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Defect formation in Si„111…7Ã7 surfaces due to 200 eV Ar¿ ion bombardment
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Surface x-ray diffraction measurements have been made to study defect formation at the atomic level in the
near surface region of Si(111)737 surface during low energy~200 eV! Ar1 ion bombardment. We have
observed the two characteristics of the defects: missing atoms at different layers in the surface region as well
as outward strain. We provide calculations that demonstrate how crystal truncation rod~CTR! measurements
are sensitive to these modifications in the surface regions. We find that the measurement is sensitive to lattice
strain and site occupancy of individual atomic layers near to the surface. We have thus determined occupancy
profiles that represent the density of missing atoms with depth after irradiation. Both the strain and the atom
deficit are found to increase with dose while the two distributions extend to about the same depth. These results
are consistent with simulations of the ion-solid interaction mechanism usingSRIM2000with appropriate choice
of surface and bulk displacement energies.

DOI: 10.1103/PhysRevB.68.165342 PACS number~s!: 68.47.Fg, 61.72.Dd, 61.80.Jh, 81.65.Cf
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I. INTRODUCTION

The interaction of low-energy~less than a few hundre
eV! ions with semiconductor surfaces has been intensiv
studied because ion irradiation is widely used in mate
processing,1 for example, ion sputtering2–5 and beam assiste
epitaxial growth6–9. Nevertheless the details of defects fo
mation at these low energies is only poorly known, owing
the difficulties introduced by surface relaxation and oth
effects of surfaces. It has been reported8 that ion assisted
reaction caused by physical bombardment is possible ab
E515 eV, called the ‘‘displacement threshold energy’’ an
other damage caused below;15 eV is mostly attributed to
chemical reactions. Physical phenomena at surfaces de
on the surface displacement energy, which will be in gene
be different from the bulk. A typical value of surface di
placement energy for Si might be;5 eV, crossing over to
the bulk value of 15 eV beyond a certain depth. We are
terested in the present work on investigating defect prod
tion in this crossover between the surface and the subsur
regions.

We have chosen Si(111)737 reconstructed surface as
model system, because it is a well-studied surface with th
distinct layers available to chemical or physical interactio
Previous work has involved mainly STM measureme
made on a Si(111)737 surface to study the surface defec
formed by rare-gas ions in the energy ranges between 20
to 3 keV.10–14They observed that low energy (,500 eV) Ar
or Xe ion bombardment on Si(111)737 surface leads to
clearly identified surface defects. These surface defects
populated by adatom vacancy regions, where adatoms
been removed by ion impact. The possibility of sputteri
from second and third layer of atoms has been demonstr
by molecular-dynamics simulation15 and experiment16 on
different semiconductor surfaces. For our range of ene
the ion range and energy distribution is expected to ext
beyond;6 Å ,17 so there is a possibility of displacement
atoms below the surface layers. Since STM measurem
are limited to the top surface layer, any defects below
0163-1829/2003/68~16!/165342~8!/$20.00 68 1653
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first layer are unknown from these studies.
Surface x-ray diffraction, particularly crystal truncatio

rod ~CTR! measurements have been a very successful t
nique to probe multiple layers near a surface and ob
three-dimensional~3D! information.18 In this work, we have
used surface x-ray diffraction CTR measurements to rev
the surface and sub-surface structure before and after
energy ~200 eV at 20° angle! Ar1 interaction with the
Si(111)737 reconstructed surface. In this paper, we fi
illustrate the ability of CTR measurements to obtain t
Si(111)737 reconstructed surface as well as the bulk str
ture. We then show from calculations, how the measurem
is sensitive to lattice strain and site occupancy of ato
within a few layers of the surface. We then explain our e
perimental procedure and describe the results based on
least squares fitting with theROD ~Ref. 19! analysis program.
In the discussion the experimental results are compared
Monte Carlo simulation of damage in the surface and s
surface regions.

