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Structural properties of epitaxial NiSi, on Si(111) investigated with x-ray standing waves
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We have investigated the structure of epitaxial layers of 4-type and B-type NiSi, on Si(111) with
x-ray standing waves. Several samples of each type were used for the measurements with
thicknesses of the silicides ranging from 6.3 to 97.6 nm which corresponds to 20 to 314 layers of
NiSi,. Our results agree with a model, where the NiSi, bonds, via the Si atoms, to the Si(111) sur-
face dangling bonds, which leads to a sevenfold coordination of the Ni atoms in the first silicide lay-
er. The distance of the first layer of nickel atoms from the Si(111) surface diffraction plane was
determined with high accuracy for all samples. This distance is significantly shorter than the value
of 0.352 nm calculated from bulk bond lengths for A-type epitaxy and B-type epitaxy for which
values of 0.337 and 0.346 nm, respectively, were determined. This substantial difference and the
amount of relaxation at the interface may promote understanding of the Schottky-barrier heights

observed at both types of interfaces.

INTRODUCTION

There is significant interest in metal-semiconductor
interfaces, which is stimulated by their importance in
device fabrication. Epitaxial metal silicides on silicon
have been intensively studied and NiSi, on Si(111) is one
of the most prominent cases. The bulk lattice constant of
the cubic CaF,-type NiSi, is only 0.44% smaller at room
temperature than the silicon lattice constant with
a=5.431 A and nickel disilicide grows on Si(111) with ex-
cellent crystalline quality but with two different orienta-
tions. For the one orientation, called A4 type, all crystal
axes of the epitaxial film are aligned with the Si substrate.
For the other orientation, called B type, the epitaxial sili-
cide is rotated around the {111) crystal axis by 180° with
respect to the Si substrate. A recipe has been developed
to grow either the untwinned A-type epitaxy or twinned
B-type epitaxy exclusively.! Grown as A type or B type,
it is widely accepted that the silicide bonds via the silicon
atoms to the Si substrate, which leaves the Ni atoms at
the interface sevenfold coordinated.>? Schematic draw-
ings of the corresponding A-type and B-type
Si(111)/NiSi, interfaces are shown in Figs. 1(a) and 1(b),
respectively. Remarkably, the electronic properties of
A-type and B-type NiSi, on Si(111) are different with the
B-type junction typically having a higher Schottky bar-
rier.*~% Of course, the silicide material grown on top of
the silicon is the same for 4 type and B type and only the
structural differences at the interface (such as second
nearest neighbors, amount of relaxation, and defect struc-
ture) can be responsible for the difference in Schottky-
barrier height (SBH).

(a) 7-FOLD A TYPE

(b) 7-FOLD B TYPE

Si(111)

e :Si ATOMS
o :METAL ATOMS

Si(111)

FIG. 1. Three different types of interfaces for metal silicides
with CaF, structure on Si(111) in cross-sectional view. For de-
tails see the text.
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The interface structure of Si(111)/NiSi, has been stud-
ied with transmission electron microscopy (TEM),? ion
scattering,® the x-ray standing wave (XSW) technique,”’®
and very recently with high-resolution x-ray diffraction.’
Except for one XSW study,’ there was general agreement
about the sevenfold coordination of the Ni atoms at the
interface. Values for the relaxation at the interface are
reported for A-type® and B-type*®° Si(111)/NiSi, show-
ing a decrease in the interface bond lengths. The present
study is important in part because of the controversial
XSW results."® In addition, by using a different experi-
mental approach, we obtain very accurate values for the
interface relaxation for A-type and B-type epitaxy. The
observed magnitude and difference in relaxation may be
valuable in explaining the SBH’s found for the two types
of epitaxy. :

