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Probing island growth and coalescence at metal-semiconductor interfaces
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Synchrotron-radiation photoemission spectroscopy of Xe atoms physisorbed on metal-

semiconductor interfaces at different stages of interface formation allowed us to detect the pres-

ence of meta1 islands, determine the local work function of the islands and of the semiconductor
surface between the islands, gauge the coverage dependence of the island size, and measure the
coalescence coverage. This technique is a nondestructive, nonperturbative 1oca1 probe of nu-

cleation and growth with high spatial resolution and unparalleled surface sensitivity. We present
detailed results for Yb-Hg~- Cd, Te(110) and preliminary results for K-GaAs(110).

The characterization of metal thin films on semiconduc-
tors during the early stages of nucleation and growth is a
formidable task which requires in situ studies with atomic
resolution. '2 We show here that physisorption of sub-
monolayer coverages of Xe at low temperature onto the
composite surface allows direct measurements of the local
work functions of the metal islands and substrate, and an
estimate of the island size by means of photoemission
spectroscopy. The essential element of this method is that
rare gases behave as ideal nonreactive insulators, so that
their electronic levels maintain an approximately constant
ionization energy on different surfaces. Adsorption on
a semiconductor surface where metal islands are present
yields double rare-gas photoemission features, at kinetic
energies which reflect semiconductor and island work
functions. At rare-gas coverages of 1 monolayer (ML) or
below, the relative intensity of the two emission features
depends on the relative area of the bare semiconductor re-
gions and the metal islands. This method provides not
only a nondestructive, nonperturbative tool to sample met-
al nucleation with maximum surface sensitivity and spa-
tial resolution, but also a powerful probe of the local
Schottky barrier at low temperature, because of its ability
to determine local work functions with high spatial resolu-
tion.

We selected the Yb-Hg~ „Cd„Te(110) interface as a
test case for its importance as a diffusion barrier to stabi-
lize metal contacts on mercury-cadmium-telluride
(MCT). Thin layers of Yb at Al-MCT, In-MCT, Cr-
MCT, and Ag-MCT junctions have been shown to hinder
atomic interdiff'usion across the interface and reduce the
Hg depletion of the semiconductor that accompanies junc-
tion formation. The diffusion barrier effect is, however,
strongly nonmonotonic with Yb coverage, suggesting that
the growth mode of the Yb layer should be examined in
detail. The Xe physisorption technique was also success-
fully applied to K-GaAs(110), although the results will

not be described here in detail due to space limitations.
Our experiments were conducted on single crystals of

Hgo 7sCdo 22Te (p type) and GaAs (n type) cleaved in the
photoelectron spectrometer at an operating pressure of
3x10 " Torr. Metal overlayers were deposited in situ
onto mirrorlike (110) surfaces at room temperature, fol-
lowing the methodology illustrated in Ref. 6 for Yb, and
in Ref. 9 for the alkali metals. Angle-integrated photo-

electron energy distribution curves (EDC's) were record-
ed following the experimental procedures described in
Refs. 6-9, with an overall energy resolution (electrons
plus photons) of 0.15-0.20 eU. At selected stages of in-
terface formation, the samples were cooled by connecting
the copper sample holder to a closed-cycle refrigerator.
Temperature measurements using a silicon diode clamped
to silicon test samples yielded temperature values con-
sistently in the 35 ~ 5 K range. Xenon was then admitted
in the spectrometer through a regulated leak valve, and
total exposures of 2 L (1 L 1Q 6 Torrs) were obtained
at a Xe partial pressure of 5x10 Torr. These condi-
tions of temperature and pressure for Xe dosing were
selected to reproduce those employed in Ref. 5, where we
report a detailed study of the Xe sticking coefficient' and
photoelectron escape depth, '0 and the eff'ect of the growth
of Xe multilayers on the Xe 4d line shape. " In these con-
ditions, an exposure of 2 L corresponds to a coverage of
0.4+ 0.1 ML on both pristine GaAs(11Q) surfaces and
thick polycrystalline elemental Yb standards. In this cov-
erage range the Xe layer grows two dimensionally with no
evidence of the presence of Xe multilayers. ' " Alterna-
tively, a saturation Xe dosage at higher temperatures that
prevents multilayer growth could presumably be used, but
we elected to maintain the conditions already explored in
Ref. 5.

