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Defect formation in Si(111)7X 7 surfaces due to 200 eV Af 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)77 surface during low energf200 eV) Ar* 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 truncati¢@ BRI 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 ssimgooowith appropriate choice
of surface and bulk displacement energies.
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[. INTRODUCTION first layer are unknown from these studies.
Surface x-ray diffraction, particularly crystal truncation

The interaction of low-energyless than a few hundred rod (CTR) measurements have been a very successful tech-
eV) ions with semiconductor surfaces has been intensivelyique to probe multiple layers near a surface and obtain
studied because ion irradiation is widely used in materiathree-dimensional3D) information?® In this work, we have
processing,for example, ion sputterirfg°® and beam assisted used surface x-ray diffraction CTR measurements to reveal
epitaxial growtfi—%. Nevertheless the details of defects for- the surface and sub-surface structure before and after low-
mation at these low energies is only poorly known, owing toenergy (200 eV at 20° angle Ar* interaction with the
the difficulties introduced by surface relaxation and otherSi(111)7x7 reconstructed surface. In this paper, we first
effects of surfaces. It has been repoftéiat ion assisted illustrate the ability of CTR measurements to obtain the
reaction caused by physical bombardment is possible abov&i(111)7x 7 reconstructed surface as well as the bulk struc-
E=15 eV, called the “displacement threshold energy” and ture. We then show from calculations, how the measurement
other damage caused belowl5 eV is mostly attributed to is sensitive to lattice strain and site occupancy of atoms
chemical reactions. Physical phenomena at surfaces dependgthin a few layers of the surface. We then explain our ex-
on the surface displacement energy, which will be in generagberimental procedure and describe the results based on the
be different from the bulk. A typical value of surface dis- least squares fitting with theoD (Ref. 19 analysis program.
placement energy for Si might be5 eV, crossing over to In the discussion the experimental results are compared with
the bulk value of 15 eV beyond a certain depth. We are inMonte Carlo simulation of damage in the surface and sub-
terested in the present work on investigating defect producsurface regions.
tion in this crossover between the surface and the subsurface
regions.

We have chosen Si(111)¢7 reconstructed surface as a
model system, because it is a well-studied surface with three The lattice sum of a 3D crystal produces a reciprocal lat-
distinct layers available to chemical or physical interactionstice of 6 functions. The scattered intensity is then restricted
Previous work has involved mainly STM measurementshy the Laue condition in all three directiofSFor a crystal
made on a Si(111)X 7 surface to study the surface defectswith finite size, this condition is relaxed and the scattered
formed by rare-gas ions in the energy ranges between 200 eMtensity extends over a volume in reciprocal space inversely
to 3 keVX*~*They observed that low energyx600 eV) Ar  proportional to the size of the crystal. If the crystal is cleaved
or Xe ion bombardment on Si(111}77 surface leads to in one direction to produce a flat surface, then scattering will
clearly identified surface defects. These surface defects are longer be isotropic and streaks of scattering appear in the
populated by adatom vacancy regions, where adatoms hawfirection parallel to the surface nornfalOriginally shown
been removed by ion impact. The possibility of sputteringby von Laue(1936 and later by Andrews and Cow/&and
from second and third layer of atoms has been demonstrateRiobinsor?® the external surfaces give rise to streaks emanat-
by molecular-dynamics simulatibh and experimedf on  ing from each Bragg peak of reciprocal lattice; the streaks
different semiconductor surfaces. For our range of energyare called crystal truncation rods and their intensity profile
the ion range and energy distribution is expected to extendontains detailed structural information. The streaks are in-
beyond~6 A 17 so there is a possibility of displacement of dexed as discrete rods with integeand k multiples of re-
atoms below the surface layers. Since STM measurementdprocal lattice vectors in-plane and a continuous varidble
are limited to the top surface layer, any defects below theepresenting the perpendicular momentum transfer.

