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Structural investigation of keV Ar-ion-induced surface ripples in Si
by cross-sectional transmission electron microscopy
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Using cross-section transmission electron microsdofyEM) we have studied the surface and subsurface
structure of individual ripples having submicron scale wavelength and nanometer scale amplitude, generated
by obliquely inciden{50—-120 keV Ar ion bombardment of Si. The XTEM results reveal that the front slopes
of ion-induced ripples have amorphous layers containing bubbles with sizes ranging from about 3 to 15 nm
facing the ion beam direction. A thinner amorphous layer without bubbles, on the other hand, persists on the
rear slope of ripples. We also observe an irregular interface betaxSrandc-Si, which is due to the direct
impact amorphization mechanism prevalent near the end-of-range during heavy ion irradiation.
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[. INTRODUCTION phous matrix in semiconductors, consistent with the basic
assumption of the amorphous target in the theoretical models
In recent years, considerable interest has been generatetlion-induced ripple development. However, one can pose
to understand the growth of the periodic wavelike or ripple-the question whether the thickness of the amorphous surface
like morphology produced on obliquely ion-bombarded solidlayer really will be uniform, when the surface under bom-
surfaces: lon-induced ripples are thought to be producedbardment transforms its initially flat geometry to a corru-
as a result of the interplay between a roughening précesgated one? In a corrugated geometry the local angle of ion
caused by the erosiaisputtering of the surface via ion en- incidence does not remain the same on a microscopic scale
ergy dissipation at the subsurface region, and a smoothingn the different sides of the ripple waves, so there is no clear
proces$ by thermal or ion-induced diffusion driven by sur- reason why the amorphous layer thickness would have to be
face energy minimization. Based on this framework, the thethe same everywhere. This is a very relevant question be-
oretical approach&s'! usually search for the time evolution cause quite recently ion-enhanced viscous fltvF) (Ref.
of the height function of a nonlinear version of the 7) has been identified as a dominant smoothing mechanism
Kuramoto-Sivashinsky type growth equation. The theoryfor nanoscale wavelike feature development @5-2.0
aims to predict the variation of the ripple wavelength/keV) Ar ion-eroded SiQ surfaces. In IVF the near-surface
amplitude or surface roughness with ion bombardment paviscosity is assumed to be confined to a region of constant
rameters such as ion energy, fluence, flux, and angle of iothicknessd extending from the surface towards the bulk
incidence. Experimentally observed ripple parameters, howwithin a sinusoidal-shaped amorphous/disordered zone. Cha-
ever, do not always agree with the theoretical predictionsson et al? have also demonstrated that while thermally in-
For example, although the theoretically predicted linearduced surface diffusion is the primary smoothing mechanism
variatior? of ripple wavelength with ion energy, agrees with on crystalline surfaces, viscous flow is dominant for amor-
experiments only in a few case’ one generally observes a phous surfaces. Thus, investigation of the crystalline struc-
power law variatior’:”"** Also, the theoretically predicted ture of ion-induced ripples is important to provide input to
amplitude stabilization or rotated ripple structures have beethe theoretical studies on the mechanism of ripple growth, as
observed experimentally only in rare ca8é$Thus, studies well as to elucidate the basic mechanism of ion solid inter-
based on the morphological aspect alone do not seem able &ation.
yield a successful theoretical model for ion-induced ripple Ripple formation is also potentially interesting from a
growth. technological point of view. If the sputter-induced ripple pat-
Most of the ripple formation experiments have been con+tern is used for nanoscale wire formation, as proposed in a
ducted on semiconductors, such as Si, SiGe, and GaAs, recent papel! knowledge of the microstructure underlying
though rippling has been been observed recently in metalthe ripple morphology is necessary in terms of device per-
(Ag and Cy as well? Amorphization of Si(Refs. 15,16by  formance.
heavy ion(such as Ar bombardment at keV energies occurs  Even though the damage structures of the micron-scale
in a dose range-10* ions cm 2 that is much lower than cone-like protrusions grown on ion bombarded solids have
required (10" ions cm ?) for ripples to be observed ex- been studied extensively using cross-sectional transmission
perimentally. Thus, ripplelike features develop on an amorelectron microscopyXTEM) techniques? and a few studies
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on ion-induced nanoscale patterns have been perfotiféd,
there are to our knowledge no studies on the microscopic
damage structure of the medium keV heavy ion-induced
ripple feature formation. In the present paper we focus on
XTEM structural investigation of the ripples produced fol-
lowing Ar ion (50—120 keV bombardment in Si.
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0.1
IIl. EXPERIMENTAL

