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We report on the direct current (dc) current-voltage (I -V) characteristics of few-layer muscovite mica
(MuM) flakes exfoliated and transferred onto SiO2/Si substrate, under different substrate dc bias voltages.
Contrary to usual observations in conventional two-dimensional systems, we observe an increase in the
in-plane electrical conductivity with a reducing thickness of MuM flakes. At a given voltage, the electrical
conductivity of approximately five-layered MuM flake (T3) is 3 orders of magnitude larger than that in
approximately ten-layered MuM flake (T2). The I -V characteristics are used to analyze the mechanism
of conduction. The model-based analysis reveals the hopping-conduction mechanism to be dominant as
compared to the Poole-Frenkel effect. The thickness-dependent work function is measured using Kelvin
probe force microscopy for a MuM flake on Si substrate. Assuming that the measured work function is
correlated with the Fermi level, we report an upward movement of the Fermi level, toward the conduction
band with the reducing thickness of MuM flakes, indicating an increase in the conduction-band carrier
density. The observed increase in conductivity in T3 when compared to T2 may be attributed to surface
doping due to the increased contribution from K+ ions and lattice relaxation. Our results show that there is
a possibility of using few-layer mica as a wide-band-gap semiconductor and that it can open up different
avenues for two-dimensional electronic devices.
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I. INTRODUCTION

Due to their intriguing properties, two-dimensional (2D)
van der Waals (vdW) materials are an emerging class
of materials for next-generation electronic devices [1,2].
Most of these materials are, however, not stable in strin-
gent chemical and physical conditions [3], thereby limiting
their applications in electronics for harsh environments.
Muscovite mica (MuM) is a naturally occurring layered
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vdW aluminosilicate commonly used as an electrical insu-
lator and is known for its exceptional chemical and phys-
ical stability [4,5]. It has a complex structure consisting
of an octahedral layer sandwiched between two tetrahe-
dral layers as shown in Fig. 1, with a monoclinic unit
cell (a = 5.19 Å, b = 8.99 Å, c = 20.14 Å, and β = 96◦)
[6]. The tetrahedral layer consists of a pseudohexagonal
arrangement of SiO4 tetrahedra, whereas the octahedral
layer consists of an octahedron with Al3+ at the center.
On average, one fourth of the tetrahedra have Si4+ ran-
domly substituted by Al3+ and every third octahedron has
a vacancy at the center. This excess negative charge due to
tetrahedral trivalent substitution and octahedral vacancy is
compensated by the interlayer cation K+ ions which elec-
trostatically hold the three-layered MuM stack together
[5,6]. Due to electrostatic and packing constraints, these
K+ ions are situated at the center of the hexagon and
interact electrostatically with six oxygen atoms on either
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FIG. 1. A schematic of the crystal structure of the MuM mono-
layer along the indicated crystallographic directions, consisting
of an octahedral layer (shown in blue) sandwiched between
two tetrahedral layers (shown in yellow) with interlayer potas-
sium ions (shown as magenta spheres) to maintain the charge
neutrality.

side [5]. Weak bonding between the K+ layer and the
aluminosilicate layer gives mica its cleavage property.
However, due to the charged nature of the layers, MuM
has a cleavage energy of approximately 90 meV/Å

−2
[7],

which is almost 3 times that of conventional 2D materi-
als such as graphene, transition-metal dichalcogenides, and
hexagonal boron nitride [8].

With the rise of graphene and 2D vdW semiconductors,
MuM has attracted attention as an ultraflat 2D substrate
[9]. Exfoliated few-layer MuM has been demonstrated as
a substrate for applications such as flexible electronics
[10–12], vdW heteroepitaxy [13,14], multifunctional 2D
electronics [14–17], memory devices [18–21], and as a
layered gate dielectric for transistors [22,23]. MuM has
been reported as an interesting substrate for graphene, with
unique properties [24–27]. Recently, MuM has also been
demonstrated as an atomically thin proton-conducting
membrane [28].

The investigation of the electrical properties of MuM
has a history of almost a century [29] and several mecha-
nisms have been proposed to explain its electrical conduc-
tion [5,30–34]. However, none of the proposed models has
been able to explain coherently all the experimental obser-
vations of MuM [5,33]. In almost all the studies reported so
far, conduction across the layers has been measured, where
the device architecture with closely placed electrodes has
resulted in tunneling as a dominant current component
and has made it difficult to extract the material-related

information. Further, the electronic properties of mono-
layer and few-layer MuM are not well understood and
there are not many reports on the thickness-dependent
effects on the electronic properties of MuM [35].

