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Preface

This book is a collection of selected papers, mostly invited, presented at the
International Conference on Physics at Surfaces and Interfaces (PSI2002). The
conference was held at Toshali Sands, Puri, India from March 4 to March 8,
2002 and organized by Institute of Physics, Bhubaneswar, India.

The conference had presentations on experimental and theoretical aspects of
(a) growth on surfaces, (b) multilayers, (c) structural, electronic and magnetic
properties, (d) semiconductor heterostructures, (e) quantum devices, (f) catalysis,
(g) surface and interface modifications by ion-solid interactions and (h) new
techniques.

Some invited talks presented in the conference are not included in this
volume due to the publication of the material elsewhere or other commitments of
the speakers. However, they had an important impact on discussions. Interested
readers are encouraged to consult appropriate references. For this purpose these
talks are listed here. Contributed oral and poster presentations are also listed.

I wish to acknowledge the organizations and individuals whose contributions
made the successful organization of the conference and these Proceedings pos-
sible. T express my gratitude to the host institution and other sponsors: Board of
Research in Nuclear Sciences (BRNS), Mumbai and Department of Science and
Technology (DST), New Delhi. The support from Mack International, Mumbai,
is acknowledged.

Particular thanks go to the director of Institute of Physics, Bhubaneswar,
R. K. Choudhury, for providing suggestions and help in organizing the conference.
My thanks are due to other members of the local organizing committee. My
special thanks go to those doctoral students who provided their help, especially
D. K. Goswami, B. Satpati and K. Bhattacharjee, throughout including the
preparation of this volume. D. Pradhan has provided secretarial assistance in
organizing the conference. Suggestions from the members of the International
Advisory Committee have been an important contribution.

B. N. Dev
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Introduction

Since early sixties there has been a tremendous growth in the study of solid
surfaces and solid—solid interfaces. The interest has also been extended to
solid—electrolyte interfaces and liquid surfaces and interfaces. Understanding
various phenomena at surfaces and interfaces are not only of academic interest,
surface and interface properties also influence many areas of applications, for
example, lower dimensional structures in semiconductor devices. Quantum well,
wire and dot structures and the related device physics are widely studied. These
Proceedings dealing with the physics at surfaces and interfaces have been
organized in four sections in the following scheme.

Section | deals with theoretical and experimental aspects of the structure and
morphology involving clean surfaces and adsorbed layers on surfaces. The
articles also deal with vacuum deposition, electrodeposition, catalytic behaviour
and electronic structure.

Section 2 deals with the structure and transport in quantum structures. Semi-
conductor devices with quantum well structures, spin transport in 2DEG, metallic
quantum wire on semiconductors and semiconductor quantum dot structures are
the subject matter of this section.

Articles dealing with basic aspects and interdisciplinary applications of
layered synthetic microstructures (LSMs) are presented in section 3. Analysis of
interface roughness and layer composition of LSMs, fabrication of hard X-ray
telescopes with LSMs for X-ray astronomy and the effect of diffusion across
interfaces of such multilayer systems are presented here.

Interaction of energetic ion beams with solid surfaces lead to various kinds
of surface modification. An understanding of such interactions has provided new
surface analytical tools and has been useful in semiconductor device fabrication.
Section 4 deals with semiconductor surfaces exposed to ion beams and ion
irradiated semiconductor multilayers.

XV
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CLEAN SURFACES AND ADSORBED LAYERS:
STRUCTURE AND MORPHOLOGY



HONEYCOMBS, TRIANGLES AND BRIGHT STARS: THE
ADATOM-INDUCED RECONSTRUCTION OF PT(111)

SHOBHANA NARASIMHAN AND RAGHANI PUSHPA

Jawaharlal Nehru Centre for Advanced Scientific Research,
Jakkur PO, Bangalore 560064 India

E-mail: shobhana@jncasr.ac.in

We have studied the reconstruction of Pt(111) theoretically, using a two-
dimensional Frenkel-Kontorova model whase parameters have been determined
from ab inttio calculations. In agreement with experiment, we find that the surface
does not reconstruct under normal conditions. However, if the chemical potential
is lowered, e.g., by the presence of adatoms, the surface reconstructs into a pattern
of FCC and HCP domains, whose size and geometry is very sensitive to the pa-
rameters. As the surface layer densifies, the pattern of domains evolves smoothly
from honeycombs to triangles to bright stars to a Moiré pattern.

1 Introduction

1.1 Surface Reconstructions

When a bulk crystal is cleaved, atoms near the surface lose neighbours, and as
aresult are no longer under equilibrium at their bulk-truncated positions. The
resulting rearrangement of atoms near the surface may be small or drastic,
depending on the nature of the material and the direction of the cut. When
the periodicity and/or symmetry of the surface structure differs from that
obtained by a simple bulk truncation, the surface is said to have reconstructed.
If the surface reconstructs, the altered structure can have large implications
for growth and chemical reactions taking place on the surface.

The (111) surfaces of face-centered-cubic (FCC) metals were thought to
be immune to reconstruction, as their bulk-truncated structure consists of a
close-packed atomic arrangement which was presumed to be stable. However,
experiments have shown that Au(111) reconstructs into a complex herring-
bone structure, and Pt(111) can be induced to reconstruct.

1.2 Ezperimental data on Pt(111)

Pt(111) is one of the most important systems in surface science, due to its
importance as a catalyst in many commercially important syntheses. There-
fore, any information about its structure and properties is of great interest.
Experiments have shown that while the surface is unreconstructed under nor-
mal conditions of temperature and pressure, it can be induced to reconstruct
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either by heating it to 1330 K,! or by depositing a large number of adatoms
on the surface, by placing the surface in a supersaturated Pt vapour.? In
both cases, the reconstructed structure (observed by X-ray diffraction! and
scanning tunneling microscopy (STM)?) consists of domains of FCC stacking
alternating with faulted areas of hexagonal close packed (HCP) stacking. The
FCC and HCP domains are separated by partial misfit dislocation domain
walls where atoms sit at bridge sites; these domain walls form either a honey-
comb network!? or, on certain dense terraces, a pattern of interlocking wavy
triangles.? The periodicity of these patterns varies from about 100 to 300 A.

In this paper, we would like to confirm and understand these experimental
results. In particular, we would like to understand the factors controlling the
presence/absence of the reconstruction, and its geometry and spacing. Such
questions assume greater importance in the light of work which has shown that
such long-period reconstructions formed by networks of misfit dislocations can
be used as templates for synthesizing nanostructures comprised of regularly
spaced arrays of islands.®®

2 Calculations

2.1 Frenkel-Kontorova Model

Reconstructions like that seen on Pt(111) result from a competition between
three effects: (i) surface atoms would like to be closer together than the bulk
spacing and thus increase the density in the surface layer (ii) it costs energy
when surface atoms lose registry with the substrate (iii) in general, it costs
energy to supply the extra atoms needed to increase the density in the top
layer. These three effects are included in the Frenkel-Kontorova model,® where
the Hamiltonian of the system is given by

H=Y Vi(l:)+Y_ Vi(rj) + TN (1)

)

The three terms in the Hamiltonian correspond to the three factors listed
above. V,, is the interaction between nearest neighbour surface atoms which
are connected by bonds of length [;; it has a minimum at a value l; = b < a,
where a is the bulk nearest neighbour spacing. The effects of the layers below
are contained in the substrate potential V,; this is an external potential in
which the surface atoms j sit at positions r;. Finally, the last term accounts
for the fact that the unreconstructed and reconstructed surfaces have different
numbers of atoms per unit cell. N is the total number of atoms, and I' is a
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chemical potential whose value changes when the additional atoms come from
the bulk, step edges, adatoms, etc.

We obtain Vi,, Vi and I' from ab initio density functional theory calcu-
lations, as described below.

2.2  Details of Ab Initio Calculations

Ab Initio calculations were performed to obtain the parameters for the
Frenkel-Kontorova model. These were carried out using the PWSCF package,”
with ultrasoft pseudopotentials and a plane wave basis with a cut-off of 20
Ry. The cut-off was increased to 160 Ry for the augmentation charges as-
sociated with the use of the ultrasoft pseudopotential. Exchange-correlation
interactions were treated using the Ceperley-Alder form of the local density
approximation.® For surface calculations, a supercell consisting of 9 layers of
atoms and 6 layers of vacuum was used. Bulk calculations were carried out
using 110 k-points in the irreducible Brillouin zone (IBZ) of the FCC struc-
ture, and surface calculations were carried out using 27 k-points in the IBZ of
the (1 x 1) surface cell. To determine the adatom adsorption energy, a larger
(3 x 3) surface cell with a single adatom adsorbed at an FCC site was used; the
number of k-points was reduced commensurately. We obtain the bulk lattice
constant ap as 3.92 A, which is in excellent agreement with experiment.

2.8 Determination of Surface-Surface Interactions

Fig. 1 shows our ab initio results for the variation in the surface stress & of a
slab of Pt atoms with (111) faces when the in-plane nearest-neighbor distance

0.020 \ .
i 0.000

<
>
c
o -0.020 - 1
-0.040 —— : : :
255 260 265 270 2.75 280
I, (A)

Figure 1. Ab initio result for the variation in the surface stress o of a slab, with the in-plane
nearest neighbor distance I,,.
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lzy is varied. (For the bulk-truncated surface, l;y = a = 2.773.) The con-
vention used is that negative/positive o corresponds to tensile/compressive
stress. The first interlayer spacing ds is relaxed for each l,,, and it is
therefore a good approximation to assume that the surface stress arises
entirely from the bonds between surface atoms. One can then use the
formula ¢ = —(ﬁ/l,y)(am,/a!w] to obtain the interaction V,, between
nearest-neighbour surface atoms. Upon approximating by a Morse potentlal
Vis = Ap{1— exp[ Aj(a—b)]}?, we obtain Ag = 60.2 mRy, 4; = 2.062 A1,
and b = 2.638 A; note in particular that b < a.

2.4 Determination of Surface-Bulk Interactions

In the Frenkel-Kontorova model, the effect of the bulk layers on the surface
layer is described by an external potential Vi, which contains information
about the energy penalties when the surface layer loses registry with the
substrate. We obtain these from ab initio computations of the change in the
total energy of the slab when the surface layer occupies sites other than the
most favoured FCC site. We find that the energy cost of these surface stacking
faults for HCP, bridge and top sites is, respectively, Vg = 5.05 mRy, Vp = 5.89
mRy, and Vr = 11.85 mRy. The value of V,; for an arbitrary position (z, y)
of a surface atom is then given by expanding in a two-dimensional Fourier
series about these values:

%b(:'c! y)
= (3Vp + V1)/4

— (Ya2vz) {cos [ 22y + cos (2w + )] + cos [ (= — %)]}

+ (Y — ¥2) Lcos [422] + cos [ (x + V3y)] + cos [ (z - V3y)]}

+ (%) {snl2G+ Hl-sinl Bl - - BN}, @)

This expression has global minima (=0) at FCC sites, and local minima (=
Vi = 5.05 mRy) at HCP sites.

2.5 Determination of the Chemical Potential

The last term in Eq. 1 involves the chemical potential I'. This specifies the
difference in energy between an atom sitting in the unreconstructed surface
and an atom sitting at the site it occupies (bulk, step edge, adatom, etc.) be-
fore it is brought into the surface layer to increase the density of the surface.
This quantity can be calculated from ab initio calculations of the surface en-
ergy, bulk cohesive energy, adatom adsorption energy and kink site adsorption




energy. Accordingly, we obtain I';, = 50.56 mRy for bulk atoms, I'y = -67.12
mRy for adatoms, and I'; = 50.56 mRy for kink atoms.

2.6 Energy Minimization

Now that we have all the parameters for the Frenkel-Kontorova model, we
find the optimal surface structure, as a function of the chemical potential T,
by minimizing the surface energy v = E/A, where FE is the total energy given
by Eq. 1, and A is the area of the surface. We consider two cases, that of
uniaxial compression (along the [110] direction, n + 1 surface atoms sit in n
substrate spacings, so that the density is increased by (n + 1)/n), and that
of isotropic compression in the surface plane (the density is increased by a
factor of [(n + 1)/n]?). For the latter case, we have an additional parameter
8, which specifies the angle between the unit vectors of the surface layer and
the substrate. Fig. 2 shows our results for A+, the difference in the surface
energies of the reconstructed and unreconstructed surfaces, as a function of
the unit cell size n. We have shown results for the two extreme values of
chemical potential, Ty (all extra atoms come from bulk sites) and T, (all
extra atoms come from adatoms). If the surface reconstructs, the curve of Ay
vs. n will have a minimum at a finite value of n.

From Fig. 2, it is clear that the surface will not reconstruct if all extra
atoms come from the bulk (or from step edges, since 'y & T',.) However, if
all extra atoms are from adatoms, the surface reconstructs, with the isotropic
(threefold) reconstruction favoured over the uniaxial one. As T is increased

T T T T ™
G-—@© uniaxial, T,
&——-8 uniaxial, I',
d—¥ isotropic, I,

Figure 2. Ab initio result for the variation in the surface stress o of a slab, with the in-plane
nearest neighbor distance [z



from I'; towards I'y (more of the additional density come from atoms initially
in the bulk or at step edges, less from adatoms), n is increased. However
once I' crosses a threshold value of 36 mRy, it is no longer favourable for the
surface to reconstruct.

These results agree with the experimental finding that Pt(111) does not
reconstruct under normal conditions, but reconstructs into a pattern with
threefold symmetry in the presence of a large number of adatoms (due to the
presence of a supersaturated Pt vapour).

It should be noted that our “isotropic” structures consist of sixfold atomic
coordination throughout; i.e., there are no point dislocations. Certain sur-
faces, such as Au(111), which reconstructs into a “herringbone” structure,®1°
do display a regular array of point dislocations. However, for Pt(111) we find
that structures containing point dislocations are not energetically favourable.

2.7 Domain Patterns

In order to compare with experimental STM images, and to get a clear picture
of the periodicity and geometry of the arrangement of FCC and HCP domains,
we use our theoretical results for the favoured atomic arrangement to simulate
STM images. In order to do this, we obtain the atomic corrugation using a
formula similar to Eq. 2, in which we replace Vg, Vg and V3 (the values of
the substrate potential at HCP, bridge and top sites) by the corresponding
heights hg, hp and hr respectively, to obtain the height k(z,y) of an atom
at a general position (z,y) on the surface. The values of the heights at HCP,
bridge and top sites, relative to the FCC sites, are obtained from our ab initio
calculations on surface stacking faults, where we find that the height of the
top layer changes with the site that it occupies. We get hy = 0.03 A4, hp =
0.07 A, and hy = 0.29 A, i.e., atoms at top sites are raised the most, and
atoms at bridge sites are raised by a smaller amount, relative to atoms at
FCC and HCP sites, as expected.

To obtain a map of the surface corrugation (similar to an STM image), we
then draw atoms at all the positions determined by minimizing Eq. 1, shading
each atom according to its height h(z, y), with lighter shading corresponding
to a greater height. In order to see domain patterns clearly, we use a nonlinear
grey scale, with white, light grey, dark grey and black corresponding to atoms
at top, bridge, HCP and FCC sites respectively.

Fig. 3 shows how the domain patterns evolve as the density in the top layer
is increased (i.e., n is decreased) for the isotropic case. Note that progressively
smaller values of n are favoured by lower values of the chemical potential T'.
Also, as the density in the top layer is increased, we find that the angle of




Figure 3. Simulated STM images of the Pt{111) surface, showing the evolution of the
domain patterns as the density is increased (and n decreased) isotropically. The value of n
is (a) 70 (b) 70 (c) 50 (d) 30 (e) 20 (f) 10. (a) and (b) differ in the value of 8, in (a) @ = 0,
whereas in (b) ¢ is optimized to 0.14°. The black/white line marked in each image has a
length of 50 A.
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rotation @ increases, in an approximately linear manner.

Figs. 3(a) and 3(b) show the domain pattern for n = 70, corresponding
to a density increase of 2.9%, with # = 0, and @ at its optimal value of 0.14°,
respectively. Tt can be seen that the domain walls (bridge sites) separating
the large hexagonal FCC domains from the narrow HCP domains form a
honeycomb network that bears a striking similarity to experimental STM
images of the Pt(111) surface.?® At alternate vertices of the hexagons in
Fig. 3(b), one sees “bright rotors”. Atoms here sit at top sites, and the
domain walls that stem from these bright areas have a twist that results from
the slight rotation of the top layer relative to the substrate.

In Figs. 3(c) and (d), n has been reduced to 50 and 30 respectively. It
can be seen that alternate vertices of the hexagon become rounded, so that
the honeycomb network is transformed into a pattern of interlocking wavy
triangles. This arrangement of domains has been seen experimentally on dense
terraces of Pt(111).3 Such a pattern has also been observed for Na/Au(111),!!
and for 3 ML of Cu/Ru(0001).1?

Fig. 3(e) shows what happens when n is further reduced to a value of 20.
The wavy domain walls of Figs. 3(c) and (d) straighten out, resulting in a
“bright star” pattern. In order to observe this experimentally for Pt(111), it
would be necessary that nearly all the excess surface density be provided by
an initial deposition of adatoms, which is unlikely, and this pattern has not
been observed for Pt(111). It has, however, been observed on other surfaces,
e.g., Ni/Ru(0001).13

Finally, in Fig. 3(f), we show what happens when the surface layer is
highly compressed, with n = 10. This situation is highly energetically un-
favourable for Pt(111), and results in a Moiré pattern, with the compression
distributed almost uniformly through the surface. This pattern has also been
observed on other surface systems, e.g., 4 ML of Cu/Ru(0001).%?

What is noteworthy about the sequence of images shown in Fig. 3 is that
there is clearly a smooth transition between the different domain patterns,
which are all seen to be topologically equivalent. This shows that the va-
riety of domain patterns seen on different surface systems arises not from
any fundamental physical differences, but merely from a slight variation in
parameters.

3 Summary

Using a Frenkel-Kontorova model parametrized entirely by ab initio calcu-
lations, we have studied the reconstruction of Pt(111). In agreement with
experiment, we find that the surface does not reconstruct under normal con-
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ditions. However, if the chemical potential is lowered slightly (as happens in
the presence of a large number of adatoms, when the surface is placed in a
supersaturated Pt vapour), the surface reconstructs, with a periodicity and
geometry determined by the chemical potential.

In fact, one can show by a stability analysis'* that the unreconstructed
Pt(111) surface lies almost at the stability boundary, i.e., it is only just stable.
Thus, slight perturbations — as provided by the supersaturated Pt vapour, or
by the thermal expansion of interlayer spacings upon heating the crystal —
suffice to drive the surface into a reconstructed state. Given the importance
of Pt(111) as a catalyst, it is certainly interesting to note this structural
instability.

When the chemical potential is lowered below its threshold value of 36
mRy, the surface reconstructs into a pattern characterized by a misfit dis-
location domain wall network that forms either a honeycomb pattern or a
tiling of wavy triangles. Simulated STM images of these structures bear a
striking resemblance to the experimental images. In particular, we too obtain
“bright rotors” that result from a slight rotation of the top layer relative to
the substrate.

Though it is energetically unfavourable for Pt(111), if the density of the
top layer is further increased beyond that at which one sees the wavy triangles,
one obtains a domain pattern of “bright stars” and, ultimately, a Moiré pat-
tern. Though these patterns are not seen on Pt(111), they have been seen on
various heteroepitaxial surface systems. We see smooth transitions between
all these domain patterns, obtaining a unified description for all the different
patterns seen on various surfaces.

We believe that the techniques used in this paper can be successfully
applied towards designing systems of misfit dislocation patterns with desired
spacings, that can be used as templates for growing nanostructures.
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We have built an experimental set-up including a scanning tunneling microscope in
order to study the behaviour of catalytic surfaces in environmental conditions close to
that needed in catalysis (pressure of gas, temperature). We have studied gold surfaces
under gas pressure since gold was recently found to be highly active in the low
temperature catalytic oxidation of carbon monoxide without combustion of hydrogen.
We have followed real-time morphological modifications of Au(111) surfaces under
elevated pressures (1 bar) of hydrogen and oxygen. We have also studied the adsorption
of CO on Au(110)-(1x2) reconstructed surface and observed in-situ by STM the dramatic
change of the morphology of the terraces under the influence of the CO pressure (up to
670 mbar) on the structure of the surface. Complementary XPS and TRRAS
measurements were also performed and show CO dissociation the surface.

1. Introduction

Surface structure and catalytic properties of metals are often intimately related.
Well-known surface structures (or reconstructions) in UHV conditions may vary
and evolve under gas pressure. Scanning tunnelling microscopy (STM) may
yield information on surface morphology and structure down to atomic level, It
is thus a well suited technique to follow in situ surface modifications due to gas
environments at relatively high pressures [1, 2]. In this paper we present results
obtained with an STM experimental set-up built in our laboratory [3] in order to
study the behaviour of catalytic surfaces in environmental conditions close to
that needed in catalysis (pressure of gas, temperature). We have chosen to
perform our studies on gold surfaces, We present evidence of surface
modifications followed by STM for the systems Oy/Au(111)-glass, Hy/Au(111)-
glass and CO/Au(110).

Gold has been generally considered not to be a reactive metal, and therefore
a priori not interesting for applications in heterogeneous catalysis. However,
recent works have demonstrated the ability of gold to be highly active in the low
temperature catalytic oxidation of carbon monoxide without combustion of
hydrogen [4] which is a reaction of interest to eliminate traces of carbon
monoxide in hydrogen, necessary for applications such as in fuel cells. The
active sites to couple favourably the CO molecules, and to dissociate oxygen, are
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not well understood. It is frequently postulated that the support has to play an
important role in this catalytic process. However, it 15 sometimes proposed that
gold itself can be reactive, if it is either in the shape of very small particles or in
the shape of surfaces exhibiting sites of particular geometries, with low
coordinated atoms. Our work follows this latter hypothesis.

2. Experimental methods

We have built an STM experimental set-up based on an OMICRON MicroLH
STM and allowing in-situ observations under gas pressure (10 - 10° mbar) and
variable temperature (120 - S00 K). The set-up consists in two chambers
communicating through a gate valve permiiting sample and tip transfers with a
magnetic drive. The preparation chamber is equipped with an ion gun and a
infra-red lamp in order to perform surface cleaning and restructuring (ion
bombardment/annealing cycles) as well as high temperature treatments (up to
1273 K). The STM chamber contains the Micro LH and the sample/tip
carrousel. The Micro LH STM has been slightly modified in order to be
compatible with pure gas high pressure (O,, Ha, ...) : gold plating of the parts
sensitive to oxidation and/or hydrogenation (heating wires, magnets) and
protection of the piezoelectric tube. The latter allows scans up to 15 um and
height measurements up to 2 pm. Electrochemically etched Ptlr (80:20) tips
were used for the STM observations. The vibration damping is assured by four
air "cushions"”. The gas introduction line is equipped with filters for impurities
(H,0, ...) present in the commercial gases. In the case of CO particular care was
taken in order to avoid as much as possible nickel deposition on the surface
through decomposition of nickel carbonyls either present in the CO sources or
produced in the gas line.

Concerning the Au(111)-glass, sample preparation is rather simple. The as-
deposited Au film on glass is rough; in order to obtain a well organized surface
with flat terraces (Figure 1) ex-situ flame-annealing in air or in situ annealing
under UHV have been performed with similar results.

Figure 1. Large scale (200 nm x 200 nm) STM topographic image of the [111]-oriented Au surface.
All steps are monoatomic (0.24 nm)
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The Au(110) single crystal was cleaned in UHV by repeated series of argon
ion sputtering and annealing at 610K which is lower than the 3D-roughening
transition temperature and yields a (1x2) reconstruction [5].

During STM experiments on both surfaces, variation of tunnelling current
(0.1 -2 nA) and of bias (0.02 — 1'V) did not induce modifications on the images.

In the case of CO adsorption on Au(110) reflection absorption infrared
spectroscopy (RAIRS) was also performed in a separate set-up. RAIRS spectra
were obtained with a Thermo Nicolet NEXUS Fourier transform infrared
spectrometer (FTIR) in specular reflection mode under grazing (8°) incidence. A
ZnSe polarizer is inserted in the path of the incoming beam in order to select
either the s-polarized (perpendicular to the plane of incidence) or the p-polarized
(parallel to the plane of incidence) component of the light. Acquisition of spectra
with p and s polarization (Ip and Is) followed by calculation of the AR/R= (Ip-
Is)/(Ip+1s) yields direct information on the adsorbed species since the
contribution of the gas phase (isotropic and insensitive to polarization) is
eliminated from the spectra. The surface was controlled by XPS and/or AES
before and after the adsorption experiments.

3. Results and discussion

3.1 8STM performances under UHV and high pressure conditions : O,
HyAu(111)

Under high vacuum conditions (2 10 mbar), atomic resolution has been readily
obtained on the [111]-oriented terraces (Figure 2a). Distances around 0.29 nm
corresponding to <110> directions are observed. The corrugation is less than
0.02 nm. At lower resolution the “herringbone” reconstruction characteristic of
the Au(111) surface [4] could also be observed (Figure 2b). Corrugation is 0.03
nm.

——

Figure 2. (a) atomic resolution STM image (8 nm x 8 nm) obtained on Au(111) terraces. (b) the
“herringbone” reconstruction on the Au(111) surface (image : 75 nm x75 nm)
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High resolution STM imaging of the Au(111) surface exposed to high
pressures (1 bar) of oxygen and hydrogen becomes more difficult than under
UHYV. This is mostly related to the fact that atoms and islands on the surface are
rather mobile. Nevertheless, we could achieve atomic resolution under 1bar of
O; at 370K (Figure 3a) and we were able to observe the “herringbone”
reconstruction under 1 bar of H, at 330K (Figure 3b). When compared to UHV
results, these observations do not show any peculiar structural differences.

Figure 3. (a) Topographic STM image (8 nm x 8 nm) showing atomic resolution in a Au(111)
surface under oxygen pressure (1 bar) at 370K. (b) "Herringbone" reconstruction of the Au(111)
surface under 1 bar of hydrogen at 330 K (image is 33 nm x 33 nm).

However, in the presence of oxygen and hydrogen we have observed
dynamic effects on the surface. In Figure 4, obtained at room temperature under
1 bar of oxygen, we present 6 consecutive images (the original film contains 93
images) from a region where we were able to follow in real-time (one image
every 8 seconds) the diffusion of monoatomic-high islands and their re-
arrangement with the terraces. Similarly, under 1 bar of hydrogen at room
temperature, it was possible to follow the coalescence of two monoatomic-deep
holes on a terrace (Figure 5) which is possible if the atoms at the borders of the
“hole™ are mobile. This clearly shows the mobility of the gold surface under gas
pressure.

Concerning the performances of our system we have seen that structural
information can be obtained from UHV to 1 bar under controlled environment
and that morphological changes due to a given environment can be followed in
situ in real-time (one image in several seconds). This allows molecular
adsorption studies on metallic surfaces at high pressures which are more
compatible with catalytic reaction conditions than UHV.



Figure 4. (a-f) Evolution of the gold surface under 1 bar of oxygen at room temperature. (51 nm x
51 nm images acquired every § seconds). Height of steps and islands is monoatomic (0.24 nm).




Figure 5. (a-f) Evolution of the gold surface under 1 bar of hydrogen at 330K. (100 nm x 100 nm
images acquired every 13 seconds). Height of “holes” in the terrace is monoatomic (0.24 nm).
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3.2 CO/Au(110)

Au(110) surface reconstructs in a (1x2) missing-row geometry when it is
annealed under vacuum at temperatures around 610K (Figure 6a-insert). The
morphology of the surface is presented in Figure 6a where large anisotropic
terraces (height : 0.15 + 0.02 nm) aligned in the <1 1 0> can be observed. This
alignment is directly related to the (1x2) reconstruction. After exposure to CO
and, whatever the pressure (1 — 670 mbar), this anisotropy is lifted and the
monoatomic-high terraces are smaller and have a more isotropic shape (Figure
6b-c). This indicates a deep restructuring of the surface induced by the
adsorption of CO. Equivalent pressures of nitrogen do not induce restructuring
of the surface. The height of the terraces observed after restructuring is identical
to that observed before restructuring (0.15 + 0.02 nm) and remains consistent
with the distance between two successive Au(110) planes. This restructuring
occurs very rapidly (within less than 5 minutes under CO).

’i?igun 6. Evolution of the gold surface with increasing CO pressure. (a) 10° mbar, insert : high
resolution image showing the (1x2) reconstruction with 0.82 nm distances between <1 1 0> rows,
~ arrows indicate the <1 10> direction ; (b) 1 mbar; (c) 40 mbar, (d) 670 mbar. Images are 350 nm
~ %350 nm (except insert in (a)). Height of steps and islands is monoatomic (0.15 nm).
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We believe that lifting of the anisotropy of the terraces can be reasonably
associated to a transition from a (1x2) to a (1x1) surface atomic arrangement
although this has not been directly observed in the STM images. After
evacuation to 3 10" mbar, the surface morphology remains unchanged, showing
the previously described isotropic terraces (Figure 7). However, a roughening of
the surface of the terraces is now observed in the STM images. The roughness
details are randomly distributed on the terraces and have heights around 0.05
nm. In parallel to these observations RAIRS experiments performed in the same
pressure conditions show the presence of linearly adsorbed CO. The intensity of
the CO stretching contribution decreases with time of exposure to CO until it
completely disappears. Following this, further adsorption of CO is no longer
possible. After these experiments XPS and AES analysis of the surface show the
presence of carbonaceous residues that can be associated with the roughness
details observed in the STM images (Figure 7) [6].

Figure 7. STM image (150 nm x 150 nm) of the gold surface after exposure to CO and evacuation
3 10 Height of steps and islands is monoatomic (0.15 nm). Roughness details are around 0.05 nm
high.

The presence of carbon residues on the surface indicates the dissociation of -
CO on Au(110). Such behaviour is can be associated with fact that the Au(110)
surface is an open surface with low-coordinated atoms that can be compared to
kink and step atoms which are known to be more reactive. The randomly
distributed carbon residues indicate that dissociation occurs on the terraces.
Dissociation most probably proceeds via the Boudouard reaction following 2CO
— CO,, +C.. A similar behaviour has been recently observed for Pt single
crystals [7].
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Conclusion

Our STM experimental set-up allows structural and morphologic studies of
surfaces under high pressures (up to 1 bar) of gases opening possibilities to study
adsorption and reaction in conditions close to that of catalytic reactions.

CO adsorption on Au(110) at pressures between 1 and 670 mbar induces a
deep restructuring of the surface observed by STM. Equivalent RAIRS
experiments show a decrease with time of CO stretching contribution leading to
the presence of carbon residues on the surface detected by XPS and imaged by
STM. These results lead to believe that CO dissociation occurs on Au(110)
surface. This peculiar reactivity could be a specificity of open (110) faces which
could have important issues in catalysis by gold.
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The in-situ and ex-situ use of x-ray methods to investigate the structure of
semiconductor-electrolyte interfaces is discussed, with examples of several systems
studied. The design of electrochemical cells for investigating in-situ potential controlled
and dynamic electrochemical processes 1s described, together with applications of their
use. The variety of metal structures availble from electrochemical depostion is shown, by
describing Cu deposition on GaAs, electroless deposition of Au on Si, and potential
controlled deposition of Au on Si. Examples of the benefit of using surface x-ray
diffraction, and x-ray standing waves to investigate metal depostion on semiconductor
surfaces are given.

