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Abstract

Grazing incidence small angle scattering of X-rays (GISAXS) was used to analyze structural modifications in implantation-damaged
Ge. Samples were implanted by different doses of 74Ge, from 3 · 1012 cm�2 to 3 · 1016 cm�2; at room- or liquid nitrogen-temperature,
respectively. We have found that the micro-structure in amorphous Ge, continuously and consistently evolves as a function of ion dose
but differs according to the implantation temperature. In RT-samples small vacancy nanoclusters agglomerate in the end-of-range region
of implanted layer even before complete amorphization. With higher doses nanoclusters increase and coalesce into nano-voids. For the
highest dose, the onset of porosity is confirmed. On the other hand, in LN-implanted samples, the clustering-related signal is much
weaker and evolves more slowly.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Implantation induced disorder is of great interest for
both basic understanding and technological applications,
since ion beam processing is a powerful and versatile tool
in many areas of technology. However, the amount of
inhomogeneities, concentration fluctuations and nano-
and micro-voids, and finally the ultimate properties of
the processed material strongly depend on the implantation
parameters and post-implantation treatments [1–3]. Thus,
for the establishment or enhancement of some specific
characteristics (like porosity or void-less structure, or
micro-, nano-crystallinity) the appropriate values for the
processing parameters have to be chosen. A specific goal
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of this study is to assist in establishing the proper implan-
tation–parameter semiconductor–structure correlation.

Experimentally, amorphous semiconductors always
show a density deficit relative to the crystalline material
[4]. The possible explanation is a small increase in average
bond length or the presence of a small density of nm-sized
voids. EXAFS measurements revealed an increase in the
nearest neighbor distance in Ge on the crystalline- to amor-
phous-phase transition, as well as an increase in bond
length and structural disorder with ion dose [5,6]. Since
the increased dose produces an increased number of Fran-
kel pairs, the increased number of vacancies and intersti-
tials should lead to a net lattice expansion. Porosity has
currently attracted a renewed interest after the discovery
of light emitting properties of porous silicon but compara-
tively little work has been carried out on Ge [7].

GISAXS, which is sensitive to electron density fluc-
tuations, may expose the existence of nano-voids in the
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Fig. 1. A set of 2D GISAXS patterns taken on the Ge samples at the
incidence angle ai = ac + 0.1�. The Al-foil vertical beam-stopper attenu-
ates the specular-plane intensity. Samples were implanted at RT (left
column) and LN-temperature (right) by successively increased doses of
74Ge ions, the topmost samples implanted at 3 · 1013 cm�2, following by
1 · 1014 cm�2, 1 · 1015 cm�2, 1 · 1016 cm�2, and the last row implanted by
3 · 1016 cm�2.
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material and provide a means to establish the concentra-
tion, sizes and size distribution of voids in thin amorphous
layers. It could be an ideal tool to resolve the important
question of implantation induced microstructural modifi-
cations in a-Ge, and the question whether the void-less
amorphous material can be prepared by self-implantation.

2. Experimental procedure

A 2 lm thick, MBE grown monocrystalline Ge samples
were implanted with 500 keV 74Ge ions. The applied doses
were ranging from 3 · 1012 to 3 · 1016 cm�2, implantation
was done at either 21 �C or at LN-temperature
(�196 �C). A low ion flux (power density � 0.5 W/cm2)
was utilized to avoid beam induced heating during implan-
tation. After implantation, the samples were characterized
by Rutherford back-scattering (RBS) and then analyzed by
Raman scattering [8]. Analogous set of samples, prepared
under the same implantation conditions, has been analyzed
by extended X-ray fine-structure spectroscopy (EXAFS)
[6,9].

Grazing incidence small angle X-ray scattering
(GISAXS) measurements were performed at the synchro-
tron ELETTRA, Trieste (Italy), at the SAXS beamline
[10] using the X-ray beam energy 8 keV (k = 0.154 nm).
GISAXS spectra were measured for seven grazing angles
of incidence, starting with the critical angle for total exter-
nal reflection (aC,Ge = 0.32�) and then subsequently
increasing the angle in 0.05� steps. X-ray scattering inten-
sity spectra were acquired by a two-dimensional position
sensitive CCD detector at a detector to sample distance
of L = 2000 mm. The quasi-particle related spectra were
analyzed by Guinier approximation. The diameter of parti-
cles was determined from the 1D cut using the simple Gui-
nier-plot analysis. The Guinier radius was calculated from
the slope of the linear part of the ln I(q) versus q2 depen-
dence, for q > qmax, (q = (4p/k)sin h; 2h is the scattering
angle). Prior to the analysis spectra were corrected for
background intensity and detector response, and then for
refraction and absorption effects.