II. MODELS OF SURFACE DAMAGE

0163-1829/2003/686)/1653428)/$20.00 68 165342-1 ©2003 The American Physical Society



S. K. GHOSE, I. K. ROBINSON, AND R. S. AVERBACK PHYSICAL REVIEW B8, 165342 (2003

Scattered intensity from a layered structure is Unfaulted Faulted Stacking
,/Adafom Dimer Row
1 Ad
e [F a2 — : 1 Ch o L asa G e
00000 ga
e~ A A~ 20

where F2i represents the 2D structure factor of atoms in
each layer. In a real surface, the atoms do not generally lie
exactly at bulk lattice sites, because of interlayer relaxation,
r_oughness,_ abso_rption of foreign_ atoms, and/or reconstruc- £ 1 side view of the Dimer-Adatom-Stackif®AS) fault
tions. The intensity must be modified to include a separateygqe of the reconstructed Si(111¥7 surface. All atoms are un-
surface structure factor, which is added to the bulk with thgg|axed “ideal” positions as defined in DAS model. The layer no-
appropriate phase. tations used to mark the layer positiorg)( Layer notations Ad,

1a, and 1b correspond to the adatom, stacking fault, and dimer atom
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surf _ D N/ a2 (hx; +ky; +Lz; . . .
Fhkl= 2 fi®;wWie Ty, ©) On top of this sits an array of 12 “adatoms” petx77 unit
cell each satisfying three bonds that would otherwise dangle
Ng 1 from the island layer. When an ideak7 reconstructed sur-

S — 4y face is folded into a X1 unit cell, the layer occupancies
1—e 27t (©;) for adatoms arei, for stacking fault, and for
dimers 33. Figure 2 shows a top view of a completex7
unit cell and Fig. 1 shows a side view of part of DAS model
__B.Q%(16:) that defines the layering of the surface to bulk used for model
Wij=e "I ' (5 calculations. In our calculations we have used the vertical

with f; the atomic scattering factor of atoms in layerB; a_md in-plane coordinates_ measured previoﬁfsﬁ? Eva_lua—
the Debye-Waller parameter of laygr Q the total momen- tion of Eq.(?) for the p.ubl|_shed model of Si(111)77 gives
tum transfer, kL) the Miller indices and Xy2); the posi- a CTR.perf'le shown n Fig. 3. | del surf
tion of atomj in fractional coordinates. It is of special inter- Partial occupancy is a very general way to model surface

est to study of damage caused by ion irradiation to includéoughnessf' Qver the coherence length Of. the x-ray beam, a
urf surface will likely not be flat at the atomic level and will

surface defects in the evaluation By, . The simplest de- : .
nrtather contain terraces, vacancies, or steps. The presence or

fect is caused by the missing atoms which we represe absence of extra partial layers of atoms will cause interfer-
through 0<®;<1 which defines the occupancy, or probabil- P Y

ity of a site being occupied, of the atoms in tjta layer.

Since Si has the crystal structure of diamond, it has a
nonprimitive unit cell containing two atom@ilayer. This
makes two possible “ideal” terminationse., planar trunca-
tion of the bulk of the (111) surface. These are denoted by
“double layer”(D) and “single layer” (S) termination. AD
surface has fewer dangling bonds thai® aurface. A hex-
agonal co-ordinate system for Si has been chosen for both
measurements and calculations. The unit cell is defined by
a=b=ag\/2, c=a,\3 andy=120°, wherea,=5.43 A is
the cubic lattice parameter. The bulkIl unit cell model is
described in Fig. 1. EachX1 unit cell consists of six atoms
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 of
atoms inz direction is CcBcAa for each unit cell, where
upper case refers to upper half of the double layer and lower
case to the lower half.

The clean Sil11) surface reconstructs to ax77 structure
which is widely accepted to be given by the dimer-adatom-
stacking faultDAS) model?* The model(Fig. 2) consists of
a triangular lattice of “islands,” connected to the bulk by
alternately “normal” and “faulted” stacking sequences, with  FIG. 2. Top view of full unit cell of the DAS modeRef. 24 of
each island containing 21 atoms pex 7 unit cell. Between  Sj(111)7x7 with one asymmetric unit shaded. Adatom, stacking
the islands in the third layer lies a network of “dimers” fault and dimer layers are labeled by first, second, and third layers
containing 18 atoms perxX'7 unitcell joining them together. and bulk layers are labeled by fourth and fifth layers.
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FIG. 3. Calculated structure factor of a (1)0crystal truncation FIG. 4. Calculated structure factor of a (1)0crystal truncation

