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Investigations of interface formation in the Mo-Si system were carried out by depositing Mo onto
Si(100)-(2X 1) and Si(111)-(7X 7) surfaces in ultrahigh vacuum, followed by characterization with in situ
reflection high-energy electron diffraction, low-energy electron diffraction, Auger-electron spectroscopy,
and x-ray photoelectron spectroscopy (XPS). Continuous growth of multiple Mo coverages on a single
Si wafer was accomplished with a technique involving a movable sample shutter. The formation of an
amorphous interfacial silicide was observed at all substrate temperatures studied: ~50°C, 100°C, and
200°C. However, the composition quickly becomes Mo rich as the deposition continues. The data are
consistent with a composition profile that has an atomically abrupt transition between Si and amorphous
MoSi,, where x =2 for the first 4 A and then decays with an error-function form with increasing over-
layer thickness. The error-function interface-width parameter was found to be 10.0 A at ~50°C and
12.1 A at 200°C. Significant differences were seen between Auger intensities calculated by two standard
methods: the derivative-amplitude method and the linear-background integrated-intensity method. We
attribute these differences to peak-shape changes (due to the varying chemical environment in the inter-
facial region) that invalidate the use of the derivative method. The XPS measurements revealed shifts in
the energies of the Mo 3d;,, and Mo 3ds,, lines due to the reaction with the Si substrate. The maximum
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peak shift was —0.4 eV and originated from the Mo nearest the Si substrate.

I. INTRODUCTION

Interest in understanding the physics and chemistry of
the Mo-Si interface stems from applications in the semi-
conductor industry as well as in multilayer x-ray optics.
In the semiconductor community, the narrow width of
the metal-silicon interface, reproducible Schottky barrier
heights, and low resistivities are some of the desirable
properties that have stimulated interest in films made of
this material combination.! For example, such films have
been used as gates and contacts in very large scale in-
tegrated (VLSI) circuits.? For soft-x-ray optics, multilay-
er mirrors made of Mo as the absorber and Si as the
spacer yield high reflectivity values for the wavelength re-
gion between 125 and 250 A. A few examples of applica-
tions involving Mo/Si soft-x-ray mirrors are plasma diag-
nostics and x-ray microscopy at 182 A,* astronomical
telescopes for 133, 171, argd 186 A,* and x-ray laser cavi-
ty mirrors for 206-209 A.°> Although excellent Mo/Si
mirrors have been produced, it has become apparent that
the quality is extremely process dependent.>® Thus, un-
derstanding the nucleation and growth mechanisms
which affect the microscopic interface structure is very
important to understanding and improving this technolo-
gy-

Interfaces within Mo/Si multilayers have been studied
extensively by several groups. High-resolution transmis-
sion electron microscope (HTEM) images of these multi-
layers have revealed amorphous interlayers between the
amorphous Si layer and the polycrystalline Mo layer.” °
The amorphous interlayers are thicker at the Mo on Si
interface than at the Si on Mo interface. This asym-
metric interfacial reaction has been observed both in
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sputtered Mo/Si multilayers by Petford-Long et al.” and
Holloway et al.,® as well as in UHV vapor deposited
multilayers by Slaughter ez al.® The fact that these inter-
facial layers have been observed in samples made under
extremely different conditions implies that it may be an
intrinsic property of the Mo-Si interface. However, no
previous studies have investigated this possibility in de-
tail.

In addition to these studies of interfaces within multi-
layer samples, in the past few years the deposition of Mo
onto Si in ultrahigh vacuum has been studied by several
groups. !9 In these studies, techniques which probe the
chemistry of the surface, such as ultraviolet photoelec-
tron spectroscopy (UPS), x-ray photoelectron spectrosco-
py (XPS), and Auger-electron spectroscopy (AES), were
used to characterize the Mo-Si interface for various Mo
coverages. However, the various research groups
disagree over the sharpness and reactivity of the Mo-Si
interface, as well as the growth mode. Nguyen and Cin-
ti!! and Balaska et al.'? conclude that the interface is
abrupt, with no reaction, while Rossi et al.!® and Abbati
et al.' report intermixing and silicide formation. As for
the growth mode, Balaska et al.'? claim a layer-by-layer
mode, while Abbati er al.'* conjecture that there is in-
complete coverage by silicide islands. Meyerheim et al.'®
studied growth of Mo on Si(100) at room temperature
and concluded from AES and extended x-ray absorption
fine-structure (EXAFS) measurements that a chemical re-
action takes place between the Mo and Si in a thin region
at the interface.

In these previous UHV growth studies, data for
different Mo coverages were obtained by successive cycles
of sample preparation and Mo deposition, or by inter-

3854 ©1991 The American Physical Society



44 GROWTH OF MOLYBDENUM ON SILICON: STRUCTURE AND...

rupted deposition. Unfortunately, the former method has
uncertain reproducibility, while the latter is not
equivalent to continuous film deposition. It would be
considerably better to deposit several Mo coverages dur-
ing a single experiment onto a single well-characterized
substrate. In addition, all of the previous workers who
employed AES used the derivative method for determin-
ing peak intensities. This method can lead to systematic
errors in the measured intensity when the peak shape
changes due to changes in the chemical environment. '
We have found that such peak shape changes do occur in
the Mo-Si system and, in fact, lead to large errors in mea-
sured intensities when the derivative method is used.

