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1. Introduction

In recent years, the emergence of novel nanostructured materials
has attracted significant attention from researchers, who have
recognized their huge potential to drive advancements in
fundamental research as well as in applied science and engineer-
ing. The advent of a range of sophisticated techniques to

precisely control material design at the
nanoscale has enabled the synthesis of a
vast array of materials, including nano-
wires,[1–4] nanodots,[5,6] nanosculptured
interfaces,[7,8] thin films,[9–11] and complex
heterostructures.[12–16]

Nanostructuring materials raises a num-
ber of important scientific questions of
immediate relevance to their functional
properties. How do material properties
alter when systems transit from macro-
scopic to nanoscopic length scales? How
do reduced dimensionality, interface
effects, and even quantum effects influence
static and dynamic material behavior?
What are the effects of nanoscale confine-
ment on soft[17] and hard matter?

Elastic X-ray and neutron scattering
studies have demonstrated that nanocon-
finement induces modified structural
phase transitions in both hard and soft
matter.[18,19] Impedance spectroscopy

has revealed that electronic properties in nanometer-sized
dielectrics substantially differ from those of bulk systems.[20]

Nanostructuring introduces scattering centers for phonons or
even modifies the phonon dispersion, thus affecting thermal
transport.[21–28] The complex geometry of porous networks,
combined with liquid-interface interactions, determines the
hydrodynamic flow in nanochannels.[29] At a smaller length
scale, the stochastic motions of molecules in liquids are
constrained by geometrical restrictions.[30,31]

These insights provide motivation for scientists to engage in
the search for novel nanosized material classes and their poten-
tial technological applications. Nanostructured systems, for
instance, are envisioned as the next generation of energy materi-
als that would allow the implementation of a sustainable, afford-
able, and green energy infrastructure.[32]

Ionic liquids embedded in porous carbons are promising
candidates for supercapacitors with enhanced power densities.
Nanostructured silicon or nanoconfined sulfur are discussed
as electrodes for novel batteries fueling the hope to extend cycle
robustness and thus battery lifetime. Nanostructured electron–
donor/electron–acceptor systems represent a promising pathway
toward high-efficiency polymer-based photovoltaics. The present
study focuses on mesoporous silicon which is drawing remark-
able interest for heat management in future information
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This article presents a unique study on the charge carrier transport in
electrochemically anodized mesoporous silicon by combining macroscopic
conductivity and thermopower measurements. Temperature-dependent electrical
conductivity measurements reveal a thermally activated transport in extended
electronic states. An intrinsic variation of the thermal activation energies from
sample to sample upon apparent identical synthesis conditions is discussed in
terms of microscopic disorder. In a detailed analysis of the activation energies,
the existence of a disorder-dependent mobility edge between localized and
extended states in a band tail with exponential density-of-states becomes
indispensable for understanding the microscopic transport mechanism. The
observation of a Meyer–Neldel compensation rule for the conductivity between
different samples is a direct consequence of this mobility edge. Temperature-
dependent thermopower measurements provide further, stringent proof for
disorder-dominated transport in extended states above the mobility edge and
dispel an alternative explanation attempt for the Meyer–Neldel rule in meso-
porous silicon based on multiphonon absorption upon charge carrier transport.
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technologies and thermoelectrics for thermal to electric power
conversion.

Mesoporous silicon—hereafter referred to as pSi—is defined
as single-crystalline silicon penetrated by nanometer-sized pores.
Its synthesis by electrochemical anodization in hydrofluoric (HF)
acid is moderately complex,[33,34] but offers benefits such as scal-
ability together with a high degree of tunability. The parameters
of the anodization process allow for the control of porosity, pore
size distribution, pore connectivity, and pore orientation.[35]

PSi has a multitude of potential applications. Its biocompati-
bility makes it an attractive material for biosensors and drug
delivery.[36,37] Filters and nanofluidics seek to benefit from the
flow dynamics of gases and liquids in the pore network. The
huge internal surfaces inherent to the material are interesting
for battery anodes[38] and capacitors,[39] while thermoelectric
applications exploit the material’s exceptionally low thermal
conductivity.[40]

Some of the envisioned applications rely on the geometric
confinement provided by the material, its huge surfaces, or
the host–guest interaction. Others depend more directly on
the intrinsic properties of the material, such as thermal conduc-
tivity and electric conductivity. In the latter case, a fundamental
understanding of transport phenomena in the material is indis-
pensable. A thorough understanding of phonon and charge
transport is a prerequisite for any successful and well-conceived
material design strategy.

