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Directional effects during ion implantation: Lateral mass transport and anisotropic growth
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In this paper we present experiments aimed at understanding three different phenomena that deform the
surface of solids during irradiation by 24-MeV heavy ions. These phenomena are~1! density changes;~2!
anisotropic growth, which describes the thinning of a solid along the normal to the surface and its growth in the
surface plane without density changes; and~3! lateral mass transport. Lateral mass transport occurs only if the
ion beam is no longer perpendicular to the surface. It consists of the displacement of some of the implanted
material along the surface in the direction of the component of the ion velocity parallel to the surface; it results
in the creation of a ditch and a dike at the opposite edges of the irradiated zone. The contribution of lateral
mass transport to the surface deformation is deduced and studied as a function of ion fluence, flux, and species
for a variety of projectiles and amorphous and crystalline materials such as InP, Si, SiO2, and metallic glasses.
Auger analysis of the surface discards sputtering and surface diffusion as possible causes of ditch and dike
structures. A model based on the melting of the ion track by electronic stopping and on the shear stress applied
to the target by momentum transfer of the ions is presented.@S0163-1829~97!05627-0#
V
m
o
a
rm
l

ly
e-
-
ed
le
e

l.
la
ng
t

su

re
-
1
m
a

re
ac
ac
na

nt
are
ll
he
hat
ec-
g-
tum

sed

id,
lly

o

I. INTRODUCTION

It is now well established that energy losses of multi-Me
heavy ions via excitations and ionizations can induce da
age and structural changes in solids, even in those with g
electrical conductivity. For example, excitations and ioniz
tions lead to permanent changes such as latent track fo
tion in insulators and in conductors,1 changes in electrica
resistance and resistivity,2,3 amorphization of metallic
alloys,4 and anisotropic growth effects.5

Damage formation due to atomic collisions is relative
well understood. Quantitatively, it can be fairly well pr
dicted with programs likeTRIM. However, the processes un
derlying damage formation by inelastic collisions still ne
to be clarified. Several models of damage formation by e
tronic excitation processes have been proposed in the lit
ture. The ones better known are the thermal spike,6 the Cou-
lomb explosion,7 and, more recently, the viscoelastic mode8

Programs that evaluate radiation damage usually treat ine
tic collisions only as a way of losing energy for the incomi
ion. Neither the resulting momenta and trajectories given
the target ions and electrons are calculated nor is the re
ing damage estimated.

In a recent paper,9 it was shown that patches of InP we
displaced laterally following off-normal, MeV ion implanta
tion at liquid nitrogen temperature, as illustrated in Fig.
The figure shows the surface profile of InP after low te
perature 7° off-normal irradiation by 24-MeV Se ions at
fluence of 531014 ions/cm2 through rectangular slits in a
steel contact mask. Two atomic-force-microscopy pictu
taken at the two different positions indicated on the surf
profile are also shown. The valley and peak on the surf
profile are in fact a ditch and a dike in three-dimensio
560163-1829/97/56~3!/1551~10!/$10.00
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representation. Arrows indicate the direction of the incide
ion beam. The valley on the left and the peak on the right
indicative of mass transport from left to right. The sma
peak on the left will be discussed later in this paper. T
features exemplified in the figure combined with the fact t
the direction of the mass transport always follows the dir
tion of the off-normal component of the ion momentum su
gests that lateral mass transport is related to the momen
~dimension and direction! of the incident ions.

One of the explanations that has been put forward is ba
on the transfer of momentum from the ions to the target.9 As
the ion is slowed down, it locally exerts a force on the sol
which responds by deforming itself. The ion beam litera

FIG. 1. Surface profile of InP after 531014 ions/cm2 Se 24-
MeV irradiation at 7°. The two AFM figures correspond to the tw
rectangular boxes on the surface profile.
1551 © 1997 The American Physical Society
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‘‘pushes’’ on the solid, thus creating a ditch on the windwa
side and a dike on the downwind side. In order for this
occur, the solid has to be deformable. Experimental wor10

shows that, during irradiation, strain can be relieved by v
cous flow, and there is evidence from theoretical work in
nuclear11 and electronic6,12 collision regimes that during a
few ps after the collision cascade, a small region around
ion track melts. It has been proposed9 that macroscopic mo
mentum transfer from the ion to the target occurs both in
nuclear and electronic energy loss regimes. It is known
microscopic momentum transfers through elastic collisio
play an important role in radiation damage creation. In p
ticular it is the way Frenkel pairs~interstitial-vacancy pairs!
are created and separated. It has to be noted, however
this microscopic momentum transfer~binary collisions be-
tween nuclei! cannot quantitatively account for the observ
lateral mass transport: the effect is much larger than w
would be expected if it was only due to elastic collisions

Recent more detailed observations of macroscopic m
transport effects under ion bombardment will be presente
this paper. The surfaces of the implanted samples were m
fied by three different effects:~1! lateral mass transport,~2!
ion-beam-induced densification, and~3! anisotropic growth.
This third effect, also known as hammering or the Kla
münzer effect, is manifested as a growth of the sample
mensions perpendicular to the ion beam accompanied
shrinking of the parallel dimension. In implantation expe
ments, all three effects occur simultaneously and canno
observed independently. Basic attributes of each of these
fects are the following:

~1! Lateral mass transport varies with the incident i
beam angle relative to the surface normal, according t
sinu cosu dependence, whereu is the angle between the io
beam and the surface normal. The sinu factor reflects the fac
that the effect depends on the off-normal component of
ion momentum, i.e., there is no lateral mass transport fou
50° because that component is zero. The cosu factor takes
into account that whenu increases, the ion penetrates le
deep into the sample. Lateral mass transport increases s
linearly with the energy of the incident ions, which has be
explained with a simple model~see Ref. 9 and Sec. IV B!
taking into account the total energy loss of the ion and
diation enhanced viscosity10 in the sample. Finally the effec
varies linearly with fluence and depends, amongst ot
things, on irradiation temperature, projectile mass, and
target used.

~2! In most materials, irradiation is accompanied by de
sity changes. Unlike most crystalline semiconductors,
compacts when irradiated by ions.13,14 In its relaxed state,
amorphous InP~a-InP! is found to be 0.17% more dens
than crystalline InP~c-InP!. It should be noted that during
relaxation,a-InP expands. Hence relaxeda-InP can be com-
pacted again if reirradiated. One way to avoid relaxation
compacted samples is to keep them at liquid-nitrogen t
perature, where the relaxation rate is negligible. Other ta
materials may exhibit different density variations.

~3! It has been observed that during ion bombardmen
amorphous metal alloys at several hundreds of MeV, t
films became larger but thinner as if they were between h
mer and anvil, dubbed ‘‘the anisotropic growth effect.’’
has been observed in several classes of amorphous mat
-
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includinga-InP,13 but never in crystalline materials. The e
fect increases as temperature decreases, and becomes o
able only at temperatures well below room temperature.

After a brief examination of relevant experimental deta
in Sec. II, we will present our results in Sec. III. We will firs
study the behavior ofa-InP when irradiated with 24-MeV
ions at normal incidence, so that there is no lateral m
transport. Then, considering irradiations at off-norm
angles, it will be shown using Auger electron spectrosco
that the valleys and dikes are not created by sputtering,
that lateral mass transport is not caused by surface diffu
phenomena.

The fluence dependence of lateral mass transport wil
shown for both amorphous and initially crystalline InP.
will be inferred from these results that lateral mass transp
only begins when InP becomes amorphous. The discus
in Sec. IV first describes a possible scenario for lateral m
transport, the role of momentum in mass flow and the si
larities between lateral mass transport and anisotro
growth. We present our conclusions in Sec. V.

II. EXPERIMENT

A. Targets

Four different target materials were used:a-Si, fused
silica, a-Fe40Ni40B20 and InP. The Si, fused silica an
a-Fe40Ni40B20 samples, respectively, were taken fro
p-type ^100& Si wafers, high-purity fused silica wafer
~suprasil-2, Heraeus Amersil Inc.! and metglass 2826 ribbon
~AlliedSignal Inc.!. The metglass ribbons were polished un
they had a mirrorlike surface. Three different kinds of In
samples, all of them obtained from semi-insulating InP~100!
wafers were used: crystalline, relaxed ion amorphiz
samples, and similar but nonrelaxed material. The i
amorphized samples are embedded at the surface of the
talline wafer. The crystalline samples were taken direc
from the wafer: they did not receive any pretreatment exc
cleaning and degreasing. The relaxed amorphized sam
were first amorphized by ion implantation and were then
at room temperature for at least 20 days. During this tim
almost all the density relaxation has occurred.13 Nonrelaxed
amorphous samples were kept in liquid nitrogen betwe
their amorphization by ion implantation and further impla
tations, or else they were implanted immediately followi
the amorphization.

B. Amorphization

For amorphization, small pieces (436 mm2) of c-InP and
Si were first degreased and then clamped to a copper b
using a thin intermediate layer of heat conductive paste
guarantee a good thermal contact. The InP~or Si! samples
were uniformly implanted with 1014 cm22 ~or
531014 cm22 in the case of Si targets! Se ions at severa
energies~2, 3.6, 6, 10, 17, 24, and 30 MeV! in order to
produce thick ('7mm) uniform amorphous surface layer
All the irradiations were conducted at2180 °C. The beam
diameter was about 3 mm and it was scanned with s
frequencies of 64 Hz vertically and 517 Hz horizontally ov
a 1-cm2 surface. The angle between the ion beam and
sample holder was set to'7° in order to minimize channel
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56 1553DIRECTIONAL EFFECTS DURING ION . . .
ing. Raman spectroscopy was used to verify that the n
surface of InP is indeed amorphous after 2-Me
1014-cm22 Se implantation. In order to verify that the amo
phization was continuous, one amorphized sample was
eled. Raman spectroscopy on different spots on the bev
surface, corresponding to different depths in the sample, c
firmed that the whole layer was amorphous.

