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We have used high-resolution x-ray photoelectron spectroscopy to investigate the kinetics of for-
mation of the Ti/Si(111)-7 X7 interface as a function of temperature. At room temperature, we ob-
serve chemically shifted Si 2p core levels at binding energies of —0.6 and — 1.1 eV relative to the
substrate, corresponding to the formation of TiSi and Si in solution in Ti. When the temperature is
increased (T < 340°C), the rate of Ti diffusion through the TiSi layer to the Si substrate increases,
more Si is released from the substrate, and Si is better able to out-diffuse into the Ti overlayer.
There is then heterogeneous TiSi growth, together with diffusion of Si along grain boundaries to the
surface. Measurements of the Si and Ti core-level emission as a function of time and temperature
for 100-A-thick Ti overlayers on Si(111) make it possible to determine lower limits for the effective
diffusion coefficients and an upper limit for the effective activation energy for this process. By us-
ing Fick’s second law with simplified boundary conditions, we found values of (7.5+2.5)x 10~
and (7.5%2.5)x 107 '® cm?/sec for the diffusion coefficient at 275°C and 340°C, respectively, and an
activation energy of 24+9 kcal/mol (1.0+0.4 eV/atom).

The interfacial region formed when metal atoms are
deposited onto semiconductor surfaces can be complex,
heterogeneous, and metastable.!~* It is therefore impor-
tant to understand the parameters which control its for-
mation. Further, the morphology, atomic distribution,
and chemical nature of the interface influence its interac-
tion with its environment, as has been shown by observa-
tions of enhanced reactivity and interdiffusion.! =1

Although there have been extensive studies of room-
temperature formation, there have been fewer studies of
interface kinetics or behavior at elevated temperature.
Central issues in interface dynamics include the mecha-
nisms for substrate disruption and reaction, the stability
of the reaction product, the ability of the reaction product
to withstand large concentration gradients, and the role of
crystallinity or grain boundaries in determining diffusion.
Indeed, it is thought that grain boundaries provide paths
for easy diffusion of metal and semiconductor atoms,
thereby enhancing compound formation.

In this paper, we show that x-ray photoemission spec-
troscopy (XPS) can be used to determine the diffusion pa-
rameters at an interface. We do this by investigating the
chemistry of formation of a refractory metal silicide at
elevated temperature. In particular, we deposited relative-
ly thick overlayers of Ti on Si and measured the rate of
growth of the Si content of the overlayer as a function of
time and temperature. This process can then be modeled
with Fick’s laws to obtain the diffusion coefficients at two
temperatures and the activation energy E,. We have
chosen the Ti/Si(111) interface because this system has
been studied by a variety of complementary techniques
and there is a good base of information upon which to
build. In particular, interface formation has been studied
by Auger-electron spectroscopy,'!''> medium-energy ion
scattering,'!®  valence-band  photoemission,'! high-
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resolution synchrotron-radiation core-level photoemis-
sion,'  Rutherford  backscattering  spectroscopy,'®
glancing-angle x-ray diffraction,'® transmission electron
microscopy (TEM),'! and Schottky-barrier-height mea-
surements.'® Although the emphasis of this paper is on
Ti/Si, the technique used and the modeling should be
applicable to other solid/solid interfaces where interdif-
fusion occurs.

All measurements were done with a Surface Science In-
struments (SSI) SSX-100-03 x-ray photoelectron spec-
trometer appended to a dual chamber vacuum system
designed for interface research.? Each system was
separately pumped with 270 1/s noble-ion pumps, and a
4-in. gate valve isolated the preparation chamber from the
measurement chamber. Sample introduction was done
through the preparation chamber to keep the measure-
ment chamber under UHV conditions at all times. The
preparation chamber also served as a evaporation chamber
so that extensive degassing of the metal source could be
done prior to the measurements, in parallel with sample
preparation procedures. The operating pressure was
4>10~!" Torr in both chambers. Sputtering of the sil-
icon surface was done in the measurement chamber, and a
cryopump provided rapid return of the system to base
pressure. Photoelectrons were excited by monochroma-
trized Al k, x-rays with photon beam diameters between
150 pum and 1 mm. The photoelectrons were energy
analyzed with the SSI hemispherical analyzer at pass en-
ergies between 25 and 150 eV. The best energy resolution
to date correspond to 0.45 eV full width at half maximum
(FWHM) for the Si 2p; /, core level. Data acquisition was
facilitated by a multichannel detector with 128 parallel
lines interfaced to a dedicated HP 9835C computer. Spec-
tra could be collected for angles between grazing emission
and normal emission. The half angle of acceptance of the
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analyzer was 15°.

