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The formation of voids on the surface of heavily implanted germanium has been known for more than
30 years. Recently there is a renewed interest in germanium due to its potential application in the com-
plementary metal oxide semiconductor (CMOS) devices. Here we report the observation of germanium
oxide microcrystals formed on the surface of tellurium implanted into a germanium substrate. The Ge
target used was a (100) polished single crystalline germanium wafer and the implantation was carried
out at room temperature with Te ions at 180 keV and a fluence of 3.6 � 1015 at/cm2. Under scanning elec-
tron microscope (SEM), the surface of the Ge substrate is evenly covered by microcrystals with a diameter
about 1–2 lm and a coverage density of �107 particles/cm2. The initially smooth surface of the polished
germanium substrate becomes very rough and mostly consists of voids with an average diameter of
40–60 nm, which is consistent with reports of heavily implanted germanium. The composition of the
microcrystals was studied using energy dispersive X-ray analysis (EDX) and atom probe tomography
(APT) and will be presented. Preliminary results indicate that tellurium is not detected in the microcrys-
tals. The origin of the microcrystals will be discussed.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years there has been a renewed interest to incorporate
germanium (Ge) in complementary metal oxide semiconductor
(CMOS) devices. This focused attention on Ge is mainly due to
Ge’s higher carrier mobility and its compatibility with silicon (Si)
technology. However unlike silicon [1], which has been intensively
studied in the last 60 years, germanium is a material that is much
less investigated in the past. Many fundamental doping and diffu-
sion properties of impurities in germanium are still not well known
[2]. For example, the best way to produce an effective n-doped ger-
manium is still not known. The control of the enhanced diffusion of
n-type dopants in germanium and their limited donor activation
will be important for the fabrication of Ge-based electronic devices
[3]. In addition, at the metal/Ge interface, the reduction of Schottky
barrier height is an important issue for the realization of high per-
formance Ge based devices [4].

Traditionally ion implantation has been the method of choice to
dope semiconducting electronic devices since the mid 1970 [5]. For
germanium, it has been shown [6] that self-ion bombardment of a
fluence above 2 � 1015 ions/cm2 produced a cellular structure that
consists of nano-cavities with average radius of 50 nm. Several
research groups have investigated this phenomenon [7,8].

In an effort to develop new methodology for n-type doping of
germanium, we investigate the effect of Te n-doping of germanium
using ion implantation. Te ion implantation has been used to study
radiation defects and possible use as n-type dopants in semicon-
ductors in the past. Mayer, Marsh et al. [9], used Te and Zn ion
implantation to form n-type and p-type layers in GaAs substrates.
Orel [10] has studied radiation damages and defects in silicon due
to Te ion implantation. Pashov et al. [11], investigated radiation
damages and defects in Te ion implanted germanium crystals,
while Wilson, Zavada et al. [12], studied the redistribution and
activation of Te ion implanted GaN substrates. Here we report
the observation of formation of micro-crystals of GeOx during the
room temperature Te ion implantation.
2. Materials and methods

Germanium wafer with (100) orientation is implanted with
180 keV Te ions at a fluence of 3.60 � 1015 at/cm2 at room
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temperature. The ion implantation was carried out by Ion Beam
Service⁄. After implantation, the Ge substrates were annealed at
700 �C, 650 �C, 600 �C, 550 �C, 500 �C, 450 �C for time internals
ranging from 1 h to 192 h. Then the Ge samples were characterized
by secondary ion mass spectrometry (SIMS), scanning electron
microscopy (SEM), energy dispersive X-ray analysis (EDX), trans-
mission electron microscopy (TEM), and atom probe tomography
(APT) to understand the effects of ion implantation and thermal
annealing. The results of the SIMS will be presented elsewhere
[13] and will not be discussed here. All samples described in this
report are from the same batch, except specifically described
otherwise.