rod (CTR) for the published model of Si(111)7 as a function of  rod (CTR) for the published model of Si(111)¥7 as a function of
perpendicular momentum transfier Also shown are the CTR pro- perpendicular momentum transierAlso shown is the CTR profile
file for a D-terminated bulk structure and the CTR profile for a for a strained Si(111)%7 surface. Strain profilgEq. (7)] with
rough Si(111) % 7 surface. Roughness is represented as fractionalespect to depthz) shown in the inset.
occupancyEq. (6) with A;=0.4 andK,=4.5 A] profile with re-
spect to depthZ) shown as an inset. bonds due to the missing layer above it, will generally not
find its equilibrium configuration equivalent to bulk layers.
ence with the diffracted wave from the bulk. This will usu- |n the case of Si(111)% 7 surface, there is a possibility of
ally cause a reduction in the intensity of the center of thehond breaking with ion irradiation. The missing bonds will
truncation rod by a factor that depends on the helght Stati&:ause the top |ayer to move either up or down depending on
tics of the surface. Various statistical models for the surfacehe energetics of the system, a phenomenon known as relax-
roughness and their corresponding scattered intensities haw@on. This has the effect of changing the value of the per-
been studied and can be found in the literafdré.Details  pendicular layer spacing which shifts the intensity profile of
about these models will be discussed later in the next SeGhe CTR |nq space either toward |arge_rf0r contraction or
tions. Here we represent roughness as the probability of theémallerL for dilation?%3° This relaxation can in some crys-
atoms in a given atomic layer to remain at lattice sites, andals propagate many layers down and cause other layers near
thus it has the same meaning as “occupancy.” Since we stathe top to move from their bulk positions. This relaxation of
with relatively flat initial surfaces that are progressively |ayers contributes to the lattice strain.
eroded by sputtering, we introduce a new model of the layer e introduce the following functional form for the aver-
probability distribution age strain distribution within the lattice associated with the

0,=1-A, exp(—z/K,), ©6) ion implantation:

whereA, andK, are the amplitude and decay length of an €(2) =Asexp( —z/Ky), 7
exponential occupancy distribution function, respectively. A
above,®; is the value of the occupancy of laygeat a par-
ticular depthz; increasing downwards from the surfacezat

:(T' AF,_m%y inclrl:de ana/ origin Oﬁs?t in tfhe (ljef:nityionfzf theZ increasing downwards from the surface. The amplitAde
n F1g. 5 we have shown examples of calculation for emay include any origin offset in the definition =f The frac-

(10L) CTR profile, corresponding to rough surface. The ef'tional strain contribution to the perpendicular layer depth

fect of roughness is observable between the two Bragg peaks | ifies th f tructure factor. Th dified it
(101) and (104). We have represented each layer by an iny odmes the suriace structure factor. The modified posttion

dex], positionz; and with fractional occupanc§;, z;g de- Hlayerj s given as

scrlbgd in Eq.(6)'. As with all roughnesg modg’@; the 2,=20+ €(2y), (8)

function ®; has little effect on the CTR intensity near the

Bragg peaks, where scattering is more sensitive to the bulkvherezy; is the position of the unstrained layerThe effect

It can, however, lower the intensity between the peakspf a strain distribution on the scattering intensity for the CTR

where the scattering is mostly sensitive to the surface. This shown in Fig. 4. Positive strain shifts the intensity between

inset in Fig. 3 is an example of a site occupancy distributiorthe Bragg peaks to smallér.

function as defined in Eq6) and the resulting effect it has In our example calculations, we have shown the modified

on the CTR profile. CTR profile for both rough and strained layers. We have
The second feature that we introduce into ¢damage  observed from the experimental CTR data for the irradiated

model is the atomic layer displacements. It is known in gen7 X7 surfaces that the shape of the CTR profile shifts to-

eral that CTR’s are highly sensitive to surface relaxation, thevards a bulk terminated CTR profile with dose. As the sur-

important characteristic of whether the surface spacing iface gets eroded the reconstructed 77 layers are removed,

contracted or dilated. The top layer, having uncompensatebdringing the surface towards the terminated bulk structure.

