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Abstract. We have investigated variable-range hopping conduction in amorphous Si1−cMnc

(c = 4 and 7 at.%) samples obtained by ion implantation and treatment by anodic etching
in HF solution—porous silicon. As temperature is reduced, we find a crossover from the
exp[−(T0/T )1/4] Mott form to a simply activated law, exp(−1E/kT ). This behaviour is
attributed to a temperature-induced transition from 3d to 1d hopping conduction in a network
of weakly interconnected silicon quantum ‘wires’. The mean diameter of the silicon wires,
D = 5–6 nm, was deduced from analysis of the conductivity data and is in agreement with
XTEM and STM observations. It was found that the density of states in the porous material is
smaller than in the compact material due to broadening of the impurity band caused by lateral
confinement in the silicon wires.

1. Introduction

Unaided, HF acid etches silicon extremely slowly, at a rate of only nanometres per hour.
Driving an electric current between the acid electrolyte and the silicon sample speeds up
the process, but leaves an array of deep, narrow pores that run perpendicular to the silicon
surface. The pore structure has been explained in terms of available paths for the etching
current. Each pore is surrounded by an insulating layer of material depleted of electrons.

Since the discovery of visible room-temperature photoluminescence in porous silicon
(PS) [1, 2], this material has often been classed as a low-dimensional semiconductor. The
unusual optical properties of PS are discussed in terms of quantum-size effects in a network
of one-dimensional (1d) silicon pillars which are confined by surrounding pores and which
have weak interconnections between them (figure 1(a)). It has been established [1, 2] that
the conducting silicon remaining after electrochemical etching is usually in the form of thin
wires, with cross-sectional dimensions of nanometre scale, and which are small enough to
produce quantum-size effects in the Si band structure.

There have been several attempts to create 1d conducting samples by simply restricting
the lateral dimensions of an inversion layer or of modulation-doped devices (see [3] and
references therein). This has been accomplished by using very narrow gates, etching mesa
structures, or by pinching an accumulation layer between two diffused junctions. The
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Figure 1. (a) A schematic representation of the structure of porous silicon. Arrows show
the motion of electrons at high temperatures (small hopping length, 3d hopping) and low
temperatures (large hopping length, 1d hopping). (b) The cross-section of the test structure.

electrolysis of silicon is a new and simple method for fabricating low-dimensional systems.
Recent studies of the temperature, bias voltage and magnetic field dependence of variable-
range hopping (VRH) conduction in undoped amorphous PS in the temperature range
T = 300–140 K have revealed some properties of 1d disordered systems [4]. A problem
has been the fractal structure of PS which disguises the 1d nature of charge transport at high
temperatures. In this paper we will describe the temperature dependence of conductance in
porous amorphous Si1−cMnc (c = 4 and 7 at.%) alloys. The high impurity concentration
allowed us to extend the measurements to lower temperatures (≈20 K) and observe directly
for the first time the transition from 3d to 1d regimes of VRH transport.

2. Experimental details

Figure 1(b) shows a schematic diagram of the porous structure. The amorphous layers
of Si1−cMnc with thicknessL0 ≈ 0.3 µm were formed on degenerate (3 m� cm) n-type
silicon (111) wafers by implanting Mn+ ions. A homogeneous distribution of the impurity
across the layer thickness was ensured by varying the ion energy in the range 20–300 keV.
An Al coating was evaporated on the back of the wafers to improve ohmic contact. The
anodization was carried out in a solution of (42% HF):H2O:C3H7OH (1:2:2 by volume) at
a constant current density ofj = 10 or 15 mA cm−2 for t = 6–24 s. The PS layers grown
in this way were aboutL = 0.06–0.24µm thick with porosityP = 50–60%. The porosity
and thickness were measured gravimetrically by weighing the samples before and after the
electrochemical dissolution and after removal of the porous layer in KOH. A top contact of
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Au was evaporated on the PS at a pressure of 10−2 Pa at a glancing geometry at an angle
of ϕ = 30◦ between the molecular beam and the plane of the wafer. Increase ofϕ above
45◦ results in a sudden decrease of the sample resistance showing that the Au then reaches
the Si moving through the pores.

Figure 2. An XTEM micrograph illustrating the microstructure of porous amorphous Si (c = 4
at.%,j = 15 mA cm−2, t = 12 s).