For ripple generation, small pieces (10 mrh0 mm) of 00
samples cut from a one-side mirror polishedype Si(100
wafer of about 465um thickness, were bombarded with fo-
cused(typical beam spot of 1.5 mm2.5 mm) °Ar* beam
delivered from a 200 keV high current ion implant&an-
fysik) which is described in detail elsewhereThe angle of
ion incidence with respect to the surface normal of the
samples was kept at 60°, and the energy of the ion bombard () ™
ment varied in the 50—140 keV range with a fixed fluence of
10" jons cm?, while the flux was maintained at um
~30-40uA cm™2. 0.3
The samples were clamped onto a copper block heat sink
and a negatively biased—160 V) stainless steel box  0.27
shielded the target to suppress secondary electrons generat
by ion bombardment. The clamping arrangement did not en- 0.1 -
sure good thermal contact with the copper block. Under the
present bombardment parameters, substantial progressiv g .
heating of the Si target occurred during irradiation. The rise ~
in temperature was estimated to be around 150-200°C. - ,
To obtain homogeneous irradiation, the focused beam wa: _ : ,
scanned with a magnetic-y sweeping system and passed i} 4 aﬁ
through a circular apertur@iameter of 4 mmthat defined
an elliptical beam spot on the sample. The vacuum in the FIG. 1. AFM micrographs of Si bombarded BYAr* at two
implantation chamber during irradiation remained in theenergiesa) 50 keV and(b) 120 keV. Arrows alongside the micro-
10" 7 mbar region. After irradiation, erosion depth was mea-graphs indicate the ripple orientation with respect to the projection
sured with a DEKTAK Il profilometer, and the Ar concen- of the ion beam.
tration profiles inside a few selected samples with Rutherford
BackscatterindRBS). AFM images under the present experimental condition has
The morphology of the ion sputtered surfaces wasbeen shown in our recent studyto lie in the range
checked by atomic force microscop&FM) in contact mode ~700-1000 nm, while the mean amplitude range was in the
under ambient condition as described eaffféf: Structural  90—140 nm. We have also demonstrated thaE%*5 in the
damage of the morphological features developed in the bormen energy(E) range 50—140 keV.
barded region was characterized by cross-sectional transmis- The same 50 and 120 keV samples observed by AFM
sion electron microscopKTEM) in a JEM-2000EXJEOL)  were used for XTEM investigation. The XTEM images from
TEM operating at 200 keV. The specimens for XTEM werelow to high magnification of the samples bombarded at 50
prepared by the standard ion milling technique using Ar and 120 keV are displayed in Figs. 2 and 3, respectively. The
beam of 3 keV for prethinning in the first stage and 1.5 keVsinusoidal-shaped wave pattern of the surface ripples are dis-
in the final processing. It should be noted that the structuretinct in the low magnification XTEM images of Fig(@ and
observed in the TEM and described in this paper are in nérig. 3(@) (insed. The values of the ripple amplitude and
case attributable to the action of the ion beam used in thevavelength estimated from the XTEM images are slightly
thinning procedure. higher than those deduced from the AFM images. This is
because the ripple wavelength varies in different parts of the
bombarded region, as seen from the representative Fig. 1.
Based on many AFM scans taken from different parts of the
Figure 1 shows representative AFM images correspondingombarded region, we have measured the mean wavelength
to the morphology of the samples bombarded by Ar ions afor the 50 keV sample as 680 nm and that for 120 keV as 940
50 and 120 keV. Ripple topographies clearly visible in thenm (with ~2% uncertainty. The electron-transparent thin
images are oriented perpendicular to the projection of the iomegions(prepared by ion millingof the rippled samples from
beam onto the surfadarrows indicate ion beam projectiopn where the TEM data is taken are quite small, however, and
The mean wavelengttl) of the ripples estimated from the situated at arbitrary locations. For the 50 keV sample the

