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Formation and annihilation of nanocavities during keV ion irradiation of Ge
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Nanocavities in GE11) created by 5 keV Xe ion irradiation are characterizedeysitu transmission
electron microscopy and Rutherford backscattering spectrometry. Nanocavities nucleate near the surface and
then undergo thermal migration. Nanocavities with an average diameter of 10 nm and areal density of 5.1
X103 nm~2 are observed at 500 °C, while nanocavities with an average diameter of 2.9 nm and areal density
of 3.1x10 2 nm 2 are observed at 400 °C. The estimated Xe gas pressure inside the nanocavities is 0.035
GPa at 500 °C, much smaller than the estimated equilibrium pressure 0.38 GPa. This result suggests that the
nanocavities grow beyond equilibrium size at 500 °C. The nanocavities are annihilated at the surface to form
surface pits by the interaction of displacement cascades of keV Xe ions with the nanocavities. These pits are
characterized byn situ scanning tunneling microscopy. Pits are created oL@ and G€001) at tempera-
tures~250—305 °C by keV Xe ions even when less than a biléyemnolayey of surface material is removed.
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[. INTRODUCTION work on nanocavities as bulk defects in Ge is complementary
to our previous study on the surface morphology of134),

lon sputtering of solids is used in many fields of sciencewhich is governed by the kinetics of surface or near-surface
and technology: e.g., thin film microanalysis, preparation ofdefects.
clean surfaces for surface science experiments, sputter depo-
sition, and qlry etching in microelectronic_device fabricatior_ls. Il. EXPERIMENTAL DETAILS
lon sputtering often introduces defects in the crystal lattice
such as dislocations and cavitlesThe application of Our Ge samples are typically X8.5cnf and are
nanometer-size cavities aanocavitiesor gettering impuri-  bonded with In to a Mo sample stage that is attached to a 3.5
ties in Si has been recently investigafet. inch diameter Mo sample block. The sample stage is ther-

Nanocavities are formed during inert gas ion irradiationmally isolated from the sample block by alumina spacers to
due to low solubility of inert gases in solids; for example, enhance the heating efficiency by an electron beam. Sample
nanocavities have been observed in'fRiZr and Zr alloys’®  temperatures are measured by an infrared pyrometer operat-
Nb.f AlLY" mica® amorphous G&** and Si**'?~1®Nano-  ing with a wavelength band centered-ab xm. The uncer-
cavities migrate inside the crystal during thermaltainty in the temperature measurementss °C; the repro-
annealin§® and by the interaction of the nanocavities with ducibility is +=2 °C.
high-energy ion§~'° or high-energy electrorfd. During The Xe ion beam is produced by an Omicron ISE 10
high-energy ion irradiation, nanocavities can migrate whersputter ion gun, which generates ions with energies up to 5
nanocavities and displacement cascades overlap; DonnelkeV. For the experiments on the formation of nanocavities,
et al. observed discrete jumps in Au of nanocavities containwhich are performed using transmission electron microscopy
ing He under 400 keV Ar ion irradiation at 230 ¢®Don-  (TEM) and Rutherford backscattering spectromefRBS),
nelly et al. also observed the disappearance of many nanche 5 keV Xe ion flux is 1.8 10 ionscm 2s™ 1. For the
cavities and proposed that some nanocavities annihilate oexperiments on the annihilation of nanocavities, which are
the surface while most nanocavities are disintegrated by diszarried out by scanning tunneling microsco{$TM), the 5
placement cascadé§!® keV Xe ion flux is 3.2 103 ionscm ?2s 1. The angle of

In present work, we consider the formation of nanocavi-incidence of keV Xe ions is 50° from the surface normal in
ties during keV Xe ion irradiation of Ge, and examine theirboth cases.
formation as a function of temperature and their interactions The G&111) and G&001) surfaces for STM experiments
with surfaces. We have previously reported the surface morare prepared by 5 keV Xe ion etching at 520 °C with an ion
phology of G&111) during keV Xe ion etching at tempera- fluence of 5.6 10'° ions cm 2, corresponding to a removal
tures from room temperature to 300 %€lIn this study of the  of 120 bilayers of G&L11) and a removal of 270 monolayers
surface morphology of G&11), we prepared the starting sur- of Ge(001).2 This high-temperature ion etching of the Ge
faces by annealing the Gl samples at 620°C to avoid surfaces results in crystalline starting surfaces without
formation of nanocavities, and we could determine theprominent surface defects other than stégee Fig. 1 Im-
mechanisms of roughening and smoothening ofl&d sur-  mediately after high-temperature ion etching, the sample is
faces during keV Xe ion etchimd. Therefore, the present cooled to a lower temperature, and ion-etched or annealed at
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(2)

