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Honeycomb-type nitrocellulose network patterns based on a hexagonal elementary cell with a
diameter of about 2 m have been fabricated by means of a self-organized preparation process.
Our method takes advantage of the spreading of a drop of the initial polymer solution on the
surface of distilled water cooled down to a temperature of 3 to 5 °C and the subsequent influence
of the water vapor (i.e., air with relative humidity in the range from 19 to 100 %) on the resulting
polymer thin film. In the following, an advanced structuring model is proposed capable to explain
the morphology and growth of the individual cells inside the network obtained in the experiment.
The values of their electrical conductivity extending steadily from insulator to metal behavior
distinctly change via heat treatment under vacuum conditions and at process temperatures ranging
from 600 to 1000 °C. Upon variation of the ambient temperature 7 from 4.2 to 295 K, four
different transport mechanisms can be unveiled. For the case of carbon nets, the conductivity
of which is far beyond the metal-insulator transition, the specific resistivity p depends on 7" as

o(T) < T~ bexp ([Tg /T ] Up). In the low-temperature regime, a Coulomb gap in the density

of states located near the Fermi energy level occurs, that means, the characteristic value of the

exponent is p = 2. At high temperatures, the pre-exponential part p(I") o< 7"~® dominates. In
the intermediate temperature range, we disclose Mott’s hopping law with p = 3. The electrical
field dependence of the variable range hopping process of porous carbon networks is examined

in the region of validity of the law In p(7T) T~'/2. We show that the electrical conductivity o
caused by thermally nonactivated charge carriers at high fields complies with In ¢ (£) oc E~'/3,

The current density j changes as In j(E) x F ~1/% The temperature dependence of the threshold
electrical field E;, which characterizes the transition from the low-field to the high-field regime,

follows Ey, oc T,

Key words: Self-organized Network Structures; Variable Range Hopping Charge Transport;
Metal-insulator Transition, Coulomb Gap.

1. Introduction

It is well known that the low-temperature behavior
of the specific resistivity p(7") of amorphous semi-
conductors, granular thin films, porous materials, and
other disordered media can usually be described by
the elementary process of variable range hopping
(VRH) of charge carriers. The degree of doping in
those disordered systems is selected in such a way
that the value of the electrical conductivity lies in
the vicinity of the metal-insulator transition (MIT) on
the insulating side. Such a dependence follows the
equation

p(T) = po exp [ (To/T)"""], M

where py and 7j denote material parameters which
do not (strongly) depend on temperature; Tg is de-
termined by the density of localized states, N(E),
near the Fermi energy Eg. The characteristic value p
depends on both the dimensionality and the degree
of disorder that governs the medium investigated [1].
The values p =4, p =3, and p = 2 correspond to VRH
in three-, two-, and one-dimensional (3D, 2D, and
1D) disordered systems, respectively [2]. The char-
acteristic value p = 2 can be observed also for 3D
and 2D cases and is then explained with the model
of Efros and Shklovskii [3 - 5]. The latter considers
long-range Coulomb interactions between electrons
that come along from different centers of localiza-
tion near the Fermi level. As a result, a Coulomb gap
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in the density of states, N(E), near the Fermi en-
ergy develops. For 3D, the gap obeys the dependence
N(E) « (E— Eg)*. Atthe Fermi energy Eg, we have
N(E)=0.

Theoretical investigations of the current-voltage
characteristics of amorphous semiconductors, the
ohmic conductivity of which in the low-temperature
regime is described by (1), have been carried out in
earlier work [6 - 10]. According to the calculations of
Hill [6] as well as Pollak and Riess [7], the relation

2

7(E) = o(0) exp {CQET’"]

kgT

should be fulfilled by the conductivity o(E) =
J(E)/E in case of the boundary condition eEr,, >
kgT'. Here, j is the current density, E the electrical
field, e the electron charge, [ = Cr,, the hopping
length, r,,, = a&./2 the maximum hopping length on
the percolation paths, a the localization radius of the
wave function, &, = (Tp/ T)l/ ? the percolation thresh-
old (at £ >> 1), kg Boltzmann’s constant, and C
a constant, the value of which was determined to 0.8
(given in [6]) and 0.17 (given in [7]). On the other
hand, the work of Apsley and Hughes [8] receives
the dependence In o(E) o< E? for the same electrical
field range. At high electrical fields, the activationless
hopping conductivity has been predicted by Mott [9].
Accordingly, the current density versus electrical field
characteristic was found to be [11]

Ep 1/m
(2) ] ®
Note that the value of m — according to [11] — cor-
responds with the value of p from (1) just at p = 4.
The equality m = p = 4, therefore, provides evidence
that, in the model examined, the high electrical field
plays the same role as the temperature does within
the regime of ohmic conductivity. Experimental work
[12, 13] has confirmed the above conclusion, both
for the case m = p =4 (3D) and the case m =p =3
(2D). Rentzsch et al. [14] observed experimentally the
equality m ~ p ~ 1.3 - 1.6 for poly-crystalline ZnSe
films having a thickness of 1 ym. VRH in a parabolic
quasi-gap at high electrical fields was investigated in
[15 - 17], where the equality m = p = 2 has been de-
termined. On the other hand, the same measurements
performed on Ge;_,Cu, amorphous thin films [18]

led to the values p =2 and m =4.

J(E) o exp
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The prevailing ambiguity of the above statements
concerning the character of the current-voltage (resp.
current density versus electrical field) characteristics
of amorphous semiconductors, as described by (1),
marked the starting point of the present work. More-
over, for our analysis of the charge transport pro-
cess, we have chosen micrometer-size porous carbon
membranes with highly ordered honeycomb struc-
tures. The electrical conductivity of the membranes
in the range from insulator to metal behavior could be
changed via heat treatment under vacuum conditions
and at different process temperatures.

For producing such membranes, there exists a huge
variety of preparation methods [19]. Self-organization
(or, as it is often called, self-assembly) may offer
some advantages in this field: the patterning process
can function in different media, and cost-intensive
large-scale technology is not necessary. By the help
of self-organized processes, one is able to develop dis-
tinct structures with a regular geometrical form (e. g.,
networks with hexagonal elementary cells). Nowa-
days, the ordered mesoporous solids with nanoscale
pore sizes are fabricated by self-organization of spher-
ical micelles from a diblock copolymer system in a
selective solvent [20]. The class of mesoporous mate-
rials can be formed by colloidal templating [21, 22].
Colloidal crystals of polystyrene or silica spheres are
embedded in a fluid that fills the space between the
spheres. Next, the templating spheres are removed,
and one awaits the creation of a porous solid where
the dimension of the pores matches those of the tem-
plating spheres.

Water-assisted formation of ordered mesoporous
membranes has been described in the papers [23 - 28].
In that case, the membranes are formed by conden-
sation of water vapor on the fluid polymer solution
film and by subsequent evaporation of a solvent from
the polymer solution. Recently, we have developed
a preparation method that allows for membrane for-
mation with evenly shaped hexagonal cells having
a diameter of about 1 - 2 pum [29 - 31]. There, the
technology how to get mesoporous membranes from
different polymers has been reviewed in detail. Si-
multaneously, some effort was undertaken to interpret
the self-organizing mechanism of patterning by ther-
modynamic processes that take place between water
droplets on the surface of the fluid polymer solu-
tion. We have suggested that the stabilization of wa-
ter droplets on a fluid surface is indispensable for or-
dered structure formation. In the following, the most
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important stabilization parameters are discussed that
can influence the growth of condensing water droplets
on the fluid polymer solution layer and their interac-
tion between each other.

2. Experimental Formation of Polymer
Honeycomb Structures

2.1. Spreading of one Liquid on Another

For producing a self-organized honeycomb poly-
mer network, we have developed a four-step method.
Figure 1 illustrates these steps: (a) deposition of one
drop of polymer solution (liquid F1) on the cooled wa-
ter surface (liquid F2, 3 - 5 °C); (b) spreading of one
drop of polymer solution to an extremely thin layer;
(c) interaction of water vapor (air with 100, 75, 32,
or 19 % relative humidity at 20 °C) with the polymer
thin film surface for self-structuring the spatial distri-
bution of the lateral water droplets and subsequently
generating the polymer network; (d) mechanical re-
moval of the structured network from the liquid and
potential fixation on a substrate by annealing.

The condition for the spreading of a drop of liquid
F1 on the surface of liquid F2 derives from thermo-
dynamic arguments [32]

YR2/G > VF1/G * VFL/R2, )

where Vri/r2, Vr1/G, and Vg2 denote the surface
tension between the liquids F1 and F2, between liquid
F1 and gas G (in our case, G is air), and between liquid
F2 and gas G, respectively. The degree of spreading
of a film of liquid F1 over liquid F2 characterizes the
spreading coefficient which reads [32]

SF1/F2 = YF2/G — VF1/G — VFI/F2- ()

For Sp, /m > 0, total spreading is achieved, i.e., the
liquid drop F1 will cover the whole surface of the
liquid F2 and, thereby, form a monomolecular layer
at the edge. For Sgj/p2 < 0, there is no spreading.

