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Abstract
In this work a novel process allowing for the production of nanoporous Ge thin films is presented. This process uses the combina-

tion of two techniques: Ge sputtering on SiO2 and dopant ion implantation. The process entails four successive steps: (i) Ge sput-

tering on SiO2, (ii) implantation preannealing, (iii) high-dose dopant implantation, and (iv) implantation postannealing. Scanning

electron microscopy and transmission electron microscopy were used to characterize the morphology of the Ge film at different

process steps under different postannealing conditions. For the same postannealing conditions, the Ge film topology was shown to

be similar for different implantation doses and different dopants. However, the film topology can be controlled by adjusting the

postannealing conditions.
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Introduction
Porous materials are of great interest for a large scope of indus-

trial applications dealing with adsorption, catalysis, or molec-

ular filtration and isolation. Furthermore, porous semiconduc-

tors can exhibit interesting properties for optoelectronic applica-

tions. For example, porous Si was shown to exhibit an increased

band gap compared to bulk Si due to quantum (Q) size effects,

related either to the formation of pseudo Q-wires or Q-dots in

the porous structure, depending on the production method [1].

Generally, porous Si photoluminescence data can be inter-

preted either with a Q-wire model, or a model between the

Q-wire and Q-dot models [2]. Porous Si optoelectronic
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properties were shown to be mainly determined by the

“skeleton size” of the material and not by the pore sizes.

However, in some cases, controlling the pore size allows for the

control of the skeleton size, and thus should allow semicon-

ductor band gap engineering, where the aim is the design of

devices able to absorb or emit light at a tunable wavelength.

Efficient visible electroluminescence has been achieved with

porous Si for different wavelengths (red–green). Si and Ge are

indirect gap materials, requiring phonon scattering for optical

absorption/emission to take place. However, Q-size effects

present in porous semiconductors can promote optical transi-

tions without the need of phonons by breaking the momentum

conservation rules and/or by making the material quasi-direct

through the process of Brillouin zone folding [3]. For example,

non-phonon processes were shown to dominate in the case of

porous Si under strong confinement potential [4-6]. In addition,

Q-effects in porous semiconductors can be interesting for

photovoltaic applications, since they can lead to multiple

exciton generation [7]. In particular, multiple exciton genera-

tion has been previously demonstrated in Si nanostructures [8].

Ge has a similar structure to Si, however, it offers several bene-

fits compared to Si such as faster carrier mobility, smaller band

gap and lower process temperatures [9]. In addition, the Ge

exciton Bohr radius (≈24 nm) is significantly larger than that of

Si (≈4.5 nm), allowing for quantum effects to appear in nano-

structures exhibiting larger sizes [10], and allowing the k-selec-

tion rules to be broken. For example, lasing has only been

observed in Ge for the case of strained [11] and doped [12] Ge

layers. Furthermore, in addition to its small indirect band gap

(≈0.66 eV), Ge exhibits a larger direct band gap (≈0.80 eV) that

could promote non-phonon optical transitions if n-type doping

of about 1020 cm−3 could be achieved in Ge. Since Ge is

compatible with complementary metal oxide semiconductor

(CMOS) technology, the production of porous Ge thin films

could be used for integration of optoelectronic devices in Si

microelectronic technology.

The production of porous Ge can be performed using several

techniques such as anodization and electrochemical etching,

spark processing or inductively coupled plasma chemical vapor

deposition [13-15].

Ion implantation is a well-known technique used in the micro-

electronic industry to dope the active regions of semiconductor

devices. Generally, implantation leads to the formation of

defects of different nature in the material (vacancy, dislocation,

amorphization, etc.). High-dose implantations in Ge

(>1015 atoms/cm2) have been reported to induce the formation

of nanoporous structures [16-25]. Thus, ion implantation may

be a simple way to produce a nanoporous semiconductor.

In the present work, the impact of high dose selenium and

tellurium (3.5 × 1015 atoms/cm2) implantations on the

morphology of polycrystalline Ge thin films is presented, as

well as the evolution of the film morphology with thermal

annealing conditions (temperature and time).