In the present work careful attention was paid to
avoiding the above-mentioned problems with sample
reproducibility and Auger data analysis. Our technique
for sample deposition involved sequentially moving a
shutter in front of a large substrate during the deposition,
thus exposing different regions of the substrate to the in-
cident flux for various, controlled lengths of time. Our
technique for producing such “moving shutter” samples
is described in more detail in Sec. I A. Using such mov-
ing shutter samples, we then applied a variety of surface
analysis techniques to the problem of understanding the
formation of the Mo-Si interface on Si(111) and Si(100) at
substrate temperatures from ~50°C to 200°C.
Reflection high-energy electron diffraction (RHEED),
low-energy electron diffraction (LEED), AES, and XPS
were used in situ to study the interface for Mo coverages
ranging from submonolayer to tens of angstroms.

II. EXPERIMENTAL DETAILS

The depositions were performed in a Perkin-Elmer
433-S molecular-beam-epitaxy (MBE) system!” which was
specifically designed for growth of Si and refractory met-
als. For the work reported here, this MBE machine was
configured with two 40-cc electron-beam evaporators
with a 99.9999% Si charge in one crucible and ~99.99%
Mo pellets in the other. The growth geometry has the
substrate facing down and the two evaporators facing up,
with their centers offset with respect to the central axis of
the wafer. The substrate temperature is measured with a
calibrated thermocouple behind the 3-in.-diam Si wafer,
and controlled with a feedback stabilized graphite heater.
The base pressure is 5X 10~ !! torr, and the pressure dur-
ing deposition is typically 1X10~° torr, with H, making
up 70% of that total. Deposition rates are held constant
by active feedback from an Inficon Sentinel III deposition
controller'® which uses an electron-impact emission spec-
troscopy monitor to measure the flux. A Mo deposition
rate of 3.0 A/min was used for all samples discussed here.
Ex situ Rutherford backscattering spectrometry (RBS)
was used for absolute calibration of the deposition con-
troller. In addition, RBS was used to measure the actual
amount of Mo deposited with an accuracy of +3%.
Since RBS measures the coverage (number of atoms per
unit area) rather than the physical thickness, we use the
density of bulk Mo (6.4X10? at./cm®) to calculate the
coverage in units of angstroms of bulk material. Thus,
the Mo “thicknesses” quoted in the present work should
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not be thought of as the actual thickness of the overlayer
(which is affected by reaction with the Si substrate), but
rather as the coverage expressed in terms of the
equivalent thickness that an unreacted bulk Mo film
would have. In Sec. III D we consider a model which al-
lows for the formation of a graded alloy at the interface
and which provides an estimate of the actual thickness of
the overlayer.

RHEED and LEED analyses were performed with the
samples in the growth chamber. The 10-keV RHEED
apparatus is configured such that it can be used during
growth. The LEED equipment is a reverse-view system'’
mounted on a flange at the top of the growth chamber of
the MBE system. This geometry requires interrupting
growth for LEED observations. Following RHEED and
LEED analysis, wafers were transferred under UHV con-
ditions to the analysis chamber (P, <3X 107! torr),
where AES and XPS measurements were performed.

The detection system used in this study, for AES and
XPS, consists of a double-pass cylindrical-mirror
electron-energy analyzer (DPCMA), and microcom-
puter-based control and data-acquisition electronics.?°
The microcomputer controls the analyzer power supply
which in turn controls the voltages applied to the
DPCMA. In contrast to most systems in which the
derivative (d /dE) spectrum is acquired for AES and the
direct spectrum for XPS, this system acquires the direct
spectra for both AES and XPS. A magnesium anode was
used as the x-ray source, resulting in a strong Mg Ka
peak at 1253.6 eV.

Single-crystal Si wafers (p type) with (100) and (111)
crystal orientations were used as substrates in these stud-
ies. No additional cleaning steps were performed prior to
insertion into the MBE machine, where an in situ
preparation was performed. This in situ substrate
preparation procedure consists of two steps: first the
wafer is heated to 850°C to desorb the native oxide and
volatile contaminants, then a 100-A-thick buffer layer of
homoepitaxial Si is grown at 800°C. The buffer layer
buries any residual contaminants (primarily carbon)
which survive the 850°C anneal. This procedure is
sufficient for our purposes since we are concerned only
with the structure and purity of the final Si surface, and
not with the electronic properties of the buffer layer
(which are affected by the buried impurities).