After Xe condensation, the spectrometer was evacuated
again to the 10 " Torr range, and the characteristic Xe
4d and Sp emission was monitored with synchrotron-
radiation photoemission. The samples were then reheated
at room temperature, yielding Xe desorption, and
valence-band and core emission from metal and semicon-
ductor levels were monitored again to ascertain whether
the cool-down-warm-up cycle had affected the interface
properties. We observed no variation in the interface
EDC's, and we emphasize the nonperturbative character
of our procedure.

In Fig. 1 we show (solid circles) EDC's for the 4d core
emission from Xe atoms physisorbed on the Yb-MCT in-
terface for different values of the Yb coverage eye, in
angstroms, with 2.78 A of Yb=1 ML in terms of the
(110) MCT surface atomic density of 6.76X 10'
atoms/cm . The bottommost EDC shows the result of ex-
posure of the clean MCT (110) surface to 2 L of Xe.
EDC's displaced upward and to the right show the effect
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physisorbed on elemental Yb. The vertical bar in the top-
most right section of Fig. 1 shows the Xe 4dg2 position
measured upon exposure to 2 L of Xe of a thick polycrys-
talline film of elemental Yb. We associate the two 4d
doublets observed in Fig. 1 to Xe atoms physisorbed on
bare regions of the MCT (110) surface and to Xe atoms
physisorbed on the overlayer. We deconvolved the two 4d
contributions using a least-squares-fitting procedure in

which each 4d core level was approximated by a Lorentzi-
an function convoluted with a Gaussian. Energy position,
intensity, spin-orbit splitting, branching ratio, Gaussian
full width at half maximum (FWHM), and Lorentzian
half width at half maximum (HWHM) were treated as
fitting parameters.

The results of the best fit are shown in Fig. 1 (solid line)
superimposed to the experimental points (solid circles).
We also show in Fig. I the individual MCT-related 4d
doublets (Xe 4d I, dotted line) and the overlayer-related
doublet (Xe 4d II, dashed line), shifted downward for
clarity relative to the experimental spectra. In Fig. 2
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FIG. 1. Photoelectron energy distribution curves (EDC's) for
the Xe 41 core emission from submonolayer coverages of Xe
physisorbed at 35 K on Yb-Hgp78Cdp22Te(110) interfaces. Yb
deposition was performed at room temperature prior to cooling
and exposure to 2 L of Xe. The experimental data (solid circles)
are shown superimposed to the result of a best fit (solid line) in

terms of two 41 doublets, each including two Gaussian-
broadened Lorentzian functions. The two individual doublets
are also shown and correspond, respectively, to Xe atoms phy-
sisorbed on the bare regions of the substrate (Xe 4d I, dotted
line), and on the overlayer (Xe 4d II, dashed line). The vertical
bar in the topmost section shows the binding energy of the Xe
4dg2 component observed during Xe physisorption on an ele-
mental polycrystalline Yb film. Binding energies are referred to
the spectrometer Fermi level EF.

of Xe physisorption on Yb-MCT for increasing values of
evb in the 1-15 A (0.4-5.5 ML) range. The EDC's have
been approximately normalized to the peak intensity of
the major spectral feature to emphasize line shape
changes. Binding energies are referred to the position of
the Fermi level EF. For Byb =0 we observe a sharp
spin-split 4d doublet at an apparent binding energy con-
sistent with the expected work function of vacuum-cleaved
MCT. ' Xe physisorption for Yb coverages evb & 7 A
gives rise to t~o 4d doublets, one remaining close to the
position observed at Byb =0, and decreasing in intensity
with increasing Yb coverage, and another shifted to
higher apparent binding energy (i.e., lower work function)
which increases in intensity with Byb.

