PHYSICAL REVIEW B 71, 235308(2005

Spatial distribution of Ar on the Ar-ion-induced rippled surface of Si
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We have measured spatial distribution of Ar atoms on the rippled surface generated on Si undergoing 60 keV
Ar bombardment at a 60° angle of ion incidence. Elemental mapping and line scans using energy dispersive
x-ray spectrometry attached in a scanning electron microscope confirmed that subsequent to the interpeak
shadowing of incident ion flux, most of the argon atoms are incorporated around the middle part of the front
slope of ripple facing the ion beam as compared to the rear slope. The spatial extension of the argon rich phase
amounts about half of the ripple wavelength. The experimentally observed compositional heterogeneity be-
tween the two faces of the ripples agrees reasonably good to the well-known Monte Carlo ion simrilator
based theoretical calculations.
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I. INTRODUCTION (XTEM) study’ of (50-120 keV Ar-ion (incident at 60¥

Development of periodic ripple morphology on solid sur- induced Si surface ripples as depicted schematically in Fig.
faces undergoing erosion by obliquely incident ion bombard-1: However, the compositional variation over such medium
ment has become a Subject of intense reséér'ﬂh recent kilo-electron-volt Ar-ion-induced Si surface I’Ipples has not
years because the controllakflmicrometers to nanometers been addressed so far either theoretically or experimentally
scale wavelength and amplitude of such self-organized patthough such studies have been done at (8w10 keVj en-
terns makes them good candidates for possible applicatiogrgy for oxygen-ion-induced ripple formation on silicon by
such as x-ray/optical grating or templates for growing lowHommaet al®
dimensional structure for nanotechnoldgyhe linear insta- For ripple generation using low kilo-electron-volt ion
bility theory of ion bombarded surface, developed by Brad-beams with low angle of ion incidence, interpeak shadowing
ley and Harper(BH),* predicts formation of sinusoidal of the incident ion flux is not observed in general because the
ripples where wavelength remains constant but amplitud@mplitude is much smaller than the wavelength of the
grows exponentially with bombardment time. Our recentripples. As a result, influence of surface composition change
atomic force microscopyAFM) study of the ripple mor- caused by local incorporation of implanting ions on ripple
phology for 60 keV Ar—Si at 60° angle of ion incidence evolution has been ignored in many cases even though pos-
shows that as the bombardment time increases, a criticglbilities of the existence of spatial inhomogeneities in ion-
value of the ratio of amplitude to wavelength is reached apombardment induced ripples was predicteearlier. How-
predicted by Carter's geometrical argunfefior which inter- ~ ever, recent simulatidd shows that for technological
peak shadowing of incident ion flux distorts the sinusoidalapplication, such as to fabricate nanowires, one should use
ripple habit to faceted one. Neither BH thebnor the more  high kilo-electron-volt obliquely incident ion beam that gives
generalized theory developed by Cuerno and Baral@2B)  rise to V-shaped ripple pattern. For such a high energy in-
(Ref. 7 and later by Makeev, Cuerno, and Barab@4CB) duced corrugated pattern with high amplitude, the simulation
(Ref. 8 could explain such dynamical behavior of ripple
pattern where shadowing phenomena is observed. The af
pearance of a ripple or a slope results immediately in local
angles of ion incidence deviating from the overall one.
Hence the local density of bombarding ions starts to deviate
from the average one even much earlier than when the shac
owing occurs. When the shadowing condition is reached the
front slope of the ripples facing the ion beam will have more
ions with an angle of incidence close to the local surface
normal than the opposite face where the local angle of ionf,
incidence is close to grazing causing most of the ions to bef:
reflected instead of being implanted. Consequently, the pen|.£
etration depth of ions that enter the front slopes is larger thar|™
of those that enter the back slopes. So a larger depth of thi
front slope will be affected both structurally and composi-
tionally as compared with the rear slopes. Indeed, a structura
variation with the formation of a thicker surface amorphous FIG. 1. Schematic diagram showing the structure and morphol-
layer on the slope facing the ion beam has been observed syy of a ripple feature obtained from TEM measuremésés Ref.
our recent cross-sectional transmission electron microscopy for details.
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has not considered the unavoidable effect of shadowing ana few hundred nanometers from the surface of the present Ar
the associated nonuniform incorporation of implanting ionsbombarded Si samples can be detected efficiently. Care was
that may cause distortion of the desired profile. The purposalso taken to orient the samples within the analyzing cham-
of the present paper is to investigate the lateral distributiofber of the scanning electron microscof@EM) properly