We performed LEED and RHEED studies before and
after deposition of the epitaxial Si buffer layers in order
to check that the Si surface was atomically smooth and
crystalline. The LEED and RHEED patterns obtained
after deposition of the buffer layers are sharp with a low-
intensity background. We found the thickness of the Si
buffer layer to be relatively unimportant. In one experi-
ment we found that the RHEED pattern was much im-
proved after deposition of a homoepitaxial layer of only
10 A in thickness, and remained unchanged for layers
100- and 1000-A thick. To confirm the chemical purity
of the surface of the buffer layer, an experiment was per-
formed in which Auger scans of a Si(100) surface were
made immediately after preparation. No signs of C, N,
or O were detected, indicating that there was less than
1072 monolayer of each of these contaminants.
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A. Moving shutter samples

To avoid ambiguities caused by typical run-to-run vari-
ations in deposition conditions, a “‘moving shutter” sam-
ple was devised for our growth studies. Several different
film thicknesses can be deposited on the same wafer dur-
ing one deposition run by sequentially moving the sample
shutter to successively shadow parts of the wafer during
growth. As many as 15 strips of different Mo thicknesses
have been grown on one 3-in.-diam wafer, including cali-
bration strips of completely exposed Si buffer layer and of
“thick” Mo (50-150 A). The advantages of this method
include completion of an entire growth study in a single
deposition run and internal calibration of AES and XPS
intensities.

After being transferred to the analysis chamber, the
samples were moved under the electron-energy analyzer,
and AES measurements were performed at 0.28-mm in-
crements along the diameter of the wafers. The Si and
Mo AES measurements, made across the 5.0 cm of the
wafer which were accessible to the DPCMA, took several
hours to perform. Periodically, AES measurements were
taken on the exposed Si buffer layer and on the thick Mo
portion, to be used as time series data. These data were
used to normalize the data taken on the thin Mo strips, to
correct for any instrumental drifts or contamination
occurring during the measurements. Following the AES
measurements, XPS data were taken on selected areas of
the sample.

In the course of this study, we found that the operation
of the nude ionization gauge in the analysis chamber
caused a significant increase in carbon and oxygen con-
tamination on our freshly deposited Si and Mo surfaces.
Presumably, this is due to generation of CO and CO, by
the tungsten filaments in the gauges.?! In order to avoid
undue contamination, we turned off all ionization gauges
prior to transfer of the samples from the growth chamber
to the analysis chamber. The gauges remained off during
the AES and XPS measurements.

As mentioned above, the direct spectra were acquired
for both AES and XPS. Peak intensities were determined
by integration of the data after subtracting a linear back-
ground. The normalized intensity used for our analysis is
the ratio of the integrated intensity of the peak of interest
to that of the pure material. The intensities of the pure
materials were measured periodically during the data ac-
quisition process by taking Si and Mo spectra on the bare
substrate and on the thick Mo slice, respectively. As
mentioned in Sec. I, previous workers'>!> used the peak-
to-peak amplitude of the derivative spectra as a measure
of the Auger intensity, rather than the integrated intensi-
ty. For comparison with our integrated intensities, we
also computed the derivative amplitude for each Auger
peak, using a Savitzky-Galay convolution.?? We deter-
mined from these comparisons that the derivative ampli-
tude is not a good measure of the peak intensity, due to
changes in the peak shape of the signal from the interface
region. To understand this, consider, for example, a Si
LVV Auger peak measured on a segment of the sample
which has had 5 A of Mo deposited on it. The Si peak
from the interface region will be shifted in energy due to
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reaction with the Mo. However, since the signal from the
interface region is added to the unshifted peak from the
Si substrate immediately below the interface, the shape of
the peak will change. This shape change will lead to a
change in the derivative amplitude, and thus a systematic
error in the intensity determination relative to the in-
tegrated intensity. The same effect occurs when the Mo
peak is broadened due to a nonuniform reaction across
the thickness of the overlayer. We observed such sys-
tematic differences between the normalized intensities
determined by the integral and derivative methods.
These differences were negligible for very low Mo cover-
age (<4 A), but increased with increasing coverage.
This behavior is expected, since very thin overlayers can-
not have significant composition variations and the Si sig-
nal is dominated by the substrate. However, for thicker
layers, the addition of signals from various depths alters
the peak shape. In the worst case, after depositing ~ 15
A Mo, the Si derivative intensities were greater than the
integrated intensities by factors of almost 2.

B. Deposition profile

Each evaporation source in our MBE machine pro-
duces a particular deposition profile across the wafer.
Since the actual coverage at some point (e.g., the thickest
Mo slice) can be determined using RBS, knowledge of
this deposition profile allows us to calculate the coverage
at any point on the wafer from just one RBS measure-
ment. We have measured the deposition profiles of Mo
and Si over 3-in.-diam samples, using RBS, and have
shown that they correspond to a cosine law flux distribu-
tion from our electron beam evaporators.?2*
Knowledge of the Mo deposition profile, the total time
that each slice was exposed to the Mo flux, and one RBS
measurement of the Mo coverage on the thickest Mo
slice, allowed us to accurately determine the Mo coverage
at each point of interest.

III. RESULTS AND DISCUSSION

A. Electron diffraction studies

RHEED and LEED patterns convey structural infor-
mation about the top two or three atomic layers of the
sample under study. After preparing the Si buffer layers
as described above, the Si(111) and Si(100) surfaces exhib-
ited diffraction patterns characteristic of their well-
known reconstructions; 7X7 and 2X 1, respectively. In
the case of Si(100), fractional-order spots corresponding
to both (2X 1) and (1 X2) domains were visible. RHEED
and LEED were used to determine that the correct
growth conditions for the Si buffer layers had been
achieved, prior to experiments involving Mo deposition.
After preparing the Si buffer layer, Mo was deposited at
various substrate temperatures.