Results and Discussion
340 nm thick Ge layers were deposited on the native oxide layer

of a silicon substrate at room temperature (RT), under high

vacuum, by magnetron sputtering. Recrystallization was then

performed by rapid thermal annealing at 600 °C under vacuum

(P ≈ 3 × 10−5 mbar) and the Ge layer was implanted under

vacuum (P ≈ 2 × 10−6 mbar). Three types of implantations were

performed: (i) the first set of samples were implanted with a

3.6 × 1015 atoms/cm2 dose of Se atoms with an energy of

130 keV, (ii) the second set of samples were implanted with a

3.1 × 1015 atoms/cm2 dose of Te atoms with an energy of

180 keV, and (iii) the last set of samples were co-implanted

with both Se and Te atoms under the same conditions as previ-

ously mentioned. Figure 1 shows the predicted dopant and

vacancy concentration profiles induced by implantation using

the Stopping and Range of Ions in Matter (SRIM) software.

This software is used in the ion implantation research and tech-

nology community to predict implantation profiles as well as

implantation-induced defect distributions given the implanta-

tion energy, the nature of the implanted species, and the nature

of the substrate [26]. The calculations are based on the classical

theories of the stopping of ions in matter and Monte Carlo

simulations: the energy loss of ions in matter are calculated and

used to provide stopping powers, range and straggling distribu-

tions of implanted ions. In addition, the kinetic effects asso-

ciated with the physics of implantation-mediated defects are

also taken into account, allowing the distribution of point

defects created in the target material to be obtained [27,28].

Figure 1: SRIM calculations of the implant distribution of Te (red) and
Se (blue) atoms in Ge. The distributions of implanted ions are shown
using straight lines on the right axis and the vacancies distributions are
shown using dashed lines on the left axis.
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Table 1: Surface density and average lateral size of the different implantation-induced defects versus implanted species.

Defect type Property Cluster Hole Porous structure

Se implantation
Average size (nm) 360 ± 2 70 ± 4 32 ± 2

Density (×106 cm–2) 4.2 × 101 ± 3.5 1 × 103 ± 70 5.49 × 104 ± 2.5 × 102

Te implantation
Average size (nm) 520 ± 8 120 ± 1 33 ± 2

Density (×106 cm–2) 3 ± 1 5.7 × 102 ± 90 4.35 × 104 ± 2.5 × 102

Se and Te
co-implantation

Average size (nm) 540 ± 3 130 ± 3 40 ± 1
Density (×106 cm–2) 3.7 × 101 ± 4 5.69 × 102 ± 90 3.70 × 104 ± 1 × 102

The dopant distributions follow a Gaussian distribution with a

maximum concentration of 5 × 1020 atoms/cm3 located at a

depth of 55 nm. Given that the more Ge-rich, Ge–Se compound

is GeSe [29] and the only Ge–Te compound is GeTe [30], the

presently studied implantations (exhibiting a maximum concen-

tration level of about 1%) are not expected to allow the forma-

tion of a full compound layer. However, the formation of small

Ge-dopant clusters is possible (the Se–Te binary system is fully

miscible, corresponding to an ideal solution [31]). Usually, a

damage energy higher than 5 eV/atoms1 corresponding to a

vacancy concentration of ≈1.7 × 1022 vac/cm3 leads to Ge

amorphization [32]. Thus, the SRIM calculations predict the

formation of an amorphous Ge layer from the surface of the Ge

film up to a depth of 140 nm. One can observe in Figure 1 that

no dopants and no vacancies are expected to be found at a depth

larger than 220 nm. Consequently, the implantation-induced

defects should be confined in the Ge layer thickness.

Figure 2 presents scanning electron microscopy (SEM) plan-

view images of the as-implanted Se sample. The implantation

induces the formation of three types of defects, randomly

distributed on or in the germanium layer: (i) large clusters of Ge

oxide with an average lateral size of ≈400 nm (composition

analyzed by atom probe tomography, not reported here),

(ii) holes with an average lateral size of ≈100 nm, and (iii) a

nanoporous structure exhibiting pores with an average lateral

size of ≈35 nm. The same three types of defects are observed in

all the three sets of samples.

