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Morphology of graphite surfaces after ion-beam erosion
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A review of the topographic evolution 40001 highly oriented pyrolytic graphite surfaces eroded by 2—50
keV ion beams and investigated using scanning tunneling microscopy is given. For tilted incidence of the ion
beam and intermediate ion fluences of about’ tn 2, a periodic ripple topography with characteristic
wavelengths between 40 and 700 nm was found. This morphology evolution is explained by a linear con-
tinuum theory of the interplay between material removal during sputtering and surface diffusion. The evolution
of the surface morphology was measured as a function of the ion mass, the ion energy, and the target
temperature. The validity of the linear erosion theory in the observed parameter space has been tested and its
limitations for increasing fluences and ion energies and varying temperatures shown.
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[. INTRODUCTION on ion beam erosion will be presented. Results gathered us-
ing the linear theory of Bradley and Harper will be tested in
Heavy ion irradiation is among the most prominent andSec. IV and finally their limitations will be shown in Sec. V.

versatile methods for surface and near-surface modificatiomhe entirety of these efforts will give an overview of the

of solid materials. With the development of high-resolutionevolution of surface morphology during ion-beam erosion,

observation techniques such as transmission and scanni@gd hopefully it will stimulate and give suggestions for fur-

electron microscopy(TEM, SEM),! field ion microscopy ther activities in this field of physics.

(FIM), and scanning tunneling and atomic force microscopy

(STM, AFM),2% it has become possible to investigate the |I. THE THEORETICAL BACKGROUND OF ION-BEAM

effects of collision cascades, point defects, and defect aggre- EROSION
gates in solids on the microscopic scale down to atomic reso- , ) ) L
lution. When an ion beam hits a solid surface, the kinetic energy

Since the development of these observation technique8! thg projectiles dissipates into the material via _kjnematic
the evolution of surface morphology during ion bombard-collisions (the so-called nuclear energy deposiiorby
ment has been the subject of intensive studies and controvegletronic exitationgthe so-called electronic energy deposi-
sial discussions. While for high ion energiesE ( tion), and via thermal energy d.|33|pat|0n..Am.ong these gf-
>1-10 MeV) plastic deformation and viscous flow of the fects nu<_:lear en_e_rgy.deposmon is the dommgtmg_ mechanism
surface material due to the electronic energy loss of the ion@f Material modification for the low- and medium-ion-energy
is accepted as the main physical agent of changes in tH&dime studied in this work.
height topograph§ for energies below these values different Acc:_qrdlr13924_to Sigmund's theory of nuclear energy
effects have to be taken into account. Among the mosg‘?pQS'“O”z" ion-beam sputtering is caused by recoil atoms
prominent features are radiation-induced diffusiaelective  Within the collision cascade of the primary ion reaching suf-
grain growth®’ and, especially for energies in the regime of flplent energy to overcome the surface barrier. T_he sputtering
nuclear stopping, ion-beam erosion due to sputtering of thé{leld Y. ie., the number _of sputtered atoms per incident ion,
surface materidl.A review of various studies of the surface IS defined to be proportional to the total amount of energy
morphology during ion-beam erosion of grapfite will be depos!ted on the surfadéD(E_,G,O). The d|str|but|_on of the
given below. Finally, results on ion-beam erosion will be deposited energ¥(E,6,r) in the target material can be
presented, in which the limitations of linear erosion theorieg@Ughly described by the distribution of vacancies and re-
will be shown. coils produced in the collision cascade in relation to the dis-