1. Introduction

Metal deposition on semiconductors is of great interest due to the
importance of ohmic and Schottky-type contacts in microelectronics.
Considerable progress has been made in the understanding of evaporation
procedures for metal deposition by surface and structural studies under UHV
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conditions. In contrast, electrochemical deposition of metals onto semiconductor
surfaces has been less widely studied, yet this represents a low cost “all-wet”
preparation route that may be easily integrated into the chemical processing of
semiconductor surfaces. Monitoring of the electrochemical characteristics (e.g.
potential - current dependencies) [1] of the system during deposition does not
give direct information about the structure of the surface-electrolyte interface
and the deposit. Therefore, studies of semiconductor surfaces during
electrodeposition by structure sensitive techniques, especially in-sifu, are vital.
Metal electrodes have been studied extensively by both in-situ and ex-situ
techniques [2,3] and this has led to a great deal of information regarding the
mechanism of electrochemical reactions at metal surfaces. A similar approach to
semiconductor electrode surfaces is hoped to bring a greater understanding of
the processes occurring during metal deposition.

The fundamental aspects of metal growth by electrochemical deposition are also
of great interest, as the applied electrode potential, and electrolyte composition
can be used to influence the nucleation and growth mode. The distinctive feature
of electrochemical control is that it allows the electrode potential, and therefore
the electrochemical potential at the substrate surface, to be carefully controlled,
which allows metal deposition both at, and far away from, equilibrium
conditions. The examples below describe a wide range of metal deposit
structures, including isolated atoms in ordered ‘wetting layers’ or substituted in
the semiconductor atom sites, and epitaxial islands, or clusters aligned along
stepped surfaces.

Surface structure sensitive techniques such as atomic force microscopy (AFM)
and scanning tunnelling microscopy (STM) may be used to retrieve useful
information regarding the shape and distribution of the metal deposit. However,
in-situ STM for semiconductor-electrolyte interfaces is often very difficult.
Furthermore, surface x-ray diffraction (SXRD) and crystal truncation rod (CTR)
scattering gives information not accessible by other experimental methods, for
example, the ‘roughness’ of the substrate, and the lattice structure and
correlation lengths of deposited clusters. A detailed review of the use of SXRD
and CTR measurements in sample characterization has been given in [4]. X-ray
standing waves (XSW) measurements produce element specific information
regarding the position, and degree of ordering of the deposited layer. The theory
and applications of such experiments has been described in [5].
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2. Experimental

2.1. Characterization of samples

In addition to the electrochemical information recorded e.g. during cyclic
voltammetry, AFM imaging was used for structural information, and to
determine the shape and distribution of deposited islands. All ex-siru atomic
force microscopy (AFM) experiments (unless otherwise stated) were performed
m air with a Pico-SPM (Molecular Imaging Corporation, Tempe, USA) that
operates in contact mode, using Si cantilevers (Park Ultralever 0.6 pm) with a
spring constant of 0.31 Nm™ as specified by the manufacturer. Rutherford Back
Scattering (RBS) was used to obtain information about the amount of metal
deposited, and was carried out after sample measurement, to calibrate the
coverage of each series of samples,

2.2. Description of beamlines

SXRD data were recorded using the z-axis diffractometer at the BW2
wiggler beamline HASYLAB, Germany as described previously [6]. The XSW
experiments were carried out at beamline X15A of the National Synchrotron
Light Source, Brookhaven National Laboratory, USA, and the experimental set-
up is described in [5]. More recent SXRD and XSW measurements were carried
out at beamline ID32, ESRF, Grenoble. ID32 is a windowless beamline, with 2
undulators, operating over a photon energy range of 2.5 to 40 keV, equipped
with a Si(111) monochromator, and a plane mirror for vertical focusing of the
beam and rejection of higher harmonics from the double-crystal Bragg-
monochromator. The photon flux at the sample position is 10" photons/sec at 10
keV photon energy and an electron beam current of 200 mA with an unfocussed
beam size of 400x800um (horizontal x vertical). For SXRD and XSW in air, the
beamline is equipped with a four-circle diffractometer, a scintillation X-ray point
detector, and a Si drift diode fluorescence detector.

2.3. Electrochemical cells for in-situ x-ray studies

At all beamlines, in-situ sample measurements were carried out using one of
the electrochemical cells shown in Figure 1, which may be easily mounted and
aligned on the diffractometer. A ‘thin-layer geometry’ cell with a Mylar foil
window was used to study various semiconductor-electrolyte systems. The
design and operation of this cell has been described previously [7] and
essentially allows the study of electrochemical systems without mass transport at
different applied electrode potentials. To allow mass transport and diffusion, the
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Mylar window is inflated, and then deflated when the X-ray measurements are
carried out, whilst maintaining potential control. The thickness of the electrolyte
trapped between the window and the sample is of the order of 1-10 um. A ‘thick
layer’ in-situ cell with bulk electrolyte above the sample allows the study of
dynamical electrochemical processes [8]. A hemispherical quartz dome
(thickness ~ 100um), filled with electrolyte, surrounds the sample. The enhanced
absorption owing to the quartz and the 8 mm path through the electrolyte
requires measurements to be carried out at photon energies above 15 keV.

Mylar quartz
E, > BkeV ;!__fo|| E,>15keV I/dome

|\ reference

\ electrode countér i\ reference
: ) t

sample b) b sample electrode

Figure 1 in-situ electrochemical cells with (a) thin layer and (b) thick layer geometry

3. Results and Discussion

3.1. Gads
GaAs stripping

The preparation of smooth GaAs surfaces in UHV using ‘capped’ samples
has been well studied and characterised [9-11]. A MBE grown GaAs film is
capped with an amorphous As layer, which allows exposure to ambient
atmospheres, and the As layer can later be removed by annealing in UHV. A
comparable preparation route using electrochemical methods to strip the As
capping layer was devised.

Using the thick layer geometry in-situ cell [7] and a high purity 0.5M H,SOy
electrolyte, the reflectivity of the surface GaAs (220) peak, i.e. the (220) crystal
fruncation rod, was monitored at a small angle of incidence and at a constant
potential of 1.2V vs SCE [12]. An increase of the reflectivity occurs over a
period of around 2 hours, which is explained by the gradual stripping of the
amorphous As capping layer. A plateau in the reflectivity, which occurs
simultaneously with an increase in the electrochemical current is assigned to the
stripping of one or two layers of ordered As. The first few As layers on the GaAs
surface are well ordered, and therefore more difficult to strip than the amorphous
‘bulk’ As material. Thus, the well defined, MBE surface is recovered at the onset
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of the plateau. The thick layer geometry is required in these measurements, as
the stripping process occurs via electrochemical generation of atomic hydrogen,
which then etches the capping layer, producing gaseous AsH;. The large volume
of electrolyte above the sample surface is essential since it permits diffusion in
and out of both reaction partners and products.

GaAs:Cu

The electrochemical deposition of Cu on the GaAs(001) [13] surface has
been studied using the thin layer in-situ cell, and H,SO,/CuSO, electrolytes
[14,15]. The GaAs surfaces are degreased with acetone, then cleaned first in
NH;:H;O (1:1 by volume), then HCI:H,O (1:3 by volume) before insertion into
the cell at 0.6V vs. SCE. Under x-ray measurement conditions, the entire
sample surface (~2x2 mm’) was illuminated; this is necessary to avoid
inhomogeneous photopotential conditions on the sample surface during
electrochemistry.

GaAs:Cu - SXRD

After deposition from ImM CuSO,+0.5M H,SO, at —0.55V vs, SCE, in-
plane SXRD scans of the GaAs(001) surface clearly show the presence of 3D Cu
crystallites. These grow with Cu[100] aligned along the GaAs[110] direction,
and Cu[110] aligned with GaAs[100] [12,14]. This represents an unstrained fcc
Cu lattice epitaxial with the GaAs(001) surface. The mosaic spread of the
crystallites in-plane is around FWHM Aw= 4.5° indicating a significant
deviation from perfect alignment. The lateral size of the clusters is estimated at
around 30nm, and the vertical height around 10nm, (or around 55 layers of Cu in
the fcc packing geometry) as measured from the Cu(111)gy,;c Bragg reflection.
The total coverage deduced from the electric charge measured during deposition
was 50 dense packed Cu layers, i.e. 50 monolayers of 1.5x10" atoms cm™ each
on the GaAs(001) surface. The fact that the islands are just slightly thicker
means they have almost coalesced. The width from transverse scans through the
Cu(111)euic Bragg reflection is around 20° and 2 maxima are seen in the
scans. More careful investigation of the alignment of the Cu crystallites was
performed by scans at constant q (scanning motors p and ®) showing a titled
geometry of the crystallites on the GaAs(001) surface, with the tilt angle around
6°. No azimuths of the plane seem to be preferred, with crystallites tilted around
the epitaxial direction in a homogeneous ring as shown in Figure 2.
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Figure 2 Schematic showing the geometry of the Cu clusters on the GaAs(001) surface,
aligned along the GaAs[110] direction, and tilted with respect to the substrate surface
normal

GaAs:Cu - XSW

The first (sub)monolayers of Cu deposited electrochemically on the
GaAs(001) surface were found to occupy different sites from the majority of the
deposit formed at higher coverages (when cluster formation is preferred). There
is some diffusion of the Cu atoms a few nm into the bulk of the GaAs substrate,
which is more significant for n-type than for p-type samples. For an investigation
of atomic positions in the submonolayer range, XSW has been used to identify
the adsorption sites and occupancies [16]. Both n-type and p-type GaAs
substrates have been used, which were cleaned and then mounted in the thin-
layer electrochemical in-situ cell, using the same electrolyte as for the SXRD
measurements.

The coherent position values P measured for the (004) reflection normal to
the surface suggested a substitutional Ga site for Cu [16]. This is confirmed by
the off-normal XSW measurements, shown in Figure 3. The coherent fraction F
for both n-type and p-type substrates and for both reflections was relatively low
(F < 0.65), indicating that although the substitutional site is preferred, some Cu
atoms also occupy other sites within the GaAs host lattice. The coherent fraction
F decreases with the amount of Cu on the sample, and the coherent position P
changes slightly (the lowest coverage measured (0.2ML) showed P= 0.98, and
above 1ML P=0.90) indicating that the diffusion and substitution processes are
coverage dependent, with minority sites occupied at higher coverages. A
diagram of the GaAs lattice, indicating schematically the diffraction planes
utilized for the XSW measurements and the sites, occupied by Cu, is shown
below in Figure 3.
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Figure 3 XSW scans recorded at 10.2KeV for Cu deposited on GaAs(001) (a) 0.5 ML
Cu coverage for the GaAs(111) reflection, (b) 1 ML Cu for the GaAs(-1-11) reflection.
In both cases, P=0 corresponds to the Ga sites. (c) Shows schematically the orientation
of the lattice planes and the Cu atoms occupying Ga sites in the GaAs lattice.

c)

GaAs:Cu- Discussion and Summary

The initial deposition of Cu proceeds by diffusion and substitution of Cu
onto the Ga lattice site. As the coverage of Cu increases, clusters are formed
which are aligned in-plane to the GaAs surface high symmetry directions, but
which grow tilted with respect to the substrate surface normal.

3.2. Hydrogen terminated Si(111)

Flat monohydride-terminated Si(111) surfaces are easily produced from
clean, oxide free Si substrates, by chemical etching in NH4F [17]. The quality of
these surfaces can be examined using AFM and SXRD to investigate surface
morphology. Although Si is cubic, the Si(111) surface can be more conveniently
represented by a hexagonal unit cell, so that the directions H and K are lying
within the (111) surface plane, and L represents the out-of-plane scattering
direction. In this case, the reciprocal space unit cell used is: ay.,* = 1.8892 AY
brex*=1.8892 A, cpe*=2.004 A7, 0=B=90° and y=60°. The hexagonal vectors
are related to the cubic vectors by the following transformations, where la* ;|
= 2mag;, and ag; = 5.431 nm:
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relates the real space cubic lattice spacing to the hexagonal h, k, 1 values.
Hexagonal coordinates will be marked in the following by the subscript hex.

The measurement of the crystal truncation rods (CTR) from the Si(111) surface
is therefore carried out by an / scan across the two Bragg peaks at [=1/3 and
[=4/3, as shown in Figure 4, In the region between the Bragg-reflections, the
‘scattered intensity is strongly dependent on the surface roughness. By fitting the
experimental data to the model by Robinson [18], one can derive a § value,
- which describes the occupancy " of the surface level n. From this § value, a
- root-mean-square value of the surface roughness ggys can be calculated:

OrMs =7 = d1

1=p

e d, (3.14 A) is the distance between the Si(111) planes. For this surface

e obtain a surface roughness value Ogys of 4.2 A in air, and almost the same
' e (4.31 A) from the hydrogen terminated Si(111) surface in electrolyte
lution, indicating that any damage to the hydrogen termination caused by the
ctrolyte is localized, and does not detrimentally affect the surface structure.

Figure 4 CTR from Si(111):H
surface in air (o) and in contact
with electrolyte (e). The solid line
and dotted line show the fit to the
experimental data in air and in
electrolyte respectively. The data
from the electrode in solution have
been scaled to account for the
absorption of x-ray intensity by the
electrolyte.
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Pb-H-Si(111)

Lead deposited onto hydrogen-passivated Si(111) surfaces is an excellent model
system, as no interdiffusion or silicide formation is observed. Ex-situ AFM
studies indicated a 3D growth mode of Pb clusters, and in-sifu XSW confirmed
an entirely 3D Volmer-Weber nucleation and growth process [19]. The structure
and epitaxy of the deposited Pb has been studied, and also the dynamics of the
Pb cluster growth process, thus both the thin layer, and thick layer
electrochemical cells have been used for in-situ x-ray diffraction and XSW [19].
Electrolytes were prepared from Milli-Q water, and ultrapure chemicals, and
consisted of 0.1M HCIO,+ 1mM or 0.1mM Pb(ClO,),. The Pb clusters grow
predominantly epitaxially aligned with the Si(111) planes, with a minority of
clusters with Pb(100) and Pb(110) planes parallel to Si(111). There is a strong
preference for in-plane alignment along the high symmetry axes of the Si
surface, as shown in figure 5, though this orientation is disturbed when very
rough Si(111):H surfaces are used. Studies of the dynamics of cluster growth
indicate a ripening process, whereby large Pb islands increase in size, at the
expense of the smaller islands.

Pb(200)
Pb(111)

Figure 5 The alignment of the Pb clusters in reciprocal space is shown, relative to the
Si(111) hexagonal lattice (H and K). The result of the Ao scan, i.c., the intensity of the
Pb(111) and Pb(200) peaks, which arises from Pb crystallites with the (111) and (200)
planes normal to the surface is shown as a color map, illustrating the preferred
orientation of the crystallites along the high symmetry directions of the substrate lattice.
Maxima of intensity can be identified +30° with respect to the H-axis for Pb(111) and
at +15° and £45° with respect to H for the Pb(200) lattice planes.

Electroless Au deposition on Si(111):H

For noble metals in solution (e.g. Au), there is a strong overlap between the
metal acceptor state and the semiconductor valence band. Therefore, electroless
deposition occurs via hole injection from the metal into the semiconductor
valence band. As a consequence, the semiconductor is oxidized as the noble
metal is deposited [20, 21]. This electroless deposition method (using an
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electrolyte of 0.1 M HCI, 5 vol.% HF and 1uM — 1mM K[AuCl4]) was used to
deposit Au on hydrogen terminated Si(111) and the net process is:

AuCly — Au+4Cl~ +3n"

Si+2nt = si%*

The amount of gold deposited on the surface is expressed in monolayers
(ML) where 1 ML = 7.84 x10" atoms/cm® (the number of silicon substrate
surface atoms). AFM images clearly show 3D islands formed on the Si(111):H
surface, even at very low Au coverage [22].

Electroless Au deposition on Si(111):H — SXRD

In the specular (out-of-plane) geometry, the Au(111) peak is clearly seen,
indicating that (111) planes of gold grow parallel to the Si(111) planes. This is
illustrated in Figure 6 for a (nominally) 15.3 ML sample, and Pendelldsung
fringes are observed, indicating that the island thickness (approximately 23 ML)
is well defined, and astonishingly uniform for all the Au clusters on the surface.
This suggests a 3D growth mode on the silicon substrate. The in-plane
orientation has also been examined, and shows the gold islands are highly
aligned to the Si substrate surface, along the high symmetry directions, such as
<110>.

The crystal truncation rods of a bare Si(111):H surface and gold-deposited
surfaces were also recorded, and an example is shown in Figure 6b. The
(1.34,0,));,.. crystal truncation rod (CTR) of the 1.9 ML sample (open triangles)
can be compared with the (1.34,0,/);.. CTR of an ‘as prepared’ H-terminated
n-Si(111) surface (open circles) to get information about the roughening of the
Si substrate during the gold deposition process. The B values for the Au-free and
Au-covered surfaces are B = 0.283 and P = 0.732 respectively, and the
corresponding Ggys increases from 2.3 A to 10 A. This is in accordance with the
electroless deposition, which proceeds by simultaneous Au deposition and Si
etching. The roughening of the surface meant that imaging of samples with high
coverages of Au was not possible by AFM.
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Electroless Au deposition on Si(111):H — XSW

The XSW data recorded from a 0.03ML Au sample is shown in Figure 7,
with a coherent position P= 0.81 and coherent fraction F= 0.56. The coherent
fraction F is significant at these low coverages, and the Au site is found from
triangulation with XSW measurements using the Si(022) reflection to be ‘atop’
the substrate atoms. At increasing coverages the coherent fraction F decreases,
becoming very low at higher coverage, indicating a large degree of incoherence
with respect to the substrate atomic planes, in agreement with the finding from
SXRD that thicker Au clusters are formed [22].
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= 20 Figure 7 XSW measurements
2 18] F=0.56 ] recorded from a 0.03ML Au
8 167 P=0.81 : deposited sample. Reflectivity
g 14 {9 ] data (O) and the X-ray standing
§ 1.2 wave modulation of the Au L x-
§ 104 - 2 ray fluorescence (m) are shown,
= 08/ 0 10 = together with the coherent
‘:j 0.6 i tos % position P (0.81), and coherent
< 04 oo 3 fraction F (0.56) obtained from
0 5 10 15 20 25 30 35 curve fitting to the XSW data,

angle, channel recorded using the  Si(111)

reflection at 17.2 keV.

Electroless Au deposition — Discussion

The AFM images and the SXRD data indicate cluster formation even at low
coverage. The Au islands appear to grow to a uniform, well defined height, with
the (111) Au atomic planes parallel to those of the Si(111) substrate, with only a
small mosaic spread (FWHM Aw=5.67°). The orientation of the islands within
the surface plane is also preferred along the high symmetry <100>;,,, <010>,,,,
and <110>,, axes. This agrees well with previous work on Au deposition on
monohydride Si(111) [23-25], and suggests a 3D or Volmer-Weber growth
mode. However, the low coverage XSW data indicate a 2D growth mechanism,
with the deposited Au atoms occupying sites ‘atop’ Si atoms. The Au deposition
and growth mechanism therefore seems to be a 2D layer of gold atoms at low
- coverage, with some clusters already present (as observed in AFM). As the
- coverage increases, gold clusters are increasingly formed, and the XSW
- technique can no longer identify the Au position, because the Au atom spacing
) Z)ﬂhm the gold island is not coherent with respect to the substrate atomic planes.

' Potential controlled Au deposition on miscut Si(111):H
kv

Single height steps (aligned along the [11-2],,s, direction and separated by
es of 800-900 A width) are produced by careful control of the etching
ditions and the miscut angle of the Si(111) surface (0.2° along the [11-2] .5
ction) [26, 27]. The electrode potential during the deposition of Au allows
ive deposition at the step edge sites and control of the island density, and is
to influence the degree of epitaxy and/or specific orientation of the
s. RBS was used to check the amount of gold deposited on the samples
the SXRD and XSW measurements, and is given in equivalent monolayers
(111). Characterization of the samples by AFM was carried out before
urements by SXRD, and a typical AFM image is shown in figure 8. Au was
ted from 2M NaOH +0.1M KAu(CN), + 0.2M NaCN solution in a
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rotating disk electrode configuration with a rotation speed of 1750 rotations
min”. The deposition sequence was as follows: a first potential step to -2V . for
0.1s (low island density) or 2s (high island density) and a second step to -1.5V
for 20, 60 or 100s to produce different coverages of Au. At this deposition
potential, the islands are seen to decorate the steps exclusively, and there is a
significant distribution of particle sizes. The islands are tetrahedral (flat-topped
triangular pyramids), and with AFM one can identify clearly 2 preferred
orientations of the triangular base. The size distribution, and orientation can be
studied in more detail using x-rays, and preliminary measurements have been
carried out on 4 samples, with different Au coverage, and island density.

Figure 8

Au deposited on 0.2°
miscut Si(111)-H. AFM
image of medium island
density equivalent to 5 Au
ML coverage.

]

500nm x 500nm

Potential controlled Au deposition— SXRD

The SXRD measurements were performed in air, at beamline ID32, ESRF,
using a photon energy of 10 KeV (A=1.24A). Each sample was aligned, and the
co-ordinate system chosen such that the steps edges were oriented parallel to [-
1,2,0]4. and the H axis, i.e., [1,0,0],., is the direction descending the steps.
Surface coordinates are again given in the hexagonal notation. Just as for the
electroless deposition described previously, the Au clusters deposited under
potential control are found to grow epitaxially with the Si(111) substrate, and
have a preferred in-plane orientation along the high symmetry axes of the Si
surface.

A significant difference in these samples as compared with the electroless
deposited samples is the effect of the miscut Si(111) substrate on the symmetry
of the surface. For each sample, a scan of the Au(111) peak was made both the g
vector perpendicular to the steps (i.e. q || [1,0,0]s.), and parallel to the steps
(ie. q ﬁ [-1,2,0]p.y, and is shown in figure 9a and b. Such measurements are in
principle sensitive to three factors: the size distribution of the islands, the shape
of the islands, and the correlation length between islands. A marked anisotropy is
observed, which can be related to the well-correlated distribution of islands at
the step edges, as opposed to along the length of the steps, where the correlation
is less significant. Along the steps there may also be a contribution from the
particle size distribution of the islands, a full fitting analysis is currently
underway. Here, in addition to the AFM information, the x-ray analysis provides
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a statistical average of the size distribution and detailed, quantitative information
about the shape of the smaller islands.
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Figure 9 Scan of the Au(111) bulk peak in the direction (a)
perpendicular to the steps edges and (b) along the steps edges for
samples of different Au coverage and island density

A series of additional CTR peaks has been observed at an angle to the Au CTRs,
which may indicate faceting of the islands (figure 10). The angles of these peaks
are found to be different across the steps (around 30°), in comparison with the
other 3-fold symmetry directions, such as along K, where the angle is around 40°
from the surface normal. Data analysis is underway to fully understand these
features and the variation in intensity shown at different L values. The influence
of the miscut surface on the morphology of the gold islands, and how this varies
with island density or size is also being studied.

Potential controlled Au deposition — XSW

XSW measurements were performed at around 12.5 KeV, (above the Au L edge
at 11.9 KeV) in order to measure the standing wave modulation of the Au L
fluorescence from the Si(111) reflection (perpendicular to the substrate surface).
A sample with 0.21ML Au was measured, and showed no evidence for ordering
of the Au on the Si miscut surface, in contrast to the samples produced by
electroless deposition of gold.
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Potential controlled Au deposition — Discussion

The epitaxy and orientation of the electrodeposited Au clusters are
comparable with that observed for the electroless deposition described above.
However in contrast, this method produces a particle size distribution of islands,
which can be varied with the applied deposition potential. The miscut substrate
surface also has significant effects on the gold cluster distribution and
morphology. XSW measurements indicate that no ordered layer is formed, even
at low coverages, unlike the electroless deposition which forms a ‘wetting layer®
as well as 3D clusters on the hydrogen terminated Si(111) surface.

4. Summary and Conclusions

The in-situ and ex-situ x-ray analysis of semiconductor electrodes and the
electrodeposition of metals have revealed several novel findings. For Cu on
GaAs(001) and electroless deposited Au on Si(111):H, wetting layers have been
identified by XSW. However, in contrast to electrodeposited (sub)monolayers on
metal surfaces, no long range ordered phase has been identified. We suggest this
is due to the much smaller surface diffusion coefficient on semiconductors.
Epitaxially well ordered 3D islands were identified by SXRD for all of the
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electrodeposited metals, which is different from the behavior of room
temperature deposited metals in UHV.
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ASPECTS OF HETEROEPITAXIAL GROWTH
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The paper discusses several aspects of heteroepitaxial growth including
bonding, lattice mismatch and surface free energy, via several in-situ UHV
experiments. The Ni/Ru(0001) shows a novel pathway for the misfit strain
relaxation by the formation of a quartet reconstruction, while the atomically
rough W(111) shows a massive faceting with an adsorbed metal monolayer. In
case of the Sb/Si(111) interface, the dangling bond minimization schemes
result in a delayed onset of band bending and a variety of novel surface phases.
The results demonstrate the dominant role the kinetics of growth plays in
determining the wmorphological, structural and electronic properties of
interfaces.

1. Introduction

~ The Low dimensional structures demonstrate properties that depend on their
size and shape and completely different from their bulk behavior. When the
ensions are small enough for quantum effects to prevail, exotic magnetic,
lytic and electronic properties are manifested. However, forming controlled,
ered and reliable nanostructures of metals and semiconductors is still
llenging. One of the near ideal routes, is the attempt to form ultra thin films in
2 high vacuum conditions, which provide the best handle on the control and
dy of the initial stages of growth. The surface processes involved in the initial
gces of growth have been extensively dealt with in literature [1,2].
ermodynamic arguments have been used to explain the role of the surface free
ies along with the effective interfacial energies in determining the growth
s, which are generally of three types: a) the layer-by-layer or Frank van der
b) island or Volmer-Weber and c¢) the layer plus island or the Stranski-
fanov mode. However, in ‘real cases’ it is observed that issues are more
mplicated than the mere thermodynamic and statistical mechanical models.
ilm growth can be viewed as the sequential arrival of atoms from the vapor
quid) onto a substrate, which at the outset can re-evaporate or stick onto
ibstrate, creating an adatom density. These adsorbed adatoms now attempt
py the potential energy minima sties, while they make vibratory attempts
ipe the potential wells. Depending on the energetics, the adatom may
fuse on the surface being associated with a thermally activated diffusion
'E;. These migratory adatoms in search of lower potential energy sites
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may pre-maturely encounter other diffusing adatoms (to form dimers or larger
clusters) or special sites such as defects, steps, etc or even undergo intermixing
with the substrate. The clusters after attaining a critical size are immobilized and
consequently grow in size to eventually coalesce into larger 2-D or 3-D islands.
The evolution of the shape and size of the islands is a consequence of self-
organization driven by minimization of surface free energy. Though most of
these arguments are based on thermodynamics, the growth of thin epitaxial film
is a non-equilibrium kinetic process in which one or more steps are rate limiting.
For example a) the vapour pressure is dominated by the sublimation energy that
is much larger than kT, below the melting point, b) the lattice vibrations
influence strongly (as v°) and, c¢) the state of the substrate, inter-diffusion,
interactions, etc., cannot be ignored. In the thermodynamic picture the
morphology of the growing film is determined by the balance between the free
energies of the film surface, substrate surface and the interface between the two.
In the kinetic picture the morphology is a result of the interplay of various
atomic diffusion processes, active on a time scale set by the deposition flux and
substrate temperature. The final structure of the film depends on many possible
‘kinetic” effects each with its characteristic length and time scales. This constant
competition between the thermodynamics and kinetics, complicate the prediction
of film growth and consequently their properties, however, it also provides an
unique opportunity to freeze systems in several novel surface phases with exotic
characteristics and providing us the ‘tailorability’ of properties.

Among several aspects of ultra thin film growth in this presentation a few
chemical aspects are discussed. In heteroepitaxial growth since two different
materials are involved, it is obvious that strain, induced due to differences in
surface free energies, lattice mismatches and nature of the interaction between
the arriving adatoms and the substrate electronic structure, are crucial. Along
with this several kinetic handles like deposition rate, substrate and annealing
temperatures and presence of surfactants and defects play dominant roles.
Examples from the author’s experience that highlight each of the effects are
presented here. However, it must be realized that though each system tries to
stress on one dominant aspect, several others are also simultaneously operative.

2. Experimental

These experiments are performed in-situ in ultra high vacuum with several
surface sensitive techniques complementing each other, in several laboratories.
In vacuum systems with a base pressure of ~10"" torr, metals are adsorbed on
specifically atomically clean substrates with sub-monolayer coverage control. In
the Molecular Beam Epitaxy kind of growth, thin films are grown in
experimental conditions far from equilibrium. The growth is monitored in-situ
by Auger Electron Spectroscopy (AES) and X-ray Photoelectron Spectroscopy
(XPS) and Electron Energy Loss Spectroscopy (EELS) for stoichiometry,
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growth modes, cleanliness of deposition and electronic property determination.
Low Energy Electron Diffraction (LEED) and a particularly high resolution
Scanning Tunneling Microscopy (STM) are employed to study the surface
structures and morphology.

3. Results and Discussions

Three systems of epitaxial growth of metals on single crystal metal and
semiconductor surfaces are discussed below:

3.1. Ni/Ru(0001)

In most cases of heteroepitaxial growth lattice mismatch between deposit
and the substrate will produce a strain in the epitaxial layer, affecting the layer
morphology and forcing ‘metastable artificial’ structures. The growing film
initially conforms to the substrate geometry adopting a pseudomorphic structure.
As the thickness increases so does the strain energy and the epitaxial film
eventually can choose several pathways to relieve strain, typically by
introduction of misfit dislocations or by surface roughening [3,4]. While the
importance of strain relief on film structure and morphology has long been
studied, the effect of strain on the kinetic processes has hardly been recognised.
In case of the Ni/Ru system itself, layer dependent mobility of adsorbates,
suggesting a dominant dislocation density in the first monolayer (which later
reduces for higher thicknesses) has been reported [5].

The experiments are performed in an UHV chamber equipped with LEED,
AES, STM and in-situ Ni evaporation from an electron bombardment source.
The STM images were acquired from a particularly high resolution STM at
tunnel currents of 1 nA. CO was pre-adsorbed on the substrate by backfilling the
chamber using a fine-control needle valve.

Figure 1. STM images of Ni islands on Ru(0001) surface. a) is the wide
scan showing three types of islands formed. b) atomic resolution images of
pseudomorphic Type A islands c) details of dislocated Type B islands.
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Figure 1 shows the STM image for a 0.12 ML Ni adsorbed on a Ru(0001)
substrate held at 380K at flux rate of 0.045 ML/min. The image clearly shows
three kinds of islands marked A, B and C in the figure. Figure 1a shows high
resolution images of A and B types of islands. Type A are pseudomorphic (1x1)
Ni islands with truncated triangular shapes. Type B are larger than type A islands
and are covered with bright features all over (except at the edges). These features
by the lattice mismatch, which force atoms to change from hep to foc sites. Type
C are the novel sharp triangular features that are raised by 0.2 A. High resolution
images of the type C islands show that they have a (2x2) reconstruction. It is also
interesting to note that the direction of these islands is opposite to the types A
and B. Since these islands appear only in the presence of pre-adsorbed CO, the
percentage density of the (2x2) islands is plotted as a function of CO coverage in
Figure 2a.

