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Aspects of surface and interface characterizations
by X-rays: The research programme at 10P,
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Surface and interface studies constitute an important
experimental research programme of the Institute of
Physics, Bhubaneswar since 1991. In recent years,
experimental techniques like high resolution X-ray
diffraction (HRXRD), X-ray reflectometry (XRR)
and X-ray standing wave (XSW) have been set up
around an 18 kW rotating anode X-ray generator
and Rutherford backscattering spectrometry and
channelling have been set up around a 3 million volt
tandem Van de Graaff ion accelerator (Pelletron).
Besides the in-house facilities we also use facilities
available elsewhere to study complementary aspects
of specific research problems. The research pro-
gramme mainly involves studies of surface modifica-
tions in ion-solid interaction, growth of epitaxial
layers on surfaces, strain and defects in epilayers,
interface atomic structure and adsorption/desorption
on single crystal surfaces. In this article we present
some examples of surface and interface characteri-
zations with X-rays.

Surface modifications in ion-solid interaction

Surface and interface roughness

Ion—solid interaction causes various kinds of surface and
near-surface modifications. Having set up the high
resolution X-ray diffraction (HRXRD), X-ray reflecto-
metry (XRR) and X-ray standing wave (XSW)I‘Z tech-
niques, we studied the effect of ion irradiation on
surface roughness. The XRR results in Figure 1 (from
Satyam et al.”) show the enhancement of surface rough-
ness (from 9.1 = 1 to 14.5 = 1 A) upon 1.38 MeV Au™

implantation into a LiNbO; (001) crystal.

Near-surface vacancy enrichment in ion—solid
interaction

In a study of nonlinear effects in electronic excitation tn
energetic cluster-solid interaction, from post-trradiation
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XRR results (Figure 2) we observed the formation of a
thin (< 10 nm) surface layer with lower electron density
compared to the bulk value’, We attributed it to the for-
mation of excess vacancies in this region due to heavy
ion (Ga®") interaction with the solid (GaAs). TRIM’*
simulation also shows excess vacancies over this depth.

Growth of epilayers on vicinal surfaces

Vicinal surfaces of single crystals are often used to fab-
ricate aligned epitaxial structures. We have used vicinal
Si(111) surfaces (surface at an angle of 4° with respect
to the (111) planes) for the growth of epitaxial layers
and structures on them. The vicinal angle has been de-
termined by the HRXRD technique'. Through self-
assembled growth of epitaxial island structures on these
surfaces we provided the first experimental results’ on
the predicted® phenomenon of shape transition in het-
eroepitaxial islands. Our quantitative analysis was later
followed for other systems showing shape transition’.

Epitaxial growth of overlayers on vicinal surfaces, be-
cause of the presence of atomic steps on the surface,
usually introduces defects at the interface. This often
tilts the orientation of the overlayer with respect to the
substrate. There are theoretical results which are yet to
be substantiated. We have grown epitaxial Ag(111) lay-
ers on vicinal (4° miscut) Si1(111) surfaces. These are
uniform thin {(~ 100 nm) films. We used HRXRD meas-
urements to determine the angle between Ag{l111] and
Si[111] crystallographic directions, average strain and
the mosaic spread in the epilayersa. The sample configu-
ration and the experimental geometry are shown in Fig-
ure 3 and the HRXRD results are shown in Figure 4.
The measured angle Oy =0.31 % 0.01°) between
Ag{111) and Si[111} is in good agreement with that ex-
pected for a miscut angle of 4° (ref. 8).

Heteroepitaxial layers are stratned because of difter-
ent lattice parameters of the overlayer and the substrate
materials. Shape transition, discussed earlier, 1s a mode
of strain relaxation. There is another, more familiar,
mode of strain relaxation in the epilayers, namely 1ntro-
duction of misfit dislocations. There is a critical thick-
ness (h-B of the epilayer up to which the layer grows
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Figure 1. MoK, X-ray (17.479 keV) reflectivity from an Au-implanted LiNbO3(001) sample (O).
For a comparison the reflectivity from a virgin sample (A) is also shown. (From Satyam et al.?).

10*
Detector
X-rays GaAs (001)
10° * C,Ga-A
+ C,Ga
<1 CGa-~-A
0 o CGa
10

REFLECTIVITY
S

107
107
10°° —~
005 015 025 035 0.45
e(degree)

