SBH of type-B NiSi, is higher by
~0.14 eV over the SBH for type-A4 NiSi,. Recent re-
sults®® from other groups also agree with this dependence
of SBH on the orientation of the silicide. This depen-
dence is suggestive of an intrinsic mechanism for the
Schottky-barrier formation.

There have been many recent calculations on the elec-
tronic structure of the epitaxial Ni-Si systems.’! =3 Un-
fortunately, the formidable task of performing a reliable
calculation based on a realistic metal-semiconductor
structure remains and any theoretical explanation of the
difference between the SBH’s of A4- and B-type NiSi, is
only speculative at this stage. Experimentally, the inter-
faces between single-crystal silicide and silicon remain the
closest to ideal, simple, and well-controlled metal-
semiconductor junctions available. The interface atomic
structure of this system has already been studied in de-
tail.>~7 We expect much more work to be carried out in
elucidating the electrical properties of these systems
which, hopefully, can bring us to a better understanding
of the SB-formation mechanism.
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FIG. 1. Low-energy electron-diffraction pattern of the surface of a pure type- A oriented NiSi, layer and an essentially type-B
layer with ~5% of the area covered by type- A material. The intensity of the arrowed spots gives an indication of the percentage of
area occupied by silicide of the opposite orientation.



FIG. 2. Plan-view dark-field TEM images of thin (a) type- 4, (b) type-B, and (c) mixed 4 + B NiSi, template layers. Images were
taken with (113) reflections, which reveal misoriented material. These demonstrate the epitaxial integrity of the type- 4 and type-B
films and that the grain size of the mixed A + B film is ~ 1000 A. Mottled contrast in the upper part of (a) is due to damage in the
thinning process.
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FIG. 3. TEM images taken with substrate reflections which show both type- A- and type- B-oriented material from the same NiSi,
templates in Fig. 2, respectively.