Ill. RESULTS

205403-2



STRUCTURAL INVESTIGATION OF keV Ar-ION . .. PHYSICAL REVIEW B67, 205403 (2003

g,
=l 6

50N}
e |

FIG. 2. Cross-sectional TEM image of the Si surface sputtered
with a 50 keV “°Ar* beam.(a) low magnification image andb)
medium magnification image of one of the wave cross-sections
from panel(a). (c) High magnification image of the encircled region
1 of panel(b). T, represents the highest thickness of the continu-
ous amorphous surface layer on the front slope with respect to the
ion beam. On the front slope cavity/bubble-like features are discern-
ible. (d) HRTEM image of the encircled region 2 of the wave cross

tice fringes are clearly observed. with 120 keV “°Ar* beam.(a) medium magnification image of an

individual wave. Inset: low magnification imagés) High magnifi-
TEM image happens to have been taken from one of theation image from the encircled region 2 of the wave from panel
regions of the AFM imageéFig. 1) where the ripple wave- (d). (c) HRTEM image of the encircled region 1 of the wave cross
length locally is large. The overall agreement between theection of pane(a). Nanocrystallites on the amorphous side of the
AFM and TEM wavelengths for the 120 keV sample is bet-a/c interface are indicated by arrowheads.
ter. The difference in the ripplamplitudededuced between
the AFM and TEM images may be attributable to the tip50 and 120 keV, respectively. Formation of such a continu-
convolution effects of AFM. ous amorphous zone with variable thickness on the ion-

The outer surface layer of the sinusoidal ripples show$ombarded Si surface has not been reported to date.

TEM contrast typical of an amorphous phase, which is sepa- Careful inspection of the TEM imagé§&igs. 2b)—3(a)]
rated by a thin line of dark contrast from the crystalline bulkreveals a cavity or porouslike features within the amorphous
phase. That the surface layer is indeed amorphous is comatrix at the front slope of the ripples. Such features are not
firmed by Fourier transform imagin@ot shown hereof a  prominent on the rear slope. The presence of Ar bubbles in
high-resolution(HR) image to be discussed later. The TEM the amorphous phase of the as-implanted Si has been
images also indicate that the thickness of the outer amoreported®!®in a wide energy regioi5—150 keVf even in
phous layer of the ripples formed at 120 keV is almostthe moderate dose range'1910' ions cm 2. At the high
double that at 50 keV. Thus, for the fixed ion dose employediose of 188 ions cm 2 employed in the present case, most
here, the thickness of the amorphous zone at the surface of the cavities are thus believed to be filled with Ar gas and
ripples increases with the energy of the bombarding ion. Inthus are called Ar bubbles hereafter. However, it should men-
terestingly, the thickness of continuous amorphous layer vationed that for high-dose keV bombardment, the implanted
ies over the rippled surface. The amorphous layer on thévr is expected to be present both atomically dispersed and in
front slope of the ripple in the ion beam direction is thicker the form of bubble$?
than at the rear slope, as seen in the medium- and high- The black encircled region 2 of the single wave cross
magnification XTEM imagegFigs. 4b)—3(a) and Figs. section from the TEM image of Figs.(l® and 3a) is en-
2(c)—3(b)]. The thickness of the amorphous layer on thelarged in the TEM image of Figs.(® and 3b) to show that
front slope of the ripple, in the ion beam direction,#s30 the concentration and size of the bubbles vary with depth
and ~266 nm at 50 and 120 keV, respectively. The thinnerwhile proceeding from the surface towards the
amorphous layer on the rear slope of the ripples at the commorphousd)/crystalline€) interface. The transition region
responding energies has a thickness-&4 and~92 nm at  between the presence and the absence of bubbles appears to
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ny with respect to the flat surface normai,(in Fig. 4 was 6
=60°. The direction of the ion beam in Fig. 4 will be re-
versed for the bombardment at 120 keV. From the ripple
geometry, the local ion incidence angles with respect to local
surface normalg¢denoted as, andn; in Fig. 4) on the front
and rear slope aré;=(6—30°)=30° and §,=(6+30°)
=90°, respectively.

A. Continuous amorphous surface layer with variable
thickness and bubble formation

The variation in the penetration depth of the ions, caused
by the different local angles of incidence, on the surface of

FIG. 4. Schematic diagram showing the structure and morphoI:[he two slopes of the wave morphologsee Fig. 3 seems to

ogy of a wavelripple feature obtained from the TEM images of thebe responsible for the variation in the thickness of the outer

. . amorphous layer.
resent ripple studies. . .
P PP The observed amorphous thickness can be compared with

that calculated from the well known Monte Carlo ion simu-
be more or less sharp for both 50 and 100 keV bombardment,;,- ~odetriv (Ref. 23 as follows. For very high fluence