Surprisingly, despite the widespread attention awarded to pSi,
there is still no coherent picture describing the charge carrier
transport mechanism in the pSi skeleton. This study presents
temperature-dependent electrical conductivity and thermopower
measurements on an ensemble of different pSi samples. A
detailed data analysis unambiguously identifies the underlying
process that defines the electronic transport properties of the
material to be governed by extended states above a disorder-
dependent mobility edge rather than multiphonon-assisted
hopping between localized states.

2. Results and Discussion

Although mesoporous silicon is synthesized from highly
conductive boron-doped wafers, it does, however, not inherit
the conductivity σ ¼ 50� 100 S cm�1 of the source material.
In fact, the anodization process reduces σ by up to seven orders
of magnitude at T ¼ 300K (Figure 1).

The conductivity of the p-doped Si wafers exhibits a tempera-
ture dependence typical of highly doped semiconductors
(Figure 1 inset),[41] where the hole mobility is reduced at higher
temperatures due to increased electron–phonon scattering rates.
As a consequence, σ Tð Þ decreases in the intrinsic region
(T > 100K) with increasing temperature.[41] In contrast, pSi
membranes (W �H �D ≈ 3� 0.2� 10mm3) show thermally
activated charge transport (Figure 1) in the probed temperature
range T > 300K.

Addressing charge carrier scattering and modified band struc-
ture in pSi precedes necessarily the discussion of the conductiv-
ity and the microscopic transport mechanism. It is obvious that
pSi as disordered, defective structure introduces additional scat-
tering centers for “freely” moving electrons. These scattering

centers impair carrier transport as the additional scattering
length defined by the nanometer-sized pore–pore distance is
at least comparable or even smaller than the one in the source
material bulk silicon (bSi). The modified scattering rates are
important for transport in extended states whereas hopping in
localized states is governed by tunneling rates.[42]

Subtle and diverse effects lead to modifications of the band
structure in pSi. The electronic band structure of pSi differs sig-
nificantly from the one of crystalline bSi. The broken transla-
tional symmetry at the pore interfaces gives rise to midgap
states. These states are responsible for band bending and deple-
tion of free charge carriers in the only several nanometer thick Si
walls.[41] The spatial confinement of carriers in a crystalline Si
skeleton with nanometer thick walls increases the bandgap in
pSi to 1:46eV for all samples compared to an optical gap of
1:14eV at 300K in bSi. This confinement-induced change in band
structure is most evident in UV–vis spectra (Figure 2) where the
absorption threshold in pSi is redshifted.

Random disorder in pSi causes Anderson localization.[43]

These localized states act as additional carrier traps and create
exponential band tails in the density-of-states. The prominent
Urbach tails in the absorbance α (Figure 2) reflect these band
tails with exponential density-of-states.[44]

From the prelude it becomes evident that the one key question
at the forefront of the discussion is, whether carrier transport
happens in extended states or in localized states via hopping.
In the case of hopping transport, the quest to identify a
particular hopping mechanism such as single phonon-assisted
hopping,[42,45] or multiphonon-assisted, polaronic hopping,[46]

complements this key question.
The conductivity measurements in Figure 1 help providing

answers systematically. The data show thermally activated
transport according to

Figure 1. Temperature-dependent electrical conductivity of various pSi
samples. The solid lines represent nonlinear least squares approximations
to the datasets based on Equation (1). The two data columns are the
optimized model parameters. Error bars are of a similar size than the sym-
bols. The inset shows the T-dependent conductivity of the source material,
p-doped bulk silicon.
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σ Tð Þ ¼ σ0 exp �Eσ
A

.
kBT

� �
(1)

where Eσ
A refers to the activation energy of the transport process.

The temperature dependence of the parameter σ0, which usually
takes some form of a power law[41,42] for ordered and disorder
semiconductors, is negligible compared to the dominant
exponential term.