Several electron diffraction experiments were per-
formed on Mo which had been deposited onto substrates
maintained at 100°C. Observing these depositions with
RHEED, a diffuse background was seen to rapidly rise
with increasing Mo coverage, while first the fractional-
order Si diffraction spots and then the (1 X 1) spots disap-
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peared. For both Si(100) z%nd Si(111), we found that after
deposition of only ~2 A of Mo, the LEED pattern
characteristic of a crystalline surface was completely
erased, and only -a diffuse background remained. The
corresponding RHEED pattern exhibited dim (1X1)
spots with a high-intensity diffuse background. After
significantly more Mo was deposited ( > 10 A)a ring pat-
tern characteristic of polycrystalline Mo appeared. Simi-
lar results were obtained in experiments involving Mo
growth on Si(111) at substrate temperatures of 50°C and
200°C.

In all cases, we found that the deposition of no more
than 2 A of Mo was sufficient to remove all traces of any
Si LEED pattern. This fact indicates that, for these
deposition conditions, the surface becomes amorphous
upon deposition of Mo. However, since electron
diffraction only yields structural information, we cannot
determine from these measurements alone if the amor-
phous layer is pure amorphous Mo or a silicide formed
by reaction with the Si substrate. The composition of the
amorphous layer was determined with AES and XPS as
described in the sections that follow. The fact that the Si
pattern disappears after the deposition of only 2 A of Mo
suggests that the amorphous material is growing as a
continuous layer. If there were island formation, the Si
pattern would remain to higher Mo coverages, due to the
exposed Si between the islands.

Samples made at T =50°C, 100°C and 200°C on
Si(111) and a sample made at T'=100°C on Si(100) were
studied by HTEM. In all of these samples, the HTEM
images revealed a flat and uniform amorphous interlayer,
10-15-A thick, between the single-crystal Si and the
polycrystalline Mo. These results are in agreement with
the interpretation of the RHEED and LEED behavior
given above.

B. Low-coverage growth studies

In this section we describe detailed studies of the initial
stages of Mo growth on Si for T=100°C and two
different Si crystal orientations. By moving the shutter
during growth, the samples were made with 14 slices, in-
cluding bare silicon, a thlck Mo slice, and 12 slices with
Mo coverages below 4 A (2.6 X 10" at./cm?). The depo-
sition temperature of 100 °C was chosen because it is well
below the temperature for formation of molybdenum sili-
cides, while at the same time is high enough so that the
substrate temperature could be held fixed throughout the
entire deposition. One experiment was performed on
Si(100)-(2 X 1) and another experiment on Si(111)-(7X7).
Each experiment involved measurements of the Auger in-
tensity of the Si LVV [92 eV (Ref. 25)] and the Mo MNN
[186 eV (Ref. 25)] lines at many locations across the di-
ameter of the sample as described above in Sec. IT A.

Figure 1 shows a plot of normalized Si and Mo Auger
intensities versus Mo coverage for the Si(100) substrate.
For comparison, the calculated curves for alloy-layer
growth of MoSi, on Si are also shown in this figure. The
alloy-layer model is described below and in the Appendix.
Although not shown in this figure, we find that the data
for the experiment on Si(111) are indistinguishable from
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FIG. 1. Auger intensities for the study of Mo on Si(100)-
(2X1) at T=100°C. The data for Mo on Si(111)-(7X7) at
T =100°C (not shown) are indistinguishable from the data
shown. The maximum coverage corresponds to approximately
4 A of Mo. The dashed curves are calculated for alloy-layer
growth of MoSi, on Si.

the data shown. Note that both the Si and the Mo curves
exhibit no breaks, implying a non-layer-by-layer growth
mode.?® If we assume a simultaneous multilayer growth
mode?’ or a statistical growth mode?® of pure Mo on Si,
the inelastic mean free path A of the Si Auger electrons in
Mo can be calculated from an exponential fit to the data.
Assuming a simultaneous multilayer growth mode we
find A=~ 15 A, and for statistical growth A=~13 A. Both
values are a factor of 2 to 3 greater than that expected for
the Si LVV Auger electrons. 2% That is, the Si signal does
not decay fast enough with increasing Mo coverage to be
consistent with either of these models of the growth
mode. Either agglomeration of the Mo or interdiffusion
of the Mo and Si could cause the observed behavior of
the Auger intensity. However, since the rapidity with
which the electron-diffraction patterns become diffuse
rules out agglomeration, the large value of A we deter-
mine leads us to conclude that the materials are intermix-
ing at the interface to form a continuous amorphous lay-
er.