A Si wafer oriented to with 0.5° of (111) was chemically
etched, Ar-ion sputtered, and annealed at 1000 °C to give a
clean, reconstructed 77 surface. The carbon level was
below the detection limit of XPS. Ti was evaporated
from a Ta boat at pressures less than 2 1071° Torr. The
evaporation rate was monitored by a quartz-crystal oscil-
lator (sample to source distance approximately 30 cm, rate
between 1 and 5 A per minute, Ti flux directed from the
preparation chamber into the measurement chamber with
no pumping impedance). No carbon or oxygen was
detected on the sample surface immediately after Ti eva-
poration or after the kinetic runs at elevated temperature.
The sample temperature was determined with an infrared
pyrometer which had been calibrated with a thermocouple
(accuracy +£15°C).

In Fig. 1 we show Si 2p spectra collected for the clean
surface and for the Ti/Si interface in various stages of its

development. For these measurements, the photon energy
was 1486.6 eV, the photoelectron kinetic energy was
~1385 eV, and the photoelectron mean free path was
~32 A (as judged by the rate of attenuation of the sub-
strate Si 2p peak with coverage). As a result, the mea-
surements probe the outermost ~100 A of the sample at
normal emission, complementing the recent surface sensi-
tive synchrotron radiation photoemission results of del
Giudice et al.'® The data of Fig. 1 were collected at a
take-off angle of 90° (normal emission) using a 150-um x-
ray beam diameter and a 25-eV pass energy. The raw
data are shown on the left-hand side, and representative
core-level decompositions are shown on the right-hand
side.

In the decomposition of the XPS spectra we fitted each
experimental spectrum with pairs of functions of 70%
Gaussian and 30% Lorentzian character corresponding to
the spin-orbit-split 2p,,, and 2ps,, core levels. For each
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FIG. 1. High-resolution XPS Si 2p spectra of the evolving Ti/Si(111)-7 X 7 interface (left) and representative decompostions (right).
The fitting curve in each case was a pair of functions of 70% Gaussian and 30% Lorentzian character. The spectra have been nor-
malized to constant intensity for the purpose of comparison.
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doublet the splitting was held to be 0.58 eV and the
FWHM of each component was 0.45 eV. The branching
ratio of the spin-orbit components was held constant at
1.93, the value obtained from normal emission spectra for
the clean Si(111)-7 X7 surface (see bottom left curve of
Fig. 1). In doing the decomposition, the energy separa-
tions between the substrate and the two reacted com-
ponents were held at 0.6 and 1.1 eV, as discussed by del
Giudice et al.!° The difference between the present XPS
results and the synchrotron radiation results is that they
had better overall resolution, and a more detailed decom-
position could be done. In particular, they were able to
observe a very small first component which we could not
identify shifted by 0.35 eV, to detect changes in the width
of component two, and to see a 125-meV shift in the final
component. We adopt the notation of that paper in dis-
cussing the reaction products, even though the ultrathin
region corresponding to number 1 is not resolved in the
XPS results at room temperature.

The results of Fig. 1 show a reacted Si 2p component
shifted 0.6 eV to lower binding energy relative to that of
the substrate when the nominal Ti coverage reaches ~2 A
(labeled 2 in Fig. 1). The relative intensity of this feature
grows with coverage until ~7 A. Another reacted com-
ponent (labeled 3) appears 1.1 eV below that of the sub-
strate and amounts to 2% of the total signal by 7-A cov-
erage. This component grows in intensity until ~20-A
coverage but then diminishes as emission from each Si
species in the interfacial region is attenuated by the grow-
ing metal overlayer. These observations agree with those
of del Giudice er al.,'® with differences related to the
photoelectron mean free path, and we can use their
modeling to assign the feature at —0.6 eV to TiSi and
that at — 1.1 eV to the solid solution phase of Si in Ti.

