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X-ray photoemission from small mercury clusters on II-VI semiconductor surfaces
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The presence of small Hg clusters (R =5-20 A) on Hg,_,Cd, Te samples grown by molecular-
beam epitaxy has been deduced from a careful analysis of the x-ray-induced photoemission spectra.
The positive binding-energy shift measured for these clusters is explained by the appearance of a
positive charge on the clusters during the photoemission process. (The experimental results are
compared with the calculated e2/2R behavior.) The apparent spin-orbit splitting for the Hg 5d lev-
els is reduced, compared to bulk Hg and to isolated Hg atoms. This is attributed to the repulsion
between the Cd 4d and Hg 5d orbitals. It is shown that Hg out-diffusion is the main reason for the

formation of these clusters.

I. INTRODUCTION

Studies of surfaces and interfaces of semiconducting
materials are very important for the development and un-
derstanding of modern microelectronic devices. Detailed
investigation of the phenomena occurring during the
growth of such surfaces and interfaces is very important
due to the still increasing miniaturization of the devices
presenting a challenge to both theoreticians and experi-
mentalists. This paper deals with one particular aspect of
surface studies on II-VI compound semiconductors,
which is the formation of small mercury clusters on the
surfaces of these semiconductors.

Photoemission has been demonstrated to be very
powerful for examining the electronic properties of sup-
ported small metal clusters.! = The study of such small
particles was initially motivated by their technological
importance in heterogeneous catalysis.* Small metal clus-
ters have also been detected in many cases during the ear-
ly stages of metal-semiconductor interface formation.>~’
Amorphous carbon has been the most widely used sub-
strate for detailed studies of the electronic properties of
small metal clusters, but other substrates, mostly insula-
tors, have been used as well. In this paper we present a
photoemission study of Hg clusters on CdTe(111) and
Hg,_,Cd,Te(111) substrates. To the best of our
knowledge, this is the first detailed photoemission study
of metal clusters on a semiconducting substrate.

This work was first motivated by an unexpected result
obtained during the study of the Hg incorporation in
CdTe during the growth of HgTe-CdTe superlattices by
molecular-beam epitaxy (MBE).® The common growth
technique for HgTe-CdTe superlattices and other super-
structures, such as single and double barrier tunneling
structures, involves leaving the Hg cell open at all
times.> ! As a result, the CdTe layers are not pure CdTe
layers, but instead Hg, _,Cd, Te with typically 3-9 % of
mercury for the (111) B orientation.® In addition to Hg
bound to Te atoms, the x-ray photoemission (XPS)
analysis of such spectra revealed the existence of a second
type of mercury with about 600 meV higher binding ener-
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gy.® In the present work, we show that this second mer-
cury component in the Hg 5d and 4f spectra is due to the
presence of small Hg clusters on CdTe and Hg, _,Cd, Te
surfaces. The electronic properties as well as the origin
of these clusters will be discussed.

II. EXPERIMENT

The samples were all prepared at the University of Illi-
nois at Chicago in a Riber MBE 2300 machine. CdTe
substrates oriented in the (111) B direction as well as
GaAs substrates with a CdTe(111) B buffer layer were
used. The substrate preparation and the growth of the
appropriate buffer layer have been discussed elsewhere.’
The layers analyzed here are Hg, _,Cd, Te with x in the
range of 0.15-0.97. The smaller x values were obtained
with three MBE sources (CdTe, Te, and Hg) following
the usual procedure.’ The larger values are obtained
with only two sources (CdTe and Hg) as described in Ref.
8. The sample temperatures quoted here were measured
using a Chromel-Alumel thermocouple and—whenever
possible—by an infrared pyrometer. These measure-
ments have been calibrated using the melting points of in-
dium and tin.

