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Charge transport mechanisms of PbSnSe, and
observation of transition from direct to Fowler—
Nordheim tunneling
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In this study, we report the observation of various conduction mechanisms in mechanically exfoliated
PbSnSe, based on temperature-dependent current and voltage characteristics. A transition from direct
tunneling to Fowler—Nordheim tunneling in PbSnSe, was observed at 2.63 V. At lower temperatures, the
3D Mott variable range hopping model fits the data, yielding a density of states of ~8.80 x 1020 ev~!
cm~3 at 2 V. The values of Whop and Rpop Were 64 meV and 22.7 nm, respectively, at 250 K. The Poole—
Frenkel conduction was observed in the Au/PbSnSe,/Au device and the dielectric constant of PbSnSe,
was calculated to be 1.4. At intermediate voltages, a space charge limited current with an exponential
distribution of traps was observed and a trap density of ~9.53 x 10 cm™> and a trap characteristic
temperature of 430 K were calculated for the Au/PbSnSe,/Au device.
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Introduction

Ever since the successful isolation of monolayer graphene, which
has intrinsic bandgap limitations, the quest for novel van der
Waals materials exhibiting remarkable electronic properties has
become an unceasing pursuit." In this relentless exploration, the
metal chalcogenide family is the most well studied after gra-
phenes, but large strides are made on other materials as well.”
Among these materials, group-IV monochalcogenides (MX: M =
Pb and Sn and X = S, Se, and Te) have shown great potential in
the fields of nanoelectronics,* optoelectronics,* sensors,® catal-
ysis,® energy storage,” and thermoelectric devices® owing to their
high carrier mobilities, high on/off ratios, tunable band struc-
tures, and excellent thermoelectric properties. Moreover, their
low cost and earth abundance are considered ancillary advan-
tages to other traits.® PbSnSe, is a ternary compound of group IV
metal chalcogenides poised to unravel new paradigms in the
field of nanoelectronics. Only a few computational studies have
been reported on this material;'*** however, experimental
studies on PbSnSe, have been overlooked.

Therefore, we report the observations of various conduction
mechanisms in mechanically exfoliated PbSnSe, from the
temperature-dependent current and voltage (IV) characteristics.
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A transition from direct tunneling (DT) to Fowler-Nordheim
tunneling (FN) in PbSnSe, was observed at 2.63 V. At lower
temperatures, the Mott variable range hopping (VRH) model fits
the experimental data well, yielding the Mott characteristic
temperature, density of states, hopping distance, and average
hopping energy of the charge carriers in PbSnSe,. Moreover, the
dielectric constant of PbSnSe, was approximated from the
Poole-Frenkel emission at higher voltages. Subsequently, using
the space charge limited current (SCLC) model, we evaluated
the trap density using the crossover voltage and calculated the
characteristic temperature and energy of these traps.

Experimental details

Pure PbSnSe, crystals (purchased from Six Carbon Technology)
were exfoliated using thermal release tape and transferred onto
a silicon substrate with a thin layer of SiO,. The chosen flake of
PbSnSe, with a lateral size of ~5 um was then transferred to
interdigitated electrodes (IDEs), as shown schematically in Fig. 1a,
along with the optical image. IDE consisted of 10 comb-like pairs of
gold electrodes 5 pm apart on a glass substrate. The temperature-
dependent IV characteristics were recorded using an Agilent semi-
conductor parameter analyzer 4156C in a cryogenic probe station.

Results and discussion

Fig. 1b shows the temperature-dependent nonlinear IV charac-
teristics of PbSnSe, from 150 K to 250 K. The inset of Fig. 1b
shows that the switching in PbSnSe, flakes is ~10°. This
switching in Au/PbSnSe,/Au devices may find applications in
PbSnSe,-based high-voltage resistive switching devices.'® As can
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(a) Schematic and optical image of PbSnSe; flakes on gold contacts 5 um apart on a glass substrate. (b) Temperature-dependent IV

characteristics of PbSnSe; flakes in the temperature range of 150-250 K. (c) In(//V?) and 1/V showing the transition between FN tunneling and
direct tunneling at a transition voltage of ~2.63 V. The inset shows the plot of In(//V?) and In (1/V) confirming the linear fit of direct tunneling. (d)
In(//V?) and In(1/V) showing the linear fits of FN tunneling at different temperatures.

be seen from Fig. 1b, the flake exhibits semiconducting
behaviors. Xu et al.*® have shown that PbSnSe, exhibits semi-
conducting behaviors if the number of layers in the flake is less
than 8. Therefore, we suggest that the number of layers in the
flake should be less than 8.