C. Irradiation

The a-SiO2, a-Fe40Ni40B20, and amorphized Si and InP
samples were then irradiated with 24-MeV Se ions with
steel contact mask placed directly on top, in order to prod
alternating implanted and nonimplanted regions. No spe
treatment to remove the oxide layer on the surface of
samples was considered necessary because its thickne
negligible compared to the dimensions of the observed st
tures. Different angles~0° and 7°! between the beam and th
surface normal were used. The precision in the angle va
was about 0.1°. To evaluate the dose precisely, the b
current was measured with a beam profile monitor wh
was calibrated against a Faraday cup. It was necessary
so because direct measurement of the current on the targ
altered by secondary electron emission.

D. Profilometry and evaluation of peak surfaces

The implanted surfaces were characterized with a Dek
3030ST stylus profilometer. Each profile of the masked s
face, which gives a cross section of the studied structu
covered at least one complete period of alternating bo
barded and unbombarded regions. The intrinsic curvatur
the samples can be subtracted from the profiles by usin
polynomial fit. In order to evaluate the amount of matter th
was displaced, the surface area of each peak or valley
calculated. Figure 2 shows an example of a typical part o
surface profile. For each peak or valley shape, the base
was set to coincide with the level of the adjacent unbo
barded surfaces. Then the curve of the peak or valley sh
was integrated to obtain the area. This area was multiplied
the total length of the structure to obtain the volume wh
was expressed in number of atoms using the atomic den
of the material. This assumes translational symmetry alon
line perpendicular to the plane of the figure, which is n

FIG. 2. Example of a surface profile. The number of displac
atoms along 1 cm is calculated from the dashed areas.
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mally true except for irradiations at normal incidence, as w
be seen in Sec. III A. The data points which will be presen
are the mean values of usually six calculated areas, and
corresponding errors are the standard deviations of these
ues.

E. Atomic force microscopy

Atomic force microscopy~AFM! was performed with a
Topometrix Discoverer TMX2010 machine in the conta
mode using a pyramidal tip. The dimensions of the scan
areas were 75375mm2 with a 0.375-mm lateral resolution.
The linear scan velocity was 200mm/min. It has been veri-
fied by direct comparison that the picture treatment used
give a three-dimensional representation, such as shado
and coloring, did not introduce any artifacts. Dektak trac
could be seen on some of the AFM pictures. These tra
were uniform and continuous even when crossing deep
leys and high peaks, confirming the reliability of the profil
metry presented in this work.

F. Auger electron spectroscopy

Auger electron spectroscopy was performed with a JE
JAMP-30 Scanning Auger Microscope on 24-MeV Se irr
diatedc-InP samples covered by a 50-nm gold layer in ord
to verify that this layer is not sputtered by the ion beam. T
electron acceleration voltage was 5 kV. Depth profiles w
taken simultaneously at three points on the sample. For
depth profiles, the surface was etched by a 3-keV Ar be
during 20 s between each scan.

III. RESULTS

A. Irradiation at normal incidence

The simplest irradiation geometry that can be used is
radiation at normal incidence. In this configuration there c
be no lateral momentum induced mass transport. The o
effects that should be observed are anisotropic growth
density changes. Figure 3 shows an AFM picture of
preamorphized, nonrelaxed InP sample. A mask was pla
on top of the sample during irradiation at normal inciden
with 24-MeV Se ions at a fluence of 531015 ions/cm2. Line
EF marks the frontier between irradiated and nonirradia
parts. It is emphasized that roughness as shown in this
ture occurs only at the borderline between masked and
masked material. Other images taken at the same scale
away from the borderline, either on the masked or unmas
area, show a completely featureless surface. One may re

d

FIG. 3. AFM picture of an unrelaxed amorphized InP sam
irradiated at normal incidence by 24-MeV 531015 Se ions/cm2.
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1554 56M. CHICOINE, S. ROORDA, L. CLICHE, AND R. A. MASUT
that the flat part of Fig. 3 was already implanted~without any
mask at all! when the sample was preamorphized. This u
derlines that the corrugations shown in the figure occur o
at the edges of the mask. The implanted region is depre
by about 170 nm compared to the nonimplanted region.
corrugated region has three different features. First ther
an undulating band about 40mm wide between linesAB and
CD. This region is made of scattered peaks and valleys o
to 300–500 nm deep or high. Next there is
'10-mm-wide dike along lineCD. This dike, although
varying in height and width, has a much more regular top
ogy than the region along lineAB. Its height varies between
about 300 and 1000 nm. Finally there is a step along
EF. The step height between this step andG, the nonim-
planted region, is'170 nm. These transformations of th
InP surface are a result of the anisotropic growth effe
When the region uncovered by the mask is irradiated, it te
to become thinner and larger, thus exerting stress on
surrounding material, that is, the regions covered by
mask. Then the material at the edges of the slits relieves
stress by flowing out of plane by plastic flow, forming th
dike. Considering the irregularity of the shapes observed
appears that plastic flow out of the plane is triggered
random events.