SWhereAS andKg are the amplitude and decay length of the
strain distribution function, respectively(z) is defined as
the fractional layer expansion of the average crystal at depth
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The calculated CTR profile for irradiated samples are seen to TABLE I. Values of refined layer displacements from ideal DAS
change from an ideal 77 towards theD-terminated bulk positions with comparison of previous workgalues are in A
profile (Fig. 3), with additional shifts observed with strain.

These predictions anticipate the effects seen in our experl-ayer name Previous experiments
ments. RHEED LEED X ray
(Fig. 1) (Ref. 26 (Ref. 27  (Ref. 25  (present work

Adatom (Ad) 0.38 0.31 0.880.2 0.4£0.06
IIl. EXPERIMENTAL PROCEDURE

SH1a -0.07 -0.12 0.0&80.03 0.00
Experiments were performed on beamline X16A of Na-Dimer (1b) -0.11 -0.17  0.020.03 —0.2£0.04
tional Synchrotron Light SourceNSLS) at Brookhaven Na- Bulk (2a) -0.10 -0.08 —0.04£0.03 —0.2+0.04
tional Laboratory, which is customized for high-resolution Bulk (2b) 0.00 -0.02 —0.01+0.03 0.00

diffraction experiments in ultrahigh vacuufyHV).3! The
beamline uses a bent cylindrical mirror to focus bending
magnet radiation into 1mfmat the sample. The incident ~5%. After each dose the chamber was evacuated to UHV
beam is monochromatized by paralle(Hil) crystals. The conditions.
diffracted beam is detected by a position sensitive detector
(PSD oriented along the surface normal behing 20mn?
slits placed 0.6 m away. IV. RESULTS
Si(111) samples were precleaned with alcohol, loaded to  Experimental in-plane scattering data for the clean
the UHV chamber at a pressure of about 10Torr and  sj(111)7x 7 surface were first fitted with the dimer adatom
degassed at about 500 °C for 6 h. Each sample was thefjacking(DAS) fault model given by Takayandias a start-
flashed to 1200C and slowly cooled {100 K/s) to  ing point for our refinement procedure of atomic position
850 °C, held for 10 s annealing, and then cooled rapidly tacoordinates by a least squares method assuming pémm sym-
room temperature. The surface quality was examined bynetry. The least-squares fit to the clean in-plane data with
monitoring the in-plane §,0) and (12) reflection peaks of refinement of 15 parameters for the displacement of posi-
the 7X 7 reconstruction. tions and Debye-Waller parametétgjave ay? value of
The in-plane and CTR data were measured for the77 1.87. We have obtained the parameter values for the refined
clean surface before irradiation. CTR points near BraggdPositions of the atoms, comparable fairly well with that ob-
peaks were divided into narrow bins of PSD channels tdained by Robinsoet al?® This procedure gives the in-plane
improve L resolution. To quantitatively extract the structure structural information for the X7 surface before ion irra-
factors, the intensities were integrated over orientation angléiation.
¢, background was subtracted and then the data were cor- The structure of the surface and subsurface layers can be
rected for Lorentz factor and variation of active ate#&  more accurately determined using crystal truncation rod data
total of 180 scans were taken for in-plane reflections closéather than just in-plane diffraction data. Experimental CTR
enough to the surface plane£0.2), for perpendicular mo- data for the (1,Q,) rod have been fitted to a Si(11LX77
mentum transfer to be negligible. About three to four differ-model. Experimental CTR data from the clean Si(114)7
ent symmetry equivalenth(k,L) reflections forL=0.2, surface were fitted by refining four parameters: two vertical
(considered to bé. =0) were taken and averaged togetherdisplacements and two Debye-Waller factors. One vertical
assuming pémm symmetry. Uncertainty in the measuremengsplacement was employed for the 12 adatéAd, Fig. 1)
was deduced from the reproducibilitg)(which varied from  and another is for 12 dimer layéib, Fig. 3 atoms lying
10 to 12 % on averag®.CTR measurements were taken for below adatoms and the layer below2g, Fig. 1. Two sepa-
the (1,0L) rod' for 0.15<L<5 passing through Bragg peaks rate Debye-Wa”er factors were fit for 12 adatoms and 18
at L=1 and L=4. Structure factors from the symmetry dimers. The in-plane displacements for the 18 dimers were
equiva'ent e 1’1]_) rod were averaged with these’ assumingke.pt fixed to the values obtained from in-p|ane f|tt|ng result.
p3ml symmetry and the reproducibility was=10=1%. With these minimum number of parameters, the_ clean CTR
lon irradiation with 200 eV Af was performed using a data gavex” value of 1.04 suggesting the model is adequate.
Varian ion gun with 51075 Torr Ar (99.999% purg The For comparison, the final refmedcoordw_\ates are Ilsteq in
angle of incidence was 20°. The ion beams were rastereg@ble I along with the coordinates obtained from earlier re-
over the total sample area to yield uniform damage. Théorted models and measurements. _
sample direction was fixed during the entire dosing time. Figure S provides a pictorial comparison between ob-
Tests showed that the diffraction was unaffected by gas exderved 2D structure factors for a clean and a dosed
posure alone. The ion current was measured ap@cm?  Si(111)7x7 surface for an asymmetric section in thek)
from the sample holder. The samples were dosed for fouplane. Certain reflectlon_s are more sensitive to ion |rrad|at|_on
different time durations 120, 180, 300, and 600 s. The dosethan others. The experimental structure factors for the in-
were estimated from time and current to be 2%  plane (,k) reflections (13) and ¢,0), which have contri-
1.12<10*, 1.87x 10, and 3.75 10%ons/cnf. Errors in  butions largely from adatoms, are shown as a function of
the measurement of dose could be as high as a factor of Apse in Fig. 6. Their reduction indicates the loss of the ada-
but relative measurements should be accurate to withitom contribution from the Si(111)%7 reconstructed sur-
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TABLE Il. Results for the occupancy of adatom, stacking fault
and dimers obtained from fit to the in-plan& £0.2) data for
Si(111)7x 7 surface in the as prepared state and after the first two