2.2. Production of Nitrocellulose Networks

The coating of one drop of 1% nitrocellulose solu-
tion in amyl acetate on the cooled water surface leads
to a complete spreading along that surface [30]. The
surface tension coefficient of the 1% nitrocellulose
solution in amyl acetate amounts to vg;;G(20 °C) =
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Fig. 1. Formation of a self-organized honeycomb polymer
structure: (a) deposition of one drop of polymer solution F1
on the cooled water surface F2; (b) spreading of one drop of
polymer solution to a thin layer; (c) water vapor condensing
on the polymer film surface; growing of water droplets and
building of the compact hexagonal structure, i. e., polymer
network; (d) drying of the polymer network and transfer
from the water surface to a fixed substrate.

24.6 mN/m. Distilled water cooled down to 3 - 5 °C
possesses a surface tension coefficient of g/ =
74.9 mN/m. For the surface tension of the 1% nitro-
cellulose solution in amyl acetate on water, we take
the value Vg /p2 = 12 mN/m. The demand for total
spreading of one drop of the 1% nitrocellulose solu-
tion in amyl acetate on the cooled water surface is
fulfilled, because we have Sk /p> = 38.3 mN/m.

The size of the spread thin polymer layer in the
vessel (with a diameter of 93 mm) was 70 mm. Since
the volume of the spread drop came to 15 ul, the
thickness of the resulting spread liquid polymer layer
can be estimated to be 3.9 yum. Our thin film was
subject to the influence of water vapor which indi-
cates the self-organized formation of a honeycomb
network structure. The size of the water droplets has
not been kept under control. However, the relative
humidity of air was taken constant to about 75% at a
temperature of 20 °C. Depending on the time elapsed
after the water vapor has started to affect the poly-
mer film, one obtains a variety of network structures
distinguished both in form and size. During our exper-
iments, the above time span changed between 1 and
60 s. In a final step, after having dried the network,
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it was transfered from the water surface to a sapphire
substrate.

2.3. Structural Forms of Self-assembled
Nitrocellulose Networks

In the following, let us look at the network struc-
tures fabricated by the above procedure. After de-
positing the water vapor on the polymer layer and
drying the latter, a fractal-like geometry appears, i.e.,
areas (in the form of strips) with network structures
and areas without them come to light. The majority of
the structured strips was distributed at the edge of the
polymer layer and normally had a width of 0.5 mm
and a length of 20 mm. The network strips can be con-
nected with or separated from each other. Figure 2(a)
gives a scanning electron microscope (SEM) picture
of hexagonal nitrocellulose cells resulting from a frag-
ment. In this case, the water vapor was coated 10 s
after having spread the polymer layer onto the cooled
water surface. Note the strong spatial homogeneity
and reproducibility of the individual cells inside the
network structure. For a more detailed look at the
geometry, a blow-up picture embracing only few ele-
mentary cells, is displayed in Figure 2(b). The diam-
eter of the cell (i.e., the distance between the inter-
knot connection centers) amounts to 2.6 ym, and the
width of the interknot connection to about 0.4 pm.
The cross-section of the interknot connection perpen-
dicular to the photograph plane offers the view of a
T-like shape. The latter means that each hexagonal
cell lies on a hexagonal base, also having extremely
thin side walls. The height of the base is 0.5 ym. Each
one of these six side walls represents some kind of
a frame with various thickness along the circuit on
which a thin polymer film is stretched. In most cases,
the polymer film unveils an oval aperture in the middle
of the frame.

Few structured large strips have a different diam-
eter of the single cell on their edges (for example,
2 pm) and in their center (for example, 6 pm). Figure 3
demonstrates SEM images of different fragments of
one structured strip after annealing for one hour at a
temperature of 950 °C under vacuum conditions. Fig-
ure 3(a) shows a network fragment between the edge
and the center of the strip, where the cell diameter
varies from 2 to 4 yum. Obviously, the cross-section of
the interknot connection perpendicular to the photo-
graph plane does not represent the T-like shape men-
tioned above, i.e., the interknot connection merges

L. V. Govor and J. Parisi - Hopping Charge Transport in Honeycomb Carbon Network Structures

after annealing. As a result, we observe an almost
two-dimensional cell configuration. Figure 3(b) illus-
trates a network fragment in the center of the strip
after annealing. Here, we have three-dimensional el-
ementary cells of a carbon network pattern obtained
from a corresponding nitrocellulose structure after
annealing. In case where the latter cells have a rela-
tively large diameter, the total network extends over
an area of about 30 x 30 um?. Apparently, the up-
per and lower hexagonal cells (one placed on the top
of the other) — both with a diameter of 6 ym — are
practically equal. The relating two cells are connected
only at the corners (cf. Fig. 3(b)). The height of the
junction between the upper and the lower cells is ap-
proximately 1.5 pm. The diameter of the interknot
connection amounts to about 0.25 pm.

Figure 4(a) gives another SEM image of a nitro-
cellulose network with a different kind of structural
form (compared to the one of Fig. 3) that we have
obtained when coating the water vapor 60 s after
spreading the polymer layer onto the cooled water
surface. Take note of the parallel orientation (in all
three directions) of the interknot connections. For a
better determination of the geometrical parameters, a
blow-up of Fig. 4(a), confined to only few elementary
cells, is displayed in Figure 4(b). It turns out that the
cross-section of the interknot connection is somewhat
plate-shaped. The width of the interknot connection
amounts to approximately 1.5 ym, and the height of
the “plate walls” to about 0.25 pm. Inside the cell,
one can perceive the breakthrough of the thin poly-
mer film. We point out that the cross-section of the
interknot connection of the latter structure does not
have a T-like shape (in contrast to the one in Fig. 2).

3. Model for the Formation of Honeycomb
Structures in Polymer Films

3.1. Spreading Coefficient for two Mutually
Saturated Liquids

When the fluid substance is placed at a liquid-air in-
terface, it may spread out to a thin film. That happens
when we deposit a liquid with low surface tension on
a liquid with high surface tension. One has a positive
spreading coefficient for all of our polymer solutions
in amyl acetate. In Sect. 2, where we have determined
the spreading coefficient Sgy /g2, (5), we took the sur-
face tension values of the amyl acetate solution and
water for the pure liquids. However, if two liquids
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are in contact, they will become mutually saturated,
so that vry/g will change to Ypar1y/G, and Yri/G to
YriF2)/G- The symbol F1 (F2) means that liquid F1 is
saturated with liquid F2. The corresponding spreading
coefficient has the symbol Sg2) /1) and can be
determined as [32]

SF1(F2)/F2(F1) = VR2(F1)/G — VF1(F2)/G — YF1/F2- (6)

In this case, for the solution of nitrocellulose in amyl
acetate on the water surface (at 20 °C), we have
SFI(FZ)/FZ(FI) =39.5mN/m-26.9 mN/m—- 12 mN/m =
0.6 mN/m, i.e., the final spreading coefficient is pos-
itive. The values of the surface tension coefficients
were determined using a stalagmometer. This instru-
ment consists of a capillary tube through which the
polymer solution flows, which enables the counting of
the number of droplets and, therefore, the derivation
of the surface tension.

3.2. Water Droplet on the Fluid Polymer Layer

3.2.1. Water Droplet before the Contact
with the Polymer Layer

Next, we look in a more detailed way at the lay
on of the steam, representing one crucial factor for
the patterning process. Since the cell diameter of our
networks is about 2 um, we investigate the shape
of a water droplet with the same diameter, before it
dissolves on the surface of the polymer thin film. We
have to compare two pressure quantities: the first one
is the capillary pressure P which gives rise to the
spherical shape of the droplet, the second one, the so-
called gravitation pressure Fg, causes the flattening of
the droplet. The capillary pressure can be calculated
by the well-known formula P = 27 /G/ R4, With
Ry giving the droplet radius. In our case we obtain
P = 1.4 - 10° Pa. If the contact plane between the
droplet and the polymer thin film is approximately
7R3, we can determine Pg = mgg/mR} with the
water droplet mass mg = 47rR§pd /3 (pq is the water
density). Finally, one ends up with Pg = 1.3 - 1072
Pa. If we compare both types of pressure, it turns out
P, > Pg. That means that the water droplet has a
spherical shape before laying on the surface of the
polymer solution.

3.2.2. Water Droplet after the Contact
with the Polymer Layer

The first moment the water droplet contacts the
polymer layer is sketched in Fig. 5(a): If the droplet
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Fig. 5. Model for the lay on of the water steam on the
polymer layer: (a) process of envelopment of the water
droplet by the polymer layer; the thin film on the surface of
the water drop indicates a monomolecular polymer layer;
(b) moment of the first contact of the water drop with the
cooled water surface; (¢) model structure of the network
according to (b) in the plane of the polymer layer.

comes into touch with the surface, the destruction of
the droplet will start. The angles 6,; and 63, in this
case, are nonequalized boundary angles, because they
experience variations in the development of further
physical and chemical processes that take place at the
phase boundary.

