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Thermal conductivity value of sponge-like meso-porous germanium (meso-PGe) layers measured

by means of photoacoustic technique is reported. The room temperature thermal conductivity value

is found to be equal to 0.6 W/(m K). The experimental results are in excellent agreement with mo-

lecular dynamic and Monte Carlo simulations. Both experiments and simulations show an impor-

tant thermal conductivity reduction of the meso-PGe layers compared to the bulk Ge. The obtained

results reveal meso-PGe as an interesting candidate for both thermoelectric and photovoltaic appli-

cations in which thermal transport is a really crucial issue. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891196]

Numerous theoretical and experimental results obtained

during the last 15 yr pointed out extremely reduced heat

transfer in low-dimensional structures in comparison with

corresponding bulk materials.1–4 Depending on an aimed

application, the thermal transport reduction can be either a

serious drawback (functional deterioration of overheated

components) or an attractive benefit (efficient thermal insula-

tion for thermoelectric applications).5 Thus, understanding

the fundamental mechanisms involved in the thermal trans-

port phenomena occurring in low-dimensional materials is of

the first importance, which will allow an optimal operation

of various devices and systems.

Nanostructures of the IVth group such as silicon, germa-

nium, silicon carbide, and carbon are of particular interest

and are expected to continue playing an essential role in the

future of nanosciences and nanotechnologies. For example,

porous silicon (PSi) nanostructures made by electrochemical

etching of silicon wafers has a thermal conductivity which is

2–3 orders of magnitude lower than that of bulk silicon sub-

strates.6,7 This is mainly due to: (i) its strongly percolated po-

rous network, (ii) phonon scattering on the nanocrystallite

surface, as well as (iii) increased phonon-phonon scattering

caused by lowering the dimension of the structures.8 Its low

thermal conductivity combined with easy fabrication on sili-

con substrates make PSi an interesting material for thermal

insulation in microelectromechanical systems and sensors.9,10

Cross-plane thermal conductivity of meso-porous Ge

(meso-PGe) films has been recently experimentally meas-

ured by Raman scattering spectroscopy.11 This late experi-

mental exploration is mainly due to the difficulty related to

fabrication of sufficiently thick homogeneous meso-PGe

layers with clearly defined morphologies and it was a big

technological challenge for a long time.12 Only recently, this

barrier has been overcome13 and this breakthrough opens

new possibilities for deep scientific studies of physico-

chemical properties and for design of various applications of

the meso-PGe layers.14–16

In this Letter, thermal conductivity measurements per-

formed by photoacoustic (PA) technique on sponge-like

meso-PGe layers fabricated by electro-chemical etching are

reported. Moreover, heat transport in the meso-PGe layers

constituted by partially amorphous Ge nanocrystallites is

theoretically simulated by molecular dynamic (MD) and

Monte Carlo (MC) methods and an excellent agreement

between the experimental and theoretical results is found.

Galvanostatic electrochemical etching was carried out

on 100 lm thick highly Ga doped p-type (0.005–0.04 X cm)

Ge wafers with (100) orientation. Before the etching, the

wafers were cleaned for 5 min in 3 washing steps: (1) deion-

ized water, (2) acetone, (3) ethanol, and then were immedi-

ately dried under nitrogen flow. The cleaned Ge wafer was

built in a homemade Teflon
VR

cell with a back-side copper

electrode and a Pt/Rh loop wire as a counter electrode.

Undiluted HF49% acid was used as an electrolyte. Bipolar

electrochemical etching technique described previously10

was applied to form thick (�2 lm) homogeneous sponge-

like meso-PGe layers of 50% porosity. Anodization current

density (1.8 mA/cm2) was applied in form of rectangular

bipolar anodic and cathodic pulses with durations of 1 and

2 s, respectively. The prepared porous samples were stored

in air at room temperature.

A typical cross-section scanning electron microscope

(SEM) view of the meso-PGe layer prepared under these ex-

perimental conditions is shown in Figure 1(a). Homogeneous

and highly interconnected sponge-like porous network can

be observed. The average pore diameter estimated from the

SEM image is found to be in the range between 3 and 8 nm.