The step between lineEF and regionG is thought to be
due to plastic deformation of the nonirradiated part of
InP substrate. The stress created at the edge of the irrad
area is mostly relieved by plastic flow of irradiated InP, bu
part of this stress could also be accommodated by the de
mation of the nonirradiated InP, resulting in the step o
served along lineEF. A similar type of deformation was
observed in silicon,15 and in that case it was found that th
plastic flow in the crystalline material was mediated by d
locations.

B. Absence of sputtering and surface diffusion

From now on, only off-normal irradiations will be consid
ered. Features similar to those observed in Fig. 1 have b
observed in keV irradiations~an energy range where sputte
ing rates are at a maximum! where the observed valley
would be due to sputtering enhanced by edge effects. Au
spectroscopy was used to verify that the structures obse
in this work are not due to sputtering; it has been sho
elsewhere9 that the peak shapes are not created by m
deposition. A thin gold layer ('50 nm) was deposited o
the surface of ac-InP sample. The sample was then irrad
ated at 7° with 24-MeV Se ions at a fluence
531014 ions/cm2 through a contact mask. At the windwar
side of the mask, this results in a 65-nm-deep valley. If
valley were formed by sputtering, the gold layer, thinner th
65 nm, would have to be completely eroded. Figure 4 sho
the Auger depth profiles taken at the three different locati
like the ones respectively shown on the left AFM picture
Fig. 1. They axis shows the signal intensity and thex axis
shows the sputtering time. Profile 1 was taken on the mas
region ~region 1 in Fig. 1!, 2 was taken at the bottom of
valley, and 3 was taken at an unmasked but flat region~re-
gion 3 in Fig. 1!. These profiles show that the thickness
the gold layer did not vary much, even at the bottom of
valley, and therefore the valley was not sputtered.
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Besides discarding sputtering as a cause for the forma
of the valleys, this analysis indicates that lateral mass tra
port is not a surface diffusion phenomenon. Under irrad
tion, the gold atoms at the surface could acquire a mobi
sufficient to allow them to move on the surface. But again
that case there would be no gold left in the valley, contrary
Auger observations.

It is interesting to note that in panels 2 and 3 of Fig. 4, t
interface between Au and InP appears less sharp tha
panel 1 ~the masked region!. This would be indicative of
some ion beam mixing, which is brought about as a resul
the electronic stopping, since the nuclear stopping at the
face is negligible for 24-MeV Se.

C. Fluence dependence of lateral mass transport

The evolution of the sample surface structure with
creasing ion fluence for irradiations at fixed angle and ene
will now be considered. Figure 5 shows the morphology
InP samples bombarded by 24-MeV Se ions at an angle o
as a function of fluence. The orientation of the beam is
same as in Fig. 1, and the profiles are all oriented the s
way with respect to the beam. The figure shows differ
Dektak profiles of sample surfaces, each one covering a
gion corresponding to a complete slit of the contact ma
The profiles on the left of the figure correspond to crystall
samples bombarded at different fluences~0.5, 1, 5, and
1031014 at./cm2!. The profiles on the right correspond t
previously amorphized and relaxed samples irradiated at
same fluences. On each profile, a small peak appears a
extreme left, whose magnitude does not vary much with
enceA. Just at the right of this peak a valley appears (B)
whose depth is seen to increase with increasing fluence,
for amorphous and initially crystalline samples. At the e
treme right of the profiles a peak appears (C) whose magni-

FIG. 4. Auger depth profiles taken at the three locations sho
in Fig. 1.
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56 1555DIRECTIONAL EFFECTS DURING ION . . .
tude also increases with increasing fluence. And finally,
to the left ofC peaks, a shallow valley (D) can be seen on
three crystalline~0.5, 1, and 531014 at./cm2! and two amor-
phous~0.5 and 131014 at./cm2! samples.

Let us consider peaksC and valleysB. As explained in
Sec. I, these structures are indicative of lateral mass tr
port. Figure 5 shows that the area of their cross secti
increases with fluence: it is a cumulative effect. This effec
asymmetric in the sense that it creates a valley to the lef
the implanted region, and a peak to the right. The amoun
matter taken fromB equals the amount of matter that goes
C. The equivalent cross section of this amount of matter w
be denoted by the letterT.

Next consider anisotropic growth. The consequence
this effect is the growth of the irradiated region in the pla
of the target surface. As was already discussed in Sec. III
grown material then flows out of the surface plane at
boundaries of the irradiated region. The evolution with fl
ence of this effect must be separated in two stages. The
stage goes on until the valleyB becomes so important tha
further anisotropic growth cannot reach the peakA. This
peak then ceases to grow. The area of the cross section
A, which is equal to the area of peakC at low fluence, will
be denotedHV the visible part of anisotropic growth. At thi
fluence, anisotropic growth has created two identical pe
of areaHV on both sides of the irradiated region. The seco
stage then begins. Anisotropic growth goes on but it wo
now fill in valley B instead of making peakA grow. The
growth of valleyD and peakC does not change from on
stage to the other.