Cross-section transmission electron microscopy (XTEM) was used to examine the
structure of the samples. Figure 2 is a XTEM micrograph which illustrates the microstructure
of porous Si formed in the amorphous layer (j = 15 mA cm−2, t = 12 s). One can see
that amorphous PS has a wire-like structure with a cross-sectional dimension of the wires
of 5–10 nm.

The topography of the surface was observed by scanning tunnelling microscopy (STM).
We used our prototype of the WA Technology Mini CryoSTM with cut gold tips. On the
medium scale, the surface exhibited 40–80 nm features with a corrugation amplitude of about
10 nm, which were superimposed on much larger structures of a few hundred nanometres
in size and with a corrugation height of about 50 nm. On the nanometre scale, which is
generally associated with the porous structure of PS [5–9], the surface exhibited protruding
features, which were distributed uniformly with average size varying over different areas
between 3 and 9 nm and with a corrugation amplitude of 1–3 nm. The real size of the
quantum wires near the surface is likely to be somewhat smaller than the imaged features,
which are subject to broadening due to the finite size of the STM tip. The hillock distribution
did not exhibit any preferential orientation or symmetry, as confirmed by FFT analysis of
the images. A typical image (a sample withc = 4 at.%, j = 15 mA cm−2, t = 6 s) is
shown in figure 3 with the corresponding line profile between points A and B. Apparently,
the STM results are in excellent agreement with the XTEM observations. The results also
correspond well to other authors’ observations of heavily doped crystalline PS both on the
micrometre [5, 6] and nanometre [7–9] scales.

In order to have more information on the structure of the layers we have made
channelling measurements using backscattering ofα-particles with an incident energy of 1.7
MeV (Rutherford backscattering—RBS). The experiments consist of finding the particular
geometry for which the incident beam is aligned through the (111) Si substrate direction to
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Figure 3. (a) An STM constant-current image; 40× 40 nm2 at −600 mV/1 nA (c = 4 at.%,
j = 15 mA cm−2, t = 6 s). (b) A line profile between points A and B on the image.

analyse the compact (unanodized) and the porous layers. The RBS spectra of the compact
4% sample and of the structure displayed in figure 1(b) after etching atj = 15 mA cm−2 for
t = 24 s, in random and channelling geometries, are shown in figure 4(a). A surface film of
SiO2 with a thickness of about 5 nm is revealed in the a-PS spectra. In contrast to the case
of the crystalline counterparts [10], the RBS spectrum in random geometry corresponding
to the amorphous porous layer is similar to that for the amorphous compact layer. This is
probably due to the absence of significant contamination in the a-PS. The thickness of the
a-Si layer determined from the RBS spectrum is found to beL0 = 360 nm. The apparent
decrease of a-Si thickness in the aligned spectrum of a-PS corresponds to the presence of
the low-density layer (the porous layer). A simulation of RBS data yields a porosity of
59%. Figure 4(b) shows the distribution of Mn atoms across the film thickness before and
after etching, extracted from RBS spectra. The depth is measured as the atomic number
density of scattering centres per unit square (n × l × (1 − P), wheren = 5 × 1022 cm−3

is the atomic number density in the material, andl is the real depth). It is evident that the
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Figure 4. (a) Random and aligned RBS spectra of 1.7 MeV4He ions from the compact and
porous a-Si1−0.04Mn0.04. (b) The depth distribution of Mn atoms in compact and porous a-
Si1−0.04Mn0.04. The depth is measured by RBS in units of the layer’s density of scattering
atoms (see the text). Solid lines represent adjacent averaging of experimental points.

maximum Mn concentrations in the compact and porous layers are equal. This implies that
there is no redistribution of the impurity after chemical dissolution, in contrast with the case
of porous crystalline silicon [11]. It is also important that the peak corresponding to the Au
contact on the compact layer coincides with that on the porous layer (figure 4(a)). Hence,
we may conclude that gold atoms do not penetrate into the pores.