The evolution of solid surface topography during ion- Placement energip, .%° As the distribution of the deposited
beam sputtering is governed by the interplay and competition€rgy is proportional to the nuclear stopping power, it can
between the dynamics of surface roughening on the one harRf described in first order by a Gaussian distribution:
and material transport during surface diffusion on the
other!?*3 This competition is responsible for the creation of (z—hot+a)? x?+y?
characteristic  surface patterns such as self-affine FD(r):WeX B 202 B 22
topographie¥"*® and periodic ripple$=2! when the ion )
beam is tilted to the surface normal. In Sec. Il the theoretical
background of these processes according to the theory dthe accuracy of this approximation depends on the ion en-
Bradley and Harpéf will be presented briefly. The experi- ergy and the kinematics between projectile and target atoms.
mental recommendations for a detailed examination of thesAlthough significant differences are observed for extremely
topics will be discussed in Sec. Ill. Then experimental resultsaisymmetric mass ratios between the colliding particles, the
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parameters describing the distributiom, (¢, and8) can be 1 AE
used to characterize the shape of the energetic impact into Ay T 7“expg — SKT) %)
the near-surface region. Following the theoretical concepts

of Refs. 13, 22, 26, and 27 the surface height evolutionyiih AE peing the activation energy for surface diffusion.
h(r,t) can be described as This description is supported by the results of Monte
) ) ) ) Carlo simulatio(?? on ion-beam-eroded carbon surfaces by
dh dh d°h dch dh dh 3031 \whi i i -
o FO+C5 AL ) Ay( ) Koponenet al, which predict surface ripple morpholo

SN
ot ax2 Yoy

X N gies with nanometer scales £ 15-40 nm) and the switch-
ing of the ripple orientation when the incidence angle is

—BV*h+ 7. (2)  tilted. Of course, in general surface diffusion is not an iso-

i ) tropic phenomenon on a crystalline surface, and surface steps
Fo defines the surface erosion rate of a flat surface at normg; play an important role in the behavior of the surface
incidence £o=®Yo/n), which is directly related to the mopility.32 In fact, due to its low critical dose for a
sputtering yieldY, of a flat surfaceCdh/dx is a term related  yorphizatior?® the effects of anisotropy on surface diffusion
to the derivative of the sputtering yield with respect to theang Enrlich-Schwoebel barriers on graphite surfaces can be
angle of incidenceC, ,9°h/dx?, y? describes the linear cur- peglected and hence the effects are comparable to the theory.
vature dependence of the surface erosion WQ,  sjnce all erosion experiments occur in the regime of sputter

=(PaYo/mTyy. Ayxy(dhlix,y)? being the nonlinear equilibrium the saturation fluenck, in the near-surface re-
supplementation, anBV*h is the surface diffusion accord- gion can be obtained using Hubler’s formula

ing to Wolf and Villain and to Mullins?®  defines the noise
terms corresponding to the implantation process.

At intermediate ion fluences, when local slopes of the
surface are moderat@escribed as the linear regimehis

theory predicts the evolution of quasiperiodic surface ripples _ . _
with a ripple wavelength of Ripple morphologies have been investigated using scan-

ning electron and probe microscopySEM, STM,
Axy=272BICy. 3) AFM).!%¥*2These effects will be discussed together with
' ' the experimental results of this work and compared to the
The ripple orientation should be perpendicular to the beantheoretical predictions of the continuum theory.
direction (as the wave vector points in thedirection of the
surface, these ripples are calbedaves for incidence angles
less than a critical anglé;, and paralle(calledy waves to
the beam direction for incidence angles close to grazing. The For a detailed examination of the erosion process on sur-
wavelength of the ripple morphology therefore depends oraces during ion bombardment, several experimental param-
the ratio between the surface mobility and the curvature deeters such as the angle of incidence, the ion flux, the implan-
pendence of the sputtering yield. Besides the surface mobitation fluence, and the ion energy have to be controftetf.
ity (which will be discussed latgrthe ripple morphology is The experiments were performed using freshly cleaved
affected experimentally by the kinematics of the collisionhighly oriented pyrolitic graphite(HOPG surfaces with
process, and especially the ion mass and energy, which at@001) orientation. The samples were irradiated at tempera-
the main parameters describi@g , through the distribution tures between 300 and 500 K with Arand Xe" ions at
of the deposited energy. Therefore the observed ripple waveenergies between 2 and 50 keV. Three different accelerators
length should rise with increasing depth of the depositedvere used at the university of @imgen: for ion energies of
energy and thus with increasing ion energy. The scaling oP—10 keV the low-energy ion implantérlOSCHKA was
this increase supplies information about the distribution ofutilized, while the implantations at higher energies were per-
the deposited energy and its evolution with increasing proformed using the heavy ion accelerators ADONFR&f. 38

jectile energy. The evolution of the surface roughnegt)  and IONAS®® For all the implantations the ion flux was kept

