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The role of nucleation sites on the formation of nanoporous Ge was investigated. Three Ge films
with different spherical or columnar pore morphologies to act as inherent nucleation sites were
sputtered on (001) Ge. Samples were implanted 90° from incidence at 300keV with fluences
ranging from 3.0 x 10" to 3.0 x 10'® Ge™/cm?. Electron microscopy investigations revealed
varying thresholds for nanoporous Ge formation and exhibited a stark difference in the evolution of
the Ge layers based on the microstructure of the initial film. The results suggest that the presence of
inherent nucleation sites significantly alters the onset and evolution of nanoporous Ge. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4755886]

The decomposition of crystalline Ge (c-Ge) into a nano-
porous network following heavy ion irradiation has been
studied for several decades.'™'” The nanoporous structure,
widely believed to form due to a barrier to point defect
recombination resulting in vacancy clustering and subse-
quent pore growth during implantation,'™ is characterized
by a fibrous or sponge-like network of amorphous Ge.
Recently, there is renewed interest in this topic with attention
focusing on deposited Ge films. Romano et al. and Impelliz-
zeri et al. have investigated the formation of the nanoporous
structure in deposited Ge films following self-implantation
and have found that the structure is significantly different
from that formed in crystalline Ge (c-Ge), an effect which
was attributed to the voids in the initial film.'"™'* In addition,
there has been interest in the specific application of nanopo-
rous Ge, where it has been used as a high-performance anode
for lithium ion battery applications.'*

In this work, a systematic study of pre-existing voids on
the formation of nanoporous Ge during ion-irradiation is
conducted. The influence of a vertical interface on the struc-
tural evolution of nanoporous Ge is also investigated in this
study.

A heterostructure consisting of alternating 300nm Ge
and 25nm Si films was sputter deposited onto (001) Ge
(c-Ge). The Ge layers were deposited at a rate of 6.4nm
min~" using different substrate temperatures and Ar sputter-
ing gas pressures to alter their microstructure. The first Ge
layer (Gec) was deposited with the substrate held at 450°C
and an Ar pressure of 5mT, the second layer (Geg) was de-
posited with the substrate at 20°C and an Ar pressure of
1 mT, and the third layer (Ge,) was deposited with the sub-
strate at 20°C and an Ar pressure of 3mT. The Si layers
were deposited primarily to separate neighboring Ge layers
and were deposited with the substrate of 20°C and an Ar
pressure of 5mT. Following the depositions, the substrate
was diced into sections and then glued “face to face” with
M-Bond 610 such that the deposited films were in close
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proximity. In Fig. 1(a), a schematic diagram of the as-
deposited heterostructure on (001) c-Ge is shown as depos-
ited (left) and as rotated and glued (right). The (011) faces
(perpendicular to the glue line) of the c-Ge were mechani-
cally polished to a mirror finish by using a MultiPrep polish-
ing system. Polished sections were then Ge™ implanted
normal to the polished surface with 300keV to fluences
ranging from 3.0 x 10" to 3.0 x 10'® Ge"/cm?®. Plan-view
scanning electron microscopy (SEM) was used to character-
ize the implanted structures. Cross-sectional transmission
electron microscopy (TEM) investigations were completed
using a JEOL 2010F with samples prepared through
focused ion beam (FIB) milling using an FEI DB235. The
as-sputtered layers on Ge were characterized using energy-
dispersive x-ray spectroscopy (EDS) in the TEM using scan-
ning TEM (STEM) mode to estimate the density of the films
as described below.

Fig. 1(b) shows a cross-sectional TEM (XTEM) image
of the rotated and glued Ge/Si heterostructure. The subtle
changes in deposition conditions yielded significant differen-
ces in the microstructures of the deposited films. Gec yielded
a columnar structure with 3-5nm wide columnar pores in
the direction of film growth similar to that reported by
Romano et al.'? In contrast, Gep consisted of a matrix of
small voids with a diameter on the order of 2.5-4nm and
Ge, contained larger voids approximately 5-6.5 nm in diam-
eter. All Ge layers were amorphous as confirmed by electron
diffraction.

The film densities were estimated by acquiring an EDS
line scan parallel to the sample surface. In doing so, it was
assumed that the sample thickness was constant across the
investigated length; therefore, a modification of the Castaing
approximation'” becomes

Lipi—Ge
Pspi—Ge = ( -G ) X Pe—Ges (D

Ic—Ge
where I,,.ge and pgp.ge are the average x-ray counts and
density of the sputtered film and /..g. and p._g. are the aver-

age x-ray counts and density of c-Ge, a known value of
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FIG. 1. (a) Schematic of Ge/Si heterostructure after deposition (left) and
subsequent gluing of samples (right). (b) XTEM image of the initial Ge/Si
heterostructure consisting of 5-6.5 nm pores (Gey), 2.5-4 nm spherical pores
(Geg), and 3-5nm wide columnar pores (Gec) separated by 25 nm layers of
Si as-grown on (001) Ge (c-Ge). Inset selected area diffraction patterns dis-
play the amorphous nature of the as-deposited films. (c) EDS line scan inten-
sity as a function of distance across the heterostructure normalized to the
known density of the c-Ge substrate.