II. MODELS OF SURFACE DAMAGE

The lattice sum of a 3D crystal produces a reciprocal
tice of d functions. The scattered intensity is then restrict
by the Laue condition in all three directions.20 For a crystal
with finite size, this condition is relaxed and the scatter
intensity extends over a volume in reciprocal space invers
proportional to the size of the crystal. If the crystal is cleav
in one direction to produce a flat surface, then scattering
no longer be isotropic and streaks of scattering appear in
direction parallel to the surface normal.21 Originally shown
by von Laue~1936! and later by Andrews and Cowley22 and
Robinson,23 the external surfaces give rise to streaks eman
ing from each Bragg peak of reciprocal lattice; the strea
are called crystal truncation rods and their intensity pro
contains detailed structural information. The streaks are
dexed as discrete rods with integerh andk multiples of re-
ciprocal lattice vectors in-plane and a continuous variablL
representing the perpendicular momentum transfer.
©2003 The American Physical Society42-1
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Scattered intensity from a layered structure is

I hkL
CTR}uFhk

bulku2
1

4 sin2~pL !
, ~1!

where Fhk
bulk represents the 2D structure factor of atoms

each layer. In a real surface, the atoms do not generally
exactly at bulk lattice sites, because of interlayer relaxat
roughness, absorption of foreign atoms, and/or reconst
tions. The intensity must be modified to include a separ
surface structure factor, which is added to the bulk with
appropriate phase.

I hkL5uFhkLu25uFhkL
surf1FhkL

bulku2, ~2!

FhkL
surf5 (

j

NS

f jQ jWje
2p i (hxj 1kyj 1Lzj ), ~3!

FhkL
bulk5 (

j

NB

f jWje
2p i (hxj 1kyj 1Lzj )

1

12e22p iL
, ~4!

where

Wj5e2BjQ
2/(16p2), ~5!

with f j the atomic scattering factor of atoms in layerj , Bj
the Debye-Waller parameter of layerj , Q the total momen-
tum transfer, (hkL) the Miller indices and (xyz) j the posi-
tion of atomj in fractional coordinates. It is of special inte
est to study of damage caused by ion irradiation to inclu
surface defects in the evaluation ofFhkL

surf . The simplest de-
fect is caused by the missing atoms which we repres
through 0,Q j,1 which defines the occupancy, or probab
ity of a site being occupied, of the atoms in thej th layer.

Since Si has the crystal structure of diamond, it ha
nonprimitive unit cell containing two atoms~bilayer!. This
makes two possible ‘‘ideal’’ terminations~i.e., planar trunca-
tion of the bulk! of the ~111! surface. These are denoted b
‘‘double layer’’(D) and ‘‘single layer’’ (S) termination. AD
surface has fewer dangling bonds than aS surface. A hex-
agonal co-ordinate system for Si has been chosen for
measurements and calculations. The unit cell is defined

a5b5a0A 3
8 , c5a0A3 andg5120°, wherea055.43 Å is

the cubic lattice parameter. The bulk 131 unit cell model is
described in Fig. 1. Each 131 unit cell consists of six atom
within three bilayers at three (x,y) positions A(0,0),
B(2a/3,b/3), and C(a/3,2b/3). The stacking sequence o
atoms in z direction is CcBcAa for each unit cell, wher
upper case refers to upper half of the double layer and lo
case to the lower half.

The clean Si~111! surface reconstructs to a 737 structure
which is widely accepted to be given by the dimer-adato
stacking fault~DAS! model.24 The model~Fig. 2! consists of
a triangular lattice of ‘‘islands,’’ connected to the bulk b
alternately ‘‘normal’’ and ‘‘faulted’’ stacking sequences, wit
each island containing 21 atoms per 737 unit cell. Between
the islands in the third layer lies a network of ‘‘dimers
containing 18 atoms per 737 unitcell joining them together
16534
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On top of this sits an array of 12 ‘‘adatoms’’ per 737 unit
cell each satisfying three bonds that would otherwise dan
from the island layer. When an ideal 737 reconstructed sur
face is folded into a 131 unit cell, the layer occupancie
(Q j ) for adatoms are12

49 , for stacking fault 21
49 , and for

dimers 48
49 . Figure 2 shows a top view of a complete 737

unit cell and Fig. 1 shows a side view of part of DAS mod
that defines the layering of the surface to bulk used for mo
calculations. In our calculations we have used the vert
and in-plane coordinates measured previously.24–28 Evalua-
tion of Eq.~2! for the published model of Si(111)737 gives
a CTR profile shown in Fig. 3.