Water is a denser medium than amyl acetate
(0.87 g/cm?), but the water droplets do not sink as
a consequence of a subtle balance between buoyancy,
droplet weight, and capillary forces [33]. The droplets
are situated at the interface between the fluid polymer
layer and air. Only a small part of the droplet is located
above the surface of the fluid polymer layer. The water
droplets on the fluid polymer layer do not coalesce im-
mediately after they touch, because they are separated
by a thin film of the polymer solution. We assume that
a thin polymer film (only a few monomolecular lay-
ers thick) develops on the top of the droplets, similar
to the spreading of the polymer solution drop on the
water surface. The latter thin film on top of the water
droplet might be a reason for the growth retarding
of the water droplets and, therefore, a key parameter
for the regulation of the droplet size. In addition, we
suggest that water droplets in the polymer solution
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are covered with a solid polymer layer at the interface
between the two liquids. Experimentally these layers,
which are characterized by bursting holes (black), can
be seen in Fig. 4; the water flows out of them after
the solvent has evaporated. Such a layer prevented
coalescence of water droplets, i.e., the precipitation
of nitrocellulose at the interface between the polymer
solution and the water droplets provides the basis for
the formation of a compact hexagonal structure of
water droplets. In our model scheme of Fig. 5(a), the
precipitation layer is illustrated as a solid line between
the water droplets and the polymer solution. Similar
results have been obtained for another experimen-
tal situation, where water droplets are deposited on
the surface of a solution of poly(p-phenylene) block
polysterene in carbon disulfide [26].

In Fig. 5(a), the corresponding forces are indicated,
which come into play at the above phase boundary.
These forces, converted to the length unit of the wet-
ting line, are equivalent to the corresponding quan-
tities of the surface tension. From the condition that
gives the balance of the surface tensions, the equilib-
rium state at the edge circumference of the contact
between the water droplet and the polymer layer can
be described by the two equations

YF1/G €08 013 = Y2/ €08 023 + Y2 /F1 €OS b1, (7)
Yr2/G Sin 63 + Y1 /G 8in 013 = g py sinfhay,  (8)

where the angles ¢,; are defined in Figure 5(a). Equa-
tion (7) treats the balance of forces in the plane of the
polymer layer, and (8) the balance of forces directed
perpendicular to it.

For the subsequent qualitative discussion of the
shape of the water droplet (the angles 0;; are defined
in Fig. 5(a)), only the initial values of the surface
tension 7y are used. The water droplet shape on the
surface of paraffin oil has been studied by Knobler
and Beysens [34], and on the surface of carbon disul-
fide by Pitois and Francois [26]. They have suggested
that the water droplet has the form of a strongly asym-
metric lens, the major part of which is nearly a com-
plete sphere suspended from the surface. Based on
these studies and our experimental results displayed in
Figs. 2 and 4, the shape of the water droplet located on
the surface of the polymer solution in amyl acetate has
been accordingly sketched in Figure 5(a). In our case,
the capillary pressure in the water droplet is drastically
higher than the gravitation pressure (P > Fg), i.e.,
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the influence of gravity forces on the droplet shape
can be neglected. That means that the small water
droplet on the fluid polymer layer is composed of two
spherical segments (see Fig. 5(a)), the angles #;; and
radii R;; of which can be determined by the surface
tension forces [35]

cos 0 =[1+(i; /1) = (vie /V56)°1/2(vis [ Vi), (9)

Rij/TZ l/sinﬁij, (10)

hij/TZ(l —COSgi]‘)/ sinHi]-, (11)
where 0,5, R;;, hi;, and r are defined as illustrated in
Figure 5(a). It should be noted that, in the case of an
extremely small lens, Princen [35] has assumed that
the angle f15 is zero. In our case of a relatively thin
polymer fluid layer, the exact determination of the
angles 6;; from (9) is not that easy, because the initial
values of the parameters Vr2 /G, Yr1/G, and Yry/Fr alter
with time. On the other hand, for the case of a water
droplet placed on the surface of paraffin oil, the angles
0;; were measured by Knobler and Beysens [34]. They
observed values in the range #,; = 135° — 140° and
0,3 = 20° — 25°. The fluid properties (i.e., surface
tension, density) of amyl acetate and paraffin oil are
comparable. The force vy /g sin 613 x 277 in (8) does
not permit the water droplet to sink into the polymer
solution layer, i.e., the angle 63 cannot be zero. On
the other hand, for a water droplet with a diameter of
2 pm as in our case, the deviation from a horizontal
line is necessarily not particularly strong, in order to
provide the upward force.

At the moment of the first contact between the
water droplet and the fluid polymer layer, the force
Yr2/G sin B3 for achieving the equilibrium state (de-
scribed by (8)) tends to pull the polymer layer onto the
water droplet. The water droplet then more and more
penetrates the polymer layer. The envelopment of the
water droplet by the polymer layer will take place as
long as the angles #,1, 653, and #y3 (or the radii of
the surface curvatures, R,; and Rj3, see Fig. 5(a))
experience variations such that the pressure inside
the water droplet caused by the surface curvature of
the boundary between water and air is equal to the
pressure which results from the surface curvature at
the boundary between water and polymer layer. Their
balance can be expressed mathematically by

Yr2/G/ Rz = Yroyr1 [ Ra, (12)
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where Ry; and Ry, are the radii of the water droplet
at the boundary between water and air and between
water and the polymer layer, respectively. If we sub-
stitute the above values yry /g =71 mN/mand gy /p1 =
12 mN/min (12), we obtain Ry3/ Ry =~ 6 for nitrocel-
lulose solutions in amy] acetate. That means that pres-
sure equality in the lower and upper part of the water
droplet at thermodynamical equilibrium can only be
guaranteed if the radius R,3 exceeds R;; by a factor
of six (see Fig. 5(a)).

3.2.3. Formation of Breath Figures

The formation of the observed hexagonally ar-
ranged layer of the water droplets on the liquid poly-
mer layer can be explained as follows. With the con-
densation of the water vapor on the cold surface of the
liquid, the water droplets form to a pattern of breath
figures [36 - 39], the geometry of which can be very
different. The basic physical arguments supporting
the development of breath figures on the fluid surfaces
were discussed by Knobler et al. [34] and Steyer et
al. [23, 40]. They suggest that breath figures on fluid
surfaces evolve through three stages: (a) initial stage,
when the water droplets are isolated such that they do
not strongly interact, and the average droplet radius
(Rq) grows with time 4 as (Rq) o té/ 3 (b) cross-over
stage, when the surface coverage is high and the rate
of the droplet growth increases; (c) coalescence dom-
inated stage, when the surface coverage is high and
constant, and the droplet radius grows as (Rq) o tg4.

The attractive force F' between two water droplets
on the surface of the polymer solution separated by a
distance ly was determined by Steyer et al. [23] and
Chan et al. [33]:

F = (47 RSp;g* /3lavr1/c) (13)

. [1/p§ + 025(1 — k2)1~5 _ 075(1 _ 14;2)().5]27

where Ry denotes the radius of the droplets, p, the
absolute density of the polymer solution, g the earth’s
gravitational acceleration, g /g the surface tension
between the polymer solution and air, ps the rela-
tive density of the polymer solution compared to air,
k = r/Ryy, where r and R, are radii as illustrated
in Figure 5(a). Equation (13) holds if the bond num-
ber By = Rﬁpag/’YFl/G is small enough (i.e., < 0.1,
see [33]). In our case, By is of the order of 10~ for all
polymer solutions and water droplets with a diameter
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of 2 ym. Parameter k characterizes the contact angles
of the water droplet with the surface of the polymer
solution and is highly sensitive to the wetting proper-
ties between water and the polymer solution. Steyer et
al. [23] have proposed that the formation of a hexag-
onal structure for the water droplets occurs when the
parameter k ranges between 0.4 and 0.8. The hexago-
nal structure disappears when £ varies from 0.2 to 0.4.

In our case, an exact determination of k£ and the
corresponding force F' is not that easy, because initial
values of the parameters Yr/G, Vri/G, Yr2/F1, and
pa alter with time. We are interested to consider only
some tendency according to (13) with initial values of
the surface tension 7. Equation (13) tells us that, upon
altering k, the force can increase considerably, i.e., k
can play the role of a key parameter for the formation
of a hexagonal structure of water droplets. For the
present case, the value of k can be estimated from (10).
Taking the angle 6,; = 135°, one calculates k ~ 0.7.
The corresponding experimental value of &, which
derives from the geometrical size of a single cell in
Fig. 2, is equal to 0.8 for a nitrocellulose network.
From (11) we determine for #>3 = 20° and r ~ 0.7
pm (i.e., Rp; = 1 pm) the parameter hy; ~ 0.1 pm,
and for #,; = 135° the parameter hy; ~ 1.7 pm.

With increasing g /g, the attractive force F' be-
tween the two water droplets decreases, and the cor-
responding distance /3 between the droplets increases.
Our finding can be corroborated in Figs. 2 and 4. The
interknot connections of the nitrocellulose network,
obtained when the water vapor was coated 10 s af-
ter spreading the polymer film, amounts to 0.25 ym
(see Fig. 2). Turning to Fig. 4, where the time period
between spreading and subsequent coating has been
extended to 60 s, the relating width of the interknot
connections increases to about 1.0 um, i.e., the sur-
face tension of the nitrocellulose solution increases
with the evaporation time of the solvent.

During the drying process of the polymer film, the
water droplets approach the cooled water surface.
In Fig. 5(b), the contact between the water droplet
and the cooled water surface together with the corre-
sponding variation of the radii R;; and R, are dis-
played schematically. Between the water droplet and
the cooled water surface we find a thin precipitation
polymer film. The radius R;; will be enlarged, since
the lower part of the water droplet which is in contact
with the cooled water surface (more precisely, with
the thin polymer film) will have a flat boundary plane.
Figure 5(b) features the cross-section of the interknot
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connection of one cell of the polymer network which
develops between two neighboring water droplets.
Comparison of Figs. 2 and 5(b) yields a pronounced
similarity between the cross-section of the experimen-
tally prepared elementary cell of the polymer network
and the one of the modelled cell. From these pictures
we conclude that the minimum thickness of the poly-
mer layer in the middle of the frame (i.e., the base
plate) corresponds to the minimum distance between
the water droplets near the AA™ line. For the case of
nitrocellulose in amyl acetate, the above distance is
probably a few monomolecular layers thick.