The average size and the density of these defects are reported in

Table 1. An increase of the size of holes and of the clusters can

be noticed between the Se-only implanted sample and the other

sets of samples (60% for holes and 70% for clusters). However,

the impact of the co-implantation is limited compared to the

individual implantations. Furthermore, it can be noted that the

porous structure is independent of the implantation type. Thus,

variation in the defects appears to be dependent on the mass and

the energy of the implanted species, but independent of the

implanted dose.

Figure 2: SEM plan-view images of the as-implanted Se sample:
(1) low resolution view showing the different types of defects; (2) a
single GeOx cluster; (3) the structure of holes; and (4) the nanoporous
structure.

Various thermal postannealing treatments were performed after

ion implantation. For a better understanding of the evolution of

the film morphology with the thermal treatments, the different

annealing treatments are compared using a reference scale

defined as the thermal budget (TB) based on the surface diffu-

sion length of Ge atoms on the silicon (111) surface described

by:

(1)

where L is the Ge surface diffusion length (cm), and D = 0.06 ×

exp(−2.47 eV/kT) is the Ge surface diffusion coefficient

(cm2 s−1) on Si [33], depending on both the temperature and the

annealing time, t. Table 2 presents the annealing parameters.

One can distinguish three ranges of thermal treatments: (i) a low
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annealing TB with TB = 3.1 µm, (ii) an intermediate TB

between 3.9 µm and 4.8 µm, and (iii) a high TB = 8.7 µm.

Table 2: Thermal annealing conditions (temperature and time), and
corresponding thermal budgets.

Thermal budget Low → High

Temperature (°C) 525 625 675 575 725
Time (h) 168 5 1 48 1
Diffusion length (µm) 3.1 3.9 4.1 4.8 8.7

Figure 3 presents the influence of the thermal annealing on the

morphology of the co-implanted Se/Te sample. Thermal treat-

ments induce large modifications of the implantation-induced

defect morphology. For 4.1 ≤ TB ≤ 4.8 µm (Figure 3.2 and 3.3),

the GeOx clusters initially observed on the as-implanted film

surface (Figure 3.1) vanished during annealing. Instead, large

holes can be observed (Figure 3.2), with a depth as deep as the

Ge film thickness. These holes exhibit the same size and the

same surface density as the initial clusters, leading to the

conclusion that they are actually located on the surface sites

initially occupied by a GeOx cluster. The initial holes present in

the as-implanted film still exist after annealing. However, the

initial nanoporous structure experienced a morphology modifi-

cation leading to an increase of the pore size. In addition, new

types of clusters appeared on the surface (Figure 3.3). They are

characterized by a surrounding trench that is typical of crystal

growth which uses the surrounding material and is limited by

atomic surface diffusion. At this thermal budget, a three-scale

porous structure is obtained with (i) large holes linked to the

disappearance of the GeOx clusters (average lateral size

≈500 nm), (ii) the holes initially present in the as-implanted

samples (average lateral size ≈100 nm), and (iii) the modified

nanoporous structure (average lateral size ≈50 nm). For the

highest thermal budget (TB = 8.7 μm, Figure 3.4), the structure

of the Ge film is greatly modified. One can observe the disap-

pearance of both the holes and the nanoporous structure.

Instead, the SEM plan-view analysis (Figure 3.4) reveals the

growth of faceted crystallites, with an average lateral size of

700 nm for the Se-implanted sample and of 1600 nm for the

co-implanted sample, and a complex surface structure between

these crystallites. Indeed, some parts of the surface exhibit large

roughness, while some others appear completely flat (black

contrast in Figure 3.4). This phenomenon can be explained

considering that these crystallites result from the Ge dewetting

mechanism occurring on the buried SiO2 layer already observed

in Figure 3.3. The general dewetting phenomenon is due to

surface/interface energy minimization between the film and the

substrate, leading to island formation or agglomeration at a

temperature below the melting temperature of the film material.