The amount of matter that is transported must be dedu
from the profiles. It can be extracted from the different pea
and valleys that form the profiles. ValleyB is dug by com-
paction and lateral mass transport and is filled in by hamm
ing. The area of its cross section is thus given by

FIG. 5. Surface profiles ofc-InP on the left anda-InP on the
right irradiated by 24-MeV Se ions at various fluences.
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AB5C1T2HI , ~1!

whereC andT represent the areas of the cross sections of
parts of the valley due to compaction and the lateral m
transport respectively, andHI represents the invisible filling
in due to hammering subsequent toHV . The sign convention
is the following: a plus~1! means the effect contributes t
the formation of the structure~hereC andT contribute to the
creation of valleyB!, and a minus~2! means the effect
inhibits the formation of the structure~asH1 does for valley
B!. Next there is peakC which is due to a competition be
tween lateral mass transport and hammering, spilling m
rial over the edge of the implanted zone and compact
which creates a valley at the same location. It is also form
by the initial hammering peak which is the same as the wi
ward peak, notedHV . The area of its cross section is thu
given by

AC5T1HI1HV2C. ~2!

So from these two equations, the amount of matter tra
ported laterally is found to be given by

T5 1
2 ~AB1AC2HV!. ~3!

CalculatingT for a number of irradiations allows us t
evaluate the evolution of the amount of lateral mass trans
with ion fluence. Some data are shown in Fig. 6 for bo
a-InP ~the upper line! and initially crystalline InP~the lower
line!. The vertical axis represents the number of displac
atoms, and the horizontal axis represents the fluence.
lines are linear least-square fits of the data. The lines h
the same slopes within the error bars. The line fora-InP
crosses the origin~within error bars! while the line for
c-InP has an offset of'1014 ions/cm2, which is about the
amorphization fluence. This clearly shows that lateral m
transport only affects amorphous materials.

FIG. 6. Number of displaced atoms along 1 cm by 24-MeV
ions as a function of fluence for preamorphized InP~empty circles!
and initially crystalline InP~full circles! targets. The lines are linea
least-square fits.
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D. Other targets and projectiles

The results on lateral mass transport presented so far
obtained with Se-irradiated InP. The effect of different pr
jectiles on relaxeda-InP and Se ions on different targets as
function of fluence was also studied. The results are p
sented in Figs. 7 and 8. The incidence angle was 7° for b
figures.

Figure 7 shows the number of displaced atoms as a fu
tion of fluence for 24-MeV Se61 and Si41 ions on a-InP
irradiated at 7°. The ratio of the magnitudes of the effect
these different curves is given by the ratio of the slopes
can be seen that lateral mass transport is about 5.5 t
more efficient with Se ions than with Si ions. Figure 8 sho
the number of displaced atoms as a function of fluence
24-MeV Se ions ona-SiO2, a-InP, a-Fe40Ni40B20, and
a-Si. The effect is strong for silica and very weak for
targets.

It has been verified that lateral mass transport does
depend on ion flux for different values of beam current

FIG. 7. Number of displaced atoms along 1 cm for Se~empty
circles! and Si ~triangles! ions as a function of fluence. Preamo
phized InP samples were implanted with 24-MeV ions at an o
normal angle of 7°. The lines are linear least-square fits.

FIG. 8. Number of displaced atoms along 1 cm fora-InP ~full
circles!, a-SiO2 ~crosses!, a-Si ~empty circles!, anda-Fe40Ni40B20

~lozenges!. The lines are linear least-square fits.
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331014-cm22 24-MeV Se61 on a-InP at 7°. For the beam
current range studied~10–115 nA!, the effect was indepen
dent of flux. It was also verified that the number of displac
atoms for 1015-cm22 24-MeV Si41 ions on a-InP and on
a-Si was independent of the beam current in the 30–150
range.

IV. DISCUSSION

A. Scenario for lateral mass transport

The scenario proposed to explain lateral mass trans
will be described in this section. The effect of momentu
transfer will also be estimated. We distinguish three sepa
steps occurring simultaneously to explain lateral mass tra
port: creation of a liquid track by the ion, momentum trans
from the ion to the liquid track resulting in its deformatio
and, finally, quenching of the deformed liquid.

In the electronic stopping regime, incoming ions eje
electrons from atoms in the solid. The term ‘‘ejected’’ mea
ejected from an atom in the solid, not ejected from the so
itself. About half of the energy is lost in close collision
between the ion and the electrons, the other half being los
resonant energy transfer to electrons far from the core of
ion track.16 Only the energy lost in close collisions will con
tribute to liquefaction of the track. The trajectory of the ele
trons ejected from atoms is almost perpendicular to the
trajectory, but, of course, the vectorial sum of the mome
given to the electrons must be equal to the momentum
by the ion. The electrons that can be ejected~excitable elec-
trons! are those having orbital velocities lower than the i
velocity ~Bohr criterion for the number of excitable elec
trons!. The energy transferred to an electron is given by

T5S 1

4p«0
D 2 2Z1

2e4

b2mn2
, ~4!

where b is the impact parameter of the collision,«0 the
vacuum permittivity,m the electron mass,n the velocity of
the ion, andZ1 its effective charge, given by the Northcliff
formula: Z15Z@12exp(20.92n/(n0Z

2/3)#, whereZ is the
atomic number andn0 the Bohr velocity. The minimum
value ofb is chosen such thatT corresponds to the energ
transferred to the electron in a head-on collision, that
bmin5Z1e

2/(4p«0mn2). The maximum value ofb is chosen
such thatT corresponds toI , the mean atomic excitation
energy of the excitable electrons, that is,bmax
52Z1e

2/@4p«0(2mn2I)1/2#. From this information, it is
straightforward to calculate the initial velocity distribution o
the electrons.