of argon atoms over the silicon surface undergoing erosiomith respect to the peaks and valleys of ripple morphology
by 60 keV argon bombardment at a 60° angle of ion inci-so that x-ray emitted at a point is not absorbed by the adja-
dence in the sputtering time range which includes formatiorcent high amplitude peak and maximum signal is collected
of a ripple pattern before and after shadowing transition. Weby the detector. As a result, ripples generated up to those ion
attempt to explore how the compositional heterogeneity defluence were selected for which the maximum amplitude of
velops on the ripple slopes using the energy dispersive x-rathe ripple was not a hindrance for x-ray analysis. The
spectrometrfEDS) technique apart from using atomic force 256 200-pixel x-ray maps were obtained using a dwell time

microscopy(AFM) for morphological analysis. of 400 ms per pixel by selecting Kix (1.74 ke\j and ArKa
(2.95 ke\) as the characteristic x-ray peaks. Associated with
Il. EXPERIMENT the computer based multichannel analy@&ICA), the im-

ages were obtained in three different frames: the secondary
The ion bombardment of the mirror polished surface ofelectron image; the x-ray micrograph of the silicon substrate;
small pieces of Si sampleﬁcut from a p-type B doped and the X-ray micrograph of argon.
Si(001) single crystal wafgrwas performed in a high current
ion implantert® The samples were bombarded with 60 keV

Ar* beam at a 60° angle of ion incidenéeith respect to . RESULTS
surface normal of the sampleJhe ion flux was maintained ) )
at around 18Acm2 and the ion fluence varied from  In Figs. 2a) and 2b) we report two representative AFM

3.7x 10" ions cm? to 1.5 10'8ions cn2. After irradia-  images showing the ripple morphology developed on 60 keV
tion, the samples were investigated by atomic force microsAr bombarded Si surfaces at a 60° angle of ion incidence.
copy (AFM) in contact mode under ambient condition for Also shown are the height profiles taken along the line drawn
quantitative morphological analysis. on the images. That the orientation of the observed ripples is
In order to evaluate the spatial distribution of Ar atoms for Perpendicular to the projection of ion beam flux on to the

the same samples that were used for AFM analysis the x-ragtfface as indicated by the arrow marks on each AFM im-
elemental mapping was performed using the EDAX energy?9€s is consistent with the BH thedrifollowing the method
dispersive x-ray spectrometéEDS) attached with the FEI employed in our recent wotko determine the ripple wave-
QUANTA 200F Schottky field emission gun scanning elec-éngth and amplitude quantitatively, we evaluate the height
tron microscopgFEG SEM with the electron acceleration difference correlation functidfi GV4(r) of the AFM data,

at 6 KV that sets a probe diameter of about 4 nm. Such lowvith G(r)=((h;—h;)), whereh; andh; are the heights of the
electron acceleration voltage brings the depth of x-ray gensurface at two locations separated by a distancand the
eration more toward the surface of the probed sample makerackets signify an average over pairs of poinédj. The

ing the bulk/thin film analyzing EDS technique surface sen<ipple amplitude(W) and wavelength(l) thus determined
sitive. Consequently, the implanted Ar atoms confined withinfrom the AFM image analysis are tabulated in Fig. 2. For a
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sinusoidal ripple with the height profile approximated by (b X-ray Ar map
=Wsin(2mx/l) Cartef has shown that the limiting condition
to avoid interpeak shadowing of the incident ion flux is
tan(7r/2-60)=27WI/| which places an upper limit okV/I

for any ion incidence angl® (with respect to the surface
normal of the initial macroscopic flat surfaceFor the
present experimental situatighbeing 60°, the maximum tilt
angle of the slope of the ripples should be tlﬁﬁs g):30°

or W/1=<0.09 to avoid shadowing.