In a recent publication,’® we applied bulk x-ray
diffraction and the XSW technique to confirm that CoSi,
bonds to the Si(111) surface via the metal atoms of the sil-
icide [cf. Fig. 1(c)] and measured with high accuracy a
strong outward relaxation (0.01410.005 nm) of the first
silicide layer.!"!? Recent theoretical investigations sup-
port the eight-fold coordination of the Co atoms at this
interface.!>!* Our XSW results support this assignment
since an extra plane of Si atoms inserted at the interface
[cf. Fig. 1(c)] will tend to increase the interface distance
zp. Here we investigate the structure of Si(111)/NiSi, in-
terfaces again with the XSW technique. The perpendicu-
lar overlayer mismatch Mz of the samples has been
determined independently by x-ray diffraction.’> As we
will show in some detail in the next chapter, the interface
distance z; (cf. Fig. 1) and the lattice mismatch are not
parameter independent in the XSW data analysis. To ful-
ly benefit from the high structural resolution of the XSW
technique, the perpendicular lattice mismatch M3 of the
epitaxial layer has to be determined accurately by other
experimental means. This is necessary for each individu-
al sample, because M depends strongly on sample type
(A4 or B), thickness of the epilayer, and details of thermal
history during growth. !

In the present study we investigated a number of speci-
mens with both silicide orientations ( 4 and B) and with a
large range of thicknesses of the epilayers. The interface
relaxation for each individual sample was determined
with high accuracy and the values obtained for samples
of the same type (A4 or B) but with different overlayer
thickness are consistently the same. The coherent frac-
tions observed for the thicker films match the coherent
fractions expected for a perfect, pseudomorphic film very
well. In particular, the XSW results on the thickest (97.6
nm) NiSi, sample demonstrate the excellent crystalline
quality of the epitaxial films. The misfit dislocations at
the interface are practically invisible for the (111) XSW
measurements, which confirms that their associated
Burgers vectors lie in the (111) plane.'¢ Furthermore, we
learn from the high coherent fractions that the x-ray-
interference field, which is only created if the incident
and reflected x-ray waves couple coherently, extends at
least 0.1 um outside the substrate crystal surface.

In the following we will first explain how to apply the
XSW analysis to epitaxial layers. Then we will briefly de-
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scribe sample preparation and the experimental arrange-
ment for XSW measurements which had been performed
at the AT&T X15A beamline at the National Synchrot-
ron Light Source (NSLS). Finally, the results of the
XSW measurements are discussed in detail.

XSW ANALYSIS

The analysis of XSW data is based on the dynamical
theory of x-ray diffraction, which is described in its most
elegant and widely adopted form by Laue.!” The XSW
technique was developed by pioneering experiments of
Batterman'®!® and Golochenko et al.?° The basic princi-
ple of the XSW technique and data analysis is described
in a number of publications.'® 2! In the present study
we apply the XSW technique by using the (111) reflection
from the Si substrate crystals and monitoring the Ni Ka
fluorescence yield from the epilayers as a function of an-
gle 6 within the angular range of strong Bragg reflection.

The normalized, angular-dependent, fluorescence yield
Yy of a single layer of atoms located at a distance z,
from the unrelaxed substrate surface plane (cf. Fig. 1) is
given as a function of angle 0 by

Y(0)=1+R (6)+2VR (O)cos[v(8)—2mzp /dy, ] -
(1)

In Eq. (1), R () is the substrate reflectivity, d,;; =0.3136
nm is the Si(111) diffraction-plane spacing, and v (0) is
the phase difference between the incident and reflected
electromagnetic x-ray waves. This phase changes by 7
radians while passing through the angular range of Bragg
total reflection. In the case of an epitaxial silicide film, a
larger number of metal planes are on top of the substrate
surface. The position z, of the nth plane of metal atoms
relative to the Si(111) bulklike surface plane is deter-
mined by

z,=zp+(n—1)dy . )

The lattice spacing of the epitaxial film dy is related to
the substrate lattice spacing d;; via

dp=d;(1+M}) , A3)

where M denotes the perpendicular, i.e., 1(111), lattice
mismatch of the epilayer with respect to the substrate.