Partial occupancy is a very general way to model surf
roughness. Over the coherence length of the x-ray beam
surface will likely not be flat at the atomic level and wi
rather contain terraces, vacancies, or steps. The presen
absence of extra partial layers of atoms will cause inter

FIG. 1. Side view of the Dimer-Adatom-Stacking~DAS! fault
model of the reconstructed Si(111)737 surface. All atoms are un
relaxed ‘‘ideal’’ positions as defined in DAS model. The layer n
tations used to mark the layer positions (zj ). Layer notations Ad,
1a, and 1b correspond to the adatom, stacking fault, and dimer a
layers, respectively. Layer notations 2a–3b correspond to the
layers. See the text for details.

FIG. 2. Top view of full unit cell of the DAS model~Ref. 24! of
Si(111)737 with one asymmetric unit shaded. Adatom, stacki
fault and dimer layers are labeled by first, second, and third lay
and bulk layers are labeled by fourth and fifth layers.
2-2
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DEFECT FORMATION IN Si(111)737 SURFACES DUE . . . PHYSICAL REVIEW B 68, 165342 ~2003!
ence with the diffracted wave from the bulk. This will us
ally cause a reduction in the intensity of the center of
truncation rod by a factor that depends on the height sta
tics of the surface. Various statistical models for the surf
roughness and their corresponding scattered intensities
been studied and can be found in the literature.23,29 Details
about these models will be discussed later in the next
tions. Here we represent roughness as the probability of
atoms in a given atomic layer to remain at lattice sites, a
thus it has the same meaning as ‘‘occupancy.’’ Since we s
with relatively flat initial surfaces that are progressive
eroded by sputtering, we introduce a new model of the la
probability distribution

Q j512Ar exp~2zj /Kr !, ~6!

whereAr and Kr are the amplitude and decay length of
exponential occupancy distribution function, respectively.
above,Q j is the value of the occupancy of layerj at a par-
ticular depthzj increasing downwards from the surface az
50. Ar may include any origin offset in the definition ofz.

In Fig. 3 we have shown examples of calculation for t
(10L) CTR profile, corresponding to rough surface. The
fect of roughness is observable between the two Bragg p
(101) and (104). We have represented each layer by an
dex j, positionzj and with fractional occupancyQ j , as de-
scribed in Eq.~6!. As with all roughness models,23,29 the
function Q j has little effect on the CTR intensity near th
Bragg peaks, where scattering is more sensitive to the b
It can, however, lower the intensity between the pea
where the scattering is mostly sensitive to the surface.
inset in Fig. 3 is an example of a site occupancy distribut
function as defined in Eq.~6! and the resulting effect it ha
on the CTR profile.

The second feature that we introduce into our~damage!
model is the atomic layer displacements. It is known in g
eral that CTR’s are highly sensitive to surface relaxation,
important characteristic of whether the surface spacing
contracted or dilated. The top layer, having uncompensa

FIG. 3. Calculated structure factor of a (10L) crystal truncation
rod ~CTR! for the published model of Si(111)737 as a function of
perpendicular momentum transferL. Also shown are the CTR pro
file for a D-terminated bulk structure and the CTR profile for
rough Si(111)737 surface. Roughness is represented as fractio
occupancy@Eq. ~6! with Ar50.4 andKr54.5 Å ] profile with re-
spect to depth (z) shown as an inset.
16534
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bonds due to the missing layer above it, will generally n
find its equilibrium configuration equivalent to bulk layer
In the case of Si(111)737 surface, there is a possibility o
bond breaking with ion irradiation. The missing bonds w
cause the top layer to move either up or down depending
the energetics of the system, a phenomenon known as re
ation. This has the effect of changing the value of the p
pendicular layer spacing which shifts the intensity profile
the CTR inq space either toward largerL for contraction or
smallerL for dilation.23,30 This relaxation can in some crys
tals propagate many layers down and cause other layers
the top to move from their bulk positions. This relaxation
layers contributes to the lattice strain.