FIG. 2. Cross sectional TEM micrographs of (G¥)) irradiated
by 5 keV Xe ions with an ion fluence of 1810 ions cm ? at (a)
400°C and(b) 500°C. The G€l11) surfaces are marked by ar-
rows.

keV Xe ions in G€111). Nanocavities are also observed as
deep as 550 nm from the surface at 500 °C and 32 nm from
the surface at 400°C.

The nucleation rate of nanocavities should strongly de-

FIG. 1. STM images ofa) Ge(111) and (b) G&(001) surfaces pend on the_ densities of Xe atoms anq vacancigs_. Theref(_)re,
etched by 5 keV Xe ions for 30 min at 520 °C with the ion fluencethe nucleation rate Of_ the nanocavities containing Xe in
of 5.6x 10 ions cni 2. The scan size is 600600 nn?. Ge(111) must be the highest near the surface where these
densities are the highest. Nanocavities nucleated near the

that lower temperature. Then the sample is cooled to roongurface apparently migrate deeper into the crystal, while
temperature, transferred to the STM, and imaged. All theSOme nanocavities may annihilate at the surface. During mi-
STM images in this report are filled state images with agdration, nanocavities are likely to grow by absorbing nearby

typical bias of 1.8—2.0 V. vacancies or coalescence with other nanocavities and thus
the diffusion coefficient may not be constant.
IIl. RESULTS AND DISCUSSION To derive the dlffus!qn cogfﬂment of nanocavities, we first
assume that nanocavities migrate by adatom diffusion on the
A. Formation of nanocavities in crystalline Ge interior surfaces. The diffusion coefficient of a nanocavity

Figure 2 shows cross section TEM micrographs ofDn IS

Ge(11)) irradiated by 5 keV Xe ions with an ion fluence of 1

1.8x10% ionscm ? at 400 and 500°C. More and larger D,==f,d? (1)
nanocavities are formed at 500°C than at 400°C. Even 6

though nanocavities are formed below the surface1G®  \heref,, is the jump frequency of the nanocavity adds
surfaces do not show noticeable surface defects created Biye average jump distané&The number of adatoms partici-
ion irradiation(see Flg J.. Diameters and average densities pa‘“ng per unit Jump of the nanocavity is ,ﬁ-RZ)nO, where
of the nanocavities, measured by TEM, are plotted as a funq s the radius of the nanocavity amg is the equilibrium

tion of depth in Fig. 3. The average diameter of the nanogensity of adatoms on the interior surface of the nanocavity.
cavities is 10 nm at 500 °C and 2.9 nm at 400 °C. The nanoTpen,

cavities closest to the surface are observetinm below the
surface, comparable to the predicted penetration depth of 5 fr="Fm(47NgR?), 2
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T i N R R wheret is the diffusion time of the nanocavity. The slope of

1 10 100 1000 the two straight guidelines drawn in Fig(aB is —1/2 and

depth (nm) Eq. (6) seems to be consistent with our observation for nano-

cavities found deep inside the crystal. From the guidelines,

FIG. 3. (a) Diameters of the nanocavities observed in Fig. 2 as ahe diffusion distance or depth of nanocavities at 500 °C is
function of depth. 56 nanocavities with average diameter of 10 nmypproximately 100 times larger than that at 400°C for a
are observed at 500 °C below the surface area ok1(f nn?; 31 simjlar nanocavity diameter. This result implies that, from
nanocavities with average diameter of 2.9 nm are observed @q. (6), the product of the equilibrium density of adatoms
400°C below the surface area Of_xm_o4 nn?. (b) Average den- 54 the surface diffusion coefficient at 500 °C is larger than

sity of the nanocavities observed in Fig. 2 as a function of depth. that at 400 °C by a factor of 10

