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Interfacial X-ray oscillations during growth of Pd,Si on Si(111)
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Measurements were made by X-ray diffraciion of the in-sizu growth of Pd,Si filis on Si(111) at room temperature. Initially the

growth is with lattice

between the film and substrate, giving rise to a strained film. Above a critical

thickness. the film rekaxes to an unstrained state, but retains its epitaxiat relationship. During both phases of growth, intensity

are seen that d te the of an

1. Introduction

Oscillation of a diffraction signal is a widely
used indicator of layer-by-layer growth during
molecular beam epitaxy (MBE) [1]. Usually this
refers to the signal in a reflection high energy
electron diffraction (RHEED) experiment, but
oscillation can also be seen in low energy clectron
diffraction (LEED) [2] or X-ray diffraction [31.
This intensity oscillation corresponds to the alter-
nation of complctely and fractionally occupicd
layers of atoms during the growth. The frequency
of oscillation is the growth rate in layers per
second. The amplitude tends to decay in time
because different parts of the growing samplc
become out of phase with each other. The oscilla-
tions are then restored when the growth is stopped
and restarted after allowing the surface to anneal
to the flat starting statc oncc again. Sometimes
several hundred oscillations can be observed.

Pd,Si is known to form spontaneously at room
temperature by reaction of a deposit of Pd on a
Si(111) surface [4-7), and has been studied by a
varicty of techniques. Rutherford backscattering
speciroscopy (RBS) [4] has shown that the silicide
formation taken place at room temperature giv-

ial fayer.

ing the Pd,Si stoichiometry, at least between 2
and [0 monolayers (ML). Auger electron spec-
troscopy {AES) and electron energy loss spec-
troscopy (EELS) [5] have shown variations in
chemical state up to 3 ML. LEED has found
evidence for v3 x 3 and 3 X 3 structures, again
for caverages greater than 3 ML [6]. RHEED has
also seen a \/:?x\/i structure that is simply
related to the bulk Pd,Si phase [7].

2. X-ray diffraction method

X-ray diffraction, particularly when enhanced
by the use of synchrotron radiation, has bcen
applied to the study of surfaces aver the past 10
years [8,9]. More recently advantage has been
taken of the penetrating property of X-rays to
extend the technique to buried interfaces {10].
Depending on the angle of incidence and on the
matcrial, the typical range of penetration is from
10 to 10000 A, so is well-matched to the study of
thin films as well as interfaces in thin-film sys-
tems. The monolayer sensitivity comes firstly from
from having sufficient flux to see a signal, and
secondly from the special symmetry of the
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diffraction being studied. This second point arises
because of the existence of crystal truncation rods
{CTRs), discovered in 1986 (11). Because the un-
derstanding of CTRs is central to the discussion
of our results the relevant theory will now be
elaborated.

The bold lined part of the picture at the top oi’
fig. 1 shows an ideally terminated simple cubic
lattice of atoms, representing a surface. The
diffraction from this object can be represented as
a sum over layers at positions z,,

F(a)=f(q) L p, € 1
i=n

where g is the momentum transfer and f(g) is
the atomic form factor. The set of layer densities
(occupancies) p; are unity in this simple case. For

the undistorted lattice with layers of uniform
spacing a,
1

@) =f(9) = @
The modulus squared of eq. (2) is the solid curve
plotted in fig. 1. The intensity diverges every 2
where the bulk Bragg peaks lie because we have
not included any of the attenuation due to ab-
sorption. In between there is the characteristic
intensity distribution of the CTR, wihich, as we
show below, is surface sensitive. These diffraction
features are rod-like because they are diffuse in
the direction shown, but sharp in cross section,
when the momentum transfer is varied parallel to
the surface.

We now consider the case of a partially occu-
pied layer present as indicated by the dashed
atoms in fig. 1. We assume the aioms fc be
randomly distributed on lattice sites, without
bunching into islands or separation by repulsion
that would give rise to lateral correlations, at
least on the length scale of the instrumental
coherence. This is what we mean by a statistically
rough surface. We let the partial occupancy be
pg. with p, =1 for j=1 to =. The evaluation of
eq. (1) now gives,

F(a)=f(a) 3

+ 1
Po 71—

This is plotted as the dashed curve in fig. 1 with
po=0.6. It is clear that there are big changes at
the center of the reciprocal space zone due to the
extra atoms. As we get further and further from
the Bragg peaks we become more and more sur-
face sensitive. Exactly the same is true of the
terminated lattice and the extra atoms arc at an
interface: the breaking of the crystal’s transla-
tional symmetry creates a rod of diffraction along
the perpendicular to the cutting plane. In an
experiment, we can identify such features by their
rod-like symmetry and intensity distribution alone.
All diffraction from the bulk crystal is concen-
trated in the intensity divergences (Bragg peaks)
in fig. 1; all diffraction from point and line de-
fects can be filtered out as background. Thus we
are able to use spatial filtering to separate only
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the rod-like features from ali other diffraction,
and thus isolate the 2D interfaces in the problem.