doses.

Sample Occupancy X2
(dose time Adatom Stacking fault Dimers

Clean 1.0 1.0 1.0 1.87
120 s 0.81.05 0.89+.05 0.91+.05 2.2
180 s 0.7% .05 0.83:.05 0.89+.05 25

FIG. 5. (left half circleg observed structure factors for clean represents the functional form of the occupancy profile. The
Si(111)7x7 surface andright half circles observed structure fac- amplitude and decay lengths define the shape and value of
tors for ion irradiated Si(111)X7 surface. The radius of each the function at different depth. Other forms of occupancy
circle is proportional to the amplitude, the area to the intensity.profiles have been tried to fit the curves. Fitting to the rough-
Structure factors for the in-plané ) reflections (2) and ¢,0),  ness profile 8 mode) as used by Robinsdt,did not im-
have contributions largely from adatoms. prove the fit quality for surfaces irradiated for high dose, nor

did the binomial distribution of the roughness profifeAn
face. In-plane surface x-ray diffraction is one of the mosterror function profile was also tried for describing the occu-
appropriate technique to determine the structure opancy profile. The fit with this profile was very close to that
Si(111) 7 7 surface and any modification theréfh. for the exponential function. The exponential function is pre-

The in-plane diffraction data for the irradiated samplesferred, however, since it requires fewer parameters and
were initially fitted, using the structural fit parameters de-makes intuitive sense. Other functions were adequate in
duced from clean surface constant. Then the occupancy paeme cases for a single ion dose, but only the exponential
rameters for adatom, stacking fault, and the dimer layer atfunction of Eq.(6) was suitable at all doses. The limited
oms were varied. The parameter values obtained from thamount of information in one CTR profile means that only a
results of fitting of the in-plane data for the clean surfacefew parameters can be found independently. The fits were
and for surfaces dosed for two tim€s20 and 180 s are  found to be rather insensitive to the decay length, so this was
listed in Table Il. As expected, a decrease of adatom occueonstrained to a compromise value for all doses. The justifi-
pancies is observed. There is also a systematic reduction ghtion for fixing the value of the decay length is discussed
stacking fault and dimer atom occupancies; these values atslow. The reduced occupancy of each layer is modeled to
also listed in Table II. For the first two doses, these occuinclude the absence of atoms from that lagraissing atomps
pancy profiles are roughly consistent with the occupancyncluding the static Debye-Waller factor representing the site
function as discussed in the previous section. The in-plandisorder of the atoms from its position in that layer.
result shows a progressive decrease in site occupancy with The initial fit to the CTR data on irradiated samples with
depth. the exponential occupancy function gave fits witp%avalue

CTR data from irradiated surfaces were fitted with aof 1.2. For the first two doses, the values for the adatom layer
modified version of the clean surface model. Equatibn  occupancy were 0.250.05 and 0.16:0.08, respectively.

These values are in poor agreement with the in-plane results
1o of 0.81+0.05 and 0.730.05, respectively. We expect that
the in-plane results are more reliable than the CTR measure-

N — (3/7,0) ) .

N oo (1,37) ments for these first two doses because they include a much