Now we probe for details into the Type C islands. High resolution images in
Figure 2b show the (2x2) configuration as well as domain boundaries. However
atomic resolution reveals that alternate Ni adatoms in alternate rows are raised
by 0.2 A, thus resulting in the (2x2) structure. Also making a statistical
measurement between the centers of the atoms observed, it is clear that there are
groups of 4 Ni atoms each, which we call as a ‘quartet reconstruction’[6]. The
raised atom occupies the three-fold hollow fec site, while in the attempt to form
the quartet, the other Ni adatoms bunch together and thus raised from their fcc
site positions, since the Ni bulk inter-atomic distance (2.49A) are smaller than
those of the substrate Ru (2.84). The fourth atom is constrained to move the
maximum in the z-direction and thus is seen as the brightest in the STM images.
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Figure 2. a) Shows the percentage of (2x2) islands as a function of pre-adsorbed
CO coverage, for two Ni flux rates b) atomic resolution image of the (2x2)
‘quartet reconstruction’.
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The fact that the (2x2) island is rotated with respect to the type A and B
islands suggests that either the atoms have occupied the fcc sites instead of the
bulk stacking hcp positions, or are made of B-steps. Looking at regions where
we observe the lateral interface between the (1x1) and (2x2) phases, we can
clearly see that there is a difference in the site occupation between the two
configuration islands. Now observing the direction of islands that are formed at
the step edges (bulk stacking), we see that the (1x1) islands (Type A and B) have
Ni atoms at hep sites of the substrate. Thus it is clear that the Ni atoms in the
type B (2x2) islands occupy the fcc substrate sites.

It is important to know the possible mechanism in which CO plays a crucial
role to effect this reconstruction. It is known that CO adsorbed on Ru substrates
occupy the hep sites. This restricts the adsorption of the initial Ni adatom to the
fcc sites. Now similarly when the other nearby fcc sites, which have a lower
potential energy barrier in comparison to the hep sites, an attractive interaction
between the Ni adsorbates becomes possible. However the subtle resultant
causes the ‘quartet reconstruction’. Figure 2a shows the fact that only small
amounts of CO is necessary for the formation of the (2x2) islands, but the CO
molecules do not integrate into the island. Thus the (2x2) quartet reconstruction
is a novel pathway for the strain relaxation with energy requirement intermediate
to the pseudomorphic and the misfit dislocated situations. The CO acts as a
- mobile surfactant that induces the occupation of the fcc sites for the Ni adatoms
~ [7]. This configuration rotates the direction of the islands and maintains the
' triangular shape of the islands. These (2x2) islands are seen to dislocate at larger
coverages due to incorporation of more adatoms. This mode of strain relaxation
‘can have general implications for understanding the influence of kinetics on
 hetero-epitaxial systems.

Sb/Si(111)

‘Semiconductor surfaces and interfaces display remarkable electronic and
ctural properties specifically due to the existence of surface and interface
s [8]. Bulk termination of solids at surfaces result in dangling bonds that
te surface states and on adsorbate-covered surfaces from bonds between
ate and semiconductor surface atoms. For metal adsorbates, the wave-
ction of the metal electron decay exponentially into the semiconductor,
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Figure 3. Plot showing the position shift in the Sb 3d core level along the y-axis, and
the FWHM changes along the alternate y-axis, as a function of Sb coverage.

charging the surface and interface states. Adatoms and surface reconstructions
reduce the density of the dangling bonds and thus the total energy of the surface.
Adsorbates form chemical bonds with semiconductor adatoms and saturate the
dangling bonds. In the ideally terminated Si(111) surface of Si, each surface
atom would have one dangling bond which contain one electron. The respective
dangling bond levels are below the valence band maximum so that, in thermal
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equilibrium they should be occupied by two electrons. An electron transfer from
one half of the surface atoms to the other half might achieve this. Such charge re-
distribution would require a reconstruction and a re-hybridization of bonds in the
selvedge which result in the severe surface strain. The driving mechanism for the
adsorbate induced reconstructions is the saturation of the dangling bonds and as
a result of this, a lowering of surface energy, an effect which is counteracted by
adsorbate induced strain. Experimental results seems to indicate that Group V
atoms cause (V3 x V3)-R30° reconstruction rather than a (1x 1) structures (as in
As) when the covalent radii of the adsorbate becomes larger by a factor of 1.08
than substrate atoms. Intuitively this seems to be plausible since the bonds
between adatoms and surface atoms of the substrate will be the more distorted,
larger their difference in size is. A change in bond length by 8% corresponds to
an increase of the tetrahedral bond angle by 9.7%.

Sb is evaporated from a home-made Ta K-cell at a low flux rate onto a clean
(7x7) reconstructed Si(111) surface held at room temperature (RT). Plotting the
uptake curve (not shown here) of the Sb(3d)/Si(2p) intensity ratio versus the
deposition time, shows two linear segments characteristic of the Frank van der
Merwe growth mode. The break in slope is due to the attenuation of the core
level electrons from the first monolayer due to scattering from the second layer
adatoms. From this, and correlating with the XPS ratio obtained for a 1ML Sb
adsorbed on a 540°C substrate yielding a (V3 x V3)-R30° structure [9], we obtain
~ a calibration of our deposition rate as 0.03 ML/min. With suitable techniques of
background subtraction and smoothing, the core level peaks are deconvoluted
into Gaussian components to identify the peak positions and widths. Figure 3
- shows the coverage dependence of the Sb(3ds,) peak shifts and the FWHM
along the alternate y-axes. Figure 4a shows the results from the LEED studies
uding the patterns observed during the uptake and the intensity ratio of the
1) integral spots and the 1/7" fractional order spots, as a function of Sb
erage. It is clear from Figure 3 that at a coverage of 1 ML there is a sharp
as well as broadening of the core level Sb peak [10]. The LEED studies
w a sharp decrease in the clean Si (7x7) characteristics (Fig. 4b) around 1
coverage, resulting in a (1x1) surface phase (Fig. 4c). ELS studies
ing the volume and surface plasmon peak positions and surface states

d transitions clearly indicate (now shown here) that the surface related
ures also show significant changes at 1 ML, while the bulk related peaks
monotonic behavior over the coverage range studied.
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Discarding the shift in core-level Sb3d peak to be due to a chemical shift,
which is highly unlikely at these temperatures for this immiscible system, we
attribute it to be entirely due to band-bending. To understand the delayed onset
of band-bending seen in the XPS data, we resort to the LEED data which
suggests that the (7x7) reconstruction of Si persists up to a coverage of 1.0 ML,
around which it transforms into a (1x1) phase. Consulting the DAS (Dimer-
Adatom-Stacking Fault) model (8) that describes the atomic arrangement of the
(7x7) reconstructions, it is realised that the Si adatoms give rise to a surface state
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Figure 4. a) shows the LEED intensity ratio of the integral and fractional order
spots. b) LEED pattern of clean Si(111) (7x7) surface c¢) pattern for the (1x1)
surface obtained after 1 ML Sb coverage.

at about 0.25 eV, which is observed to disperse across the Fermi level and thus
rendering the reconstruction metallic. Thus, as long as the (7x7) phase of the
substrate remains intact, band-bending is not observed. However, when the
metallic surface phase transforms into a (1x1) semiconducting phase, we see a
sharp onset of the barrier, and also a significant broadening of the core-levels.
Thus the slow flux rate ensure the initial Sb adatoms to occupy conformal (1x1)
sites sequentially on both the unfaulted and faulted halves of the (7x7) unit cell.
As the coverage increases, due to availability of sufficient adatom charges, the
strain in the reconstructed layer is gradually relaxed, to result in a (1x1) phase.
Initially the dimers and stacking faults would be rearranged but finally when the
Sb coverage approaches 1 ML, the Si adatoms are freed to migrate on top of the
Sb layer and fill the comer holes of the DAS reconstruction and consequently
lifting it.

Figure 5a shows the phase diagram that indicates the temperature
dependence of the Sb overlayer atomic arrangement on the Si substrate. Under
several minimization schemes, several surface phases are observed. It is to be
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Figure 5. a) shows the phase diagram of the Sb/Si(111) system. b) and ¢) show
the novel (5x5) at 0.4 ML and a (5V3 x 5V3) at 0.2 ML phases, respectively.

noticed that the (V3 x V3) at 1.0 and 0.33 ML, d(2x2) at 0.8 ML, (5V3 x 5V3) at
- 0.6 ML and the (7x7) at 0.1 ML are observed when Sb is adsorbed onto a clean
- Si(111) 7x7 surface held at the respective temperatures. However, if Sb is
adsorbed at room temperature giving the (1x1) phase is annealed, then the
pathway adopted during desorption is different and yields novel (5x5) at 0.4 ML
" and a (5V3 x 5V3) at 0.2 ML phases [11], whose LEED are shown in Fig.5b and
- Sc, respectively patterns.

The study clearly shows how adsorption at room temperature at low flux
rates can enable different adsorption sites for the Sb adatoms on the (7x7)
- reconstructed Si(111) surface. Adsorption at higher temperatures which provide
e energy and mobility to the adatoms can relax the reconstruction induced
ain while thermal desorption of the room temperature formed system adopts
n entirely different route of passivating the substrate dangling bonds [12].
ever, it would be interesting to understand the actual arrangement of the
joms in these phases, which can lead to tracing the mechanism of minimization
of dangling bonds in the system.

Other results regarding the observation of surface phases formed by varying
kinetics of growth in the Ag/Si (111) and (100) and Mn/Si(111) have been
ied and several new phases observed, and are reported elsewhere [13-18].

(111)

The surface tension of a planar solid depends on the crystallographic
ntation of the sample[19]. A polar plot of the surface tension (surface free
) with the crystallographic orientation is given by the famous Wulff’s
er plot. The anisotropy of the surface free energy essentially determines the
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construction of the equilibrium crystal shape, since the crystal will seek the
shape that minimizes the integral of the surface energy over the surface area in
consideration. This thermodynamical argument is seldom realized in real crystal
growth where far from equilibrium conditions prevail. It is well known that the
anisotropy of the surface energy (y) results in faceting of the surface morphology
to minimize the energy. In general, the anisotropy in y is small [Ay/y < 3%] and
stable for clean close packed surfaces of pure metals. In such cases with the
adsorption of another metal overlayer, causes structural rearrangements only in
the overlayer, while the substrate undergoes hardly any change and remains
planar. The initial stages of thin Pt film growth on the close packed W(110)
surface showed that there were structural changes only in the overlayer, but the
substrate remained planar. Thermal desorption studies showed [20,21] that
molecular CO is more weakly bound on a Pt/'W(110) surface than either to bulk
Pt or clean W substrate, demonstrating that the structural changes in the
multilayer films result in a W surface that is mostly covered by a monolayer Pt
film with unique CO chemisorption properties.

Figure 6. shows the LEED (a) and the STM imagg (b) of the Pt induced
pyramidal faceted surface of W(111).

However, the scene is different when we consider crystallographic faces that
are atomically open and rough. Here the example of the (111) surface of the
body centered cubic metal W, with an atomically rough surface with high surface
energy is considered. Single crystal W(111) samples are heated resistively or by
electron bombardment and the sample cleanliness is verified in-situ by AES. Pt
wire wound on a W filament is the source of Pt evaporated onto the substrate.
Coverages are estimated by a combination of AES and Thermal Desorption
Spectroscopy of the metal overlayers. In simple kinematic LEED theory, as the
beam energy is increased, the diffracted beams should converge to the specular
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(0,0) beam. Pt of coverage > 1ML was dosed onto the clean W(111) surface and
annealed to 1100 K. This results in a LEED study where the non-specular beams
are not found to converge onto the (0,0) beam, but move in three directions away
from the macroscopic normal, as the beam energy is increased. The LEED
pattern is shown in Fig.6a. This indicates the formation of new specular
directions, since, for a planar surface the diffraction beams move inward
converging on to the specular (0,0) beam, as the electron beam energy is
increased, as a consequence of the structural transformation. These beams are
identified to be due to diffraction from {211} oriented facets with (1x1) unit
cells [22,23]. The size of the spots enables us to estimate an average facet
dimension to be about 10 nm. This faceting has been studied by a scanning
tunneling microscope operated in air. The STM clearly shows the formation of a
dense network of triangular features on the surface (Fig. 6b). The STM images
not only confirm the pyramidal nature of the facets (Fig. 7b), but also give
information regarding the facet spatial distribution and sizes. As the system is
annealed to various temperatures, the average facet size proportionately
increased, reaching a value of 30 nm at an annealing temperature of 1200K.

: CO is an excellent probe molecule to study thermal desorption
spectroscopy. CO typically adsorbs molecularly at temperatures <350K,
llowed by a dissociative adsorption at higher temperatures, on clean W
faces. For a Pt covered W surface, molecular adsorption increases, while the
ociatively adsorbed component decreases, since CO does not dissociate on
ilk Pt [24]. To examine the relation between the observed structural changes
the CO reactivity on these surfaces, TDS experiments were performed on
erent surface structures. Fig.8 shows the TDS spectra in the region of
olecular adsorption. Before annealing (planar morphology), it has two peaks
esponding to molecular adsorption on W(111) surface. However after
aling, we see that one of the peaks has disappeared, probably due to the
omeration of the Pt multilayer adatoms. These results show that faceting
ces the CO chemisorption properties significantly. The results provide
ence that a critical thickness is necessary to cause facets, but this may be
ening at a much lower temperature than that observed by the LEED

Figure 7. Atomic resolution image of the faceted surface showing the
- pyramidal arrangement and its height profile.
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experiments which need a large enough coherence length. This was proved
recently, by the observation of atomic resolution STM images of these facets,
shown in Fig.7a.
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Figure 8. TDS spectra of molecularly adsorbed CO on a W(111) surface
covered with 3.0 ML of Pt annealed to a)300K, b)550K, ¢)1200K and d)1600K

As discussed earlier, thermodynamical considerations suggest that the
monolayer decreases the surface free energy of the system, but also increases the
anisotropy of the surface energy as a function of crystallographic orientation.
This factor can be is responsible for the monolayer metal induced faceting
phenomenon. In a long series of experiments several ultrathin metal (Ti, Co, Ni,
Cu, Ag, etc) monolayers on W(111) were studied, where neither the LEED or
STM showed evidence for any faceting. However, for metals like Pt, Pd, Au, Rh,
and Ir, the W(111) substrate reconstructs to form facets. O, S, Cl are also found
to facet the open surface. Trying to correlate a particular bulk property that may
be responsible, atom size, surface enery, elastic modulus, cohesive energy,
Pauling electronegativity were considered. The only property that seemed to
correlate with faceting of W(111) is seen to be for overlayer elements having a
Pauling electronegativity values greater than 2.0. This correlation suggests that
the surface electronic effects are controlling the structural instability of W(111).

4. Conclusions

Several UHV experiments including adsorption and in-situ probing with
surface sensitive techniques performed by the author and collaborators relating
to heteroepitaxial growth are presented. The studies show the role of kinetics in
determining the overlayer structure and properties, by adopting various pathways
of surface strain relaxation. The results clearly show that several novel phases
can be formed with different properties for the same system. However, a very
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systematic and copious amount of study is necessary to understand the actual
control that can help tailoring desired structural, chemical and electronic
properties of nanostructures.
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GROWTH AND CHARACTERIZATION OF P-HEMT STRUCTURES
GROWN BY MOLECULAR BEAM EPITAXY
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. In this paper issues involved in the growth of high quality pseudomorphic

‘High Electron Mobility Transistor (P-HEMT) structures are discussed.
Procedures adopted for the growth and characterisation of various constituent
layers of P-HEMT are described. Results on the layer and device characteristics
are presented

Introduction

eudomorphic High Electron Mobility Transistors (PHEMTs) based on
GaAs/InGaAs/GaAs structures are being widely used as active devices for
ication of millimeter wave circuits [1]. It is well known that high carrier
ility, high sheet electron concentration, low gate to source resistance, low
-source capacitance, good isolation between devices and low capacitance of
buffer layer are important parameters for obtaining good characteristics of
ITs. In this paper, we describe some of the material related issues which
ce the device performance and also present results on the growth and
acterization of P-HEMT structures grown on low temperature (LT) grown
buffer. -

The basic issues involved in the growth of PHEMT structure are
er layer quality (b) pseudomorphic active channel layer with uniform
composition and low dislocation density (c) AlGaAs barrier layer with
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GaAs n+  400A GaAs n+  400A
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GaAs substrate GaAs 0.5um
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Figure 1. Typical PHEMT structure (a )Normal GaAs with SL buffer (b) LT
GaAs with SL buffer

low defect concentration and (d) Si & doped layer with minimum spread of
dopant concentration. We shall discuss the growth and characterisation related
aspects of each of these layers in the following sections

2 Experimental

We use a RIBER 2300 R & D molecular beam epitaxy (MBE) system with
solid sources for the growth of epitaxial layers. Substrate temperature was
monitored using thermocouple and was calibrated using the substrate oxide
desorption temperature which is taken as 580 C. We have used both indium
free as well as indium mounted molybdenum holders for mounting the substrate.
Asy/Ga Beam Equivalent Pressure (BEP)was kept around 20 and the growth was
carried out under arsenic stabilised conditions.

Photoluminescence was carried out at 17K using the Ar ion laser as the
excitation source and 0.25m monochromator for dispersion and GaAs photo
multiplier tube /Si diode detector for detecting the emitted radiation. Hall
measurements were carried out in Vander Pauw geometry with “In” alloyed
ohmic contacts . High Resolution X ray Diffraction (HRXRD) was performed in
Philips Xpert system. The cross-sectional transmission electron microscope
(TEM) specimen was prepared by argon ion milling using Gatan’s Duomill. The
conditions employed for ion milling were: double sided ion beam milling with
12-degree gun angles, individual gun current of 0.5mA, liquid nitrogen cold
stage for specimen cooling and IOLAR-2 grade argon. The (200) dark field
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Cross section TEM image, shown was observed at 250kV near [011]zone axis
using Philips EM430T analytical transmission electron microscope

2.1  Buffer layer Growth

Generally a buffer layer is grown on the substrate before any active device
structure is grown. The purpose of this layer is to prevent/trap defects and
impurities, which are present on the semi-insulating substrate surface, reaching
the active layer. However, the electrical and structural quality of the buffer layer
is extremely important . In practice, it is found that if the background doping is
10" cm ~ or higher, device isolation is not very good even though the device
performance is not necessarily affected. Further, the buffer layer quality
contributes to back gating effects, which are also critically dependent on the
resistivity of the buffer layer. In order to overcome this problem, growth of LT
GaAs buffer layer has been used [2]. As grown LT GaAs contains a large
amount of excess “As” which could be up to 1-2%. The presence of excess “As”
in the GaAs lattice produces tetragonal distortion. We have estimated the amount
- of excess “As” in LT GaAs grown at 300 C.in the following manner.
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- Figure 2. Rocking curve of the 400 reflection of LT GaAs grown at 300C

rocking curve of data (shown in Fig 2) of as grown LT GaAs grown at
e temperature of 300C was recorded with a 4-crystal Ge (220) incident
monochromator .This contains many peaks due to non-uniform distribution
cess “As” in the layer[3] .However we have taken the extreme peak
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separation viz .022deg and calculated

g =-A0Cot8
d

and using the value of ¢ =0.3 the equivalent value of Aa/a in the cubic lattice
was calculated from the formula

Aa  (1-¢€)Ad

a (1+¢&)d
Using the above calculated value of Aa we estimate [ 3] the excess “As” to be
around 2.5 x 10" cm®in this LT GaAs grown at 300C. Low temperature grown
GaAs needs to be annealed in situ before growth of the active layer in order to
obtain high resistivity GaAs buffer layer. Annealed LT GaAs layer is a non-
stoichiometric [3] material containing excess ‘As’ precipitates and point defects
in the matrix of crystalline GaAs layer. The electrical and optical properties of
active layers grown directly on such LT buffer layers could be adversely affected
due to the fact that excess ‘As’ could rapidly diffuse into the active layer. Super
lattice (SL) layers are known to trap defects and impurities and these have been
traditionally employed as buffer layers before the growth of active channel
layers. Here, we suggest the introduction of SL buffer on the Low temperature
grown GaAs to trap the diffusing excess “As’ since it is known that ‘Al’ has
more affinity for As than Ga. Results of PHEMT structures grown with and
without SL buffer on LT GaAs will be discussed later.

2.2 Pseudomorphic InGaAs layer

Next we consider the growth of pseudomorphic InGaAs layer in which two
dimensional electron gas (2DEG) will be formed. Here the trade-off is among
the following parameters. (a) Critical thickness of the strained InGaAs layer [4]
(b) mobility and sheet electron concentrating (c) ‘In’ segregation and re-
evaporation [5,6] and (d) AlGaAs/InGaAs interface near which 2DEG transport
would take place in the device.

It is known that Indium tends to segregate and Indium incorporation is
lower than intended value and it is necessary to adjust the growth conditions to
obtain the intended composition in grown layers. We have used
Photoluminescence to estimate ‘In’ composition in InGaAs/GaAs single
quantum wells and compare it with PL energy calculated taking into account
irregular shape of the QW . We have taken care of the flux transient by
providing a ramp of ‘In’ effusion all temperature.
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Figure 3. Photoluminescence spectrum of InGaAs/GaAs MQW structure

We also addressed the problem of ‘In’ re-evaporation and determined
- the temperature range in which ‘InGaAs’ of intended composition can be grown.
For this purpose a structure with six ‘InGaAs’ single quantum well (SQW) of
same thickness and nominal intended composition ( x = 0.1) separated by 500 A
- GaAs was grown successively by increasing the substrate temperature for each
- SQW growth. The structure and PL spectrum are shown in Fig. 3.

It can be seen that there are four peaks corresponding to six SQWs. We assign

‘the peaks to different ‘In’ composition in the Quantum Well(QW) . Higher
‘substrate temperature leads to lower ‘In’ incorporation in the QW due to re-
‘evaporation from the layer Thus we conclude that for reproducible growth of
GaAs of intended composition, it is necessary to maintain T, less than 540C.
a modulation doped [MOD] structure the excess segregated ‘In” at the
ace could get incorporated during the growth of AlGaAs spacer layer and
e a reduction in the conduction band discontinuity and also roughen the
ace. We suggest a method to improve the quality of interface. This
Ives a growth of a monolayer of GaAs on top of InGaAs layer and
bsequently flashing off the excess ‘In’. This is expected to result in a ‘In” free
rrier layer and a smooth interface.
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2.3 Growth of ‘AlGaAs’ spacer and ‘donor’ layer

Many papers[7] discuss the necessity for choosing Al composition in
Al,Ga;zAs below x = 0.24 in order to avoid the deleterious effects due to
formation of DX centers which act as traps for electrons. The ‘Al’ composition
in the MOD structures was kept below x = 0.24. The thickness of ‘AlGaAs’
spacer layer is chosen for obtaining high ‘ns-p’ product. Test structures with
spacer thickness = 65 A were grown in order to characterize the electrical and
optical properties of 2DEG in InGaAs.

- GaAs and AlGaAs

: layers (20x)

GaAs and AlGaAs

avyers (20x)

Figure 4. Cross sectional TEM micrograph of a test Superlattice
structure containing two superlattices SL1 (GaAs 90A/AlGaAs 115A)
and SL2(GaAs 45A/AlGaAs 65A)

Substrate temperature during growth of AlGaAs is an important parameter.
It is known that for obtaining best optical properties it is necessary to grow
‘AlGaAs’ at 700C. However, ‘Al' composition in grown layer becomes
uncertain due to re-evaporation of ‘Ga’ which becomes substantial beyond Ts >
680C. Hence, it is necessary to keep the growth temperature below 680C.
Increase of T; before start of spacer layer might roughen the interface and hence
the spacer layer was grown around T, = 620C. In order to evaluate (a) the
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thickness of thin AlGaAs layers and (b) interface quality we have performed
XTEM analysis of a test HEMT structure containing a two period AlGaAs/GaAs
Superlattice. The micrograph of the SL portion is shown in Fig 4. The interface
quality as seen by HRTEM (not shown) was excellent.

Silicon ‘6° doping concentration was calculated for obtaining 2DEG of
around 2 x 10" cm™ in InGaAs and also to provide electrons for the Schottky
barrier depletion layer . Substrate temperature was kept at 580C during doping
in order to minimize diffusion of ‘Si’ into the active channel layer.

Although, best quality AlGaAs is grown at substrate temperature 680C, it
is necessary to minimize the spread of Si ‘4" doping in the undoped AlGaAs. To
obtain high Schottky barrier height, it would be better to keep the AlGaAs
undoped and therefore minimize the diffusion of Si towards the surface. In
order to achieve this we kept the temperature of growth of AlGaAs at 650 C.
Finally, the cap layer of heavily doped GaAs layer was to facilitate Source-Drain

ohmic contact formation.

3 Results and Discussion

We show the mobility and sheet carrier concentration obtained in test P-
'HEMT structures with only SL buffer and also in a structure with a
mbination of SL and LT buffer in Table 1.

Table 1. Hall measuement Data for the P-HEMT structures

Mobility cm’/vsec) Sheet Ns(cm ~)
prring 300K 77K | 300K | 77K
P-HEMT with only | 5715 26099 1.5¢12 1.7el2
SL buffer
P-HEMT with LT 4675 19432 2.19el | 2.5e12
GaAs and SL buffer 2

- Fig 5 shows the HRXRD of the P-HEMT structure . In this fig we also show
simulated HRXRD spectra using the simulation program MADMAX[8]. Tt
be seen that the structure is reasonably sharp and the thickness and
ition values in different layers are close to the nominal values.

In fig 6 we show the PL spectra taken at 17K. In this we can identify two
viz at 1.605eV and 1.367¢V. The peak at 1.605 eV is attributed to the
quantum well in SL buffer. The thickness of the quantum well calculated
the peak position compares well that determined from the TEM
rements. The PL peak at 1.367 eV is from the InGaAs quantum well and
ed to electron sub band E1-HH1(heavy hole) transition
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Figure 5. HRXRD (400 reflection)of P-HEMT structure with LT GaAs +SL buffer.
Simulated curve is also shown in the figure. The structure is shown in the inset
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Figure 6. Photoluminescence at 17K of P-HEMT structure
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Having optimized the growth condition device structures were grown and
0.5 pm gate length and 100 pm width devices were fabricated which exhibit g,
= 280 ms/mm, a pad capacitance of 0.01 pF and gate to source capacitance Cgs
= 15 pF. The cut-off frequency f; was around 31GHz.

4 Conclusions

Material growth related issues for the MBE growth of AlGaAs/InGaAs/GaAs P-

HEMT structures were discussed . Growth of a AlGaAs/GaAs Superlattice on

LT GaAs helps in improving the electrical and optical properties of P-HEMT

active layer. Results obtained on the P-HEMT structures with LT GaAs
containing a SL buffer show very good performance
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SPIN TRANSPORT IN TWO-DIEMSIONAL ELECTRON
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We persent study of spin transport in two-diemnsional electrong gas in persence
of Rashba spin-orbit coupling(RSO). Using Landauer-Biittiker formalism spin re-
solved conductace of a 2DEG is calculated within singal band tight model in-
persence of RSO. It is shown that spin-diffusion length is anisotrpoic, i..e it de-
pends on the choice of spin-quantization axis. Further a crossover from 2D to 1D
is studied.

1. Introduction

The spin transistor proposed by Datta and Das ! has attracted a consider-
abel attention to the problem of spin polarized transport in two-diemnsional
elctron gas (2DEG) in persence of the Rashba effect. Datta and Das spin
transitor is a hybrid hetrostructures consisting of narrow-gap semicondu-
tor (InAS) connected to feroomagnetic source and drain contacts. It was
argued that the conductance of this structure can be modulated by ap-
plying an external gate voltage, which can manipulate the precession of
conduction elctrons in 2DEG. This requires a filed dependent spin-orbit
coupling, which is large and well estabilshed for narrow gap semicondutor
heterostructure ?. Spin-orbit interaction in these structures are governed
For a two dimensional electron gas (2DEG) lying in zy plane the
RSO interaction takes the form Hp=a(kyo, — k;0y) = ﬁH(E).E where
& = (05,0y,0;) denotes the Pauli spin matrices,a is RSO coupling param-
eter and Br(k) is Rashba field. The direction and magnitude of Rashba
field Bp(k) depends on the electron momentum k. RSO coupling causes
a slow spin dephasing by a mechanism known as D’yakonov-Perel’, which
is a continuous spin precession during electron free flights, contrary to
the other spin relaxation processes like Elliot-Yafet” and Bir-Aronov-Pikus

64
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mechanism #, which lead to instantaneous spin flip. When an electron
propagates, its spin precesses around the direction of B'R(E). The length
over which spin precesses by an angle w is known as spin precession length
and is related to a as Lsp, ~ I. Scattering from boundary or impurity
changes the direction of Rashba field Br(k) which depends on the elec-
tron wave vector and causes the electron to precess around a new direction.
Thus randomizing the precession process causing spin relaxation. The cor-
responding spin relaxation time 7, is given by 7, & 1/(w?ry), where 74
is elastic scattering time %19, The corresponding spin diffusion length is
given as, Ly = \/(1/2)v3TetTy = Ly, which is independent of the mean free
path (L.). It is important to realize that although the disorder increases
the spin-relaxation time(motional narrowing effect®!? ), this increase is ex-
actly compensated by the reduction of the diffusion constant, leading to a
spin diffusion length that is essentially independent of the disorder. The
two latter quantities are probed by different kinds of experiments, namely
in a time-resolved or spatially resolved experiment, respectively. We re-
port numerical calculation on a square lattice of length L, (direction of
current flow) and width L, along the transverse direction, which shows
that spin diffusion length is not independent of mean free path(L.) as pre-
~ dicted by motional narrowing effect’. We show that these deviation occurs
in two opposite regimes , specifically, (a)In diffusive regime (L, 3> L.,
Ly > L.) when spin precession length is much larger than the mean free
path (Lsp > L) (b) In quasi-ballistic regime (Lz > L., Ly < L) when
- spin precession length is much smaller than the mean free path (Lgp < Let).
‘Further it is shown that in case (a) where (Lgp > Le;), spin diffusion length
‘can be non-monotonic as a function of Fermi energy due to nonparabolicity
the band. It is also shown that spin relaxation is anisotropic which has
important consequences for Datta-Das transistor'. These are three new
d important result we report in this paper. We would like to stress that
e results presented here are obtained within single band tight binding
odel using recursive green function method ' which is an exact method
d takes into account the quantum effects at single particle level.