The samples were kept under ultrahigh-vacuum condi-
tions as they were transferred to the XPS chamber. The
XPS measurements were performed with a SSX-100 spec-
trometer from Surface Science Laboratories. A mono-
chromatized and focussed Al Ka excitation line was
used. The overall energy resolution measured on the Au
4f core level is 0.7 eV. The reference levels used for this
study will be specified as necessary. The position of the
Fermi level was determined from the position of the Au
4f,,, line measured from a bulk gold sample. The corre-
sponding binding energy was fixed at 83.93 eV. The core
levels used in this work are the Hg 4f and 5d, the Cd 3d
and 4d, and the Te 4d and 3d. For all the peaks, the
values of the area, position, and full width at half max-
imum (FWHM) were determined by a least-squares fit of
individual spin-orbit doublets to the data.
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III. RESULTS AND DISCUSSION

The discussion of the results will be organized in three
parts. First, we will focus on a detailed analysis of the
XPS spectra from Hg,_,Cd,Te samples. It will be
shown that two types of Hg exist in these samples, one
being Hg bound to Te and the other due to the presence
of small mercury clusters on the sample surface. There-
after, it will be shown that such Hg clusters can be ob-
tained by depositing Hg on CdTe(111) B surfaces at room
temperature. Finally, we will try to identify the origin of
these clusters obtained unintentionally on MBE-grown
Hg,_,Cd, Te surfaces.

Typical photoemission spectra from Hg, ,Cd,Te are
shown in Fig. 1. The peaks are the Cd 4d and Hg 5d
spin-orbit doublets and the Hg 4/, ,,. These spectra have
been analyzed for all the samples by means of a least-
squares curve-fitting procedure as mentioned above. A
nonlinear background was subtracted from the spectra
prior to the fitting procedure. The line shape used for the
fits was a Lorentzian convoluted with a Gaussian. This
procedure is justified for the photoemission from semi-
conductors. It might be argued, however, that the
Doniach-Sunji¢ line shape'! has to be used in the case of
small metal clusters. The quality of the fits obtained with
the symmetric line shape is very good. This might indi-
cate that the final-state screening in very small clusters is
different from bulk metals, resulting in a diﬁ:erent (and
smaller) singularly index for the Doniach-Sunji¢ line
shape for these clusters as compared to the bulk metal.

Two types of Hg have consistently been found for all
the samples. These two types of mercury will be labeled

Hg'V and Hg® in the following discussion. From its
binding energy with respect to the valence-band max-
imum (VBM),'? Hg'" is clearly identified as Hg in
Hg, ,Cd,Te. The second component Hg'? is observed
at higher binding energy. We have suggested earlier that
Hg'? is due to some kind of surface mercury.® This was
inferred from two observations. First, on a 1.5-um-thick
CdTe layer grown with a Hg flux, the amount of incor-
porated Hg as measured with energy-dispersive x-ray
spectroscopy (EDS) agrees with the results from XPS ob-
tained by neglecting Hg?. Including Hg'? yields
significantly higher concentrations. As the depth probed
by XPS is small compared to EDS, Hg'® should be locat-
ed in the surface region. Second, the Hg concentration in
the CdTe layers can be determined from the binding en-
ergy of the Cd 4d and Hg 5d levels with respect to the
VBM. This procedure is described in Ref. 8. Once again
these results agree with concentrations deduced from
XPS peak areas, neglecting Hg'?. This also suggests that
Hg'? is located at the surface. Otherwise it would affect
the position of the VBM.

Now that we have established that Hg'?' is some sort of
surface mercury, we need to find its exact nature. From
the chemical shift measured on the Hg 5d and Hg 4f
lines, Hg'? could be tentatively identified as HgTe,. This
is not a stable compound, but could exist at the surface of
Hg, ,Cd,Te samples. However, if Hg'? is located in a
two-dimensional surface layer, coverages up to 0.8 mono-
layers (ML) are deduced from the Hg'?’ peak areas. Such
a coverage should then affect the characteristics of a sur-
face component detected in the Te 4d spectra. The sur-
faces studied here are (111) B surfaces which are ter-
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FIG. 1. Typical XPS core-level spectra from Hg,_,Cd,Te. The composition is x =0.94 (lower spectrum) and x =0.60 (upper
spectrum). The number of atoms in the Hg'?’ estimated using relation (1) is 7 10'* and 6 x 10'* cm 2, respectively. The binding en-
ergy is referred to the Fermi level. The solid line is obtained by least-squares fitting of individual components (dashed lines) to the

data.
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minated by threefold-bonded Te atoms. From the Te 4d
core-level spectra, a surface shift'® of 475+75 meV to-
wards higher binding energy was unambiguously deter-
mined by very careful curve fitting (Fig. 2). Close exam-
ination of the residuals, i.e., the difference between the
calculated and the measured spectra, was particularly
useful for the determination of this surface component.
The characteristics (relative intensity, FWHM, and shift)
of this surface component are independent of the amount
of Hg'®. This rules out the existence of a two-
dimensional layer of HgTe,.