It is useful to compare our experimental results to a
model in which a uniform alloy-layer forms, with an
abrupt interface, on the Si substrate. We refer to this
model as ‘“‘alloy-layer growth.” Our calculations are
based on the usual exponential attenuation with overlayer
thickness, i.e., the fact that the number of electrons
which are not inelastically scattered is exponentially at-
tenuated through solids. The inelastic mean free path of
an electron is calculated from the formula of Seah and
Dench,?® and the Auger-electron matrix factors are cal-
culated from the backscattering factors of Ichimura and
Shimizu.*® Further details of this model are given in the
Appendix. We use the intensity ratio Iy, /I as a func-
tion of Mo coverage to compare the model calculations to
experiment. Figure 2 shows calculated intensity ratio
curves for alloy-layer growth of pure Mo and for the
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FIG. 2. Auger intensity ratio for Mo on Si(100)-(2X1) at
T=100°C. The data for Mo on Si(111)-(7X7) at T=100°C
(not shown) are indistinguishable from the data shown. The
various dashed curves are the expected ratios for alloy-layer
growth of the various silicides and pure Mo as indicated. The
maximum coverage corresponds to approximately 4 A of Mo.

three known molybdenum silicides compared to our data
for growth on Si(100). The experimental data are initially
quite close to the curve expected for MoSi,, but clearly
break away in the direction corresponding to a more
Mo-rich alloy for coverages greater than 1.5X10%
at./cm?* (2.3 A Mo). These data imply that the
stoichiometry of the silicide closest to the Si substrate is
nearly that of MoSi,, but it quickly becomes more Mo
rich with increasing Mo coverage. The observation that
the most Si-rich part of the interface has a stoichiometry
similar to MoSi, is consistent with the phase diagram for
Mo-Si,3! which shows MoSi,+Si for the region with Si
concentration greater than 67 at. %.

C. High-coverage growth studies

The results described above, for Mo coverages =4 A,
show that the early stages of Mo on Si growth involve
considerable intermixing. To further determine the na-
ture of the overlayer, two experiments were performed to
study the growth over a greater range of Mo coverage.
Growth studies were performed on Si(111)-(7X7) for cov-
erages up to 15 A, and at two different growth tempera-
tures: T =200°C and =~50°C.

Figure 3 shows the Auger intensity ratios versus Mo
coverage for the two high-coverage experiments as well
as the data shown in Fig. 2. Comparison of the experi-
mental data to alloy-layer calculations for the various
known silicides and pure Mo indicates that, as one might
suspect, the surface becomes increasingly Mo rich with
increasing Mo coverage. In the early stages of growth
(<4 A Mo), the ratio is independent of substrate temper-
ature within our experimental uncertainty. However, as
the deposition continues, the sample grown at the lowest
temperature (7 =50°C) becomes more Mo rich than the
sample grown at the higher temperature (7" =200°C).
The steep slopes of the curves at the highest coverages
(~15 A Mo) indicate that the surfaces of the overlayers
are nearly pure Mo at these coverages. The solid curves
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FIG. 3. Auger intensity ratios for growth studies of Mo on
Si(111)-(7X7) at T=50°C, =100°C, and =200°C. The various
broken curves correspond to alloy-layer growth calculations.
The solid curves are gradient model fits corresponding to the
composition profiles shown in Fig. 4. The maximum coverage
corresponds to approximately 15 A of Mo which, according to
the gradient model calculations, resulted in 22-A-thick over-
layers.

are calculations based on the “gradient model” described
below.

D. Discussion of Auger results

In order to determine the composition gradient of the
overlayer, a model was constructed in which the over-
layer is made up of successive slabs of MoSi,, where x
may be different for each slab. The composition of each
slab is defined by the atomic fraction of Si, f;(z), where z
is the thickness of the overlayer up to and including that
slab. We will refer to this as the “‘gradient model,” de-
tails of which are given in the Appendix. Calculations
using this gradient model yield the intensity ratio as a
function of the total amount of Mo deposited (coverage),
or as a function of the total thickness of the overlayer up
to and including that slab.

Based on the results from our low- and high-coverage
experiments, we propose the following model which de-
scribes the interfacial composition profile: an atomically
abrupt transition between pure Si and a thin layer of
amorphous MoSi,, where x=2, followed by an error-
function decay of the Si concentration with increasing
overlayer thickness (and a corresponding increase in the
Mo concentration). We define the transition between the
pure Si and the silicide overlayer to be located in the z=0
plane; then the atomic fractions of Mo and Si, f,(z) and
fsi(2), are described by the equations

fsi(z)=2%, 0<z=z, (1a)
z—z
fSi(z)=% 1—erf Vo | I z>z,, (1b)
o
where
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FIG. 4. The solid curves are the composition profiles which
resulted in the best gradient model fits to the experimentally
determined intensity ratios for Mo on Si(111). The error-
function form of these curves is described in the text. The
0=10.0 and 12.1 A curves correspond to the T=50°C and
=200°C samples, respectively. The composition profile for
alloy-layer growth of Mo;Si is shown for comparison.

erf(€ f§ —qt (1c)

and

SImo2)=1—fg(2) . (1d)

Physically, this form represents diffusion at an interface
in which f; is fixed at 2 for z <z, and the Si diffuses into
the Mo for z >z,, over a characteristic distance . The
inclusion of a region of constant concentration from z=0
to z, is based on our conclusion from the low-coverage
experiments that the stoichiometry of the thin amor-
phous silicide layer nearest the Si substrate is approxi-
mately that of MoSi,. From fits to our data, we find o to
be 10.0 A for T=50°C and 12.1 A for T =200°C with
zo=4 A in both cases. The calculated ratios are shown
as solid curves in Fig. 3. Figure 4 shows these best-fit
composition profiles as f),, versus z. The composition
profile for alloy-layer growth of Mo;Si is also shown in
Fig. 4 for comparison. The fact that the calculated ratio
curves are in good agreement with the experimentally
determined ratios is not proof that the composition
profiles are of this error-function form; however, the ac-
tual profile is certainly very similar. In addition, the pa-
rameters determined from these fits provide a basis for
comparison of graded interfaces formed under various
conditions, in a form that has a physical basis.