It is now obvious that in the case of a growing
interface where the layers gradual™ fill in and
become complete before the nex. one starts
(layer-by-layer growth), the interface will alter-
natc between the solid and dashed state in fig. 1.
The diffraction will alternate between the solid
and dashed curves also. If we measure near the
midpaint of the CTR, we therefore can expect to
see dramatic intensity oscillations.

3. Experimental precedures

Diffraction measurements were made on
beamline X 16A at the National Synchrotron Light
Source (NSLS) in Brookhaven, USA. This is a
dedicated surface X-ray diffraction facility with
on-line surface /thin-film preparation and in-situ
characterization. The motions of a precision X-ray
diffractometer arc passed through the vacuum
wall, while the incoming and outgoing beams use
a wide X-ray window made of Be [12]. To control
the oricntation of the optical surface scparately
from the crystallographic setting, we used five
diffractometer angles in a 5-circlc calculation {13].

The incident beam was focused with a toroidai
Pt-coated mirror and monochromated by two
parallet Si(111) crystais to give narrow encrgy
bandwidth and small divergence. The wavelength
was 1.611 A corresponding to an energy of 7.693
keV. The diffracted beam was collimated with
two 2 mm slits 0.5 m apart in the diffraction
plane and detecicd with a position-sensitive de-
tector (PSD) oriented perpendicular to the planc.
The counts received were binned into 5 slices 2
mm wide and recorded simultaneously at each
measurement sctiing.

The hexagonal convention was chosen for the
substrate crystatlographic unit cell, as shown in
fig. 2. This maintains a pure index L for the
out-of-plane direction. Indices i and k s»an the
in-plane directions. Fig. 3 shows the correspond-
ing reciprocal Iattice and a typical s-scan that will
be referred to later. The substrate bulk Bragg
peaks 113, 111, 220 and 111 therefore index as
103, 003, 104 and 10! as shown and are con-
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nected by the CTRs. With this choice of unit cell,
the bin separation of the PSD is 0.05 units of ¢*.

The Si(111) substrates were cleaned by light
sputtering and annealing to 1500 K, as measured
with an optical pyrometer. The first cleaning
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Fig. 3. Reciprocal lattice curresponding to fig. 2. The filled
circles are the substrate bulk Bragg peaks 113, 11, 220 and
17, respectively, from top-left to bottom-right. The open
circles is the diamond-faibidden 002. Vertical lines are sub-
strate CTRs indexed (-1, 0. £).(0, 0. LY and (1,0, L). Vertical
shaded lines are CTRs from the relaxed film with its principal
Bragg peaks. such as (1.025, 0, 2.75} marked as ¢llipses.
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round on a fresh wafer praduced a 7 < 7 recon-
struction; subscquent rounds only gave 1 X 1's,
presumably because of residual metal contamina-
tion. Pd was depaosited from a hot wire at a rate
of ~0.02 A/s The accumulated deposit thick-
ness was recorded with a quartz balance, cali-
brated for geometric factors assuming the evapo-
ration was isotropic, but these were somewhat
inaccurate. There was a resulting ~ 10% repro-
ducibility from run to run partly because it was
coupled to the sample orientation on the go-
niometer. In addiiion there was a ~ 50% uncer-
tainty in overall thickness calibration, pending
future calibration of standard samples by Ruther-
ford backscattering speetroscopy. The thickness
monitor also suffered from a thermaily induced
drift when the Pd wire was heated, which added
to the uncertainty. All thicknesses quoted in this
paper are those for bulk Pd metal, assuming bulk
density of 12.16 g/em”. P4,5i (9.69 g/cm*) thick-
nesses will be 1.42 times bigger.

4. Resuits

We conducted a wide exploration of possible
structurcs at a number of different coverages to
obtain an overview of the general behavior of the
Pd/Si(111) system at room temperature, We
found qualitatively different results ahove and
below a threshoid value of ~ 18 A Pd coverage,
in agreement with earlicr work [4,5]. Below 18 A
Pd coverage, all diffraction fcatures were local-
ized along the substrate CTRs, such as, the
(1,0, L) rod labelled in fig. 3. Above 18 A Pd
coverage, new peaks appcared at the incommen-
surate rod positions shaded in fig. 3.