The EDS x-ray maps along with SEM secondary electron
images of ripples generated on Si at different Ar doses are
depicted in Figs. 3-5. Bright areas in the SEM images are
ripples’ crests whereas the bright areas in the x-ray elemental FIG. 4. (Color onling Showing SEM imagéa) along with the
maps denote higher concentration of the respective elemeri®EM image intensity profile, Ar and Si intensity profile obtained
For the case of Si surface undergoing Ar bombardment &fom EDS line scan taken along the line shown on the SEM image
3.7x 107 ions cm?, regions of large roughness with a for the 'Ar .ﬂuence of ]x 1G ions cn<. Arroyv marll< on the SEM
longer wavelength coexists with the regions of small rough-'mage indicates the direction of the projection of ion _flux on to the
ness as it appears from the AFM image of Figg)zand SEM surface. Also shown are the x-ray maps of (& and Si(c).

image of Fig. 8a). Obviously the slopes developed by the gjope of ripples. The middle points of the alternate bright and
regions of large roughness causes substantial variations furk bands of the SEM images represent the peaks and val-
the local angle of ion incidence compared to the slopes deteys of the ripple morphology. It is seen that the markers,
veloped by the features with small amplitude or roughnessassociated with the maxima of Ar intensity do not lie on the
As a result, spatially separated Ar rich phases start to appeatiddle of the bright regions but lie toward the side of the
in the regions of large roughness as verified from the x-raydarker bands of the SEM image. Comparison of the SEM
Ar map of Fig. 3b) analyzed over the area shown in the image intensity profile and the Ar intensity profile reveals
SEM images of Fig. @&). With increased ion fluence or bom- that maxima of Ar intensity is not located at the peaks of
bardment time the large-roughness regions cover the wholgpples but more towards the middle part of the front slope
surface and one notices the pronounced shadowing effect @&acing the ion beaiof the ripples generated under shadow-
observed from thew/l ratio of Fig. 2 beyond the dose ing condition. Assuming the oscillatory signals of the EDS
3.7x 10" ions cn2. As a result, the x-ray Ar maps of Figs. line scans of Ar as Gaussian shaped, the full width at half
4(b) and Fig. §b) corresponding to the SEM images of Figs. maximum (FWHM) of such Gaussian distribution can be
4(a) and Ja), obtained from the rippled surfaces produced attaken as a measure of the spatial extension of Ar distribution
10" ions cn? and 1.5< 10" ions cm? show significant de-  along the wave vectdishown by arrow mark on the SEM or
velopment in the spatial separation of Ar rich phases over &FM images of Figs. 2-5of the ripple pattern. For the
large area of sputtered region. ripples generated at the dosex10'8 ions cm? the average
We also carried out EDS line scan measurements ofd5i K FWHM is 300 nm and the average FWHM is 400 nm at
and Ar Ka signals along the line shown on the SEM images1.5x 10'® jons cmi2. The spatial extension of the Ar rich
of Figs. 4a) and 5a) in the same region from where elemen- phase occupies about 40% and 50% of the wavelength of the
tal mapping were taken. The straight lines joining each pairipples produced at the corresponding doses. Also we found,
of number (1—1',2—2',3—3’), the unprimed number the relative Ar concentration varies from about 1 at. % to 4
representing the maxima of Ar intensity and the primed num-at. % as one probes from bottom to top along the front slope
ber denoting its corresponding location on the line of EDSof ripples implying that upward part of the front slopes are
scan on the SEM image, can be used as markers to compaie rich and valleys are Ar deficient. This variation of the
the position of the maxima of Ar intensity with respect to the concentration level along the front slope is found to remain
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FIG. 6. Plots showing the variation of areal density and penetra-
tion depth of Ar as a function of angle of incidence as calculated
from TRIM simulation for 60 keV Ar bombardment on Si.