E. XPS studies

Although the intensities of XPS peaks can, in princi-
ple, be analyzed in the same way as Auger intensities, we
found that only the Auger data had sufficient surface sen-
sitivity for the present growth mode studies. The kinetic
energy of the photoelectrons studied by XPS was much
higher than that of the Auger electrons: 88 and 182 eV
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for Auger; 1155 and 1026 eV for XPS. The higher kinet-
ic energy results in a longer inelastic mean free path A by
a factor of 2 to 3, which in turn causes the intensities to
be much less sensitive to the composition of the sample
surface. However, the binding energy shifts determined
by XPS yield useful information about the interface. The
Si 2p, Mo 3d;,,, and Mo 3ds,, lines corresponding to
binding energies 99.15, 224.7, and 227.7 eV were used in
these studies.

For the photoelectron energies of interest, the Seah
and Dench formula?® yields A=~17 A in Mo and its sili-
cides. However, in order to take into account the
geometry of our apparatus, we must integrate the cosine
of the emission angle over the aperture of our analyzer to
find the effective inelastic mean free path A.4.%* By posi-
tioning a 90° acceptance angle aperture inside our
DPCMA, we can vary A.; between 16 A (0.9441) and 5. 7
A (0.3381). A fully open (360°) aperture has A =11 A
(0.641A), and also results in maximum signal strength.
Although the major contribution to the XPS signal is
from a depth of A into the sample, there is a significant
contribution from material as deep as ~3A_; below the
surface. Thus, for the thinner regions on the 7'=50°C
and =200°C samples, the Mo signal comes from the
whole overlayer while the Si signal is mainly from the
substrate with only a small contribution from the Si in
the overlayer. Although for the thick regions (10- to 20-
A thick) both signals originate mainly from the top of the
overlayer, there is a significant contribution from the ma-
terial at the bottom of the layer, and from the substrate
in the case of the Si signal. These effects allow us to use
spectra from different thickness slices on the sample to
study variations in the binding energies across the width
of the interface. In these studies we found the peak posi-
tion of Si difficult to interpret due to the strong substrate
signal, but interpretation of the Mo peak to be straight
forward since all of the Mo is in the overlayer. As an
internal calibration, Mo and Si peak shifts were measured
with respect to the peak position for the thick (150- A)
Mo slice deposits on each sample and the bare Si slice, re-
spectively.

At both T=50°C and =200 °C, the shift in the Mo 3d
peaks is the same (—0.4+0.05 eV) for low coverages, in-
dicating the same type of initial reaction. However, at
50°C the binding energy moves toward its bulk value
more quickly with increasing coverage than at 200°C.
After the deposition of 15 A of Mo, the shifts were re-
duced to —0.20 eV at T=50°C and —0.30 eV at
T =200°C.

The maximum peak shift —0.4 eV originated from the
Mo nearest to the Si substrate. Peak shifts of —0.2 eV
(Ref. 33) to —0.32 eV (Ref. 34) have been reported for
MoSi,. Thus the binding energy of the Mo nearest to the
substrate has a peak shift in the same direction as that for
MoSi, and of similar magnitude. The difference between
our value and those reported for MoSi, could be related
to the fact that our interfacial silicide is amorphous and
the shifts measured in Refs. 33 and 34 were for crystalline
MoSi,.

As mentioned above, changing the setting of the 90°
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FIG. 5. Mo 3d peak shifts from angle-resolved XPS for Mo
on Si(111)-(7X7) at T=50°C. Shifts for 3d;,, and 3ds,, are
identical within experimental accuracy. This portion of the
sample had 15.5 A of Mo deposited which, according to the gra-
dient model calculations, resulted in a 22-Athick overlayer.

aperture in our DPCMA allows us to vary the depth
probed by about a factor of 2.8. Figure 5 shows the vari-
ation in the position of the Mo peaks for various posi-
tions of the 90° aperture for the T'~50°C sample after the
deposition of 15.5- A Mo (corresponding to a 22- A-thick
overlayer according to the gradient model calculation).
The A4 corresponding to each angle is shown on the
abscissa. As seen in Fig. 5, there is a variation of 0.35 eV
in the peak positions as A4 is varied from 5.7 to 16 A, in-
dicating a gradient in the Mo bonding across the thick-
ness of the overlayer. In contrast, at 7 =200 °C the vari-
ation was less than 0.1 eV, with the peaks remaining
shifted by —0.3 eV even for A 4=5.7 A, indicating that
the Mo bonding is more uniform in this case.

