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SURFACE MODIFICATIONS BY SWIFT HEAVY-ION
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InP (001) samples were irradiated with 200 MeV Au ions at different fluences. The surface
nanotopographical changes due to increasing fluence of swift heavy ions were observed by Atomic
Force Microscopy (AFM), where the onset of large increase in surface roughness for fluences sufficient
to cause complete surface amorphization was observed. Transmission Electron Microscopy was used
to observe formed bulk-ion tracks in InP and high resolution TEM (HRTEM) revealed that single-ion
tracks might not be amorphous in nature. Surface-ion tracks were observed by AFM in the form of
ill-defined pits (hollows) of ~ 12 nm in diameter (width). In addition, Rutherford backscattering was
utilized to follow the formation of disorder to amorphization in the irradiated material. The interpretation
of large increase in surface roughness with the onset of amorphization can be attributed to the plastic
phenomena induced by the change of states from crystalline to amorphous by ion irradiation.

O6p 3upr InP (001) 6putn o6iydens! noH Mu Au ¢ sHeprueit 200 MaB npu p 3mu4HBIX (ITIOGHC X.
CTpyKTyp IOBEPXHOCTHOM TOIOIrp (hHU OOIy4eHHBIX 0Op 3LOB B 3 BUCHUMOCTH OT (toeHc 00iydeHus
OBICTPHIMH TSKENNBIMA HOH MM OBUT HM3ydeH MeETOAOM TOMHO-CHIOBOH Mukpockonuu (ACM). OO6H -
PyX€HO, YTO HpH TOJHOH MOp(U3 LUK MOBEPXHOCTU H HEIl MPOHCXOIAT 3H YUTENbHbIE M3MEHEHUS.
Merop IpocBedHB Ionell MUKPOCKOITHH OBUT MCIIONIb30B H IUTI U3ydeHHs 0OBEMHOHN CTPYKTYpBHI HOHHBIX
TPEKOB, U C MOMOLIBI0 MUKpOcKomnuu Beicokoro p 3pemenus (HRTEM) o6H pyXeHO, YTO TpeKH HOHOB
He SBISIOTCS  MOp(HBIMU. [I0BEpXHOCTh HOHHBIX TpeKOB HcclienoB H ACM-MeTomoM, U IOK 3 HO, 4TO
ux ¢opM Tpenct BisgeT coboil AMKU M MeTpoM npuMepHO 12 HM. OOH pyXeHHbIe OONbIINE HEOIHO-
POIHOCTH H IIOBEPXHOCTH OOTy4eHHBIX 0Op 3L0B IpH GosbIIuX (UII0eHC X OOIy4eHHs C P KTHYECKU
MONHOM ee  Mop(u3 et MOryT ObITh OOBSICHEHBI 3H YUTEIIBHBIMH MEX HHUYECKUMH YIPYTHMMU H MpSKe-
HUSMH, KOTOPBIE BO3HHK 0T IIPH NEepPecTpoiiKe peleTKH OT KPUCT JUTMYECKOro K MOP(HOMY COCTOSHHIO
C BO3p CT HUEM CPEIHEH IOCTOSHHOW PElIeTKH.