The surface morphology of the Ge is examined using a Zeiss
ULTRA-55 FEG field emission scanning electron microscope. This
SEM is equipped with a Noran system 7 EDS system for composi-
tion analysis. The transmission electron microscope used to exam-
ine the cross-section is an FEI Titan 80–300 Cs-corrected
microscope operating at 200 kV or 300 kV. APT specimens were
prepared by focused ion beam (FIB) in a FEI dual beam Helios
NanoLab 600 via the liftout technique [14]. The micro-tips were
prepared by means of the annular milling method [15] to obtain
an end radius of �100 nm. APT analyses were performed with an
CAMECA LEAP 3000� HR at a specimen temperature of 25 K, a
100 kHz picosecond laser pulses with an energy of 1.5 nJ, an evap-
oration rate of 0.002 ions pulse�1 and a pressure of <2 � 10�11 Torr.
Data reconstruction was performed using IVAS™ 3.6.2 software.
3. Results and discussion

3.1. Scanning electron microscopy

After implantation, the surface morphology of the samples was
examined with a scanning electron microscope. In Fig. 1, the low
Fig. 1. (a) SEM image of low magnification as-implanted Te ? Ge sample, scale bar
bar = 100 nm. (c) SEM image of low magnification, 600 �C annealed Te ? Ge sample, s
sample, scale bar = 200 nm.
and high magnification SEM images of the as-implanted Ge sample
and 600 �C annealed sample are shown. As we can see in
Fig. 1(a) and (c), the surface of the Ge substrate is now evenly cov-
ered with 1–2 lm size microcrystals with a coverage density of
107 per cm2. The origin of these microcrystals is not clear at this
moment. Presumably, it could come from the re-deposition of
the sputtered Ge ions. However, Selenium ion implanted Ge wafer
under similar condition did not yield any microcrystals on the sur-
face of the Ge substrate [13]. In Fig. 1(b) and (d), with a higher
magnification, we can see that the surface of the Ge substrate is
consisted of nano-crystallites with an average size of 40–50 nm.
It seems that the 1 h annealing at 600 �C does not seem to affect
either the microcrystals or nano-crystallites.

3.2. Energy dispersive X-ray analysis

In order to find out the composition of these micro-crystals, we
carried out EDX measurements inside the SEM chamber. The accel-
erating voltage used is 15 kV and a magnification of 5000� is used.
In Fig. 2(a) the conventional SEM image is shown. In the EDX mode,
we can either detect the Ge L X-ray, or O K X-ray. The results are
shown in Fig. 2(b) and (c). We can see that when detecting Ge L
X-ray, the Ge signals from the microcrystals or from the substrate
are similar so we cannot distinguish the location or shape of the
microcrystals in Fig. 2(b). However in Fig. 2(c), the location and
the shape of the microcrystals are clearly visible. From these pre-
liminary un-calibrated results, we tentatively assign the composi-
tion of the microcrystals to be GeOx with x = 1.9.

3.3. Transmission electron microscopy

Cross sectional TEM sample was prepared after coated the
Te-implanted Ge substrate with a thin Pt protective film. The sam-
ple used here has the same fluence and implantation energy as
= 2 l. (b) SEM image of high magnification as-implanted Te ? Ge sample, scale
cale bar = 200 nm, (d) SEM image of high magnification, 600 �C annealed Te ? Ge



Fig. 2. (a) SEM image of as-deposited Te in Ge. (b) EDX image of the same region as
in (a) using Ge L X-ray. (c) EDX image of the same region as in (a) using O K X-ray.
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described above and it has been annealed at 650 �C for 1 h. We
hope to capture XTEM images of the GeOx microcrystals.
Unfortunately our XTEM images showed no GeOx microcrystals.
It is possible that the sample preparation procedures could exclude
or dislodge the microcrystals. In Fig. 3, two high resolution XTEM
images of the implanted Ge substrate are shown. In Fig. 3(a), on
the Pt/Ge interface, a 50 nm size GeOx nucleation site is formed.
In Fig. 3(b), a high resolution image of a nucleation site is shown.