\ larger number of independent measurements. We therefore fit
- the CTR data with an occupancy function whereby the occu-
pancies for the first three layers were forced to match the
in-plane results. The first two doses where the in-plane re-

sults are more reliable were fitted with a known occupancy
04l function (6), with amplitudeA,=0.19 and 0.21, respectively,

q and decay lengthK,) as 4.5 A equal for both. Since this
procedure did not yield a better fit to the data, a different

08—

0.6~

Observed Structure Factor (normalized)

02 e T, S . physical explanation is required to allow a single model to fit
0 2 4 6 8 10 . .
Dosing time ( 60s) both the CTR data and the occupancy function derived from
. in-plane results.
FIG. 6. Observed structure factors for Si(11X)7 measured at In Sec. Il Eq.(7) was defined as the strain profile inside a

L=0.2. Structure factors for the in-pland,k) reflections (13)  crystal after ion implantation. With a known profile for the
and ¢,0) from the irradiated surfacéaormalized to one, with the occupancy and unknown parameters for exponential strain
clean structure factirfalls as a function of dosing time. Error bars profile, we attempted to fit the experimental CTR data for the
on structure factor values are typically about 10%. first two doseg120 and 180 s We indeed obtained a good
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£ --- Clem Fit (Fig. 1) in the z direction.
10° I R H ET suggested by a pure exponential decay. Figure 9 shows the
0 1 2 3 4 5 strain profile obtained for different doses with respect to
Lrlu.) sample depth starting from the surface layer.
FIG. 7. Experimental (10) CTR data(symbolg and the fitted
theoretical CTR curvessolid line) for clean and ion irradiated V. DISCUSSION

Si(111) 7x 7 surfaces for different doses. Curves for different doses The DAS modé® is widely accepted for the Si(111)7

are shifted vertically for clarity. The theoretical fit curve for clean X7 reconstructed surface and forms a consistent starting
Si(111)7x 7 surface(dashed ling is overlapped on the highest int for the di . f ts. O Si(11%7
dosed data to visualize the change of symmetry of the curve witO!Nt Tor the discussion of our results. On a i )
dose. surface, bombardment with rare-gas ions has been reported
to sputter surface adatoms in the low-energy rafige’ Our
experiments found similar effects during irradiation with
fit (x’=1 and 1.05 which was consistent with the in-plane 200 eV Ar* ion on Si(111)% 7 surface at an incidence
results. The strain amplitude() for the first two doses were angle of 20°. Since the dimer, adatom, and stacking fault
0.16 % and 0.19 % with equal decay length&= |ayers have unique signatures in the diffraction pattern, it is
~4.5 A . There was an increase in strain amplitude with thepossible to measure the initial rate of erosion directly from
increase in dose. Since we have no prior knowledge of théhe estimation of the missing atoms in each layer. Figure 8
occupancy profile for the higher-dose data, we have fitted thehows the results for the site occupancy profile in irradiated
data with positive strain amplitude, occupancy profile ampli-samples. Beyond the first layer, our results are consistent
tude and decay length as free parameters. The values for thgth an exponential reduction of occupancy with depth. The
decay length for both the profiles, occupancy and strain wergmplitude of the exponential function increases with dose.