PACS: 34.50.-s; 61.80.Lj; 61.80.-x

INTRODUCTION

Spectacular topography and surface changes occur when irradiating semiconductors with
swift heavy ions (SHI) [1-6]. It is known that amorphous materials when bombarded with
SHI exhibit dramatic surface and shape changes or macroscopic plastic deformations [7, 8].
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This effect was found to occur particularly in amorphous or amorphizable solids, but was not
observed in materials which remain crystalline during SHI irradiation. In general, covalent
materials which exhibit irreversible density changes due to amorphization such as elemental
semiconductors Si were found to prominently exhibit mass transport and plastic deformation
under SHI irradiation after reaching ion fluences sufficient to cause complete amorphiza-
tion [9]. In addition, the elastic constants of irradiated materials are expected to change
drastically only when the material becomes amorphous in the case of many semiconductors.
For example, it was shown that the shear modulus of irradiated Si only showed a drastic re-
duction when it became completely amorphous and very little elastic softening was observed
even for heavily damaged Si [10]. Thus, once an amorphous layer is formed, radiation-
induced plastic flow and deformation of material out of the plane of the irradiated surface
occur, as this might relieve the stress created by the changes in density and the elasticity
of the amorphous material. In the case of SHI irradiation, this can also be attributed to the
thermal spike induced by intense electronic excitation and the consequent relaxation of the
thermo-elastic shear stress in the hot cylindrical core of the track, where stresses of the order
~ 108 N/m? can develop transiently in the ion wake, leading to plastic phenomena [11, 12].
The transient tracks in amorphous materials can be treated as ellipsoidal elastic inclusions in
elastically isotropic media and the corresponding strain increment will be quenched-in upon
rapid cooling of the transient track, so as to produce the overall plastic deformation [13, 14].
Similar density changes as that of Si occur in the case of the compound semiconductor InP,
where this material compacts when amorphous. In a relaxed state, amorphous InP is ~ 0.17%
more dense than crystalline InP and it even increases by ~ 7% in a molten state [15, 16]. This
may be the case inside the track core during the very short transient time (~ picoseconds)
of track registration which leads to large transient stresses during the lifetime of the core,
whilst still in a liquid-like state. For the case of irradiated amorphous materials, the transient
tracks cannot recrystallize by homoepitaxial recrystallization and this may lead to transient
stress build-up giving rise to prominent macroscopic plastic changes observed after reaching
complete amorphization [13].

Once more it should be stressed that SHI-induced mass transport and flow arising from
plastic behaviour in semiconductors are a phenomenon observed only when the semiconduc-
tors become amorphous. Thus, formation of an amorphous state becomes a crucial parameter
in elastic and mass transport phenomena, since an amorphous state has different elastic and
transport constants compared to a crystalline or even heavily damaged surface, which presents
a different scenario for a transient track in the wake of SHI. As recently shown by Hedler
et al. [18], Si under 350 MeV Au™ ion irradiation flows plastically when it becomes com-
pletely amorphous as ion fluences reach ~ 1.7-10'® cm~2. In another interesting observation,
30 MeV Cu™ ions induced anisotropic deformation even in amorphous Si micron-sized struc-
tures, whilst the crystalline counterparts showed no change [18]. Not only semiconductor
microstructures, but even if the irradiated semiconductor is in the form of a restrained thin
wafer, the stress generated will be microscopically manifested as a curvature of the wafer’s
surface only after reaching complete amorphization as observed for InP [19]. Observations
of Si wafers irradiated with 100 MeV Au™ ions showed also a large increase of surface
roughness when ion fluences reach levels to cause complete amorphization [1]. A similar
behaviour was observed for InP irradiated with 24 MeV Si ions, where deformation under
the energetic ions only begins when InP becomes amorphous and where oblique conditions
of irradiation can create structures such as «ditch» and «dike» after amorphization, due to



808 Khalil A. S. et al.

macroscopic surface collective displacements [17]. In this study, we report the observation of
drastic surface modification of (001) InP after reaching complete amorphization by 200 MeV
Au ion irradiation.

EXPERIMENTAL

InP samples were prepared for irradiation from a 500 pum thick, semi-insulating, polished,
(001) oriented wafer; each sample being scribed and cut into pieces of ~ 10 x 10 mm for ion
irradiation. In addition to bulk samples, samples in the form of electron-transparent thin foils
were simultaneously irradiated for subsequent transmission electron microscopy investigation.
The SHI irradiation was performed at room temperature using the 14 UD Pelletron accelerator
at the Nuclear Physics Department of the Australian National University. The bulk samples
were fixed to a copper plate using conductive Ag paste, while the thin foil samples were placed
in specially designed aluminium holders. The pressure inside the irradiation chamber was
~ 10~7 Torr maintained by a turbo-molecular pump. The irradiation fluences ranged from
5-10'0 to 1-10'* cm—2. The ion flux (fluence-rate) was maintained at ~ 6.2-10° cm=2-s~! to
avoid any adverse heating effects. The dosimetry during irradiation was monitored by charge
integration. Exact total dosimetry was determined from TEM observations of simultaneously
irradiated MoOg crystallites for the lower-ion fluences. The irradiated bulk samples were
subsequently analyzed by Rutherford backscattering with 2 MeV He™ ions to assess the
progression of damage until complete amorphization. Philips 300 CM and JEM-2010 F
transmission electron microscopes were used for TEM investigations. The evolution of the
InP (001) surface as a function of the 200 MeV Au™ ion fluence was studied by atomic force
microscopy (AFM). The chosen variable was the root mean square roughness (RMS), which
is the standard deviation of height values Z within the probed scanned area. This quantity is
defined as