) ) . Here, we estimateyD,, assuming the nanocavities mi-
wheref, is the jump frequency of adatoms. Also, for a given grate py adatom diffusion on the interior surface of nano-

distance traveled by the nanocavity, a total ofRF/3Q at-  cavities. In Fig. 8), extrapolation of the guideline for the
oms are transferred the same distance in the opposite direggo°C data points crossed {100 nm, R=1nm), and

tion, where() is the atomic volume. Therefore, therefore fort=30 min, gD ,~6X 1% s~ at 400°C. The
product of equilibrium density of adatoms and surface diffu-
30 sion coefficient at 500 °C is-10* times larger than that at
d=a47TR3, @ 400 °C; therefore,D,,~6x10" s * at 500 °C.

Schwarz-Selingeet al?* determined the “transport rate”
wherea is the atomic lattice constant. The surface diffusionngD, for surface mass transport by ad-dimers on &0G#

coefficient of adatom® ,, is defined a& wetting layer, ngD,,=4.3x10° s'* at 400°C and 8.6
% 10° s™! at 500 °C. Considering possible errors in the mea-
f. a2 surement of diameters and depth of nanocavities using TEM
D= 7 (4) and the assumption of constaDt,, the estimatedyD,, is

probably in reasonable agreement with the Schwarz-Selinger
et al. transport rate at 400 °C. However, the discrepancy of a
factor of 1¢ between our estimate oh,D, and the
Schwarz-Selingeet al. transport rate at 500 °C is too large,
5 and our assumption of constaR is probably incorrect.
:3”0Q D - 5) Smaller nanocavities formed near the surface may migrate
N 2gRYTM™ deep into the crystal and grow by absorbing vacancies or
coalescence with other nanocavities; thus, large nanocavities
therefore, larger nanocavities migrate much more slowlycan be observed with apparently greater than predicted dif-

Therefore, from the above equations, the diffusion coeffi
cient of the nanocavitp,, is

than smaller nanocavities. fusion distance.
If we assumeD,, is constant, the diffusion distanteof a Figure 4 displays RBS spectra of the (GE)) irradiated
nanocavity is by 5 keV Xe ions at 400, 500, and 600 °C; the ion fluence is
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1.8x10% ionscm ? and Xe peaks are marked by arrows.
The areal density of Xe atoms remaining in the crystal is
1.2x10% cm 2 at 400°C, 1.& 10" cm 2 at 500°C, and
less than 18 cm™2 at 600°C. In the RBS spectrum, Xe &
atoms are detected as deep as 32 nm at 400 °C, which agreéz#
well with the depth of nanocavity distribution measured by
TEM (see Fig. 3. At 500 °C, due to the high diffusivity of
Xe atoms and nanocavities, a broadened Xe peak is obi
served. At 600 °C, due to the higher diffusivity of Xe atoms
and nanocavities, no Xe peak is observed; however, we
found that nanocavities are still formed at 600 °C with a
number density smaller than that at 400 and 500°C by a
order of magnitude.

To estimate the average density of Xe atoms in the crystal
we measured the size of nanocavities under a selected sul &
face area: the surface area, measured by TENhadszontal
length scalgx (thickness of TEM foil, and using the hori-
zontal length scales, we measured the diameters of nanocav
ties [see Fig. 8a)]. The surface area under which we ob-
tained data points for 400 °C in Fig(8 is 1.0< 10* nn?. If v
we assume that the nanocavities observed under this surfad
area are filled with Xe atoms with the density of solid Xe,
2.0 10?2 cm™ 3, then the total number of Xe atoms is 1.4
X 1?21 anczi the areal density of Xe atoms is 1.4
x10* cm™=. We compare the latter with the RBS result of 2.7 monolayers removal from the ®®1) surfaces in(c) and (d).
1.2x10" cm 2. Therefor_e, _at most 10% of Xe atomg .de- The scan siyze is 600600 nnf. Temperature during ion etching is
tected by RBS can be inside the observed nanocavities %) 275°C, (b) 305 °C, (c) 275 °C, (d) 305 °C.