Activation energies Eσ
A vary from sample to sample. The lower

threshold is around 170meV . The upper threshold of 860meV is
close to half the size of the optical bandgap in pSi. The large acti-
vation energies indicate a reduced mobile carrier density as one
reason for the decrease in conductivity upon Si anodization. With
the same dopant concentration (> 1018 cm�3 ) in bSi and pSi,
complete ionization of dopant atoms in bSi and only accounting
for the exponential term in Equation (1), one estimates for a sam-
ple with Eσ

A ¼ 400meV at 600K (! kBT ≈ 52meV ) a reduction in
free carriers by exp �400=50ð Þ ≈ 5� 10�4 compared to bSi.

Deducing the origin of the intersample variation in Eσ
A is an

intriguing task as all samples are anodized bona fide under the
same electrochemical conditions. The anodization of different
pSi samples is considered reproducible with respect to average
pore size R and porosity ϕ. Marginal sample-to-sample variations
in R and ϕ can be neglected and exhibit most importantly no
systematic correlation with activation energy Eσ

A variations. It
is therefore imperative to conclude that the parameters porosity
ϕ and average pore size R are not sufficient to uniquely
characterize the microstructure that determines the electrical
properties.

The picture of an ensemble of different, possible microstruc-
tural configurations for the two macroscopic variables R and ϕ
emerges in which the ensemble averages for transport quantities
do not agree with the inherently provided volume averages of the
transport measurements. Borrowing an expression from statisti-
cal mechanics, the samples exhibit a lack of ergodicity, which

finally allows to determine the transport mechanism in pSi as
put forward in the remainder of this article.

The Arrhenius plot of the thermally activated conductivities
(Figure 1) exhibits one attention seeking peculiarity. Irrespective
of the sample and its activation energy, all datasets and their non-
linear least squares approximations intersect within a reasonable
margin of error in one single point at a characteristic tempera-
ture TMN. This is a manifestation of a so-called Meyer–Neldel
compensation rule (MNR) that implies an intersample relation
between the quantities σ0 and Eσ

A. It is

σ0 ¼ σ00 exp Eσ
A

.
EMN

� �
(2)

with the Meyer–Neldel energy EMN ¼ kBTMN.
Figure 3 shows the nonlinear squares approximation of this

intersample correlation based on Equation (2). As a Meyer–
Neldel energy, one finds EMN ≈ 58meV. Surprisingly, this
energy value is close to a prominent, sharp maximum in the opti-
cal phonon density-of-states of silicon.[47] It is therefore tempting
to focus attention solely on phonon-assisted hopping models in
an attempt to answer the stated key question concerning the
charge carrier transport. However, this agreement is deceptive
and no more than coincidental as argued below.

The Meyer–Neldel rule in pSi finds an explanation on funda-
mental grounds as direct manifestation of the microscopic mech-
anisms that govern carrier transport in this porous, disordered
material. Key statements of the novel MNR model put forward
by this article concern the band structure of pSi: 1) a mobility
edge EC separates extended Bloch states from localized
Anderson states;[48,49] 2) it is EC > EF and only charge carriers
above the mobility edge in extended states contribute to charge
transport; 3) interfaces and defects cause midgap states;[50] 4) the
Fermi-level EF is pinned in the center of the bandgap in the
energy range of the midgap states;[50,51] 5) the mobility edge
is located in the band tail with an exponential density-of-states

Figure 2. Optical bandgap in pSi at T ¼ 300K : the Tauc plot exhibits the
dependence of the absorbance α on the incident photon energy ℏω.[74,75]

Optical bandgap of pSi 1.46eV and bulk silicon 1.14eV are marked.