Based on this observation and on the fact that the Te
4d core-level intensity is reduced by only 5% for a Hg'?
coverage corresponding to 1 ML in the case of a two-
dimensional layer, we suggest that Hg'®’ must be related
to the existence of small Hg clusters on the sample sur-
face. The spectral characteristics of such small metal
clusters are now well established! ~>1%1% although the de-
tailed explanation of these same characteristics is still a
matter of debate. For almost all cases of small metal
clusters, the core-level binding energies are higher than
for the corresponding bulk material. This binding energy
generally decreases with increasing cluster size, and
sometimes a saturation or even a slight decrease is ob-
served for very small cluster sizes.> !4

Figure 3 shows the binding energy E with respect to
the Fermi level for the Hg'®) 4f, , core level versus the
A(Hg? 4f; )/ A(Te 3ds ;) area ratio. These data have
been measured from many different samples and the
different area ratios are the results of different prepara-
tion conditions. The relation between this area ratio and
the preparation conditions will be discussed in the last
section of this paper. The 4(Hg)/ A(Te) area ratio is re-
lated to the average cluster radius. The intensity model
described in Ref. 14 can be adapted to the present prob-
lem and the following relation is obtained:
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FIG. 2. Te 4d core-level spectrum from CdTe(111) B. The
solid line is obtained by least-squares fitting of individual com-
ponents (dashed lines) to the data. The binding-energy scale is
referred to the Fermi level.
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FIG. 3. Hg'¥ 4f,,, binding energy with respect to the Fermi
level vs A(Hg'® 4f,,,)/ A(Te 3ds,,) area ratio. The solid cir-
cles are results from Hg,_,Cd,Te samples, whereas the open
circles are obtained after the Hg absorption on CdTe at room
temperature. The Hg coverage has been estimated using rela-
tion (1) with N,=6X 10" cm~2 The solid line represents the
calculated e2/2R behavior. For details see the text.

F= A(Hg(Z) 4f7/2)/A(Te 3d5/2)
=N kA, {R*—2[A2—(RA, +A2)exp(—R /A,)]} . (1)

This relation is valid as long as the area covered by the
clusters is small compared to the total sample area. R is
the average cluster radius, N, the cluster concentration,
A, the effective photoelectron escape depth, and k is a
constant depending on XPS sensitivity factors and on the
density of the Hg clusters. A, is related to the photoelec-
tron escape depth A and to the mean electron escape an-
gle B (A,=AcosB). If N, has approximately the same
value for all the samples studied here, a plot of Ep versus
I" is equivalent to a plot of E; versus R on a nonlinear
scale. Some scatter observed from our data is most likely
due to slight differences in N, between different samples.
The binding-energy decrease observed in Fig. 3 with in-
creasing cluster size is a common feature for small metal
clusters. In the case of metal clusters supported on insu-
lating substrates, Wertheim et al.>!> have shown that
positive binding-energy shifts with decreasing cluster size
can be attributed to the Coulomb energy ~e2/2R which
is due to the positive charge appearing on the cluster sur-
face during the photoemission process. The unit charge
in the photoemission final state is not neutralized during
the time scale relevant to photoemission. The resulting
Coulomb attraction will therefore increase the measured
binding energy of the photoelectrons from the cluster.
The same explanation was used in Ref. 14 for the case of
Al clusters on Sb(111) substrates. We now suggest that
this explanation may also be extended to the case of small
metal clusters on certain semiconducting surfaces. For a
typical cluster concentration of N,=6X10'" cm~2, the
cluster radii corresponding to Fig. 3 are found in the
range of 5-20 A using Eq. (1). A rough estimation of the
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corresponding Hg'?) coverages © yields 10-10"