X-ray Ar mapf] (¢) X-ray Si map

EDS mapping or line scans are presumably trapped within
the bubbles. Also the dips of the Si intensity at the maxima
of Ar intensity may be indicative of the reduction of the Si
concentration at the subsurface of the bombarded ripple
slopes which is also consistent with the light contrast of the
TEM images of the ripples as observed in Ref. 9. However, a
crucial question is why the maxima of Ar content lie at mid-
way of the front slopes? To answer this question we try to
FIG. 5. (Color online Showing SEM imagéa) along with the ~ 9ive a theoretical estimation based on the calculation using
SEM image intensity profile, Ar and Si intensity profile obtained theé well-known Monte Carlo ion simulator cod&im (Ref.
from EDS line scan taken along the line shown on the SEM imagel5) as follows and then to compare it with our experimental
for the Ar fluence of 1.5 108 ions cnT2. Arrow mark on the SEM  observation.
image indicates the direction of the projection of ion flux on to the ~We calculate the variation of Ar ion penetration depth in
surface. Also shown are the x-ray maps of(ay and Si(c). Si as a function of angle of ion incidence. Then we estimate
the total number of implanted Ar atoms from the area of the
more or less constant for rippled surface generated in the iofPlantation profile undermeath the Si surface for each ion
fluence ranging from 16 ions cm? to 1.5x 1018 jons cmi2  incident angle. The argon concentration measured by EDS is
implying that a steady state or saturation condition is reachetl atomic fraction while the same estimated 1M in the
when the concentration of implanted atoms remains constaff€sent case is in areal densigtoms/crf). We will use in
even with further bombardment. Although, the roughness oPUr subsequent discussion areal density instead of concentra-
the bombarded surface may introduce a slight inaccuracy ifon because concentration can mean both areal density and
the quantification of Ar level but they are correct to the orderatomic fraction. As it s difficult to know the density of the Si
of magnitude as verified by Rutherford backscattering specatrix in the presence of bubbles/cavities in the amorphous
trometry (RBS) (not shown here Regarding the variations Phase of subsurface region under the present bombardment
of the Si intensity over the sputtered surfaces, the EDS linéondition we take the default valuggrovided by theTriv
scans show some dips of the Si intensity at the positions dprogram of density as well as other parameters like surface
the maxima of Ar intensity, the effect being prominent atbPinding energy and bulk binding energy of the crystalline Si

higher dosgnamely at 1.5< 108 jons cnT?). to get an approximate theoretical picture. Accordingraov,
the typical sputter yieldY for 60 keV Ar—Si is
IV. DISCUSSION 1.92 atoms/ion at #=0° (normal ion incidence and