Interconnected Ge nanocrystals constituting the porous layer

are shown on the transmission electron microscopy (TEM)
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picture in Figure 1(b). Log-normal-like size distribution of

the nanocrystals centered at 4.9 nm with standard deviation

of 0.3 nm is presented in Figure 1(c).

In order to get further insight into the structural proper-

ties of the fabricated meso-PGe layers, micro-Raman scatter-

ing spectroscopy measurements were carried out. In our

study, Raman spectra were recorded at room temperature on

(001)-oriented cross-section plane of the meso-PGe layers

with the use of an excitation wavelength of 514 nm and an ex-

citation power of 0.5 mW/cm2 applied through an objective

�100. The obtained characteristic Raman spectrum (opened

circles) of the meso-PGe layer is shown in Figure 1(d). As

one can see, width, shape, and spectral position of the Raman

peak strongly differ from well-known quite narrow symmet-

ric and centered at 300 cm�1 peak of original monocrystalline

Ge substrate.17 Indeed, the former is wider, red shifted, and

asymmetrically broadened towards the lower frequency

because of partial selection rule breakdown for the backscat-

tered Stokes Raman signal recorded in these conditions.17–20

A phenomenological phonon-confinement model initially

developed for nano-Si16 allows estimation of a mean diame-

ter of the Ge nanocrystallites from the spectral position and

the asymmetric shape of the Raman spectrum. The Raman

profile calculated from the phonon-confinement model13 is

presented as a hatched blue area in Figure 1(d). The mean

crystallite diameter of 3.1 nm with standard deviation of

0.68 nm was found from the model to ensure the best fitting

of the high energy tail and position of the peak maximum.

However, in order to perfectly fit the whole spectrum, an

intense band corresponding to amorphous Ge (a-Ge) which is

centered near 279 cm�1 (hatched red area) has to be taken

into account. This amorphous phase can correspond to the

disordered �1 nm thick shell covering the Ge nanocrystallites

which is quite well visible at high resolution TEM picture

shown as insert in Figure 1(d). Taking in to account thickness

of the amorphous shell and diameter of the crystalline core, a

good agreement with the size distribution shown in Figure

1(c) can be stated.

Simulations of thermal transport in the PGe layers were

performed by means of MD and MC methods taking into

account structural features described above. In the first case,

a Non-Equilibrium Molecular Dynamics (NEMD) simulation

method21 was used and the PGe layer was modelled as a net-

work of interconnected “crystalline core/amorphous shell”

Ge nanoparticles (as shown in Figure 2) separated by voids

with comparable sizes. According to the structural particular-

ities of the PGe layers, dimensions of the crystalline core and

thickness of the amorphous shell are considered to be 3 nm

and 1 nm, respectively. Details of the modeling of amor-

phous/crystalline interfaces can be found in a recent article.22

The modelled porous network was relaxed before the thermal

conductivity simulations. The thermal conductivity value of

FIG. 1. (a) Cross-section SEM view of

the meso-PGe layer, (b) TEM picture

of the sponge-like porous network, (c)

size distribution of the nanocrystals,

(d) characteristic Raman spectrum of

the meso-PGe layer.

FIG. 2. The cross section of the modeled crystalline core/amorphous shell

germanium nanoparticles with molecular dynamics is depicted. The charac-

teristic lengths of the geometry are given. Grey atoms indicate four-

coordinated atoms, blue with one, yellow with two and green with three.

031912-2 Isaiev et al. Appl. Phys. Lett. 105, 031912 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

134.214.86.100 On: Wed, 23 Jul 2014 13:51:52



the meso-PGe layers was found to be 0.6 W/(m K). This

value is about 45% of the value of completely amorphous po-

rous Ge network and 7% of the value of completely crystal-

line porous Ge layers. Such a huge reduction shows that the

synergy between porosification and amorphization are the

key parameters to obtain ultralow thermal conductivity.