Peak shifts of —0.3 eV were observed in the Si spectra
after the deposition of 15.5- A Mo (22-A-thick overlayer
from gradient model calculations). These spectra have
contributions from Si at various depths but since =11
A they are dominated by the signal from Si in the region
with decaying Si concentration. Unfortunately, it was
impossible to determine the shift for the Si in the thinnest
overlayers since in this case the overlayer signal is
overwhelmed by the substrate signal. The shifts we ob-
served were, in all cases, toward a lower binding energy.
A negative shift has also been observed by Wagner et al.
for MoSi, (—0.04 eV).3* We conclude that the XPS
peak shifts observed in the present work, together with
the AES analysis, paint a consistent picture of a graded
interface beginning with MoSi,, with x =2, and becom-
ing increasingly Mo rich over approximately 25 A.

IV. CONCLUSIONS

We have performed detailed studies of the interface
which forms upon deposition of thin layers of Mo on Si.
These studies were performed at T'=100°C for Si(100),
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and at T=50°C, 100°C, and 200°C for Si(111). In all
cases, an amorphous silicide layer is formed which quick-
ly becomes more Mo rich with increasing Mo coverage.
The data are consistent with a composition profile which
has an atomically abrupt transition between Si and amor-
phous MoSi,, where x=2 for the first 4 A and then de-
cays with an error-function from with increasing over-
layer thickness. The error-function interface-width pa-
rameter was found to be 10.0 A at ~50°C and 12.1 A at
200°C. Our observation that the most Si-rich part of the
interface has the stoichiometry of MoSi, is consistent
with the phase diagram for Mo-Si, which shows
MoSi,+Si for compositions with a Si concentration
greater than 67 at. %. The T =100°C studies, which fo-
cused on Mo coverages below 4 A (2.6 X 10'® at./cm?),
showed that the growth mode is independent of substrate
orientation.

Significant differences were seen between Auger inten-
sities calculated by two standard methods—the
derivative-amplitude method and the linear-background
integrated-intensity method. @ We attribute these
differences to peak-shape changes (due to the varying
chemical environment in the interfacial region) which in-
validate the use of the derivative method.

The principal motivation of the present work was to
determine the interfacial structure of Mo-Si in order to
understand its effect on the performance of multilayer x-
ray optical structures. The formation of the interfacial
silicide will only slightly degrade the performance of mul-
tilayer x-ray mirrors in the wavelength region for which
they are most used, 125-250 A. The problem of silicide
formation is not serious in this region because the inter-
face width determined from our studies is much smaller
than the wavelengths of interest. However, the problem
becomes serious if such mirrors are desired for much
shorter wavelengths. Even though the theoretical
reflectivity of Mo/Si mirrors is reasonably high below 30
;\,36 formation of the interfacial silicides observed in the
present work, at deposition temperatures as low as 50 °C,
would make such mirrors useless. A method of inhibiting
the reaction, or use of a different combination of materi-
als, is required for the short-wavelength region.
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APPENDIX: AES/XPS OF THIN ALLOY LAYERS

In this appendix we first derive expressions for AES
and XPS intensities for the alloy-layer growth model.
This model assumes that the deposition of element A
onto a substrate of element B results in a homogeneous
binary alloy AB, of uniform thickness d on top of B.
The interface between the alloy overlayer and the B sub-
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strate is assumed to be perfectly sharp. We then use
these results to find AES/XPS intensities for the gradient
model. This model assumes that the overlayer is com-
posed of a binary alloy with a composition gradient in the
direction normal to the surface. The alloy is again AB,,
but in the gradient model x continuously varies from its
value at the interface with the substrate to zero far from
the interface. The composition gradient is modeled by
taking successive slabs of 4B, , where x may be different
for each slab. The gradient model is intended to approxi-
mate interfaces which are compositionally graded due to
diffusion and/or reaction of the substrate and overlayer.
Both models make use of the fact that the number of
electrons which are not inelastically scattered is exponen-
tially attenuated through solids. We neglect the effect of
surface roughness on the intensities since all measure-
ments in our moving shutter experiments are made on
separate segments of the same substrate, and therefore
have similar roughness. In addition, by comparing inten-
sity ratios rather than the individual Si or Mo intensities
the roughness dependence is canceled out. The electron
backscattering factors R ,(E), which are functions of ma-
terial u and kinetic energy E, are included in the intensity
expressions for generality. The backscattering factors of
Ichimura and Shimizu®® were used for our AES calcula-
tions. For XPS calculations R ,(E)=1.

The intensity of Auger electrons or photoelectrons
from an infinitely thick slab of a homogeneous binary al-
loy AB, can be written®’

I,=I , (A1)
4 A RUEDAENY

where R ,(E), A,(E), and N, represent the backscattering
factor, inelastic mean free path, and atomic number den-
sity for material p at energy E. The subscripts 4 and M
denote material 4 and the alloy matrix AB,, respective-
ly, while the superscript « denotes a parameter for bulk
(infinitely thick) material. Equation (A1) can be written
in terms of the mass density of the materials p,,, the mean
atomic weight A4 w and the molar fraction of material 4
in the alloy, 1/(1+x), to yield

I,  Ry(E DAy(E pp A,
I;o RA(EA))\’A(EA)pAAM

1
1+x

. (A2)