3. Results and discussion

Since a very wide range of ion doses has been used
(3 · 1012–3 · 1016 cm�2) this investigation covers several
stages in the microstructural modifications. Selected 2D
GISAXS spectra obtained on progressively higher-dose
implanted samples are presented in Fig. 1. Left- and
right-hand side panels represent samples implanted with
same doses at RT- and LN-temperature, respectively. The
topmost samples, implanted at 3 · 1013 cm�2 are damaged
but still partly crystalline, rendering the weakest scattering
related signal. All others are implanted at doses beyond the
amorphization threshold and the evolution of microstruc-
tural modifications with dose is reflected in the systematic
transformations in the scattering signal. For RT-samples
implanted at low doses the scattered signal comes from
the damaged surface – rough surface SAXS signal. As
the fluence is increased (1 · 1015 cm�2) the particle-related
ring-like signal appears – assigned to clustering of vaca-
ncies into nanometric sized agglomerates. Finally, the
signal of the porous material is obtained for fluence
3 · 1016 cm�2, consistent with the onset of porosity as
found also by TEM [7]. Implantation-induced porosity



Fig. 3. A cross-section of the 2D GISAXS scattering patterns along
direction parallel to the qy axis for RT-implanted samples. Curves are
shifted vertically for clarity.
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has been attributed to the nucleation and growth of void-
like cavities via vacancy clustering. In LN-samples no
porosity was observed whatsoever; however pronounced
second order maxima in the vicinity of the specular plane
for two highest doses indicate a correlated ensemble of flat-
tened cylinder-like voids with very narrow size distribution
arranged laterally in the implanted layer.

Fig. 2 depicts analysis of the intensity variation in the
specular plane (left) and in off-specular vertical cut of the
2D image (right). For the 3 · 1013 cm�2 dose (top), a signif-
icant intensity variation accompanied with a pronounced
hump for the largest grazing angles suggests scattering
which is typical for the presence of nanoparticles distributed
within the matrix. The absence of any particle related scat-
tering in the off-specular cut indicates very broad size distri-
bution (right). During the process of implantation a highly
damaged layer is being formed in the end-of-range region.
With increased dose this region is gradually amorphized
and nucleation and grow of vacancy clustering starts, giving
rise to a well defined hump even for the sample
(3 · 1013 cm�2) which is not yet completely amorphous.
For the 3 · 1014 cm�2 dose the specular-plane signal is even
more pronounced; a shoulder in the off-specular vertical cut
is related to a system of laterally distributed platelet-shaped
quasi-particles; with diameter 9 nm, height 5 nm, on aver-
Fig. 2. 1D cross-sections of GISAXS patterns of Fig. 1 for the
3 · 1013 cm�2 (top) and 3 · 1014 cm�2 (bottom) RT-samples cut in the
specular plane (left) and off-specular, parallel to qz(right). The incidence
angle has been increased from the critical angle aC in 0.05�-steps. For
comparison, an analogous 1D cut of the 2D spectrum taken from the non-
implanted samples is presented as well.
age. For the comparison, an analogous 1D spectrum taken
from the non-implanted samples is presented as well.

Since GISAXS is sensitive to the change of electronic
density, vacancy clustering into small voids should be
readily observable as a characteristic, quasi-particle-related
signal. The development and progression of the vacancy-
clustering signal could be further followed in Fig. 3 which
depicts 1D cross-section parallel to qy for ai = acrit + 0.1�.
The well defined flattened vacancy-agglomerates of
10.6 nm average size, could be resolved in the 1 ·
1015 cm�2 – dose sample. In the 3 · 1015 cm�2 – dose sam-
ple nano-clusters become more spherical, and grow in size
to 17 nm. For even higher doses nanoclusters agglomerate
into large voids, of broad size distribution; it is an onset of
porosity, which completely dominates in the 3 · 1016 cm�2

– dose sample implanted at RT. Thus, in RT-implanted
samples the thermal energy, in addition to the energy sup-
plied by implantation, has been sufficient to induce diffu-
sion and restructuring of defects, clustering of vacancies
into voids and finally the porosity.

4. Conclusions

We have used X-ray scattering of synchrotron radiation
at grazing angles to investigate the morphology evolution
in monocrystalline germanium damaged and amorphized
by self-implantation with 74Ge. We have found that the
micro-structure in amorphous Ge, continuously and con-
sistently evolves as a function of the ion dose, but the
changes differ depending on implantation temperature. In
RT-samples, changes in the GISAXS spectra correspond
to the dose-dependant formation and expansion of highly
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damaged sections. Even prior to the amorphization thresh-
old the nucleation and growth of small vacancy-agglomer-
ates begins deeper-in in the implanted layer. After the
1E15 cm�2 dose, a signal is interpreted as the start-up of
vacancy clustering into larger voids. For further dose
increase, this void-related signal becomes dominant and
completely prevails after the 1E16 cm�2-dose; the voids
coalesce and the average void size is growing to the
17 nm range. For the 3E16 cm�2-dose, quasi-particle
related signal vanishes – the result supports the onset of
porosity, which was observed previously with TEM [7].
On the other hand, in LN-implanted samples, the cluster-
ing-related signal is much weaker than the ‘damage’-related
one. Only for the highest doses laterally arranged corre-
lated vacancy agglomerates form in the amorphous layer.

GISAXS has emerged as one of a very few methods sen-
sitive to the nanometer-sized structural changes in amor-
phous material, giving an abundance of information and
excellently complements other characterization methods.
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