_3an

SV (6)

IIl. EXPERIMENT

and the roughening factdr, can also be extracted: constant (8—1.A/cm?) to achieve comparable implanta-
tion conditions with different accelerators. Implantation flu-
w(t)cexp(Ryt), (4 ences between$10'® and 5x 10'® cm~2 were chosen for
the erosion experiments. Homogeneous implantation was
[(<I>a/n)Y01“X,y]2 , (dalnm)Yel'y, achieved via two-dimensional electrostatic sweeping. After
k= 4B R - D irradiation, the samples were investigated under ambient

conditions, using a Nanoscopell ST(@igital Instrument$
kyy is the wave vector of the ripple structure occurring onand mechanically preparedgRt,, tips to observe the evolu-
the surface K, ,=2m/\, ). If thermal diffusion is assumed tion of the height profilen(r). Different area sizegside
to dominate the surface smoothing procéss a special de- length= 50 nm—3.5um) of the surfaces were scanned with
scription of this topic, see Ref. 29%the Einstein relation fits the STM to observe both small- and large-scale morphology
for describing the surface mobilitB and the ripple wave- effects in the surface evolution. Wavelengths occurring on
length\, , should follow the temperature dependéetice the surface were determined with the help of a structure fac-
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FIG. 1. STM micrographglateral size 1—-3.5um) of 5-50 keV : %
Xe"-eroded HOPG surfaces. Irradiation fluencké=(3-5) - =X
x 10 ions/cnt; incident angle 30°. lon energi) 5 keV, (b) 10 O 100+ =
keV, (c) 30 keV, and 50 keV. Arrows indicate the ion-beam orien- % =)
tation. § 3
®
_ . : 2 ~E*? = depth
tor calculation(for an explantation, see Ref) &ind by direct a epth a
examination of the surface periodicity. ———— _ -
(b) 5 10 50

IV. THE LINEAR REGIME FIG. 2. Measured wavelengthsas a function of the ion energy

Recent work on the surface morphology of graphite durfor Xe" ions(upper graphand Ar" ions (lower graph. Power laws
ing ion-beam erosion has shown a good agreement betwe@t fitted to both data sets. The dependency of the mean degfth
experimental results and predictions of the linear erosiorthe deposited energy on the ion energy is added for both ions.
theory of Bradley and Harper. The ripple size, its orientation ) ] ]
as a function of the incident angle and especially the chang&avelengths correspond in malgrzllltlzjde_ to measurements on Si
of its orientation as the angle rises above a critical value hav@Nd SiQ reported previously®'**-**Figure 2 presents the
been measured and compared to the theory as well as gyolution of the ripple spacing as a function of the particle
Monte Carlo simulations of the erosion procé¢sse Refs. 9, €energy for both ions. The power lawg>EP are fixed to the
11, 10, and 3D Furthermore evolution for high fluences data, givingpy=0.70(5) andpa,=0.95(10) for the expo-
leading to nonlinear behavior has been observed. Based di¢nts. There exponents agree with the evolution of the mean
these experiences, additional investigations have been pefepth of the deposited energy with the ion energy as calcu-
formed to examine the limitations of the model's validity, lated with the deposited energy dendtty obtained from the
which will be presented in the following. stopping powel’ by Sigmund and co-workefS:** This is a
clear hint that the process is dominated by the nuclear stop-
AE d d ping power. The difference between the exponents for the
- ENergy dependence two ions is explained by the variation of kinematics between
Figure 1 shows STM micrographs of HOPG surfaces ir-the projectile and the target atom.
radiated with Xé ions at different ion energies between 5  The evolution of the ripple wavelength, , with ion en-
and 50 keV. For these implantations, the angle of incidencergy E can be calculated analytically using E®) and the
was kept fixed at 30°. The same measurements were peresults of Bradley and Harper's thedfyfor Yy(6) and
formed for Ar* ions. Ripple topographies are clearly visible I'y ,(6).**° For a complete description of the shape of the
in all the pictures, oriented perpendicular to the ion-beandamage cascade, both straggling parameters, longitudinal
projection onto the surfad¢he ion-beam projection has been («) and transversef) to the ion-beam direction, have to be
inserted for each pictuyeThe typical height differences be- taken into account. As a consequencgincreases linearly
tween crests and valleys on the surface are between 10 amdth a for this asymmetric mass ratio studied. Therefore
20 nm, indicating that the sputtering yieldnd therefore the power laws between, and the energyA,(E)<EP (as al-
deposited energys nearly constant in the energy range stud-ready mentioned and between the depth and energy,
ied. The ripple spacing, increases from 40 to 350 nm for a(E)xEY, with identical exponentsp(Ar,Xe)=q(Ar,Xe)
Xe" and from 40 to 750 nm for At ions. These observed should apply to both ions.
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When comparing the experimental exponemiéXe) '
=0.70(5) andp(Ar)=0.95(10) with the calculated values 1