For Yb coverages greater than 7 A (2.5 ML) we ob-
serve a single, relatively broad 4d doublet which shifts
with Yb coverage towards the position expected for Xe

I 63.5

c 63.0

cn 62.5C

~ 62.0

60.5—

~ Xe 4d I (MCT)
& Xe 4d II (Yb)

CT -------------------—----
M

1.0 l

0.9

0.8

0.7

0.6
CC

0.5
Eo 04

0.3
0

0.2
X

0.1

Hg Cd» Te/Yb-

+2L Xe

Xe4d Intensity
hv = 130 eV

~ Xe 4d I (MCT)

& Xe 4d I I (Yb)

I

6 8
I I

10 12 14 16

Yb Coverage g (A)

FIG. 2. (a) Contribution to the overall Xe 4d emission of the
two Xe 41 doublets observed in Fig. 1. Solid circles show the
substrate-induced Xe 41 I contribution; open triangles show the
overlayer-induced Xe 4d II contribution. (b) Apparent binding
energies of the Xe 415'. I and Xe 4dg2 II components identified
in Fig. 1. The horizontal dashed lines at the top and bottom
mark the position of the 41&~2 contribution from Xe atoms phy-
sisorbed on a thick elemental Yb film and on the pristine
Hgp 78Cep»Te(1 10) surface, respectively. The rigid shift of the
substrate-induced Xe 41 I component reflects a Yb-induced
band-bending change. The change in the Xe 41 II position
reflects the composition dependence of the overlayer work func-
tion.
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(lower section) we show the contribution of the two
doublets to the overall integrated Xe 4d photoemission in-
tensity for different values of Bvq. The apparent binding
energy of the 4dst2 component of each doublet is shown in

the topmost section of Fig. 2. Other parameters deter-
mined from the least-squares-fitting procedure are listed
in Refs. 13-15. The reliability of our fitting procedure is
supported by the values of the spin-orbit splitting and
branching ratio, '3 which are consistent at all coverages
and in agreement with the literature values for elemental
Xe. The width of the 4d I doublet remains constant with
coverage. ' The width of the 4d II cores is initially 0.9
eV, but increases almost 50% for Bvg & 7 A (Ref. 15).

The relative intensity of the Xe 4d II and Xe 4d I con-
tributions in Fig. 2(a) can be directly interpreted in terms
of the fractional area of the MCT surface covered by the
overlayer only if the Xe sticking coefficient is approxi-
mately the same on the MCT surface and on the over-
layer. Measurements of the attenuation of the charac-
teristic Yb Sp and Te 4d core emission from Yb-MCT
during Xe condensation show an identical attenuation (of
about 20%) of the core intensities after a 2 L exposure at
all Yb eoverages. ' This indicates that in the submono-
layer Xe coverage range of interest here, the sticking
coeScient is the same within an experimental uncertainty
of about 10%. We conclude that the results of Fig. 2(a)
provide unambiguous evidence of the presence of largely
two-dimensional islands on the MCT surface, with coales-
cence of the islands occurring at a Yb coverage of 6+ 1

From the apparent binding energies in Fig. 2(b) one
can obtain the corresponding local work functions using a
calibrated standard of known work function, if one as-
sumes a constant Xe 4d ionization energy. We used
polycrystalline elemental Cr film standards deposited in
situ, on which we measured a Xe 4d st2 binding energy of
61.62+ 0.05 eV. Using the literature value of 4.60 eV for
the work function of polycrystalline Cr, ' we obtain local
work functions of 5.40~0.07 and 2.53+'0.07 eV for
MCT and Yb, respectively. These are consistent with the
values of 5.47+'0. 15 (Ref. 12) and 2.65+'0. 10 eV (Ref.
17) derived from conventional photoemission methods.
Therefore, we can use the results of Fig. 2(b) to gauge the
local work-function evolution during interface formation.