2.62 atoms/ion ab=30° (typical local ion incident angle on
In our earlier XTEM measuremefitsf the cross section the front slopes of ripples formed in the shadowing regime
of ripple morphology as depicted schematically in Fig. 1, weln Fig. 6 we show the variation of the areal density of Ar and
observed the formation of cavities/bubbles at the subsurfacar ion penetration depth in Si as a function of incident angle.
region of the front slopes of ripples facing the ion beamFrom Fig. 6, it is observed that Ar concentration is maximum
direction whereas no such bubbles were detected at the refor higher penetration depths and remains constant corre-
slopes of the ripples. As the compositional analysis of thesponding to the angle of ion incidence up to about 45° and
present study shows the maximum of the Ar intensity lies orfalls sharply with the incident angle between 70° and 90°.
the front slopes, it can now be said that the maximumWe will see that the angle of ion incidence along the slope of
amount of implanted Ar atoms giving the Ar signal in the ripples does not remain constant and we will project this
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scenario on the slope of ripples to get an idea of the locatioital scenario of the plots of Fig. 6 on the slope of ripples to
of the maximal of Ar content. But before that let us under-get an idea of the spatial distribution of the Ar, reasonably
stand the geometry of the ripple slopes. We consider thgood agreement is found between experiment and theory.
slope to be defined by the slope anglewhich is 30° for the Another quantity which varies as a function of ion inci-
case of Flg 1 based on our earlier XTEM measurement negdence ang|e is the Sputtering yidhtoms removed per inci-
the region of shadowing condition which is really applicableqgent jor). Although it is very difficult to determine the sput-
for the rippled surface generated in the present studiegering yield experimentally in the presence of ripple
around the o!ose of #®ions cn?. If the initial ion incident morphology as in the present case, it is well-known for semi-
angle bed with respect to the flat surface normi,), the  conqyctors which are amorphized easily by medium kilo-
local ion incidence angles with respect to local surface norg|ectron-volt heavy ion bombardment, maximum of sputter-
mals (n, or n3) on the front and rear slope will be thus ing yield occurs somewhere between, 70° and (Fe&f. 16
=(6-6) and@r;(6+ 69, respectively. It is ir_1teresting to note in the absence of rough morphology. It is mainly for this
th"’l‘t 0|S on t::e r||pple slop:e d]?es ncr)]t rim.a;r: conﬁant a]}nd Weeason that the sputtering yields for the front slopes and back
calculate the slope angles from the height profiles o AFMsIopes are different. This difference will cause propagation of
|mage[F_|g. Ab)]. The slope calculation was performed from ipples. However, at present we do not know the extra effect
the portion of the height profiles surrounded by the dOtteJreFigted. to varioué Ie\E)eIs of Ar incorporation on ripple mor-

box. The plot of the selected height profilentinuous ling hol allv after | . bombard
along with the slope profiléopen circlegis shown at the top phology, especially Ster ong time ombar mgnt. Ir_1terest-
Chelgrenet al!’ has shown a direct relationship be-

right-hand corner of Fig. 2. On average, a maximum slopéngly’ ) X
angle of~32° (exceeding the critical condition of shadow- WWeen the sputter yield’ and the surface fractio@s of

ing) persists approximately at the middle of the front slope of MPlanted species a€~1/(Y+1). This also implies a
ripples. This means, on average, the local angle of ion incihigher concentration of Ar in the slower eroding front slopes
dence at the middle of the ripple’s slope will be 60°—32° &S observed in the present results.

=28°, corresponding to the_ angular regime where the maxi- V. CONCLUSION

mum of the Ar concentration in the theoretical plot of the

concentration versus incidence angle p{btg. 6) occurs. In conclusion, using energy dispersive x-ray spectrometry
This is consistent with the observation of the maximum Ar(EDS) elemental mapping and line scans, we have measured
intensity on the midway of the front slope of ripples as de-spatial distribution of Ar atoms on the rippled surface gener-
picted in the SEM image along with EDS line scans of Figs.ated on Si undergoing 60 keV Ar bombardment at a 60°
4(a) and Ja). On the other hand, the slope angle near theangle of ion incidence. We show that interpeak shadowing of
valleys are roughly —25°, yielding local ion incidence anglethe incident ion flux beyond a fluence3x 10' ions cnm?

near valleys being around 85° that corresponds to a minieauses a preferential incorporation of incident Ar ions at sub-
mum level of Ar concentration in the plot of Fig. 6 and may surface of about midway of the front slopes of ripples facing
explain the reason why we see the minimum level of Ar inthe ion beam as compared to the rear slopes. The present
the valleys with respect to the SEM image versus EDS lineauthors have measured actual spatial inhomogeneities in ion-
scans of Figs. @) and Ja). Thus, if we project the theoret- bombardment induced ripples, as predicted ealier.
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