The conductance measurements were made in vertical geometry using a two-terminal
dc technique with a Keithley 602 electrometer. The excitation voltage of 3 mV was small
enough to ensure ohmic behaviour of current–voltage characteristics. For all structures, at
least two different Au dot contacts on the same sample were investigated. No difference in
their behaviour (within 3%) over the full temperature range was observed. It was found that,
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Figure 5. The temperature dependence of the vertical conductance per contact area in samples
obtained under different anodization conditions. (a)c = 4 at.%, (b)c = 7 at.%.

at room temperature, the resistance of the structures does not depend on the thicknesses of the
porous layerL (i.e. on anodization time and current) but always has approximately the same
value∼200�. This results from the presence of the surface SiO2 film, whose resistance is
in series with the resistance of the PS. However, measurements of the conductance at low
temperatures (T < 100 K) showed that the impedance increases proportionallyL (figure 5).
This means that at low temperatures the resistance is due to bulk processes in the PS rather
than to junction or interface properties. It is important to note that porous samples have a
much larger resistance than do the unanodized films. This means that we can ignore the
contribution from the non-etched a-Si1−cMnc layer located between the porous layer and
the substrate (see figure 1(b)). In what follows, we will discuss only the low-temperature
data.
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3. Experimental results and discussion

It is possible to determine the dimensionality of the systemd from measurements of the
temperature dependence of the VRH conductivityσ(T ). The behaviour of the conductivity
in the regime of Anderson localization is of the form exp[−(T0/T )x ] where the exponent
x is given by [12, 13]

x = (p + 1)/(p + d + 1) in two or three dimensions (1)

and

x = 1 for an infinite 1d chain. (2)

Here p is the power by which the density of states rises from zero at the Fermi level:
g(ε) ∝ |ε|p. Thus, the value of the hopping exponentx is directly connected with the
system’s dimension.

In order to find out the values ofx at different temperatures, the conductivity data can
be analysed by procedure introduced by Zabrodskii and Shlimak [14] and Hill [15], where
the local activation energyW is plotted against 1/(kT ) on a log–log scale:

W = −d(ln σ)/d(1/kT ) = x(kT0)
x(kT )1−x. (3)

This assumes that the temperature dependence of the pre-exponential term is negligible,
which usually appears to be the case forT < 300 K in amorphous silicon [16], so the
gradient of the log–log plot yields the quantityx − 1.

Table 1. Regimes of etching, fitting and calculated parameters for variable-range hopping
conduction in porous amorphous Si1−cMnc. The table shows the parameters obtained by least-
squares fitting to the equationσ = σ0 exp[−(T0/T )x ] in different intervals of temperature,1Th

and1Tl . c is the concentration of Mn,j the anodization current density,t the anodization time,
g3 is the 3d density of localized states, calculated fromT0 = 2.64/kg3a

3, a is the localization
length (a = 0.4 nm for c = 4 at.% anda = 0.6 nm for c = 7 at% ) andg1 is the 1d density of
localized states, calculated from1E = 1/2g1a.

c/at.% j /mA cm−2 t /s 1Th/K x T0/K g3/eV−1 cm−3 1Tl /K x 1E/meV g1/eV−1cm−1

4 0 0 100–58 0.23 5.1 × 106 1.8 × 1021 58–13 0.54 2.4(T /K)0.46 —
4 15 6 100–30 0.24 1.5 × 107 7.7 × 1020 30–20 1.02 16 7× 108

4 15 24 100–38 0.25 2.3 × 107 5.1 × 1020 38–23 0.92 21 6× 108

4 10 24 100–23 0.24 1.6 × 107 7.6 × 1020 — — — —
7 0 0 60–11 0.24 3.3 × 106 2.1 × 1021 — — — —
7 15 6 65–30 0.24 4.6 × 107 1.3 × 1021 30–18 1.01 11 8× 108

7 15 24 100–53 — — — 33–18 0.95 10 9× 108

The temperature dependence of the conductance per unit area (σ = I/V S, where
S = 5 × 10−3 cm2 is the contact area) atT < 100 K for compact a-Si samples and for
samples after the formation of porous layers is shown in figure 5. Figure 6 shows results
obtained by a procedure of graphical differentiation of theσ(T ) data for unanodized samples
and for PS obtained under different anodization conditions. A list of results of least-squares
fits of equation (3) to theσ(T ) data are presented in table 1. For compact samples (j = 0)
it is found thatx ≈ 1/4 for T = 100–58 K andx ≈ 1/2 for T = 58–13 K for the 4%
sample, andx ≈ 1/4 for T = 60–11 K for the 7% sample. TheT −1/2-law found for the 4%
sample at low temperatures is usually attributed to the presence of a parabolic Coulomb gap
(p = 2) in the density of localized states (DLS) near the Fermi level as originally proposed
by Efros and Shklovskii [17]. The absence of this dependence above 11 K for the 7%



896 A I Yakimov et al

Figure 6. The activation energyW plotted against(kT )−1 on double-logarithmic scales for the
PS obtained under different anodization conditions. The slopes correspond tox − 1, wherex is
the hopping exponent; (a)c = 4 at.%, (b)c = 7 at.%.

sample is probably related to increased screening of the electron–electron interaction nearer
the metal–insulator transition which restricts Coulomb gap behaviour to lower temperatures.