1.1. Tight binding Hamiltonian

Hamiltonian of a 2DEG lying in 2y plane in presence of Rashba spin-
it coupling, is in continuum given by H = h*(k2 + k2)/2m* + a(kyo, —
)+ V (z,y), where V(z,y) is confining potential. For V(z,y) we choose
d wall confining potential. We discretize the above Hamiltonian on a
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square lattice of lattice spacing a with N, sites in the longitudinal direction
(current direction) ( L;=N,a) and N, lattice sites along the transverse
direction (Ly=Nya), attached to two ideal non-magnetic leads on left and
right. The corresponding tight binding Hamiltonian including RSO 3, takes
the form!!+13,

H = Zecz,j,o'cia.f-”
ij,0
£ Z CL-l,j,a-Ci,j,o- g7 cl,j+lig-c'i,j‘0' + h.c.
<i,j>o

=20 2 {~ehroouor (i)

1,j,0,0"

+ cI!j“l‘l,UCi’jia; (3‘7:6’) + h-c} (1)

here ¢} ; , is the creation operator of an electron with spin o at site (i, ), & is
a random on-site energy (we use random Anderson model for disorder with
width W), t is the hopping energy (¢ = h%/2m*a?, we set t=1 for numerical
simulation) and, ¢3,,,0%,,,0%,, the Pauli matrix elements summation <
i,J > runs over nearest neighbor sites, A,, = (a/2a) is the RSO coupling
parameter having dimension of energy. The RSO coupling causes spin
splitting for k # 0, AE = 2ak, which is linear in momentum and at the
same time causes the spin to precess around the Rashba field BR(k) with
frequency w = AE/2h.

For later reference we remind that within the Born approximation the
mean free path in 2D is given by L, = ﬁlw,a, W is strength of
Anderson disorder and, Nyy(EF), is density of states. Here we also remind
that in 2D the density of states are singular in the middle of the band (this
is a general topological property and is not related to any specific model),
while goes to a constant near the band edge.

The conductance and spin resolved conductances are calculated using
Landauer-Biittiker '* formalism with the help of non-equilibrium Green’s
function formalism'!. The two terminal spin resolved conductance (for a
given spin quantization axis) is given by !!

'2

h

where I'y(n,) self-energy function for the isolated ideal leads and are given
by Tp(q)=t*Ap(q), Where Ay, is the spectral density in the respective lead

Go'o" (EF) [Faga'o +ra Ga’ cr—] (2)
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when it is decoupled from the structure, G{% " and G%% are the re-
tarded and advanced Green’s functions of whole structure taking leads into
account. The trace is over spatial degrees of freedom. The total conduc-
tance is sum of spin-conserved conductance and spin-flip conductance, i.e.,
G = G4 + Gsy where the spin-conserved and spin-flip conductance are
Gsc = G + GY and G4 = G™ + G*1 respectively. We point out that
in our simulation the injected current is unpolarized since the ideal leads
are non-magnetic, however by analyzing the spin resolved conductances we
can study the spin relaxation and diffusion phenomena which would be ob-
servable when the injector and detector are magnetic. Note that is also
possible to obtain such information without magnetic leads, by polarizing
and analyzing the electron gas optically.

~ 1.2. Results and discussion

Fig. 1 depicts the conductance and spin resolved conductance for different
spin quantization axis as a function of length L,. The width of the chan-
nel is fixed and equals L,=80a. The other parameter are L,=122a and
Lgp,=104a. This set of parameters corresponds to the case (b) discussed in
introduction. The behavior of spin-resolved conductance is different for dif-
ferent quantization axis since the system considered here is confined along
sverse y direction the effective Rashba field By (k) is almost parallel to
'y axis hence the spin polarization does not show the oscillation when the
n quantization axis is along y(left panel in Fig. 1) . We note that the
diffusion length (L,q) is larger than the spin precession length(Lyp).
panel in Fig. 1 shows this clearly where G, and G;¢ show oscillatory
vior as a function of length L, for lengths larger than the spin pre-
on length (L,,=104a). The period of oscillation is given by L, and
there are many such oscillation which implies that Ly is larger than
Ly, '°. In a recent model calculation by Silsbee '® no such oscillation
found. The model used in Ref. ' ignores spin memory between suc-
ve scattering event, while our calculation is exact and hence the spin
between successive scattering event is taken into account which is
uantum effect.

“ An appropriate quantity which is suitable to study spin diffusion is the
) ation of the transmitted electrons, defined as

sc sf

om the definition it is clear that the polarization P lies strictly between

P=
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Figure 1. Conductance(solid line) , spin conserved conductance(dashed line) and spin
flip conductance{dot-dashed line) as a function of channel length. Spin quantization
axis is along y for left panel and along z axis for right panel. The model parameter are
Ej = 1.1%,L, = 80a, W = 0.5]t|, and A, = 0.03]¢].

+1 (spin-conserved ) and —1 (spin-flip). The polarization corresponding to
Fig. 1 is shown in Fig. 2. We see that the polarization is always positive for
spin quantization axis y while for spin quantization axis zit shows oscillation
of largest amplitude. The amplitude of oscillation is different for different
cases signifying that the spin diffusion length is anisotropic *!. This implies
that for the Datta-Das * spin-transistor a larger current modulation will be
obtained as a function of gate voltage when the magnetization direction of
injector-detector ferromagnets are parallel to the z axis 17.

Fig. 3 illustrates the point that in to preserve spin polarization one needs
to confine electrons to a width of the order of mean free path and not to
tens of mean free path as claimed from real-space Monte Carlo simulation
18 The mean free path(L,) for Fig. 3 is 30a, we see that the polarization
for channel width(L,) 30a, 50a, and 80a decays much faster as function
of channel length compared to the channel width 10a, and 20a, which is
less than the mean free path. This corresponds to the quasi-ballistic case,
i.e.,case (b) discussed in the introduction. Also the polarization remains
almost unchanged corresponding to channel width 10a, which is consistent
with the 1D limit exhibiting no spin depolarization, since all rotations are
along one axis and are commuting *

The results presented above were in the quasi ballistic regime corre-
sponding to case (b) in the introduction where L,, < L, so that during
free flight electron spin precession was larger than the w. Now we present
the result for the regime (a) discussed in the introduction where Ly, 3> L,
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Figure 2. Polarization as function of channel length for spin quantization axis z, y and
2The model parameters are as those for Fig. 1.

80 that during free flight electron polarization precesses by an angle smaller
pan . The results are shown in Fig. 4, where we have plotted polarization
r spin quantization axis y for different mean free paths as a function of
precession length L.
We see in Fig. 4 (left panel) that as we reduces mean free path while
ping spin precession length fixed we observe an enhancement of the
zation P, or in other words polarization decay is reduced, i.e., disorder
to preserve spin polarization. For A4/t > 0.02, in the quasi-ballistic
ime, polarization is enhanced as we increase A4/t as is seen from the
4 right panel(curve corresponding to L,=120a). This corresponds to
case (b) (Lsp/Le < 1) discussed in introduction, though the condition
opposite to that of case (a) which is motional narrowing regime. Hence
; sive case spin polarization is enhanced as we increase the dimensional
ameter Lgp/L, >> 1 (Fig. 4 left panel) while for quasi ballistic case spin
zation is enhanced when L, /L, < 1(Fig. 4 right panel). In this sense
two opposite regimes behave similar.
s encouraged by the results we study the spin-diffusion as function
mi energy. A motivation come from the simple observation that the
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Figure 3. Polarization as function of channel length for different channel width.mean
free path and spin precession length are 30a and 104a(As = 0.03|t|) respectively. The
other parameters are same as those for Fig.1.

mean free path in two dimension behave like L, = \/(Ey)/(Nag(Ef)W?),
any deviation from nonparabolicity in the band will effect the density of
states and therefore the spin relaxation. Near the band edges, where energy
band can be well approximated by parabola, the mean free path increases
as Fermi energy is increased since Nog(E}) is constant, however as one ap-
proaches the band center Nag(Ey) start to diverges logarithmically (Van
Hove singularity), this in turn causes mean free path to decrease. This is
due to nonparabolicity of the energy band and in recent experiments by
Hu et.al. ®, it was reported to cause a reduction in RSO coupling Ay by
25%. The reduction in A,, due to nonparabolicity is encouraging since it
will increase the spin precession length which can only help to push the pa-
rameters in the regime (b) discussed in introduction. From the discussion
above we see that as we move away from the band edges, initially the mean
free path will increase and then starts to decreases, and will be shortest
at the band center. Though presence of disorder will weaken the singular-
ity in density of states, but density of states still remains peaked at the
band center as reported recently in Ref. ?°. Hence enhancement of spin
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herence, i.e., polarization should be maximum at the band center. This
arly seen in Fig. 5, where we have plotted polarization as a function
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of Fermi energy for different strength of disorder, where A,,/t = 0.02 or
the equivalent spin precession length is L,, = 157a. We notice that in the
middle of the band polarization enhancement is largest compared to the
ballistics case even for the weak disorder, i.e., W/t=0.5 and 1.0, this is in
agreement with the fact that density of states are peaked at band center 20,
Also it is seen that polarization for W/¢=0.5,1.0 and 2.0, decreases until
|E¢| =~ 2.0 (measured from the band edge), beyond this point increases in
disorder strength always enhances the polarization.
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Figure 5. Polarization as function of Fermi energy in units of |¢|. Different curves
corresponds to different values of disorder strength W. The system size is (80a x 80a).
The RSO coupling Aso/t =0.02 (Lsp = 157a). Disorder averaging was performed for 20
different realization for each W.

In the energy window —2 < Ep/t < 2 we are always in the regime
of infinitesimal rotations i.e., Ls/Le > 1, hence polarization is en-
hanced compared to ballistic case irrespective of disorder strength. Beyond
—2 < Ey /[t <0 the curve for W/t=2.0 shows an increases in polarization,
this is expected since an increase in disorder only helps to decrease the mean
free path. This is in agreement with heuristic arguments present above. So
from this curve we can safely draw the conclusion that as we move away
from band edge, polarization will decrease initially and then will start to
increase again till the band center, i.e. polarization shows a non-monotonic
behavior as a function of Fermi energy. This is the coupled effect of dis-
order and nonparabolicity of energy band. This non-monotonic behavior
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should be seen with reference to recent experiment on n-type GaAs ?!,
where observed spin life time show a non-monotonic behavior as a func-
tion of carrier density. In this experiment carrier density was controlled
through doping, which increases the Fermi energy and reduces the mean
free path. However the results of Ref. 2! are for 3d bulk material hence we
can not make a direct comparison with the experimental result. Another
interesting conclusion which can be drawn from Fig. 5 is, in diffusive case
~ gpin polarization can be preserved even for wide channels, since disorder
helps to preserve spin polarization as soon as nonparabolicity of density of
states starts to play role, however weak the disorder may be. This is clearly
illustrated in Fig. 5 where all the curves in presence of disorder lies above
the curve for ballistic case in the range —2 < Ey < 2. This might have an
important implication for the Datta-Das spin transistor !, since it removes
the stringent criterion to confine electrons in one dimension.

- 2. Symmetry and Anisotropy of conductance of a
Ferromagnetic-2DEG interface

In this section we congider the following question, Does the conductance of
a FM/2DEG interface depends on the magnetization direction? Buttiker
;symmetry relation for electrical conduction says that when one flips the
magnetization of the Ferromagnet, conductance should remain invariant.
However, it does not make any statement about how conductance should
have when one changes the direction of magnetization. Motivated by
, we present the results for the conductance of FM/2DEG interface
d point out that the conductance is anisotropic'!. The results are shown
Fig.6, as is seen clearly when we rotate the magnetization direction in
plane the conductance changes,and the conductance curve is symmetric
the magnetization angle which is consistent with the Biittiker symme-
¢ relation. This is in contrast to the result of Ref. 2 where they used
ive mass Hamiltoniand showed that conductance of a FM/2DEG in-
ace is invariant upon the rotation of magnetization. It was argued in
12 that the anisotropy which is seen in numerical simulation within
t binding model is a consequence of reduced symmetry of lattice, how-
we believe that the anisotropy is due to the simultaneous presence of
e and spin-orbit interaction, though they are spatially separated.
existence of anisotropy is due to the presence of SO interaction which
s rotational invariance in space.
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Figure 6. Top: schematic description of the device geometry (left), and of the band-
structure (center) and Fermi surface (right) of a 2DEG with Rashba effect; the arrows
indicate the direction of the spin-quantization axis. Bottom: T'wo-terminal conductance
of a FM/2DEG junction as a function of the angle # of the magnetization in yz plane
for the ballistic (left) and diffusive (right) cases. Calculations were performed on a
50x50 lattice with kra = 1, FM exchange splitting A given by A/er = 0.5, 2DEG
Rashba parameter kpa/ep = 0.03; for the diffusive case (no configuration averaging),
the mean-free-path [ is given by krl = 30.

3. Conclusion

In summary we have presented new single band tight binding model in-
cluding Rashba SO interaction. Using this tight binding models effect of
SO interaction on spin and charge transport is studied. Numerical results
were presented for spin relaxation in 2DEG in presence of Rashba SO inter-
action and it was shown contrary to naive expectation that disorder helps
to reduce spin relaxation. Also it is pointed out that conductance of a
FM/2DEG interface can be anisotropic due to the simultaneous presence
of exchange and SO interaction.
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STEPPED SILICON TEMPLATES FOR QUANTUM WIRE
STRUCTURES
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During the twenty-year development of synchrotron radiation sources for X-ray
diffraction, the application to surfaces and interfaces has been a primary motive for the
technological advances. The experimental techniques, which are now well-developed,
are described in the introduction of this paper. A recent application has been to
understand the quantum physics of one-dimensional electronic structures. Here a vicinal
semiconducting surface, 8i(557), is used as a template to grow ordered arrays of metallic
wires by evaporation of gold. The structure of the resulting Au/Si(557) surface is
determined from three-dimensional X-ray diffraction measurements. The data directly
mandate a single Au atom per unit cell, which allows the use of a “heavy atom’ method in
which the Au atom images the rest of the structure. Au is found to substitute for a row of
first-layer Si atoms in the middle of the terrace, which then reconstructs by step
rebonding and adatoms. This structure is found from theoretical band structure
calculations to be consistent with the 1D metallic behavior seen by photoemission.

Surface X-ray Diffraction is a useful experimental method to learn about the
atomic-scale structure of surfaces and interfaces. The well-known penetrating
property of X-rays inside solid and liquid matter allows us to examine both
surfaces and interfaces on an equal footing. Whereas an inherently surface-
sensitive method like Scanning Tunnelling Microscopy (STM) can detect the
outermost electron shells of the topmost layer, Surface X-ray Diffraction sees the
full three-dimensional arrangement of the atom cores. Sometimes, the
distinction is important, for example when the electronic density of states is
under investigation. In the example presented here, Au/Si(557), the STM is
ambiguous about the chemical identity of the prominent features and the
electronic states are relevant to its functioning as a quantum wire.

It is commonly not appreciated that Surface X-ray Diffraction obtains its

surface sensitivity from symmetry considerations alone. Because a surface has
lower symmetry than the bulk, its diffraction extends out into regions of
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reciprocal space where the bulk does not contribute. By choosing to measure in
those places, the experiment can be specific about surface structure. Apart from
the trivial breaking of the translational symmetry in a reconstructed surface,
which leads to entirely new diffraction features, even a "1x1" surface can be
determined by Surface X-ray Diffraction because of its Crystal Truncation Rods
(CTRs). The Au/Si(557) surface presented here is such an example.
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figure 1.Pictorial view of the origin of Crystal Truncation Rods as a convolution. Top
row: surface of a crystal is obtained by multiplication of an infinite crystal by a step
fanction. Bottom row: after Fourier transformation, the diffraction pattern is obtained by
the corresponding convolution.

- Crystal Truncation Rods (CTRs) arise because of the abrupt termination of a
infinite crystal at a flat surface [1]. They were anticipated by von Laue in
calculation of the contribution of crystallite shapes to powder diffraction
iles [2]. While a mathematical derivation is provided in ref [1], CTRs can
tood graphically to be a convolution, as illustrated in Fig 1. The semi-
e crystal is represented as a product of an infinite crystal with a step
on cutting it off in the z-direction. According to the convolution theorem,
ffraction pattern is the convolution of the Fourier transforms of these two
s, The Fourier transform of an infinite lattice is a reciprocal lattice of
d-function-like points, given by the usual construction. The Fourier

m of a step function in z is 1/qy, giving the (1/g,)* functional form for the
ity illustrated in Fig 1. Upon convolution, the (1/q;)* functions join
to form continuous lines through reciprocal space, whose intensity
at each Bragg point, as shown. In the real situation, absorption (or else
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dynamical effects) prevents this divergence of intensity. Usually, the surface is a
close-packed crystal plane in real space; by the reciprocal lattice construction,
the normal to this plane, spanned by qz, is an exact direction of reciprocal space,
along which the Bragg peaks line up.

18

16
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10

Out-of-plane momentum transfer, L (RLU)

12.0 125 13.0 135 14.0
In-plane momentum transfer, h (RLU)

Figure 2.Contour plot showing some of the Crystal Truncation Rods of the clean Si(557)
surface. Bragg peaks at positions (12,0,3) and (14,0,20) lie just off the top and bottom
edges of the picture. Reconstruction rods due to the 1x3 surface lie in between.

Near to the Bragg peaks, the CTRs are sensitive only to the bulk structure,
represented through the usual bulk structure factor. Far away, the CTRs become
progressively more surface sensitive, both to the atomic structure and to the
degree that roughness is present [1]. The Surface X-ray Diffraction method
therefore consists of measuring the intensities of a large number of CTRs and
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comparing with the surface structure factor calculated as the amplitude sum of
the surface and bulk. A widely used computer program, called ROD, allows the
refinement of the atomic coordinates in three dimensions [3]. ROD is not useful
for ab initio modelling because of the phase problem inherent to all X-ray
Diffraction methods; a close starting model is required. Because of its
simplicity, having a single heavy atom (Au) per unit cell, the Au/Si(557)
structure "solves itself". As first shown for small molecules [4], the pair
correlation (Patterson) function, obtained by Fourier transformation of the

measured intensities, closely resembles the electron density of the structure
combined with its inverted "twin" image.

The clean Si(557) surface was prepared on a wafer fragment by heating it in
UHV to 1200°C. As previously reported [5], this resulted in a 3x1
reconstruction, believed to be comprised of triple bunches of steps. Part of its
diffraction pattern is shown in Fig 2. The indexing of the reciprocal lattice
appears unusual, but is required to meet the necessary condition of placing the
gz-direction along the (557) surface normal. The 111 bulk reflection indexes as
(12,0,3), while the 220 bulk reflection indexes as (14,0,20) in these "surface"
coordinates [6]. The (12,0,L) and (14,0,L) CTRs can be clearly seen as ridges of
intensity in the contour plot, rising strongly towards the two Bragg peaks, just off
the edge of the frame. Two additional rods of intensity lie in between the CTRs
at 1/3-order positions, which are due to the reconstruction.
- This (presumably) step-bunched substrate was then used as a template to
epare the Au/Si(557) surface by evaporation of 0.2 monolayers of Au onto the
bstrate at 600°C then annealing briefly at 900°C. The annealing permits the
bstrate atoms to rearrange, resulting in a "1x1" surface, containing only the
,0,L) and (14,0,L) CTRs and no 1/3-order rods [6]. This is the structure we
ed by measurement of the intensities of the CTRs [6]. The Patterson
tion gave us directly the termination of the Si lattice at the surface. Some
tional peaks in the Patterson suggested small modifications, which were
ested and refined using ROD to give the final structure of Fig 3.
~ In describing the final structure, the most noteworthy feature is that the Au
n substitutes for a row of Si atoms right in the middle of the terrace. The
stitutional behavior is new in the sense that all previous structures of Au on
irfaces have been ambiguous about the binding site(s). Here it is very clear
almost ideal substitution takes place in the upper bilayer, resulting in Au-Si

pths of 2.46A and 2.35A, which are within the limits of error from Si-Si



80

at 2.35A; the Au appears to substitute in the Si lattice with relatively little strain,

The second main feature is that the step edge reconstructs to form a 5-membered

ring, but removes a dangling bond. The third feature is a row of adatoms

attached to (otherwise) dangling bonds, as shown. The adatoms were only just
il detectable with the current number and quality of data (349 independent

measurements, 47 structural parameters), reducing the chisquare from 7.5 to 7.1
'. for the final model.

Figure 3.Top (x-y) and side (x-z) views of the structural model of the Au/Si(557) surface
obtained by surface X-ray diffraction. The Au atoms are drawn as triple circles. Atoms
and bonds closer to the observer are drawn with heavier lines for perspective.

The adatom row, which improved the fit to the X-ray data, can only be 50%
occupied within our model, which assumes a single repeat of the bulk Si
structure in the y-direction (see Fig 3). This is because it requires three upper
bilayer dangling bonds on a Si(111) terrace to attach an adatom, so two unit cells
along y are needed. In fitting the data, a 50% occupancy per single unit cell was
therefore assumed. The finding of reduced occupancy might account for the
doubled periodicity of one of the two rows seen per unit cell seen in the STM
results, an example of which is compared with our model in Fig 4.

The main purpose of Fig 4 is to compare the relative distances along the x-
direction between the protruding features of the model and STM image. The
row spacing of the STM is unfortunately compatible with two possible spacings
of the atomic model, so the identification remains ambiguous: the second row
could be either the Au or the step edge. We identify this other row to be the step
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edge for two reasons. Firstly, the peaks of both rows appear alike in STM, even
at different tunnelling voltages. Secondly, even though the step edge is not
expected from our model to have a doubled period, it shows one nevertheless.
Since the adatom is known to induce considerable strain parallel to the surface, it
is conceivable that a buckling of the step-edge atoms could result. Such a
buckling was already found to lower the surface energy in an ab initio
calculation [7]. Conversely, buckling of an Au row is not supported. This
prediction, which would explain the STM findings, is testable in a future X-ray
diffraction experiment, if the surface can be ordered sufficiently to obtain
half-order diffraction peaks along the y-direction.

(a) Adatom Au Step edge

J s2& | 734 b oqoa
® —

m.(a) Side (x-z) view of the refined structure of Au/Si(557) showing the spacings

' the three most prominent features. An atom numbering scheme is introduced.

(b) STM image of AwSi(557) showing the separation of the two rows of bright spots.

image represents a top view of the surface indicated by the x-y directions shown.

bright spots are identified here as Silicon atoms. The image was obtained using
thods described in ref [5].

Refined atomic coordinates are provided in Table 1. Crystallographic
notation is used, giving coordinates as fractions of an orthorhombic unit cell that
ins (wo copies of each atom. The numbering scheme is marked using
sels in Fig 5. Fig 5 also denotes the bond lengths that are identified in the
I. Excluding the adatom, these were found to be distributed with an
ge of 2.37A and a standard deviation of 0.07A. The bulk Si bond length is
A, The adatom geometry showed a back-bond length of 2.11 % 0.2A,
this is a little unreliable because of its low occupancy. There is a
cant trend in bond angles that affects the overall appearance of the surface
5. Close to the underside of the step, the geometry is close to tetrahedral
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near 109°, suggesting sp3 bonding. This tends towards trigonal near 120°,
indicating sp2 bonding, at the outermost end of the terrace.

Table 1.Refined coordinates of the atomic positions using the numbering scheme of Fig
5. The coordinates are fractions of the orthorhombic unit cell constants, a=38.208A,
b=3.840A and ¢=54.035A. Two copies of each atom exist in the centered orthorhombic
unit cell, related by the translation vector (0.5,0.5,0). The column denoted B is the
Debye-Waller factor in A%

Atom X y z B Atom X y z B
1 Si 05134 05 0.1598 3.15 18 Si 0.7291 0.0 0.0922
2 Si 0.5455 0.0 0.1544 3.15 19 Si 0.7529 0.5 0.0751
3Si 0.6040 0.0 0.1533 168 20Si 0.8131 0.5 0.0796
4 Si 0.6400 0.5 0.1456 0 21Si 0.8384 0.0 0.0631
5Au 07042 05 0.1493 0 228Si 0.4001 0.5 0.0735
6 Si 0.7355 0.0 0.1375 0 23Si 0.4242 0.0 0.0530
7 Si 0.8000 0.0 0.1414 1.68 24 Si 0.4853 0.0 0.0594
8 Si 0.8383 0.5 0.1587 0 258Si 0.5101 0.5 0.0429
9 Si 0.8255 0.5 0.1208 0 268Si 0.5707 0.5 0.0493

10 Si 0.8853 0.5 0.1330 1.68 27 Si 0.5960 0.0 0.0328

11 Si 04123 05 0.1171 168 28 Si 0.6566 0.0 0.0404

12 Si 04728 0.5 0.1237 1.68 29 Si 0.6818 0.5 0.0227

13 Si 04964 0.0 0.1025 0 308i 0.7424 0.5 0.0303

14 Si 0.5572 0.0 0.1114 0 318Si 0.7677 0.0 0.0126

15 Si 0.5816 0.5 0.0926 0 328i 0.8283 0.0 0.0202

16 Si 0.6405 0.5 0.1038 0 338Si 0.8535 0.5 0.0025
17 Si 0.6667 0.0 0.0854 0 348i 04141 0.0 0.0101

(e B o T <o Y e > I <> I - T T o o B oo B e Y e

Figure 5.Side view of the refined structure of Au/Si(557) showing the numbering scheme
and the bondlengths (in A) between the atoms which were refined.
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Ab initio calculations for the structure of Fig 2 have already been completed
[7]. The calculation compared a number of possible configurations and
independently found the same step reconstruction [7]. The adatom was found to
be acceptable to the total energy, but without a strong difference. The middle
Au substitutional site was also confirmed to be favorable and found to contribute
to strongly hybridized Au-Si electron bands which cross the Fermi level. These
are the states that contribute to the one-dimensional conductivity in this system.

The X16A beamline facility where the measurements were made at NSLS is
supported under DOE contracts DEAC02-98CH10886 and
DEFG02-91ER45439. This research was supported by the National Science
Foundation under contracts DMR 98-76610, DMR 99-81779, DMR 96-32635
and DMR 98-15416.
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SCANNING TUNNELING MICROSCOPY STUDY OF
EPITAXIAL GROWTH OF SI AND GE ON SILICON
DURING GROWTH
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Institut fiir Schichten und Grenzflichen, Forschungszentrum Julich, 52425
Jilich, Germany
E-mail: B.Voigtlaender@fz-juelich.de

We use a scanning tunneling microscope (STM) capable of imaging the growing
layer during MBE-growth at high temperatures. This method (MBSTM) opens
the possibility to follow MBE growth processes dynamically on the atomic scale
and gives access to the evolution of specific features during growth. The influence
of surface reconstructions on growth kinetics can be studied directly. For the case
of growth of Si islands on Si(111) we find lateral growth of rows of the width of
the 7x 7 reconstruction unit cell at the edges of twodimensional islands. This leads
to a kinetic stabilization of magic island sizes. The evolution of size and shape
of individual {105} faceted Ge islands (hut cluster) on Si(001) is measured during
growth. A slower growth rate is observed when an island grows to larger sizes.
This behavior can be explained by kinetically self-limiting growth.

1. Introduction

Recently scanning tunneling microscopy (STM) has become a powerful
method to study epitaxial growth on the atomic level. However, STM
has been limited in the past to "snapshots” of certain growth stages. The
growth was interrupted at a specific coverage and the sample was quenched
to room temperature and transferred to the STM for imaging. The main
disadvantage of this mode of STM operation is that local growth struc-
tures which are accessible by a real space microscopy cannot be studied in
their dynamic evolution during growth. Recently some effort was made to
overcome these disadvantages 123, :

Here we describe a mode of STM operation which opens the possibility
to observe the dynamics during epitaxial growth "in vivo” (MBSTM). The
experiments were performed in a standard ultra-high vacuum system. Due
to the open design of the STM the molecular beam from an evaporator can
be directed towards the sample while the STM is scanning the surface 4°.
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Figure 1. gray-scale image of the silhouette of the STM tip on the surface produced by
the molecular beain. The Ge covered region is shown brighter while the darker region
was shaded by the STM tip. The tip diameter can be measured to be 400 A.

During imaging the sample is held at MBE growth temperatures of 600-900
K.

Using this method of simultaneous scanning and molecular beam epi-
taxy the area behind the tip is shaded. This area can be measured if we
evaporate Germanium at room temperature (small diffusion length) while
the tip is fixed (i.e. not scanning). Scanning this area afterwards shows
the silhouette of the tip on the surface (fig. 1). The tip diameter can be
measured to about 400 A so that for images of several thousand A scan
range the shaded area is sufficiently small.

2. Influence of the (7x7) reconstruction in Si/Si(111)
epitaxy

During the epitaxial growth of 2D Si islands on Si(111) the growth of a
selected island can be observed as a function of time. Figure 2(a-f) shows
~ STM images from a growth sequence of such an island. In (a), the shape of
the island is triangular. Images (b-d) show the same island at a later stage
* during growth. As shown by images (b-d), growth proceeds by advancement
~ of a row of a certain width along the right island edge. The position of
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Figure 2. Sequence of images showing the lateral growth of a triangular Si(111) island.
A row of the width of the 7x7 unit cell is growing along the right edge of the island (b-f).
The image size is 500x500 A%, T=575 K. The complete growth sequence is available as
a movie on the World Wide Web: http://www.fz-juelich.de/video/voigtlaender.

the kink at which the row is ending is shown by an arrow in (b-d). An
analysis of the width of this row and further atomically resolved images
show that the width of such a row is 27 A, which is just the width of one
Tx7 reconstruction unit cell 6. '

In the following we discuss the influence of the 7x7 reconstruction on



Figure 3. (a) STM image of the 8i(111) - 7x7 reconstruction. The white protrusions
are the Si adatoms. The unit cell is indicated by a white rhombus. A dashed line
divides two triangular subunits. Since the image is taken at negative sample bias (-2 V),
the adatoms in the faulted half of the unit cell (F) appear brighter than those in the
unfaulted half (U). (b) Arrangement of the U and F parts of the 7x7 unit cell on the
substrate around a triangular island (shown in gray).

‘the growth behavior. The rhombic unit ceil of this reconstruction consists
- of two triangles. One of this triangles has a stacking fault in the surface
layers, relative to the substrate stacking (F-HUC). The other triangle of
' the reconstruction unit cell is unfaulted relative to the substrate (U-HUC),
fig. 3(a).

During lateral growth of an island, the surface reconstruction of the
ubstrate has to be lifted and the substrate atoms have to rearrange to
bulk structure. This transformation of the reconstructed surface layer
ards the bulk structure is a general phenomenon which has to occur in
y epitaxial growth at reconstructed surfaces. It requires a higher energy
lift the reconstruction of the F-triangle as compared to the U-triangle”.
To lift the reconstruction in the U-triangle, only atoms in the uppermost
om layer have to rearrange. This is associated with a relatively low
gy barrier. Lifting the reconstruction of the F-triangle requires the
of the stacking fault in the layer below the adatoms. This re-
ement of atoms in deeper layers is associated with a larger energy
er. This should lead to a high activation barrier for overgrowth of the
le compared to overgrowth of the U-triangle.

n Fig. 3(b), a Si island (gray) and the U and F triangles of HUCs
e surrounding reconstructed substrate surface are shown. Due to the
allographic orientation of the island, it is surrounded only by sub-
F-HUCs. This means that further lateral growth (initiated by the
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Figure 4. Evolution of island shapes during growth and growth interruption (at a sub-
strate temperature of 725K). Imaged during growth, islands have a triangular form (a).
After 18 minutes of annealing at 775 K, the islands have changed their shape to hexag-
onal (rounded) (b). After growth commenced again, the island shapes changed back to
triangular (c). In all three images, snapshots of the same two islands are shown. The
image size is 550 A x 550 A.

overgrowth of an F-triangle) is hindered by a high energy barrier. Once
an F-triangle has nucleated, the neighboring U-triangles can be overgrown
more easily (no stacking fault has to be removed). The overgrowth of the
next F triangle is facilitated by the existence of a “macro kink” (arrow in
Fig. 3(b)). Here the cost of the stacking fault energy is reduced by a gain
in the island edge energy: The edge length is reduced after growth of an F
triangle. Therefore, neighboring U and F units can be overgrown in quick
succession, leading to the fast growth of a stripe of the width of the 7 x 7
unit cell.