This phenomenon is generally undesirable in the field of micro-

or nano-technology [34] yet has been reported to be interesting

for the fabrication of nanocrystals. A wide range of materials

can be used for the fabrication of nanocrystals by dewetting,

such as metals or semiconductors. In addition, the structure of

the dewetted layers can be controlled using several techniques

such as pulsed laser annealing [35,36] or a substrate patterned

by focused ion beam. The study of Ge dewetting on SiO2 [37]

has already been reported in the literature, however, only in the

case of very thin amorphous Ge layers (5−15 nm thick) [38-40].

For a large TB, the atomic diffusion length on the surface is

significant, and during dewetting, Ge atoms can form large

crystallites. In this case, between the crystallites, the very flat

parts of the surface correspond to the flat SiO2 layer that is

revealed due to the dewetting phenomenon, while the rough

parts of the surface correspond to the surface regions where the

dewetting phenomenon is incomplete.

Figure 3: Thermal annealing effects on the co-implanted Se/Te
sample: (1) as-implanted, (2) TB = 4.1 µm; (3) TB = 4.8 µm; and
(4) TB = 8.7 µm.

The cross-sectional analysis shown in Figure 4 gives interest-

ing information about the observed implantation-induced

defects, and confirms the evolution of the nanoporous structure

and the holes between the lowest thermal budget (TEM

analysis, Figure 4.1 and 4.2) and TB = 4.8 µm (SEM analysis,

Figure 4.3).

A detailed analysis of the images indicates that the brightest

areas (identified as being GeOx clusters) correspond to amor-

phous materials that are in contact with the buried native SiO2
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Figure 4: (1) and (2) TEM cross-sectional view of the Se-implanted
sample after annealing with TB = 3.1 µm. (3) SEM cross-sectional view
of the Se-implanted sample after annealing with TB = 4.8 µm.

layer, present through the entire Ge layer thickness. Therefore,

the disappearance of the GeOx clusters can be explained by the

complete evaporation of the GeOx during annealing, leaving

deep holes in the Ge film. The image contrast is affected by the

variation of both local diffraction conditions and absorption.

The moiré pattern visible in various areas of the deposited layer

confirms its polycrystalline structure. The pores are difficult to

observe in the cross-sectional view due to the superimposition

of the structure in the analysis and due to the filling of the pores

by the protective Pt layer, however, the various Ge nanograins

(≤50 nm) exhibiting different orientations are easily observed.

The SEM cross-sectional view of the sample with a

TB = 4.8 µm (Figure 4.3) shows the porosity enlargement of the

porous structure compared to lower TB (Figure 4.2). In addition

to the implantation-induced defects identified in plan-view

observations, cross-sectional observations show the existence of

cavities at the Ge/SiO2 interface (Figure 4.1 and 4.2). These

cavities present facets when in contact with polycrystalline Ge,

and present a spherical shape when in contact with amorphous

GeOx. They can be related to the initial Ge dewetting mecha-

nism, and thus, are expected to form during annealing.

Figure 5.1 presents an SEM plan-view image obtained on a

340 nm thick Ge film without implantation, but annealed in an

RTP furnace at T ≈ 650 °C for 20 min. One can note that even

without implantation, the Ge film is dewetted on the SiO2 layer,

exhibiting a net shape. Consequently, the dewetting phenom-

enon should play a significant role in the atomic redistribution

observed during annealing of implanted films. However, the

structure obtained with the as-deposited Ge films (Figure 5.1) is

quite different from the structure obtained with implanted films

(Figure 3 and Figure 5.2). Consequently, the implantation

process, and possibly the nature of the implanted dopants

(Ge-dopant cluster formation, surface and interface segregation,

etc.) as well as their atomic diffusion mechanism in the bulk

and on the surface of the Ge film, have a significant effect on

the Ge dewetting phenomenon. For example, the cavity forma-

tion at the Ge/SiO2 interface could be also related to the diffu-

sion mechanism of Se and Te atoms [41].

