Technical Physics, 2024, Vol. 69, No. 4

06

Morphology of nanoporous germanium layers formed by implantation of
Cu', Ag' and Bi" ions of various energies
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The formation of thin surface amorphous layers of nanoporous Ge of various morphologies due to the high-dose
ion implantation of flat single-crystalline c-Ge substrates in the irradiation energy range 10—40keV was investigated.
The implantation was carried out with metal ions of different masses at the current density 5uA/cm?® and doses
of 1.0- 10" (®*Cu™) and 5.0- 10" ("®Ag™ 2®Bi*)ion/cm?. The morphology analysis of nanoporous structures
was performed using high-resolution scanning electron microscopy. It was found that at low irradiation energies
of 10 — 15keV in the case of low mass ions such as Cut and '® Ag* misoriented thin needle-shaped nanowires
were created on the c-Ge surface, and in the case of *Bi™ ions a porous layer consisting of densely packed
intertwined nanowires was formed. At high energies of 30—40keV, the morphology of nanoporous Ge changed
its shape with increasing mass of the implanted ion sequentially from a three-dimensional network structure to a
spongy one, consisting of single spatially separated thin intertwined nanowires.

Keywords: nanoporous germanium, ion implantation, surface morphology, ion distribution profiles.

DOI: 10.61011/JTF.2024.04.57532.276-23

Introduction

Relatively recently in the papers [1-5] new abilities were
demonstrated of effective use of thin nanoporous layers of
germanium (p-Ge), formed by a low-energy implantation of
the surface of single-crystal substrates c-Ge. p-Ge layers can
be used as anti-reflective coatings to reduce optical losses
and to increase efficiency of photon energy conversion
into electrical signal in solar cells [1,2], to manufacture
photodetectors of near IR ranges [3,4], as well as to create
anodes of lithium ion batteries with high capacity that
withstand without mechanical destruction a large number
of charge/discharge cycles in electrolytes [5,6].

Structure and morphology features of p-Ge, such as
specific surface area of nanopores, free volume, dimensional
characteristics of nanostructure elements of pores, etc., if
p-Ge layers are made by method of ion implantation, are
determined by the main parameters and conditions of the
technological process: energy E, dose D, current den-
sity J, temperature of irradiated matrix, mass of implanted
ion [7,8].

Values of used radiation E, at which p-Ge layers which
are usually formed, can be conditionally divided into several
ranges. The highest E include values from tens MeV to
GeV. Such range of E determines the so called implantation
by most fast ions (SWIFT heavy ion irradiation (SHII)). In
this case, p-Ge layer which formed deep from practically
indestructible surface of the c-Ge substrate after the ion
implantation, as a rule, for creation of p-Ge additional
intensive thermal annealing is necessary, this was shown, for
example, during irradiation of c-Ge by °’Au'** ions with
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E = 185MeV [9] or '®Ag* ions with E = 100 MeV [10].
Further among the used E of wide range with lower
values of ~ 50 to 500keV is outlined. Examples of
such experiments can be founded in papers describing
implantation by ions such as '22Sb* with E = 200keV [11]
or '¥Sn* with E =150keV [12]. At lower E, p-Ge
layers are formed with open surface pores. The next
range comprises low E of ~ 10 to 50keV. Illustrations
of these E are papers where c-Ge was irradiated by
YOAr™ [13] or 1”Sn* ions with E = 30keV [14]. Formation
of surface nanostructures of various semiconductors at most
low values E < 10keV of implantation with participation of
surface effective sputtering is discussed in papers [15-19].

The present paper relates to issues of morphology
type change of surface p-Ge layers formed during low-
energy implantation with E = 10 — 40keV by metal ions
of different mass such as ©Cu*, 1%Ag* and 2°Bi*.

1. Experimental procedure

The substrates for the ion implantation as smooth
polished plates of c-Ge 700 um thick with crystal-lattice
orientation (111). Implantation was performed at the
selected most stable conditions of irradiation with E = 10,
20, 30 and 40keV for *Cu’ at D = 1.0- 10! jon/cm?
and E=10, 15 25 and 30keV for 1OgAg* with
D = 5.0-10'%ion/cm? respectively. In accelerator ILU-
3 with a normal angle of incidence of the ion beam
on the surface c-Ge was used. For the heavier 2%Bi*
ions stable, stable condition operation of the accelerator
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was achieved only for two E =15 and 35keV with
D =5.0-10"%ion/cm?. For the comparative experiments
the selection of ions for irradiation was determined by
noticeable difference in their masses. Applied features
of accelerator ILU-3 are described in detail [8]. Current
density J during experiments was set SuA/cm?. Sample
size was 1 x 1cm.