N

L 2
Rats = |3 A e (1)
i=1

where Z,. is the average height within the scanned area; Z; is the measured height at a given
point ¢ and NV is the number of points within the scanned area.

Different areas of 1 X1 ym and less were scanned in the irradiated and unirradiated regions
of each sample under ambient conditions in contact mode. The AFM images in the course of
this work were acquired at ambient laboratory conditions using Nanoscope III AFM with Si
commercially cantilever tips with a nominal radius of curvature for the apex ~ 10 nm. The
scanned AFM images had 512 x 512 point resolution. The RMS determination was performed
using the attached commercial Nanoscope III (R) software. The RMS values were obtained
after first-order image «flattening» for each acquired AFM image. The flattening routine
basically removes noise in the form of observed bow introduced into the AFM image due to
the tip-scanner configuration by calculating least-squares fitted second-order polynomial for
each scan line, then subtracting it from the scan line, thus leveling the background of the
image without any loss of information.
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RESULTS AND DISCUSSION

Figure 1 illustrates two-dimensional AFM images of scanned 500 x 500 nm areas for
unirradiated and 200 MeV Au™ irradiated InP for different ion fluences. The AFM im-
age for unirradiated InP showed a relatively smooth (001) surface profile on that scale
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Fig. 1. The AFM images of 500 x 500 nm scanned areas and sectional analyses across the surface of
unirradiated InP (a) for 5-10'° cm™2 (b), 5-10*2 cm ™2 (¢), 1- 10" cm™2 (d) and 1- 10 cm™2 (e)
irradiated InP



810 Khalil A. S. et al.

(2 nm/division) as indicated by the sectional analysis across the surface. For the lowest
ion fluence (5-10'° cm~2) the surface profile is also relatively smooth with very small-
observed change as evidenced in the accompanied sectional analysis. Also, no large change
in roughness occurs, when the ion fluence reaches 5 - 1012 cm~2, except the observed finer
crinkling across the surface profile as evident in the sectional analysis in Fig. 1,c. This im-
plies that the roughening on that scale is due to the increased ion impacts on the surface
with increasing ion fluences as expected. For the 1-10*® cm~?2 irradiated surface almost
no change is evident (Fig. 1,d). Conversely, for the highest fluence irradiated InP surface
(1-10'* cm~—2), which is now completely amorphous, the surface becomes very rough com-
pared to the unirradiated and low-fluence irradiated surfaces. The AFM observations reveal
hillock-like features or protrusions (as the one pointed by the white arrow) accompanied by
trough-like features (pointed by black arrows).

This nanoscale topographical change for the amorphous surface is more clearly visualized
in Fig.2, where three-dimensional projections of AFM images of both unirradiated and the
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Fig. 2. Three-dimensional projected AFM images of 1 X 1 pum scanned areas of unirradiated InP (a)
and 1-10* c¢m™? irradiated InP surface (b). Vertical scale = 100 nm/div.
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Fig. 3. Three-dimensional projected AFM images of 500 x 500 nm scanned areas of an area unexposed
to the ion beam for the 1-10** cm~2 irradiated InP sample (i.e., still crystalline) (a) and irradiated area
of the same sample (amorphous) (b). Vertical scale = 20 nm/div.
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highest-ion fluence irradiated InP are shown together. The observed nanotopography change
is obvious and might imply nanoscopic material transfers evident from the rugged amorphous
InP surface comprising the protruded hillocks accompanied by troughs.