The second simulation approach is based on solving of

Boltzmann Transport Equation (BTE) with the use of a MC

algorithm.23,24 Several spheres of the same size representing

the pores are randomly distributed to model the meso-PGe

nanostructure. The BTE is statistically solved under the relax-

ation time approximation.25 With the MC technique, phonons

are treated as energy bundles which are randomly sampled

according to distribution laws and selection rules (frequency,

group velocity, and polarization). Phonons are allowed to

move within the nanoporous network according to their

sampled velocity and propagation direction. Phonons are

assumed to be scattered at nanopore boundaries. Other scat-

tering processes discussed below are also taken into account

in the restoration of the equilibrium procedure. For relatively

high porosities, direct MC simulation can be very long due to

a big number of phonon scattering events occurring on the

pore boundary. Thus, an Effective Monte Carlo (EMC) model

has been developed in order to accelerate the calculation pro-

cess. According to this model, the phonon scattering events

are considered to be independent and a corresponding supple-

mentary relaxation time (s�1
np ) is introduced. This new relaxa-

tion time is evaluated on the basis of a ray-tracing technique

for which a large amount of phonons are tracked in a real po-

rous structure during a single time step Dt.22 The global

relaxation time is given by the Matthiesen’s rule26

s�1ð-; TÞ ¼ s�1
N ð-; TÞ þ s�1

U ð-; TÞ þ s�1
I ð-; TÞ

þ s�1
np ð-; TÞ; (1)

where s�1
X ð-; TÞ are the relaxation times for a series of proc-

esses, and the index x corresponds, respectively, to normal

(N), umklapp (U), impurities (I), and nanopores (np). The

three first relaxation times are given by the Holland’s

model.26 As for the nanopore-phonon interactions character-

ized by s�1
np , one can define a corresponding mean free path

(MFP) Knp ¼ vg � s�1
np , where vg is the phonon group velocity.

Figure 3 shows Knp dependence on porosity at room temper-

ature for a 2 lm thick meso-PGe layer constituted by spheres

with 3 nm radius. Our simulations show that the Knp does not

depend on polarization and frequency in contrast to the MFP

related to 3 phonon processes and to the scattering on

impurities.

The BTE is then solved to deduce thermal conductivity

value of a porous Ge layer at 300 K (Figure 4). Black dots cor-

respond to the EMC calculations for 50% porosity. The

reported evolution of the thermal conductivity shows a linear

dependence of thermal conductivity on MFP (Knp). Thus, for

the pore diameters in the range between 4 and 8 nm, we have

plotted the interpolated values of the thermal conductivity

considering a linear variation in this domain (blue triangles).

We find a reduction of the bulk thermal conductivity of almost

two decades, or in absolute values a thermal conductivity near

0.52 W/(m K) for the pore diameter of 7 nm and porosity of

50%. In addition, it shall be kept in mind that the calculations

have been done for a uniform pore diameter distribution

whereas the SEM pictures show a pore size dispersion. This

fact can lead to a slight shift of the overall thermal conductiv-

ity of the meso-PGe thin films.

For the experimental evaluation of the meso-PGe thermal

conductivity, PA gas-microphone technique already described

by Isaiev et al.27 and shown in Figure 5(a) was applied. Two

light emitting diodes (LEDs) with maximum spectral density

wavelengths at k1¼ 470 nm and k2¼ 670 nm were chosen as

sources for excitation of PA signals. Different absorption

coefficients of the meso-PGe layer at these wavelengths

(aPGe(k1)¼ 2.7 lm�1 and aPGe(k2)¼ 0.48 lm�1) were

obtained from ellipsometry measurements and are taken into

account in order to accurately set spatial distribution of the

absorbed light intensities for the both wavelengths.28

FIG. 3. Left axis: Thermal conductivity variations of a mesoporous germa-

nium thin film with a uniform pore diameter d¼ 6 nm as a function of the

porosity; blue dots correspond to Monte Carlo simulations, red triangles cor-

respond to the kinetic theory model. Right axis: Nanoporous phonon mean

free path as a function of the porosity for a uniform pore diameter d¼ 6 nm

(green dashed line).