Figure 5: SEM plan-view image obtained after annealing a 340 nm
thick Ge layer sputtered on the native Si oxide of a Si(001) substrate:
(1) without implantation and TB = 0.64 µm; and (2) with Se implanta-
tion and TB = 8.7 µm.

Conclusion
The fabrication of highly-doped, porous Ge thin films (which

are of high potential use for optoelectronic device fabrication)

was successfully achieved using experimental techniques

compatible with Si CMOS technology.

High-dose (>1015 atoms/cm2) dopant implantations (Se and Te)

have been performed in polycrystalline Ge films deposited on

the native Si oxide. These implantations induced the formation

of three types of defects in the Ge film: (i) large GeOx clusters,
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(ii) holes, and (iii) nanopores (≈35 nm wide). Under thermal

annealing (i) the large GeOx clusters disappear leaving large

pores (≈400 nm wide) in the film, (ii) the initial holes stay

quasi-unchanged in the film, forming ≈100 nm wide pores, and

(iii) the size of the nanopores increases (≈50 nm wide). In

addition, cavities can form at the Ge/SiO2 interface with a

lateral size of between 100 and 200 nm. At high thermal budget,

the film is completely fragmented with the formation of large

Ge islands (≈1 µm wide). These phenomena can be explained

by the combination of several mechanisms. Among them, the

Ge dewetting on the SiO2-buried layer is the most obvious.

However, the influence of the nature of the implanted dopants

(bulk and surface diffusion) and the possible formation of

Ge-dopant nanoclusters can also have a significant effect on the

observed atomic redistribution. The careful control of thermal

annealing conditions should allow the control of the size and of

the distribution of the pores, allowing for the production of Ge

nanoporous films exhibiting characteristic skeleton sizes

smaller (≈10 nm, without annealing) or larger (≈50 nm,

annealing at 675 °C for 1 h) than the Ge-exciton Bohr radius,

depending on the desired applications.

Experimental
The Ge layers were deposited on the native silicon oxide of a

(001) silicon wafer by magnetron sputtering in a commercial set

up with a deposition chamber exhibiting a base pressure of

≈10−8 mbar. The first thermal annealing executed after Ge

deposition was performed in a commercial Jetfirst 600 Rapid

Thermal Annealing furnace under a vacuum of 2 × 10−5 mbar at

T = 600 °C for 20 min. The samples were implanted with a dose

of 3.6 × 1015 atoms/cm2 using the industrial implanter IMC200

developed by the company IBS. The implantations were

performed under a pressure of 2 × 10−6 mbar at an angle of 7°

with respect to the normal of the sample surface, and with an

ion beam energy of 130 keV for Se+ ions and of 180 keV for

Te+ ions. After implantation, the samples were annealed in

different conditions (1 ≤ t ≤ 168 h and 525 ≤ T ≤ 725 °C) in a

custom-built furnace under a pressure of 1 × 10−7 mbar during

annealing.

TEM images were performed using a FEI Titan 80-300

Cs-corrected microscope operating at 200 kV under multibeam

conditions with the Ge substrate aligned along the <110> crys-

tallographic direction. The spherical aberration was tuned to

−15 µm to both optimize the spatial resolution and reduce the

spatial delocalization [42].

SEM images were performed using a FEI Helios 600 Nanolab

microscope in the secondary electron (SE) mode with an accel-

erating voltage of 5 kV, using either an Everhart–Thornley

Detector (ETD) located below the objective lens for imaging at

low magnifications, or using a through lens detector (TLD)

placed within the objective lens for capturing high-resolution

images. In this mode, the image contrast is mainly affected by

topographic variations allowing the presence of holes and asper-

ities at the sample surface to be evidenced. The lateral size and

the density were analyzed manually from the SEM images

using the ImageJ software developed at the National Institute of

Health. The errors in the measurements can be estimated with

the original SEM image resolution.
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