As temperature is reduced below 30–38 K, there appears to be a crossover from an
exp[−(T0/T )1/4] Mott form to a simply activated law, exp(−1E/kT ), in the samples
treated with 15 mA cm−2 anodic current density. TheT −x-dependence withx changing
from 1/2 to 1 with decreasing temperature below 6 K has been observed in a-Si1−cMnc

compact films (c > 9 at.%) in a 3d VRH regime after annealing [18]. The films were
evaporated on glass substrates and conductivity was measured in the plane of the samples.
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This behaviour was explained by the presence of a ‘hard’ magnetic gap in the density of
localized states caused by the s–d exchange interaction between the hopping electrons and
localized spins on Mn clusters. Since, in the present case, the unanodized samples do not
exhibit such a crossover we must exclude magnetic correlations from the interpretation of
σ(T ) data for PS. Moreover, this exclusion is supported by the observation of aT −1-law
for undoped amorphous PS [4].

The crossover observed in this work is attributed to a temperature-induced transition
from 3d to 1d VRH conduction. It is easy to understand this phenomenon for an isolated
infinite silicon pillar with diameterD. A specific feature of the VRH process is the increase
of the optimum hopping lengthRopt as temperature is lowered. Hence, anisotropy of the
resistance associated with hops along and transverse to the pillar should appear and the
effective dimensionality of the system should be reduced when the maximum hopping
length on the percolative clusterRmax becomes larger thanD (figure 1(a)). In the opposite
case, conduction must follow the usual Mott behaviour for three dimensions. From the
condition D ∼ Rmax = (a/2)(T0/T

∗)1/4, wherea is the localization length andT ∗ is the
temperature of the transition, we can estimate the mean diameter of the silicon columns in
PS. Using values for the localization length determined, for films of the same concentrations,
by analysis of variable-range hopping in the Coulomb gap [19]:a = 0.4 nm for c = 4
at.% anda = 0.6 nm for c = 7 at.%, T ∗ = 30–38 K, and takingT0 from table 1, we
find that D ∼ 5–6 nm. This value is in excellent agreement with our XTEM and STM
results presented in figures 2 and 3. The sample formed with the smallest anodic current
density (j = 10 mA cm−2) does not exhibit a transition to the 1d regime down to 23 K.
We assume that in this sample the diameter of the silicon pillars is larger thanRmax(at
T = 23 K) = 5.8 nm.

Various models have been proposed for VRH conduction in disordered 1d systems. The
works of Kurkijarvi [20], Raikh and Ruzin [12] and Hunt [13] relate to single 1d chains.
Shante [21] and Zvyagin [22] applied percolation arguments to describe transport through a
large number of parallel chains with rare weak interconnections. Obviously, the latter two
models are more appropriate here. In spite of the different approaches to the theory of 1d
hopping, the final results obtained by the different authors are very similar: for the infinite
1d disordered chain case

σ(T ) ∼ exp(−1E/kT ) (4)

1E = (Cg1a)−1 (5)

whereC is a numerical factor andg1 is the 1d DLS. A value ofC = 2 was evaluated by
an optimization procedure by Raikh and Ruzin [12], and independently by Zvyagin [22].
Zvyagin proposed that his result should be applied directly to PS. He predicted a strong
anisotropy of conductivity for the quasi-1d system consisting of a network of parallel wires
with weak interconnections at temperatures belowTC = 21E/k

√
D/a. Using 1E = 10–

20 meV andD ∼ 8 nm (the mean value in figure 2), we findTC = 1000–2000 K in the
different samples. This value is high enough for us to consider porous a-Si1−cMnc as a
quasi-1d system.