Figure 2. X-ray (MoK, ) reflectivity for virgin GaAs(001) (V), C*
and Ga®* co-implanted GaAs(001) [as-implanted (CGa), annealed
(CGa-A)], and C*; and Ga** co-implanted GaAs(001) [as-1mplanted
(C2Ga), annealed (C,Ga-A)] samples. The ordinates of the successive
curves have been shifted by a decade for clarity. For CGa the oscil-
lation on reflectivity corresponds to a 9.1 0.1 nm top GaAs layer of
~ 9% reduced electron density. (From Ghose et al.”).
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pseudomorphically, i.e. strained but without disloca-
tions. For a layer thickness ¢ > #. dislocations appear in
the layer and the strain may be partially relieved. Be-
yond a certain thickness ¢ >> ¢, the layer may be com-
pletely relaxed having no strain but a large dislocation
density. It 1s important to determine the strain and dislo-
cation density as a function of layer thickness to verify
theories of epilayer growth and predictions of z.. With
HRXRD we determined the strain in a buried CoSt,
epilayer in a sandwich system Si(111)/CoSi,(111)/
Si(111)’. Using other complementary techniques like ion
scattering we studied other aspects of this buried epi-
layer system including determination of dislocation
density’. Besides fundamental interests, this system,
having Schottky barriers at both Si/CoSi1, and CoSi,/Si
interfaces is a potential candidate for metal-base and
permeable-base transistors.

Interface atomic structures

The atomic arrangements at an interface determine the
interface properties. Experimentally determined inter-
face atomic structures'® have been used for the calcula-
tion'' of interface electronic properties showing their
dependence on interface atomic geometry. This shows
the importance of the determination of interface atomic
geometry. We have used the XSW technique to deter-
mine the structure of the CoSi,(111)/S1(111) 1nterfaces
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Figure 3. a, Top view of the sample showing azimuthal orienta-
tions; b, schematic diagram showing surface nﬁrmal (), Ag(lll)
and Si(111) diffraction planes, asymmetry angles (y° ) and ¥*) and
tiit (3y) between Si[111] and Ag[lll] directions. > (= 4°) is the
miscut angle. (From Sundaravel ef al.®).

in the buried Si/CoSi,/Si(111) system”. The S1/CoSi,/Si
system with sharp interfaces was prepared by ion im-
plantation of Co into Si(111) crystals, that is, by ion
beam synthesis'®. In the usual ion implantation process
the modified layer has a blurred interface. In such a case
incorporation of implanted Au atoms into the LiNbO;
lattice and the initiation of clustering have been studied
by the XSW technique in conjunction with other tech-
nigues’°. Formation of metallic clusters in dielectrics by
metal 1on implantation is an important method for the
fabrication of nonlinear optical elements.

Chemisorption and desorption on surfaces

Surface atoms on a clean single crystal surface, because
of the missing atoms on one side, experience different
Interactions compared to those deep inside the crystal.
This often leads to new equilibrium surface atomic
structures, That 1s to say, the surface is reconstructed.
Often the effect of the missing atoms can be partly re-
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Figure 4. HRXRD results with MoK, X-ray beam incident

(@) towards [112]} and (b) towards [112] directions. Note at what
angles (6) diffractions occur. [The Bragg angle (85) for Si(111) re-
flection is 6.492°]. (From Sundaravel et al.").

stored by chemisorption of a different kind of atom on
the surface. This can remove the reconstruction. The
behaviour of and the interactions on a surface can be
understood through the studies of chemisorption and
desorption processes and the related electronic proper-
ties. For example, a clean Si(111) surface is (7 X 7)
reconstructed. Chemisorption of halogen atoms removes
this reconstruction and brings it back to the (1 X 1) un-
reconstructed structure, Electronic structures of such
chemisorbed systems'* can be compared with those of
the bare Si1(111) (7 X 7) surface for a better understand-
Ing of surface interactions.

We studied bromine chemisorption and its desorption
behaviour on silicon (111) and Si(100) surfaces by X-
ray photoclectron spectroscopy (XPS). We tdentified a
relationship between thc dusorption rate and the chemi-
cal shift of Br 3p levels'”. The larger desorption rate on
a S1(100) surface was attributed to the presence of two
dangling bonds per surface Si atom, which are difficult
to saturate by Br chemisorption due to a steric hin-
drance. On a Si(111) surface there is one dangling bond
per surface Si atom and apparently no such problem
arises'®. A Br 3p photoclectron spectrum and the Br
desorption behaviour are shown in Figure S,
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Figure 5. a, Br 3p photoelectron spectrum from a Br-adsorbed
Si(111) surface; b, normalized Br coverage (8/6,): the decreasing
value with time indicates desorption [8 = 6 exp(—kp!)]). The desorp-
tion rate constants for Si(l11} and Si1(100) surfaces are 0.006 and
0.022 per hour, respectively, Imitial Br coverage 6
(~5 x 10"* atoms/cm?) in both cases was less than one complete
atomic layer. (From Sekar er al.*’).
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Conclusion

Here we have presented a brief account of our research
activities in the area of surface and interface science
limiting the discussions on X-ray characterizations. We
are in the process of developing a molecular beam epi-
taxy (MBE) facility for growing high quality epitaxial
layers under ultra-high vacuum conditions. The poten-
tials of our X-ray characterization techniques, especially
of XSW', could not be effectively utilized for the lack
of an appropriate sample preparation facility. With a
facility for MBE growth, this situation is expected to
change 1n the near future.
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