Figure 3. Meyer–Neldel compensation rule for pSi. The solid line is a
nonlinear least squares approximation according to Equation (2). Note:
different data points correspond to different samples.
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N Eð Þ; and finally, 6) EC depends strongly on the degree of micro-
scopic disorder.[42,52]

The model is conceived so far and subsequently for the more
familiar case of electron transport. Adapting to hole transport is
obviously trivial. With statements #1 and #2, one writes directly
for the electrical conductivity in the Drude model

σ ¼ eN ECð Þμ Tð ÞkBT|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
σ0

exp �EC � EF

kBT

� �
(3)

Here, μ Tð Þ is a temperature-dependent carrier mobility that is
dominated by carrier scattering on the disordered nanostructure
in pSi. In ansatz Equation (3), only charge carriers in the energy
interval ½EC,EC þ kBT � contribute significantly to the charge
transport. However, the total temperature dependence of σ0 is
negligible in the same spirit as in Equation (1), which is the basis
of the original data analysis.

Statements #3 and #4 are motivated by insights from studies
on disordered, amorphous semiconductors.[42,50,51] Essentially,
statements #5 and #6 explain the MNR as a direct consequence
of the exponential density of states in a band tail N ECð Þ ∝
exp EC=EMNð Þ and an intersample variation of EC. EC � EF is
identified as activation energy Eσ

A.
It remains statement #6 for additional discussion. One

assumes different microstructural configurations to be realized
in different samples (see above) that manifest in a varying degree
of disorder. It is this disorder that has an significant impact on
the position of the mobility edge EC. A quantitative, theoretical
description of this effect is challenging. It strongly depends on
the system under discussion and requires a microscopic model
for disorder. Abou-Chacra and Thouless,[52] for instance, showed
that the position of the mobility edge in a simple Anderson
model[53] varies with the mean square deviation of the site energy
in the limit of low disorder.

The novel explanation of the MNR in pSi appeals through sim-
plicity and elegance. However, the observation of phenomeno-
logical compensation rules is well documented for diverse
transport processes and MNRs for thermally activated electrical
conductivity, atomic diffusion, or thermal emission of charge
carriers were intensively studied in contemporary scientific
literature before.[6,54–67] Consequently, a brief review of the
two most prominent but entirely different explanation attempts
for compensation rules is in order.

Lubianiker and Balberg[60] reported in 1997 an MNR for the
DC conductivity in pSi. By drawing parallels with the behavior of
amorphous silicon, they infer an extended-state transport mech-
anism in pSi. As of the origin of the MNR, the authors remain
fairly vague but vote for a level-shift model in which the chemical
potential EF depends linearly on temperature T. This fairly con-
veniently chosen temperature dependence, however, requires an
asymmetric, particularly tailored density-of-states around EF.

[59]

In Yelon’s[64] multiexcitation entropy (MEE) model, charge
transport is considered as a thermodynamic activation process
with rate X ∝ exp �ΔG=kBTð Þ utilizing the Gibbs free energy
G as appropriate thermodynamic potential. With the fundamen-
tal relation between the Gibbs free energy G, the enthalpyH and
entropy S of the system it is X ∝ exp ΔS=kBð Þ � exp �ΔH=kBTð Þ

and the derivation of the MNR is complete with EA ¼ ΔH if
ΔS=kB ¼ ΔH=EMN.

The entire reasoning relies on the intuitive argument that a
large number of phonons (excitations) must be absorbed in a
thermal fluctuation to overcome an activation barrier, which is
much larger than the thermal energy kBT and the phonon energy
itself. This absorption process comes along with a large
“selection” entropy ΔS as there are multiple ways how to absorb
the required number of phonons. It is this entropy that increases
with the activation energy and causes the compensation
factor.[64–66] In particular, EMN relates directly to the energy spec-
trum of the phonons.

Although passionately challenged by Fishchuk et al.[57] Yelon
et al.[64] draw confidence in their theory from the microscopic,
optical-phonon-assisted charge-hopping models developed by
Emin.[46] In an impressively extended and convoluted calcula-
tion, Emin derives the multiphonon-assisted hopping rate for
a two-site model, which includes a compensation factor and
allows assigning a Meyer–Neldel energy via

EMN ¼ ℏω0

ln Mð Þ , M ¼ 2Meph

ℏω0
(4)