The bubbles exhibited spherical shapes and ranged in diafyga\y jon irradiation such as that used here, the amorphous

eter from~5 up to~11 nm for the sample at 50 keV Ar | ey thickness can be estimated from data in Ref. 24 as the
bombardment. The maximum bubble diameter-i$6 nm at  \5vimum of the ion range distributioR,,,, which is cal-

120 keV. bom_bardment, exhibiting an increasing trend Nculated as the mean range plus 3 times the straggling. As the
bubble size with ion energy. The smallest detectable size of; pagm angle of incidence is30° (from Fig. 4 on the

the bubbles observed in the present expgzilmenfzasnm. front slope of the ripple, the thickness of the amorphous
The overall bubble number density 85X 10" cm*. layer on the thicker side can be assumedRgs,x cos(30°)
{along the local surface normalOn the other hand, on the

That the outer layer of ripples is amorphous and the inne

co_re_is crystalline was confirmed by high resplution trans+ninner side(the rear slope of the ripplethe beam comes in
mission electron microscopHRTEM). HRTEM images of  gqost parallel to the surface. The thickness of the amor-

the white encircled region 1 from Fig(® (50 keV Arbom- 54,5 70ne can here be estimated by the radial range of the
bardme_nl and Fig. 3a) (120 keV Ar bombardmemtare Pre-  jons plus 3 times the radial Stragglifla me
sented in Figs. @) and 3c). The {111} lattice fringes are For 50 keV Ar ions we obtain fromTRIM R
distinctly visible in the inner part of the ripples, showing that><cos(30°)w 110 nm andR, . a=65 nm. This compares

. . . rad,max .
the crystalline structure of the inner core is the same as thafe| \yith the experimentally observed thickness of the amor-
of the substrate silicon. The transition from the amorphous t hous layers of about 130 and 54 nm on the front and rear
the crystalline_ phase is Separatgd by rough interfaces, t ope of the ripples. Similarly, for 120 keV Ar we obtain
roughness being pronounced at higher energy, namely for tr"gmaxx c0s(30°)=240 nm  and Riuqmar=130 nm, which
sample bombarded at 120 keV. At th@/¢) interface, a few  oqain compares well with the experimental thickness of the

crystalline zones having a dimension-eb nm or nanocrys- 5 6rphous zone of about 270 and 96 nm, respectively. The
tallites [shown by arrowheads in Fig(Q] are left on the = 565 forR . 1ax SOmewhat overestimate the thickness of
a-Si side, and a few amorphous pockets of comparable dig,g rear slope amorphous zone, probably because at grazing
mension are visible on the-Si side. incidence many Ar ions are reflected from the surface, thus
reducing the effective dose.
IV. DISCUSSION _ We will now discuss the causes of t_he bubble formation. It
is well known that under noble gas ion bombardment of a
We now discuss the structure of the amorphous surfacsolid in the keV energy range, the surface is eroded due to
layer. Its complex character, consisting of a near-surfacéhe removal of target atoms from the vicinity of the surface
layer with a high density of Ar bubbles as well as anby the sputtering process. Simultaneously the projectile is
irregular-shaped amorphous-crystallis#q) interface at the implanted in the subsurface region. There it comes to rest
back side, has to our knowledge not been examined in detadfter loosing its energy through collisions with target atoms.
before. As the bombardment proceeds, some of the previously im-
It is first necessary to understand the geometry of thelanted noble gas atoms are released from the solid. The
ripples(waves to be able to understand the underlying struc-sputter-eroded surface eventually reaches the corresponding
tural damage. The ripple geometry can be determined diimplanted layer, limiting the retention of the implanted noble
rectly from the XTEM imagesFigs. 2—3. The ripple cross gas atoms in the solid. However, after longer exposure to the
section shown schematically in Fig. 4 is in the form of abeam, namely, at high fluence, a steady state or saturation
symmetrical triangle with side angles of about 3@&rived  condition is reached when the concentration of implanted
directly from the TEM micrograph This has developed atoms remains constant even with further bombardment. For
from the initially flat surface when the ion incident angle normally incident ion beams, an earlier stétiynas estab-
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lished that the saturation fluence lies around’i6ns cm 2 3(c), can thus be understood in a direct impact amorphization
for the Ar-Si combination in the 10 to 140 keV energy re- pict_ure. The interfgce i§ formed near the end-of-range of the
gion, and the build-up of a high argon pressure may inducér ions. Each Ar ion will produce a few amorphous zones.
bubble/blister formation. The saturation fluence for an ob-The amorphization will then proceed in a stochastic manner:
liquely incident ion beantas in the present casis expected ~amorphous pockets are produced at random locations near
to be lower than for a normally incident beam. The totalthe interface, so instead of a sharp interface, one is left with
erosion depth was about 3:2m in the 50 keV case and an irregular one. A few crystalline zones are left on &h8i
around 1.3um in the 120 keV case. This is much more thanSide, and a few amorphous pockegsoduced by the indi-
the thickness of the amorphous zones, indicating that th¥idual ions with the deepest penetrafidrave been produced
steady state has indeed been reached. From the RBS mél thec-Si side. The size of the amorphous zones in Fig.
surements of the sputtered area of the present samples W& corresponds well to the size of the amorphous regions
found a nearly Gaussian profile of the implanted Ar atomsS€en in MD simulation, 3-5 nm. ,
The peak Ar concentration is 10?° atoms cm ® located at a At implantation doses higher than*f@ons cm 2, recrys-
depth of~ 32 nm, while the areal densities of Ar is10' tallization is known to occur at temperatures higher than
atoms cm 2 in the surface region. room temperatur& However, the estimated temperature rise
It is well known that Ar has low mobility in Si. Thus, the during the present bombardment conditiomentioned in the