This high-coverage phase was straightforward
to identify. The intensity along the (shaded)
(1.025, 0, L) rod was featureless except for streng
peaks at L =0 and L =2.75. The (—1.025,0, L)}
rod was essentially the same, suggesting a phase
with hexagonal symmetry, not cubic as in the bulk
substrate. The dcnved {attice parameters, a4 =
6.480 A and ¢ = 3.42 A, assuming the V3 x V3
larger unit cell, agree within error of those for
bulk Pd.Si, namely a = 6.496 A and ¢ = 3.433 A

{14). We conclude that the film above 18 A Pd
coverage is epitaxial, but incommensurate, Pd,Si
with the epitaxial relationship shown in fig. 2,
(001}, ; 111)5; and [100]p,.5; 12T

The low-caverage phase is harder to identify
because the diffraction from the film interfer~s
with the CTRs of the substrate. However, scans
along both the (1,0, L) and (-1,0, L) rods
showed, in addition to the substrate peaks shown,
new broad peaks at L =0 and L =3, W= con-
clude that the film below 18 A Pd coverage is
epitaxial and comnmensurate Pd,Si with the same
cpitaxial relationship, The film is considerably
strained, with a 2.5% expansion in both in-plane
directions and a ~ 10% contraction out-of-plane,
Because the film is so thin and because the
out-of-plane peak was at our instrument's angle
limit, we could not establish its ¢ parameter any
better than this.

To prabe the dynamics of the film formation
we measured some of the characterisiic diffrac-
tion features as a function of coverage # during
in-situ deposition. Panel (a) of fig. 4 shows the
intensity at (1, 0, 2.1) which sees bath the film
and the substrate CTR on its descent from the
Bragg peak at 101, The substrate alone gives the
intensity value at 6 = 0. For ¢ > 0 this interfercs
with the amplitude from the arriving Pd that is
forming tie initial commensurate Pd,Si phase.
Dramatic oscillations of the lntensnry are seen
here as @ increases. The period starts at 6.9 A
but shortens after the first three osciilations to
5.4 A for the rest of the run.

Panel (b) of fig. 4 shows the intensity at (1.02,
0, 2.75) which mecasures the total amount of in-
commensurate Pd,Si formed. The abrupt rise at
~ 18 A clearly illustrates the point made above
that the incommensurate phase appears only af-
ter a delay. Since we found no evidence for a
change of structure between the two phases, other
than the presence or absence of strain, we claim
this to be an exampic of a critical thickness phe-
pomenon. In other words, initial growth produces
strained hexagonal Pd,Si up to the critical thick-
ness of 18 A Pd (which is 26 A of film, or 6 unit
cells). Above the critical thickness, the film
switches to its relaxed incommensurate state,
which is retained for all subsequent growth,
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Fig. 4. (a. b} Intensity measrred at single reciprocal space
poinis as a function of Pd coverage. The two puints, indicated
in fig. 3, ase sensitive to the commensurate low-coverage and
incommensurare high-coverage phases of Pd,Si. respectively.
{c) Hali-width along the L-disection of the incommensurate
peak measured simuoltaneously with (b). The curve is calcu-
fated using eq. (4}

Critical thickness is simply undcrstood from
energetic considerations {15). Since the excess
free energy per unit area due to strain, Ar, is
proportional to film thickness, 7, and the interfa-
cial energy per unit area duc to misfit of an
incommensurate film, B, is not, the choice of
lowest energy state will necessarily depend on
whether 7 is less than or greater than 7. = B/4.

During the uptake, we could obtain the evolu-
tion of the width of the diffraction peak along the
rod L-direction by observing the distribution

along the PSD. For the position (1.02, 0, 2.75), a
clear pezk was seen. A Crussian distribution
fitted quite well. The Gaussian half-width is plot-
ted as & function of deposit thickness in fig. 4c.
This half-width AL is inversely rclated to the
thickness r of the film by the Fourier transform
rclation,

4in 2
AL[l/a]c*’

The width is thus mapped onto a film thickness
scale on the right-hand side of the figure, and the
solid line that passes roughly through the data is
the curve 7 =48 that would correspond to a film
thickness with the density of Pd. Considering that
the density of Pd in Pd,Si is smaller, the film
should be correspondingly thicker, however. We
see immediately that the thickness is proportional

r[FWHM] = 4)