[q(Xe)=0.66, q(Ar) =0.90], one finds excellent agreement ~ ~ ] b
for both ions. Consequently, for the energy range chosen and £ e

the very asymmetric mass ratio studied, depth and longitudi- — 1 ¥ = Xe" 5keV 6=60°

nal straggling scale with the ion energy, while transverse = i

straggling remains constant. However, this lateral spread of & 10'; r" ————— Bradley/Harper

the damage cascade is mainly determined by the energy de- GCJ I w ~exp(R @)

posited into recoil cascades in the near-surface region. As the < H ]
_nuclea_lr stopping power reac_hes its maximum and therefore g’ I,:,‘.“ Kardar,Parisi,Zhang]
just slightly varies in this regiméapprox. 30% for Af and S i _ ) ]
Xe™ between 5 and 50 kelthe energy transfer into subcas- /' —— scaling w~a

cades is nearly constant over a wide range. For rising ion 11 . : . : .
energy, the near-spherical symmetry of the damage distribu- 0 200 400 600
tion at low energieq2 keV) develops into an ellipsoidal

shape aE=>50 keV, while the damage track propagates into fluence ® (10'®cm™®)

greater depths of the solid. Besides these conclusions, other

effects, especially ion-induced diffusitfrf®and relaxatiort® FIG. 3. Measured surface roughness as a function of the implan-

are also discussed in the literature as affecting the ripplédtion fluence. The exponential growth can be explained by the
morphology as a function of the ion energy. The energy del_!neqr theory. Abov_e the transition a scaling regime is visible. The
pendence of these effects, although they are supposed to [ is drawn to guide the eye.

small compared to the cascade evolution, should be rather

similar to the experimental results mentioned above. Thereaess for 5 keV Xé&-eroded graphite. Two effects can be
fore these effects cannot be excluded from the interpretatiorabserved: on the one hand, the wavelength of the surface
They strengthen the dependence of the wavelength on thigpples increases slowly with temperature, from 70 to 110
energy depth. Since both effects have been proposed in then between 300 and 450 K, and, on the other hand, the
sputtering theory, further experiments are needed to showsurface roughness decreases with rising target temperature.
which mechanism dominates the process of ion-beam erd3oth effects are expected due to the increase of the surface
sion. In fact, the damage propagation into greater depths isobility. Comparing the linear theory of ion-beam erosion

reproduced by both theories. with these values by approximating a thermally activated
diffusion to the datdsee Eq.(5)], one obtains an average
V. LIMITATIONS OF THE LINEAR THEORY activation energy oE=0.14(8) eV for both graphs, assum-
ing thermally activated diffusioiffor the limitations of this
A. Surface mobility during ion-beam treatment assumption, see Sec).IThis value is rather small compared