In Fig.3 we show three-dimensional projected AFM images of two areas of the same
irradiated InP sample (1 - 104 cm_2), the unirradiated area of the sample (i.e., an area
unexposed to the 200 MeV Au™ beam, and therefore remaining crystalline) which remains
smooth, whereas the irradiated area of the same sample is quite rough.

On the other hand, for the low-fluence ion-irradiated surfaces, we have not observed well-
defined surface-ion tracks (a surface-ion track is the imprint of single SHI impact onto the
surface which can be observed, for example, as a prominent hillock, crater as observed for two
other materials — muscovite mica and molybdenum disulphide irradiated simultaneously with
the InP samples). Instead we have observed pit-like features for the lower fluences irradiated
InP surfaces. These pits are thought to be surface-ion tracks in InP as a result of 200 MeV
Au™ ion impacts. This is shown in the AFM scan of an area of 100 x 100 nm in Fig.4.
Sectional analyses across such pits show that the average pit width is to be = (12.3+£2.3) nm.
These widths are in good agreement with our observation of the bulk 200 MeV Au™ ion tracks
in InP as revealed by TEM in Fig.5, where Fig.5,a shows a field of ion tracks and Fig.5,b
is high magnification bright field TEM, which depicts two such tracks, the track diameter

Fig. 4. The AFM image of 100 x 100 nm scanned area of InP irradiated with fluence of 5 - 10'® ¢cm ™2
showing a pit-like feature identified with surface-ion tracks due to single 200 MeV Au™ ion impact, the
width of the pit ~ 12.5 nm. In « initial surface is shown. In b and ¢ AFM images of 1 x 1 pum scanned
area of both muscovite mica and molybdenum disulphide respectively irradiated to the same ion fluence
depicting the observed prominent surface-ion tracks are shown

b ¢
20 nm

Fig. 5. Bulk ion tracks observed by TEM in InP: a) a field of ion tracks; b) a high magnification TEM
of two tracks; ¢) HRTEM of a single ion track
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is around ~ 8 nm. In Fig.5, ¢ we show a high resolution TEM of such a track, where it
appears that lattice fringes appear over the track core (~ 5 nm in width) implying that the track
core is not amorphous in nature and the crystallinity of material is preserved upon a single
200 MeV Au™ ion impact. In the AFM scanned area of 100 x 100 nm we expect to find on the
average ~ 5 pits (since at this ion fluence of 5-10*° cm~2 we expect on the average ~ 5 tracks
per each 100 x 100 nm area). This was confirmed by TEM observation of dosimetric MoOg
crystallites irradiated simultaneously with InP, where a one-to-one correspondence was found
between the ion fluence and ion track densities for the lower fluence irradiated samples.

The difficultly of observing the anticipated well-defined surface-ion tracks (identified with
these nanoscale pits) by AFM in InP may be due to AFM tip convolution effects. This
combination of tip-surface effects attributed to the geometry, shape and fineness of the tip
apex relative to the imaged features, which can affect the final resolution (both lateral and
depth) and the final observed appearance in AFM imaging of such small nanoscale features
like surface-ion tracks in InP. The widths of surface-ion tracks in InP might not be different
than the tracks inside the material (bulk tracks as revealed by TEM); in this case, they are
comparable in size to the AFM scanning tips (the Si tip apex radius of curvature ~ 10 nm), for
example, muscovite mica and molybdenum disulphide showed prominent hillocks and craters
respectively identified as surface 200 MeV Au™ ion tracks of average widths of ~ 60 nm for
the former and ~ 70 nm for the later material, which are much larger in size than the apex
diameter of the scanning AFM Si tip. In addition to that, another factor can simply explain
the lack of observing well-defined and prominent surface-ion tracks in InP, mainly that there
are no strong 200 MeV Au™ ion-surface effects when an ion impacts on the crystalline InP
surface (e.g., Coulomb explosion or large sputtering yields, which can result, for example,
in an observation of hillock or crater around an ion impact, respectively). Previous AFM
observations on 100 MeV Au™ ion irradiated (111) InP surface to a fluence of 1-10'? cm—2
due to Singh et al. [4] revealed similar features to our observed pit-type features but with
larger diameter of ~ 24 nm with an areal density corresponding to the ion fluence. They
were identified as surface-ion tracks, while no such features were observed for 180 MeV Ag™
irradiation of (111) InP.