Due to the quick growth of a row once it is nucleated and a longer
time until the nucleation of the next row the island shape of a completed
triangle is found often in snapshot images of the island morphology. Islands
of complete triangular shape are kinetically stabilized. This higher stability
for the closed shell triangular islands leads to pronounced peaks of islands
of magic sizes in the measured island size distributions 3.

The two-dimensional triangular islands form during submonolayer
growth of Si on Si(111) are 1 BL high (1 BL = one (111)-bilayer =3.1A). In
the following it will be shown that this is a kinetically limited growth shape
evolving during growth. Equilibration of these islands without external flux
results in a transition to the hexagonal equilibrium form

In Fig. 4 two islands are imaged first during growth (Fig. 4(a)), then af-
ter a growth interruption of 18 min (Fig. 4(b)), and finally after the growth
was resumed (Fig. 4(c)). These experiments show that when growth is in-
terrupted, the islands quickly lose their triangular shapes: First, the atoms
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from the apex regions detach creating islands with rounded corners. Subse-
quently, the island shapes more slowly turn into a hexagon-like (compact)
shape as shown in Fig. 4(b). When growth is continued, the islands quickly
resume triangular shapes again. This evolution of growth morphology from
triangular islands during evaporation to hexagonal islands upon equilibra-
tion of the surface at 725 K and the final transition back to triangular islands
when the external flux is resumed and the equilibrium conditions are no
longer maintained is clearly shown in Fig. 4. This process shows that the
triangular island shapes are non-equilibrium ones while equilibrium shapes
are close to hexagons.

The equilibrium shape of an island is the form for which the energy of
the island is minimized. If the steps in the [112] and the [112] direction
were equivalent, the equilibrium shape would be an equilateral hexagon.
During annealing the form of the islands approaches such a hexagon. How-
ever several observations after long times of annealing show that the edges
perpendicular to [112] are a bit shorter than the edges perpendicular to the
[112] direction. This indicates that the edges perpendicular to [112] have a
higher energy.

3. Kinetically self-limiting growth of Ge islands on Si(001)

- In Ge epitaxy on 8i(001) three-dimensional Ge islands with {105} facets
nucleate after the completion of the 2D wetting layer . The island edges
~ are oriented along < 100 > directions, i.e. at 45° to the direction of the
- reconstruction dimer rows. The strain of these islands is partially relaxed
elastically, but they are coherent with the substrate lattice (i.e., free of
dislocations between the substrate and the hut clusters) . The evolution
- of the growth of these hut clusters is observed by STM during growth. A
'~ sequence of STM images for increasing coverage is shown in fig. 5. From
the images for instance the volume of the hut clusters can be calculated.

Figure 6 shows the evolution of the volume of several individual islands
as a function of total deposited coverage. The initially higher growth rate
individual islands just after the nucleation, indicated by initially large
pes in fig. 6, decreases when the islands grow to a larger size. In the
following, we use a model which shows that kinetically self-limiting growth
plains the observed slower growth for larger island sizes. This kinetic
odel for the growth of hut clusters relies on a barrier for the nucleation
each successive atomic layer on the {105} facets 1®11. The barrier for
the nucleation of a new facet increases with the facet size. This size de-
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Figure 5. Perspective view of STM sample images of the hut cluster growth as func-
tion of coverage beyond the wetting layer. (0.07 ML, 0.46 ML, 1.33 ML and 1.81 ML
from the top to the bottom; Image area: 1300% 1000 A:‘!, T=575 K. The complete
growth sequence is available as a movie on the World Wide Web: http://www.fa-
juelich.de/video/voigtlaender/.

pendent nucleation barrier for the repeated overgrowth of the {105} facets
is the reason for the self-limiting growth behavior 1. Results of the model
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Figure 6. Evolution of the volume of individual hut clusters. The different symbols
spond to different individual islands. The size evolution shows self-limiting behavior:
e initially larger growth rate (large slope) just after the nucleation decreases when the
ands grow larger. Results of a model calculation of kinetically self-limiting growth
uding a kinetic energy barrier for the nucleation of new material on the facets are
as solid and dashed lines.

lations for the evolution of the hut cluster volume are shown as solid
1d dashed lines in fig. 6 and are in good agreement with the experimental
ita. The experimentally observed slower growth rate for larger islands is
arly reproduced. This indicates, that a kinetic self-limitation is effective
g the growth of larger hut clusters. This kinetic self limitation arises
to an energy barrier for the nucleation of new material on completely
{105} facets. '

nmary we have shown that STM can be operated in real time during
ular beam epitaxy at high temperatures. MBSTM opens the possi-
to observe the growth history of single growth features in real time.
the case of the homoepitaxial growth of Si on Si(111) the influence of
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the surface reconstruction on the lateral growth of Si islands was demon-
strated. For the case of heteroepitaxial growth of Ge on Si(001) a slower
growth rate is observed when an island grows to larger sizes. This behavior
can be explained by self-limiting growth. A kinetic growth model involving
a nucleation barrier for each repeated growth of a new atomic layer on the
{105} facets agrees with the experimental results for the evolution of the
island volume.
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GROWTH OF SELF-ASSEMBLED EPITAXTAL
GERMANIUM NANOISLANDS ON SILICON SURFACES BY
MOLECULAR BEAM EPITAXY

D. K. GOSWAMI, B. SATPATI, P. V. SATYAM AND B. N. DEV
Institute of Physics, Sachivalaye Marg, Bhubaneswar-751005, India

Self-assembled epitaxial Ge nanoislands have been grown on 5i(100) and Si(111)
surfaces by molecular beam epitaxy in a compact custom-made MBE system. Re-
flection high energy electron diffraction (RHEED) studies during growth shows
layer to island growth transition as expected for Stranski-Krastanov growth. The
samples have been characterized by in-situ scanning tunneling microscopy (5TM)
and ez-situ transmission electron microscopy (TEM). Growth under identical con-
ditions appears to form larger islands on Si(110) surfaces compared to Si{100).

1. Introduction

_ Epltaxlal layer growth and layer morphology are governed by the interplay
between surface free energies and elastic energy. In the case of heteroepi-
ial growth there are three different growth modes:! (a) Frank-van der
erwe (FM) or layer-by-layer growth, (b) Volmer-Weber (VW) or island
rowth and (c) Stranski-Krastanov (SK) or layer-plus-island growth. Which
wth mode will be adopted in a given system depends on the surface free
nergy of the substrate, o,, that of the film, o, and the interfacial energy
Layer-by-layer growth mode occurs when Ae =0y + 0; — 0, < 0. The
dition of FM mode growth is rigorously fulfilled only for homoepitaxy
me film material as that of the substrate) where o, = o¢ and o; = 0.
he FM mode growth condition is not fulfilled then three dimensional
stals form immediately on the substrate (VW mode). For a system with
- < 0 but with a large lattice mismatch between the substrate and the
1, initial growth is layer-by-layer. However, the film grows as a strained
As the filn grows in thickness it stores an increasingly large strain
oy. This strained epilayer system can lower its total energy by form-
solated thick islands in which the strain is relaxed by interfacial misfit
locations, leading to SK mode growth in these strained systems.

growth mode occurs when there is a lattice mismatch between the
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substrate and the epilayer causing the epilayer to be strained. Growth of
dot-like self-assembled islands is a consequence of that. Wire-like islands
can grow from dot-like islands via a shape transition which helps strain
relaxation. This shape transition has been predicted® and observed®. The
dot islands grow in a shape following the symmetry of the substrate. For
example, equilateral triangular® and square islands grow on a substrate of
threefold and fourfold symmetry respectively. On a substrate with twofold
symmetry elongated island growth appears to be preferable®-®.

For nanosturctural fabrication, usually a thin epilayer is grown on a
substrate. This two-dimensional (2-D) layer is used to fabricate lower di-
mensional structures like wires (1-D) or dots (0-D) by lithographic tech-
niques. However, structures smaller than the limits of conventional lithog-
raphy techniques can only be obtained by self-assembled growth utilizing
the principles of SK or VW growth. Due to their small size these islands
can exhibit unusual quantum confinement effects which make them use-
ful in electrical devices as single electron transistors and optical devices®.
For appropriate growth conditions self-assembled epitaxial islands can be
grown in reasonably well-controlled sizes”®. A narrow size distribution is
essential for most optoelectronic applications. The ability to grow such
size-controlled islands is an attractive feature of self-assembly although the
positions of individual islands cannot be determined precisely. Since precise
placement of islands is not required for many devices, self-assembly is an
attractive route for the fabrication of devices based on nanostructures.

Growth of Ge on Si is a classic case of Stranski-Kranstanov growth where
uniform layer-by-layer growth up to ~3 monolayers [ 1 monolayer (ML) is
equivalent to 6.78 x10' atoms/cm? on a Si(100) surface ] is followed by
island growth. Surface free energy of Ge is lower than that of Si. So Ge
wets the Si surface — a condition for layer-by-layer growth. Both Ge and Si
have diamond structure but different sizes of the unit cell (lattice constant:
a®¢=0.5657 nm, a®* = 0.5431 nm). Due to 4.2% lattice mismatch between
Ge and Si, a pseudomorphic Ge film grows with a strain. As the strain en-
ergy builds up, the competition between the surface energy and the strain
energy eventually causes the film to undergo a 3-D island growth at cover-
ages beyond 3 ML®. 3-D island formation leads to a partial relaxation of
strain. During growth islands undergo a rich sequence of shape changes.
On a Si(100) surface initially they are square or rectangular shaped. They
are termed as hut clusters!?. There are also other shapes like pyramid and
dome!!. All these islands can be dislocation free or coherent?. Large is-
lands usually contain misfit dislocations, the presence of which reduces the
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strain energy. The islands, self-assembled via the SK growth mode, are in
general of nanometric dimension.

2. Experimental

Ge was epitaxially grown on Si(100) and Si(110) surfaces by molecular
beam epitaxy (MBE) in a compact custom-made MBE system and in-situ
characterizations by reflection high energy electron diffraction (RHEED)
and scanning tunneling microscopy (STM) were performed. MBE growth
and characterizations by RHEED, STM and ez-situ TEM were performed
in the following sequence. Si(100) samples were cleaned removing the na-
tive oxide by direct current heating at ~ 1250°C. On this surface RHEED
measurements were made to obtain the characteristic (2x1) reconstruc-
tion of the clean Si(100) surface. A thin (1.2 nm) Ge epilayer was grown
by evaporating Ge from a Knudsen cell (Al;O3 crucible) at a deposition
rate of 0.05 nm/min with the substrate kept at 550°C. Layer thickness
was directly measured during deposition by the quartz microbalance. The
thickness was calibrated by post-deposition measurement using Rutherford
backscattering spectrometry (RBS). Base pressure in the MBE chamber was
1.0x107'° mbar. During the growth the pressure increased to 8.5x1071°
mbar. During the deposition, RHEED measurements were also made. After
the deposition had been completed, the samples were transfered to the STM
chamber under ultrahigh vacuum condition. The STM chamber pressure
was 2.5 x 107'? mbar. Having completed the STM measurements, the sam-
ples were taken out of the vacuum chamber for TEM measurements. Plan
view and cross-sectional TEM studies on identically prepared Ge/Si sam-
ples were carried out ex-situ. Identical methods were followed for growth
on Si(110) surfaces.

3. Results and Discussions

RHEED pattern from a clean Si(100) surface, measured with a 15 keV elec-
tron beam, is shown in Fig.1(a). This shows a (2 x 1) surface reconstruction,
which is the signature of a clean Si(100) surface. Fig.1(b) and Fig.1(c) rep-
resent the changes in the RHEED pattern during the MBE growth of Ge
on the Si(100) surface. For a two-dimensional crystal the reciprocal lattice
points are actually lattice rods. The Ewald’s sphere for the 15 keV electron
beam impinging on the surface at a grazing incidence (3°) cut the surface
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Figure 1. RHEED patterns from (a) Si(100)-(2x1) surface, (b) Ge/Si(100) during
growth and (c) Ge/Si(100) after deposition of 1.2 nm Ge. (d) An STM image show-
ing Ge islands for 1.2 nm Ge deposition.

reciprocal rods in elongated lines. This produces streak shaped diffraction
spots as seen in Fig.1(a) for (2 x 1) reconstructed Si surface and in Fig.1(b)
for a 2-D Ge layer. This is the signature of initial Ge growth as layer-by-
layer. As growth continues, islands start growing beyond a deposition of
3—4 ML (0.4—0.5 nm) and 3-D island growth becomes dominant. Hence
the streaked RHEED spots evolve into points as expected for 3-D growth.
This is seen in the RHEED pattern in Fig.1(c) when 1.2 nm Ge has been
deposited. The change in RHEED pattern from Fig.1(b) to 1(c) indicates
a 2-D to 3-D transition as expected in the Stranski-Krastanov growth.
Having stopped the growth, the Ge/Si(100) sample has been transfered
to the STM chamber for further studies. This transfer is done without dis-
turbing the UHV condition of the system. In Fig.1(d) an STM image from
this sample is shown. Nanometer scale Ge islands are now clearly seen in
the real space. The islands are of square and rectangular shapes (although
they have some rounded facets). Square island growth is expected from the
fourfold symmetry of the Si(100) surface. However, rectangular shape is
also possible through a shape transition?. These large islands apparently
have flat top. Smaller islands can have ‘hut’ shapes'®. With increasing
coverage one also gets ‘pyramid’ and ‘dome’ shaped islands''. It is possible
to get coherent islands upto a maximum size, beyond which islands grow
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with dislocations at the interface. However, whether the islands have dis-
locations or not can not be observed in the STM images. High resolution
cross sectional transmission electron microscopy (XTEM) is more suitable
for this purpose.

Figure 2. TEM micrographs: (a) plan view — Ge islands on 5i(100) are seen. The image
was taken from a region with a lot of small islands. Larger islands are also present. Cross
sectional (XTEM) image of one such larger Ge island is shown in (b). Plan view image
shows (c) Ge islands on a 8i(110) surface, (d) a large Ge island on Si(110).

TEM micrographs for two samples are shown in Fig.2 [(a) and (b) for
'Ge/Si(100); (c) and (d) for Ge/Si(110)]. The plan view image in Fig. 2(a)
shows Ge islands with some moire-fringes on the islands. A detailed study
'of the spacing, variation of spacing within an island and discontinuity of
fthe moire-fringes can give evidence for the presence of misfit dislocations,
- nonuniform distribution of strain in an island and dislocation threading to
‘the island surface'?!3:1%, Fig. 2(b) shows a cross-sectional image of a Ge
_island on Si and the Ge/Si interface. Images of many such islands have
“been used to study the Ge island height and shape variation as a function
of substrate orientation and other growth parameters'®. Fig.2(c) and 2(d)
show Ge islands on a Si(110) substrate. On Si(110) surfaces growth of many
large islands along with smaller islands, was also observed. One such
and is seen in Fig.2(d). We have also obtained lattice images in XTEM
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for studying the structure and defects across the Ge/Si interface. These
will be reported elsewhere.

4. Conclusions

Recently, we have installed a cost-effective compact custom-made MBE
system in our laboratory. Using this facility we have grown self-assembled
epitaxial nanostructures of Ge on Si(100) and Si(110) substrates. We have
also presented various during-growth and post-growth characterizations of
these structures by RHEED, STM and TEM. RHEED patterns during Ge
growth clearly showed 2-D—3-D transition, when following the completion
of the wetting layer islands begin to grow.
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RAMAN SPECTROSCOPIC STUDIES ON ELASTIC STRAIN AT
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Germanium (Ge) clusters show luminescence at room temperature. The clusters
are grown on Silicon (Si) substrate at room temperature (Ge-RT) and also at
liquid nitrogen temperature (Ge-LNT) by cluster evaporation technique. Ge
nanoparticles on glass substrates have been characterized by X-ray diffraction
(XRD) measurements. The XRD pattern shows that Ge-LNT is not of diamond
structure, as in bulk, but is tetragonal. The objective of the paper is to
understand the effect of thermal annealing on both interfacial strain and
interdiffusion of elemental Si at the interface, together with luminescence
characteristics of the clusters. Raman measurement demonstrates the increase in
strain with annealing in diffused disordered Si at the interface between Ge-LNT
clusters and Si substrate. The decrease in PL intensity for Ge-RT with
annealing has been attributed to reduction in surface oxide species, which is
supported by Raman spectroscopic measurements.

1. Introduction

The clusters of group four semiconductor elements, silicon and germanium,
grown on different matrices, are the two most important materials in
nicroelectronics and optoelectronics industries. The presence of an indirect
dgap in these materials, render them useless for any optoelectronic device
ication. In recent time a major research is going on in this field. The recent
servation of visible photo- and electroluminescence at room temperature in
clusters on Si matrix, grown by cluster evaporation technique, has stimulated
of excitement because of its potential optoelectronics applications [1]. The
ation of these clusters may be understood as a complex interplay between
r-matrix strain, surface energy, surface migration, and stress transport [1-
The luminescence properties of these clusters have been addressed in light of
annealing temperature during the cluster growth. Craciun et al. have reported
prolonged oxidation of Ge clusters on SiO, matrix results in large curvature
t the interface due to high stress level induced by the volume expansion
ssociated with the oxidation of the Si at the interface [4].

In the present report, we have discussed the effect of annealing in the Ge
ers grown on Si matrix at room temperature and also at liquid nitrogen
erature by cluster evaporation technique. We have characterized the clusters
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by X-ray diffractometry. As-prepared Ge nanostructures exhibit blue light
emission. While photoluminescence (PL) spectra show the strain-relaxation in
annealed Ge clusters, Raman measurements indicate corresponding increase in
strain in diffused disordered Si layer at the interface between these clusters and
Si substrate. Here we like to mention that because the broad 2TA (X3;) mode of
Si is very close to the most intense LTO (I';s") mode of Ge, it is difficult to study
the effect of strain relaxation in the Ge clusters directly by Raman
measurements. The objective of the paper is to understand the effect of thermal
annealing on both interfacial strain and diffusion of Si at the interface together
with luminescence characteristics of the Ge clusters.

2. Experiments

We have grown Ge clusters by cluster evaporation technique. In this
technique the capped graphite crucible, loaded with small pieces of undoped Ge,
is heated by indirect heating. The detail of the sample preparation condition has
been discussed before [5]. The clusters of atoms are formed during adiabatic
expansion in the nozzle of the crucible. The p-type (100) Si substrate is kept
either at room temperature or at liquid nitrogen temperature. In this report, we
represent the Ge clusters deposited at room temperature as Ge-RT and the same
deposited at liquid nitrogen temperature as Ge-LNT.

X-ray diffraction patterns are obtained at room temperature by Philip’s
diffractometer, model PW17 with Cu K, as the radiation source. For X-ray
measurements samples are prepared on glass substrate. Photoluminescence
spectra of the clusters are obtained at room temperature using Jonbin-Yvon
fluorometer, model Fluoromax-3 with 313 nm as excitation wavelength. The
Raman spectra are recorded at room temperature in 45° reflection geometry
using 5145 A line of Argon ion laser as excitation source and computer
controlled SPEX Ramalog (model 14018) equipped with cooled photomultiplier
tube and photon counting system as the detector. For thermal treatment in air, the
samples are introduced into a temperature controlled furnace, maintained at a
desired annealing temperature, and kept for 30 minutes. Then they are cooled at
room temperature to record Raman and PL spectra. The samples are annealed at
4 different temperatures (T,) ranging from 150 °C to 700 °C. The cxpcrlmcnts
are repeated on 6 samples to check the reproducibility of the results.

3. Results and Discussion

The XRD patterns of Ge-RT and Ge-LNT are shown in Fig. 1(a) and 1 (b),
respectively. Both the patterns s.l'm:}\&-f broad glassy amorphous background. For
Ge-LNT a sharp peak at 26=33.68 , which can be associated with tetragonal
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phase from Ge clusters [1], rides on this broad background. For Ge-RT clusters
this peak is very weak, shown in inset of Fig. 1 with 10 times magnification.

intan

20 25 30 35 40

Fig. 1. XRD pattern for a) Ge-RT and b) Ge-LNT.
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Fig. 2. Raman spectrum for 300°C annealed
Ge-RT are shown by dots.

We have studied the change in Raman spectra associated with Si, the matrix
inalenal on which Ge clusters are grown, as a function of annealing temperatures
{150 °C, 300 °C, 500 °C, and 700°C). To determine the FWHM of the spectrum
.'from the bulk Si, under identical experimental conditions as for Ge-cluster
samples, we have recorded Raman spectrum from p-type (100) Silicon wafer,
“which is the substrate material to grow the sample. We have tried to fit all the
“experimental Raman spectra of Si from our sample using a Lorentzian profile. In
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the inset of Fig. 2, we have shown the best fit obtained for Si from Ge-RT
sample annealed at 300 °C. It is obvious from the inset that single Lorentzian
alone cannot explain the Raman line shape from the Si in the sample. The same
is true for the samples annealed at different T,

Both Ge-RT and Ge-LNT get oxidized during growth process and form GeO,
at the interface [1]. The mass-balanced equation for the displacement reaction
between GeO, and Si matrix is given by GeO,+Si=Si10,+Ge. Thermodynamical
consideration shows that elemental Ge is very stable in SiO, network and this
reaction requires diffusion of elemental Si in the cluster surface [6-8]. If GeO,
can obtain Si at the reaction interface the displacement reaction can proceed
rapidly because of the very large driving force. With annealing in air the samples
get oxidized further; hence, B, intensity of Ig(w), from the diffused disordered Si
at the interface is expected to increase with annealing. However, GeO, is
volatile, particularly at temperatures higher than 400 °C [1]. Hence, A, intensity
of Ix(w), from the underlying substrate is also expected to increase with
annealing.

Having above in mind, in the next step we have attempted to fit the observed

line shape of the same spectrum with I(w) =1, (w) +I5(w), where I,(w) and

Ig(w) are the two Lorentzian line shapes arise from the Si substrate and
disordered Si formed at the interface, respectively. Such strained peak has been
observed at SiGe/Si interface [9,10]. w, and wy are the phonon frequencies for
the Si substrate and for the diffused disordered Si at the interface, respectively.
We have used the non-linear least square method to fit the data. In Fig. 2 we
have plotted the fitted I(w) (solid line). It can be seen from the Fig. 2 that the
Raman line shape I(w) fits the experimental spectrum very well. In Fig 3 we have
shown the variation of wg with T, for Ge-RT and Ge-LNT. The solid lines have
been drawn through the points as the guide to the eye.

Fig. 3 shows that for as-prepared sample Ge-LNT «y appears at 521.3 cm’’,
with annealing this value decreases to 518.7 cm™ monotonically (filled squares).
We have also shown that for Ge-RT the above effect of annealing is not so
pronounced as compared to that in Ge-LNT (filled circles). wy for Ge-RT
remains essentially unchanged with annealing within experimental uncertainties.
@, is unchanged for both Ge-RT and Ge-LNT as it arises from the bulk Si
substrate.

The decrease of wg in Fig. 3 for Ge-LNT with increase in annealing
stemperature indicates increase in strain at the diffused disordered Si layer at the
interface. It has been shown that as-prepared Ge-LNT contains more GeO, than
as prepared Ge-RT [1]. So from the above mass-balance displacement reaction
one expects that the diffusion of elemental Si at the interface, hence the effect of
Iz(w) with annealing to be more in Ge-LNT than in Ge-RT because of higher
concentration of GeQO, in the former, and the effect of strained diffused
disordered layer shows up in Raman spectrum.
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We have also recorded corresponding PL spectra for as-prepared and
annealed (300 °C, 500 °C, and 700°C) Ge-RT and Ge-LNT. Fig. 4(a) and (b)
show PL spectra of as-prepared and 500 °C annealed Ge-RT and Ge-LNT,
respectively. The PL peak energies are estimated by fitting each spectrum by
Gaussian functions. Three peaks appear at 2.61 eV, 2.62 eV, and 2.65 eV. As
shown in Fig. 4 intensities of the PL peaks decrease with annealing.

The observed PL peak energies from the clusters in Fig. 4 are much higher
than expected PL peak energy from crystalline Ge (0.67 ¢V). We attribute these
PL peaks to surface oxidized Ge clusters, and surface species. Similar
observation for the Ge clusters has been reported by Okamoto and Kanemitsu
[11]. Choi et al. have explained the increase in photoluminescence intensity from
Ge clusters, grown by molecular beam epitaxy technique, during annealing as
due to the compressive strain on We suggest that the decrease in PL intensity in
Ge-LNT with annealing, shown in Fig. 4(b), is not only due to the decrease in
surface oxide species but also due to the strain-relaxation at the interface in these
clusters, a likely result of the increased strain in diffused clusters by the matrix
[3]. In Fig. 4(a) the decrease in PL intensity in Ge-RT can be attributed to
reduction in surface oxide species with annealing.
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Fig. 4. Photoluminescence spectra of
a) as-prepared and 500°C annealed Ge-RT
b) same for Ge-LNT.

4. Conclusion

In this paper, we have discussed effect of annealing on strain-relaxation in
Ge clusters grown on Si substrate at liquid nitrogen temperature and also at room
temperature by cluster evaporation technique. While PL. measurements help in
understanding the nature of strain relaxation in Ge-LNT, Raman scattering
probes the corresponding increase of strain in the diffused disordered Si at the
interface. Effect is not pronounced for the clusters grown at room temperature.
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LAYERED SYNTHETIC MICROSTRUCTURES:
IMPORTANCE OF A COMBINED X-RAY STANDING
WAVE AND X-RAY REFLECTIVITY ANALYSIS

B. N. DEV
Institute of Physics, Sachivalaya Marg, Bhubaneswar-751005, India

Layered synthetic microstructures consisting of thin layers of alternating elements
or compounds have unique structural, electronic and magnetic properties with a
wide range of applications. For such multilayer systems it is important to corre-
late the measured properties with structure and composition so that preparation
techniques can be optimized to yield high performance materials. For magnetic
multilayers where alternating layers are magnetic and nonmagnetic materials, a
small amount (even a few percent) of magnetic impurity (either from the magnetic
layers or external) in the nonmagnetic layer can change the magnetic coupling and
magnetoresistance significantly. Determination of such small concentrations by
X-ray reflectrometry is often very difficult. Layer composition is more accurately
determined by X-ray standing wave {(XSW) analysis, while interface roughness is
more accurately determined by the X-ray reflectivity (XRR) technique. It is shown
that for periodic multilayers, a combined XSW and XRR analysis provides more
accurate compositional and microstructural information overcoming the deficien-
cies of the individual techniques.

1. Introduction

Layered synthetic microstructures (LSM’s), consisting of thin layers of al-
ternating elements or compounds (A/B/A/B....), have unique structural’,
magnetic? and electronic® properties with a wide range of applications.
However, their properties depend strongly on the structural details, such
as the thickness ratio of A and B layers, roughness of the A/B and B/A
interfaces, impurities in the respective layers — either due to interdiffu-
sion or from external sources and the total thickness of the A/B/A/B....
stack. These structural parameters govern the performance of multilayers
in various applications, such as X-ray astronomy, microscopy, spectroscopy,
monochromators etc. For magnetic multilayers, where A is a magnetic ma-
terial and B is nonmagnetic or vice versa, small concentrations of magnetic
impurities in the nonmagnetic layers can drastically change magnetic cou-
pling and megnetoresistance®. This highlights the role of layer composition.
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Spin reorientation transition can be caused by changing structural param-
eters of a magnetic multilayerS. When this change of parameters are made
in a spatially modulated fashion, such modifications can lead to fabrication
of patterned ultrahigh density recording media®®7. Tt is extremely impor-
tant to analyze the structural and compositional details of LSM’s in order
to understand their properties and improve their performance.

Most of these LSM’s have layer thicknesses in the nanometer length
scale. There are not many experimental techniques which can probe struc-
tural and compositional details at this length scale. From X-ray reflectiv-
ity (XRR) experiments it is possible to determine layer thickness, inter-
face roughness and periodicity of a periodic multilayer with high precision.
However, small impurity concentrations cannot be reliably determined by
XRR. Secondary ion mass spectrometry (SIMS) has very high sensitivity
and, in principle, is capable of determining very small impurity cocentra-
tions. However, SIMS has its limitation on depth resolution (~ 50 A).
X-ray standing wave (XSW) technique is capable of determining a small
impurity concentration with high depth resolution. However, XSW cannot
reliably determine the roughness parameters. A combined analysis of peri-
odic multilayers by XRR and XSW can, on the other hand, provide a more
detailed structural and compositional information8.

The role of small impurity concentrations in multilayers is evident from
the example of a Co/Cu multilayer where the nonmagnetic Cu layers con-
tained Ni impurity. As the Ni concentration becomes smaller, magnetic
coupling and magnetoresistance show a more interesting behaviour. In the
work of Parkin et al.* on Co(10 A)/Cu;_,Ni, (4 - 50 A) multilayers, for
the smallest concentration of 4% Ni in Cu, the system shows the largest
magnetoresistance. So the natural question is, would the effect be stronger
for even smaller concentrations? This also necessitates the determination
of this concentration accurately. The quoted concentration in ref.4 appears
to be the nominal concentration expected from the preparation. This does
not guarantee that after sample preparation the concentration of Ni in the
Cu layer remains as expected. Diffusion across the interface can change the
concentration. This is spectacularly obvious for Au/Cu multilayers, where
Cu and Au were found to be completely intermixed in about a month after
the fabrication of the multilayer®. While this is an extreme case of interdif-
fusion, in other cases the diffusion may be slow and the layer composition
may change slowly. Hence the detection of a small concentration (~ 1%)
of impurities by a suitable technique is desirable. XSW is a suitable tech-
nique for this purpose. Combined XSW and XRR can be used to determine
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structure and composition of the LSM’s. This has been shown in details
in ref.8, where a Pt/C multilayer sample has been analyzed and the com-
position of the C layers was found to be Pt g5Co.95. From the fabrication
of the multilayer the C-layers were intended to have no Pt. Other Pt/C
samples with different Pt-to-C thickness ratios, showed somewhat different
concentrations'®. These Pt,C(;_,) compositions of the C-layers were not
intended during the Pt/C multilayer fabrication. Apparently, diffusion at
room temperature has changed the composition of individual layers, which
would otherwise be pure Pt and C layers.