As the electrons move through the solid, they lose th
energy and thus distribute the energy lost initially by the i
over a larger region. The size of this region can be estima
using the range of fast electrons in the solid, and the poin
origin and direction of each fast electron. This range can
expressed17 asR5(0.064/r)E0

1.68, whereR is the range in
microns,r is the material density in g/cm3, andE0 is the
electron energy in keV. Once all the ingredients are kno
~transferred energy, number of excitable electrons, rang
the electrons!, the distribution of the deposited energy can
estimated. For this purpose, the range of an electron from
center of the ion track, notedr , as a function of the impac
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parameter is first calculated, assuming that the electrons
ejected perpendicularly from the center of the ion track. T
gives the range of impact parameters for which electr
cross a certain radius. Moreover, to each value of the imp
parameter corresponds an electron energy and the numb
electrons having received this energy. The total-energy d
sity taken from one given impact parameter is spread ov
disc of radiusr . The final energy density atr is found by
integrating the total energy density as a function of imp
parameter over the relevant impact parameter range. Th
sult of this calculation for 24-MeV Se and Si ions ina-InP is
presented in Fig. 9. It shows the density of energy depos
by the ejected electrons as a function of the distance from
center of the track after the passage of one ion. A temp
ture ‘‘equivalence’’ is shown on the right vertical axis a
suming the deposited energy density to be equal to that o
lattice atoms with an energy of32kBT per atom. It can be
calculated that 97% of the energy deposited by the elect
is initially concentrated in a small cylinder of no more than
nm for Se and 5 nm for Si ions~but see below!. However,
this is probably an overestimation of these radii, since
electrons lose their energy mostly by plasmon emission
the context of high excitation density, the plasmon f
quency, given byvp5(e2n/«0m)

1/2, wheren is the free-
electron density, is increased substantially and thus the m
free path of electrons is decreased. The consequence is
the radii of the cylinders in which the electron energy
initially deposited is even smaller than the values taken fr
Fig. 9.

Concerning the narrowness of the cylinder in which t
energy is deposited, it is pointed out that we evaluated
changes within the electronic system only. The problem
the transfer of energy from the excited electrons to the lat
ions has also been considered by Toulemonde, Dufour,
Paumier within the thermal spike model.6 In this model it is
assumed that a temperature can be defined for the subsy
of the excited electrons and that the energy transfer is dr
by electron-phonon interactions.17 The temperature increas
in the solid is calculated by solving the coupled heat eq
tions for the ionic and electronic subsystems. The ene

FIG. 9. Density of energy deposited by excited electrons a
function of distance from the track center for 24-MeV Se and
ions in an InP target. On the right axis a temperature ‘‘equivalen
for the lattice atoms is shown.
re
s
s
ct
r of
n-
a

t
re-

d
e
a-

he

ns

e
In
-

an
hat

x-
f
e
nd

tem
n

-
y

transfer results in temperatures that can be high enoug
melt and even vaporize the lattice. The temperature distr
tion is then used to estimate the radius of the liquefied tra

The effect of momentum transfer to the target can be
timated from the initial energy distribution of Fig. 9. Eac
atom receives a momentum proportional to the square roo
the local energy deposition. The total momentum thus d
tributed must then be equal to the momentum lost by
incoming ion. Even if the trajectory is almost normal to th
ion trajectory, it must have a component in the direction
the ion. The distribution of the momentum in the direction
the ion trajectory as a function ofr is assumed to scale with
the total momentum per atom distribution deduced from
curve of Fig. 9. A velocity can then be attributed to ea
atom affected by the passage of the ion. The total displa
ment is obtained by multiplying this velocity by a displac
ment time. For 24-MeV Se ions ina-InP incident at 7°, each
ion displaces the equivalent of 5.43106 atoms over 1 nm.9 If
momentum transfer from the ion beam to the solid is the o
mechanism responsible for lateral mass transport, the
quired displacement time estimated by comparing our ca
lation with the measured displacement is about 300 ps.

Given that the solidification velocity of the liquid-soli
interface in InP is not known, it is difficult to assess wheth
atoms in the liquid InP column can move freely for 300
before solidification occurs. In this regard, Si has been st
ied in much more detail and the solidification velocity of th
liquid-solid interface is known to be kinematically limited
No matter how fast the heat is transported away from
interface, limits to the interface velocity are 15 m/s forc-Si
and 15 m/s~theory18! or 20 m/s~experiment19! for a-Si. The
complete resolidification of a liquid cylinder of 10-nm radiu
would take at least 500 ps ina-Si, and presumably even
more in a-InP. In an earlier published estimate,9 the value
Dt51 ps was assumed for the duration of the liquid tra
Such a short duration now appears insufficient to account
lateral mass transport caused by momentum transfer.