3.2.4. Formation of 2D and 3D Networks

The appearance of small areas (30 x 30 zm?) in the
central region of the nitrocellulose network strips (see
Fig. 2) with elementary cells of the form displayed in
Fig. 3(b) derives from some size gradient of the water
vapor droplets. The formation of a hexagonally ar-
ranged pattern of water droplets on the liquid polymer
layer with the above size gradient can be explained
as follows. Due to the water vapor condensation on
the cold surface of the liquid in the first moment, the
water droplets conform to the islands which later on
build the breath figures [36 - 39]. The islands attract
each other in a much stronger way than it is the case
for the single droplets. One can argue that the attrac-
tive force F' between the islands is proportional to
the sixth power of their radii, as demonstrated in (13).
The intrinsic droplets in the strip undergo a maximum
shrinkage, and they can coalesce when the polymer
film between the water droplets is not large enough. If
we have an extension of the water vapor comparable
to the thickness of the polymer layer (about 4 ym), the
total polymer solution will even move to the space in
between the water droplets. As a consequence, there
only remains a quite thin polymer film underneath the
water droplets, such that the polymer solution will be
uniformly distributed with respect to the AA* line.
The subsequent evaporation of amyl acetate out of
the solution does not give rise to an essential redis-
tribution of the polymer relating to the AA* line. We
end up with the result that the depth of the cell struc-
ture (i.e., its dilation in the third spatial dimension)
shown in Fig. 3(b) is larger (about 1.5 pm) than the
one displayed in Fig. 2 (about 0.5 pm). Moreover,
they follow a stronger symmetry with respect to the
AA* line.

Figures 2, 4, and 5 give rise to the assumption that,
first, the solidification of the polymer network (i.e.,
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Fig. 6. Model structure of the network according to the
experimental situation in Fig. 4: (a) shape of the cross-
section of the interknot connection; (b) form of the network.
7y is the radius of the deformed water droplets.

evaporation of amyl acetate) takes place, and after-
wards the water droplet will break through the thin
polymer film and flow into the cooled water (see the
dark bursting holes within the cells of Fig. 4). As al-
ready noted above, the thickness of the liquid polymer
layer is about 4 um after dissolving on the water sur-
face. During the drying process, the thickness of the
polymer layer amounts to about 0.5 yum. As can be
clearly recognized in Figs. 2 and 5, the whole polymer
material dissolved in amyl acetate is solidified in the
AA* region, more precisely, above that line.

If the height & (see Fig. 5(b)) of the enveloping
polymer layer is not too large, a hexagonal pattern-
ing can be achieved. The experimental realization is
captured in Fig. 2, and the underlying basic cell struc-
ture is outlined in Figure 5(c). That means that, at a
low height, also the width of the interknot connec-
tion will be small. The junctions cross in the knots
of the hexagonal network under an angle of 120° and
usually form a continuous network. Apparently, the
hexagonal networks develop at small values of &, as
a result of the cross-over of three types of zig-zag
lines which proceed to the directions 1, 2, and 3 (see
Fig. 5(c)). It must be emphasized that the hexagonal
shape of the elementary cells of the polymer network
becomes clearer during evaporation.

In case the water vapor begins to affect the nitrocel-
lulose layer not until 60 s after spreading it onto the
cooled water surface, the thin polymer film gradually
becomes dry in the meantime. In other words, evapo-
ration of amyl acetate out of the polymer layer during
the elapsed time of 60 s gives rise to an increasing
concentration of the polymer inside the polymer film.
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As a consequence, the distance between neighboring
droplets of water vapor that precipitate onto the lig-
uid surface of the polymer layer increases (Vr/g is
larger, see (13)). Accordingly, the same holds for the
interspace between neighboring droplets of the wa-
ter vapor, where the polymer material accumulates
after the polymer thin film has completely become
dry (in the vicinity of the AA* line). In this case, the
cross-section of the interknot connection will have
the shape of a plate (Fig. 6(a)), and the whole net-
work resembles that one shown in Figure 6(b). The
lifted edges in Fig. 6(a) are displayed together with
the different pattern in Figure 6(b). Upon comparing
the experimental results in Fig. 4 with the modelled
networks in Fig. 6, one recognizes a good corres-
pondence.

4. Nitrocellulose Networks as Precursor
for Carbon Networks

Fabrication of self-organized precursory polymer
network structures has been described in detail else-
where (see Sect. 2.1). For obtaining carbon networks
with different electrical conductivity, the cellulose
precursor sample is annealed for two hours at pro-
cess temperatures T}, ranging from 500 to 1000 °C
under vacuum conditions (1 - 1073 mbar). As a re-
sult, we end up with carbon net structures that pre-
dominantly have hexagonal elementary cells with a
diameter ranging from 1 to 3 pm (see Fig. 3(a)). The
width of the interconnections depends on the diame-
ter of the hexagonal cells of the carbon network and,
thus, varies between 100 and 350 nm for different
samples. The thickness of the interconnections in all
samples is about 40 nm. For the sake of perform-
ing electrical measurements, four gold contacts were
evaporated. The resulting active area of the carbon
network fragment confined between the contacts was
about 40 pum - 40 ym. In order to be able to reach
the regime of linearity in the current-voltage charac-
teristic by recording the dependence of the specific
resistivity on temperature in the range from 4.2 to
295 K, the current varied from 0.1 nA (in the high
ohmic regime) to 100 nA (in the low ohmic regime).
The specific resistivity was calculated using the re-
lation p = Rs/L; R is the resistance of the network
(measured in the linear regime of the current-voltage
characteristics), s the overall net cross-section, equal
to the sum over all cross-sections of parts of the car-
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bon network that are connected with the Au contacts,
and L the length of the net, i.e., the distance between
the Au contacts. Current-voltage characteristics have
been recorded in the operation regime of the power
source, each at constant temperature within the range
from 4.2 to 290 K. In order to arrive at an as ac-
curate as possible examination of the dependence of
the conductivity on the electrical field, current-volt-
age measurements were carried out separately in the
following electrical field regimes: O - 10 V/cm; O -
100 V/em; 0 - 1000 V/cm, and 0 - 9000 V/cm.

4.1. Temperature Dependence of Hopping
Transport in Carbon Networks

4.1.1. Experimental Temperature Depend-
ence of the Specific Resistivity

In Fig. 7, the dependence of the specific resistiv-
ity on inverse temperature, p(1/T), is shown in a
semi-logarithmic plot for the samples 1 to 12. The
corresponding annealing temperature 7}, and also
the relating specific resistivity at room temperature,
p (295 K), taken for each annealing temperature, are
given in Table 1. In contrast to our expectations, the
increase of the annealing temperature of the start-
ing cellulose net structures does not always lead to a
higher electrical conductivity in the annealed carbon
network. For example, the resistivity of a carbon net
annealed at a temperature of 700 °C (curve 5) is by
orders of magnitude lower than that for a net annealed
at a temperature of 725 °C (curve 2). The latter phe-
nomenon is more pronounced in the lower tempera-
ture range. The dependences of the specific resistivity
on temperature displayed in Fig. 7 are characteristic
for VRH, commonly described by (1). For obtaining
an as precise as possible value of the characteristic
parameter p, we turn to the local activation energy ¢,
according to [5, 41, 42]:

d(In p)
= ST (14)
where kg is the Boltzmann constant. Figure 8 shows
a double-logarithmic plot of €,(7"), where four char-
acteristic temperature ranges are indicated. A careful
analysis of the dependence ¢,(7") for each sample was
carried out in Fig. 9, in order to determine the value
of p and its corresponding temperature range. Upon
decreasing the ambient temperature of the samples 8
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Table 1. Electrical parameters of carbon networks investigated (samples No. 1 - 12). T}, is the annealing temperature,
p(295 K) the specific resistivity at 295 K, c the exponent in (5), which holds in the temperature range from 7 to T3; o,
am, and acg are the exponents of the local activation energy £,(7") o< T in the temperature ranges from 73 to 733, from
T3 to T2, and from 775 to 4.2 K, respectively; b and pv are the exponents in (4), which hold in the temperature ranges
from T} to T3 and from T3 to T, respectively; pcg is the exponent in (3), which holds in the temperature range from
T, to 4.2 K.