Morphology of formed surface layers was observed on
a scanning election microscope Merlin (Carl Zeiss) at
accelerating voltage of probe electrons 5kV and current
300 pA. This microscope was equipped with detector of
electron backscattered diffraction (EBSD) HKL NordLys
(Oxford Instruments). During EBSD the following modes
were selected: accelerating voltage of electrons is also SkV,
probe current is 600 pA, work distance between lens and
sample surface is 9.6 mm. To reach the optimal conditions
of experiment and to gather maximum number of reflected
electrons on EBSD detector the sample was installed at
angle 70° relative to normal of the incident flow probe
electrons. Analysis of EBSD patterns was made using
automated program complex Aztec-2.1. Reprodusibility of
the obtained results on monitoring the surface morphology
of the surface c-Ge irradiated by various ions is ensured by
reproducible measurements on series of samples prepared as
result of several repeated experiments on ion implantation.

The ion implantation was performed in vacuum 10° mm
Hg. During the electron microscopic observations possible
rise of hydrocarbon contaminations on the irradiated sur-
faces of substrates Ge was not observed.

2. Results and discussions

To estimate profiles of distribution of the implanted ions
in the near surface area of Ge sample irradiated by metal
SCut, 1%Ag™ and 2%Bi* ions for values E = 10, 15, 20,
25, 30, 35 and 40 keV, the free available computer program
SRIM-2013 — (www.srim.org) was used [20]. This program
use model Monte Carlo for the statistical distribution of the
implanted ions in the irradiated matrix Ge. In present cal-
culations the sputtering of substrate Ge was not considered.

From the calculated profiles of the implanted ions in bulk
of Ge for various values of E it follows that accumulation
of metal atoms, occurred after the implanted ions neutral-
ization, in the near surface region of the sample results
in statistical distribution of impurity concentration along
a Gaussian curve with maximum at depth of projection
run R,. Scattering of metal atoms depending on position
of R, is determined as AR,. Thickness of the implanted
layer, as it is suggested to estimate [21], is h = R, 4 2AR,.
Parameters R;,, AR, and h for all values of E, corresponding
to the case of Ge irradiation by *3Cu*, 1%Ag* and 2Bi+
ions were calculated. The exact numerical values will be
given below in the text. Note also some common features
resulting from the made modelling. When the ion mass
increasing the depth of its penetration R, into sample c-Ge
decreases, and respectively the thickness of the implanted
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Figure 1. SEM image of unirradiated surface c-Ge.

layer also decreases. For example, it were estimated that for
E = 30keV value h = 40.7nm for Cu* and h = 28.2nm
for 1% Ag™. With increase E value of h increases for all used
ions. Thus, in case of 2Bi* ions h increases from 15.1 to
23.8 nm upon E change from 15 to 35keV respectively.

Fig. 1 shows SEM image of surface c-Ge before ion
implantation. As seen, the surface is smooth, without any
morphology nanoscale fragments. The present in image
several defects are artifacts and determined by the dust
deposited on sample, they were used for accurate focusing
of the electron beam on the sample surface in SEM vacuum
column.

According to data of EBSD from thin near surface layer
of samples with thikness about 10 nm, determined by the
projection range of electrons at minimum possible acceler-
ating voltage in used SEM, all surface p-Ge layers formed
by ion implantation are amorphous a-Ge and characterized
by similar EBSD images. As example, Fig. 2 shows
EBSD images of surface for unimplanted c-Ce substrate
and sample irradiated by ®*Cu™ ions with E = 10keV. For
the virgin c-Ge, EBSD image (Fig. 2,a) comprises clear
contrast crossing Kikuchi lines corresponding to structure
of single-crystal c-Ge with orientation (100). On the other
hand, the diffraction pattern for the near surface layer of
the implanted sample consists of blurred blind diffuse rings
(Fig. 2,b). This indicates the surface amorphization during
irradiation. Contribution to EBSD image from the implanted
impurities in structure p-Ge is not shown.