In the present work, we report on the thickness-
dependent in-plane electrical conductivity of few-layer
MuM flakes. MuM flakes are mechanically exfoliated on
SiO2/Si substrates and the contact electrodes are defined
as being approximately 1 μm apart, to avoid any tunnel-
ing phenomena. It is observed that the current in few-layer
MuM (≤20 nm) devices is flake-thickness dependent and
that, at a given voltage, it is 3 orders of magnitude larger in
approximately 10-nm-thick MuM when compared to that
in approximately 20-nm-thick MuM flake. Fitting of the
experimental data to the hopping-conduction (HC) model
indicates an increase in the conduction-band (CB) carrier
density with the reduction in the number of layers. Further,
layer-dependent work-function measurements suggest a
shift in the Fermi level toward the CB for reduced thick-
ness, thus confirming the doping effects. This increase in
the carrier density with the reduction in the number of
layers may be due to surface doping and lattice relax-
ation. These results show the possibility of using few-layer
mica as a layered wide-band-gap semiconductor for 2D
electronic devices.

II. EXPERIMENTS

Commercially available MuM substrates are mechani-
cally exfoliated and transferred onto 300-nm SiO2/Si sub-
strates. After transfer, samples are rinsed in acetone and
isopropanol to remove any residue, followed by a dehy-
dration bake on a hot plate at 120 ◦C for 5 min. The
flakes are identified using an optical microscope and their
thickness is measured using a Park NX10 atomic force
microscope. Raman-spectroscopy measurements are per-
formed using a confocal Raman microscope in backscat-
tering geometry with a 100× objective and a 2.54-eV
continuous-wave laser as the excitation source. For elec-
trical measurements, the contact electrodes are defined as
being approximately 1 μm apart using standard electron-
beam lithography followed by electron-beam evaporation
of Ni/Au (30 nm/30 nm). The deposited metal is uniform
and conformal, which is sufficient to give good contact
with flakes of thickness approximately 100 nm. All the
electrical measurements are carried out in the dark at room
temperature using a Cascade Microtech Summit 12000AP
probe station and an Agilent B1500A Semiconductor
Parameter Analyzer in high-resolution mode (HR-SMU),
with a resolution of 10 fA. Thickness-dependent work-
function measurements are performed using a Shimandu
SPM8000-FM scanning probe microscope at ambient con-
ditions.
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III. RESULTS AND DISCUSSION

The MuM flakes on SiO2/Si, identified optically, are
≥10 nm—that is, ≥5 layers—due to the large cleavage
energy [7] and the poor optical contrast on 300-nm SiO2/Si
substrate [22]. The optical contrast is better on thin oxide
substrates; however, due to the large leakage current
through the substrate, 300-nm oxide substrates are used for
all the electrical measurements. Raman spectra of MuM
before and after the exfoliation are measured (not shown
here). The Raman spectrum of bulk MuM (approximately
100 μm) shows all the characteristic peaks [36]; however,
no Raman modes are observed in flakes with thickness
<100 nm. Therefore, the Raman spectrum could not be
used as a tool to identify the number of layers in MuM
flakes. The Raman-scattering cross section of MuM flakes
may be increased under resonant conditions; however, it
has not been analyzed in this work.

For electrical characterization, three different MuM
flakes on SiO2/Si with thicknesses of approximately 100
nm (T1), approximately 20 nm (T2), and approximately
10 nm (T3) are selected: optical images are shown in
Figs. 2(a)–2(c). For the initial studies, devices with two
electrical contacts are fabricated with an electrode sep-
aration of 1 μm. The Si substrate is used as the back
gate to apply the gate bias voltage (Vbias). The measured
gate leakage currents are at least 2 orders of magnitude
lower than the in-plane current and show no response
to increased bias voltages, indicating that there is negli-
gible branching of current to the substrate contact. The