Reactive metal/semiconductor interfaces are known to
form relatively thin reacted regions at room temperature.
These are metastable since diffusion is a limiting factor in
overlayer growth and is a thermally activated process. In
our case here, the TiSi product is fully formed at room
temperature by the deposition of ~15 A of Ti, indicating
that the polycrystalline TiSi layer is a good barrier against
extensive intermixing and self-limits its own growth.
Nevertheless, the temperature required to transform a
thick Ti overlayer into the monosilicide phase is known to
be considerably lower than that normally required for re-
fractory metal silicide formation.!> It has been proposed
that this lower activation energy and the higher rate of sil-
icide formation can be related to diffusion through grain
boundaries in the TiSi barrier and in the evolving poly-
crystalline Ti overlayer. To investigate this phenomenon
and to determine the kinetic parameters at the Ti/Si inter-
face, we have performed real-time XPS measurements of
the rate of change of the Si 2p and Ti 2p emission within
the XPS probing depth (three times the mean free path or
~100 A for Si 2p photoelectrons). These data can be
used to determine the effective diffusion coefficient and
activation energy for the early stages of formation based
on Fick’s law of diffusion.

In Fig. 2 we plot the integrated Si and Ti 2p intensities
as a function of time for Ti/Si(111) interfaces prepared by
the deposition of 100 A of Ti at room temperature. The
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FIG. 2. Integrated Ti 2p and Si 2p intensities versus time for
a 100-A Ti overlayer on Si(111)-7x 7 maintained at 275 and
340°C. The uncertainty in each temperature is 15°C. The insets
show the time evolution of the Si 2p EDC’s. The zero in bind-
ing energy for each family of spectra has been aligned with the
peak position after equilibrium has been reached, not that of the
Si substrate. The total binding-energy shift is 0.55+0.02 eV and
0.66+0.02 eV for the runs at 275°C and 340°C, respectively.

measurements were conducted at 275 and 340°C and show
the rapid appearance of Si in the probed region. Also
shown are families of Si 2p spectra; the one in front was
taken at the earliest time, and the interval between con-
secutive spectra was 2.5 and 4.7 min at 340 and 275°C,
respectively. These spectra were obtained at lower resolu-
tion than those shown in Fig. 1 to increase the rate of data
acquisition (1-mm x-ray beam diameter and 150-eV pass
energy). At thickness of 100 A was chosen because this
reduced the starting concentration of Si in the probed re-
gion below the level of detectability at room temperature
(there was no evidence for Si surface segregation). As
shown, the Si 2p intensity increased and the Ti 2p intensi-
ty decreased with increasing time due to atomic intermix-
ing, and equilibrium was reached much more quickly for
the interface held at 340°C than for the one held at
275°C. Moreover, the rate of Si out-diffusion dropped to
zero at nearly the same time as did the rate of Ti indif-
fusion. The XPS results show that the final average com-
position of the interface formed at 340°C was richer in Si
than that formed at 275°C. The experiment at 275 °C was
run for 20 h, and both Si and Ti 2p intensities effectively
plateaued by 325 min, indicating the formation of a meta-
stable configuration.

The results of Fig. 2 show that the Si 2p core level
shifts to higher binding energy as the overlayer became
richer in Si. From its first appearance until the time
equilibrium was reached, the center of the peak shifted by
0.55+0.02 eV and 0.66+0.02 eV for the runs at 275°C
and 340°C, respectively, corresponding to the transforma-
tion from a Ti-rich environment about the emitting Si
atoms to a more Si-rich environment. The different
equilibrium stoichiometries and total core-level shifts at
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the two temperatures demonstrate that the final average
configuration formed at 275°C is poorer in Si than that
formed at 340°C. The probed region is probably com-
posed of incompletely reacted regions of Ti (containing Si)
in a TiSi matrix.