As the most light ions in the present paper *Cu™ were
selected. SEM image of surface c-Ge, irradiated by 3Cu*
ions with various values of E = 10, 20, 30 and 40keV, are
shown in Fig. 3. By contrast to smooth substrate c-Ge
(Fig. 1) on the implanted samples Cu:p-Ge the formation
of nanoporous layers of various morphology types was
observed. At minimum value of E =10keV on c-Ge
sample in thin (h = 18.6nm) implanted layer the close-
packed, disoriented in the surface plane short needle-shaped
nanowires, not exceeding 150 nm in length with diameters
up to 20nm (Fig. 3,a) were formed. Practically there is no



580 T.P. Gavrilova, V.F. Valeev, V.I. Nuzhdin, A.M. Rogov, D.A. Konovalov, S.M. Khantimerov, A.L. Stepanov

—— 100 nm

—— 100 nm

—— 100 nm

Figure 3. SEM image of surface ¢-Ge irradiated by “*Cu™ ions with D = 1.0 - 10" ion/em* and J = 5uA/cm? with various irradiation

E: 10 (a), 20 (b), 30 (c) and 40keV (d).

free space between the needle-shaped nanowires. With E
gradual increase to 40 keV there is increase in h to 50.5 nm,
and quasi-one-dimensional needle structure (Fig. 3,a) is
converted into a three-dimensional ,neuron-like“ network
layer p-Ge with nanoparticles in points connected by
thin nanowires (Fig. 3, b—d). Diameters of the formed
nanowires decrease with E increasing.

The first results on p-Ge-structure formation at surface
of the c-Ge substrate in case of irradiation by ®3Cu*
ions with E =40keV were described in paper [22]. At
that a successive change on the morphology of layer p-
Ge from hole honeycomb to 3D network with rise of D
in range of 1.8-10' to 1.5-10'7ion/cm? was observed.
However, at the same time the needle formations oc-
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curred at E = 10keV were not registered for higher E.
As a whole for this type of composite material Cu:p-
Ge it could be supposed the possibility that during ion
implantation not only metal nanoparticles Cu are formed,
but also nanofragments of Cu germanide. In practice
the experimental confirmation of Cu germanide was not
submitted. In this regard, studies by the method of
photoelectron microscopy could be useful, till now they are
not implemented for this type of samples Cu:p-Ge. Different
compounds of germanium with Cu atoms synthesized by
various methods, such as melting or sintering of appropriate
chemical components, thermal decomposition in vacuum,
electrolysis etc., were studied rather long [23] and stay under
active intention currently [24-27]. In particular, paper [27]
states that to form most stable phase €;-Cu3Ge relatively
high temperatures 250—400°C are required. Possibly for the
formation of Cu germanide could be implemented during
irradiation heated to appropriate temperatures of substrates
c-Ge by ions Cu™.

Fig. 4 shows SEM images of surface p-Ge-layers formed
by implantation of the c-Ge substrate by %®Ag* ions
with various irradiation E 10, 15, 25 and 30keV. With E
increasing change in morphology of nanostructured surface
p-Ge was also observed. As in case of irradiation by *Cu*
ions (Fig. 3,a) at E = 10keV the implanted layer Ag:p-
Ge is characterized by the presence on sample surface
of nanostructured needle formations of same size, chaotic
oriented in place on the sample surface. At that the
conditional value h for this layer is somewhat less that
14.3 nm. Opposite to SEM images in Fig. 3 for sample Cu:p-
Ge, with increase in irradiation E to 30 keV the morphology
of Ag:p-Ge layer is transformed not into 3D network
structure (Fig. 3,d), but spongy layer with h = 28.2nm is
formed comprising intertwined nanowires (Fig. 4,d). At that
the nanowire diameters increase by more than two times
with E increasing from 15 to 30keV respectively.

The most previous studies on c-Ge irradiation by
18 Ao* jons with high D to 10'7ion/cm?, resulting in p-
Ge structures formation deep in bulk of matrix [28-31].
However, at that SHII ion implantation with E = 2.5 and
100 MeV was used, which is not considered as case of
low-energy irradiation considered here. The first state-
ment which experimentally demonstrated the fundamental
possibility of creating PGe layer with nanoparticles of
Ag layer during ion implantation with low E = 30keV
and D =7.5-10'° — 1.5- 10" ion/cm?, was presented in
paper [32]. Later, by method of X-ray photoelectron
spectroscopy it was shown [8] that no Ag germanides
are not observed in the implanted layer Ag:p-Ge for the
given irradiation conditions. This conclusion is confirmed
by the state diagrams Ag—Ge [23] indicating that Ag
germanides are formed at temperatures exceeding 600°C,
i.e. in conditions that significantly differ from the performed
ion implantation [33]. In context of the discussed system
Ag—Ge it could be specify rather wide studies in creation of
AgGe alloys in small range of proportions of their unmixed
chemical components [33,34]. However, these alloys are
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self-organized without the presence of Ag germanides in
them.