measured two-probe I -V characteristics of these three
devices are shown in Figs. 2(d)–2(f). For comparison, the
y axes are shown in terms of the current density (J ) in
A cm−2. The current in device T1 is almost linear and
below 0.5 pA (5 × 10−4 A cm−2) for the entire range of
the applied voltage (Vin), whereas the devices T2 and T3
show an exponential behavior with Vin. Also, the current
in T3 is almost 3 orders of magnitude larger than that in
T2. Figure 2(g) shows the I -V plot of three measurements
on each of the indicated devices. The thickness-dependent
I -V characteristics of the MuM flakes are found to be
repeatable over different measurement cycles as well as for
different devices within the experimental limits. This also
indicates that the observed current is not due to dielec-
tric breakdown or any such permanent damage to the
MuM flakes. As a reference, a device with exactly the
same structure but with no MuM flake is also character-
ized: the plot is shown as the black curve. Devices T2
and T3 are further characterized for the effect of Vbias: the
results are as shown in Fig. 2(h). It is observed that the
current through the MuM flakes decreases for both pos-
itive and negative Vbias. This indicates that the effect of
the gate bias on MuM flakes is not dominated by con-
ventional field-effect channel formation, i.e., the applied
Vbias results in neither accumulation nor inversion. Instead,
the in-plane mobility of the carriers is reduced due to the
applied out-of-plane electric field, resulting in a decrease
of the in-plane current. Further, this degradation effect is
more pronounced for thinner flakes (T3) when compared
to the thicker ones (T2), as observed in previous reports
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FIG. 2. Two-probe measurements. (a)–(c) Optical images and (d)–(f) the corresponding I -V characteristics of MuM/SiO2/Si with
thickness T1 ∼ 100 nm, T2 ∼ 20 nm, and T3 ∼ 10 nm. The scale bar shown in (c) is 5 μm and the y axis is shown in terms of the current
density (J ) in A cm−2. (g) The I -V characteristics for three measurements on each of the devices, T1, T2, and T3, with Vbias = 0 V. The
black curve marked as “ref” corresponds to the I -V plot of SiO2/Si, i.e., without an MuM flake under similar device and measurement
configurations. (h) The effect of Vbias on the I -V characteristics of Mu/SiO2/Si for T2 and T3 for the applied Vbias as listed.
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[37,38]. For instance, at Vbias = −20 V and Vin = 15 V,
the current through the T3 (T2) flake is 0.04 (0.54) times the
current at zero bias. These effects can mainly be attributed
to the field-dependent intrinsic electron-phonon scattering
in mica flakes [39]. Due to the out-of-plane electric field,
the carriers are pushed to either side, thereby reducing
the effective channel thickness and increasing the phonon
scattering [39]. Another component adding to the mobility
degradation can be attributed to the MuM-SiO2 interface
phonon scattering [40,41]. Any scattering effects due to the
interface charge impurities, oxide traps, or substrate rough-
ness can be neglected, as they show asymmetric behavior
with the applied gate bias voltages [41,42]. The exact
mechanism of this mobility degradation does, however,
call for further experimentation.

In order to account for the contact resistance and
its dependence on the MuM flake thickness, four-probe
devices of MuM flake thickness corresponding to T2 and
T3 are fabricated. Figure 3(a) shows the measurement
schematic along with the optical image of one of the fab-
ricated four-probe devices. The devices are fabricated on
flakes of appropriate shapes to ensure correct geometry of
the linear four-probe electrodes. The fabricated electrodes
are 1 μm × 5 μm in area, with an electrode-to-electrode
separation of 1 μm. For the four-probe measurements, the
current is applied between the contacts marked “1” and
“4,” whereas for the two-probe measurements it is applied
between the contacts marked “2” and “3.” The voltage is
measured between the contacts marked “2” and “3.” The
currents applied to T2 (T3) are in the range 0–10 pA (0–10
nA), determined from the results shown in Fig. 2. The
mean and standard deviation in the measured voltage of six
different readings obtained from the four-probe and two-
probe I -V characteristics are as shown in Fig. 3(b). The two
I -V characteristics are almost the same, but the mean mea-
sured voltage around the 5-nA current in the four-probe
measurements is slightly less than that in the two-probe
measurements. However, due to large resistance of the
MuM flakes, of the order of 1012 � (109 �) in T2 (T3), with
approximately 10% standard deviation, the contact resis-
tance cannot be estimated in these devices. The obtained
I -V characteristics of these devices is independent of the
direction of the applied current, as shown in Fig. 3(c).
The conductivity of the MuM flakes, estimated from the
slope of the four-probe I -V characteristics around 10 V, is
approximately 0.8 μS cm−1 for T2, whereas it is approxi-
mately 0.4 mS cm−1 for T3, 3 orders of magnitude larger
than for T2. To further understand the behavior of devices
T2 and T3, the experimental four-probe I -V data are com-
pared to different conduction models. Earlier reports on
conduction in micas have shown that there is a negligible
effect of different metal contacts [31,32] and in the present
case, the possibility of tunneling is negligible. Therefore,
the devices are initially compared with the Poole-Frenkel
(PF) model, as given by Eq. (1), to extract the material

parameters [32]:

J/E = qμNc

(
Nd

Nt

)1/2

exp
(

C1
√

E − q�t

kT

)
, (1)

where q is the electronic charge, μ is the carrier mobility,
k is the Boltzmann constant, T is the absolute temperature,
q�t is the trap energy level, and NC, Nd, and Nt are, respec-
tively, the density of the CB, the defect, and the trap states.
There exists a linear relation ln(J/E) = C1

√
E + ln Co,

where all the constant terms are absorbed in Co and the
slope C1 is given by Eq. (2), where εo and εr are, respec-
tively, the free-space and relative optical permittivity of the
material:

Slope C1 =
√

q3

πεoεrkT
. (2)

Figure 3(d) shows ln(J/E) versus
√

E, also known as
the PF plot, for the experimentally obtained data of devices
T2 and T3, shown in green and red, respectively, along with
the linear fit to the PF model, shown in black. The best
linear fit for T2 (T3) is obtained for the applied current
≥6 pA (≥1 nA), with the reduced R2 0.96 (0.98) and the
rms error 0.03 (0.04) as the fitting parameters. The slope
C1 in the units of (cm/MV)1/2 extracted from the linear
fit for T2 (T3) are 12.23 (18.03). These values of C1 are
used in Eq. (2) and further in Eq. (1) to obtain an expo-
nential fit (not shown) and extract the material parameters,
as listed in Table I. It is observed that εr for T2 (T3) is
5.74 (2.65), which is less than the low-frequency permittiv-
ity of mica (approximately 7.1) but larger than the optical
value (approximately 2.5), indicating that the transit time
of the carriers is larger than the dielectric relaxation time
of the material. Also, assuming that (Nd/Nt)

1/2 = 10−2,
the product μNc is exceptionally small in both cases [32],
indicating low carrier mobility. These observations suggest
that the PF is not the dominant conduction mechanism.

Next, the possibility of the HC model is considered for
analysis using the J − E relation given by Eq. (3), where
Lh is the mean hopping distance, n is the CB carrier den-
sity, ν is the thermal vibration frequency of the electron at
the trap site, and εh is the hopping energy, i.e., the energy
between the trap level and the edge of the CB:

J = (qLhnν) exp
(

K1E − εh

kT

)
. (3)

There exists a linear relation ln(J ) = K1E + ln Ko, where
all the constant terms are absorbed in Ko and the slope K1 is
given by Eq. (4), where symbols have meanings as defined
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FIG. 3. Four-probe measurements. (a) A schematic of the four-probe conductivity measurement setup with the optical image of a
fabricated device. (b) The mean and standard deviation in the measured voltage of six different readings of the two-probe and four-
probe measurements on the device shown in (a). (c) The forward and backward four-probe I -V characteristics of the device shown in
(a). (d) A Poole-Frenkel plot showing the natural log of J/E in �−1 cm−1 versus the square root of the electric field E in kV/cm for T2
shown in green and T3 shown in red, along with their fit to Eq. (1) shown using a black line. (e) A hopping-conduction plot showing
the natural log of the current density J in A cm−1 versus the electric field E in kV/cm for T2 shown in green and T3 shown in red,
along with their fit to Eq. (3) shown using a black line.

earlier:

Slope K1 = qLh

kT
(cm/V). (4)

Figure 3(e) shows ln(J ) versus E, the HC plot for the
experimentally obtained data of devices T2 and T3, shown
in green and red, respectively, along with the linear fit to
the HC model, shown in black. The best linear fit for T2
(T3) is obtained for the applied current ≥6 pA (≥0.5 nA),
with the reduced R2 0.99 (0.99) and the rms error 0.02
(0.06) as the fitting parameters. The extracted slopes K1 in
(cm/MV) for T2 (T3) are 27.84 (35.59). These values of K1
are used in Eq. (4) and further in Eq. (3) to obtain the expo-
nential fit (not shown) and extract the material parameters,

TABLE I. Material parameters extracted from the fitting of the
indicated conduction model.