In order to investigate the chemical nature of the inter-
face once the interface formation reaction had ceased, we
obtained high-resolution Si 2p spectra (150-um x-ray
beam diameter and 25-eV pass energy). In Fig. 3 we show
the Si 2p spectra obtained at the completion of the 340°C
diffusion experiment after the sample had returned to
room temperature. For comparison, we also show a spec-
trum obtained when 50 A of Ti was deposited onto the
sample at room temperature (top curve). This 50-A spec-
trum shows three distinct chemical environments for Si
atoms in the interfacial region, namely Si in the substrate,
TiSi, and Si in solution in Ti. At room temperature, the
substrate contribution is dominant because the reacted re-
gion is thin'® and the photoelectron mean free path is
large. [These spectra are normalized to give approximate-
ly constant heights for visual clarity, but intensity con-
siderations show that the energy distribution curve (EDC)
at 50 A has been attenuated by a factor of about 70% rel-
ative to the clean surface.] Comparison of the room-
temperature results and the annealed results shows that
the largest component present after annealing corresponds
to TiSi. There is no evidence of the solution phase, and
we conclude that the overlayer is effectively TiSi. At the
same time, Si is present in small amounts in two other
chemical environments. The high binding-energy peak
occurs at the same energy at the substrate peak, and the
feature labeled 1 corresponds to that reported by del
Giudice et al. at very low coverage. The appearance of Si
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FIG. 3. High-resolution Si 2p spectra before and after an-
nealing the Ti overlayer at 340°C. Note that the Si 2p peaks
were completely attenuated at 100 A for the room-temperature
interface. Chemical shifts observed with the 50-A coverage are
used to identify the phases present after annealing.

2p emission at the same binding energy as Si in the sub-
strate may result from phase segregation upon cooling to
room temperature or from uneven coverage of the sub-
strate caused by substantial atomic redistribution during
compound formation. Indeed, dark-field TEM micro-
graphs by Butz et al.'! showed that a 100-A Ti film an-
nealed at 300°C for 20 min produces very small grains
(10—50 A) of silicide on the surface.

The evolution of the interface can be understood quali-
tatively by considering continued reaction induced by
mass transfer. At room temperature a TiSi layer is
known to form, sealing the substrate against extensive re-
action when it coalesces, but also producing grain boun-
daries. These grain boundaries provide the primary chan-
nels for Ti and Si diffusion through the TiSi barrier. The
indiffusion of Ti to the Si substrate increases exponential-
ly with temperature and provides for the continued dis-
ruption of the substrate. This facilitates the release of Si
into those same channels. When Si reaches the Ti-rich
overlayer, it is able to react with Ti to form TiSi, when
the local concentration of Si is adequate, but it also is able
to out-diffuse through grains of the Ti. This explains
why we first observe Si in the “solution” phase. In time,
however, the active grain boundaries in the Ti are modi-
fied by TiSi formation and the extent of the TiSi region
grows. For such a system, the dynamics of mass transfer
are time dependent because the morphology of the over-
layer is itself time dependent. This is consistent with the
results shown in Figs. 2 and 3.

The results shown in Fig. 2 for the early stages of inter-
mixing make it possible to extract diffusion parameters
for Si moving into the the interfacial region during the
very early stages of the process, i.e., before the morpholo-
gy of the overlayer has changed too drastically by the
growth of TiSi in the Ti grain boundaries. The
mathematics of diffusion with boundary conditions ap-
propriate for thin films has been treated in detail else-
where.!” Different solutions to Fick’s second law have
been proposed which involve some combination of grain
boundary and lattice diffusion, and concentration profiles
have been determined. The resulting solutions tend to be
mathematically complex and involve measurements such
as autoradiography or Auger-ion sputter profiling to
determine the spatial distribution of the diffusing species.
In what follows, we outline a considerably simpler method
to extract diffusion parameters from dynamic, nondes-
tructive XPS measurements. Details of the derivation can
be found in the Appendix.

The general solution to Fick’s second law for diffusion
in one dimension,

2
dcix,t) :Da c(x,t) ’ 1)
at dx?
is given by
c(x,t)=(A4/V'1 Jexp(—x?%/4Dt) , )]

where D is the diffusion coefficient and A is a constant of
integration. For the system under consideration here, the
diffusion coefficient and the activation energy that we
will determine will be effective values applicable to the
system composed of the Si substrate, a polycrystalline
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TiSi interlayer, and a polycrystalline Ti overlayer. The
values for both the diffusion coefficient and the activation
energy can be safely assumed to be upper limits because
an unknown fraction of the out-diffused Si will be chemi-
cally trapped in the grain boundaries. The essential boun-
dary condition is that for times less than that required for
the advancing Si to reach the surface, the overlayer can be
treated as being infinitely thick. The use of a one-
dimensional model is justified because all grain boundaries
which promote Si diffusion into the overlayer have a com-
ponent normal to the interface and our 1-mm diameter x-
ray beam irradiates a large number of grain boundaries.