The intensity I ,(d) from material 4 in a slab of alloy
with thickness d is simply the intensity of the infinitely
thick slab I, less the contribution from the material
below a depth d. The contribution from below a depth d
is the intensity for an infinite slab attenuated by the alloy
above, i.e., I exp[—d /Ay (E  )cos@], where 6 is the
emission angle. We must also include a backscattering
correction factor Rgz(E 4)/Ry(E 4) to account for the
fact that we are considering a thin film of the alloy on a
thick substrate of B.3® The resulting expression for the
normalized intensity from material 4 for the alloy-layer
growth model is given by

Lod) _ [14

Iy I3

Ry(E )
Ry (E )

—d /Ay (E 4)cosé

= (1— )

| a
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The intensity from material B is the sum of contribu-
tions from the overlayer and from the substrate. The
contribution from the overlayer is given by Eq. (A3) with
B substituting for 4. The intensity from the substrate is
attenuated by the overlayer, yielding a contribution
Igexp[ —d /Ay (Eg)cos@]. Thus, the normalized intensi-
ty of B for the alloy-layer growth model is

I},"'al(d) _ Iz(d) +e~d/AM(EB)cose
Ig Ig

, (A4)

where the first term is given by (A3) with B substituting
for A.

For the energy range of interest, the inelastic mean free
path is given approximately by

— 1.570.5
A(E)=0.41a}E%S

where A (E) and a, are in nanometers and E, is in
V.27 The average atom size a,, is derived from the re-
lation p,Na z =A,, where N is Avogadro’s number.
Equations (A1) through (AS5) define the alloy-layer
growth model.

We now consider the gradient model. This model as-
sumes that the overlayer is composed of a binary alloy
with a composition gradient in the direction normal to
the surface. The alloy is AB, with x continuously vary-
ing from its value at the interface with the substrate, to
zero far from the interface. The composition gradient is
modeled by taking successive slabs of 4B, , where x may
be different for each slab. We wish to find expressions
which describe the intensities after the deposition of each
slab in order to calculate intensities as a function of cov-
erage of material 4. The nth slab is described by its
thickness, mass density, and mean atomic mass: d,, p,,,
and A,, respectively. We make the assumption that
these parameters do not change as the deposition contin-
ues. The total thickness of the overlayer after the deposi-
tion of the nth layer is D,. If we begin with the slab in
contact with the substrate (n=1), the intensities are given
by the alloy-layer growth expressions above. For the oth-
er slabs we can write a recursion formula by using the
same arguments used to construct Eq. (A4). The intensi-
ty from material A4 after the deposition of n layers
I§(D,) is the sum of contribution from the material
below layer n is I$(D, _,). However, it is attenuated by
layer n, yielding a contribution

(AS5)

I$(D, _,)exp[—d, /A, (E 4)cos6] .

Thus, the normalized intensity of A4 for the gradient
model is determined by the recursion formula

—d, /A, (E ,)cosé

I1$(D,)=1,(d,)+I5(D,_,e (A6)

The intensity of material B for n=1 is given by (A4).
For n > 1 we construct a recursion formula by the same
arguments used to derive (7). The result is

—d, /A, (Ep)cos@

If(D,)=I§(D,_)e +1Ip(d,) . (A7)

In order to apply Egs. (A6) and (A7), the mass density
of the alloy as a function of composition is needed. We
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determined an empirical formula which approximates the
densities of the known molybdenum silicides and pure
molybdenum to within 1%. We take the general alloy to
be M=Mo,Si, and write the expression for density as the
product of the weighted average of the densities of the
components and a correction factor which is linear in the
atomic fraction of Si, x /(x +y) as shown in Eq. (A8).

X
x+ty

1+0.317 (A8)

PmM=

YPmo T XPsi
x +y

During the experiment it is necessary to measure the
intensities from the bulk materials I 7 in order to normal-
ize the data for comparison to the equations above. A re-
gion of bare Si was left on our samples for the determina-
tion of I, and a region of thick Mo was deposited for
I3, Since there is some contribution to the Auger signal
from the material in the top 3A; of the sample, clearly
the thick Mo layer must have a thickness greater than
3A.s in order to be thick enough for determination of
I3;,- However, one must also consider the effect of back-
scattered electrons on the Auger signal from the over-
layer. In general, the Auger signal has two components:

SLAUGHTER, SHAPIRO, KEARNEY, AND FALCO 44

that generated by the interaction of the primary beam
with the sample surface, and that generated by electrons
backscattered within the sample which return to the sur-
face. For the case of an interface between an overlayer of
A on a substrate B, the corrected intensity I , is approxi-
mately given by
I, I,(d)

I3 IZ

Ry(E,)

e—d/lb 1 , (A9)

where I ,(d) is the uncorrected intensity from an over-
layer of thickness d and [/, is a characteristic length for
backscattering.® For a 3-keV primary beam incident on
Mo, I, has been found to be approximately 20 mono-
layers, or ~50 A.% In our apparatus the electron beam
impinges upon the sample at an angle of 30° from the nor-
mal, resulting in an effective [, of ~43 A. By applying
Eq. (A9) we find that the intensities measured on the 50-
A-thick slices require correction by nearly 6%, since in
this case the correction factor is 0.944. However, for
dy, =150 A the correction factor is 0.995, so that the in-
tensities measured on the 150-A-thick Mo slices provide
accurate measurements of I ;.
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