Features of surface morphology difference of sample c-
Ge implanted by 2“Bi* ions with irradiation E 15 and
35keV are shown in SEM images (Fig. 5) provided in
two scales. At E = 15keV structure of surface layer
Bi:p-Ge comprises densely packed intertwined nanowires
with diameter 20—25nm (Fig. 5,a,b). After increasing
to E =35keV the morphology of p-Ge changes, and
structure becomes spongy-like, but at the same time the
nanowire diameters significantly decrease to 8—10nm. At
that the intertwined nanowires are separated by distances
up to 200nm forming rather large voids between them
(Fig. 5,¢,d). In case of 2Bi" ions the nanowires also
are more thin and loosely packed as compared to somewhat
more dense packed and thick nanowires in spongy-like layer
Ag:p-Ge formed by irradiation by lighter '%®Ag™ ions at
E = 30keV (Fig. 4,d).

The history of c-Ge implantation by 2“Bi* ions re-
sulting in formation of p-Ge layer begins from early
papers [35,36], where irradiation was performed at high
value of E = 280keV and D = 4.0 - 10'3 jon/cm?, which is
beyond the conditions discussed herein. Further the results
were presented for c-Ge irradiation by 2Bi* ions with low
E =30 and 60keV at D = 5.0 - 10"3 — 5.0 - 10'7 ion/cm?,
using the method of focused ion beam in electron micro-
scope [37]. Authors [37] stated that with D increase in range
1.0- 10 — 5.0 - 10" ion/cm? change of p-Ge morphology
was observed, in particular, size of pores in spongy structure
of nanowires Ge increased. At that it could be concluded
about saturation effect for both E at D = 5.0 - 10'¢ jon/cm?,
when it is achieved the morphology of pores and their size
do not change. Paper [37] did not demonstrated information
on used values of J, which does not allow to talk about the
possible heating of samples during irradiation. This paper
is more close to the results presented in present article,
although lower E = 15keV were not used in [37]. Data
obtained at higher values of E turn out to be similar, which
confirms their authenticity.

Paper [23] state that Bi and Ge have equal mutual
solubility in solid state at 250°C. Compounds Ge,7Bi3z; are
actively studied currently to create electrodes of Mg-ion
batteries [38]. Implicitly, Bi germanides can be also formed
in irradiated Ge, but this requires additional experimental
check. However, in case of Ge mixing with Bi the situation
became more serious due to large difference in melting
point 938.2 and 271.4°C of corresponding chemical com-
ponents as compared to cases of Cu and Ag characterized
by melting points 1085 and 961.8°C, respectively.

Note that spongy layers Ag:p-Ge and Bi:p-Ge consisting
of intertwined nanowires, shown in Fig. 4,d ('%Ag™) and
5,c,d (*Bi") for E =30 and 35keV respectively, are
formed during implantation with c-Ge-ions with mass com-
parable or exceeding the mass of '%®Ag* ions. Structures
similar by morphology with Ag:p-Ge [39,40] were also
observed for other heavy ions with intermediate masses,
for example, for ''°In* [2], 1'°Sn* [14] and '?2Sb™* [41] ions
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Figure 4. SEM image of surface c-Ge irradiated by '®Ag" ions at D = 5.0 - 10'®jon/cm? and J = 5uA/cm? with various irradiation E:

10 (a), 15 (), 25 (c) and 30keV (d).

at E = 30keV. However, issues of In and Sn germanides
formation during ion implantation also were not discussed
in publications.

As it was discussed in detail in monograph [8], during
last fifty years, approximately, the studies of structural
and morphology changes of ion implanted surface of Ge
were performed. Nevertheless, the exact mechanisms of
formation of various morphology types of p-Ge layers
during ion irradiation are still unknown in spite of wide
studies, accumulation of rich experimental material and fun-
damental understanding of a number of individual processes
accompanying the phenomenon of pore formation [7,11].
Currently, in scientific publications two main priority and
fundamentally different mechanisms are discussed, they
describe the formation of p-Ge during ion irradiation.
The first model is conventionally called ,.cluster-vacancy
mechanism®, the other is explained by the theory of
microexplosions. Besides, nanostructuring of surface during
ion implantation also occurs as a result of effective sput-
tering with further re-deposition of the material, described
in detail in papers [16,42]. In the development of the
theory of sputtering a descriptive approach was suggested
to form nanoporous layers, especially, for the case of lower

E < 5keV of irradiation. In these papers a conclusion
was also made on the significant role of local heating of
the implanted materials in region of the ion tracks near
the surface, which facilitates its effective sputtering and
stimulation of pores formation.