If the target is crystalline, the deformed liquid would r
crystallize by epitaxy and go back to its original form. Ap
parently, in an amorphous matrix the liquid track can s
lidify, retaining its deformed shape. The observed fin
deformation would be the superposition of all the small d
formations caused by single-ion impacts, with a thresh
fluence given by the fluence necessary for individual tra
to overlap and thus cover up the whole irradiated regi
Assuming a track diameter of 5 nm, the threshold fluen
would then be about 1012 ions/cm2. The uncertainties of our
experiments are too high to allow the verification of the v
lidity of that number.

B. Momentum transfer effect on mass flow

The energy dependence of the number of atoms that
displaced from the windward side to the downwind side
lateral mass transport can also be estimated. The ion t
will be assumed to immediately liquefy with the passage
the ion as this occurs in a time scale small compared to
duration of the liquid track. This assumption is reasonable
the light of the results of the preceding section. The geo
etry of the calculation is described schematically in Fig. 1
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1558 56M. CHICOINE, S. ROORDA, L. CLICHE, AND R. A. MASUT
The ion is assumed to apply an instantaneous forceF equal
to its energy loss, and which varies with depthz. Only the
force component in the plane of the surface gives a lat
velocity n(z) to the different layers of material. The force
assumed to be constant for the timeDt, the duration of the
liquid track, and then to fall abruptly to zero. The total d
placement as a function of depth for the affected atom
then given byj(z)5Dtn(z). The relation betweent lat , the
shear stress applied by the ion beam andn lat, the resulting
velocity distribution is given by20

t lat5h
]n lat
]z

, ~5!

whereh is the radiation enhanced viscosity,z is the depth,
and n lat is the lateral velocity imparted to the host atom
This equation describes the lateral velocity distribution a
function of depth that is given to a viscous material whe
lateral shear stress is applied. The magnitude of the fo
furnished by the ion beam isSe1Sn , the sum of electronic
and nuclear energy losses, and the lateral stress at depthy is
thus

t lat5
sinu cosu

A
~Se1Sn!, ~6!

whereu is the incident angle between the ion beam and
surface normal, andA is the area of the ion track. For th
viscosity, we take a liquidlike model

h5C expS Ea

kBT
D , ~7!

whereC andEa are parameters that are fitted to experime
tal curves, andkBT is the temperature of the ion track. Fo
the purpose of this simple calculation, the radial tempera
distribution in Fig. 9 is simplified to a constant inside a cy
inder of radius A around the ion track, that is,32kBT
5(nA)21 (Se1Dn), wheren is the atomic density of the

FIG. 10. Geometry of the calculation presented in Sec. IV
The forceF is exerted on a small liquid region of the target when
ion passes through it. The lateral component of this force gives
lateral velocityn(z) to the different layers of material.
al
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target andA is the cascade cross section area. Equation~5! is
integrated to obtain the instantaneous lateral velocity of e
layer of material:

n~z!5E
0

z t lat
h

dz85
sinu cosu

CA E
0

z

~Se1Sn!

3expS 2
2nAEa

3~Se1Sn!
Ddz8. ~8!

Then, assuming thatn(z) is constant over a timeDt, and
after which it falls abruptly to zero, the mean displacemen

j̄5
1

RP
E
0

RP
j~z!dz5

Dt

RP
E
0

RP
n~z!dz, ~9!

whereRP is the projected range of the ion. The number
atoms directly affected isnRPA, andD, the number of at-
oms displaced by lateral mass transport times the mean
placement, can be written

D5Ni~nRPA!j̄, ~10!

whereNi is the number of ions that strike the surface.
The validity of Eq. ~5! requires that a steady state h

been established. In order for this assumption to be va
Dt must be much greater than the time needed to reach
steady state, which can be estimated to be of the orde
10213 s, the thermalization time of the lattice. A fit of th
theoretical values predicted by Eq.~10!, with Dt/(AC) and
AEa considered as independent fit parameters, leads to
values for these parameters. Then values forDt, the time for
which the momentum transfer is effective, andA, the cas-
cade cross-section area, can be estimated and used to d
mine a range of values for the viscosity. This model has b
used to explain the energy dependence of lateral m
transport.9 Although it explains the energy dependence be
than alternative models based on momentum transfer,
not yet sophisticated enough to explain the dependenc
the effect on the projectile mass as observed in Fig. 7. T
model can qualitatively predict that the effect is more p
nounced for Se ions than for Si ions, as can be inferred fr
Fig. 9, but not the factor 5.5 observed when the same
parameters values are used for both ions. Figure 9, howe
gives a hint about the origin of this problem. It is seen th
the Si ion initially spreads its energy much farther~over a
'35-nm radius! than the Se ion, which initially spreads it
energy over a'7-nm radius. That would imply that mor
energy is deposited outside the liquid track for the Si io
and thus that a smaller fraction of its energy is effective
available for lateral mass transport.