atoms/cm?. These coverage values are rather insensitive
to the values of N_, whereas the quoted radii are more
strongly dependent on N,.. The reasonably smooth be-
havior of the data in Fig. 3 over a narrow range for the
cluster radii (5-20 A) is an indirect evidence for N, being
relatively independent on the details of the sample
preparation. Figure 3 compares very well with results
published in the recent literature concerning Au on
amorphous carbon®> and Ag on amorphous carbon.'> In
all the cases, the binding energy for the bulk metal was
obtained for coverages between 10'° and 10'® atoms/cm?.
Extrapolation of our results, according to a e2/2R depen-
dence, yields Ep(Hg'? 4f,,,)=100.2+0.2 eV for large
cluster sizes. This is close to the value for bulk Hg (99.9
eV).'® The solid line in Fig. 3 shows this e2/2R behavior
adjusted to our data, using the values for R deduced from
Eq. (1) with N, =6 10" cm~2. There might be a satura-
tion or even a slight decrease for very small cluster sizes,
as already reported for Al on Sb(111)."* However, we do
not want to draw this conclusion, due to the insufficient
number of data in this particular region.

Another striking feature of Hg'? is the variation of the
apparent spin-orbit splitting of the Hg'?’ 5d levels with
Hg'? coverage ©. Figure 4 shows this energy separation
versus the intensity ratio I' defined above. A total in-
crease of 0.5 eV is observed with increasing cluster size.
A saturation occurs at 1.7 eV, which is close to the value
for bulk Hg (1.86 eV).!” The spin-orbit splitting for iso-
lated Hg atoms is known to be equal to the value for
liquid Hg.!” Our measured values of the apparent spin-
orbit splitting are thus even smaller than the value for
isolated atoms. This can be explained by the repulsion
between the Cd 4d and Hg 5d levels, as initially discussed
by Moruzzi et al.'® In systems with two d metals, even
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FIG. 4. Hg'¥ 5d apparent spin-orbit splitting vs A4(Hg'?

5f7,2)/ A(Te 3ds,,) area ratio. The Hg coverage has been es-
timated using relation (1) with N,=10"" cm~2. For details see
the text.
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with no direct energy overlap, the two sets of d levels in-
teract. The result is a repulsion between these d states
proportional to their original energy separation, which
then reduces the apparent spin-orbit splitting of either
subsystem. For the smallest clusters, almost all the Hg'?
atoms are in contact with the Hg,_,Cd,Te surface,
whereas the repulsion is reduced for the larger clusters
due to the increased Cd—Hg'? distance. A similar ex-
planation has been invoked by Eberhardt et al. in the
case of Cu;Au alloys. "’

We have adsorbed Hg on MBE-grown CdTe(111) sam-
ples. The samples were kept at room temperature and
the estimated Hg flux was approximately 2.5x 10"
atomscm~2s~!. This value was determined using
Knudsen’s effusion law. Hg 4f, Cd 3d, and Te 3d spectra
have been measured after exposures of 35 and 45 min, re-
spectively. Only one component was then detected in the
Hg 4f,,, spectra. The corresponding results are
represented by the open circles in Fig. 3. These results
agree with values measured for Hg'? on Hg, ,Cd,Te.
This is a further evidence that our interpretation of Hg'?’
is correct. We also note that for these two exposures, the
ratio of the Hg coverages quoted in Fig. 3 is in excellent
agreement with the ratio of the Hg exposures.

The last section of this paper is devoted to a tentative
identification of the origin of the Hg clusters on
Hg,_,Cd,Te surfaces. Two possible sources of these Hg
clusters are readily identified: either the Hg in the
Hg,_,Cd,Te crystals or the residual Hg in the growth
chamber during the cooling of the grown layers.