We introduce the following functional form for the ave
age strain distribution within the lattice associated with t
ion implantation:

e~z!5Asexp~2z/Ks!, ~7!

whereAs andKs are the amplitude and decay length of t
strain distribution function, respectively.e(z) is defined as
the fractional layer expansion of the average crystal at de
z increasing downwards from the surface. The amplitudeAs
may include any origin offset in the definition ofz. The frac-
tional strain contribution to the perpendicular layer depthz,
modifies the surface structure factor. The modified posit
of layer j is given as

zj5z0 j1e~z0 j !, ~8!

wherez0 j is the position of the unstrained layerj. The effect
of a strain distribution on the scattering intensity for the CT
is shown in Fig. 4. Positive strain shifts the intensity betwe
the Bragg peaks to smallerL.

In our example calculations, we have shown the modifi
CTR profile for both rough and strained layers. We ha
observed from the experimental CTR data for the irradia
737 surfaces that the shape of the CTR profile shifts
wards a bulk terminated CTR profile with dose. As the s
face gets eroded the reconstructed 737 layers are removed
bringing the surface towards the terminated bulk structu

al

FIG. 4. Calculated structure factor of a (10L) crystal truncation
rod ~CTR! for the published model of Si(111)737 as a function of
perpendicular momentum transferL. Also shown is the CTR profile
for a strained Si(111)737 surface. Strain profile@Eq. ~7!# with
respect to depth (z) shown in the inset.
2-3
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The calculated CTR profile for irradiated samples are see
change from an ideal 737 towards theD-terminated bulk
profile ~Fig. 3!, with additional shifts observed with strain
These predictions anticipate the effects seen in our exp
ments.

III. EXPERIMENTAL PROCEDURE

Experiments were performed on beamline X16A of N
tional Synchrotron Light Source~NSLS! at Brookhaven Na-
tional Laboratory, which is customized for high-resolutio
diffraction experiments in ultrahigh vacuum~UHV!.31 The
beamline uses a bent cylindrical mirror to focus bend
magnet radiation into 1mm2 at the sample. The inciden
beam is monochromatized by parallel Si~111! crystals. The
diffracted beam is detected by a position sensitive dete
~PSD! oriented along the surface normal behind 2320mm2

slits placed 0.6 m away.
Si~111! samples were precleaned with alcohol, loaded

the UHV chamber at a pressure of about 10210 Torr and
degassed at about 500 °C for 6 h. Each sample was
flashed to 1200oC and slowly cooled (;100 K/s) to
850 °C, held for 10 s annealing, and then cooled rapidly
room temperature. The surface quality was examined

monitoring the in-plane (37 ,0) and (1,37 ) reflection peaks of
the 737 reconstruction.

The in-plane and CTR data were measured for the 737
clean surface before irradiation. CTR points near Bra
peaks were divided into narrow bins of PSD channels
improveL resolution. To quantitatively extract the structu
factors, the intensities were integrated over orientation an
f, background was subtracted and then the data were
rected for Lorentz factor and variation of active area.18 A
total of 180 scans were taken for in-plane reflections cl
enough to the surface plane (L50.2), for perpendicular mo
mentum transfer to be negligible. About three to four diffe
ent symmetry equivalent (h,k,L) reflections for L50.2,
~considered to beL50) were taken and averaged togeth
assuming p6mm symmetry. Uncertainty in the measurem
was deduced from the reproducibility (e) which varied from
10 to 12 % on average.18 CTR measurements were taken f
the (1,0,L) rod, for 0.15,L,5 passing through Bragg peak
at L51 and L54. Structure factors from the symmetr
equivalent (21,1,L) rod were averaged with these, assumi
p3m1 symmetry and the reproducibility wase51061%.

Ion irradiation with 200 eV Ar1 was performed using a
Varian ion gun with 531025 Torr Ar ~99.999% pure!. The
angle of incidence was 20°. The ion beams were raste
over the total sample area to yield uniform damage. T
sample direction was fixed during the entire dosing tim
Tests showed that the diffraction was unaffected by gas
posure alone. The ion current was measured at 0.1mA/cm2

from the sample holder. The samples were dosed for f
different time durations 120, 180, 300, and 600 s. The do
were estimated from time and current to be 0.7531014,
1.1231014, 1.8731014, and 3.7531014ions/cm2. Errors in
the measurement of dose could be as high as a factor
but relative measurements should be accurate to wi
16534
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;5%. After each dose the chamber was evacuated to U
conditions.