We can check the 1d hopping model by making a quantitative analysis of parameters
which can be extracted fromσ(T ) data. From equation (5), we can estimateg1, the one-
dimensional DLS. The 3d density of statesg3 can be calculated from the high-temperature
data where Mott’s law is valid:g3 = B4/kT0a

3, where [23]B = 2.6. Results of the
calculations are given in table 1. On the other hand, the parametersg1 and g3 must
obviously be connected by the relationg1 ≈ g3D

2. Using the experimental values ofg3,
a and D ∼ 8 nm, we haveg1 = (4−9) × 108 eV−1 cm−1 which is similar to the values
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obtained from the low-temperature conductivity data,g1 = (6−9) × 108 eV−1 cm−1.
One can see that the two conduction regimes (3d and 1d) shade into one another without

any gradient discontinuity (figure 6 is smooth atT ∗). Matching the typical hopping lengths
R extracted from 3d and 1d behaviour gives another way of checking the model. The
value of R in the 3d VRH model is given byR3d = 0.25a(T0/T )1/4. The resistivity of
a disordered 1d chain is determined by exponentially rare breaks, regions within which
the local density of localized states is anomalously small [20]. According to Raikh and
Ruzin [12], the hopping distance in the break is given byR1d = (2g1kT )−1. Using the
experimental values ofT0, T ∗, a and g1 taken from table 1 for the sample withc = 4
at.%, j = 15 mA cm−2, t = 6 s, we obtain a good agreement:R3d(T

∗) = 2.7 nm and
R1d(T

∗) = 2.6 nm.
One can see from figure 6(b) that for 7% PS samples at low temperatures (T < 18 K)

the activation energy depends on temperature again. There are two possible explanations
for this. Firstly, we may be seeing a reversion to 3d behaviour as electrons start to hop
between wires. The wires are not totally isolated from one another so, when hopping
distances along the wires become sufficiently large with correspondingly small transition
probabilities, transverse tunnelling can become significant. The hopping then becomes 3d
(though anisotropic) and the conductivity returns towards the Mottx = 0.25 form. This
will occur when [22]

T � 21E

k

( a

D1

)2
. (6)

For a = 0.6 nm, D1 ≈ D (for porosity of about 50%) and1E = 10 meV, we have the
resultT � 2.3 K. This temperature is too low.

The second possibility is that, as the hopping distance increases, the columns no longer
behave asinfinite 1d wires but as mesoscopic systems in which the conductivity becomes
determined by optimum trajectories. This results in a complicated temperature-dependent
activation energy. Following the calculation of Raikh and Ruzin [12], the dependence of
W on T should appear when

2L

a
exp

(
−1E

kT

)
� 1. (7)

For L = 0.2 µm, we obtain the quite acceptable resultT � 19 K.
It is of interest that the 3d density of states in porous samples is smaller than that in

compact samples. The larger the anodic current or anodization time, the smaller the 3d
DLS becomes. Since the manganese concentrations in a-Si and in porous a-Si layers are
equal, we attribute this effect to broadening of the impurity band by quantum confinement
in the silicon wires. Bastard [24] was the first to calculate the binding energy of a localized
level in a quantum well as a function of well size and of the impurity position in the well.
It was found that the ground-state degeneracy of the impurity site is lifted. In contrast with
the case for homogeneous materials, the confinement effect leads to a spreading of impurity
levels which depends upon the impurity position. As a result, the width of the impurity
band in PS will increase and the density of states will decrease as the diameter of the silicon
columns is reduced. Also, this effect will be intensified by the statistical spread of pore
sizes which is usually found in similar regimes of etching [25].

There is one problem which deserves further investigation. The question is why the
Coulomb correlations observed in the compact 4% sample are not seen in the corresponding
porous material. We suggest that the reduced average volume density of localized states
in the porous material may reduce the width of the Coulomb gap [17] and hence it is not
observed in the temperature range of our experiments.
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4. Conclusion

The conductivity of porous a-Si1−cMnc samples (c = 4 and 7 at.%) shows a crossover from
the exp[−(T0/T )1/4] Mott form to a simply activated law, exp(−1E/kT ), as temperature
is reduced below 30–38 K. This behaviour is attributed to a temperature-induced transition
from 3d to 1d hopping conduction in the silicon wires of the porous material. We have
observed a decrease of the density of states in PS which we have explained in terms of a
broadening of the impurity band caused by the lateral confinement.
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