400 °C, and small nanocavities containing Xe atoms are ap-

parently present but not detected by TEM. wherey is the surface energy. To estimate the average equi-
The average de”f'ty (31‘3Xe atoms for the sample prepareflyiym pressure, we calculate(R), which is defined as

at 500°C is 3.3 107" cm™; the total number of Xe atoms 4.(Ry3/3, which is the total nanocavity volume observed by

is (surface areaj (density of Xe atoms), where the surface Tepm. The surface energy of @il1) is 1.2 J/n; %" using the

area was measured by TEM, k10" nn?, and the atomic  ratig of the cohesive energy of Si to Ge, 1.2, we estimate

density of Xe ‘atoms was measured by RBS, 1.6-3 jn? for Ge. With(R)=5.2 nm,p=0.38 GPa. The equi-

X 10" cm 2, and the total volume of the nanocavities is |jprium pressure is therefore much larger than the estimated

calculated using nanocavity diameters measured by TENjan der Waals Xe gas pressure 0.035 GPa, which suggests

[see Fig. &a)]. o __that nanocavities grow beyond their equilibrium size at
To estimate the Xe gas pressure inside the nanocavitiegggec.

formed at 500 °C, we use the van der Waals gas approxima- Tyo mechanisms are possible candidates for the growth
tion. The van der Waals equation of state is of nanocavities beyond the equilibrium siZé: bias-driven
NKT NKT B grovvthl'z_s_ ar;d (i) growth due to the coalescence of
P, = ~ (1+ ) 7) nanocavitie$? Here, bias-driven growth suggests that, in the
9 V(1-N/VB) V VIN presence of biased sinks of point defects, bulk vacancies can
be readily absorbed by nanocavities allowing the nanocavi-
ties to grow. TEM micrographs in Fig. 2 do not reveal bulk
defects such as dislocations that can act as biased sinks of
interstitials for bias driven growth?® Therefore, if bias

for Xe gas at 500 °C is-0.13 cn? mol~*,%® and using the h ih of i - tor th
average density of Xe aton®/(V/N)=7.1x10 4 The es- C2uses the growih of nanocavities, possible Sources for the
ias are the Ge surface acting as biased interstitial sink and

timated van der Waals Xe gas pressure inside the nanocax{iﬂe nanocavities acting as biased vacancy sinks
ties at 500 °C is then 0.035 GPa; the estimated ideal Xe ga 9 y '

pressure inside the nanocavities at 500 °C is also 0.035 GPa o N
sinceB/(V/N) is small. B. Annihilation of nanocavities on Ge
Equilibrium of a nanocavity is reached when the pressure We discovered that the nanocavities formed at 520 °C can
exerted on the cavity wall by the Xe gas equals the pressurnge annihilated at the surface by ion irradiation at lower tem-
caused by surface tension, i.e., the equilibrium prespuse  peratures,~250—305°C. Figure 5 shows STM images of
the Ge surfaces following 5 keV Xe ion etching for 18 s with
_2y (8 anion fluence of 5.8 10 ions cm ?; this ion fluence cor-
P R’ responds to removal of 1.2 bilayers for (&&1) and removal

FIG. 5. STM images of the Ge surfaces etched by 5 keV Xe ions
for 18 s with an ion flux of 3.X 10" ions cm ? s *, corresponding
to 1.2 bilayer removal from the G&L1) surfaces ina) and(b), and

where P is the gas pressuréy is the total number of Xe
atoms inside the nanocavity, is the volume of the nanocav-
ity, and B is a virial coefficien>2® The virial coefficientB
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. . . tion of depth. The areal density of the pits is obtained from STM
FIG. 6. The number of the pits as a function of the thicknessiyages as in Fig. 6 and the areal density of the nanocavities is
removed. Filled symbols are Ge samples etched by S keV Xe iong,piained from TEM images. The areal density of the nanocavities is

Sample orientation and temperature &e (111 and 305°C;V¥,  c5icylated by integrating the average nanocavity density shown in
(1) and 275°C;M, (001 and 305°C; 4, (00D and 275°C.  Fig 3(b) over a 10 nm depth.