If we define M as the amount of Si per unit cross-
section area at the interface and x as the direction normal
1

h h —
(e [ clx,texpl —(h—x)/Mldx =(c'/2) [, [1—erf(x/2vDt)lexp[ —(h —x)/Aldx ,

where A is the inelastic mean free path for Si 2p emission
and 4 is the overlayer thickness. The constant of propor-
tionality is dependent on the photoelectron cross section
and the instrument response function. In order to evalu-
ate the integral of Eq. (5) we must first relate ¢’ to the in-
tensity from the clean substrate under the same conditions
as those used in the kinetics experiments. Doing so yields
¢’ (I'/A), where the constant of proportionality is the
same as that found in Eq. (5). Therefore, this constant
cancels out of the expression. In doing the experiment, we
deliberately picked A to be nearly equal to 3A to simplify
the expression as much as possible. Making this substitu-
tion, we arrive at

h
() /I'= fo [1—erf(x /2V'D1)]

1
21

xexp[ —(h—x)/Aldx , (6)

which can be integrated numerically for different choices
of D and compared to experiment.

In Fig. 4 we show a comparison of the measured Si 2p
photoelectron intensity and that calculated using Eq. (6).
Different values of D have been assumed in the calcula-
tion, as shown. The boundary conditions used to derive
Eq. (6) are appropriate only for the first few data points in
each case (i.e., those times for which it is least likely that
Si atoms have reached the surface), and we attempt to fit
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to the interface, we can evaluate the constant 4 under the
above boundary condition to give

c(x,t)=(M /2V'mDt Jexp(—x?*/4Dt) . 3)

Integrating over all cross-sectional areas, we obtained for
the Si concentration

c(x,t)=(c'/2)[1—erf(x /2V'Dt )], 4)
where x is zero at the Si interface and increases toward
the surface, and ¢’ is the Si concentration in the substrate.
We then can relate the average Si concentration in the
overlayer to the associated photoelectron intensity I(z) by
the relation

[
the model to experiment only for the first five data points.
For the results at 275 °C, the experimental data points are
bracketed by predicted curves obtained with D=5x10""
and 1x107' cm?/sec, leading to a value of
7.5+2.5x 1077 cm?/sec. Similarly, experimental results
at 340°C are bracketed between D=5x10"'® and
1x10~" cm?/sec, leading to a value of 7.5+2.5x 107!¢
cm?/sec. These diffusion coefficients may then be used to
determine the activation energy E, and preexponential
factor Dy. Employing the Arrhenius equation, we find
E,=24 kcal/mol (1.0 eV/atom) and Dy=2.8x10""
cm?/sec. With propagation-of-errors theory, we can cal-
culate the derived uncertainties in E, and D, to obtain
8E,=9 kcal/mol (0.4 eV/atom) and 8Dy=2Xx10"°
cm?/sec. Unfortunately, since 8D, is seven times larger
than D, we conclude that the preexponential factor can-
not be determined reliably when only two values of the
diffusion coefficient are known and the uncertainty in
each is ~30%.

Our description of the annealed interface is consistent
with that of Rubloff and co-workers'*!> who used
medium-energy ion scattering to determine the composi-
tion of the overlayer after brief anneals. Those authors
concluded that annealing at a temperature of 500°C con-
verts the interface to a TiSi phase. Moreover, they con-
cluded that the ion scattering spectra at lower annealing