IV. RESULTS

Experimental in-plane scattering data for the cle
Si(111)737 surface were first fitted with the dimer adato
stacking~DAS! fault model given by Takayanagi24 as a start-
ing point for our refinement procedure of atomic positi
coordinates by a least squares method assuming p6mm
metry. The least-squares fit to the clean in-plane data w
refinement of 15 parameters for the displacement of p
tions and Debye-Waller parameters28 gave ax2 value of
1.87. We have obtained the parameter values for the refi
positions of the atoms, comparable fairly well with that o
tained by Robinsonet al.28 This procedure gives the in-plan
structural information for the 737 surface before ion irra-
diation.

The structure of the surface and subsurface layers ca
more accurately determined using crystal truncation rod d
rather than just in-plane diffraction data. Experimental CT
data for the (1,0,L) rod have been fitted to a Si(111)737
model. Experimental CTR data from the clean Si(111)737
surface were fitted by refining four parameters: two verti
displacements and two Debye-Waller factors. One vert
displacement was employed for the 12 adatoms~Ad, Fig. 1!
and another is for 12 dimer layer~1b, Fig. 1! atoms lying
below adatoms and the layer below it~2a, Fig. 1!. Two sepa-
rate Debye-Waller factors were fit for 12 adatoms and
dimers. The in-plane displacements for the 18 dimers w
kept fixed to the values obtained from in-plane fitting resu
With these minimum number of parameters, the clean C
data gavex2 value of 1.04 suggesting the model is adequa
For comparison, the final refinedz coordinates are listed in
Table I along with the coordinates obtained from earlier
ported models and measurements.

Figure 5 provides a pictorial comparison between o
served 2D structure factors for a clean and a do
Si(111)737 surface for an asymmetric section in the (h,k)
plane. Certain reflections are more sensitive to ion irradiat
than others. The experimental structure factors for the

plane (h,k) reflections (1,37 ) and (3
7 ,0), which have contri-

butions largely from adatoms, are shown as a function
dose in Fig. 6. Their reduction indicates the loss of the a
tom contribution from the Si(111)737 reconstructed sur

TABLE I. Values of refined layer displacements from ideal DA
positions with comparison of previous works~values are in Å!.

Layer name Previous experiments

~Fig. 1!
RHEED
~Ref. 26!

LEED
~Ref. 27!

X ray
~Ref. 25! ~present work!

Adatom ~Ad! 0.38 0.31 0.8860.2 0.460.06
SF~1a! -0.07 -0.12 0.0860.03 0.00
Dimer ~1b! -0.11 -0.17 0.0260.03 20.260.04
Bulk ~2a! -0.10 -0.08 20.0460.03 20.260.04
Bulk ~2b! 0.00 -0.02 20.0160.03 0.00
2-4
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DEFECT FORMATION IN Si(111)737 SURFACES DUE . . . PHYSICAL REVIEW B 68, 165342 ~2003!
face. In-plane surface x-ray diffraction is one of the mo
appropriate technique to determine the structure
Si(111)737 surface and any modification therein.30

The in-plane diffraction data for the irradiated samp
were initially fitted, using the structural fit parameters d
duced from clean surface constant. Then the occupancy
rameters for adatom, stacking fault, and the dimer layer
oms were varied. The parameter values obtained from
results of fitting of the in-plane data for the clean surfa
and for surfaces dosed for two times~120 and 180 s!, are
listed in Table II. As expected, a decrease of adatom oc
pancies is observed. There is also a systematic reductio
stacking fault and dimer atom occupancies; these values
also listed in Table II. For the first two doses, these oc
pancy profiles are roughly consistent with the occupa
function as discussed in the previous section. The in-pl
result shows a progressive decrease in site occupancy
depth.

CTR data from irradiated surfaces were fitted with
modified version of the clean surface model. Equation~6!

FIG. 5. ~left half circles! observed structure factors for clea
Si(111)737 surface and~right half circles! observed structure fac
tors for ion irradiated Si(111)737 surface. The radius of eac
circle is proportional to the amplitude, the area to the intens

Structure factors for the in-plane (h,k) reflections (1,37 ) and (37 ,0),
have contributions largely from adatoms.