In this section the role of the mobility of diffusing atoms to other activation energies for surface diffusion. It can be
on the surface during ion-beam treatment will be examinedconcluded that for this nonequilibrium process different
If the surface diffusion is thermally activated, the surfacemechanisms such as radiation-enhanced diffusi@iD)
mob|||ty of the d|ffus|ng Species is given by the Einstein have to be taken into account. The energy depOSited into the
relation. However, the energy deposition of the ion bean"ﬁurface either affects the number of diffusing SpeCieS or dif-
into the near surface region can affect several parameters &rent diffusion paths are produced following the defect pro-
the surface mobility, such as the density of diffusing speciesgluction during the ion bombardmehtin contrast to the
the surface free energy, and the activation energy for surfad@echanism of so-called ion-induced diffusion proposed by
diffusion. As a consequence, an effect called radiationMakeev and Barabast the effect of RED means a real ma-
enhanced diffusioriwhich should not be confused with the terial transport on the surface, which tends to smooth the
ion-induced diffusion mentioned in previous sectipisswell ~ surface roughness. As long as these radiation effects are su-
known to be present in materials during ion bombardmient.Perposed on the equilibrium mobility, conclusions concern-
Following the theory of Bradley and Harp&rthe surface
mobility can be estimated from the observed ripple wave-
length and the measured surface roughness evolution as
function of the erosion time, and the factoR, can be ex-
tracted[see Eq(4) and Fig. 3. From this relation for 5 keV
Xe™ on graphite at room temperature a surface mobility of
1.3(3)x 10" 28 cm'/s is obtained for these experimental con-
ditions.

To observe the evolution of the surface mobility, mea-
surements of ion-beam erosion at elevated target tempera-
tures were performed. Figure 4 shows STM pictures of Xe-
eroded surfaces at elevated temperatures, and Fig. 5 presentsFIG. 4. STM micrographslateral size 0.5um) of 5 keV
the evolution of the ripple spacing and of the surface roughXe*-eroded HOPG surfaces at elevated temperatures.

a) Xe* 5 keV, T= 380 K l b) Xe* 5 keV, T= 430

20 nm =
[

250 nm O nm 250 nm 0 nm
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T v ) v 1 v ) N ) )
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— Bradley/Harper:

AE =0.10(7) eV

a) Xe* th\keX ©) Xe* 50 keV

50 nm
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=
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® 5keV Xe' on graphite:
surface roughness as a
function of the temperature FIG. 6. STM micrographs of HOPG surfaces eroded at increas-
—— Bradley/Harper ] ing energies. Small-scale features with increasing size are visible in

AE=0.14(8) eV all pictures, pointing to segregation and growth processes due to
1 increasing saturation fluence.

250 nm 0nm 250 nm 0 nm

-
o
L

(9}
1

radiation-enhanced diffusion processes were also suggested
in Sec. VA to affect the temperature behavior of the ripple
(] morphology. Although the microstructure of these segrega-
tions cannot be determined using STM, and a detailed ex-
(b) 300 350 400 450 500 amination is needed, the mechanism of nucleation and
growth can be clearly identified. Small grains are nucleated
FIG. 5. Upper graph: measured wavelength as a function of théy the deposition of energy and are successively ripened by
target temperature. Lower graph: measured surface roughness agigther ion implantation. In this regime of fluence the grain
function of the target temperature. The approximations of the lineagjze is not determined by the absolute ion fluence hitting the
theory are added in both plots. target—this can be seen in Fig. 1, where no grain growth

effect is visible at 5 keMsee also Ref. 8—but is governed

ing surface diffusion, beyond these general statements, abey the saturation fluenc, limited by the sputtering process

difficult to draw. Nev_ertheless, on other surfaces such EXPETHY the near surface region. This saturation fluence increases
ments may be possibfé.