In Fig. 2(b) the MCT-related Xe 4d I doublet appears
rigidly shifted 0.14 0.05 eV to higher binding energy
(lower work function, since the Xe 4d ionization energy
remains constant) relative to the clean surface position at
all Yb coverages examined. Such a shift corresponds to
an identical rigid shift of all valence and core features,
and we associate it to a variation in band bending due to
the establishment of the Schottky barrier. The binding
energy of the overlayer —induced Xe 4d II doublet in Fig.
2(b) remains relatively constant up to Bvq 6+ 1 A. In
this coverage range the Xe 4d II line shape is relatively
sharp, ' and the measured value of the overlayer work
function is 4.60+0.10 eV, i.e., some 2 eV higher than
that of elemental Yb. At higher Yb coverages the island
work function tends slowly towards that of elemental Yb,
although even for Bvq 15 A the work function is still 0.5
eV lower than that of Yb. Together, the results of Fig. 2

indicate that for 0 & Bvq & 6 ~ 1 A, metal deposition
yields two-dimensional growth of islands of a reacted
phase with composition quite diA'erent from elemental Yb,
and that coalescence of these islands is achieved at
Bvq 6+ 1 A. Only for Bvp & 6 A is a Yb-rich phase ob-
served, although even at Bvq-15 A, the surface of the
overlayer has a composition somewhat different from that
of pure Yb.

All of these observations are consistent with a model
we proposed in Ref. 6 for the formation of Yb-
Hg~ „Cd„Te(110)junctions in which the first stage of
interface formation involves Yb interacting primarily with
Te and displacing Hg atoms from the matrix. This stage
corresponds to the lateral growth of reacted islands ob-
served in Figs. 1 and 2 for Bvq & 6 A. The large value of
the work function in this coverage range suggests a Te-
rich composition. The limited width of the overlayer-
induced 4d II line suggests the formation of a relatively
homogeneous (Yb-Te)-reacted phase, either through Yb
indiffusion on Hg sites, or through Te outdiffusion. ' In
the second stage a Yb-rich phase is formed on top of the
reacted interface, with possible Hg alloying in Yb near the
interface, and Te segregation at the overlayer surface.
This stage corresponds to the evolution of the overlayer
work function in Figs. 1 and 2 towards the elemental Yb
work function. Since Te and Hg have work functions of
4.7 and 4.5 eV, respectively, Hg alloying and Te segrega-
tion can explain the details of the coverage dependence of
the overlayer work function observed in Fig. 2(b) for
Bvq & 6 A. The almost 50% increase in width of the 4d II
doublet'5 is presumably associated to compositional and
structural inhomogeneities within the Yb-rich overlayer,
giving rise to a distribution of local work functions and to
corresponding unresolved Xe 4d contributions. The ex-
istence of high-binding-energy (i.e., low work function)
and low-binding-energy contributions is consistent with
the trend of the overlayer towards a Yb-rich composition,
opposed by Hg alloying near the interface and Te segrega-
tion at the surface.

During preliminary studies of K-GaAs(110) we also
observed in the low K-coverage range the presence of
two-dimensional islands by photoemission of physisorbed
Xe.s Deconvolution of the overall Xe 4d line shape yield-
ed a substrate-induced Xe 4d I component and an
overlayer-induced Xe 4d II component, with energy sepa-
ration equal to 0.54+ 0.08 eV. For Xe atoms phy-
sisorbed on the overlayer, we observe little change with
coverage in the Xe 4d I width, and only a limited (20%)
increase of the width of the 4d II component. This is con-
sistent with our contention that the broadening of the 4d
II line in the Yb-MCT case is derived from alloying and
segregation effects, which are reduced in the K-GaAs
case.

Finally, we emphasize that the present results indicate
that the ideal Schottky picture of metal-semiconductor
junctions is inadequate for Yb-MCT and K-GaAs even if
the local overlayer work function is taken into account. In
the Schottky model, the continuity of the vacuum level
across the interface and the condition of constant Fermi
level imply semiconductor band bending to match the lo-
cal overlayer work function. If this were the experimental
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situation, photoemission from physisorbed Xe would yield
a single 4d doublet whenever the barrier has reached its
final value. We observe instead t~o doublets, so the bind-
ing energy difference between the Xe 4d I and Xe 4d II
doublets for evb (6 A gives directly the discrepancy
(0.65 ~0.10 eV) between the actual value of the barrier
and the ideal value, i.e., the interface dipole contribution
to the Schottky barrier. Freeouf correctly pointed out'
that possible discrepancies between the predictions of the
Schottky model and the actual value of the barrier should
be examined considering the local work function of the in-
terface reaction products rather than the elemental over-
layer work function. The technique described here offers
a simple and direct method to probe local overlayer work