5.32 g cm.'® Using this equation, the ratio of average x-ray
intensity of a sputtered film with the c-Ge substrate from an
EDS line scan can be used to determine the density of each
individual film where a measured deviation in intensity can
be directly correlated to a change in film density. A similar
method using relative x-ray intensities to calculate an
unknown weight percentage has also been documented.'”"'®

Fig. 1(c) shows the normalized densities for the sput-
tered layers as determined using the Castaing approximation.
The three sputtered films have a measured average density of
4.87+0.40g cm >, 476 +0.35g cm >, and 4.77 = 0.35¢
cm > for Ge,, Geg, and Gec, respectively. Despite the dif-
ferent microstructures, the macroscopic density of the sput-
tered films is approximately equal suggesting that either the
pore volume is similar in each case or that it has a small
effect on the macroscopic density.'? The estimated density
values are in reasonable agreement with previous reports of
sputtered Ge densities.' 921

Fig. 2 shows the microstructural evolution of the depos-
ited Ge layers after implanting Ge ™ to fluences of 3.0 x 10",

Appl. Phys. Lett. 101, 131907 (2012)
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FIG. 2. Cross-sectional micrographs displaying the microstructural evolu-
tion of the Ge/Si heterostructure following implantation at 300 keV to a flu-
ence of (a) 3.0 x 10'° Ge™/cm?, (b) 1.0 x 10'® Ge*/em?, and (c) 3.0 x 10'°
Ge " /em?.

7.5 % 10", and 3.0 x 10'® Ge*/cm” at 300keV. Across the
investigated fluence regime, in contrast to the columnar or fi-
brous structures formed in c-Ge, the deposited films decom-
posed into a network of spherical pores and also decomposed
uniquely based on the initial microstructure of the film. Fol-
lowing a fluence of 3.0 x 10" Ge"/cm?, Gec was nearly
fully nanoporous to a depth of 350 nm with small pores elon-
gated in the growth direction similar to the voids evident in
the initial microstructure. However, Ge, and Geg behave
quite differently in that neither layer displayed any indication
of nanoporous Ge formation. It should be noted that this Ge™*
fluence and energy has been reported to be above the thresh-
old for nanoporous Ge formation in sputtered Ge films.'?

As the fluence was increased to 1.0 x 10'® Ge/cm?,
nanoporous Gec further decomposed to form larger pores;
however, the depth of the nanoporous layer did not change,
remaining at approximately 350 nm. In Ge,, the formation
of singular spherical pores was evident across the width of
the layer. The pores were spherical in nature and were
approximately 10-50 nm in diameter at a depth of approxi-
mately 90 nm from the surface.

Following implantation to a fluence of 3.0 x 10'® Ge™/
em?, Ge,, Gec, and c-Ge fully decomposed into nanoporous
Ge to a similar depth of approximately 350 nm. Ge, formed
a sponge-like nanoporous microstructure in contrast to the
horizontally elongated pores observed in Gec. Large bubble-
like structures were evident in Gec, which is believed to be
due to early onset of decomposition in this layer and subse-
quent evolution into this morphology. However, Geg has not
formed the characteristic nanoporous structure. High-
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resolution TEM images of Geg (not shown) of the implanted
depth have shown that pre-existing pores have coalesced to
form larger pores, which give credence to the notion that
Geg is approaching the threshold fluence for decomposition
into nanoporous Ge.

Fig. 3 displays the microstructural evolution of the Gec/
c-Ge interface as a function of fluence from 3.0 x 10" to
1.0 x 10'® Ge"/ecm®. In Fig. 3(a), it is evident that pores form
in close proximity to the Gec/c-Ge interface with the pore
distribution centered at approximately 75nm from the sur-
face similar to what is observed in the Ge, layer in Fig. 2(b).
This depth corresponds well with the projected range of the
damage (Rp) as simulated by the stopping range of ions in
matter (SRIM) and is overlaid on the image for compari-
son.”? Increasing fluence further increases the size and num-
ber of pores observed at the interface as well as localized
swelling. After implanting to a fluence of 1.0 x 10'® Ge™/
cm?, the near-interface volume is decomposed into the char-
acteristic nanoporous structure to a depth of 250 nm; how-
ever, it is also obvious that the pores propagate
perpendicular to the direction of the beam rather than the
characteristic vertical direction observed in bulk c-Ge. The
direction of propagation is presently believed to be solely
due to the nature and location of the pore nuclei and not the
direction of the ion beam. For both bulk c-Ge and near-
interface c-Ge, the pores propagate away from the pore
nuclei. The horizontal pore propagation of near-interface Ge
is to be due to the nucleation of pores occurring at the Ge/Si
interface and not at the surface as is the case for bulk c-Ge.