The cooling of the layers from the growth temperature
(175-195°C) to a temperature low enough to take the
samples out of the growth chamber (typically 50 °C) takes
on the order of 1 h. During this time, the Hg flux is pro-
gressively reduced from a value of typically 1.5x 10"
atomscm ~2s~! to zero. The amount of Hg in the clus-
ters obtained by this procedure is comparable with the
amount obtained by exposing a CdTe(111) B surface at
room temperature to an estimated Hg flux of 2.5x 107
atomscm ~%s~! during at least 30 min. As the Hg stick-
ing coefficient on CdTe is expected to decrease with in-
creasing temperature and based on the fact that the Hg
flux used for the adsorption experiment was always
higher than during the cooling of the Hg, ,Cd, Te sam-
ples, we conclude that Hg adsorption on the
Hg,_,Cd,Te surfaces during the cooling cannot be the
only reason for the formation of Hg clusters on these sur-
faces. We therefore suggest that out-diffusion of Hg from
the samples contributes significantly to the formation of
the Hg clusters.

A  mercury atom reaching the surface of a
Hg,_,Cd, Te sample can (1) combine with any available
free Te atom, (2) migrate on the surface until it reaches a
nucleation site and contribute to the formation of Hg
clusters, or (3) desorb from the surface. Parameters like
the substrate temperature or the number and type of sur-
face defects certainly play a major role in determining
which of these steps will be the dominant one. The three
possibilities exist regardless of whether the Hg atom
reaches the surface by out-diffusion from the bulk or by
condensation from the Hg vapor. However, it is clear
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that the amount of Hg in the sample should affect the
amount of Hg in the clusters if out-diffusion is the major
source of Hg atoms going into the clusters. Such a rela-
tion has been observed (Table I). For different samples
prepared at the same temperature, the amount of Hg in
the clusters is found to increase with the Hg concentra-
tion in the Hg, _,Cd, Te samples. The exact relationship
between the two intensities certainly depends on the dis-
tribution of the Hg in the clusters and in the
Hg,_,Cd,Te, as well as on the details of the diffusion
mechanism. Furthermore, the data in Table I are con-
sistent with the assumption that the amount of Hg in the
clusters increases with increasing temperature for a given
sample composition. This would not be easy to explain if
condensation from Hg vapor was the main reason for the
cluster formation, whereas enhanced out-diffusion com-
bined with higher surface mobility is likely to increase
the amount of Hg in the clusters. However, increasing
the substrate temperature also favors the Hg desorption.
Many more experimental results as well as a detailed
study of the corresponding surface kinetics are thus
called for. A future study should also reveal whether the
out-diffusing Hg was initially bound to Te or instead lo-
cated in interstitial lattice sites. This is very important
for an understanding of the thermal stability of these ma-
terials. The existence of interstitial Hg is indeed expected
due to the high Hg overpressure needed during the
growth of Hg, _,Cd, Te.?

IV. CONCLUSION

We have shown that Hg clusters are found on MBE-
grown Hg, _,Cd, Te samples. The typical radius of these
clusters is in the range of 5-20 A. The Hg core levels
measured with XPS show the typical positive binding-
energy shift which increases with decreasing cluster size.
This shift is explained by the Coulomb energy e2/2R due
to the positive charge appearing on the cluster during the
photoemission process. For small clusters, the apparent

TABLE 1. Intensity ratio 4(Hg'? 4f,,,)/ A(Te 3ds,,) for
the Hg clusters along with the growth temperature and the
composition of the Hg, _,Cd, Te samples.

Ts (°C) 1—x A(ng) 4f7/2)/A(TC 3d5/2)
185 0.065 9.7x10°?3
185 0.740 4.4x102
195 0.045 48x%1073
195 0.057 9.3%x 1073
195 0.085 1.6 1072
175 0.095 7.7x10°3
185 0.065 9.7x10~3
195 0.057 9.3x10°?

spin-orbit splitting of the Hg 5d levels is smaller than for
bulk Hg and even smaller than for isolated Hg atoms.
This is attributed to repulsion between the Cd 4d and Hg
5d orbitals for the smallest clusters, where almost all the
Hg atoms are in contact with the Hg, _,Cd, Te substrate.
Finally, we have shown that Hg out-diffusion from the
bulk is probably the major reason for the formation of
these clusters.
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