The angular-dependent fluorescence yield Y from all
the N, layers of metal atoms of the epitaxial NiSi, film
can be expressed as

Yp=1+R(6)+2VR(0)D,(S,+S,) , 4)

where the Debye-Waller factor D, now also takes into
account thermal vibrations of the Ni atoms. This yield is
again normalized with Yy=1 for R(6)=0. The two
sums S, and S, are explained in the following.

The first sum

1—U % ~
> cos{v(0)—2m[zp+(n —1)dg]/d 1}

n=1

S, =
N
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represents the correlated fraction of the Ni atoms, i.e.,
the Ni atoms which are registered perfectly in the N,
metal planes of the silicide. It is a summation represent-
ing the fluorescence contributions of the perfectly regis-
tered Ni atoms from all N; planes. The sum

N,

S,=U/N, 3, cos[v(0)—27z] (6)
i=1

is needed in a realistic model and takes into account some
disorder in the epitaxials films which, though exhibiting
high crystalline quality, are not perfect. This sum
represents a fraction U, with 0<U<1, of the metal
atoms randomly distributed with respect to the lattice
planes. The coordinate z; of those atoms normal to the
(111) surface is a random, real number with 0<z; <T,
where T is the thickness of the epilayer. The total num-
ber of randomly distributed Ni atoms is given by N, and
the random fraction U is simply given by

U=N, /Ny, %)

where N is the total number of metal atoms sampled by
XSW. Since Ny is very large (usually N> 10") it is now
easy to see from Eq. (6) that, to a high degree of accura-
cy, S, =0 independent of the size of N, because either
U=O0 or the sum of the random-phase cosine terms
equals zero. Thus we can write Eq. (4) as

Yy=1+R(6)

+2V'R ()
N
X ¥ cos{v(0)

=1

1-U)D, /N,

~

—2m{zp+(n —1)dg1/dyy, ) -

=

(8)

From basic trigonometry we know that a sum of cosine
terms which differ only by phase factors yields again a
cosine function, the amplitude and phase of which are
determined by the individual phase factors in the sum.
Thus we can express Y as

Y,=1+R(6)+2VR(0)f,cos[v(8)—27®,], (9

where the factor (1—U)D, /N, is contained in the am-
plitude f, as well. In fact, it can be shown?! that every
result of a XSW measurement performed on a reasonably
thin epitaxial layer or adsorbate can, in terms of the
angular-dependent fluorescence yield Y, be described in
the way given by Eq. (9). The amplitude factor f, is
called the coherent fraction and the phase factor @, is
called the coherent position. The relationship of these
two quantities with the structural parameters of the epit-
axial film is given in the following.

Comparing Eq. (8) and Eq. (9), with some fundamental
algebra and the help of Eq. (3), we obtain

&, =zp/d;; H(N,—1)Mg/2+ ¢, , (10a)

z2p=®.d;; — (N, —VDMgd /2= dodyyy (10b)

and
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fe=(1—U)D,| 45!, (11
where
Ag=[sin(wN  M)1/[N sin(wM3)] , (12)
do=—[sgn(4s5)—11/4, (13)
and finally,
N, =T /ld;;(1+Mz)] . (14)

The fluorescence counts ( Yg)eyp,, Which are experimen-
tally determined as a function of angle by the XSW mea-
surement, are simply proportional to the yield defined by
Eq. (9); thus

(YP)expt=Cni Yr - (15)

The normalization factor Cy; is proportional to the num-
ber of nickel atoms within the range of the interference
field and thus to the number N; of metal layers of the sil-
icide film.

For the analysis of XSW data, a function as given by
Eqgs. (15) and (9) is fitted to the experimental data. The
reflectivity R (8) and the phase v (6) are calculated using
the formalism of the dynamical theory of x-ray
diffraction.!” It is important to note that only the three
parameters Cy;, f., and &, are necessary to-fit the
fluorescence data if the angular scale has been deter-
mined. In the present case, this is most accurately done
by fitting a theoretical expression for R () to the experi-
mentally determined reflectivity R ., (6).