~4.5 A, suggesting that the range for the effect of atom The decaying occupancy profile can be considered to con-
removal and layer strain in Si were nearly equal. For higher

doses(300 and 600 s the strain amplitudes were 0.21 and 0.25
0.23 %, respectively, suggesting a small increase in the
strain amplitude with increasing ion dose. Finally, an addi-
tional parameter, the adatom occupancy, was also consid-
ered, and varying it led to a still better fit.

The values of the final occupancy for the adatom layer for
the four doses were 0.73, 0.58, 0.39, and @Hig. 6). These
values were very close to the average of experimental struc-

ture factors for €,0) and (13) reflections normalized to(1 -
clean valug as shown in Fig. 6. With all the above discussed 0.05 —
parameters, the experimental CTR data for all the four doses L
were fitted withy? values between 1 and 1.2. Figure 7 shows 0.00 Ll T——
both experimental data and the fits for the clean irradiated 0 2 e ch(A? 8 10
surfaces. Figure 8 shows the occupancy profiles with respect P

to the sample depth. The dotted curve in Fig. 8 illustrates that FIG. 9. Strain profiles obtained from the fit parametéFable
the additional adatom layer occupancy is lower than thatil) A, andK using Eq.(7)for different ion dosing times.
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60 TABLE lll. Results for the occupancy profile parameters
) 2 (A, K,) and strain profile parameterd{, K;) obtained form the
§ 50 g fit to CTR data for Si(111)X 7 structure. Error bars for all the
> 16 % parameters are about 5%.
= 40 E
e g Sample Occupancy Parameter Strain Parametgf
2 30 128 (dose time A, K, (A)  A(%) K, (A)

Z I
Q o8 2 120s 0.19 45 0.16 45  1.08
s 20 © 38
8 = 180 s 0.27 4.5 0.19 4.5 1.12
% 10 oa®  300s 0.45 4.5 0.21 45 110
g £ 600 s 0.68 4.5 0.23 45 1.20
[ ©n

0 ;

0 2 4 6 g8, 10 12 14

Depthz (A) in atomic displacement$~34In case of GaAs the strain in-

FIG. 10. Distribution profile for the damage energy densitycrease,S linearly with dose in the ,'OW'd‘?Se limit (5
O ; , x10%ions/cnf), but beyond which, it behaves
[Fp(2)] (solid line) and Si target vacancyF(z)] (dashed ling ) g7 : o
with respect to target deptiz) for 200 eV Ar ion interaction with nonllnearILy? The x-ray strain perpendicular to the crystal
Si target obtained from theriM2000Monte Carlo simulation. See Surface e vas found in these studies to follow the
the text for details. relationshig*