FIG. 6. Observed structure factors for Si(111)737 measured at

L50.2. Structure factors for the in-plane (h,k) reflections (1,37 )

and (37 ,0) from the irradiated surfaces~normalized to one, with the
clean structure factor!, falls as a function of dosing time. Error ba
on structure factor values are typically about 10%.
16534
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represents the functional form of the occupancy profile. T
amplitude and decay lengths define the shape and valu
the function at different depth. Other forms of occupan
profiles have been tried to fit the curves. Fitting to the roug
ness profile (b model! as used by Robinson,23 did not im-
prove the fit quality for surfaces irradiated for high dose, n
did the binomial distribution of the roughness profile.29 An
error function profile was also tried for describing the occ
pancy profile. The fit with this profile was very close to th
for the exponential function. The exponential function is p
ferred, however, since it requires fewer parameters
makes intuitive sense. Other functions were adequate
some cases for a single ion dose, but only the exponen
function of Eq. ~6! was suitable at all doses. The limite
amount of information in one CTR profile means that only
few parameters can be found independently. The fits w
found to be rather insensitive to the decay length, so this
constrained to a compromise value for all doses. The jus
cation for fixing the value of the decay length is discuss
below. The reduced occupancy of each layer is modeled
include the absence of atoms from that layer~missing atoms!
including the static Debye-Waller factor representing the s
disorder of the atoms from its position in that layer.

The initial fit to the CTR data on irradiated samples w
the exponential occupancy function gave fits with ax2 value
of 1.2. For the first two doses, the values for the adatom la
occupancy were 0.2560.05 and 0.1060.08, respectively.
These values are in poor agreement with the in-plane res
of 0.8160.05 and 0.7360.05, respectively. We expect tha
the in-plane results are more reliable than the CTR meas
ments for these first two doses because they include a m
larger number of independent measurements. We therefo
the CTR data with an occupancy function whereby the oc
pancies for the first three layers were forced to match
in-plane results. The first two doses where the in-plane
sults are more reliable were fitted with a known occupan
function~6!, with amplitudeAr50.19 and 0.21, respectively
and decay length (Kr) as 4.5 Å equal for both. Since thi
procedure did not yield a better fit to the data, a differe
physical explanation is required to allow a single model to
both the CTR data and the occupancy function derived fr
in-plane results.

In Sec. II Eq.~7! was defined as the strain profile inside
crystal after ion implantation. With a known profile for th
occupancy and unknown parameters for exponential st
profile, we attempted to fit the experimental CTR data for
first two doses~120 and 180 s!. We indeed obtained a goo

.

TABLE II. Results for the occupancy of adatom, stacking fa
and dimers obtained from fit to the in-plane (L50.2) data for
Si(111)737 surface in the as prepared state and after the first
doses.

Sample Occupancy x2

~dose time! Adatom Stacking fault Dimers

Clean 1.0 1.0 1.0 1.87
120 s 0.816.05 0.896.05 0.916.05 2.2
180 s 0.736.05 0.836.05 0.896.05 2.5
2-5
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S. K. GHOSE, I. K. ROBINSON, AND R. S. AVERBACK PHYSICAL REVIEW B68, 165342 ~2003!
fit (x251 and 1.05! which was consistent with the in-plan
results. The strain amplitude (eL) for the first two doses were
0.16 % and 0.19 % with equal decay lengthsKs5
;4.5 Å . There was an increase in strain amplitude with
increase in dose. Since we have no prior knowledge of
occupancy profile for the higher-dose data, we have fitted
data with positive strain amplitude, occupancy profile amp
tude and decay length as free parameters. The values fo
decay length for both the profiles, occupancy and strain w
;4.5 Å , suggesting that the range for the effect of at
removal and layer strain in Si were nearly equal. For hig
doses~300 and 600 s!, the strain amplitudes were 0.21 an
0.23 %, respectively, suggesting a small increase in
strain amplitude with increasing ion dose. Finally, an ad
tional parameter, the adatom occupancy, was also con
ered, and varying it led to a still better fit.