function and semiconductor band bending at the same
time, and a substantial discrepancy remains for both Yb-
MCT and K-GaAs junctions.
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' In Ref. 5 a detailed photoemission study of Xe physisorption
on elemental rare-earth films indicated a layer-by-layer
growth mode of the Xe overlayer in the 0-20 L dosing range
under the conditions employed in the present experiment, and
a photoelectron escape depth in Xe of 3.5 and 4.5 A, respec-
tively, at kinetic energies of 30 and 60 eV. In the present
studies we used a Xe exposure of 2 L, and we emphasize that
the percent decrease in intensity of the substrate emission
features upon Xe physisorption is identical, within experimen-
tal uncertainty, to that observed in Ref. 5 at the same expo-
sure, indicating the identical dosing conditions resulted in an
identical Xe growth mode.

''Detailed studies of the Xe 4d line shape as a function of Xe
dosing indicate (Refs. 4 and 5 and references therein) that
formation of the second Xe layer corresponds to the emer-
gence of a second well-defined Xe 4d doublet shifted by some
0.5 to lower apparent binding energies relative to the Xe 4d
doublet observed at monolayer coverages. The line shapes ob-
served in Fig. 1, together with the Xe coverage dependence of
the substrate emission (Ref. 10), confirm that no multilayer
Xe growth is observed at 2 L of exposure.

' For our cleaved p-type samples we observed a n-type degen-

crate surface in agreement with the literature (Refs. 6 and 7).
The distance from the linearly extrapolated position of the
valence-band maximum (E;) of the Fermi level EF was found

to be 0.48+'0.05 eV in all cleaves examined. From the low-

temperature value of the MCT gap (0.052 eV) and using the

electron affinity of HgTe [5.9 eV, N. J. Shevchik, J. Tejeda,
M. Cardona, and D. W. Langer, Phys. Status Solidi B 59, 87
(1973)] we estimate a low-temperature work function of
5.47+0.15 eV for vacuum-cleaved MCT. The value we ob-

tain from the results of Fig. 1 is 5.40 ~ 0.07 eV.
' At all coverages examined, the spin-orbit splitting and branch-

ing ratio [1(Xe 4dy2)i'I(Xe 4d5g)] were found to be 1.98
+'0.02 eV and 0.76+0.02 eV, respectively, for both dou-

blets.
' The total width of the 4d I j 2 and 2 core levels in Fig. 1

(dotted line) remains constant at 0.65+ 0.02 eV at all cover-

ages, reflecting an unchanging Lorentzian HWHM of
0.09+ 0.01 eV and Gaussian FWHM of 0.64~0.03 eV. The
Gaussian FWHM is twice as large as the experimental energy
resolution, indicating that nonequivalent physisorption sites
are present even on the pristine MCT surface.

' The total width of the 4d II j 2 and 2 core levels in Fig. 1

(dashed line) remains relatively constant (0.8-0.9 eV) for
evb 'C 6 A, but increases rapidly at higher coverages (1.1 7

and 1.23 eV for evb 7 and 15 A in Fig. 1). This reflects

mostly an increase in the Gaussian FWHM (from 0.6 eV to
about 0.9 eV), while the Lorentzian HWHM remains rela-

tively constant at about 0.2 eV. The Gaussian FWHM ob-
served at high coverages is twice as large as that measured on

bulk elemental Yb polycrystalline films (0.46~ 0.02 eV), but
attempts to decompose the broadened Xe 4d II contribution
in terms of two Xe 4d doublets were unsuccessful. The least-
squares fit yielded in all cases a single broadened 4d doublet.
We believe that compositional inhomogeneities in the growing
film yield a distribution of unresolved 41 features, as will be
explained in the following sections.

' Such an attenuation is also identical, within experimental Un-

certainty, to that observed in Ref. 5 for condensation of Xe on

a number of different substrates at an exposure of 2 L.
Layer-by-layer growth was observed in all cases (see also Ref.
10).
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(Springer-Verlag, New York, 1979).
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