From @, and Eq. (10b) we can now calculate zj if the
silicide thickness T; and epilayer mismatch M} had been
determined previously with the necessary accuracy by
other experimental techniques. Using Eq. (11), we also
obtain information about the crystalline quality of the
films and the Debye-Waller factor of the metal atoms
since A [compare Eq. (12)] is determined solely by the
overlayer mismatch and the thickness of the film.

EXPERIMENT

Epitaxial layers of NiSi, were grown on 7.5-cm-diam,
250-um-thick Si(111) wafers in a commercial molecular-

Co

w \\\\\\\\\\\\‘.ﬁﬁulllﬂlllllﬂ.lll |
/ '
FROM NSLS®&== , S

FIG. 2. Schematical experimental arrangement for XSW
measurements at a synchrotron source. The white synchrotron
x-ray (SXR) beam is premonochromatized and collimated in an-
gle by an asymmetrically cut Si crystal (C,). Grazing incidence
also reduces the heat load. By fine tuning the Bragg angle of the
second crystal (C,), only one line of the harmonic spectrum of
the first crystal is transmitted. The beam then passes horizon-
tally though ion chambers (I, and I,), the slit system (S), and
on to the sample (C3).
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TABLE 1. Experimental results obtained on all investigated NiSi, overlayers on Si(111).

Thickness Zp

Type (nm) 10°M 3 N D, fe (nm)
B 6.3 —0.75* 20.3 0.03 0.71 0.346
+0.3 +0.15 +1.0 +0.01 +0.05 +0.005
B 22.5 —0.75 72.3 0.84 0.42 0.347
+1.1 +0.01 +3.6 +0.01 +0.05 +0.004
B 97.6 —0.82 314 0.82 0.17 0.345

+4.9 +0.01 +16 +0.02 +0.04 +0.02
A 23.3 —0.70 74.8 0.83 0.53 0.341
+1.2 +0.01 +3.7 +0.01 +0.05 +0.005
A 22.6 —0.65 72.1 0.84 0.54 0.336
+1.1 +0.01 +3.6 +0.01 +0.05 +0.005
A 53.2 —0.75 171 091 0.20 0.330
+2.7 +0.01 +9 +0.02 +0.04 +0.010

2The overlayer mismatch M} was not determined experimentally, and we assumed the noted value with

sufficient margins of error.

beam epitaxy system. Templates were formed by room-
temperature deposition of 1.6-1.8 nm of Ni for A-type
samples and 2 nm of Ni followed by 3—4 nm of Si for B-
type samples. The wafers were subsequently annealed at
500+25°C for 5 min. Silicide layers with the desired
thickness were grown on the as-prepared templates.
Deposition of Ni, or codeposition of Ni and Si for the
thicker layers, was carried oui with the samples held at
625+25°C. Specimens were obtained from the large
wafers by cleaving. This procedure did not strain the
samples as shown by undistorted rocking curves recorded
from samples cleaved from a clean wafer without an epi-
layer. During the growth, the thickness of the layers
could be determined with an accuracy of about 10%.
Thickness calibration with 5% accuracy was obtained by
quantitative, x-ray-induced fluorescence analysis which
was calibrated by Rutherford backscattering.

The experimental setup for the x-ray measurements at
* the synchrotron source, which is shown schematically in
Fig. 2, will only be described briefly since it is described
in more detail elsewhere.!®?> The white beam from the
NSLS x-ray ring was monochromatized and collimated in
angle by Bragg reflecting from two Si(111) crystals C,
and C,. The current output from ionization chamber I,
was used as a feedback signal to keep the monochromator
crystals C; and C, parallel. This was achieved with a
piezoelectric transducer rotating the second crystal
within a narrow angular range under the control of an
analog feedback circuit.?® The second ionization chamber
allowed the measurement of the beam intensity incident
on the sample. The slit system was used to restrict the
beam to a desired area on the sample surface. The cross
section of the beam was only 1072 mm? or smaller in or-
der to obtain nearly undistorted rocking curves from the
samples. The crystal structure of the Si substrates was
still free of defects after the preparation but, because of
the strain in the overlayer, the thin, triangular shaped
specimens were bent spherically. For some samples, the
bending radii were deduced from rocking curve measure-
ments and found to be of the order of 10 m.