As mentioned above, the important observation revealed by our AFM is the develop-
ment of large increase in surface roughness when the irradiated surface becomes completely
amorphous. Figure 6 shows a typical sequence of projected AFM scans for InP (001) ir-
radiated surfaces at different ion fluences, which clearly demonstrate the observed surface
evolution with increased ion fluences. The large change only occurs for higher fluences
> 5-10' cm~2, where a drastic increase takes place revealed as the multiple protrusions
of hillock on nanoscale. A plot of RMS roughness as a function of fluence is shown in
Fig.7. The RMS roughness increases dramatically for higher fluences at 5 - 10'3 cm~2 with
a slight decrease for the 1-10'* cm~2 ion fluence. This decrease may be attributed to slight
smoothing of hillocks because of local variation in the angle of ion incidence due to the
already developed nanoroughness during ion irradiation. This is similar to the observation
in SHI irradiated Si, where the height of the hillock-like features decreases for the high-
est fluence at 1-10' cm™2 [15]. Another similar observation for (001) InP irradiated by
150 MeV Fe ions was a decrease in roughness for the same fluence of 1-10'* cm~2 [6]. Even
for low-energy irradiations, quite similar observations were reported for surface topography
of GaAs (110) after high fluence low-energy Si™ ion irradiation, where the height of the
observed hillock-like protrusions increases up to certain fluence saturation level [20]. The
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Fig. 6. Three-dimensional projected AFM images of 1 X 1 pm scanned areas of unirradiated surface (a),
110" (b), 510" (c) and 1-10"* cm™? (d) irradiated (001) InP surfaces. The surfaces for lower
fluence irradiations are smooth on that scale (the height scale for all scans is 20 nm/division). The
significant increase in surface roughness only occurs for higher fluences when the surface becomes
completely amorphous. The observed surface modification in the form of hillock-like features is evident
for the two highest ion fluences

amount of relative disorder Ay, extracted from the RBS/C yield (Y) is also plotted in the
same plot for RMS in Fig.7 and defined as:

Y;rrad - Yunirrad

AXmin = (2)

)/random - Yunirrad

The value of Axmin expresses the relative amount of disorder in the crystal and approaches
unity for complete amorphization at a fluence of ~ 5-10* cm~2 as shown in Fig. 7 (the solid
line), which indicates the progression towards complete amorphization. In addition, the inset
in Fig. 7 shows the TEM observation for the 5-10'® cm~2 irradiated InP (which is completely
amorphous as revealed by electron diffraction). A similar trend of RMS roughness increase in
100 MeV Au™ ion irradiated InP (111) surfaces at room temperature was observed by Singh
et al. [5]. They attributed this to thermal spike induced effects and subsequent relaxation.
In their observations for irradiation at lower temperature (96 K) the increase in roughness
was less pronounced than at room temperature, due to the suppression of track formation at
96 K because of the high thermal conductivity of InP at that temperature. In the work of
Dubey et al. [6] for 100 MeV Fe ion irradiated (001) InP similar observation of drastic surface
roughness increase was made after ion fluences reached sufficient fluences to cause observation
of peaks on the surface and high resolution X-ray diffraction (HRXRD) spectra. As indicated
by our TEM observations, each impinging 200 MeV Au™ ion creates a single track with core
width of ~ 5 nm. Our HRTEM observations (Fig.5) showed that the ion tracks might not
be amorphous in nature, so that, in order to render an area of InP, amorphous, multiple ion
impacts and track overlap may be required, thus the process of amorphization proceeds with
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Fig. 7. The RMS roughness as a function of 200 MeV Au™ ion fluence in InP (dotted line). The
relative disorder induced by irradiation (solid line) is also plotted. The inset is TEM micrograph of InP
irradiated to fluence of 5 - 10" cm™2, where the selected area diffraction pattern shows the diffused
rings synonymous with amorphous material