The values of the final occupancy for the adatom layer
the four doses were 0.73, 0.58, 0.39, and 0.17~Fig. 6!. These
values were very close to the average of experimental st

ture factors for (37 ,0) and (1,37 ) reflections normalized to 1~
clean value! as shown in Fig. 6. With all the above discuss
parameters, the experimental CTR data for all the four do
were fitted withx2 values between 1 and 1.2. Figure 7 sho
both experimental data and the fits for the clean irradia
surfaces. Figure 8 shows the occupancy profiles with res
to the sample depth. The dotted curve in Fig. 8 illustrates
the additional adatom layer occupancy is lower than t

FIG. 7. Experimental (10L) CTR data~symbols! and the fitted
theoretical CTR curves~solid line! for clean and ion irradiated
Si(111)737 surfaces for different doses. Curves for different do
are shifted vertically for clarity. The theoretical fit curve for clea
Si(111)737 surface~dashed line! is overlapped on the highes
dosed data to visualize the change of symmetry of the curve
dose.
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suggested by a pure exponential decay. Figure 9 shows
strain profile obtained for different doses with respect
sample depth starting from the surface layer.

V. DISCUSSION

The DAS model24 is widely accepted for the Si(111)7
37 reconstructed surface and forms a consistent star
point for the discussion of our results. On a Si(111)737
surface, bombardment with rare-gas ions has been repo
to sputter surface adatoms in the low-energy range.10–13Our
experiments found similar effects during irradiation wi
200 eV Ar1 ion on Si(111)737 surface at an incidenc
angle of 20°. Since the dimer, adatom, and stacking fa
layers have unique signatures in the diffraction pattern, i
possible to measure the initial rate of erosion directly fro
the estimation of the missing atoms in each layer. Figur
shows the results for the site occupancy profile in irradia
samples. Beyond the first layer, our results are consis
with an exponential reduction of occupancy with depth. T
amplitude of the exponential function increases with dos

The decaying occupancy profile can be considered to c

s

th

FIG. 8. ~solid line! Occupancy profiles obtained from the fi
parametersAr and Kr using Eq.~6! for different ion dosing time.
~Dashed curve! Extrapolated profiles for additional reduction i
adatom occupancy.~Solid dots! The positions of different layers
~Fig. 1! in the z direction.

FIG. 9. Strain profiles obtained from the fit parameters~Table
III ! As andKs using Eq.~7!for different ion dosing times.
2-6
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DEFECT FORMATION IN Si(111)737 SURFACES DUE . . . PHYSICAL REVIEW B 68, 165342 ~2003!
sist of different depth of craters formed due to progress
ion bombardment. It is sometimes seen in STM measu
ments that a crater forms with different appearance, depe
ing on the ion energy and size.12 There is also a possibility o
missing atoms in deeper layers than just the surface. M
over the disordering of atoms from different layers contr
utes to the static Debye-Waller factor. The combined con
bution of missing atoms and disordering of atoms at differ
layers is described by the occupancy profile~Fig. 8!.

Results fromSRIM2000 Monte Carlo simulations17 on the
damage energy distribution@FD(z)# and Si target vacancy
distribution@FV(z)# of 200 eV Ar ions impinging on Si at an
angle of 20° are shown in Fig. 10. A displacement energy
15 eV and a surface bonding energy of 5 eV were emplo
in this simulation. Since the ion energies are low
(,200 eV), the calculations should be considered very
proximate. Incident Ar1 ions for our conditions tend to form
more surface defects than bulk defects8 and the vacancy dis
tribution overall shows an exponential shape. Since the n
ber of missing atoms from different layers depends on
vacancy created in that layer, we therefore consider it r
sonable to expect an exponential distribution for the oc
pancy profile that mimics the vacancy distribution profi
Our fitting results indeed resemble the functional dep
dency for the site occupancy for atoms in different laye
We observed however, a larger reduction in the occupa
for the adatoms, suggesting an unusually sensitive confi
ration there. This is attributed to the different bonding co
figuration of the adatoms on the Si(111)737 surface.

In further comparing our results with the vacancy dist
bution determined fromSRIM we observe that the deca
length of the occupancy profile is ofKr54.5 Å ~Table III!,
whereasFV(z) falls to it’s 1/e value at depth of;3.0 Å
~Fig. 10!. This shows reasonable agreement between
CTR fit with theSRIM results in considering the assumptio
in SRIM.