Open symbols are G&ll) samples etched by 20 keV Xe ions.
Sample temperature i©, 275°C; O, 215°C; A, 245°C; V,
305 °C. X and + are G€001) and G&111) samples etched by 650 Mment with expectations based on the diffusion coefficient of
eV Xe ions at 245 °C, respectively. The error bars are calculated byhe nanocavities found in Sec. lll A.
assuming that the statistics of the pits follows a Poisson distribu- To study the dependence of formation of pits on ion en-
tion. ergy, we examined the effects of 650 eV and 20 keV Xe ion
irradiation on G€111) with nanocavities formed at 520 °C.
of 2.7 monolayers for G601).2? Pits are formed on the Ge 20 keV Xe ions create about 4 times as many pits as 5 keV
surfaces while no pits are observed prior to this brief ionXe ions on Gé111) during removal of~0.1 nm thickness
exposure(see, for example, Fig.)1Small-area scans reveal (see Fig. 6. Also, the number of the pits created by 20 keV
that the pits are surrounded by closely spaced steps. The six@ ions starts to decrease at a lower ion fluence than the
of the pits is larger at 305 °C than at 275°C, and larger omumber of the pits created by 5 keV Xe ions. We believe the
Ge(11)) than on G€00D); the average diameter of the pits on difference in the number of pits after removal 0.1 nm
Ge(111) is 24 nm at 275°C and 40 nm at 305 °C. thickness and the earlier decrease in the number of pits dur-
We count the number of the pits from STM images anding 20 keV Xe ion irradiation are due to the difference in the
plot the areal density of pits in Fig. 6 as a function of thick- depth of displacement cascades; since 20 keV Xe ions pen-
ness removed for 650 eV, 5 keV, and 20 keV Xe ion etchingetrate deeper into Ge, more nanocavities are annihilated and
experiments. We observed that the pits completely disappeaippear as pits after removal 6f0.1 nm thickness and even-
on Ge11)) after 5 keV Xe ion etching removal of 260 nm tually less pits appear on the surface after removat &fnm
thickness. More pits are formed on B81) than G¢111). thickness.
Also, more pits are formed at 275 °C than at 305°C. We propose that the pits are produced due to migration of
To confirm that the pits are not surface craters as observethe nanocavities toward the surface through the interaction of
by Bellon et al. on G&001) at room temperature after 20 subsurface displacement cascades with nanocavities. OKku-
keV Ga ion irradiatior?’ we studied 5 keV Xe ion etching of niewski et al. have shown, for example, that 2 keV Xe ions
Ge without nanocavities below the surface. We grew alirected at nanocavities in amorphous Si can transport atoms
Ge(111) buffer layer at 365 °C with the thickness of 100 nm toward the nanocavities and fill them in a microexplosion
in anin situ molecular beam epitaxy chamber. 5 keV Xe ion event®? Along similar lines, Donnellyet all’*® observed
etching at 275°C of the G#&ll) buffer layer revealed va- that a displacement cascade developing adjacent to a nano-
cancy islands but no pits, and therefore the pits are not sueavity may form a melt zone that will allow the nanocavity
face craters created by microexplosior viscous flow!  to deform into the molten region. If this melt zone intersects
through single ion displacement cascades. the surface, the nanocavity can be pulled out toward and
The areal density of the pits formed on(@&&1) at 275°C  annihilated at the surface during recrystallization. Once ap-
by 5 keV Xe ions and the areal density of the nanocavitiegpearing on the surface, pits flatten due to thermal diffusion of
formed in Gé111) at 500°C are plotted as a function of surface vacancies or adatoms, and thus larger pits are formed
depth or thickness removed in Fig. 7. The similarity betweerat 305 °C than at 275 °C on both 341) and G¢001) (see
these two plots suggests that the pits are formed by annihFig. 5).
lation of the nanocavities at the surface. This proposed formation mechanism of the pits also ex-
To examine whether the pits are formed by thermal mi-plains the starting surfaces without pits and initial increase
gration of the nanocavities, we annealed thé1G® starting and eventual decrease in the number of the pits. Once the
surface[see Fig. 1a)] for 18 s at 305 °C; this annealing did nanocavities appear on the surface at 520 °C, pits flatten rap-
not produce pits or vacancy islands. Therefore, pits are natlly and therefore no pits are observed on the Ge starting
formed by thermal migration of the nanocavities, in agreesurfaces. The number of the pits initially increases and even-
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tually decreases with increasing ion fluence as the nanocavie the interaction between displacement cascades and nano-
ties are consumed through annihilation at the surface. cavities.

IV. CONCLUSION
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