In an attempt to understand the formation of GeOx microcrys-
tals on the Ge substrate, we prepared a sputter deposited Ge film
(340 nm) on a silicon wafer which is covered with a native oxide
layer. The sample is rapid thermal annealed at 600 �C for 20 min
and then implanted with 130 keV Se ions to a fluence of
3.6 � 1015 at/cm2. The sample is then annealed at 525 �C for
168 h. Cross sectional TEM sample was prepared using the FIB
liftout technique. In Fig. 4, we noticed that GeOx clusters similar
to the microcrystals observed in Fig. 3 are also presented. These
GeOx clusters have a diameter of 200–400 nm. They are typically
embedded in the Ge film and partially exposed on the surface.
The TEM observations show in this case that the GeOx clusters
are amorphous.
3.4. Atom probe tomography

The APT analysis provides us with information on the composi-
tion of the GeOx micro-crystals. The analysis presented doesn’t rep-
resent the full cluster from the top to the Ge substrate surface,
consequently, information about the depth of the cluster is not
well defined.

Fig. 5 presents a top view of the APT measurement of a GeOx

micro-crystal on the Te-implanted crystalline germanium sub-
strate. The grey points represent various types of germanium oxide
clusters from a stoichiometry of 66% of germanium (Ge2O) to a sto-
ichiometry of 33% of germanium (GeO2). On the other hand, the
black points represent single germanium atoms. We can see that
the structure of the GeOx micro-crystal is not homogenous and it
can be classified on this reconstruction into two regions: an oxygen
rich region and a pure germanium region. Note that the presence of
tellurium atoms was not detected in this sample, because their
concentration is much below Ge or O concentrations.

Fig. 6 presents the concentration profile of an oxide rich region
from the top to the bottom of the cluster. It can be observed a con-
centration corresponding to the GeO compound on the top of the
cluster and then gradually reduces to GeOx with x = 0.20. It is
important to note that concentration profile does not correspond
to the full cluster depth. When comparing with the EDX data men-
tioned above, we should point out that EDX data are not calibrated,
so APT results should be closer to the true values of Ge concentra-
tion inside the GeOx microcrystals.
4. Summary

Pattern formation on ion beam irradiated surfaces has been well
known for more than 60 years [16]. However, to the best of our
knowledge, the formation of micron-size GeOx crystals due to ion
beam bombardment has not been observed in the past. We
observed the formation of GeOx micro-crystals on the Te ions
implanted Ge monocrystalline substrate after implanted with
180 keV Te ions at a fluence of 3.6 � 1015 at�cm�2. However, for
the same Ge substrate implanted with 130 keV Se ions at the same
fluence, we did not observe any GeOx micro-crystals. At this
moment, the detail mechanism of the formation of these
micro-crystals is not known. It is also not clear what is the origin
of the oxygen detected in the micron-size GeOx crystals. It is
believed that the native oxide layer [17] on the Ge monocrystalline
substrate could be the origin of the oxygen in the GeOx crystals. As
we mentioned earlier that Ge monocrystalline substrates are quite
susceptible ion bombardment. At fluence above 2 � 1015 ions/cm2
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Fig. 3. Cross sectional TEM image of Te ion implanted Ge substrate. (a) Scale bar = 50 nm, magnification = xxxx. (b) Scale bar = 5 nm, magnification = yyyy.

Fig. 4. Cross sectional TEM image of germanium layer implanted with 130 keV
selenium ions with a dosage of 3.6 � 1015 at/cm2 and annealed at 525 �C for 7 days.
We can see clearly the formation of GeOx clusters with a diameter of 200–400 nm.

Fig. 5. Top view of APT analysis of a GeOx cluster on mono-crystalline germanium
sample. Grey points correspond to germanium oxide molecules and black points
correspond to Ge atoms.

Fig. 6. Germanium and oxygen concentration as a function of the depth.
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will produce a cellular structure on the surface of the germanium.
This property combined with (a) the large quantity of defects such
as vacancies and interstitials, created during the ion implantation,
and (b) the high diffusion rate of defects in irradiated Ge substrate,
may result in the formation of GeOx micro-crystals.
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