It has been previously reported that implantation of ke
energy ions in Si and Ge, causes strain which scales
dose and depends on the amount of energy deposited pe

FIG. 10. Distribution profile for the damage energy dens
@FD(z)# ~solid line! and Si target vacancy@FV(z)# ~dashed line!,
with respect to target depth (z) for 200 eV Ar ion interaction with
Si target obtained from theSRIM2000 Monte Carlo simulation. See
the text for details.
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in atomic displacements.32–34 In case of GaAs the strain in
creases linearly with dose in the low-dose limit (
31013 ions/cm2), but beyond which, it behave
nonlinearly.35 The x-ray strain perpendicular to the cryst
surface eL was found in these studies to follow th
relationship32,35

eL~z!5kfFD~z!, ~9!

where FD(z) is the average energy per ion per unit dep
deposited by nuclear collision at depthz, f is the irradiation
dose, andk is a constant. In our case the perpendicular str
profile follows closely theSRIM calculation ~Fig. 10! for
FD(z) profile for 200 eVAr1 in Si. The dose dependenc
moreover was found to be approximately linear~Table III!.
The validity of Eq.~9!, which normally applies to the highe
energy~keV! range, apparently extends down to 200 eV,
least for the ion-surface interaction on the Si(111)737 re-
constructed surface. Qualitatively the dose and energy de
sition profile follows the trend of Eq.~7!. If we calculate
quantitatively the constantk for Si for our case using Eq.~9!
with FD(z)550 eV/ion Å and strain for the highest dos
(f53.7531014 ions/cm2) sampleeL50.23%, we obtaink
50.122 Å3/eV, which is considerably higher than the va
ues reported35 for keV range energy (k50.0031 Å3/eV).
Hence explanation for positive strain observation in our c
could not extrapolated from the keV range of damage ca
lations. Strain is not correlated with the energy deposited
electronic stopping, or with the presence of the implan
atoms@up to concentration of 931024 at. % ~Ref. 35!#. In
our case, a Rutherford back scattering measurement sho
no trace of implanted Ar within the surface layers. Hence
contribution of impurity Ar ions for the current dose leve
has no contribution to the strain directly. For our case,
positive strain could be due to the expansion of surface
ers by bond breaking and subsequent increase of ave
bond lengths. There is excess disordering at the surface
ers. This strain profile is a kind of local energy depositi
effect of the ions, with strain increasing with dose.

VI. CONCLUSIONS

Surface x-ray diffraction, particularly CTR measuremen
have been used to reveal the atomic level defect formatio
the surface and subsurface regions of Si(111)737 recon-
structed surface. We observed that low energy~200 eV! Ar1

TABLE III. Results for the occupancy profile paramete
(Ar , Kr) and strain profile parameters (As , Ks) obtained form the
fit to CTR data for Si(111)737 structure. Error bars for all the
parameters are about 5%.

Sample Occupancy Parameter Strain Parameterx2

~dose time! Ar Kr(Å ) As(%) Kr(Å )

120 s 0.19 4.5 0.16 4.5 1.08
180 s 0.27 4.5 0.19 4.5 1.12
300 s 0.45 4.5 0.21 4.5 1.10
600 s 0.68 4.5 0.23 4.5 1.20
2-7
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S. K. GHOSE, I. K. ROBINSON, AND R. S. AVERBACK PHYSICAL REVIEW B68, 165342 ~2003!
ion bombardment on Si(111)737 surface at an 20° inci
dence angle forms missing atoms at both surface and sub
face layers along with positive strain. We have demonstra
with calculations how CTR measurements are sensitive
subsurface modifications. Here we have documented how
measurement is sensitive to lattice strain and site occupa
of atoms within a few atomic layers of the surface. We ha
determined occupancy profiles representing the missing a
profile with depth after irradiation. We have also observ
increase in strain in the subsurface layers with increas
dose. We have found a clear agreement of the results
SRIM calculations and followed the description of ion-so
interaction mechanism for surface and subsurface defect
mation. The measurements are relevant to the current inte
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