A Nal(Tl) detector monitored the reflected beam

Ni Sip on Si(111) Ni- K FLUORESCENCE

20 -
976nm B TYPE

1.5

53.2nm A TYPE

~ 23.3nm A TYPE A

(¢

YIELD

6.3nm B TYPE

15

10 REFLECTIVITY Si(111)

0.5 - ' . 4
o’ <,
¥
A-TTC o o b e b T
-2 -1 o 1 2
ANGLE

FIG. 3. XSW results on four samples. Since the scans were
performed at different energies around 10 keV, the scans are
shown on the energy-independent angular 7 scale (Ref. 18).
Note that the fluorescence curves are shifted vertically on the
yield axis. Symbols are the experimental data and the lines are
the fitted curves.



10 258

whereas photons scattered inelastically and diffuse from
the sample were detected by a Si(Li) solid-state detector.
For each XSW measurement the intensity of the reflected
beam as well as energy dispersive spectra from the Si(Li)
containing the K fluorescence lines from the Ni were
recorded simultaneously for 32 angular intervals as a
function of reflection angle 6.

The results of XSW measurements for four different
samples are shown in Fig. 3. A total of six samples was
investigated and the results of the data analysis are com-
piled in Table I. Values for the perpendicular lattice
mismatch M# of the investigated epilayers, although al-
ready published, '° are listed as a matter of convenience in
Table I too.

DISCUSSION OF RESULTS

Let us first concentrate on the information we can
deduce from the observed values for f,. With Eq. (12),
we calculate A; as a function of N; which is obtained
with Eq. (14) from T, and M} for layers with the four
different values of Mz. The results are shown in Fig. 4
and the values for f, as obtained from the XSW measure-
ment for the six individual samples are also shown in the
graphs. The overall agreement between A; and f, is
good, which proves that the NiSi, films grow layer by
layer in an orderly fashion. The Debye-Waller factor
must be close to unity because f, = A, for the two thick-
est layers [compare Eq. (11)].

On a first view, the high coherent fractions observed
for the thicker films represent a surprise. It is well
known?*2>15 that misfit dislocations are formed at the
NiSi,/Si interface in order to decrease the strain energy
in the overlayer which is a result of the lattice mismatch.
The dislocation density (DD) is larger for B-type layers
than for A-type layers, which can even grow dislocation
free up to a certain thickness.?® Since the strain energy
increases with thickness, the DD increases with thickness
too. Obviously, the increasing DD does not cause a de-
crease in the coherent fraction. This seems to be strong
evidence that the Burgers vectors characterizing the
dislocations at the A- and B-type interface are both pla-
nar with respect to the (111) surface, and the defects are
invisible when using a ( 111) diffraction vector.

The agreement between f, and Ag is, in general, better
for the thicker samples, which shows that the randomly
distributed fraction U of the Co atoms is larger for the
thinner epilayers. Possible sources for U are bulk disloca-
tions, point defects, and of particular importance for the
thinner samples, surface disorder, due to, for example,
oxygen attack.

Next we calculate z;, (Ref. 26) from the experimental
results using Eq. (10b) and list the values also in Table I.
From the models shown in Fig. 1, it is easy to calculate
values for z, which are expected from the different
geometries. Ignoring the small difference in bond length
between Si—Si and Ni—Si, we obtain for geometry (a)
the same distance as for (b) with

zp7=9/8d;,=0.352 nm (16)

and for geometry (c)

ZEGENHAGEN, HUANG, GIBSON, HUNT, AND SCHOWALTER 39

ZD5=7/8d111=0.274 nm . (17)

Obviously z;, agrees well with the experimental results,
and we conclude, given the choice between model (a) or
(b) and (c) of Fig. 1, that the Ni atoms are sevenfold coor-
dinated at the interface. The values for z,, agree well for
layers of the same orientation but are clearly different be-
tween the A- and B-type epitaxy. The two average values
(zp ) from the three measurements for each type of lay-
ers are listed in Table II. Also listed are the differences
Az, =(z, ) —z,, which we take as a measure for the re-
laxation at the interface. For both types of silicides, Az,
is significantly smaller than zero but the compression at
the interface is much more pronounced for the A4 type.