bubble formation in the present case must have taken placpPerimental sectigris much less than the 550-600°C re-
during the bombardment process. The bubble formation cafuired to recrystalliz€ the continuous amorphous layer pro-
be initiated at vacancies known to exist in irradiated amorduced by the bombardment. Moreover, Cutisal.™ dem-
phous SP® The reason the large size bubbles are localized a@hstrated that large quantities of Ar present in a damaged Si
a depth shallower than the Ar projected range at the frontdyer, as in the present experimental situation, can suppress

slope of the ripple is related to the high amount of erosionthe recrystallization.
which makes the Ar closer to than expected to the surface
from a simple range calculation. V. CONCLUDING REMARKS
An ion beam hitting at~30° with respect to the local ) ) o
surface normal on the front slope of ripple will penetrate N summary, using cross-sectional transmission electron
deeper in the bulk than the ions hitting the rear slope at nedRicroscopy(XTEM), a continuous amorphous layer extend-
grazing angle. Moreover, as noted above at grazing incilng far beyond the mean penetration depth of the ions has
dence, a large fraction of the Ar ions are reflected from thd>een observed in Si on the surface of the sinusoidal ripples
surface. As a result, the Ar concentration and hence bubblgroduced by 50-120 keV argon bombardment at 60° inci-
formation is much more pronounced on the thicker frontdent angle. The amorphous layer on the front slope of the
slope than on the thinner rear slofiéigs. 2—3. That the Ar  sinusoid facing the beam direction is much thicker than the
bubble formation at near grazing ion incidence is reduced@morphous layer residing on the opposite slope. Moreover,
has also been reported by another gréup. the thicker amorphous side is embedded with nanometer-
sized bubbles. The irregular-shaped interface betvwae&n
i _ andc-Si gives evidence that the direct impact amorphization
B. Amorphous-crystalline (a/c) interface mechanism is dominant for obliquely incident high-dose ar-
The fact that Si may be rendered amorphous when subje@on bombardment of silicon in the 50-120 keV ion energy
to room temperature keV energy Ar irradiation is well known range.
in the field of ion-solid interaction research. However, the However, it is not clear how the local angle of ion inci-
nature of the amorphous-crystalling/€) interface produced dence settles at a value differing by about 30° from the initial
is a key factor to explain the mechanism of amorphizatiorlarge angle of ion incidence in the present experiment. Ad-
prevalent in a particular bombardment condition. Ar ionsditional studies on the damage structure evolution of the ob-
with keV energies can directly amorphize fairly large regionsliquely bombarded silicon as a function of bombardment
of Si in a collision cascade induced by a single #m° time or fluence will be needed to understand the growth
From comparison with previous molecular dynamicsmechanism of the ion induced ripple itself, as well as the
simulations®® we estimate that an amorphous zone producedhickness variation of the disordered layer and bubble forma-
by a single Ar ion in a single subcascade can have an averag@n.
diameter on the order of 3 nm, and in one dimension be at
Iegst 5 nm in size. An Ar ion with energie_s Qxc_ec_eding 20 keV ACKNOWLEDGMENTS
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