Fig. 1c shows the In(1/V*) vs. 1/V plot of the PbSnSe, device at
220 K. This plot shows the change in behavior at a particular
voltage at all temperatures. This change is observed at 1/V =
0.38 V' (2.63 V), which segregates the plot into two distinct
regions. These two regions correspond to FN tunneling and DT.
When the externally applied voltage is smaller in magnitude
than the barrier height, DT occurs, which corresponds to the
tunneling of charge carriers through a trapezoidal barrier. In
contrast, for voltages exceeding the barrier height, electrons
tunnel through a triangular barrier, i.e., FN tunneling occurs,
which is analogous to field emission. The tunneling current can
be expressed using the following relation:**

2d+/2m* . .
vV exp( - %) (V < 1) : Direct tunneling
I 1)
4d\/2m*p3
& exp( - W) (V> 1) : FN tunneling

© 2024 The Author(s). Published by the Royal Society of Chemistry

where e is the charge on electron, 7 is Planck's constant, d is the
distance between the electrodes, m* is the effective mass of an
electron and ¢ is the barrier height.

Using eqn (1), the fitted curves showed excellent agreement
with the experimental data. The term In(f/V*) exhibits a linear
decrease at high voltages, which refers to FN tunneling. The
logarithmic growth at low voltages implies that direct tunneling
is the dominant transport mechanism in this region. The
average value of the transition voltage was calculated to be
approximately 2.63 V. Therefore, the barrier height is 2.63 eV
according to the formula V; = ¢/e for the Au/PbSnSe,/Au device.*

Fig. 2a shows the Arrhenius plot for studying the two
different transport mechanisms: at high temperatures, ther-
mally activated transport mechanism, whereas at low temper-
atures, data fit Mott's three-dimensional VRH model, as shown
in Fig. 2b. This model obeys the following equation:'®

G-wap{—(?)r1 (2)

The pre-exponential factor G, weakly depends on the
temperature, and T, is the Mott temperature related to the
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Fig. 2 (a) Plots of InG vs. 1000/T and (b) In G vs. T-%2° with the linear fit showing the thermally activated region and 3D Mott VRH
region respectively at different voltages. (c) Behavior of average hopping energy Wy and average minimum hopping distance Ry,
with temperature. (d) In(//V) vs. VM2 for the Poole—Frenkel emission at different temperatures; the inset shows the values of dielectric

constant.

density of localized states whose relation is given by the
following equation:"’

24

- ’TCkBN(EF)Ol3 (3)

Ty
where « is the localization length and N(Ef) is the density of
localized states. The presence of Mott VRH may be explained
as follows: the flakes of layered structures such as graphenes,
transition metal chalcogenides, and their ternary
compounds have a certain degree of defects or disorders.
These defects are the reason for the formation of localized
electronic states. Charge carriers navigate through hopping
between these localized states when the carrier density is
low.”® The values of the characteristic temperature T,
were calculated from the slopes of the fitted curves, as
shown in Fig. 2b. The density of localized states was
estimated by assuming the value of « = 0.351 nm and using
the value of T, extracted from the experimental data. The
calculated values of T, and N(Eg) at different voltages are
shown in Table 1.

Mott's VRH parameters also include the hopping distance
(Rnop) and the hopping energy (Whop), which were calculated
using the following equations:*’
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1/4
o
Ry = |——— 4
hop {SWN(EF)kBT} (4)
and
1/4
Whop = 0.25kBT(%) (5)

The graph is plotted for Ry, and Wy, as a function of
temperature, as shown in Fig. 2c. The decrease in the values of
hopping distance is due to the increase in the disorder of the
system with temperature.”® This leads to the conduction by
hopping of carriers from states located closely in space to the

Table 1 Characteristic temperature To and density of localized states
N(Eg) of PbSnSe; flakes at different voltages in the temperature range
of 150 K-230 K

Voltage (V) Ty (K) N(Eg) (eV ' em™?)
0.8 7.38 x 106 2.76 x 10*°
1.2 3.65 x 106 5.58 x 10*°
1.6 2.96 x 106 6.87 x 10%*°
2.0 2.31 x 106 8.80 x 10%*°

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) IV characteristics on a double logarithmic graph to illustrate the presence of SCLC behavior at high voltages. (b) Linear extrapolation at

higher voltages meets at a crossover voltage of 15.39 V. The inset shows the linear fit of slope m vs. 1000/T.

initial state. In contrast, the hopping energy tends to increase
with the increase in temperature. This is due to the fact that the
increase in disorder requires extra energy for the carriers to
make a transition from the initial to the final state.”