for increasing ion energgbetween 5 keV Xe and 50 keV Ar
from ca. 5 10'° up to ca. 2107 cm™2), because of the
increasing depth of the deposited energy, which needs more
As long as ion-beam sputtering is the dominant process itime to become eroded after deposition. In this regime of
morphology evolution, the effects of surface erosion menfluence, nucleation and growth processes are known to have
tioned above should dominate the mechanisms of surfacgignificant effects on surface and thin film morphologies. For
roughening. In fact, this is the case for ion energies in thgising saturation fluence this growth process starts to domi-
range of 1 up to 30-50 keV, depending on the kinematicate the topography and finally completely covers the sur-
between projectile and target atom, where nuclear energface morphology evolution due to erosion. In Fig. 7 the av-
loss and near surface damage are the major parameters dgage grain sizefor each measurement is plotted against the
scribing the ion bombardment of solids. For increasing ioncritical fluence® for the implantation estimated with Eq.
energy further implantation effects like bulk diffusion and (6). The scaling law between grain size and saturation flu-
other processes will become more and more important. Thence (ocd)gj’l) suggests that a certain mechanism of nucle-
onset of this transition can already be seen in the graphitation and growth driven by ballistic collisions and defect
surfaces irradiated at 10-50 keV, where small-scale featurdermation at the grain boundaries and throughout the grains
and substructures on the ripple surface can be recognizeis. involved in this proces®:*® This conclusion is in agree-
Figure 6 shows the evolution of these structures for increasment with the results mentioned in previous sections, where
ing ion energy and increasing depth of deposited energythe process of energy deposition was characterized as domi-
using various ions. These features can be attributed toated by the ballistic collisions of nuclear energy loss. This
growth of impact nucleated segregations, referred to a#s known to be typical for the case of light target atofms.
grains, due to bulk diffusion induced by the ion beam. Thesa&Vith further experiments on this topic one will gain more

roughness w (nm)

B. Bulk effects for increasing ion energies
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T " T " T gies at high ion energy, where bulk processes start to domi-
1001 o Xe' 5-50 keV A nate_t.he tppography_, and on the other., to describe the surf_ace
g . g mo_blll_ty !nvolved in these theoretical assumptions, if
£  so- e Ar 5-50keVv - radiation-induced material transport on the surface has to be
£ taken into account.
— & In any case, on increasing the ion energy two major
GN’ 601 - changes in the surface treatment occur: electronic stopping
‘» and its effect on ion sputtering and damage production play a
£ 401 — |~ more and more important role in morphology evolution, and
E 50.85 the maximum of the energy loss and therefore the damage
L 204 x |~ (U production propagates for a greater depth into the material
V€ | ~ 0.7 and mechanisms such as bulk diffusion and thermal spikes
Q/ A are superposed on the sputtering effects in the surface
g 6 é 1'0 " 1'5 2'0 roughenind’ Further efforts need to be made to gain deeper

insights into these mechanisms. Electronic stopping is also

known to have significant impact on collective and viscous
relaxation phenomena, and it is the origin of viscous flow
and shearing effects on solid surfaces under high-energy ion
bombardmentE>1 MeV).** It would be of great interest to
study all these effects in the surface topographic evolution of
one material, while successively increasing the ion energy.
From these insights conclusions can be drawn to define the
insight into the grain microstructure and into details of theregion of dominant surface processes and a better under-
growth and diffusion processes. standing of the interplay of several surface and bulk effects
like sputtering, thermal spikes, diffusion, and viscous relax-
ation is given.

critical fluence ® (10"°cm?®)

FIG. 7. Mean measured grain siz& the STM pictures plotted
as a function of the saturation fluendg, for the erosion experi-
ments estimated with Eq8). Xe" and Ar* measurements are
given separately.

VI. CONCLUSION AND OUTLOOK

In their entirety these experiments give an overview of
morphology evolution on graphite after low-energy ion-
beam sputtering. The linear theory of Bradley and Harper The author would like to thank Professor K. P. Lieb, Dr.
has been shown to describe the evolution of the surface tdJ. Geyer, and Professor H. Hofsaof Georg-August Uni-
pography in a wide range of parameters. These results shoversita Gottingen and Professor W. Bolse of Universita
the ability of this model to predict and explain surface mor-Stuttgart for their collaboration and discussions during this
phologies after ion-beam treatment and erosion as well as itsork. . Koponen and M. Rost are acknowledged for their
limitations (beside the already known roughening transitionhelpful discussions and suggestions. This work was funded
at high ion fluences on the one hand, to describe morpholo- by the Deutsche Forschungsgemeinschatft.
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