Here, ℏω0 is a dispersionless optical phonon energy andMeph

is the electron–phonon coupling strength.
In the MEE framework, it is tempting to explain the MNR in

pSi by multiphonon absorption enabled, thermally activated
carrier hopping in localized states because of the exceptional
agreement between EMN and the maximum in the phonon
density-of-states of Si/pSi. Yielding to this temptation is, how-
ever, premature and causes an unfortunate case of circular logic.
The current state of the MEE theory only predicts a proportion-
ality between EMN and the energy of the phonons, a proportion-
ality whose details depend on the microscopic model. For
instance, in Equation (4), one has to assume ad hoc an
electron–phonon coupling parameter Meph ≈ 78meV to obtain
EMN ¼ ℏω0 ¼ 58meV. This coupling constant might not be
unreasonable by any scientific grounds but appears to be arbi-
trarily chosen with the sole purpose to recover the identity
between the Meyer–Neldel energy and the maximum in the pho-
non density-of-states, an identity which motivates the application
of the MEE theory on pSi in the first place.

Invaluable insight comes from temperature-dependent ther-
mopower measurements S Tð Þ in Figure 4 to resolve the issue
of a charge carrier transport that is either governed by extended
or localized states even more stringently. Therefore, data are
compared with least-squares approximations based on the theo-
retical predictions for the thermopower of nondegenerate or
amorphous semiconductors:[42]

S Tð Þ ¼ kB
e

ES
A

kBT
þ A

� �
(5)

ES
A refers to a characteristic activation energy for the carrier

transport and A encodes details of the scattering mechanisms.[68]

The positive sign of the thermopower evidences hole transport
in pSi. For bSi, a value ES

A ¼ 45meV is found in excellent agree-
ment with the energy of the boron donor level in the Si
bandgap.[41] The comparison of the experimentally observed
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activation energy for the conductivity and for the thermopower
demonstrates the strict inequality Eσ

A > ES
A (Table 1) to hold for

the entire ensemble of samples investigated. This seemingly
trivial observation has important implications for the transport
mechanism in pSi.

In crystalline materials, one expects the identity Eσ
A≡ES

A for
charge transport in extended states.[42] Random potentials cause
a pronounced inequality between both quantities for extended-
state transport in disordered systems[42,69] such as amorphous
silicon.[70] For hopping transport in localized states, Eσ

A > ES
A

applies.[42] The hopping manifests in an exponential temperature
dependence exp �Ehop=kBT

� �
of the mobility accounting for the

necessity to absorb phonons and it becomes elementary to show
in Boltzmann transport theory that Ehop ¼ Eσ

A � ES
A.

[43]

It is finally the inequality between Eσ
A and ES

A why an explana-
tion of the MNR in pSi based on MEE models fails. Assuming a
hopping mechanism combined with the thermopower results
requires discussing the MNR in terms of Ehop and not Eσ

A.
But Table 1 clearly shows that there is no MNR observed for
Ehop that relates, in this scenario, to the energy barrier between
hopping sites and thus would define the number of phonons that
must be absorbed to accomplish intersite jumps.

3. Conclusion

The electronic transport in doped, crystalline silicon is well
understood. In the extrinsic temperature region,[41] the doping
level defines the temperature independent charge carrier concen-
tration in extended Bloch states of the conduction band. Upon
carrier flow, it is the scattering on phonons and impurities that
determines the temperature dependence of the conductivity.

This article refines this picture for pSi. Porosification causes
disorder-induced, localized Anderson states in the band tails, gap
states, and charge carrier depletion accompanied by band bend-
ing at the huge internal interfaces. The bandgap in pSi is signifi-
cantly increased compared to bSi. The electrical conductivity in
pSi is thermally activated. It is controlled by the temperature-
dependent carrier concentration rather than the different scatter-
ing mechanisms. Activation energies reach values up to 860meV.

Electrical conductivity measurements reveal a Meyer–Neldel
compensation rule for the thermally activated transport. A novel
explanation for the MNR bases on Fermi-level pinning in midgap
states, exponential density-of-states in the band tails, and trans-
port in extended states above a disorder-dependent mobility
edge. Thermopower measurements dispel the alternative
hypothesis that multiphonon-assisted hopping in localized states
causes the MNR in pSi.