Poole-Frenkel model εr �t (V) μNC (V s cm)−1

Sample T2 5.74 0.18 1.1 × 1015

Sample T3 2.65 0.18 1.61 × 1017

Hopping-conduction
model Lh (mn) εh (eV) n (cm−3)

Sample T2 7.2 0.20 1.03 × 1012

Sample T3 9.2 0.20 4.05 × 1014

as listed in Table I. For all the calculations, ν is assumed
to be 1013 Hz [32]. It is observed that the mean hopping
length (Lh) for T2 is approximately 7.2 nm, whereas for
T3 it is approximately 9.2 nm. The CB carrier density
(n) in T2 is 1.03 × 1012, whereas in T3 it is 4.05 × 1014,
approximately 400 times larger than that in T2.

To investigate the increase in n for a reduced thick-
ness as indicated by the model-based analysis, the
thickness-dependent work function of the MuM flakes (ϕ)
is measured using Kelvin probe force microscopy for a
MuM flake on Si substrate as shown in Fig. 4(c). The
measured thickness profile and the corresponding con-
tact potential difference (CPD) along the lines indicated
in Fig. 4(c) are shown in Figs. 4(a) and 4(b), respec-
tively. The work function ϕ is calculated using the relation
CPD = (ϕ − ϕt)/q at 25 different points over the scanned
region, where ϕt is the work function of the Pt-Ir tip (4.9
eV). The 99.7% confidence bound (4σ ) of the error in ϕ is
found to be ≤ 0.03 eV. The calculated ϕ in electronvolts
as a function of the flake thickness, shown in Fig. 4(d),
shows a decrease in the mean value of ϕ from 5.09 eV to
4.93 eV for a decrease in MuM flake thickness from 21
nm to 14 nm. Assuming that the measured ϕ corresponds
to the Fermi level (εF ), there is an upward movement of
εF toward the CB with the reduction in thickness, indi-
cating an increase in the CB carrier density (n), which is
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FIG. 4. (a) The thickness profiles and (b) the corresponding
contact potential difference (CPD) of a muscovite flake, with an
optical image as shown in (c), along sections A-A′ and B-B′. All
the measurements are carried out at ambient conditions using a
Pt-Ir tip, maintained at 0 V. (d) The obtained work function ϕ in
electronvolts for different flake thicknesses, where zero thickness
corresponds to the Si substrate, while the point marked as bulk
at 5.32 eV corresponds to the surface potential of a 40-μm-thick
flake reported earlier [43]. The Pt-Ir tip work function ϕt is taken
to be 4.9 eV.

also indicated from electrical measurements (as given in
Table I). For comparison, the change in n due to the shift
in the Fermi level (�εF ) can be estimated using the rela-
tion n = NC exp{−[(EC − εF)/kT]} under the Boltzmann
approximation, where NC is the effective density of states
in the CB and EC is the CB minimum [44]. The change in
n with the reduction in flake thickness and hence �εF can
be given as exp(�εF/kT). Since only the shift �εF rela-
tive to EC has been considered here for the calculations,
any complexities in the band structure can be neglected
[44]. For a shift in the mean of εF by 0.16 eV, the increase
in n is approximately 470, which is of the same order of
magnitude as extracted from the HC-model fitting of the
measured I -V data.

This increase in the conductivity due to the increased
carrier density cannot be due to structure change from crys-
talline to an amorphous phase, as MuM is known to retain
its crystal structure even in the monolayer limit [45,46].
The tetrahedral layers in MuM, as discussed earlier, have
excess electrons due to trivalent substitution, the mobility
of which may increase due to lattice relaxation [33]. Fur-
ther, it has earlier been shown computationally that, when
compared to bulk, there is an increased contribution from
surface K+ ions near the CB edge in monolayer MuM [35].

Both of these effects are thickness dependent and are sup-
posed to be dominant in the monolayer limit. Therefore,
the observed increase in the device current for T3 (approx-
imately five layers) when compared to T2 (approximately
ten layers) may be attributed to the surface doping due
to the increased contribution from the K+ ions and lat-
tice relaxation. However, the exact mechanism will require
further experiments.

IV. CONCLUSION

In conclusion, we observe an increased in-plane non-
linear conductivity in few-layer muscovite mica (MuM)
flakes. Comparison with the HC model indicates an
increase in the CB carrier density for a reduced thickness.
This is corroborated by the work-function measurements.
The observed effect is attributed to the increase in the sur-
face doping and lattice relaxation. This preliminary study
shows that there is a possibility of using mica as a wide-
band-gap semiconductor and that it can open up avenues
for 2D electronic devices.
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