1.0
NiSip ON Si (111)
1, O Mg =-0.0065
o8l h
2, O :Mg =-0.0070
2 3, O :Mg =-0.0075 A
1.0 <} 4, @ :Mf =-00082

COHERENT FRACTION

01|111|111|11I1|1|1
(o} 100 200 300 400

NUMBER OF SILICIDE LAYERS N

FIG. 4. Coherent fraction as a function of NiSi, layer thick-
ness with the four different mismatch values from Table I as pa-
rameter. The solid lines are calculated curves according to Eqgs.
(11) and (12) with U=0 and D,=1.0. Curves 1, 2, and 3 are
shifted on the vertical axis. Symbols are experimentally deter-
mined coherent fractions. The theoretical curves clearly show
the interference beating between the standing x-ray-wave field
with periodicity d;;; and the epitaxial layers with periodicity
dE=(1+Mé)dl“.
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TABLE II. Surface bond length zj, (cf. Fig. 1) and interface relaxation Az, for 4- and B-type NiSi,
on Si(111). Results for the interface relaxation obtained by other groups are also listed.

Present study Ref. 3 Ref. 8 Ref. 9
Zp, experiment Azp Azp Azp Azp
(nm) (nm) (nm) (nm) (nm)
A type 0.337 —0.016 NA? —0.004 NA
+0.005 +0.005 +0.005
B type 0.346 —0.007 —0.006 —0.011 —0.008
+0.003 +0.003 +0.008 +0.003 +0.006

2NA is not available.

The 0.009-nm difference in the interface relaxation ob-
served for the two types of NiSi, may be related to about
0.14 V difference in SBH found for A4- and B-type inter-
faces.*”® For the magnitude of the relaxation at the in-
terface, Vlieg et al.® reported larger values for B type
than for the A type, in disagreement with our findings.
However, they investigated only a total of three samples
and determined z;, and Mj solely from the XSW results
using the dependency of ®. on N, as given by Eq. (21a).
In this way, they implicitly assumed Mz =const for all
specimens and neglected that Mi depends on layer type
and thickness and even on sample preparation since
slightly different growth conditions can readily cause
differlgnces in the densities of defects which in turn affects
M.

CONCLUSION

The present XSW measurements have been performed
on epitaxial layers of NiSi, on Si(111) more than 300 lay-
ers thick. The good agreement between calculated and
measured coherent fractions demonstrates the excellent
epitaxial quality of the films. From the results of the
analysis of the XSW data we can clearly rule out that the

investigated epilayers bond to the Si(111) surface dan-
gling bonds via the metal atoms. Our results agree well
with the widely accepted interface structure where the
silicide bonds to the Si(111) surface dangling bonds via
the Si atoms, which results in sevenfold coordinated Ni
atoms at the interface. If we assume bulklike bond length
and calculate the distance of the first Ni layer from the
Si(111) surface which is assumed to be in a bulklike posi-
tion and compare it with the experimental determined
distances, we find that the experimental determined
values are significantly smaller. In case of the A-type epi-
taxy, the NiSi, film is relaxed by 0.016%0.005 nm to-
wards the Si crystal while the inward relaxation at the B-
type interface with 0.007+0.005 nm is less strongly pro-
nounced. The 0.009-nm difference in interface relaxation
is expected to bear on issues such as the theoretical un-
derstanding of the difference in SBH observed for 4- and
B-type epitaxy.
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