The study provides novel and unique insights into the micro-
scopic carrier transport mechanisms in pSi. As such, it is of
interest to both fundamental science and applied science. In par-
ticular, material scientists who seek to develop pSi/nanostructured
Si-based energy materials, e.g., supercapacitors or thermoelectrics
will benefit from these findings.

4. Experimental Section

Sample Synthesis: The synthesis of pSi is achieved through the anodi-
zation of single-crystalline, p-doped silicon wafers in electrolytes contain-
ing HF acid.[33–35,71] The most critical control parameters of the
anodization process are the HF concentration, current density, and etch-
ing time. With the appropriate resistivity and crystallographic orientation
of the silicon wafers used, it is possible to control pore sizes, porosity, and
interconnectivity of the etched pore networks.

The samples for the present study are synthesized by electrochemical
etching of p-type [001]-oriented silicon wafers with a conductivity of
σ ¼ 50� 100 S cm�1. The wafers are anodized in a 4:6 electrolyte solution
comprising 48 vol% HF and 99 vol% ethanol, with an etching current den-
sity of j ¼ 12mA cm�2. Following a 4 hour etching process, an increased
current density of j ¼ 216mA cm�2 is applied for 40s to detach 160 μm
thick, self-supporting membranes with a diameter of roughly 5 cm from
the bulk wafers.

Sample Characterization: The etched pSi membranes are characterized
by nitrogen N2 sorption isotherms, which provide information about the
morphological properties of the samples. The analysis of isotherms

Table 1. Activation energies for electrical conductivity and thermopower.

pSi sample #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

EσA [meV] 863� 58 668� 14 474� 32 571� 62 804� 57 650� 135 315� 123 200� 16 212� 35 168� 15

ESA [meV] 460� 92 150� 65 100� 57 250� 16 410� 52 100� 77 140� 34 100� 10 100� 26 100� 11

EσA � ES
A [meV] 403� 109 518� 66 374� 65 321� 64 394� 77 550� 155 175� 41 100� 19 112� 44 68� 19

Figure 4. Thermopower of selected pSi samples as function of
temperature. For clarity, only a representative subset of the data in
Table 1 is shown. The solid lines are least-squares approximations based
on Equation (5). The color and symbol code corresponds to the one of
Figure 1. Error bars are of a similar size than the symbols. The black
symbols refer to bulk Si.
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guarantees that only morphologically identical samples are selected for
subsequent charge transport measurements.

Figure 5 shows a representative N2 sorption isotherm of a single mem-
brane at T ¼ 77K. The nanoscale properties of the pSi sample determine
the volumetric liquid- N2 uptake f ¼ N=N0 upon increasing or decreasing
the partial vapor pressure Pred ¼ P=P0. N and N0 are the number
of physisorbed N2 molecules at partial and complete pore filling whereas
P and P0 refer to the N2 vapor pressure below and at saturation
(P0 77Kð Þ ¼ 1013mbar).

A Barrett–Joyner–Halenda analysis[72] of the desorption measurements
identifies an average pore radius of R ¼ 4.5 nm for the mesoporous mem-
branes. A specific surface of A ≈ 160m2g�1 is inferred from a Brunauer–
Emmet–Teller analysis[73] of the low-pressure part of the isotherm prior to
the onset of capillary condensation. Finally, the membrane volume andN0
allow for the estimation of the porosity to be ϕ ≈ 55%.

Charge-Transport Measurements: Electrical conductivity and thermo-
power of freestanding pSi membranes are measured with a commercial
Seebeck Analyzer (SBA 458 Nemesis, NETZSCH-Gerätebau GmbH,
Germany) in the temperature range from 300 to 673K. A nitrogen gas
atmosphere prevents sample oxidation at elevated temperatures.
Transport properties are probed in-plane of the roughly 10mm long,
rectangular-shaped samples.

An in-line four-point probe technique (current injection: rhodium tips;
voltage measurement: Inconel-covered type K thermocouples) is used
to determine the electrical conductivity at a maximum current of 1 mA.
The thermopower is determined from the voltage drop across the two ther-
mocouples in response to an applied temperature gradient ΔT < 7.5K.
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A. Köhler, H. Bässler, J. Genoe, H. Sitter, N. S. Sariciftci, Phys.
Rev. B 2014, 90, 245201.
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