No. The p(295 K) c ap b am M acG PcG Te T3 T3 Ty,
°C mQcm K K K K
1 600 8360 - - - 0.61 2.56 - - - - 295 -
2 725 200 - 1.10 3.13 - - 0.48 1.92 - 295 - 90
3 775 56 - 1.06 1.97 - - 0.44 1.78 - 295 - 85
4 775 35 - 1.00 1.20 0.66 2.94 0.44 1.78 - 295 140 75
5 700 28 - 0.91 0.80 0.57 2.32 0.38 1.61 - 295 135 55
6 750 20 - 0.94 0.62 0.63 2.70 0.40 1.66 - 295 120 40
7 800 15 - 0.98 0.48 0.62 2.63 0.33 1.49 - 295 85 15
8 950 12 143 0.91 0.33 0.64 2.78 - - 295 150 18 4.2
9 900 10 1.32 0.97 0.08 - - - - 295 17 4.2 -
10 1000 9 1.45 0.99 0.07 - - - - 295 17 4.2 -
11 900 9 1.49 0.91 0.06 - - - - 295 17 4.2 -
12 1000 8 1.41 1.06 0.04 — - — — 295 17 4.2 -

Table 2. Parameters of VRH in the Coulomb gap of carbon networks investigated (samples No. 2 - 7). Ty and T are
constants in (4) for Mott’s hopping law and in (3) for VRH in the Coulomb gap, respectively; <, is the dielectric constant,
a the radius of the localized states, AFcg the Coulomb gap width at 7" = T'», kg'l1> the thermal energy at T' = T'2; €opic
is the optimum hopping energy in the Coulomb gap, oo the optimum hopping energy in Mott’s hopping law, ¢, the
experimentally obtained local activation energy at 7" = T'2; po and po™ are constants in (3) and (4), respectively; Nocg is

the density of states at the edge of the Coulomb gap.

No. Tm Tec  &r a AEcg  kpTip EoptCG EoptM €a po* ) Nocg
T=T, T=T, T=Tp,
K K nm meV meV meV meV meV mQcm mQcm eV lem—2
2 - 3637 6 2 - 7.7 24.6 - 24.7 - 15 5.4.1013
3 - 1005 11 4 - 7.3 12.6 - 13.5 - 15 9.4.1013
4 5352 761 13 5 25.6 6.4 10.3 10.6 95 2.4 64 1.1-10'"
5 2467 447 17 6 19.2 47 6.7 6.7 6.1 33 4.7 1.2-10"
6 869 180 29 10 8.8 3.4 3.6 3.8 3.4 6.2 11 1.9-10"
7 353 66 4 16 29 1.2 13 15 13 8.6 18 1.6- 10

to 12 from 7;, = 295 K to 7}, (Table 1), we recognize a
rapid reduction of the local activation energy accord-
ing to £,(T") oc T. The characteristic values a = ¢
of these samples are also given in Table 1; they are
about 1.3 to 1.5. Reducing the ambient temperature
of the samples 2 to 12 from 7} to 773 leads to an
overall dependence ,(T") x T witha = ap = 1.0
(see Table 1). Even lower temperatures from 773 to
4.2 K cause a significant reduction of the dependence
ea(T). At temperatures varying from 773 to 77, the
exponent « is denoted by ay, while in the tempera-
ture range from 77, to 4.2 K, a is denoted by acg.
In Table 1, the corresponding numerical values of ayy
and acg are listed. The values of ay give rise to the
assumption that the temperature dependence of the

specific resistivity from 73 to T}, can be described
by Mott’s hopping law for the two-dimensional case.
For different samples, the mean value of ay is 0.63.
Upon further decreasing the temperature from 7, to
4.2 K, VRH in the Coulomb gap is observed. The
values of acg diminish when approaching the MIT
on the insulating side (see Table 1).

In Table 2, the values of Tj introduced in (1) are
given. They were extracted from the experimentally
obtained dependences Inp < (Ty/ T)V/? for p=3
and p = 2 in the corresponding temperature ranges
and denoted by Ty and T, respectively. In the inset
of Fig. 9, the dependence of T on T} is plotted on
a double-logarithmic scale for the samples showing
both, Mott’s hopping law and VRH in the Coulomb
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gap, in different temperature ranges. Obviously, the
relationship between these two constants follows the
phenomenological equation Teg = ATy with A =
0.07and ¢t =~ 1.

As aforementioned, nearly all samples investigated
disclose a temperature range where the exponent of
the dependence c,(T") ox T* is a = a, &~ 1.0 (see Ta-
ble 1). That means that in the temperature range from
T;, to Ty3 the dependence p(T) o< T~° is observed.
The values of b given in Table 1 were evaluated from
the fits of the curves In p(InT"), experimentally ob-
tained in the temperature range from 73, to 77;.

At this point, some experimental results should be
discussed in detail. For the samples 2 and 3, it is not
that easy to specify exactly the range of the depen-
dence ¢, oc T, where Mott’s hopping law holds.
The latter range becomes more evident for the case of
sample 4. In contrast, Mott’s hopping law could even
be observed for the whole temperature range from 80
to 295 K in sample 1.

4.1.2. Analysis of the Specific Resistivity

In connection with the above analysis of the tem-
perature dependence of the local activation energy
€a(T), all dependences p(T") of the carbon networks in
the temperature range from 4.2 to 295 K could be rep-
resented analytically as the sum of four laws [43, 44].
The first one describes the VRH in the Coulomb gap at
temperatures varying from 4.2 K to 77, according to

Teg (1/pcc)
p(I') = po exp {T] :

The second and the third law characterize the VRH
with a constant density of localized states in the tem-
perature range from 77, to 73 and the power law of
p(T) in the temperature range from 773 to 7y, for all
samples, respectively. Analytically, they can be writ-
ten as

. L T_M (I/PM)
pI)=po T exp | | ~

Take note of the fact that the dependence p(1") o
T " in (16) strongly dominates the transport behavior
of all samples in the temperature range from 773 to
T,. In case of a low share of Mott’s hopping law
at temperatures ranging from 7', to T3 (samples 2
and 3), the exponential part in (16) is negligible. The

(15)

(16)
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fourth law characterizes the temperature range from
T}, to T¢. according to

T c—1
p(T) = p1 exp <— {ﬁ} ) .

The parameters b, ¢, pcg, Pm» Po» Pos P1, Tcgs T,
and 77 in the above equations are constants. For all
samples far from the MIT, (15) and (16) dominate
the dependence p(T') (see Table 1). Simultaneously,
(17) and the power law part in (16) become more
important for samples near the MIT. The tempera-
ture dependence of the specific resistivity of sample
8 represents some kind of threshold between the de-
pendences p(T') near and far from the MIT. For the
samples 8 to 12, the values of 7] in (17) amount to
320, 1290, 1880, 1980, and 3190 K, respectively. The
corresponding values p; are calculated to be 21, 17,
16, 15, and 13 mQcm, respectively.

Following (14) and (15), the temperature depen-
dence of the local activation energy in the range from
4.2 K to T1,, where VRH in the Coulomb gap is ob-
served, can be described by

(17

e(T) = k’B(l/pCG)TCG(l/pCG)T(l_(l/pCG))~ (18)

For temperatures ranging from 77, to T}, the local
activation energy is given by

ea(T) = kgbT + kg(1/py)Tpg /PO TA=0/20) - (19)

The second term characterizes the dependence £,(7")
for temperatures varying from 77, to 773, the first term
from 773 to T}. In the temperature range from T3, to
T, the dependence <,(1") reads

T c—1
£o(T) = (¢ — DT ([ﬂ] ) .

A double-logarithmic plot of ,(T"), e. g., for sam-
ple 6, is shown in Figure 9. Therefrom, the values of
the parameters pcg and py; in the corresponding tem-
perature ranges could be obtained. Following (18),
the characteristic value pcg of (15) in the tempera-
ture range from 4.2 K to 715 is pcg = 1/(1 — acg).
By approaching the MIT on the insulating side, the
characteristic value pcg decreases (see Table 1). From
Eq. (19) follows that the characteristic value py; in the
temperature range from T, to T3 is py = 1 /(1 — am).

(20)
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For different samples, the mean value of py; in (16) is
about 2.7.

4.1.3. Coulomb Gap

The appearance of the Coulomb gap in the den-
sity of states near the Fermi energy derives from the
Coulomb interaction of charge carriers localized at
different impurity centers [3 - 5]. The transition from
the ES law to Mott’s hopping law at the temperature
T}, can be explained as follows. The charge carri-
ers at 7' > T}, move via states that are located out-
side the Coulomb gap, where the density of localized
states is only weakly dependent on energy. The pres-
ence of both, Mott’s hopping law and the VRH in the
Coulomb gap for the samples 4 to 7, indicates that
the impurity band width of these samples is much
higher than the Coulomb gap width. For the samples
2 and 3, Mott’s hopping law is only weakly present.
Hence, one can conclude that the density of localized
states outside the Coulomb gap is not constant.

From the values given in Tables 1 and 2, the change
in the Coulomb gap width by approaching the MIT
on the insulating side can be determined. Following
[5], the expressions for calculating the constant 7y in
(1) withp=3and p =2 are

Bu
Ty = 21
M NG (2D
and
2
Teg = ZCGe , 22)
BAEr

respectively, where a means the radius of the local-
ized states, [N the constant density of states outside
the Coulomb gap, and ¢, the dielectric constant. Ac-
cording to [5], we have By = 13.8 and f[cg = 2.8.
The dependence of the density of localized states on
energy in the vicinity of the Coulomb gap for 2D is

A7 |E — Ex|
o4

with A = 2 /7. From (21), (22), and (23) follows that
the Coulomb gap width at 7" = T, can be expressed as

Ncg(E) = (23)

_ BukpTcc

AFE, .
¢ ABe T

(24)

For the samples 4 to 7, we can obtain the values of
the Coulomb gap width at 7" = 77, by substituting the
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values Tcg and Ty (received from measurement, see
Table 2) in (24).