C. Common origin for lateral mass transport
and anisotropic growth

Anisotropic growth and lateral mass transport present
evident similarities. First, anisotropic growth only occurs
amorphous targets. Similarly, in this work lateral mass tra
port is shown to occur in initially crystalline targets on
when they have become amorphous. The proposed expl
tion for this is that, in crystalline materials, if the deforme
liquid track is recrystallized by epitaxial growth it will retur
to its original form, while it can be quenched in its deform
state in an amorphous material. Second, anisotropic gro

.
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56 1559DIRECTIONAL EFFECTS DURING ION . . .
is very weak at room temperature, and becomes more im
tant as temperature decreases,2 similarly, lateral mass trans
port is not observed at room temperature, while it is obser
at liquid-nitrogen temperature. The proposed explanatio
that the energetic ion leaves a deformed liquid in its wa
At any temperature, the liquid region will be quenched in
deformed state. At high temperature~even at room tempera
ture!, mobile defects in the matrix13 lead to a relaxation
which may bring the material closer to the original, und
formed state. However, if the temperature is low enough
immobilize all defects, then the deformed track would
frozen in. In other words, the accumulation of deformatio
is prevented. These similarities suggest that lateral m
transport and anisotropic growth are two manifestations o
single basic phenomenon. For irradiation at normal in
dence, all the momentum is put in anisotropic growth a
when the ion beam is tilted, the ion momentum compon
parallel to the surface induces lateral mass transport. Wi
the momentum transfer model every single ion acts as a l
‘‘hammer,’’ thus anisotropic growth would literally be ham
mering. The connection between lateral mass transport
anisotropic growth was also noticed by Gutzman, Klaum¨n-
zer, and Meier,21 but they attributed these effects to anoth
mechanism, namely viscoelasticity, which will be describ
in Sec. IV D.

D. Momentum transfer or viscoelasticity?

Other models have been proposed in the literature to
plain deformation phenomena like lateral mass transport
anisotropic growth, such as Coulomb explosions and ther
spikes. The most recent one is the viscoelastic model.8 In this
model, anisotropic growth is explained by the liquefaction
a small cylinder around the ion trajectory followed by the
mal expansion of the heated liquid and subsequent re
ation. At least one problem arises with this model. Si~Ref.
22! and InP~Ref. 23! are more dense in their liquid phas
than in their solid phases. For example, InP compacts
about 7% when it melts, completely overshadowing
small thermal expansion during the heat-up phase. There
the viscoelastic model would predict an anisotropic grow
rendering the InP and Si layers thicker, and possibly a lat
transport in the opposite direction~that is, upwind instead o
downwind!. In both cases, the viscoelastic model gets
sign wrong if the liquidlike phase surrounding the ion tra
is in fact denser than the crystal.

Furthermore, in the viscoelastic model, the effect of a
isotropic growth is described quantitatively by the ‘‘norma
ized strain rate’’ as defined by Trinkaus,8 which describes
the radial growth of the track. Evaluating this quantity for
and InP, they are expected to behave similarly; howeve
factor 20 reduction in the mass transport in Si compared
InP is in fact observed.
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V. CONCLUSIONS

Three different phenomena that modify the surface of
radiated solids during irradiation were studied: lateral m
transport, anisotropic growth, and density changes. Vari
targets were implanted through a steel contact mask.
surfaces were then characterized by atomic force mic
copy, surface profilometry, and Auger electron spectrosco

Auger spectroscopy was used to verify that the format
of valleys was not due to sputtering of the surface, and t
lateral mass transport is not due to surface diffusion effe
Although the three effects cannot be observed independe
the contribution of lateral mass transport has been dedu
by using the different windward-downwind symmetries
the effects so that its fluence dependence could be stud
The dependence is linear and the fits for amorphous
crystalline InP both have the same slope~within error bars!.
For a-InP the linear fit crosses the origin, whilec-InP shows
an offset at a fluence of'1014 ions/cm2, suggesting that
lateral mass transport only begins when the target is am
phous. The fluence dependence was also studied for the
diation ofa-InP with 24-MeV Si ions, and, for the irradiatio
of fused silica,a-Si and a-Fe40Ni40B20, with 24-MeV Se
ions. It was found that lateral mass transport in InP is
times more effective with Se ions than with Si ions. Amo
the target materials used, lateral mass transport was the
effective in fused silica and the less effective ina-Si.

An estimation of the effect of momentum transfer fro
the energetic ions to the atoms of the solid for the case
24-MeV Se ions ina-InP showed that if momentum transfe
is the only mechanism responsible for lateral mass transp
the atoms in the liquefied track left by the ion must be free
move for about 300 ps. A simple model, based on the de
mation of the viscous liquid track by momentum trans
from the incoming ions, to evaluate the energy depende
of the number of displaced atoms by lateral mass trans
was also elaborated.

Lateral mass transport and anisotropic growth have v
similar features. The effects only occur in amorphous ma
rials and at low temperatures. Both phenomena appear t
two manifestations of the same basic process. We prop
that both are a consequence of macroscopic momen
transfer.
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