In order to substantiate the claim that the combined XSW and XRR
technique is capable of determining the impurity concentration with ~ 1%
precision, it is necessary to introduce a small known change of concentration
and then determine the change experimentally. This is difficult to ensure
during the growth of the multilayer as we have observed earlier®®:10 that
there can be an unintended change of a few percent even in the most stable
multilayers. We have taken an alternative route using an athermal process
to displace some Pt atoms from the Pt layers into the C layers and vice
versa. This has produced a known concentration change which has been
measured by the combined XSW and XRR technique. Before we take up
examples we discuss the deficiencies of XRR and XSW techniques when
they are applied individually. Then the relevant points are clarified using
our previously published results.

2. Deficiency and strength of the XRR technique

The analysis of the X-ray reflectivity data is based on the electron densities
of the individual layers'!. It does not directly reveal the identity of the ele-
ments present. The same electron density can arise from many possibilities.
Multilayers, usually fabricated by sputtering in an inert gas atmosphere,
say Ar, are known to incorporate a small amount of Ar within the layers'?.
This has an effect of changing the electron density of the layers, besides any
change due to interdiffusion. If incorporation of impurity in a layer causes
volume change of the layer, it may also introduce an electron density change
in an unpredictable manner. Thus from the estimate of the electron den-
sity, it is difficult to obtain correct impurity concentration. Even a worse
situation arises when the change in electron density due to impurity in-
corporation is so small that it does not produce a detectable difference in
reflectivity. Let us take the case of Ni impurity in Cu as the case in ref.4.
Ni and Cu has nearly equal electron density and a small amount of Ni in Cu
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is not expected to change the electron density of a Cu layer significantly.
For a Pt/C multilayer, an example showing the effect of a reasonably large
change of electron density on reflectivity will be presented below.

Reflectivity

0.0 0.5 10 15 20

Figure 1. Theoretical plots of reflectivity for a 20-period Pt/C multilayer system for
different electron densities pc of the C layers. p. = 0.698¢/A% (—), and p. = 0.803¢/A®
(15% higher compared to the actual density) (- - -). Curves are vertically shifted by two
orders. However, they are also shown in an overlapping mode to demonstrate that they
are practically indistinguishable. (From ref.8)

In the case of a Pt/C multilayer, some dissolved Pt in the C lay-
ers would increase the electron density of the C layers. Two reflec-
tivity plots are shown in Fig.l. In both cases Pt electron density is
the same (pp; = 5.05e/A%). However, the carbon layer electron density
(pc = 0.698e/A?) is 15% higher (pc = 0.803e/A?) in the second case. The
reflectivity plots are hardly distinguishable. Thus determination of a small
Pt concentration in the C layers in such a case would be nearly impossible
from an XRR analysis.

The strong point of XRR remains the determination of surface and
interface roughness. Theoretical plots in Fig.2 show the strong sensitivity
of reflectivity to roughness for a Pt/C multilayer.
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Figure 2. Reflectivity from a 20-period Pt/C multilayer system with periodicity d (43
A)=d; (17 A)+dz (26 A), and with surface and interface roughnesses (A) ao, a1, oa:
0,0,0(—);3,3,3(.....) and 3, 5, 3 (- - -) (From ref.8).

3. Deficiency and strength of the XSW technique

In the XSW technique, reflectivity is measured across a Bragg peak (usually
first order) and simultaneously an inelastic signal, such as fluorescence, from
one or more types of atoms is detected. This carries the identity of the atom
that emit the inelastic signal due to incident X-rays. Neither the reflectivity
over the small angular range of the Bragg peak nor the yield of the inelastic
signal is strongly sensitive to surface and interface roughness.

On the other hand, depth distribution of any type of atoms over the
multilayer period and hence the impurity concentration can be determined
more precisely by the XSW technique.

Kawamura and Takenaka!® tried to determine the interface roughness
- from XSW experiments on Ni/C multilayers by fitting Ni K, fluorescence
yield. However, for the analysis of reflectivity they assumed the interface
roughness to be zero. This is inconsistent and the extracted roughness
values from the XSW experiments are not reliable. Ghose and Dev® have

shown that the fluorescence yield in the XSW experiment can be fitted with
interface roughness as parameters. However, these roughness parameters
extracted from the fluorescence fit, when used for fitting the reflectivity
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data, produce an unacceptable fit (see section 4). When the effect of layer
composition is ignored in fitting the fluorescence yield curve and only the
interface roughness parameters are allowed to vary to produce the best fit,
it overestimates the roughness values. These roughness values do not fit
the reflectivity data. Reflectivity and fluorescence yield data must be fitted
consistently in order to obtain the structural and compositional parameters
of the multilayers®.

4. Combined XRR and XSW analysis

X-ray reflectivity data are recorded over a large range of momentum trans-
fer (large angular range of grazing incidence). Data over this large range is
highly sensitive to surface and interface roughness. This is clear from Fig.2.
We notice that for small changes in roughness values there are strong devi-
ations in reflectivity at larger angles. Over the first order Bragg peak (here
around @ = 0.5 degree), which is utilized for XSW measurement, reflectivity
is less sensitive to roughness.

In order to obtain correct structural and compositional parameters of
a periodic multilayer system, the prescription is to fit the reflectivity data
to extract roughness and other parameters®. For fitting the fluorescence
yield data all the parameters obtained from the reflectivity fit are to be
kept fixed and the coherent fraction® (f;) is to be allowed to vary allowing
the presence of a concentration of fluorescing atoms in the other layer. (For
example, to fit Pt fluorescence data allow the presence of some Pt in the C
layers). Then compute the average composition from the coherent fraction
obtained from the best fit. The detailed procedure was explained in ref.8.

To illustrate this let us take a given case shown in Fig.3, where reflec-
tivity fit (Theory-1) has given the following roughness values: og(surface)
= 3 A, o, (Pt-on-C interface) = 4.5 A and a,(C-on-Pt interface) = 2.9 A.
When the Pt fluorescence yield (Fig.4) was fitted allowing oy, 1 and o9
to vary, the best fit (with f. = 1) yielded 0o = 3 A, 07 = 8.9 4 and o,
= 4.2 A. When this second set of roughnesses is used to fit the reflectivity
data in Fig.3, the fit (Theory-2) becomes unacceptable. The fit over the
first-order Bragg peak is not too bad, however, the deviations over higher
order peaks are strong. It is clear that the roughness values extracted from

2For an A/B/A/B....multilayer, when fitting the fluorescence yield from A, the coherent
fraction, f;, indicates the fraction of material A remaining in the A layers including the
broadened interfaces. The fraction (1 — f;) of material A is assumed to be in uniform
depth ditribution in the B layers.




115

the fluorescence data fit are not consistent with those from the reflectivity
data fit.

Reflectivity

10
o1 03 05 07 08 14 13 15 17
© (degree)

Figure 3. Experimental reflectivity data (o o o ) and fitted theoretical reflectivity curve
(—) for a Pt/C multilayer on a glass substrate with 20 bilayers. Parameters obtained
from the fit: bilayer thickness d = 42.9 A, Pt layer thickness d; = 16.8 A, C layer
thickness dz = 26.1 A, surface roughness og = 3 A, Pt-on-C interface roughness g1 = 4.5
A, and C-on-Pt interface roughness o2 = 2.9 A. The theoretical reflectivity curve (....)
for 0p =3 A, 0y = 8.9 A, and o2 = 4.2 A; all other parameters are unchanged.
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Figure 4. Experimental Pt L, fluorescence yield (o o o) and reflectivity (solid squares)
vs angle of incidence @ over the first order Bragg reflection and the theoretical curves.
(): 00 =3A,01=45A, 02 =29 A, and f. = 1.0 (i. e., no additional Pt in the C
layers other than those near the interfaces). (—): oo =3 A, 01 =45 A, 00 =29 A
and fo = 0.87 (Pt0.05Co.95). (---) oo =3 A, 01 =89 A, 02 =4.2 4 and f. = 10.
Also shown (for o9 = 3 A, ¢y = 4.5 A and o2 = 2.9 A) are the curves (open squares)
for Pto.03Co.o7 (fc = 0.935) and (filled circles) Pto.07Co.93 (fc = 0.844), which deviate
considerably from the best fit for f. = 0.87. (Both figures 3 and 4 are from ref.8).
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On the other hand, when the roughness values extracted from the re-
flectivity data fit are kept fixed, the best fit of the fluorescence data (Fig.4)
provided a coherent fraction of 0.87 which correspond to an average compo-
sition of Ptg.05Co.95 for the C-layers. When there is no additional dissolved
Pt in the C layers, except those Pt in the vicinity of the Pt/C and C/Pt
interfaces, this situation corresponds to f. = 1. (For f. = 1, contribution
from Pt in the C-layers near the interface is already taken into account
from error function depth distributions®; otherwise the C-layers are pure
C). A value of f. < 1 indicates that there is additional Pt in the C-layers,
e,z #0in Pt;C(y_gy.

5. Demonstration of the validity of the combined XSW and
XRR approach

From Fig.4 it is seen that the precision in the determination of concentration
is better than 2%. In order to demonstrate the validity of the combined
XRR and XSW method and the precision on the determination of concen-
tration, a controlled change in concentration in a Pt/C multilayer can be
produced by ion irradiation and then determined by the combined XSW
and XRR method. Earlier we investigated the effect of ion irradiation on
Pt/C multilayers by the combined XRR and XSW analysis'?. Results in
ref.14, when considered in reversed logic, can serve as a demonstration of
the precision on the determination of concentration. This is what is pre-
sented below using the results of ref.14.

Ion-atom collision in the Pt/C multilayer produces atomic displacements
within the sample which displaces some Pt atoms into the C layers and vice
versa. This changes the composion from Pt;C(;_z) to Pt(z452)C(1-z-52) I
the C layers and from Pt(;_,yCy to Pt(;_y_;,)C(y+sy) in the Pt layers. By
ion irradiation a change of éz = 0.026 or 2.6% has been produced and the
irradiated sample was analyzed by the combined XRR and XSW technique.
A value of édz = 0.02 was obtained from this analysis. !

In order to produce a controlled change in concentration by ion irradia-
tion, Monte Carlo simulation was performed to obtain quantitative values
of ion induced atomic displacements in the Pt/C multilayers. This is illus-
trated below.

Ion beam induced atomic displacements in matter is a fairly well under-
stood subject in the ion energy regime considered here. For the simulation
2 MeV Au ions and three layer pairs of Pt(15 A)/C(20 A) on a C sub-
strate were taken. Monte Carlo simulation code SRIM2000'® was used to
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Figure 5. Distributions of displaced (a) Pt and (b) C atoms due to 2 MeV Au ion
irradiation of a Pt/C multilayer, as obtained from a Monte Carlo simulation. Sharp
Pt/C layer boundaries before ion irradiation are marked by vertical lines. Incorporation
of displaced Pt in C layers and vice versa leads to Pt/C interface broadening and change
of layer composition. (From ref.14)

calculate the number of displaced Pt and C atoms in each layer.

Results obtained for 2000 incident 2 MeV Au ions are shown in Fig.5. We
notice several features from Fig.5. A large number of Pt atoms are displaced
within the Pt layers. Some Pt are displaced across the Pt/C and C/Pt in-
terfaces. This not only broadens the Pt distribution at the interfaces but
also changes the average composition of the C layers. Fig.5 shows the same
trend for C displacements. At the middle of the C-layers we notice on the
~ average there are ~ 0.3 Pt atoms per incident ion per A depth. When a flu-
ence of 1x10'* jons/cm? is used in irradiation, 1 x 10* incident ions within
" a20 A thick C-layer produce ~ 6 x 10'* displaced Pt atoms or ~ 2.6% Pt
in the C layers. (Although actual concentration may be somewhat different
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because of the error on SRIM results, thermodynamic parameters like heat
of mixing etc.). Combined XRR and XSW analysis shows a composition
change from Pt,06Co.04 t0 Pto.0sCo.e2 up on irradiation. XRR and XSW
measurements were made on two halves of the same sample, on which one
half was ion irradiated. The XSW results are shown in Fig.6. In this anal-
ysis g9, o1 and o, values were first obtained by fitting the reflectivity data
(not shown here)'4. These values and other parameters optimized from the
reflectivity fit were fixed in fitting the Pt fluorescence data to obtain the
coherent fractions of f. = 0.83 for the virgin sample and f. = 0.80 for the
irradiated sample. These correspond to the compositions mentioned above.
In fitting the Pt fluorescence data, if on the other hand, one had assumed
no presence of Pt in the C-layers (i.e., fo = 1), it would have been possible
to fit the data by allowing the o values to vary, it would have yielded large
values of roughness inconsistent with those obtained from the best fit of
the reflectivity data. And of course, these would be wrong results as, from
the simulation, we clearly see the presence of ion-induced displaced Pt in
the C layers.

All the results obtained from the combined XRR and XSW analysis
can be explained from the atomic displacements obtained in the simulation
shown in Fig.5. For other details regarding interface broadening, multilayer
period dilation etc. upon ion irradiation the reader is referred to ref.14.

We have used the ion irradiation route to produce a change in composi-
tion for two reasons. First, the ion—solid interaction in this energy regime
is fairly well understood so that an intended change in composition can be
achieved fairly accurately. Secondly, there is a technological aspect of ion
beam modification. Ion beam patterning of magnetic thin films through
suitable stencil masks has been suggested recently as a prospective path
towards patterned, ultrahigh-density magnetic recording media %7. Mag-
netic multilayers are ideally suited for this application, since bombardment
with a suitable fluence of energetic ions may induce interface mixing (as
seen in Fig.5), thereby triggering a spin-reorientation transition®. Such
ion irradiation induced transition has been observed for Co/Pt multilayers,
which were found to undergo a spin-reorientation transition from easy axis
out-of-plane to easy axis in-plane®. As we notice from Fig.5, there is not
only interface mixing, but also a change in composition. In ref.4, we no-
tice that the magnetic behaviour strongly depends on the composition of
the nonmagnetic layers. In ion bombardment, both interface mixing and
change of composition occur. This raises the question whether interface
mixing or the average layer composition change or both are responsible for
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Figure 6. Experimental Pt L, fluorescence yield (open circle) and reflectivity (solid
squares) vs angle of incidence @ over the first order Bragg reflection and the theoretical
curves (solid curve) for (a) virgin and (b) irradiated periodic Pt/C multilayer samples.
Fluorescence data have been normalized at § = 2.2°. The position of the Bragg peak for
the case of irradiated sample has shifted to a smaller angle because of the increase of the
multilayer period. The inset in (a) shows the theoretical XSW field variation with 8 over
the C layers (1) and over the Pt layers (2), for the first order Bragg peak. Pt present in
the C~layers produce Pt fluorescence following curve-1, while those in Pt layers follow
curve-2. A change in Pt concentration in C-layers produce a change in the shape of the
effective Pt fluorescence yield curve. The shape analysis via the parameter f; gives the
Pt concentration. (From ref.14).

the observed spin-reorientation transition. Further investigations will be
necessary to answer this question. The combined XSW and XRR method
would be ideal for exploring the microstructure and composition in the
quest for understanding the structure—composition—property relationship
in such multilayer systems.
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6. Conclusions

For the structural and compositional analysis of periodic layered synthetic
microstructures, deficiencies of X-ray reflectivity (XRR) and X-ray stand-
ing wave (XSW) techniques, when applied individually, have been shown
with examples. The power of the combined XSW and XRR analysis in over-
coming those deficiencies has been demonstrated. The precision of better
than 2% in the determination of layer composition has been demonstrated
by producing a 2.6% change in composition by ion-induced atomic displace-
ments and determining it by the combined XRR and XSW technique.
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We have been studying multilayers in the view point of developing X-ray optical
instrument mainly for X-ray astronomy. Recently we successfully made hard X-ray
telescope using platinum carbon multilayer supermirror with effective energy band up to
several tens of keV for the first balloon experiment. In this telescope, we use a few
hundred nested thin foil mirrors with radii of 60 - 200 mm, which correspond to grazing
incidence angles of 0.11 - 0.36 degree for 8 m focal length. On the surface of each
mirror, we deposited Pt/C depth graded multilayes, so-called supermirror by DC
magnetron sputtering system. Multilayer parameters, such as d-spacing, ratio of Pt
thickness to d-spacing, total number of layer pairs were searched in order to maximize
integrated reflectivity in the given energy band. Evaluation of the X-ray reflection
performance was done by X-ray beam line in our laboratory and synchrotron facility
SPRINGS. From these measurements, we found that the basic performance was as
expected and especially the averaged interfacial roughness was 0.4 nm. In this paper, we
will discuss general design of multilayer supermirror for hard X-rays, fabrication and
evaluation of such multilayers and future applications.

1. Introduction

According to the development of thin film fabrication technology, it has become
possible to make very thin and fine multilayers. For optics application, such
multilayers are treated as artificial Bragg crystal with d-spacing designed by
ourselves. Especially for hard X-rays of E > 10keV, there is a great progress in
developing X-ray telescope using multilayer supermirror. From the viewpoint of
the physics of surface and interfaces, there are several interesting problems in
this development, such as minimum d-spacing, minimum interfacial roughness
for a given combination of multilayer.

In this paper we will describe basics of multilayers (Section 2), hard X-ray
telescope as an important application of such multilayers to the X-ray optics
(Section 3), design of multilayer supermirror (Section 4), recent result of X-ray
measurement of multilayer supermirror (Section 5) and summary and future
prospect (Section 6).
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2. Multilayer and multilayer supermirror

Multilayer, the layered synthetic microstructure, has multiple layer pairs of light
and heavy element. Its periodic structure works as one-dimensional artificial
Bragg crystal, which can reflect X-rays in the Bragg condition: 2dsinf=nA,
where d the bilayer thickness or so-called d-spacing, 0 the grazing incidence
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Figure 1. Effective region of energy and incidence angle for X-ray reflection
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angle, n the order of Bragg reflection and A the wavelength of incident photon.

Since total external reflection can be used only in the parameter region
shown in figure 1, it is the only way to use Bragg reflection to make X-ray
reflector for X-rays above the critical energy or above the critical angle of
incidence.

For example, if we use multilayer with d-spacing of 4 nm and incident angle
of 0.5 deg, 20 keV X-ray can be reflected by Bragg reflection, which is about
factor of 2 higher than critical energy. Although the high reflectivity at the Bragg
peak can provide large effective area of X-ray telescope, it is also very important
to have wide energy band, from the view point of astronomy to get maximum
information of X-ray source in the universe.

In order to get such property for reflector, we use depth graded d-spacing
multilayer, so-called supermirror as shown in figure 2. Basic idea of supermirror
originated from neutron optics, where attenuation can be neglected. If we stack
multilayer blocks having different d-spacing, we can expect Bragg peak x-ray
reflectivity corresponding to each d-spacing. The actual image of such
supermirror made by ourselves taken by transmission electron microscope shown
in Fig. 3. In this case d-spacing and bilayer number range from 3.4 — 5.6 nm and
3 -15, respectively.

On the material selection of multilayer for X-ray optics, it depends on the
kind of optical system and X-ray energy. In this paper we concentrate on Pt/C
multilayer, since we selected them as a mirror material for hard X-ray telescope.
One of the reasons why we select this combination is that platinum has relatively
high electron density and thus high reflectivity can be achieved with small
number of total layer pairs. This is important in
the view point of mass production, since we
should make thousands of mirrors with typical
size of 10-20 cm square for one full telescope
and it takes several hours on the average to
deposit multilayer for each mirror. At the same
time it may not be the best selection since
platinum is not cost-effective for covering large
area of mirror surface of several tens m’ for one
telescope.

Another material of carbon is chosen as a
light element pair, since Pt/C multilayer can be
made with relatively small interfacial roughness
and small effect of interdiffusion as shown in
figure 3.

Figure 3. TEM image of
Pt/C multilayer
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3. Application of multilayers to a hard X-ray telescope

One of the novel applications of multilayer is the hard X-ray telescope.

Figure 4 shows the telescope made by our group and NASA/Goddard Space
Flight Center group prepared for the balloon experiment, “InFOCus”. This is the
very first hard X-ray telescope using multilayer supermirror "> * 7.

Diameter of this telescope is 40cm and there are 255 different radii nested
thin foil mirrors as shown in Fig. 4 and Fig. 5. This telescope covers 20-40keV
energy band and has effective area of 50cm’ at 30keV.

11
g3

Figure 4. The first hard X-ray telescope Figure S. Replica foil mirrors made
using multilayer supermirror. for the first hard X-ray telescope.
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Figure 6. Process of making replica foil mirror for hard X-ray telescope
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Since the X-ray telescope uses extreme grazing incidence optics, it is
essential to use very thin substrate of X-ray reflector ® (Fig. 5) to avoid the loss
of effective area.

Figure 6 shows the process how to make such thin foil mirrors. We use Al

foil as a substrate and epoxy replication method to get smooth and multilayered
7,8,9

X-ray reflector

! To deposit multilayer on
mandrel, we use 2 kinds of DC
magnetron sputtering system (DC-
2, Fig. 7) and recently introduced
Ion Beam Sputtering System (IB-
1, Fig. 8). Typical operating
condition of these systems is
described in table 1.

Ion beam sputtering system is
mainly used to study the
improvement  of  multilayer
quality, that is, to get smaller
interfacial microroughness. To
make X-ray reflector, we still use
DC magnetron sputtering system.

Figure 8. Ion Beam sputtering system
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Name DC-2 IB-1

i Sp. Gas / press (Pa) Ar/0.4 Ar/0.02
' DC Voltage / Vb (V) 500-900 700-1000
Deposition  Pt(A/s)  0.05-0.40 0.1-0.2

i rate C(Afs)  0.007-0.07  0.03-0.06
! Distance (cm) 15 15
i Target size (cm) 75x25 8x25

; Table 1. Typical operating condition of sputtering system

4. Design of multilayer supermirror

In order to make a hard X-ray telescope with large effective area, we have
studied several way of design of multilayer supermirror 1011 After successful
fabrication of supermirror which covers X-ray energy up to 40keV, we have
! been trying to extend energy band up to 80keV.To design such supermirror, we

-'[ set following constraint. The minimum d-spacing of Pt/C multilayer is 2.4 nm,
{ based on our previous effort to make short period multilayer. From the practical
i'I viewpoint we set maximum total bilayer number at 200.

Under these constraints, we optimized multilayer parameters to maximize
integrated reflectivity (IR) for given energy band.

vity

-

Refle

Energy (keV)

Figure 9. X-ray reflectivity of multilayers with same Bragg peak width.
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Figure 11. Reflectivity of supermirrors. Numbers in each figure correspond to those
in Fig. 10.

If we can neglect absorption effect, it is simple to design as shown in
neutron optics. But we cannot do in our case, so we searched for the best
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parameters in the following way. If we chose certain incident angle and d-
spacing, we can determine number of bilayers whose Bragg peak reflectivity
saturate. And such number is roughly proportional to corresponding energy,
which means each multilayer has same energy width of first order Bragg peak.

So the guide line of design is using constant AE of multilayer for stacking
(Fig. 9).

Then we searched for parameters which gives maximum IR for given set of
AE and total bilayer numbers. The results of such calculation are shown in Fig.
10 and Fig. 11. From this result we chose AE of 3keV and total number of
bilayers as 140, including practical constraint of maximum N (Fig. 10).

Fig. 12 shows an example of multilayer supermirror parameters thus
obtained. In this case energy band is set up to 80keV and parameters are for the
mirror whose on axis grazing incident angle of 0.2 deg, d-spacing, bilayer
number and I' values are shown in the same figure. I" values, which is not
mentioned so far, are ratios of thickness of heavy material layer to d-spacing and
is basically set to 0.4 to maximize the first order Bragg peak reflectivity.

For whole mirrors nested in one telescope, similar multilayer parameters are
calculated as shown in Figure 13. It should be mentioned that overall energy
response of full telescope can be very smooth, since complex structure of
reflectivity as a function of energy can be smeared out by numerous nested
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Figure 12. Calculated X-ray reflectivity of supermirror designed for one of the
foil mirror in hard X-ray telescope.
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Figure 13. Same as figure 12, but shown for various foil mirrors in one full
telescope.

MITTorS.

Using this method of optimization, we tried several case which have
different maximum energy of observational band as shown in Fig. 14. It is found
that we can extend energy band without serious loss of lower band integrated
reflectivity.

08 T T T .
Reflectivity
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—— <40keV
_____________ | SOkeV |
f | Inc. Ang.
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i 0] i i : A i Pl crtd S 4 Yadt
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Figure 14. Optimized reflectivity calculated for various maximum energy of
observational band.
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5. Evaluation of multilayer and multilayer supermirror

Based on the design above
described, we made a few 06

samples of supermirror. :
The results of X-ray Bim‘_'qA’ﬁdeg -

T T T —TTTr

finc |

reflectivity measurement is
shown in Fig. 15. Since our
beam line is now under
construction for higher
energy measurement, data
shown here is limited
below 50keV. From this
figure we found slightly
worse  reflectivity  with Energy (keV)

interfacial roughness of  Figure 15. X-ray reflectivity of sample supermirror
43A in terms of Debye-  designed for X-ray telescope.

Waller factor.

To Study basic properties of multilayer, we use synchrotron facility of
SPRINGS, where we can use narrow and high intensity X-ray beam. On the
quality of multilayer, it was found that one of the best sample multilayer (d-
spacing of 37.4A, total bilayer number of 20, I' of 0.44) showed highest
reflectivity of 71% at the first Bragg peak for 32keV and a minimum interfacial
roughness of 0.285A.

On the scattering properties of multilayer mirror, beam profiles near 1-st
order Bragg condition were measured . From this measurement, we can see that
non-specular peak for off Bragg conditions. This is due to so called correlated
roughness '** '*.

o
K'Y

Reflectivity

6. Summary and future prospect

We have made multilayer supermirror for hard X-ray telescope for the first time.
The diameter and focal length of this telescope are 40cm and 8m respectively. In
this telescope, there are a few hundred nested thin foil mirrors, on which Pt/C
depth graded multilayers were deposited. Evaluation of the X-ray reflection
performance was done by X-ray beam line in our laboratory and synchrotron
facility SPRINGS.
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We are now trying to make similar telescope but having wider energy band
for the next balloon experiment, and we established the design method of
multilayer supermirror having energy band up to 80keV.

For Future X-ray satellite mission, such as NeXT, XEUS, this new
technology of multilayer supermirror is expected to open totally new hard X-ray
universe to us.
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Isotopic multilayer of mtralpeN o 5 #"FeNg7 has been prepared using reactive ion beam
sputtering. SIMS measurements show that self-diffusion of Fe in the film is low and is
typical of amorphous materials. The periodic multilayer of composition: Float Glass
(substrate)™FeN(30A)/[57TFeN(20A)/™'FeN(30A)Jxio was used for measurement of
nuclear resonance reflectivity at the NRS beamline of SPring-8 synchrotron radiation
source. Nuclear resonance reflectivity, which is delayed in time, was separated from
prompt electronic reflectivity using time filtering. A pure nuclear Bragg peak because of
isotopic periodicity was observed at an angle of 0.55 deg. (for 14.4 KeV radiation) where
electronic scattering was of the order of 107, Use of nuclear resonance reflectivity in the
measurements of self-diffusion of Fe in the compound is discussed.

1. Introduction

Considerable interest persists in developing nuclear resonant monochromators
for synchrotron radiation down to bandwidth of 10°-10° eV. Pure nuclear
diffraction from antiferromagnetic single crystals was observed as early as in
1978[1]. Use of such crystals in achieving monochromatisation down to10® eVl
has been amply demonstrated [2]. However such monochromators suffer from
some drawbacks: (i) The angular acceptance of such monochromators are
~20prad which is small as compared to the divergence of synchrotron radiation.
This leads to considerable loss of intensity. (ii) The diffracted radiation from
such crystals has a complicated energy spectrum because of antiferromagnetic
nature of the crystals, which is an essential requirement for achieving pure
nuclear reflection. Grazing incidence antireflection (GIAR) films have also be
proposed for suppression of electronic reflectivity [3,4]. These are bilayer
structures having one of the layers as resonant Mossbauer nuclei. The layer
thickness and density of non-resonant layer is chosen in such a way that
reflection from upper and lower interfaces are equal in magnitude and 180" out
of phase for any non-resonant radiation, where as at resonance this condition is

132
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destroyed and nuclear interaction gives strong nuclear scattering. However these
films operate at very small angle of incidence typically 4-5 mrad and have small

angular acceptance. Also the suppression of electronic scattering with such
structure is about 107,

On the other hand monochromators based on artificial synthetic multilayers
are more promising as they have the advantages that angular acceptance,
hyperfine interactions, Bragg angle and angular width of reflection can be
tailored easily by varying the structure of multilayer. These are essentially
alternate layers of differing isotopes of an element with one of the isotopes being
Mbssbauer active (e.g. °'Fe). Such structure will act as periodic multilayer only
for the radiation in resonance with the Méssbauer transitions of the nucleus,
where as off-resonance the entire media works like a single layer. Therefore a
Bragg peak is expected from such multilayer having purely nuclear origin.
Several attempts have been made to achieve pure nuclear Bragg reflections from
nuclear multilayers, Earlier attempts to prepare alternate layers *Fe/*’Fe were
not very successful because of large interdiffusion at the interfaces. Chumakov et
al [5] introduced a thin layer of Scandium between adjacent layers of *Fe and
57Fe in order to arrest the interdiffusion. Multilayer having structure [*’Fe(224) /
Sc(114) / *Fe(22A) / Sc(11A)],25 gave electronic Bragg peak due to electronic
charge scattering at double the angle than that of nuclear Bragg peak. However
there was significant electronic reflectivity at the nuclear Bragg peak in their
spectrum. Rohlsberger et al [6] used an amorphous alloy of FesB,C as layer
material. Existence of pure nuclear Bragg peak was demonstrated using a Yce
radioactive lab source. More recently Deak et al [7] have succeeded in preparing
the multilayer of **Fe/*'Fe without significant interdiffusion at the interface using
MBE technique. Synchrotron radiation has been used to measure the prompt
electronic and delayed resonant reflectivity wusing a  structure
'Fe(22.5A)/Fe(22.54) s

In the present work observation of pure nuclear reflections from a synthetic
multilayer of structure Float Glass (substrate)™FeN (28.5A)[*’FeN(19.5A)/
"EeN (28.5A)]40 has been presented to explore the possibilities of using such
multilayer as Nuclear Bragg monochromator.

2. Theoretical considerations

At grazing incidence geometry the index of refraction of any material is
generally given by:

Fi3

2 12 2
n=[l+—”2ﬂ’sfoi] =1+E;prf0ef (1)
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Where f; is electronic scattering amplitude, p; is density of atom of type i, and A
is the wavelength of the radiation used. The electronic scattering amplitude is
given by:
fo=~Z+ 8+ )
27
Where r, =e’/mc?, is the classical radius of electron, and o, is the total

absorption cross section. The first term Zr, is due to Thomson scattering and
gives dominant real contribution. The second term, Afr, is due to anomalous
scattering and is appreciable near or below an absorption edge. The imaginary
term io, /27 represents the absorption of X-rays in the material.