In addition, the Coulomb gap width can also be de-
termined by the value of the optimum hopping energy
in the Coulomb gap, c,pcg. Its temperature depen-
dence is given by [5, 45]

eopicG = Ackp(TeaT)'/? (25)
with Acg = 0.5. For energy values lying outside the
Coulomb gap, where Mott’s hopping law applies, the
temperature dependence of the optimum hopping en-
ergy for 2D can be described by [5]

copna = Ankp(TuT)'? (26)
with Ay = Au~/? = 0.4.

In Table 2, the values of these optimum hopping
energies at the temperature 77, calculated from both
sides, the Coulomb gap side, (25), and the side of
a constant density of states Ny, (26), are given. The
values of the local activation energy e, at T' = T,
experimentally obtained from the dependences =,(71")
(see Figs. 8, 9), are also shown in Table 2. A good
correlation between these three parameters can be
observed by comparing them. According to [5], the
Coulomb gap width AE¢q is twice as big as those
of the optimum hopping energy €qpcG, in agreement
with our results in Table 2. The absolute values of the
Coulomb gap width at the temperature 77, obtained in
adifferent way are in good accordance with each other
— certainly a proof for the reliability of these values.
Comparing the values of ¢,y cg and kg7, one can see
that, far from the MIT, the optimum hopping energy
in the Coulomb gap is much higher than the energy
kgT7,. The more one approaches from the insulating
side of the MIT, the smaller becomes the difference
between these two values. One can conclude that the
optimum hopping energy at 7' < T, is smaller than
the Coulomb gap width and, therefore, the ES law is
observed in the experiment at 7' < T, (15). On the
other hand, the optimum hopping energy at 1" > T, is
larger than the Coulomb gap width. The latter means
that Mott’s hopping law with a constant density of
states, Ny, is dominant. Equating the value of 2,pcg
with the one of the Coulomb gap width, the value of
Ny at the edge of the Coulomb gap can be calculated
from (23). In Table 2, such values of N are listed
and denoted as Nycg. It can be seen that the density
of states near the Fermi energy enlarges by a factor
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Table 3. Parameters of Mott’s hopping law of carbon networks investigated (samples No. 4 - 8). kg7’3 and kg1, are the
thermal energies at 7" = T3 and T' = T, respectively; T is the intermediate point of the temperature range from 7}, to
T'13; eopim s the optimum hopping energy in Mott’s hopping law, €, the experimentally obtained local activation energy,

Nowm the density of states in Mott’s hopping law.

No. kgT3/meV Eopav/meV ca/meV Th/K kgTh/meV Eoptm/meV ca/meV Nom/eV—lem—2
T =T T =T T=T, T=T,
4 12.1 16.1 14.2 107 9.2 134 11.7 1.2-104
5 11.6 12.1 10.0 95 8.2 9.6 8.0 1.8- 10
6 10.3 7.9 6.7 90 7.7 6.6 5.2 1.8- 10
7 73 47 3.7 50 43 33 2.6 1.8.10
8 15 0.68 0.5 10 0.86 0.46 0.4 -

of three during the transition from sample 2 to sam-
ple 7. Moreover, the values of the density of localized
states, Now, resulting from (21) in the validity range
of Mott’s hopping law (Table 3), are nearly the same
as those of Nycg, resulting from (11) at the edge of
the Coulomb gap (Table 2). Such accordance of Ny
and Nycg at the transition point, 775, again suggests
a proof for the reliability of these values.

Resulting from (23), the Coulomb gap width for
T = T\, depends on the density of states at the edge
of the Coulomb gap, Nycg, and the dielectric con-
stant €,.. The decrease of the Coulomb gap width by
approaching the MIT on the insulating side until its
closure is mainly a consequence of the increase of
the dielectric constant ¢, and its divergence at the
MIT (g, — o0) [46, 47]. So the decrease and closure
of the Coulomb gap by approaching the MIT on the
insulating side lead to a lowering of the critical tem-
perature 77, (see Table 1) and the constant T (see
Table 2). Furthermore, the decrease of T, and Tcg
also depends on the localization length by approach-
ing the MIT on the insulating side.

As already mentioned above, a lowering of the
value of pcg in (15) by approaching the MIT on the
insulating side was observed. One reason for such
a decrease might be related to the transformation of
the form of the Coulomb gap, (23), the latter becom-
ing steeper at lower energies, e.g., N(E) o« E3/2
(see [48]).

4.1.4. Hopping Energy inthe Validity Range
of Mott’s Law

In Table 3, the parameter values of the optimum
hopping energy in Mott’s law, £,pm, (26), the experi-
mentally obtained local activation energy ¢,, and the
thermal energy kg7)3 at T' = Ti3, i.e., at the upper
edge of the validity range of Mott’s hopping law, are

listed. For the samples 4 and 5, the values of cqpm
and ¢, are either higher or comparable to the values
of kgTy3. The values of kgT)3 become larger than
that of cqpov and e, starting at sample 6. Such ten-
dency also holds at the intermediate point 7}, of the
temperature range from 77, to 773 (Table 3). For all
samples where Mott’s hopping law is observed, the
overtop of the parameters e, and €, over the values
of kgT is only valid near the temperature 7',. Too
small values of the parameters €,y and €, in relation
to kg1 in the temperature range from 77, to 73 could
be explained by the influence of the pre-exponential
part p(T') oc T~ on the exponential part in (16). This
influence is particularly important close to the temper-
ature 7' = T'3. Indeed, a more strongly pronounced
dependence ¢, ~ T'? at temperatures T' ~ T}3 com-
pared to the dependence e, ~ T2/3 (Fig. 9) diminishes
the experimentally obtained values of ¢,.

4.1.5. Radius of the Localized States

For the determination of the radius of the local-
ized states, the value of the dielectric constant ¢,
of the carbon networks we have investigated has to
be well known. Resulting from the inset of Fig. 9,
the phenomenological equation is Tcg = ATy' with
A ~ 0.07 and t ~ 1. Furthermore, the correlations
Tv < 1/a® and Teg o 1/as, are a direct conse-
quence of (21) and (22), respectively. Upon compar-
ing these correlations with the experimental data, we
find T\i/Tcg x e./a — const or €, < a. That
means that the critical exponent for both ¢,. and a by
approaching the MIT on the insulating side is nearly
the same. Our result agrees well with experimental
data of amorphous Cr-SiO,, thin films [49] and in-
dium doped CdSe crystals [50]. We have compared
our values of T for sample 2, furthermost situated
from the MIT, with the values of carbon fibers [51]
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and come to the conclusion that the value of the di-
electric constant for sample 2 is ¢, = 6. By using the
correlations Tcg o 1/ae, and ¢, < a, the change of
e, differing from sample to sample can be calculated.
In Table 2, such values of ¢, for the samples 2 to 7
are listed. The radii of the localized states, a, can be
determined from the resulting experimental data of
Tecg and (22), also given in Table 2.

4.1.6. High-temperature Conductivity

Next, we analyze in detail the temperature ranges
from 733 to Ty, and from Ty to T¢, where the phe-
nomenological correlation p(T)) oc T~ and (17) are
valid. In the whole temperature range investigated we
did not find hopping with a constant activation en-
ergy for any of the samples mentioned. That means,
there is no hopping between nearest-neighbor local-
ized states at temperatures varying from 4.2 to 295 K.
Therefrom one can suppose that in our porous carbon
networks tails of localized states pulled out of the con-
duction and valence band as a result of disorder and
some overlap between these tails occur [1, 52]. The
nearer the states are situated to the mobility edge, the
weaker they are localized. The mobility edge is de-
fined as an energy threshold which separates localized
states from delocalized ones [52]. At high tempera-
tures (from 73 to T}, tunneling of the charge carriers
occurs via weakly localized states at the smallest bar-
riers. The influence of the dependence p(T) < T~°
(b — 0) decreases and shifts to lower temperatures at
the samples 8 to 12 that are near the MIT. The latter
phenomenon is closely connected with the existence
of the temperature range from 7} to 7,, where the
dependence of p(T") follows (17). Such stronger de-
pendence of p(T") possibly derives from the transfer
of the charge carriers excited at the mobility edge.

4.2. Electrical Field Dependence of Hopping
Transport in Carbon Networks

4.2.1. Experimental Field Dependence
ofthe Conductivity

In Fig. 10, typical conductivity versus electrical
field characteristics of sample 7 recorded at differ-
ent values of the ambient temperature (from 4.2 up
to 290 K) are displayed in a semi-logarithmic repre-
sentation [53]. The same functional dependences can
be also obtained for the case of sample 6 (not shown
here). In the inset of Fig. 10 we have plotted a blow-up
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of the conductivity versus electrical field characteris-
tic of sample 7 in the low-field regime. Obviously, a
linear dependence between the conductivity and the
electrical field strength (i.e., the horizontal parts of
the curves in the semi-logarithmic representation of
Fig. 10) is present only in the limited field interval
indicated on the r.h.s. of the characteristics. Upon de-
creasing the temperature, the extension of that field
range noticeably decreases. A still more accurate de-
termination of characteristic changes in the depen-
dence o(FE) at constant temperature can be achieved
via analyzing the modifications in the slope of the
curves o(E). It is, therefore, helpful to use the param-
eter [43]

we(E) =dlno(E)/dE, (27)
which denotes nothing but a measure of the degree
of nonlinearity in the conductivity versus electrical
field characteristic. At constant temperature, (2) can
be expressed as

o(E) = o(0) exp (AE™). (28)
Here, the constants ¢(0) and A are functions of tem-
perature, but they do not depend on the electrical field.
The parameter w, is then given by

we(E) = An E™ . (29)
We emphasize that the case n = 0 means saturation of
the conductivity, i.e., 0 = const.