. — :
e 168 Pd (h, 0, 2.7)
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Fig. 5. Scans along the 4 reciprocal lattice direction parailel

to the interface, as indicated in fig. 3. The two Pd thicknesses

shown are slightly below and slightly above the critical thick-

ness. The dala were taken by interrupting the deposilion; the

actual thicknesses secn with the quartz balance were some-

what lower and have been adjusted for consistency with the
horizontal scale of fig. 4.
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to coverage. The density scale-factor is within the
uncertainty of our coverage detcrmination,

Lastly, fig. 5 shows the critical thickness transi-
tion in the form of A-scans through the two rods
along the trajectory indicated in fig. 3. The lower
coverage curve has a sharp peak at the CTR
position 4 = 1 and a slight hiat of a incommensu-
rate peak. The second curve with 20% more Pd
deposit shows no CTR peak at all and a large,
broad peak at ji = 1.025. The fit curves passing
through the data are a Gaussian of half-width
Ah = 0.002 for the CTR pcak and a Lorentzian of
half-width 44 =0.02 for the incommensuraic
Pd,Si peak. The former is resolution-limited and
indicates very-long-range lateral arder, while the
latter suggests a relatively incoherent phase with
a typical grain size of 100 A parailct to the
interface. The incommensurate phase is, how-
ever, epitaxial, The half-width of the peak in the
transverse direction was Ak = 0.03, also with a
Lorentzian distribution, This indicates cither a
finite lateral grain size of ~ 70 A (parailel to the
interface) or a mosaic spread of 3.5° (FWHM) or
clse a combination of both.

5. Discussion

We believe we u~ Jerstand the behavior above
the critical thickness transition for 8> 6, =18 A
Pd coverage: the peak positions align exactly with
those published for buik Pd,Si [14], and the cvo-
lution of the peuk width (fig. 4c) follows that
expected for the amount of Pd depositcd. Some-
what less clear is the evolution of the intensity of
this phase in fig. 4b. We would expect a jump at
6.=18 A followed by a quadratic rise in peak
intensity as the peak narrows. Instead we see an
intensity that extrapolates approximately linearly
to 6, = 18 A, as if some of the deposited Pd were
invisible. However, fig. 5 does show signs of coex-
istence of both the commensurate and incom-
mensurate phases already at # =16 A. A likcly
explanation is that the critical thickness transition
is simply broadened by inhomogencities, that
convert the expected intensity jump into a broad
shoulder in fig. 4b.

A significant finding is that the CTR intensity
continues to oscillate during this phase of growth,
as seen ir. fig. 4a. While the deposited Pd appears
to end up in the incommensurate phase, its route
there clearly involves the substrate. The simplest

h that is consi with our data is that
Si is consumed in a layerwise manner at the
Pd,Si/Si(111) interface. When a layer is partially
consumed, we have the sicuation of the dashed
curve in fig. 1 with 2 reduced CTR intensity;
when the layer is used up, we return to the solid
curve, The period of oscillation during 8 > 8, is
54 A of Pd, which implies 2.3 Si layers are
[ d per period, ing Pd,Si stoichiom-
etry, This period is within our thickness calibra-
tion errar of 2 Si lavers, and is not surprising
because of the bilayer nature of the Si(111) sur-
face (fig. 2). Assuming this model, we reach the
satisfving conclusion that Si is used up in double
layers and that this is the origin of the intensity
asciilation for 8 > 8.. Of course we cannot rule
out more complex mechanisms involving incorpo-
ration of the arriving Pd at the interface in a
commensuraie holding state before transfer to
the incommensurate Pd,Si.

The reaction between arriving Pd and Si clearly
involves the Pd,8i/Si(111) interface, but it nced
not necessarily take place there. Two possible
scenarios are that Si diffuses through the Pd,5i
phase ta the surface to react with arriving Pd, or
that Pd diffuses to the interface. The LEED
pattern was diffuse throughout the deposition,
indicating no ordered structures at the surface.
Although surface models could still be con-
structed without the nced for order, this result
favors the model of an interface reaction.

The behavior below the critical thickness tran-
sition with # < #.=18 A Pd coverage is not so
well understood, because all diffraction is con-
centrated along a single CTR line and cannot be
interpreted uniquely. As stated above, we believe
the film to be in a strained Pd,Si state that
possesses the same structure as the relaxed state
that forms later. Somehow the interference of the
diffraction of such a film with the substrate gives
a langer period of 6.9 A and tie wide variation of
oscillation amplitudes in fig. 4a. There may be a
sequence of intermediate structures involved. This
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waork is still in progress and will be published at a
later time.
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