In case, the energy of the incident photon is close to the nuclear transition
energy, nuclear resonance scattering can occur and under this condition the total
scattering amplitude is given as a sum of two terms:

So=Ffotfo (3)
where f.is the nuclear resonant scattering amplitude. In contrast to the

electronic scattering amplitude, nuclear resonant scattering amplitude leads to
strong polarisation mixing and thus can be written as 2x2 matrix with its element
given by [3]:

. L. L . A . i

(), - MP}'W[?'LZ_ L obiimpni; vl Gl @] o6, ixonpn-m - )
where I, is the radiative width (due to radiative, internal conversion and
inhomogeneous broadening), and

X (moM) = 2[ECjy,mq + M) =~ E(jo,mo) = neo) Ty o

with M =AJ, =m, —m,
here P is the enrichment of resonant nuclei, /7, is Lamb-M&ssbauer factor of the
Méssbauer isotope in the sample, a is the internal conversion coefficient (o=

8.21 for *'Fe), J; are the spin quantum numbers of ground and exited states
respectively. (4)=0 or 1 designates the multipole [(L,1) = EL = electric 2% pole;

(L,0)=ML= magnetic 2“ pole] and y{) (IEU)is the vector spherical harmonic
which gives the polarization of the radiation emitted in IEO direction by an LA
oscillator with AJ, =M . For M1 transition (L=1, A=0 corresponding
Maéssbauer transition in 5?Fe} expression for YSj} 1s:

y(Q=i(3/87)"*(sinB)e;,  ¥{% =(3/16x)"*e* (¢, £i(cos0)é;] (6)

Where @and ¢ are the polar and axial angles specifying the photon direction and
quantisation axis. Therefore in general the nuclear scattering amplitude will
depend upon the relative direction between the yray direction and the internal
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field. In the simplest case when there is no Zeeman splitting or quadrupole, the
nuclear scattering amplitude simplifies to (£ ) ab =0 fGN , where

v_2 Bf,Q2ji+D) A

O T U+a)2jy+1) X-i %
Where X =2AE/T,; AEdenotes the deviation of the photon energy from the
resonance energy. The factor A (I=AIp) denotes the inhomogeneous broadening
of the resonance line.

i ——

------ Electronic

40 0 10 20 30
AE/T

-30 -20

Figure 1: Variation of refractive index with energy for FeNy; the solid line represents
the nuclear term which varies strongly near the nuclear resonance energy, while the
dotted line represents the electronic contribution which is almost constant over the
energy range of interest.

In equation (3), while electronic scattering factor involves summation over all
the different types of atoms in the sample (both Fe and N atoms in the present
case), the nuclear resonant scattering factor involves only Mossbauer active
nucleus (*'Fe). However in case the iron atoms exist in more than one type of
environments the weighted sum has to be done over all possible environments.
Since the width of nuclear resonance is quite sharp, the nuclear scattering
amplitude strongly depends on the photon energy. Figure 1 gives the calculated
refractive index of the “FeNp layer using the known Mdssbauer spectra of the
same (Figure 2). Because of the term //X-i) in Eq.(7) the nuclear resonance
factor is appreciable only close to the nuclear transition energy. Therefore in an
isotopic multilayer, the X-ray scattering contrast between adjacent layers would
exists only for photons having energy close to nuclear transition energy. And



136

therefore, only those photons would contribute to the Bragg peak corresponding
to the periodicity of the multilayer.

The total reflectivity is determined by using the expression (1), (3) and (7)
for the refractive index and averaging over the energy spectrum of the incident
radiation. The nuclear reflectivity is determined by subtracting the electronic part
from the total reflectivity. Experimentally the nuclear reflectivity is obtained by
time filtering of the reflected radiation. The electronic reflectivity, which is
prompt, occurs within few ns of the incident pulse and is blocked electronically
[10].

3. Experimental Considerations

The basic requirements for nuclear Bragg monochromator are (i) a good signal
to noise ratio which in turn requires that at the Bragg angle the nuclear
reflectivity is as high as possible, while the electronic reflectivity is small, (ii) a
simplified energy spectrum of the Bragg reflected radiation. Theoretical design
for the multilayers has been proposed in order to have an optimum nuclear
reflectivity [7,8,9,10]. It has been found that the nuclear reflectivity shows a
maximum at Bragg peak for f=d;,/d (where d=dss+ds;, is the bilayer period)
around 0.3 to 0.5[7]. Experimentally a finite interface roughness as well as
interdiffusion at the *°Fe/’’Fe interfaces would limit the achievable nuclear
reflectivity to values substantially below the value achievable theoretically. It has
been known that in amorphous systems, because of the absence of grains, the
film surface should be smoother as compared to crystalline structures. Thus it is
advantageous to use amorphous phase as layer material. Further it is known that
in amorphous alloys the self-diffusion of atoms is significantly lower as
compared to that in their crystalline counterpart. This happens because of the
fact that while in crystalline systems atomic diffusion takes place through
vacancy assisted jumps of individual atoms, in amorphous alloys atomic
diffusion is more similar to liquid state where collective motion of a group of
atoms is involved [11,12,13,14]. The second requirement of having a simplified
energy spectrum of Bragg reflected radiation means that the layer material
should be non-magnetic. The above requirements suggest that an amorphous and -
non-magnetic alloy of iron should be best suited as layer material in multilayer
monochromator. Further in order to have small non-resonant absorption of the
material the alloying element should have low Z. Considering the above
requirements possibility of using an amorphous nitride of iron as layer candidate
was explored. Earlier studies have shown that iron nitride phases having more
than 33% nitrogen are non-magnetic in nature. Therefore in the present work, the
techniques of Pulsed Laser Deposition (PLD) and reactive ion beam sputtering
(IBS) were tried for depositing the non-magnetic nitride of iron. However it was
found that in the case of PLD, only crystalline phases were formed with very
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high surface roughness of the film [15]. On the other hand, using reactive IBS an
amorphous and non-magnetic nitride of iron with composition FeNy could be
formed [16]. This amorphous phase was used as layer material for further
studies.

A beam of nitrogen ions (~700 eV, 90(x1) mA) obtained from a 3 cm
broad-beam Kaufman-type hot-cathode ion-gun (Commonwealth Scientific
Corporation) was used to sputter iron targets. A base vacuum of 1x10” Torr was
achieved before deposition. The nitrogen gas (of purity 99.9995 %) was
introduced in the ion source at 7.9 cubic cm/ min using a mass flow controller
(MKS-MFC 1179A). The deposition was carried out at room temperature. The
targets mounted on a rotary motion feedthrough were kept at an angle of about
45° with respect to the incident ion beam and the substrates were kept at a
distance of about 120 mm from the target in a direction normal to the ion beam.
By switching alternately between "'Fe and S'Fe targets the isotopic multilayer
was deposited on smooth float glass substrate of size 70x30 mm” with thickness
3 mm. Considering the theoretical aspects discussed above parameter 8 was
chosen to be 0.4, while the bilayer thickness was taken to be 50 A, with 10
number of bilayers. Therefore Bragg peak is expected at 0.53 deg. for 14.4 KeV
radiation where electronic reflectivity is of the order of 107,

4. Results and Discussion

X-ray Photoelectron Spectroscopy (XPS) measurements on the multilayer were
done to determine the stoichiometry of the multilayer. After normalizing the
areas under the peaks corresponding to iron and nitrogen (Fe-2p;, and N-Is
levels) by their cross sections, stoichiometric ratio of iron and nitrogen was
found to be 1: 0.7, which indicates that the stoichiometry of the multilayer is
FeNg; [16]. The conversion electron Mossbauer spectrum (CEMS) of the
multilayer obtained using *’Co source in Rhodium matrix is shown in Figure 2.
Comparison of the Mossbauer spectrum of the present sample with those of a
series of metastable iron nitrides produced by 7f sputtering [17] also suggests the
stoichiometry of the sample is close to FeNp;. The spectrum shows nearly a
broad singlet in the Mossbauer spectrum, which ensures a simplified energy
spectrum of the Bragg reflected radiation in nuclear resonance reflectivity of
synchrotron radiation.

The X-ray diffraction pattern of the film shows a broad hump around 20=38.7°
characteristic of amorphous phases [18]. This corresponds to an average Fe-Fe
nearest neighbor distance of a=1.234/2sin6 =2.86A [19]. It may be noted that
generally in transition metal-metalloid (TM-M) glasses, having composition
around eutectic (TMggMyp), the broad hump appears around 20=44%45°, A
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larger Fe-Fe nearest neighbor distance in the present case may be attributed to a
larger Nitrogen content.
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Figure 2: Conversion electron Maossbauer (CEM) spectrum of the FeNy; isotopic
multilayer.
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Figure 3: X-ray reflectivity pattern (a) and X-ray diffuse scattering pattern (c) of the bare 1
substrate and that of the FeN,; isotopic multilayer of the multilayer (b) and (d). It can be
seen that the surface roughness, in plane correlation length and jaggedness of the bare
substrate and of the isotopic FeNy; multilayer remains similar.

Figure 3 shows the specular X-ray reflectivity and X-ray diffuse scattering
pattern of the bare substrate as well as that of the isotopic multilayer. The
measurement was done using Siemens-D5000 diffractometer with Cu-Ke x-rays
in the asymmetric Bragg-Brentano geometry with thin film attachment. The
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reflectivity pattern was fitted using a computer program based on Parratt’s
formalism [20]. For the substrate the fitted curve gives the value of surface
roughness, equal to 9+0.5A. In the reflectivity pattern of the multilayer the
Kiessig oscillations corresponding to total thickness of the film can be clearly
seen, however there is no Bragg peak present in the pattern corresponding to the
periodicity of the multilayer. This shows that there is no variation in the electron
densities between the "™FeN,; and ~'FeNg; layers. Hence the chemical
composition of both the isotopic layers is similar. This is an inherent requirement
for such type of nuclear Bragg monochromator, as any periodicity because of
electron density variation would give rise to a Bragg peak in the electronic
reflectivity, which will contribute to the noise at nuclear Bragg peak. The
reflectivity pattern of the multilayer was fitted assuming a single layer. The
dispersive part of the refractive index of the multilayer was obtained from the
experimental value of critical angle for total reflection, while absorption term
was calculated from the known value of electron density and stoichiometry of the
multilayer. The values for the refractive index and surface roughness of the
substrate were taken as obtained by fitting the reflectivity pattern of the bare
substrate. The layer thickness and roughness of the top layer were taken as the
only parameters for fitting the reflectivity pattern of the multilayer. The fitted
pattern yields the total thickness equal to (508.5+1) A, as compared to the
nominal thickness of 530A. Therefore the actual composition of the multilayer
is: Float Glass (substrate)/ "“FeN (28.5A) [PFeN(19.5A)/ "*FeN (28.5A)] x10.
The roughness of the top surface of the multilayer is 9+0.5A, which indicated
that surface roughness of the film does not increase beyond that of the substrate.
Thus, as expected the amorphous nature of the layer material results in smoother
interfaces.

Self-diffusion of iron in the system was measured using secondary ion mass
spectrometry (SIMS) depth profiling. For this purpose a film of amorphous
FeNp; with two thin marker layers of S"FeN,; with thicknesses of 33A were
deposited. Broadening of the marker layers as a function of annealing
temperature and time was measured using SIMS depth profiling, with a typical
depth resolution of 40A. The analysis of SIMS data yielded the activation energy
q and the pre-exponent factor D, for the self diffusion of Fe as g= 1.3+0.2¢V and
D,J=exp{-16.5ﬁjm2/s[18]. From the correlation between the pre-exponential
factor Dy and activation energy ¢ it has been found that the diffusion in the
present system is similar to that found in conventional metallic glasses [18].

Nuclear resonance reflectivity measurements on the isotopic multilayer were
done at NRS beamline BLO9XU of SPring-8 synchrotron radiation source. X-
rays from a standard in-vacuum undulator were monochromatized by a double-
crystal pre-monochromator, which is tunable above 9 KeV with the resolution
(AE/E) of approximately 10™*. Further monochromatisation to a value of about 4
meV is obtained by using a nested channel-cut monochromator, which prepares
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the incident beam for nuclear resonant scattering. The incident beam was tuned
to the nuclear resonance energy by observing the fluorescence from the sample
at 90 degrees from the incident beam. A sharp peak in the fluorescence yield
corresponds to the zero phonon transitions and signifies the resonance between
incident radiation and the Mdssbauer levels. The broad background around the
zero phonon peak is due to inelastic nuclear resonance scattering (Figure 4)[21]
involving creation and annihilation of one or more phonons. Area under the
broad background after correcting for multi phonon transitions was used for
estimating recoilless fraction in the sample, which was obtained to be 0.7.

Intensity (arb units)

M0 0 0 4 W 0 B X @ T W
(EE,) mev

Figure 4: Energy spectrum of nuclear resonant scattering from the FeNg; / STFeNy7
isotopic multilayer.

This experimentally obtained value of recoilless fraction was used as input
parameter for fitting the nuclear resonance reflectivity data, as described in the
later part of this section. For the nuclear resonance reflectivity measurement the
incident radiation tuned to the nuclear transitions energy and the reflected
intensity was measured as a function of scattering angle under specular
conditions. The detector used in the experiment was an APD, which has a time
resolution of about 1ns. Nuclear resonance reflectivity, which is delayed in time,
was separated from the prompt electronic reflectivity by counting the photons in
the time window from 40 ns to 155 ns relative to the incidence pulse of photons.
Figure 5a shows the nuclear resonant reflectivity pattern from the isotopic
multilayer. At resonance energy the nuclear scattering factor associated with TFe
nucleus gives rise to a Bragg peak at 6 = 0.55°. The nuclear reflectivity at the
Bragg peak is about 3% where as the electronic reflectivity at this angle is of the
order of 10, giving a good signal to noise ratio. The nuclear reflectivity pattern
was fitted by modifying the formalism for X-Ray reflectivity by adding the
structure factor due to nuclear interaction in the total structure factor and
averaging over the energy width of the incident radiation.
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A program has been developed following the equation (7) to fit the nuclear
reflectivity pattern in FORTRAN code. The input parameters for fitting the
nuclear reflectivity e.g. thickness, surface and interface roughness and optical
constants were obtained by fitting the X-ray reflectivity pattern. The enrichment
of the *'Fe isotope was determined by secondary ion mass spectrometry (SIMS)
and was found to be 50%. The reason that the enrichment of the *’Fe is low is
because the size of the *'Fe foil (which was pasted on a natural Fe sheet) was
quite small and not covering the whole ion beam during sputtering. The
recoilless fraction as discussed above, was obtained experimentally using
inelastic nuclear resonance scattering. Therefore the only parameter varied in
fitting the nuclear reflectivity is the depth distribution of 'Fe layers. An
interdiffusion of 6A fits the Bragg peak well and the obtained depth profile for
top two layers is shown in Figure 6.
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Figure S: Nuclear resonance reflectivity of the as deposited [Float Glass
(substrate)™FeN (28.5A)[7FeN(19.5A) "™FeN (28.5A)] 40 ] multilayer a) and after
annealing at 250 °C in vacuum for 40 minute b). The solid line in a) corresponds to fitted
curve.
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Figure 6: Typical depth-distribution of 57Fe as obtained by the fitting of the nuclear
resonance reflectivity data.
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Figure 5 (b) gives the nuclear resonance reflectivity of the same multilayer after
annealing at 250°C for 40 min. One can see while the total thickness oscillations
are still present, the Bragg peak has totally disappeared. This suggests that the
above annealing results in an almost complete homogenization of the multilayer.
These results also suggests that the nuclear resonance reflectivity can be
effectively used for measuring the self-diffusion in multilayers. The advantage of
the reflectivity technique over SIMS depth profiling is its higher resolution.
Diffusion depths as small as 1A can be measured using reflectivity, as compared
to a resolution of several 10’s of Angstroms in the case of SIMS depth profiling.
Neutron reflectivity has also been used for measuring self-diffusion in
multilayers [22]. However, nuclear resonance reflectivity has advantage over
neutron reflectivity in terms of smaller sample size and faster data acquisition.

5. Conclusion

Pure nuclear reflections from the isotopic multilayer of composition: Float Glass
(substrate)/™FeN (28.5A)/["’FeN(19.5A) "™FeN (28.5A)/)],10 have been obtained
in nuclear resonant scattering of synchrotron radiation. A nuclear reflectivity of
3% has been obtained at an angle where electronic reflectivity is of the order of
10°. Since the layers are amorphous in nature the interdiffusion across the
interfaces is low. Also FeNy; being nonmagnetic in nature reflects a simplified
energy spectrum. Therefore with these qualifications multilayer of such type is
suitable for application as nuclear Bragg monochromator. Present study also
demonstrate that nuclear resonant reflectivity can be effectively used for
measuring the self-diffusion of iron in different materials.
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SURFACE MODIFICATION BY
ENERGETIC ION BEAMS




SCANNING PROBE STUDIES OF SWIFT HEAVY ION
IRRADIATED SEMICONDUCTOR SURFACES

J. P. SINGH® anD D. KANJILALY
Nuclear Science Centre, Aruna Asaf Ali Marg, New Delhi 110 067, India

The electronic excitations (S,) induced surface modifications in n-Si(111) and semi-
insulating InP(111) single crystals were ex sify examined by atomic force microscopy. The
different types of surface modifications were observed in both the materials when irradiated
by 200 Me¥ Ag™* and 100 MeF Au™ ions. For the S. insensitive materials such as Si(111),
the morphological changes were governed by the cumulative effects of ion beam and results
in the formation of nanosize dike structures, whereas for S, sensitive materials such as
InP(111), the effects of individual ions in terms of the formation of nanoscale pit structures
were visible. The nuclear energy loss S, was found to have a decisive role in determining the
damage caused by the ion irradiation on InP surface.

1. Introduction

Swift heavy ion (SHI) passes through the solid surface with a velocity
comparable to the Bohr velocity of electron and loses its energy while
traversing through the matter. The total energy loss can be expressed mainly as
the summation of two energy loss processes. They are electronic energy loss
(S¢) due to the inelastic collisions with electrons and nuclear energy loss (S,)
due to the elastic collisions with atoms of the solid with the projectile ion. The
modification of semiconductor surfaces by SHI beam has been studied by
several researchers [1-3] and it is observed from the different experiments that
SHI induced modifications on semiconductor surfaces depends on whether it is
elemental or compound semiconductor. The earlier experiments [4] involving
giga electron volts (GeV) energies have proved that it is not possible to create
amorphized latent tracks in bulk silicon by mono-atomic ions (such as Au, Ag,
I etc.). There is a threshold value (S.)w (~30 keV/nm) of the electronic energy
loss S, for the creation of amorphized latent tracks in the crystalline Si [5],
which is normally not achievable by mono-atomic MeV ion beam. Therefore,
Si is generally termed as S. insensitive materials. Whereas, Herre et al. [6]
observed the formation of tracks in InP after irradiation by 250 MeV Xe ions at

¢ Present address: Department of Physics, Applied Physics and Astronomy, Rensselaer
Polytechnic Institute, Troy 12180-3590 NY
¢ Corresponding author E-mail: dk@nsc.ernet.in

147



148

room temperature. The (S,)y was estimated as 13 keV/nm, which is small
compared to the threshold S, of crystalline Si.

The damaged zone produced by SHI is localized within a diameter of a few
nm along the ion trajectory. Therefore, to study the ion-induced damage on the
sample surface the size of the observation window should be limited to an area
of a few nn’. In this respect, atomic force microscopy (AFM) and scanning
tunneling microscopy (STM) offer an advantage over conventional techniques
to study the SHI induced surface modifications [1,7-8]. Using these techniques,
windows of several am can be scanned having resolution in the vertical
direction of the order of a few Angstroms.

In order to understand the effect of SHI on S, insensitive and S, sensitive
materials, we have irradiated crystalline n-Si(111) and semi-insulating
InP(111) surfaces by 200 MeV Ag™* and 100 MeV Au™ ions at varying
fluences between 10'* to 10" jons cm”. Both the surfaces observed behave
differently when exposed to SHI. A new type of dike structure was observed on
the Si surface and nanoscale defects in the form of pits and hillocks were
observed on the InP surface after the ion bombardment. The Si surface modifies
as a result of cumulative action of the ion beam, whereas on InP surface the
individual ion effect has been seen.

2. Experimental

The samples chosen for ion bombardment were <111> oriented n-type (P
doped) Si single crystals and semi-insulating InP surfaces. The 200 MeV Ag™*
ions and 100 Me¥ Au’® ions were used for the irradiation. The irradiation was
performed with 15 MV Pelletron accelerator at Nuclear Science Centre [9]. In
the case of Si surface the ion beam had an angle of 15° with respect to the
surface normal, whereas for InP the ion beam incident normally on the surface.
The thickness of all of the samples was 0.5 mm. The samples were mounted on
a copper target ladder with silver paste giving good thermal conductivity
between them. This prevents sample heating during high-energy irradiation.
Prior to the irradiation, Si surfaces were etched in NHsF solution. This
chemical treatment of the Si surfaces results in hydrogen passivated trapezoid
shaped terraces uniformly distributed over the entire surface. Thanh et al. [10]
investigated the surface structure and chemistry of Si surfaces after wet
chemical etching in HF and NH,F solutions. The results suggested that
hydrogen passivated (111) facets were formed on Si surfaces only after a
prolonged etching in NH,F solution and they remained stable up to an
annealing temperature of 650°C. In the present case, the observed terraces are
having atomically flat surface and smooth facets, whereas other regions are
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rather rough. These atomically flat trapezoid terraces can be a place to observe
the ion beam induced mass transport on the surface. During irradiation the
temperature of the Si samples were maintained at 80 K. The chamber pressure
during irradiation was 7x10” mbar maintained by a cryo-pump to avoid
hydrocarbon contamination during irradiation. The samples were irradiated
with fluences varying between 10'* to 10" ions cm™. The ion flux was 10° ions
cm” 5. Fluences were determined by integrating the charges of the ions falling
on the sample directly by a current integrator. The secondary electrons were
suppressed by a negatively biased (-120 Volt) cylindrical suppressor assembly,
which encloses the sample holder. Ton fluence is estimated within an accuracy
of £ 5%.

In all experiments, one of the samples was left unirradiated on the target
ladder and was used as the pristine (reference) sample. This is to ensure that
effect is purely due to ion irradiation and is not an artifact. The sample surfaces
were then ex situ analyzed using AFM from digital instruments (Nanoscope I11)
by Si;N, tips. All samples were scanned in trace and retrace directions. This
was done to identify the possible direction induced scanning artifacts. The
AFM calibration was accomplished by imaging a gold micro grid structure on
Si surface before each set of the experiments.

3. Results

The ion beam induced formation of dike structure on the chemically grown
terraces on Si(111) surface after 200 MeV Ag''* ions irradiation at 15° angle
with respect to the surface normal for fluence varying from 10" to 10'* ions
cm’ is systematically presented in Figure 1. The direction of the incident ions
is also depicted. The dike structure was observed at the boundary of the terrace.
All such dikes were formed in the same side of the incident ion beam. The
height of dike structure varies from 7.2 nm at 10'* ions ¢cm™ to 21.1 nm at 10"
ions cm™ and to 5.4 nm at 10" ions cm™.

The typical AFM images of InP(111) surfaces after 200 MeV Ag™* and
100 MeV Au’® ions irradiation are shown in Figure 2. It is observed from the
figure that pristine surface is smooth and have noise of the order of 0.5 nm. The
surface morphology after 200 MeV Ag™* ions irradiation of InP surface is
shown in Figure 2(b). The nano scale pit type defect formed on InP surface
after 100 MeV Au™ ion irradiation is shown in Figure 2(c). The average
diameter of these pit type defects is 24 nm. The areal density of the observed
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0.25 0.50 0.725 1.0

Figure 1. The line profiles of AFM topographies showing the formation of dike structures at the (a)
Si(111) terrace induced by 200 MeV Ag™"* ions at 15° angle of incidence with respect to the surface
normal at the fluences of (b) 10" ions em?, (c) 10" ions em™, and (d) 10" ions cm™. The beam
direction is also illustrated in the figure.
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surface defects was approximately in agreement with the estimated ion fluence
incident on the sample surface. So, these defects are single ion impact

modifications. Figure 2(d) shows the overlapping of pits after irradiation at the
fluence of 10" ions cm™.

(b)

(d)

Figure 2. AFM images of InP surfaces (a) pristine, irradiated by (b) 200 MeV Ag'"* ions at 10" ions
cm Tluence and by (¢) 100 Me ¥ Au'™ ions at the fluences of 10'* and (d) at 10™ ions cm™. Pit-type
single-ion impact sites are visible in (c¢) which are otherwise absent in (b). Images (a) and (b) are of
400x400 nm’ area.

4. Discussion

The formation of dike structure on the irradiated Si surfaces as shown in
Figure 1 is due to the ion-induced lateral mass transport on the surface. The
lateral mass transport phenomenon consists of the displacement of the
irradiated material along the surface in the direction of the ion velocity parallel
to the surface. This phenomenon occurs only in amorphous material [11-13]. In
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case of crystalline materials, it becomes apparent only after the material
becomes amorphized.

In the case of low fluence regime (¢ < @., where ¢ is the critical fluence
where the damage zones start overlapping), the damaged regions do not overlap
with each other. The total damage increases with fluence linearly. The
threshold value (S,) of S, for the creation of amorphized latent tracks in the
crystalline Si is about 30 keV/nm [5], whereas for InP it was estimated as 13
keV/nm [6]. The values of S, and S, for 200 MeV Ag"* ions irradiation on Si
and InP are given in Table 1. The values of S, and S, for 100 Me¥ Au'® ions
irradiation on InP are also shown in the Table 1.

Table 1. The values of electronic energy loss 5., nuclear energy loss S,
and ranges of Ag and Au ions in Si and InP at different energies
estimated from SRIM 98 [14].

lon Energy Se Sn (eV/nm) |Range
(MeV) | (keV/nm) (pem)
Si Ag! 200 12.5 33.5 22.3
InP Ag 200 16.5 55.0 18.4
P | a0 10 | 157 | 378 10.0
InP % 550x107 [39.1x10° 370 23.0x10™
Au

For Si, §.<(S,), so the amorphized latent track formation in bulk silicon
single crystal is not expected. The surface however presents a different
scenario. In a highly localized region of a few nm around the ion path the
surface can be amorphized. During ion irradiation of the Si surface hydrogen
atoms desorb from the passivated Si surface sites. This hydrogen desorption
induces surface states and thus leaves unsaturated dangling bonds on the
surface. With certain amount of disorder induced by SHI on the Si surface in
the form of broken bonds, these active regions become sensitive to the
irradiation [15]. Therefore, SHI irradiation in Si may produce surface -
amorphization without affecting bulk. At around a critical fluence ¢ the
damaged regions overlap with each other. Therefore, surface gets amorphized
and an amorphous/crystalline (a/c) interface is created. The extent of
amorphization in a region on the surface is proportional to the number of ions
hitting that region. The thickness of the amorphized layer in that region is
therefore expected to scale with this multiple-ion hit process. The schematic
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diagram of SHI irradiation induced amorphization and creation of a/c interface
are shown in figure 3.
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Figure 3. Schematic diagram showing (a) the formation of amorphized surface zone due to the single ion
impact for S.<(S.)» and (b) amorphized latent tracks for S.>(S.)s and (c) the creation of
amorphous/crystalline (a/c) interface for S,<(S.}n and at the fluence greater than the fluence required for
overlapping of the damaged zones. )

The amorphous Si material is produced if the energy deposition per unit
volume reaches a level of 6x10%° ke¥ cm™ [16]. The energy density deposited
by 200 MeV Ag™* ion in Si is 1.61x10* keV cm™. So, for the amorphization of
Si the number of tracks to be overlap will be about 4. Hence, the ion fluence ¢ >
4 ¢ is needed for the amorphization and dynamics of a/c interface layer towards
the crystalline side. It is also observed experimentally by X-ray diffraction
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analysis that amorphization starts after the fluence of 5x10'? ions cm™ and also
the dike structure (see Figure 1) becomes prominent only after the fluence of
5%x10'? ions cm™”. Thus, it can be argued that a cumulative action of the ion
beam is involved in the formation of dike structures on the SHI irradiated Si
surface. The location of the dike structure with respect to the direction of ion
beam points to the applicability of a momentum transfer model [11,12]. The ion
beam at 15° angle of incidence with respect to surface normal has a lateral
momentum component along the surface. This can lead to mass transport on
the irradiated surface. Cliché et al. [11] observed the formation of a ditch and a
dike structure at the mask boundary between the irradiated and unirradiated
regions. Whereas, we have observed formation of dike structures randomly
distributed over the irradiated zone. The number of such structures is much
smaller than the ion fluence used. To understand this new dike structure, we
note that ion-surface interaction process being statistical would introduce
fluctuations in the thickness of amorphized layer over the crystalline medium
as measured from the irradiated surface. Hence, the amount of amorphous
material beneath the irradiation surface varies from region to region. This
situation is very different from that of SHI induced modification in metals and
insulators in the low fluence regime, where the evolution of the system with ion
fluence is considered only in xy-plane [17]. In high fluence regime, where
tracks are not formed but surface is amorphized as in the present case the
system evolution along the z-axis, i.e. along the surface normal inside the
material become important. The depth of the amorphous layer therefore
becomes a crucial parameter in mass transport phenomenon. The interface
layer between crystalline and amorphous region can influence the surface
morphology when the amorphous layer becomes viscous and flows under
momentum transfer induced by SHI irradiation. The radiation-induced decrease
in viscosity reflects the uneven structure of the interface layer on the top surface
and hence makes this uneven structure behave like an internal mask. The
momentum provided by the incidence ions produce anisotropy in the dike
structure with respect to the surface normal. The number of such internal
masks determines the number of ditch and dike structures and will be dictated
by the probability of multiple-ion hit phenomenon as discussed earlier.

The irradiation of InP surface with 200 MeV Ag"'* ions is an interesting
case. The threshold value (S,)y;, for the creation of amorphized latent tracks in
the crystalline InP is 13 keV/nm, which is less than the S, of 16.6 keV/nm as
given in Table 1. So in present case S.>(S.)s, the amorphized latent track
formation in bulk InP single crystal is expected. Thus, in the case of InP,
surface as well as bulk is expected to be amorphized. The critical energy
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density E, for amorphization (~2.5x10”° keV/cm') in case of II-V
semiconductor is lower than that of Si (~6x10*' ke¥ cm™). This is due to the
fact that the compound semiconductor lattice contains different atoms in the
basis. This makes the contribution in the form of configurational entropy and
lowers the free energy. The energy density deposited by 200 MeV Ag™* ion on
InP surface is ~2.1x10%° keV/cm’® (by assuming 10 nm as track diameter) which
is of the same order as the E; for amorphization. Therefore, a single ion impact
can create an amorphized latent track. In fact, Herre et al. [6] observed the
formation of tracks in InP after irradiation of 250 Mel Xe ions at room
temperature. The nanoscale pit structures observed in the Figure 2 reflect the
damaged caused by individual ion bombardment.