The exponent n in Eq. (28) can be gained from
plotting the experimental data of the dependence
log w, versus log E and taking advantage of the
slope of the approximation line. In Fig. 11, the elec-
trical field dependence of the parameter w, for the
o(E) curves of sample 7 (Fig. 10) is displayed in a
double-logarithmic scale. The different ambient tem-
peratures distinguishing the curves correspond to that
in Figure 10. For the sake of a vivid illustration of the
experimental results, we have also marked in Fig. 11
the slope of the curve that corresponds to the value
n = 1. It becomes obvious that, within the low elec-
trical field range, (28) with n = 1 is valid. For each
curve in Fig. 11, the end of the latter regime is always
indicated by an arrow. With increasing temperature,
the validity range of n = 1 clearly shifts towards the
regime of higher electrical fields. For temperatures
T > 70 K, the n = 1 interval was not at all attain-
able within the scope of field strength applied by us.
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Upon closer looking at the inset of Fig. 11 (blow-up
of the 4.2 K curve in the low electrical field range),
we uncover an interval where (28) with n = 1.4 is
valid that precedes the n = 1 part of the curve. The
n = 1.4 interval also extends to the high field range
with increasing temperature. The apparent saturation
of the conductivity versus electrical field characteris-
tics (n = 0) and their subsequent complete merging
into one curve (n < 0) are strongly pronounced in
the functional dependence w,(E), where the curves
consolidate with the slope n = —0.35 (sample 6) and
n = —0.33 (sample 7) — the latter case indicated in
Figure 11. There exists a characteristic threshold elec-
trical field (Ey,) during the transition from the low to
the high field range. For the case of sample 7 (see
Fig. 11), the intersection point of the two approxi-
mation lines of the relationship w,(E) between the
interval of n =1 and that of n =-0.33 was determined
and marked by Ey,.

After a rather comprehensive determination of the
electrical field interval from the dependence w, (E),
where (28) with n = 1 applies and, thus, the parameter
Ain (28)is givenby A = C e ry/kgT = el/kgT
(via (2) with [ = Crp,), the parameter [ can be ex-
tracted. As already stated in the introductory part of
the present paper, the parameter [ is proportional to
the maximum hopping length r,,,. Hereto, the slope of
the dependence In o(F) in the electrical field range
governed by n = 1 was taken, and the value of [ could
be calculated for different temperatures. The result-
ing temperature dependence of the hopping length,
[(T'), becomes evident in Fig. 12 for the case of the
samples 6 and 7. Obviously, we end up with the law
Il o< T7%, where v = 0.9. In the inset of Fig. 12,
the dependence of the threshold electrical field Ey, on

temperature 7" is plotted in a double-logarithmic scale
for the case of the samples 6 and 7. One plainly finds
that the threshold increases with increasing tempera-
ture, following the law Ey, o< T'°, where s = 1.5.

Next, for comparison, we will analyze the depen-
dences o(F) obtained experimentally at 7' = 4.2 K
for the samples 4 - 7. The change of the character of
o(F) can still be read off more vividly from the func-
tional dependence w,(E), as strongly manifested in
Fig. 13 for T'= 4.2 K. It must be emphasized that the
value of the threshold electrical field Ey, appreciably
shifts to the higher field range, when increasing the
distance from the MIT on the insulating side. Since
the interval of the dependence o(E) with n = 1 is
extremely small for the case of the samples 4 and 5,
the relation [(7") could not be gained with sufficient
accuracy. Keep note of the fact that, for the samples 4
and 5, the field range that precedes the interval with
n =1, see (28), excels by a larger slope, i.e.,n = 2.6.
The low electrical field regime that precedes the in-
terval with n = 2.6 could not be examined with suffi-
cient accuracy for the case of the samples 4 and 5, as
a consequence of inevitable large fluctuations in the
dependence w, (E).

In the low-temperature range at electrical field val-
ues £ > 2 x 10° V/cm, the conductivity does not
depend on temperature for the case of the samples
6 and 7. In the above field regime described by (3),
usually the dependence j(E) is analyzed. A more
accurate value of the parameter m can be obtained
in analogy to the determination of the characteristic
value n in (28), as described above. Therefore, the
parameter w;(F) that features the nonlinearity of the
dependence j(E) is introduced and accordingly de-
fined by
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w;(E) =dln j(E)/dE. (30)

We point out that our method for determining 1/m
was already applied in [14]. Figure 14 displays the re-
sulting dependences w;(F) at T'= 4.2 K in a double-
logarithmic scale. The values 1/m for the case of the
samples 6 and 7, both extracted from the slope of the
above dependence, amounted to 0.18 and 0.12, re-
spectively. On the basis of the obtained average value
1/m = 0.16, the dependence In j versus E~16 is
plotted in the inset of Figure 14. An ideal straighten-
ing of In j(F)in those coordinates can be clearly seen.

4.2.2. Analysis of the Conductivity

The linear relation between the logarithm of the
conductivity and the electrical field at low temper-
atures that applies for samples near the MIT (i.e.,
samples 6 and 7) is present only in a relatively short
field range. With increasing temperature, the above
range extends to the high field regime. Such an en-
largement of the region, where the linear o(£) char-
acteristic dominates, can be explained by (2). At low
temperatures, the exponential part in (2) is large, and
its influence on the dependence o(FE,T’) becomes al-
ready apparent in the low electrical field range, com-
pared to the pre-exponential part o(0). Upon increas-
ing the temperature, the exponential part in (2) dimin-
ishes and comes into play only in the high electrical
field range.

In the following, let us more accurately analyze the
low electrical field range via (2). From the tempera-
ture dependence of the hopping length, I(T"), of the
samples 6 and 7 plotted in Fig. 12, we obtain the law
Il = Cr, ccT™", where v = 0.9, i.e., [ increases
with decreasing 7". Note that for both samples the
dependence [(T") unveils two characteristic tempera-
ture regimes. First, in the range from 4.2 to 15 K, we
have hopping conductivity in the Coulomb gap with
pcc = 1.49, see sample 7 in Table 1. In the temperature
range from 15 to 85 K, we observe Mott’s hopping
law for the 2D case with py; = 2.63. In the range from
4.2 to 40 K, the characteristic value pcg = 1.66 was
determined for sample 6. The interval with py; =2.70
embraces temperatures between 40 and 120 K. For
the ensuing discussion, we use as appropriate values
pcg = 2 for VRH in the Coulomb gap and py = 3
for Mott’s hopping law in case of all samples inves-
tigated. Following the experimentally gained depen-
dence [(T") shown in Fig. 12, it is difficult to detect
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the difference between the dependence valid for hop-
ping conductivity in the Coulomb gap and that for
Mott’s hopping law. According to [5 - 7], in the range
of validity of (1) with 1/p = 1/2 (or 1/p = 1/3), the pa-
rameter [ should increase with decreasing temperature
proportional to 7~ '/ (or T~'/3, respectively). How-
ever, the dependence obtained experimentally tells us
that we have a much stronger rise of ! during the
reduction in temperature. A similar result has also
been found in [18, 54]. It can only be explained un-
der the assumption that the constant C' increases with
decreasing temperature. The change of the value of
the constant C' upon varying the parameter . (de-
fined above as percolation threshold &, = (T,/ T)'/7)
was predicted theoretically in [10, 55, 56]. Following
[56], that modification in the range 16 < & < 29
investigated is described by

C(&) = (14 £2) - 1077 & 31
For the temperature range of Fig. 12, where (1) with
p =2 and p = 3 applies, the values of the parameter
& are limited within the interval 2 < & < 6. If
one assumes that (31) also holds in the range of the
parameter &, investigated by us, then the dependence
I(T') can be expressed by

[ =Crm=Acal’, (32)
where A. is a constant. The maximum hopping length
m and the localization radius a were already intro-
duced in the frame of the discussion of (2). Now
the dependence /(T in the temperature range, where
hopping conductivity in the Coulomb gap (furtheron
marked by the subscript CG) with p = 2 in (1) is
present, looks like

lCG(T) = Ac a TCG / T. (33)
At temperatures where Mott’s hopping law (furtheron
marked by the index M) with p = 3 is present, the
dependence [(T") can be described as

() = A a T/, (34)
When comparing the analytically determined values
of the dependence /(1) in (33) and (34) with the ex-
perimentally gained ones in Fig. 12, good agreement
can be observed. It should be emphasized that the in-
tervals governed by the dependence lcg(T) oc T~}
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and the dependence Iy(T) ox T—%/3 of the experi-
mental curves do not differ practically. A possible
reason can be derived from the shortness of the tem-
perature ranges, where the above dependences have
been examined experimentally.