Fig. 2(c) exhibits further contrasts between the decom-
position of near-interface and bulk c-Ge. The morphological
difference between the nanoporous structure of c-Ge near the
Gec/c-Ge as compared to bulk c-Ge is evident where the
near-interface c-Ge pores exhibit a swirling morphology,

FIG. 3. Cross-sectional micrographs of the Gec/c-Ge interface (near-inter-
face c-Ge) following implantation at 300keV to a fluence of (a) 3.0 x 10"
Ge'/em?, (b) 5 x 10" Ge'/em?, (c) 1.0 x 10'® Ge/em?, and (d) 1.0 x 10'°
Ge"/em?. Vacancy profile as simulated by SRIM is overlaid in (a).

Appl. Phys. Lett. 101, 131907 (2012)

while the pores in the bulk c-Ge are vertical as has been
observed previously.'™ The increased swelling of the near-
interface Ge as compared to bulk c-Ge (see Fig. 2(b)) also
raises questions regarding the theory that swelling is propor-
tional to the deposited nuclear energy'>? as this should be
assumed to be constant regardless of interface proximity.

Fig. 4 displays images of the Gec/c-Ge interface follow-
ing implantation to a fluence of 1.0 x 10'® Ge™/cm® as char-
acterized by SEM (a) and XTEM (b) displaying the varying
contrast between nanoporous films and c-Ge. Romano et al.
observed this contrast difference in sputtered nanoporous
films and attributed it to the depth and size of pores being
different from that of c-Ge.'” Impellizzeri er al. also
observed a reduction in contrast for molecular beam epitax-
ially deposited films and attributed it to the different result-
ing pore morphologies,13 However, the images in Fig. 4
show that it is not an issue of pore morphology, but rather
the presence of a thin 5-10 nm layer on the surface of depos-
ited films as well as the near-interface c-Ge that is reducing
imaging contrast. The surface covering of the near-interface
c-Ge extends approximately 150 nm away from the Si inter-
face and is also observed in Figs. 2(c) and 3. The surface
covering was analyzed using EDS (not shown) and was
determined to be composed of Ge. Fig. 4 also demonstrates
the horizontal nature of the pore walls as they extend later-
ally from the interface into the bulk c-Ge.

For c-Ge, it has been widely believed that pores nucleate
at the Ge surface and propagate into the bulk upon further
irradiation.'™2*?* However, this work has shown that the
formation of nanoporous Ge is highly dependent on the pres-
ence of nucleation sites. For sputtered Ge films, the nuclea-
tion sites can be assumed to be pre-existing pores in the film
that acts as vacancy sinks, which allows for pore expansion
and growth during implantation. Previously, it has been sug-
gested that sub-surface voids are the precursor to nanoporous
Ge formation.>>?° However, sub-surface voids were not
observed for bulk c-Ge and thus it is presently proposed that
surface roughening is the precursor to nanoporous Ge forma-
tion in bulk c-Ge (see Fig. 3). It is suggested that bulk c-Ge
does not rely on inherent nucleation sites, but rather surface
roughness for the formation of nanoporous Ge.

The presence of pores in the near-interface region that
occurs at a fluence nearly an order of magnitude lower than
the formation of the nanoporous structure in bulk c-Ge is

FIG. 4. (a) Plan-view SEM and (b) XTEM micrographs of the Gec/c-Ge
interface displaying the thin surface covering evident in the deposited layers
as well as in the near-interface c-Ge following implantation at 300keV to a
fluence of 1.0 x 10'® Ge*/cm?. The double white arrows indicate the ap-
proximate width of the surface covering in the c-Ge substrate.
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certainly interesting. For near-interface c-Ge, it is suggested
that the interface provides an interstitial sink®’*® thereby
allowing an excess vacancy population, which similar to pre-
existing pores in deposited films, enables the decomposition
into porous Ge at the implant Rp with a reduced fluence
threshold. Further evidence of this is found in that spherical
voids near the Rp were observed in Ge, following a
1.0 x 10'® Ge*/cm2 implant. Pore nucleation at inherent sites
is characterized as having a thin surface layer that is
observed for all deposited films as well as for near-interface
c-Ge. The pores centered around the Ry, strongly suggest the
presence of pre-existing nucleation sites that spur pore for-
mation and gives further evidence that a vacancy clustering
mechanism is responsible for the formation of nanoporous
Ge. In conjunction with these present findings, previous
reports have shown that a buried nanoporous Ge layer is pos-
sible due to chemical nucleation sites where high concentra-
tions of implanted iodine act as a nucleation site.***

The formation of nanoporous Ge is highly dependent on
the nucleation sites present in the films prior to implantation.
In contrast to the open pore structure that is observed in bulk
nanoporous c-Ge due to surface roughness, it has been
shown that inherent nucleation sites allow the formation of
pores at the implant Ry at a reduced implant threshold.
When this occurs, it is characterized by a thin surface cover-
ing in both deposited films and near-interface c-Ge. The
results show that careful engineering of the initial Ge micro-
structure can allow for radically different microstructures
and can reduce the critical fluence threshold required for
nanoporous Ge formation for future applications.
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and the Nanoscale Research Facility at the University of
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