It is interesting to compare the values of S, and S, as given in Table 1 for
irradiation of InP by 200 MeV Ag™ and 100 MeV Au™. In both cases of
irradiation the S, values for Au and Ag ions in InP is approximately same,
whereas S, is approximately seven times higher for 100 MeV Au ion irradiation
than for 200 MeV Ag™'* ion irradiation. The pit type defects were observed on
InP surface after irradiation with 100 MeV Au'® ions, which were otherwise
absent after 180 MeV Ag''* ions irradiation. This indicates that in the
formation of nano scale defect on InP surface S, has a decisive role. To clarify
the situation the effect of S, was separated out from S, for 100 MeV Au™® ion
incident on InP. From the Bragg curve of Au ion irradiation in InP, it has been
found that 550 eV Au ion corresponds to the S, value as in case of 100 MeV Au
ion irradiation in InP as shown in Table 1. The value of S, in this case is
approximately ten times smaller than the S, value. Hence, S, is a dominant
mechanism in this case for defect formation. The lateral extent of the damage
due to S, can be calculated by assuming that the spikes resulting from the
displacement cascade are spherical [18], whereas spikes induced by electronic
excitations are characterized by a cylindrical geometry. The radius of the
spherical distribution (r) will be the range of ion (R,) £ straggling (s) in the
solid. The lateral extent of the damage on InP surface due to S, was found to be
~6 nm, which is much smaller than the experimentally observed pit type defect
diameter of 24 nm. This shows that the formation of nano scale defect on the
surface is not due to S, solely but is a combined effect of coupled S, and S,,.

Thus, the electronic excitations may prepare the solid in such a way that
large sputtering by elastic collisions occurs, which further results in a larger pit
type defect diameter than that created by S, alone.
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5. Conclusions

In summary, we have used atomic force microscopy to reveal the
morphological changes on Si and InP surfaces after swift Ag"'* and Au® ions.
In case of Si, the nanosize dike structures were observed as the result of lateral
mass transport due to the cumulative action of ion beam. For InP surface,
nanoscale pit type defects due to individual ion bombardment were observed.
Moreover, S, was found to play a decisive role in the formation of damage on
the surface, which is often neglected for S, dominant processes.
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The strain produced or defects generated in the multilayers depend on the
extent of lattice mismatch and the layer thickness. Ion irradiation can also
induce strain in an otherwise lattice-matched samples. The strain present in
strained samples can be tuned using the ion beam mixing methods. The strains
have direct bearing on the bandgap engineering in the semiconductor devices.
The use of ion beam techniques like RBS/Channeling give reliable information
on crystalline quality and quantity of strains and /or defects generated due to
any relaxation of strains due to increased layer thickness or increased lattice
mismatch. The importance and usefulness of ion beam based techniques to
measure and tune strain in such samples is discussed and highlighted in this
paper along with our resent results in this direction.

1. Introduction

The objective of this paper is to discuss and highlight the importance of ion |
beam based methods to measure and engineer the strain and other parameters in
semiconductor multilayers. Recent results obtained on the effects of Swift Heavy
Ion (SHI) irradiation in few such structures - will also be presented.
Semiconductor superlattices have potential device applications [1-4] for high
performance detectors, high speed and high frequency digital and analog circuits

¢ Presenting and corresponding author

158




159

because they offer precise control over the states and motions of charge carriers.
Band structure of these materials can be tailored to get required electronic and
optoelectronic properties. These are basically multilayers with different
bandgaps on either side of each interface, and therefore called as hetero-
structures. The band structure of these materials depends on the band structure
of each layer and the band offsets at each interface. Such structures made of ITI-
V binary, ternary, or tertiary compound semiconductors have more applications
in the optoelectronics because of their direct bandgap nature. The quantum
confinement effects present in these thin multilayer structures opened up doors
for a new and exciting technology called semiconductor quantum well (QW)
lasers. The bandgap of these materials can be chosen by selectively choosing the
composition of different constituent elements [3,4]. All the layers of a
superlattice will have similar crystal structure and in general, same lattice
parameter. Multilayers with a small lattice mismatch leading to a tensile or
compressive strain in the alternating layers are called Strained Layer Superlattice
(SLS). With the advent of epitaxial growth techniques like Molecular Beam
Epitaxy (MBE) and Metal Organic Vapor Phase Epitaxy (MOCVD) it is now
possible to grow crystals with monolayer precision. Atoms deposited on a
substrate take positions corresponding to the potential minima of the lattice sites.
Hence in the strained-layer epitaxy, despite the difference in substrate and
deposited lattice parameters, deposit atoms are constrained to the substrate
interatomic spacing in the plane of the interface. Corresponding change occurs in
the perpendicular lattice parameter due to the Poisson effect. Both these lattice
matched and coherently grown strained systems have their own applications. The
strain in the epilayer due to such tetragonal distortion improves the device
performance [1-4] and is a parameter for tailoring the band structure and other
relevant quantities. For example the strain lifts the degeneracy in the light hole
and heavy hole bands at k=0 point of the valence band and thereby reduces the
threshold current density required for lasing action in a QW laser. The thickness
and composition of the epilayer decides the bandgap of SLS, which can be tuned
by the ion irradiation [5-7]. Spatial bandgap tuning of these materials is
necessary to integrate the optoelectronic circuits because different devices
require different bandgaps. To tune such important parameters of these
structures, post growth techniques like ion beam mixing are found to be superior
to the manipulation during the growth process [5]. In the following sections we
will give a detailed review of the ion beam mixing in superlattice structures,
spatial bandgap tuning and the characterization techniques like High Resolution
X-Ray Diffraction (HRXRD) and RBS/Channeling. Then we will give some of
our recent results obtained using SHI irradiation induced mixing,.
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1.1. Ion beam mixing in superlattice structures

As mentioned earlier the integration of optoelectronic devices needs different
bandgaps to be accommodated on a single wafer because photonics circuits
demand different bandgaps for different devices. For example if we have to
integrate a laser, waveguide and any other optical device like a photodetector
then we need to choose different bandgap for waveguide so as to reduce the
absorption loss. Moreover, most of the time optical devices require alignment to
within fractions of a micron and they should be stable under the operational
conditions. Hence efficient circuits cannot be fabricated using discrete optical
components. So spatial bandgap tuning of heterostructures and multilayers is
important. Meeting such bandgap requirements is quite difficult during the
growth. The alternative way then would be to alter the bandgap after growing the
structures. Compositional disordering and mixing at the interface by Ion
Implantation and subsequent thermal annealing is normally employed [5-7]. An
ion beam of a given fluence can cause intermixing of atomic layers at the
interface, a phenomenon called Jon Beam Mixing.

Ion beam mixing has become simple and promising technique because the
diffusion/migration of different elements is enhanced by the large concentration
gradients exist at each interface. Although these structures are inherently
metastable due to these concentration gradients, they are shown to be quite stable
under normal operation even at elevated temperatures like 10000 C [8]. Increase
in temperature beyond a point say critical temperature tc (9000 C for InGaAs
based structures) causes the intermixing, but it cannot have .any spatial
selectivity. The value of this tc can be reduced to a lower value say tlc (around
6000 C for InGaAs based structures) by creating some defects like vacancies and
interstitials which enhance the diffusion property. Ion irradiation or implantation
is found to be more suitable for introducing such defects. Suitable masks can be
used to selectively implant the defects over specified area on a wafer and then
the temperature of this wafer can be elevated to tlc so as to get different
bandgap on these selected spots while the bandgap in the other areas is
unchanged. Lot of study has been performed to obtain this planar technology.

Xia et. al [8] gave a detailed review of the ion beam mixing of
semiconductor superlattices along with several suitable characterization
techniques including HRXRD. They gave an example [9,10] in which AlGaAs
alloys were made at the selected areas on an AlAs/GaAs superlattice using Zn
ion implantation and subsequent thermal annealing. It is interesting to note that
the AlGaAs alloy stays as a single crystal and epitaxial to the surrounding
superlattice regions.  Since this discovery, impurity disordering in the
temperature range of 6000 C - 9000 C has been reported in many II-V
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compound semiconductor systems [11-16]. Charabonneu et. al [5] have shown
that the blue shift occurs in the QW bandgap of a QW laser due to i(?n irradiation
and subsequent thermal annealing. InGaAs/GaAs and InGaAs/InP based laser
structures have been studied using the photoluminescence (PL) as a diagnostic
tool. The PL peak position was shown to be shifted due to the mixing effects.
The broadening and distortion of PL spectrum of high fluence sample (8.56
MeV As irradiation at 2.5 x 1014 ions/cm2) shows the structural deterioration of
the QW laser. Hence different bandgaps can be obtained without loss of the
sample quality by keeping the fluence below this value. The well thickness of the
irradiated sample was also observed to be increased, using the cross-sectional
TEM. In another experiment reported in 1999 [17], they have directly shown the
shift in the emission wavelength of an ion mixed QW laser. The bandgap-tuned
laser was characterized in terms of threshold current density and external
quantum efficiency. They exhibit blue shift in the lasing spectra up to 63nm.
This allows laser with a range of tuned wavelengths to be fabricated from a
single wafer. Glodberg et. al [18] reported similar experiments in 1997. They
have shown the emission spectra of four laser diodes produced from a single
semiconductor wafer. The effects of multiple implants on the mixing of
AlAs/GaAs have been studied by Venkatesan et. al. [19] using TEM and SIMS,
to form AlGaAs alloy layers. The influence of ion mass and fluence on the
intermixing of GaAs/AlGaAs quantum well structures using PL and SIMS has
been studied in detail by H. Leier et. al. [20]. Diffusion length for Al was
measured and compared with the existing theory. Many experiments have been
performed to study the ion beam mixing in semiconductor multilayers in this low
energy region.

We study the effects SHI irradiation on different proprieties of these
materials. This SHI induced mixing, rather than the implantation and subsequent
thermal annealing, is more suitable for the integration of optoelectronic devices
because of the advantage that the interface mixing can be confined to a narrow
region at the interface as against the lateral straggling effects in low energy ion
implantation. Moreover SHI mixing studies attain importance from the
fundamental need of understanding the energy transfer mechanism in this energy
region. The high-energy beam looses its energy to the electronic subsystem of
the target material. Then this energy will be transferred to the lattice atoms via
the electron phonon coupling. There are two models namely "Coulomb
explosion model [21]" and the "Thermal spike model [22]" to explain such
energy transfer mechanisms. According the Coulomb explosion model, a
positive ion core along the ionizing path of the energetic beam repels the nearby
atoms. This causes a radial motion of the atoms sitting around this core. This
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model is applicable for the insulators like polymers. Thermal spike model
assumes that the inelastic energy loss of the energetic beam produces a very high
temperature, which exists for a very short time, thereby called as thermal spike.
During the spike period the material will melt because these temperatures are
very well above the melting temperatures. Diffusion occurs in this molten state
but it cannot come back to the equilibrium because of the rapid quenching.
Thermal spike is shown to be more responsible for the mixing occurring at the
metal-metal and metal - semiconductor interfaces. SHI induced mixing has been
recently studied by several authors [23,24]. The basic thrust of such work is to
understand the above mentioned energy transfer mechanism as well as to make
new materials for novel device applications. Very few such studies have been
reported in SLS. Here we study the effects of 130 - 200 MeV Ag ion irradiation
on the In.53Ga.47As/InP based lattice-matched and strained InGaAs/GaAs
single layers / superlattice structure by HRXRD and RBS/Channeling.

1.2. RBS and ion channeling

Rutherford Backscattering Spectroscopy (RBS) [25-27] is a powerful tool to
determine the thickness, composition, defect densities and strains. When the
incident ion beam is directed along a high symmetry crystal direction, then
because of the ordered structure of the target atoms, such a particle will undergo
a correlated series of small angle gentle collisions, leading to what is known as
ion channeling [25-35]. The ranges of channeled particles are enormously large
and yield of close impact parameter processes like RBS will be reduced
drastically. Hence channeling measurements can be made, by measuring the
incident angle dependence of such yields. These angle Vs yield plots, known as
angular scans, can be used to map the crystal planes and axis. Angular scans
define many structural properties and deformations of the crystal. The amount of
reduction of such yield gives a measure of the crystalline quality. The use of ion
channeling in conjunction with RBS provides a measure of the crystalline quality
as a function of depth. Channeling is sensitive to any lattice defects and has been
extensively used to study many types of defects existing in crystals [25-30].
Strain measurements by ion - channeling technique in multilayered structures are
based on the tetragonal distortion induced in the layers, which results in the shift
(AB) of the dip of the channeling angular scan measured around off-normal axis.
The two components of strain are defined as

1 s
a'-a Ag™t
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Where a is the lattice constant of that particular layer and superscripts
distinguish between the parallel and perpendicular lattice constants.  Then the
tetragonal distortion ¢, is defined as g, - €;. The off-normal axis (<110> for
<100> growth), being parallel to the diagonal of the cubic cell makes an angle 8
with the sample plane. This angle can be defined in terms of lattice parameters as
tan@ = a/a. Any small change in these lattice parameters due to the strain
causes a change in @, which can be obtained by differentiating the above
equation on both sides.

aday —a,day _a, = tan B @)

a a i

AG
=2 3)
sin@cosf

Hence, one can estimate the strain value by mapping the off normal axis using
the channeling techniques. The difference between the positions of dips obtained
from layer and the substrate around off normal axis gives the input AO for the
above equation. The FWHM of this curve is directly related to the channeling
critical angle, which varies inversely as square root of incident energy. Hence the
angular scans will be sharp in high energy channeling there by the strain
resolution and the sensitivity of the method are improved [31-33]. If the energy
is too low then the results are mislead by steering effect due to the broad critical
angles [33-35]. Hence high-energy channeling measurements are recommended
for strain measurements.

sec’ 0dO =

1.3. High Resolution XRD

HRXRD is an accurate and non-destructive technique [33 & 36] for
characterizing epitaxial films, multi layers and the interdiffusion. The strain
present in the system modifies the interplanar spacing, hence HRXRD is
sensitive to lattice strain. In optimum conditions it is capable of measuring the
strain with a sensitivity of about 10 *. For example Figs. 1&2, show the HRXRD
patterns measured from multi layers and Fig. 3 corresponds to single strained
layer. The sharp and intense peak in the center corresponding to Bragg angle (for
the substrate material and for particular reflection) is known as the substrate
peak. The width of the peak has the information about the crystalline quality as
well as the angular resolution of the measurement. A broad peak appearing on
the left side to the substrate peak in  fig. 3 corresponds to the layer i.e the thin
strained layer grown on GaAs substrate and hence is called as layer peak. The
tetragonal distortion due to the presence of strain in this layer, modifies the
interplanar spacing and thereby the Bragg reflection angle. Hence the layer peak
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got separated from the substrate peak. It appears on the left side for the
compressive strain and on the right side for the tensile strain. The peak is broad
and the intensity is low because it corresponds to a thin layer. The layer
thickness and the composition can be estimated using the simulation programs.
Figs. 1 & 2 show the patterns obtained for multilayers. The system of equi-
spaced low intensity peaks around the substrate peak is due to the interference
between the reflections emerging from different layers. These are called satellite
peaks, a good number of satellite orders appear if the interfaces are sufficiently
sharp. Here the center of the satellite system matches with the substrate peak for
lattice matched samples. Hence the shift (AO) in the layer peak position (or the
center of the satellite system) with respect to that of the substrate peak is a
measure of the strain (g, ). It can be easily estimated by differentiating the
Bragg's law (2d sin® = nA), as -ABcotB. One can determine the value of g either
by using the crystal elastic constants combined with Poisson ratio or by perform
the HRXRD along other asymmetric directions. One can also use the knowledge
of € obtained from RBS/Channeling to calculate g;. The superlattice period (s)
of multilayers can be calculated from the interference pattern. If 6,, 8, are the
angular positions of two consecutive satellite orders then s = A/2(sin6, - sinB,).
The reduction of the satellite intensities after irradiation represents the
interdiffusion. The measured strain, composition and thickness help in
understanding the mixing effects. Hence HRXRD is a suitable technique for
characterizing these materials and also to study the mixing effects.

2. Experimental

Necessary samples were grown using MBE facility at Solid State Physics
Laboratory, Delhi and the MOCVD facility at Warsaw, Poland. Sample
specifications are provided in table 1. Then each of these samples was cut in to
two counter parts with one part kept unirradiated. The other part was irradiated
by energetic Ag ions delivered from 16MV Pelletron accelerator at Nuclear
Science Centre, New Delhi. 4g (= 130 MeV) was selected for being above S,
(electronic energy loss) threshold for both /nP and Gads. For example, S,
threshold for InP is around 13 KeV/nm while the S, of 130 MeV Ag in InP is
around 14 KeV/nm. The irradiation details are also given in table 1. The sample
identity (ID) given in this table will be used to refer any particular sample. The
letter “U™ at the end of the ID indicates that it is Unirradiated, whereas the letter
“I” indicates that it is irradiated. Pristine and irradiated P523 were again cut for
performing rapid thermal annealing (RTA). These samples have been annealed
at 450° C for 90 sec. in N, atmosphere using RTA facility at Dresden, Germany.
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Annealed samples are referred with a tag “RTA” at the end of the corresponding
sample’s name. Samples have been characterized by HRXRD near the reflection
<004> (GaAs) (for MQWS5) <006> (InP) (for P523) at ROBL Material Research
Station, Grenoble using the synchrotron radiation. The incident x-ray
wavelength was 0.153nm. The other samples were characterized by HRXRD
near <004> (GaAS) reflection at SSPL, Delhi, using the X'Pert Materials
research diffractormeter. RBS channeling studies on P523 were reported earlier
[37]

Table 1: Sample specifications and irradiation details

Sample Specification Growth Beam Fluence
ID technique (ions/cm’)
2601 Ing 1Gag 9AS(250A)/GaAs MBE [ 150 MeV Ag | 1x 10"
4101 Ing ;Gag 0As(400 A)/GaAs ' 150 MeV Ag | 1x 107
4401 |Ing,sGagssAs (75A) / GaAs (~200 A) " 200 MeV Ag | 5x 10"
..x 10 /GaAs
MQWS | Ing,Ga ssAs (75 A) / GaAs (150 A) ' 130 MeV Ag | 5x 10"
....X 20 /GaAs
P523 Ing 53Gag 47As (150 A) MOCVD [ 130 MeV Ag | 5x10
/InP(150 A)......x 10 /InP

3. Results and discussion

Figs. 1-3 show the HRXRD spectra of MQWS, P523 and 4101 respectively.
Spectra of other samples are not shown here. Each figure contains all irradiated,
unirradiated and / or annealed spectra of a particular sample so that it will be
easy for comparison. These spectra are displaced (Shifted upwards) on the
intensity axis for clarity.  Present HRXRD results and the earlier reported
channeling results [37] suggest that the samples are of considerably good
crystalline and interface quality. It is also observed that the irradiation did not
spoil these structures significantly. The measured superlattice periods of all the
multilayer samples are found to be lesser than that of the nominal values as
shown in table 2. Measured strain values are also shown in table 2.

MWQ5 is basically strained (compressive) one, if we assume the
pseudomorphic growth, then the perpendicular lattice strain of 1.65% is
calculated (for 12% In) using Ve-gard law, whereas the inplane lattice strain is
zero. With this value the strain averaged over the multilayer amounts to be
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0.55%. However the strain values obtained from the HRXRD analysis are
around 0.3%. Exact values are given in the table 2. This low strain value along
with the low satellite intensities indicates the less /n composition in the layers
than that of the nominal (12%) value. /n composition corresponding to the
measured strain values are 7%and 6% for MWQS5U and MQWS5I respectively.

intensity

32 33 34
Scattering amgle 2 8 /2 (")

Fig. 1: HRXRD spectra of MQW5U and MQWS5I

——P523V
——PS2IURTA
—— P 5231
——FPS23IIRTA
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Figure 2: HRXRD spectra of P523 series samples

From fig.1 it is also observed that there is a secondary system existing in
addition to the main system of superlattice with slightly less /n concentration
(4% for MQWS5U and 3% for MQWSI) in some layers. However the ratio of
such layers to the main system is very small (1:3). Lower satellite orders in
HRXRD suggest that the interfaces may not be very sharp. The reduction of In
concentration represented by the reduction of the satellite intensities, in the
irradiated sample reflects the gradual diffusion of /n from InGaAs layers.
Correspondingly there is a reduction of strain from 0.325% to 0.298%.
Although the measured periods of both the samples are found to be less than the
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nominal value, there is a 10A° difference between MWQSU and MWQ5I. The
superlattice period of the irradiated sample is found to be 10A” larger that that of
pristine sample. The other InGaAs/GaAs based systems also show similar
behavior. The reduction in the compressive strains can also be seen in table 2.

Table 2 HRXRD results
S. No Sample S (nm) £,% 8. No |Sample| €%
1 MQWsU 20.15 0.325 7 2601 | 0.959
2 MQWS5I 21.18 0.298 8 26011 | 0.943
3 P523 U 28.90 | -0.0110 9 4101 | 1.010
4 P523 URTA | 29.08 | -0.0144 10 | 41011 | 0.897
5 P5231 29.01 | -0.0346 11 4401 | 0.271
6 PS23 IRTA | 2893 | -0.0359 12 | 44011 | 0.192
10° T | FR R B T T T T T | T
4L &N | i 3
10° 4 1= 50 MeVAg || i 4
31 x 10 ongem® || i
10“-§ -
o 107 .<: é,_. 5“\4.% !
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ey % sl 3
] B2 S
107 R - . e
0.6 0.6 0.4 0.2 o0 0.2 o4 (*R3 0.8

Relative angle <004>

Fig.3: HRXRD spectra of 4101 U and 41011

SHI irradiation induces a tensile strain in an initially lattice matched
Ing 53Gag 47As/InP based multilayer system ie P523. Very high number of
satellite orders in the HRXRD spectra shown in fig.2, indicate that the interfaces
are very sharp and the boundaries are almost rectangular in shape. Also indicated
is the fact that these interfaces remain considerably sharp even after irradiation.
The period of the irradiated sample is found to be less than that of the
unirradiated sample. Similar feature is observed in InGaAs/GaAs systems also.
The mixing effects are more prominent for ion beam processed and annealed
sample. Simple irradiation changes the strain but the interface quality is regained
after annecaling. However annealing alone doesn't change the strain value
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significantly. RBS channeling experiments performed on this sample were
reported earlier [37]. A good reduction in the channeling spectra of P523U and
P5231 show a good crystalline quality. Channeling angular scans indicate that
there exists a finite strain in the irradiated sample which is measured accurately
using HRXRD in the present work. The gradual diffusion of /»n from the surface
and the migration of Ga or As like atoms to surface has been explicitly observed
in the RBS spectrum. Such modification of strain in all the above-mentioned
samples, using the SHI mixing is the main motivation of the present work.

4. Conclusions

The general trend in all the samples indicates the gradual diffusion of /n from
surface and the migration of Ga or As like atoms to the surface regions due to
the SHI irradiation and/or annealing processes. The compressive strain is found
to decrease in the initially compressive strained samples and tensile strain is
induced in an initially lattice matched system. General trend indicates the
increase in the superlattice period after the irradiation. The importance of the ion
beam based methods to obtain the spatial bandgap tuning has been discussed in
detail. A brief review of the existing work in low energy mixing has also been
given. Characterization techniques like RBS/Channeling and HRXRD have been
discussed in detail. Recent results obtained in SHI induced mixing have been
presented with suitable discussion.
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The modifications in surface roughness after 1.5 MeV Sb ion implantation have
been investigated by the Atomic Force Microscopy. The surface roughness demon-
strates three varied behaviours as a function of fluence. An initial low roughness
and slow roughening regime gives way to a higher and faster increase in roughness
beyond a critical fluence. Finally, a saturation of surface roughness is observed.
Surface roughening, thus unexpectedly occurs in 3 stages, governed by the flu-
ence, and increases in a non-monotonous fashion. We have further investigated
the lattice disorder, created after ion implantation, by utilizing the technique of
Rutherford Back Scattering/Channeling. A Multiple Scattering Formalism has
been applied to extract the disorder density from the Rutherford Back Scaftter-
ing/Channeling data. The disorder density also shows three trends as a function
of fluence. Surprisingly, we observe a simple linear relationship between the lattice
disorder and the surface roughness up to the fluence of 1 x 1014 ions/em?. Results
demonstrate that though the surface is primarily determined by surface effects,
lattice damage may also play a significant role in surface roughness.

1. Introduction

In Si based semiconductor technology Sb is considered an important dopant
for its role in the development of FETs and infrared detectors 1. MeV
ion implantation plays a crucial role in semiconductor device technology,
and is therefore widely utilized in many device fabrications. Demands for
higher density and faster devices have led the microelectronics industry to
continued miniaturization of device structures. This trend has introduced
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new issues that must be considered and one of these is surface roughness.
Roughness can determine the performance and reliability of devices ? and
therefore, it becomes necessary to be able to characterize it. Although there
are some studies that investigate evolution of surface roughness after keV
ion implantation, such studies after MeV implantation have received very
little attention 3. Moreover there are some suggestions that lattice defects
and strains, produced via implantation, may also play role in determining
the surface evolution 4. These effects are however poorly understood. In
the present study we investigate the surface roughness as well as the lattice
disorder created in the silicon sample after MeV implantation. We find that
though the surface effects will predominantly determine the surface, lattice
effects e.g. radiation induced damage etc. may also play a significant role.
In this study, we have utilized a combination of Atomic Force Mi-
croscopy (AFM) and Rutherford Back Scattering/ Channeling (RBS/C)
techniques to measure the surface roughness and the lattice disorder, re-
spectively, in Si after implantation. RBS/C data has also been utilized to
extract the depth dependent disorder in Si lattice. In the present study we
find that MeV Sb ion implantation in Si leads to surface roughnesses that
display three different trends as a function of fluence. We further find a
direct - linear relationship between the surface roughness and the disorder
in the Si-lattice up to an Sb fluence of 1x10'* ions/cm?. These results
have not been observed earlier and can be of immense importance for the
fundamental understanding as well as modeling and fabrication of the de-
sired surfaces. After discussing the experimental procedures in section 2,
we study roughness of the Si(100) surfaces in section 3. The disorder in Si
lattice and its relationship with the surface roughness is also examined.

2. Experimental

Si(100) samples were implanted at -room temperature with a beam
of 1.5 MeV Sb?* ions at various fluences ranging from 1x10'? to
5x%10'® jons/em?. AFM Nanoscope E was used to image the silicon sample
surfaces both prior to and after implantation. RBS/C measurements were
carried out along the [100] axis, using 2.5 MeV He'? ions at a scattering
angle of 150°.

3. Results And Discussion

Antimony ions of 1.5 MeV were implanted in silicon and AFM was utilized
to acquire images of the ion beam modified surfaces. About 6-8 surface
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images of 1 x 1 um? were acquired for virgin (unimplanted) Si sample as
well as for Si samples after implantation at each fluence. The root mean
square (rms) roughness of all these surfaces was measured and the average
roughness at each fluence is plotted in Fig. 1. Surface roughness exhibits
three prominent behaviors as a function of fluence. For low fluences, up
to 1 x 10" ions/em?, the roughness is small and does not increase much
compared to the virgin surface roughness. Beyond this fluence, an enhanced
surface roughness, increasing at a much steeper rate is observed. This trend
continues up to the fluence of 1 x 10 ions/cm? where a high roughness of
0.296 nm is measured. A saturation in surface roughness is observed beyond
this fluence. The observed effects indicate that the surface roughening is
not a continuous process and occurs in three distinct steps. This anomalous
behavior has never been reported earlier.
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Figure 1. The rms roughness of the Sb implanted Si(100) surfaces and the density of
lattice disorder in Si after implantation (see text) as a function of fluence. Symbol sizes
denote the error in the measurement. Data for the virgin sample is also shown.

The depth dependent disorder density in Si lattice, created by Sb ion
implantation is shown in Fig. 2. This has been extracted by applying
the multiple scattering formalism, described by Feldman and Rodgers  to
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the RBS/C data (not shown). The details of parameters used for these
calculation have been described elsewhere 6. The ordinate is the ratio of
the density of the displaced atoms N and the atomic density of host silicon
atoms N. Small lattice disorder is noticed for fluences of 1 x 10'2 ions/cm?
and 1 x 10'® ions/em®. A damage peak at 460 nm below the surface
and a buried amorphous layer are observed at 5 x 10'® jons/cm? and 1 x
10" ions/cm?, respectively. After 5 x 10 jons/cm?, the top 900 nm of Si
lattice, including the surface layer, becomes amorphous. Our earlier studies
of MeV Sb implantations in Si have shown that this damage can be reduced
by high temperature anneals (~ 600°C to 800°C) 7® and high energy C*
irradiation ?.
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Figure 2. Damage profiles for Si(100) implanted with various fluences of Sb.

The lattice disorder (total number of displacements) accumulated in
the Si lattice after implantation has been obtained by integrating Ng/N (of
Fig. 2) and is plotted in Fig. 1 as a function of Sb fluence. Surprisingly,
as seen in Fig. 1, the lattice disorder displays three trends very similar to
those demonstrated by surface roughness as a function of fluence. Initial
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phase is of low lattice-disorder, low surface roughness and their small in-
crease up to 1 x 10'® jons/cm?. This is taken over by a stage where much
larger lattice-disorder and a higher surface roughness are observed upto
1 x 10" ions/cm®. During this period, both lattice disorder and surface
roughness increase at a rate which is much faster than that of the previous
stage. Finally, a saturation of surface roughness at 1x 10'* ions/em? and of
lattice-disorder at 5 x 10'* ions/cm? is observed. Our Raman results have
shown that the first signatures of amorphicity in the Si lattice after 1.5 MeV
Sb ion implantation occurs at the critical fluence, D., 1 x 103 ions/em? &.
In Si lattice, point defects will be the dominant defect species at fluences
lower than D.. With simple point defects, which are isolated and randomly
distributed in Si-matrix, the total lattice disorder will be small. However,
once the defects become complex, with the initiation of amorphicity in the
Si- lattice at D, the lattice disorder increases rapidly. Lattice disorder and
surface roughness saturate at different fluences owing to the fact that disor-
der saturates only when the thick amorphous layer approaches the surface
(see Fig. 2) where as the saturation in surface roughness will be related to
critical number of damaged zones on the surface. As seen in fig. 1, in addi-
tion to the similar behaviors and trends, a one to one correspondence, up
to fluence of 1 x 10 ions/cm?, is found between the data of surface rough-
ness and the lattice disorder. These results are unexpected and effectively
demonstrate that surface roughness, up to the fluence of 1 x 10" ions/cm?,
exhibits a direct- linear relationship with the total damage in the Si-lattice.
Details of this relationship have been studied elsewhere °. The linear rela-
tionship between the total accumulated disorder and the surface roughness,
up to 1 x 10' jons/em?, fluence where surface roughness gets saturated,
has never been suggested earlier and can have significant implications in
MeV implantation related technologies. Results suggest that in addition to
surface effects, lattice disorder also plays a role in determining the surface
roughness.

4. Conclusions

In the present study the modifications in the surface roughness of the
Si(100) surfaces have been examined after 1.5 MeV Sb implantation. Tech-
niques of AFM and RBS/C have been utilized in conjunction to investigate
the relationship between the surface roughness and the disorder created
during implantation. Surface roughness exhibits three varied trends as
a function of Sb fluence indicating that surface roughening is not a sim-
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ple monotonous process. Furthermore, we find that for fluences less than
1x10' jons/em?, surface roughness displays a simple linear relationship
with the total accumulated lattice disorder.
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