the increasing ion fluence as statistically expected [21]. Therefore, the amorphous fraction
of material must be expected to increase with increasing fluence. The multiple ion impact
on process required for amorphization in SHI irradiated InP was also reported by O.Herre
et al. [22] for 250 MeV Xe™ irradiated InP, where the authors used a simple Gibbons overlap
model [23] to fit their Ay, data and inferred that at least 3 to 4 ions must impact on the
same area to produce an amorphous material. This in general accords with our observations.
At < 510" cm™2 an InP surface will be completely amorphized. The observed drastic
roughening of the surface after complete amorphization can generally be attributed to the
ion-induced plastic deformation phenomenon, which invokes the difference in the final elastic
and transport constants of the completely amorphized surface from these for crystalline or
heavily disordered material. After complete amorphization subsequent impinging ions now
impact on a surface which is in a completely different state than the crystalline surface,
whose difference in the final elastic and transport properties may in turn well affect the
structural relaxation through stress build-up due to the transient tracks, which now form in
the amorphous material [24]. For example, it is well known that for the case of metallic
glasses (where the first observation of ion-induced plastic deformation was made in the early
1980s) there is a small ~ 2% difference in densities between the amorphous phases relative
to their crystalline counterparts. However, the differences in both the bulk and shear moduli
are larger ~ 7% and ~ 30 to 50%, respectively [25]. This might be the case for InP.
The elastic softening (reduction in elastic constants relative to that of crystalline phase) in
amorphous tetrahedral semiconductors (including both elemental and III-V semiconductors
such as InP) can be comparable in magnitude and even higher as they have similar origins
to that of metallic glasses, i.e., the internal atomic displacements and the existence of a
free volume in amorphous phases or internal relaxation process in the disordered atomic
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network [26]. Theoretical calculations predicted elastic softening for both elemental and
compound semiconductors upon amorphization, which can be varied over a wide range (of
~ 5 to 50%) depending on the network model and the atomic interaction potential [27,28].

Therefore, softening of elastic moduli is a generic property in both elemental and com-
pound semiconductors leading to associated plastic phenomena [29]. However, it is not
yet clear either what exact factors define the magnitudes of the elastic softening effects for
amorphous states, or what features of atomic interactions are important in this respect [30].
However, substantial elastic softening of ~ 20—50% of both the bulk (Young’s) and shear
elastic moduli has been experimentally observed for amorphous phases of different elemental
semiconductors such as Si and Ge [10,31] and compound semiconductors such as GaAs [32]
GaSb [30] and GaP [33]. This reduction in elastic constants is expected to greatly affect the
elastic behaviour of irradiated semiconductors after complete amorphization, which can be
manifested in the large surface roughening as in our AFM observations and associated plastic
phenomena. To our best knowledge there exist no reliable, comprehensive or experimental
data for the elastic moduli or constants in amorphous InP. This makes any quantification of
the ion-induced plastic deformation in that material a difficult and challenging problem.

CONCLUSIONS

Surface-ion tracks in InP were observed by AFM as pit-like features for low SHI
fluences. The difficulty of observing well-defined surface tracks in InP may be due to AFM
tip convolution effects as surface-ion tracks in InP are small in widths or that individual ion
impacts on the surface cannot be well-discernible such as in the case of well-defined craters
as observed, for example, in mica and MoSz. Our observation of drastic nanotopographical
change for higher irradiating SHI fluences, where the change in root mean square roughness
(RMS) showed a large increase only after the surface becomes completely amorphous, sug-
gests the crucial role of SHI irradiation-induced states in InP with increasing ion fluences
and that subsequent elastic softening of the amorphous phase relative to that of crystalline
phase in that material are important and may give rise to the associated ion-induced plastic
phenomena manifesting itself as large increase in surface roughness.
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