(&)
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FIG. 4. Fits of the first several data points from Fig. 2 to model intensity curves based on a solution to Fick’s second law. Only
the first several data points were fit in order to satisfy the boundary conditions used to obtain the solution (see text). The units of D
are 10~1° cm?/sec and 10~ '* cm?/sec for the fits to data collected at 275°C and 340 °C, respectively.
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temperatures are represented by a weighted average of
spectra of the unannealed and reacted TiSi interfaces.
Our results show that there is also a Si-in-Ti solution
phase, that its spatial extent varies with temperature, and
that extensive conversion to TiSi has occurred after 1.5 h
at 340°C. Studies at temperatures of ~750°C have
shown that this TiSi phase will ultimately convert to
TiSi,, becoming chemically homogeneous.'!!®
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APPENDIX
By inspection, the general solution to the one-
dimensional expression of Fick’s second law,
2
dc(x,t) =D8 c(x,t) (A1)
ot dx?
is given by,
c(x,t)=(A/V't exp(—x2/4Dt) , (A2)

where c(x,t) is the concentration of the diffusing species
at point x and time ¢, D is the diffusion coefficient, and
A is a constant of integration. Defining M as the total
mass of diffusing species per unit cross-sectional area nor-
mal to the direction of motion (x), A can be evaluated by
integrating ¢ (x,t) over all x and setting the result equal to
M

M= f_mw c(x,t)dx

=A/VT) [T exp(—x?/4Dt)dx =24V7D . (A3)
Therefore,
A=M/2V7D . (A4)

We then assume that ¢ (x,?) is a step function at ¢t =0 de-
fined as
J

h—3A h—3A
I(t) —fh c(x,t)exp[ —(h—x)/A]ldx=—(c'/2) fh [1—erf(x /2V' Dt )]exp[ —(h —x)/A)dx .

The solute concentration within the substrate, ¢’, can be
evaluated in terms of the solute photoelectron intensity
from a sample of pure solute (I') by integrating the dif-
ferential intensity from a volume element a distance x
beneath the surface over all depths. In this integral only,
we define x =0 as the surface plane and positive x as
pointing into the bulk. The result is

I'<c’ fow exp(—x/Adx=c’'A . (A11)

If we assume that the photoelectric cross section for
solute emission is the same in the overlayer as in a pure
specimen, the constant of proportionality in Eq. (11) is the
same as that found in Egs. (9) and (10). Under this as-

_Je¢" forx>0
c¢(x,0)= 0 for x <0,

where the origin is at the interface plane, positive x is de-
fined to be in the direction of the substrate, and ¢’ is the
Si (solute) concentration within the substrate. The contri-
bution to c¢(x,#) due to an infinitesimally thin slab of
solute centered at x =x; and with thickness dx is given by

ci(x,t)=(c'dx /2V'mDt Jexp[ —(x —x;)*/4Dt] . (A5)

The total distribution function is obtained by integrating
Eq. (5) over all slabs of solute

c(x,t)= fow ci(x,t)dx
=(c'/2v/7Dt) [ exp[—(x —x,)*/4Dt]dx .
(A6)

Introducing a change of variables, ¢ =(x —x;)/2V'Dt, Eq.
(6) becomes

— x/2V'D
c(x,t)=(c'/V'm) f_/z Drexp(—¢2)d¢

=(c'/2)[1+erf(x/2V'Dt)] . (A7)

Redefining our coordinate system so that positive x ex-
tends into the overlayer rather than into the substrate, we
get

c(x,t)=(c'/2)[1—erf(x /2V' Dt )] . (A8)

Next, we relate the instantaneous solute concentration
c(x,t) to the associated XPS intensity. If the overlayer
thickness is 4, the normal-emission XPS intensity from an
infinitesimal volume element a distance x from the inter-
face plane is given by

dI(x,t)x<c(x,t)exp[ —(h—x)/A]dx , (A9)

where A is the photoelectron inelastic mean free path.
The constant of proportionality depends on the photoelec-
tric cross section, the instrument transmission and the
detector efficiency. Integrating from the surface (located
at x=~h) to a depth of 3A below the surface accounts for
95% of the total intensity and yields

(A10)
[
sumption, insertion of Eq. (11) into Eq. (10) yields
. 1 h—31
I/I'=— |5 fh [1—erf(x /2V/Dt )]
Xexp[ —(h—x)/Aldx . (Al2)

If h is picked to be ~3A, the upper limit of integration
becomes 0. Also, the minus sign can be removed from the
expression by reversing the limits of integration. The fi-
nal result is given by

h
I(/1'= [, [1—erf(x/2v/Di)]

1
22

xXexp[—(h—x)/Aldx . (A13)
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