4.2.3. Threshold Electrical Field

As already mentioned in the experimental part of
this work, the conductivity of the samples 6 and 7
near the MIT on the insulating side does not depend
on temperature at electrical fields £ > 2 x 10° V/cm
in the low-temperature range. The threshold electrical
field Ey, serves as a parameter that characterizes the
transition from thermally activated to activationless
hopping conductivity. Shklovskii [11] has deduced
theoretically the relation Ey, ~ kgT'/ea, which points
at a dependence on temperature like Ey, oc 70,
Except to an accuracy of the numerical coefficient,
the latter relationship applies both to the cases p =
2 and p = 3 in (1). The temperature dependence we
have obtained for the samples 6 and 7 is of the form
Ey oc T' (see inset of Fig. 12). Such deviation can
be explained by the following argument. In a rela-
tively high electrical field, where the change of the
potential energy of an electron, eEl(T'), along the
hopping length [(T) is equal to the extension of the
energy range near the Fermi level, £, (1), that allows
for hopping (i.e., the “optimum” hopping energy),
the electron can move into the direction of the field.
The hopping energy in the Coulomb gap had been
expressed by (25). Equating the energies eqpcg(T)
and eEyccleg(T), where eopca(T) and leg(T') are
expressed by (25) and (33), respectively, results in a
relation for the temperature dependence of the thresh-
old electrical field in the Coulomb gap as

Ewce = (Acg kg/ Acea Tea'HT??. (35)

Outside the Coulomb gap, i. e., in the range of validity
of Mott’s hopping law, the temperature dependence of
the optimum hopping energy for the 2D case had been
expressed by (26). Thus, the temperature dependence
of the threshold electrical field outside the Coulomb
gap can be written as

Eam = (Awkp [ Ac e a T T (36)
When comparing the analytical relations (35) and
(36) with the dependences obtained experimentally,
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a good correlation can be observed (see inset of
Fig. 12).

The radii of the localized states, a, for the case
of the samples 6 and 7 have been determined from
the dependence o(1/T) in Section 4.1.5. Their values
amounted to 10 and 16 nm (see Table 2), respec-
tively. The value of a can also be gained from the
analytical relations (33) or (34) and the slope of the
experimental dependences [(T), plotted in a double-
logarithmic scale, see Figure 12. A similar analysis
is possible with the help of the analytical equations
(35) or (36) and the slope of the experimental depen-
dences Ey(T), see inset of Figure 12. Comparing the
received values of a with the ones from Table 2 shows
that the numerical characteristic value of C'(&.)/&. in
(31) should be equal to 0.07 in the examined param-
eter interval 2 < £. < 6 (instead of the theoretical
value [56] 0.014).

From (35) and (36), it follows that Fy,cg and Egwm
with increasing temperature shift to the high electrical
field range. Such behavior can clearly be seen in the
experimental dependences of Figure 11. The increase
of Ey, with temperature simultaneously leads to an
extension of the low electrical field range, where (28)
with n = 1 is valid, towards higher fields. The corre-
sponding shift of the arrows in Fig. 11 provides direct
experimental evidence.

The shift of the threshold electrical field Ey,cg into
the high field range with increasing distance from
the MIT (i.e., turning from sample 7 via sample 6
and sample 5 to sample 4) at the temperature 7" =
4.2 K (see Fig. 13) mainly results from the rise of
the parameter 7¢g. From the equality of the energies
goptcG(T) and e Eyycgleg(T), we end up with the re-

lation Eycg o< TCGI/ 2 /lcc for constant temperature.
With increasing distance from the MIT on the insulat-
ing side, the parameter Tcg x 1/ae, increases, as a
consequence of the reduction of both the radius of lo-
calized states, a, and the dielectric constant .. Such
a conclusion can also be confirmed experimentally.
For example, the values of Eycg at T' = 4.2 K for the
samples 7 and 6 (see Fig. 13) amount to 260 V/cm
and 790 V/cm, respectively. That means that, when
turning from sample 7 to sample 6, we have a three-
fold enlargement of the threshold electrical field. The
value of TG becomes larger by approximately the
same factor, i.e., Tcg = 66 K for the case of sample
7 and Tcg = 180 K for the case of sample 6 (see
Table 2).
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4.2.4.Highand Low Electrical Field Ranges

In the experimental part of our work, it turned out
that the electrical field range with n > 1 (exponent
n = 1.4 for the samples 7 and 6) precedes the one with
n =1 in (28). With increasing temperature, also the
range with n > 1 shifts to higher fields (see Fig. 11).
Upon growing distance from the MIT on the insulat-
ing side at 7' = 4.2 K, for the samples 5 and 4, we
observe both the shift of the interval with n > 1 to the
high field range and the increase of the characteristic
value of the exponent n up to n = 2.6 (see Fig. 13).
We are familiar with only one work [8], where it is
pointed out that the dependence In o(E) possesses
a range of validity of the law In o(E) o E?. The
latter should precede the range with the dependence
In o(F) x E.

Within the regime of high electrical fields and low
temperatures, a saturation of the curves o(E) oc E™
takes place together with a fusion to one curve (see
Fig. 10). It can be clearly seen by the functional de-
pendences w, (E) (Fig. 13), where the curves with the
slope n = —0.35 (sample 6) and the curves with n =
—0.33 (sample 7) merge. In case of VRH, following
Mott’s hopping law for 3D in the high electrical field
range, the relation In o(E) o< E~'/* was determined
in the theoretical work of Apsley and Hughes [8].
It were straightforward to assume that the relation
In o(E) < E~'/? applies for VRH in the Coulomb
gap inside the high electrical field range. However,
our experimentally gained values of n are smaller,
and the relation In o(F) o< E~'/3 is valid. In (28),
we did not take into account the field dependence
of the pre-exponential part. But consideration of the
latter relation will not lead to a substantial approxi-
mation between our values of n and the ones given
in [8].

As already mentioned in the introduction, the cur-
rent density versus electrical field relation j(£) is usu-
ally analyzed in the high electrical field regime. The
investigation of (3) by means of looking at the depen-
dence w;(E) = d In j(E)/dE shows that, for the case
of the samples 6 and 7, (3) holds with the character-
istic value 1/m (according to 0.18 and 0.12, respec-
tively). Note that the above values of 1/m are sub-
stantially smaller than the value 0.5 taken in [15 - 17].
Despite of the fact that the ohmic hopping conductiv-
ity (or resistivity, respectively) in the Coulomb gap
is described by In p(T") oc T~'/2, the activationless
conductivity in the high electrical field regime obeys
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the law In o(FE) o< E~'/3. Thereby, the current den-
sity changes like In j(F) oc E~'/®. It means that a
strong electrical field (in the activationless hopping
conductivity regime) is not equivalent to a high tem-
perature (in the ohmic hopping conductivity regime)
such that it gives rise to a smaller extent to the increase
in conductivity. A similar result was achieved in the
experimental work of Aleshin and Shlimak [18].

5. Summary and Conclusions

We have described an experimental preparation
technique that is capable to produce mesoscopic car-
bon network structures with different shapes of the
basic cell. There, a drop of the initial polymer so-
lution spreads onto a cooled water surface, and the
water vapor interacts with the resulting polymer thin
film. Following the self-organization process of pre-
cipitating droplets of the water vapor on the polymer
layer and subsequently evaporating the solvent, the
originally homogeneous polymer film proceeds to a
hexagonal network pattern. By the help of an elemen-
tary model study on the self-organized structuring
process in the liquid polymer films, we succeeded
in specifying and interpreting the morphology of the
basic network cells observed experimentally.

The dependence of the specific electrical con-
ductivity of self-organized carbon nets on tempera-
ture was investigated. Four different transport mech-
anisms were observed in the temperature range
from 4.2 to 295 K. The temperature dependence
of the specific resistivity of the carbon network
structures, whose conductivity is situated far away
from the metal-insulator transition, can be described
by p(T) < T7° exp([To/T](l/p)>. In the low-
temperature range, a Coulomb gap in the density of
localized states near the Fermi level occurs with the
characteristic value p = 2. In the high-temperature
range, the pre-exponential part p(T) o< 7~° domi-
nates. At intermediate temperatures, Mott’s hopping
law is observed with p = 3. For the samples, the
specific resistivity of which is situated near the metal-
insulator transition, their behavior in the low-tem-
perature range obeys the power law p(T) oc T°.
The value of b decreases from 3 to O when look-
ing at samples with a conductivity far away from
and near to the metal-insulator transition, respec-
tively. In the high-temperature range, the specific
resistivity of the carbon nets is characterized by
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p(T) x exp (— [T/T] c‘l), with ¢ varying from 1.3
to 1.5. The existence of four charge transport mech-
anisms can be attributed to tails in the density of
localized states, pulled out of the conduction and va-
lence band, as a result of disorder and some overlap
between these tails.

In the regime of low temperatures, the charge
carrier transport of the porous carbon networks in-
vestigated derives from hopping conductivity in the
Coulomb gap, described by In p(T) x T-'/2. In-
vestigation of the current density versus electrical
field characteristic of samples near the metal-insulator
transition on the insulating side unveils four distinct
regions of field dependence of the conductivity, o(E).
At low electrical fields, ohmic conductivity is ob-
served, which does not depend on E. With increasing
electrical field, the conductivity rises, first following
the law In o(F) < E™, where n changes from 1.4 to
2.6 with increasing distance from the metal-insulator
transition on the insulating side. Upon further raising
the electrical field, the conductivity obeys the relation
In o(E) oc E'. The temperature dependence of the
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