Fig. 2d shows that data at higher voltages obey the In(¢) vs. V
dependence, which is Poole-Frenkel emission. It refers to the
thermal excitation of charge carriers trapped inside a potential
well that are enhanced by an electric field. Conduction through
the PF mechanism is given as follows:**

ﬂPFW - <PPF)

T (6)

I~V exp(
where ¢pr is the barrier height and Gpr is the barrier lowering. It
is evident from Fig. 2d that the data can be fitted through
a straight line, which indicates that PF emission follows the
dominant conduction mechanism. Additionally, the dielectric
constant of the material can be extracted from the slope of the
In (Z/V) vs. V curves. In the PF emission, IV curves obtained from
the PbSnSe, flake have a slope related to the dielectric constant
& by the following relation:**

q3

s drtege, .

The inset of Fig. 2d shows that the value of the dielectric
constant for PbSnSe, in the temperature range of 150 K-220 K is
approximately 1.4, which is much close to the values of the
dielectric constant found for the ternary compound.*

Fig. 3a shows the IV characteristics on a double loga-
rithmic scale at intermediate voltages (150 K-250 K). The
estimated values of the slopes vary in the range of ~3-5. The
values of slope increase while moving towards lower
temperatures because the trapped electrons become more
stable.”” A slope greater than two infers the presence of SCLC
with an exponential distribution of traps and is given as
follows:**

© 2024 The Author(s). Published by the Royal Society of Chemistry

~ A4+ 1
J=q l,U'NDOS( ) ( (8)

€0 ’Vl+1
[+1 I+1 N

d2+1

where N is the trap density, Npos is the density of states in the
relevant band, u is the charge carrier mobility, g is the electronic
charge, ¢, is the dielectric constant of the material, ¢, is the
permittivity of free space, and d is the distance between the two
electrodes. The factor [ is equal to T,/T, where T is the charac-
teristic temperature and 7T is the temperature at which the
particular measurement is taken. Eqn (5) clearly depicts that the
power law of the form I « V" holds with the factor m = + 1.

Fig. 3b shows the In I-In V graph, which meets at a specific
point after extrapolating the lines and this single point is
referred to as “cross-over voltage (V.)”. The relation of V. with
the trap density is given by the following equation:*

gN.d?

2¢e.8

)

From Fig. 3b, the cross-over voltage for PbSnSe, flakes comes
out to be 15.39 V. Using the value of ¢, = 1.4 and V, in eqn (6),
the trap density comes out to be 9.53 x 10"® cm >, The inset of
Fig. 3b illustrates that m increases linearly as a function of the
inverse temperature, which is in agreement with the SCLC
model. The characteristic temperature 7, comes out to be ~430
K, which leads to a characteristic energy of 37 meV.

Conclusions

In summary, a transition from direct tunneling to FN tunneling
in an Au/PbSnSe,/Au device was observed at 2.63 V. The values
of N(Ey) estimated using the 3D Mott VRH model (p = 1/4) were
found to be 2.76 x 10%° to 8.80 x 10*® eV ' cm > at 0.8 to 2 V,
respectively. Moreover, the values of Wi, and Ry, were
calculated to be 48 meV and 25 nm, respectively, at 150 K.
Whereas at 220 K, the values of Wy, and Ry, were 64 meV and
22.7 nm, respectively. The data fitting proved that Poole-Fren-
kel emission is the dominant conduction mechanism, which

RSC Adv, 2024, 14, 5812-5816 | 5815
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led to the calculation of the dielectric constant (~1.4). At
intermediate voltages, SCLC with an exponential distribution of
traps was observed in the Au/PbSnSe,/Au device, and from this
model, the trap density turned out to be ~9.53 x 10" cm >,
Moreover, the characteristic trap temperature and energy of this
device were calculated to be 430 K and 37 meV, respectively.
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