FIG. 4. Thermal conductivity variations of a mesoporous germanium thin

film with a porosity of 50% as a function of the phonon mean free path due

to porosity (Knp); black dots correspond to Monte Carlo simulations, blue

triangles are interpolated values for equivalent diameters, green dot is the

experimental results.
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Experimentally detected dependences of the PA signal ampli-

tude on modulation frequency for each LED are presented by

symbols in Figure 5(b). The obtained experimental data were

fitted with the use of Rosencwaig and Gersho model devel-

oped for thermal conductivity evaluation. In the frame of this

model, the following multilayered system set in the PA cell

was considered: gas (air), meso-PGe layer, monocrystalline

Ge wafer, and a dielectric substrate. In order to calculate the

spatial distribution of AC temperature component (h) in this

system, non-homogeneous heat-diffusion equation can be

written in the following form:

d

dz
K

dh
dz

� �
� i2p�cqh ¼ f zð Þ; (2)

where K, c, and q are the spatial distribution of thermal con-

ductivity, specific heat capacity, and density in the consid-

ered multilayer system, respectively; f(z) is the function

describing the spatial distribution of the absorbed light

intensity

f ðzÞ ¼ I0ð1� RÞa exp �
ðz

0

aðz0Þdz0

0
B@

1
CA: (3)

In the case of excitation with k1, according to the fact

that there is almost a total absorption of the exciting light

inside the porous Ge layer, the expression of f(z) can be

reduced to

f ðzÞ ¼ I0ð1� RÞaPGe exp ð�aPGezÞ: (4)

Oppositely, in the case of an excitation at the wavelength k2,

the light source intensity can reach the Ge wafer, and thus

Eq. (3) becomes

f ðzÞ¼ I0ð1� RÞ�
aPGe exp ð�aPGezÞ
aGe exp ððaGe � aPGeÞlPGeÞ exp ð�aGezÞ;

�

(5)

where lPGe thickness of PGe layer.

Equation (2) can be numerically solved to calculate h(z)

by finite difference method taking into account the boundary

conditions related to the absence of thermal perturbation far

from the studied layers (z ¼ 61). According to Rosencwaig

and Gersho model,29 the temperature distribution in the gas

(h(z< 0)) defines pressures oscillation in the PA cell (p(�))

forming the detected PA signal

pð�Þ �
ð�1

0

hðz; �Þdz: (6)

The obtained experimental amplitude-frequency charac-

teristics were fitted by Eq. (6) as it is shown in Figure 5(b)

by solid lines for the both excitation wavelengths with ther-

mal conductivity of the meso-PGe layers as a fitting parame-

ter. The best fitting was obtained for K¼ 0.6 W/(m K),

which is in excellent agreement with the values estimated

from numerical simulation.

In conclusions, the present study provides a comprehen-

sive evaluation of the morphology dependent thermal con-

ductivity of thin meso-PGe films. First of all, electronic

microscopy and Raman spectroscopy were used to evaluate

size and pore distribution within the meso-PGe samples.

From these studies, strongly interconnected Ge nanoparticles

with mean diameters near 5 nm covered by a thin amorphous

layer have been found to constitute the meso-PGe layers. On

the basis of these observations, two numerical techniques

were used to appraise the meso-PGe thermal conductivity:

molecular dynamics and Monte Carlo solution of the

Boltzmann transport equation. The results obtained by the

both theoretical approaches are found to be in good agree-

ment with experimental measurements based on photoacous-

tic technique. In particular, at room temperature, meso-PGe

thermal conductivity is found to be two orders of magnitudes

lower (0.6 W/(m K)) than that of bulk Ge substrates

(58 W/(m K)). This result correlates quite well with similar

observations done on nano-porous Si (Ref. 30) and nano-

porous SiGe (Ref. 31) structures.
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