The cluster-vacancy mechanism of p-Ge formation means
combination of radiation-generated vacancies and their
clusters occurring during impact collision of impurity
ions with atoms of the irradiated matrix [43-46]. This
mechanism action is based on the supposition of low
efficiency of recombination of generated vacancies. Un-
der these conditions the limit of solubility of vacancies is
exceeded, resulting in their saturation in the implanted layer.
With D increasing the vacancies and their clusters during
diffusion in interstices combine into microscopic voids, as,
for example, this is discussed in the paper [47] for the
case of implantation by 7*Ge™ ions with E = 300keV and
D = 410" ion/cm?, excluding the ion synthesis process.
As irradiation D increases, the concentration of microscopic
voids increases to some value, and they merge forming
macro- and macroscopic volume and surface voids —
porous layer p-Ge. It was stated that p-Ge layers can
be formed by ion irradiation not only of c-Ge, but also
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—— 100 nm

Figure 5. SEM image of surface c-Ge irradiated by ®Bi* ions at D = 5.0 - 10 ion/cm? and J = 5 uA/cm? with various irradiation E:

15 (a,b) and 35keV (c,d).

of amorphous layer a-Ge [47-49]. However, paper [11]
states that in contrast to the sputtering process, which
results in surface atoms removal, the nanopores formation
is determined by law of mass conservation, and effect
of sputtering in the pore formation mechanism can be
excluded. Correctness of this opinion is confirmed by
paper [14], where p-Ge layer was formed during the
ion implantation under thin surface protective film on c-
Ge made of silicon nitride. Mechanism, based on the
theory microexplosions [50], initially suggested for the
case of metals irradiation [51], supposes the occurrence
of nanopores during ion implantation of Ge as result of
occurrence of heat peaks and deformation waves (pressure
waves), formed during irradiation by overlap of generated
ion cascades. As a result of collision of deformation
waves there are microexplosions in the near surface region
of Ge. Model of vacancies clusterization is determined
generally by inefficiency of recombinations of point defects
and vacancies occurrence, at the same time the material
ability to experience micro-fractures during ion implantation
of beam depends on mass and energy of ions, strength
of interatomic bond, melting point, atomic density, average
atomic mass, etc.

It was also stated, the pore formation process depends
on conditions and parameters of ion implantation. However,
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during discussion of mechanisms of p-Ge formation, as a
rule, it is neglect the chemical interaction of the implanted
ions and matrix Ge with formation of various composition
compounds — germanides. This is due to that some
papers state p-Ge formation during c-Ge irradiation by
ions 3Ge*, for example, [8,44,45]. Discussion and review
of papers on the formation of various morphology forms
of p-Ge, shown herein, with high degree of probability
can suppose situations when during ion implantation in
structure p-Ge chemical compounds — germanides can be
formed. More over, may be these formed fragments of
germanides determine the type of morphology structures
together with the selected conditions of ion implantation.
Thus, the authors of the present paper attract attention to
wide problem on germanides formation in Ge implanted
layers by method of ion implantation in the near surface Ge
layers.

Conclusion

Experimental results obtained in the paper demonstrate
the formation of thin amorphous p-Ge layers with various
morphology as a result of high-dose irradiation of single-
crystal substrates c-Ge by ions of metals such as ®3Cu*,
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108Ag*+ and 2Bi* with energy E = 10 —40keV. It is
shown that at low irradiation E depending on mass
of ions on surface c-Ge needle nanowires (®*Cut and
18Ag+) or layer of dense packed nanowires (*Bi™)
are formed. At high E the morphology of thin surface
layers of nanoporous Ge with increasing on the mass
of implanted ion changes its form successively from 3D
network (®3Cu*) to spongy ('%Ag* and 2%Bi*), formed
by individual with large spacing intertwined nanowires.
So, for possible explanation of formation of various
morphology forms of p-Ge it is necessary to discuss
the conditions and parameters of ion irradiation of c-
Ge such as E and mass of implanted ion, which was
made in paper, and other factors shall be also consid-
ered.
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