sist of different depth of craters formed due to progressive e (2)=k¢Fp(2), (9)
ion bombardment. It is sometimes seen in STM measure-
ments that a crater forms with different appearance, dependvhere Fp(z) is the average energy per ion per unit depth
ing on the ion energy and sizéThere is also a possibility of deposited by nuclear collision at depth¢ is the irradiation
missing atoms in deeper layers than just the surface. Moredose, and is a constant. In our case the perpendicular strain
over the disordering of atoms from different layers contrib-profile follows closely thesrim calculation (Fig. 10 for
utes to the static Debye-Waller factor. The combined contriF5(z) profile for 200 eVAr* in Si. The dose dependence
bution of missing atoms and disordering of atoms at differenimoreover was found to be approximately liné@able III).
layers is described by the occupancy protféy. 8). The validity of Eq.(9), which normally applies to the higher
Results fromsriM2000 Monte Carlo simulationd on the  energy(keV) range, apparently extends down to 200 eV, at
damage energy distributiofF(z)] and Si target vacancy least for the ion-surface interaction on the Si(11%)7 re-
distribution[ F\,(z) ] of 200 eV Ar ions impinging on Si at an constructed surface. Qualitatively the dose and energy depo-
angle of 20° are shown in Fig. 10. A displacement energy ofition profile follows the trend of Eq(7). If we calculate
15 eV and a surface bonding energy of 5 eV were employeduantitatively the constahtfor Si for our case using Eq9)
in this simulation. Since the ion energies are low with Fp(z)=50 eV/ion A and strain for the highest dose
(<200 eV), the calculations should be considered very ap¢¢=3.75< 10* ions/cnf) samplee-=0.23%, we obtairk
proximate. Incident A ions for our conditions tend to form =0.122 A3/eV, which is considerably higher than the val-
more surface defects than bulk deféasd the vacancy dis- ues reporte®® for keV range energy K=0.0031 A%eV).
tribution overall shows an exponential shape. Since the nunt-ence explanation for positive strain observation in our case
ber of missing atoms from different layers depends on theould not extrapolated from the keV range of damage calcu-
vacancy created in that layer, we therefore consider it redations. Strain is not correlated with the energy deposited by
sonable to expect an exponential distribution for the occuelectronic stopping, or with the presence of the implanted
pancy profile that mimics the vacancy distribution profile. atoms[up to concentration of 910 * at. % (Ref. 35]. In
Our fitting results indeed resemble the functional depeneur case, a Rutherford back scattering measurement showed
dency for the site occupancy for atoms in different layersno trace of implanted Ar within the surface layers. Hence the
We observed however, a larger reduction in the occupancgontribution of impurity Ar ions for the current dose levels
for the adatoms, suggesting an unusually sensitive configthas no contribution to the strain directly. For our case, the
ration there. This is attributed to the different bonding con-positive strain could be due to the expansion of surface lay-
figuration of the adatoms on the Si(112)7 surface. ers by bond breaking and subsequent increase of average
In further comparing our results with the vacancy distri- bond lengths. There is excess disordering at the surface lay-
bution determined fromsRIM we observe that the decay ers. This strain profile is a kind of local energy deposition
length of the occupancy profile is &, =4.5 A (Table lll),  effect of the ions, with strain increasing with dose.
whereasF/(z) falls to it's 1/ value at depth of~3.0 A
(Fig. 10. This shows reasonable agreement between the
CTR fit with thesriM results in considering the assumptions
in SRIM. Surface x-ray diffraction, particularly CTR measurements,
It has been previously reported that implantation of keV-have been used to reveal the atomic level defect formation in
energy ions in Si and Ge, causes strain which scales witthe surface and subsurface regions of Si(12y7recon-
dose and depends on the amount of energy deposited per istructed surface. We observed that low end2(0 eV) Ar*

VI. CONCLUSIONS
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ion bombardment on Si(111)¢7 surface at an 20° inci- in the interaction of energetic{5 eV) gas species found in
dence angle forms missing atoms at both surface and substihe lower earth orbifLEO) with different material surfaces.
face layers along with positive strain. We have demonstrated
with calculations how CTR measurements are sensitive to
subsurface modifications. Here we have documented how the
measurement is sensitive to lattice strain and site occupancy We thank W. Lehnert and P. A. Bennett for their assistance
of atoms within a few atomic layers of the surface. We haveduring the x-ray experiments and See Wee during the RBS
determined occupancy profiles representing the missing atommeasurements. We also thank I. A. Vartanyants for useful
profile with depth after irradiation. We have also observeddiscussions. This work is supported by Air Force Office of
increase in strain in the subsurface layers with increase iScientific Research MURI Grant No. F49620-01-1-0336 and
dose. We have found a clear agreement of the results withy the National Science Foundation Grant No. DMR-
SRIM calculations and followed the description of ion-solid 9986160. The X16A beam line is supported by the U.S. DOE
interaction mechanism for surface and subsurface defect founder Grant No. DEFG02-91ER45439 and NSLS is sup-
mation. The measurements are relevant to the current intergsorted by DOE under Grant No. DEAC02-98CH10886.
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