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ABSTRACT

Charge transport near the Dirac point (DP) was investigated in graphene using ferroelectric (FE) gating in the temperature range of 300 < T
< 350 K. We observed that the conductivity (¢) near the DP had a positive temperature gradient that switched to a negative temperature
gradient with increasing temperature. The switch to a negative temperature gradient shifted to higher temperatures and gradually weak-
ened upon moving away from the DP. Impurity charge compensation via polarization of the FE together with a temperature-dependent
graphene-impurity charge separation was proposed as being responsible for the non-monotonicity in (T). A self-consistent theory for
graphene transport with impurity charge scattering and phonon scattering was used to analyze the results. Non-monotonic charge transport
was also observed in the temperature dependence of the residual conductivity (o,). Theoretical analysis of both ¢ and o, revealed a temperature

independent contribution of ~ 1.16% that is probably inherent to pristine graphene.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0054083

. INTRODUCTION

Graphene is a two-dimensional zero bandgap semi-metal con-
sisting of planar sp>-bonded carbon atoms arranged in a hexag-
onal lattice.' It possesses a linear energy dispersion relation and
exhibits an ambipolar electric field effect.”* Pristine graphene is
unstable in air as charged impurities are easily adsorbed during its
growth and post processing.””® In substrate supported graphene,
these impurity charges are randomly attached to its top surface and
at the graphene/substrate interface. Temperature-dependent charge
transport measurements of graphene on Si*/SiO, substrates with
back gating show that the conductivity (o) exhibits a positive and
a negative temperature gradient depending on the graphene qual-
ity and carrier charge concentration.””'* In low mobility graphene
(<3000 cm?/V s) at or near the Dirac point (DP), ¢ had a posi-
tive temperature gradient over a wide temperature range, while far
away from the DP there was a switch to a negative temperature

gradient with increasing temperature due to an increase in the
carrier concentration.’

We report on hole transport in low mobility graphene near the
DP in the temperature range of 300 < T < 350 K. The graphene
was deposited on Si*/SiO, substrates, and a ferroelectric (FE) poly-
mer thin film was used as the gate material in a field effect tran-
sistor (FET) configuration. Varying the gate voltage (Vi) polar-
izes the polymer, which compensates or uncompensates impurity
charges at the polymer/graphene interface.'” Impurity charges at the
graphene/SiO; interface could also be affected, albeit weakly, by V.
As the polarization varies when the temperature changes, both the
impurity charge concentration (n;) and the carrier charge density
(n) vary, so they both are temperature-dependent. We suggest that
these dependencies may explain the temperature dependence of the
graphene conductivity observed in our experiments.

We note that we measured transport characteristics of graphene
sample near the DP, but we avoided its immediate vicinity where
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the electron-hole “puddling” distorts the ¢ vs Vg cone near its
vertex, and the dependence of the charge carrier density # on the
gate voltage Vg ceases to be linear. However, we worked with a
“dirty” sample having low mobility and where the charged impurity
concentration was high and, consequently, the cone distortion was
pronounced only in close vicinity of the DP. Therefore, we could
measure the conductivity o at Vg sufficiently close to the Dirac volt-
age V3 still remaining in the region where # is the linear function
of Vg.

Unlike previous studies, our results show that the temperature
dependence of ¢ at the DP switched from having a positive tempera-
ture gradient to having a negative temperature gradient with increas-
ing temperature. Thus, o exhibits a switch from an “insulator-like”
to a “metallic-like” behavior. The switch to a negative temperature
gradient became weaker as one moved away from the DP. Using a
FE polymer as the gate material, apart from trapping and compen-
sating the impurity charges, can also tune the temperature at which
the switch from a positive to a negative temperature gradient occurs
by varying the gate voltage scan rate. In addition, a similar temper-
ature dependence was observed for the residual conductivity (o).
This conductivity was defined at the intersection of the fits to the lin-
ear portions of the electron and hole branches in the o(Vg) curves
as reported previously.'

In our experiments, the most important parameters (i.e., charge
mobility) concerning the temperature dependencies of the conduc-
tivities 0 and o, were obtained when Vg was not close to the coercive
voltage (V¢) of the polymer gate, and specific effects occurring near
Vg =~ Vg, such as rapid changes in the direction of the polarization,
did not significantly affect the polymer gate specific capacitance Ci;.
Therefore, we omitted these effects from consideration and treated
C; as a constant.

We analyzed our data using a self-consistent theory for
graphene transport'” that was modified to consider the temperature-
dependent n, which appears due to the temperature dependence
of n;. As is known, there exist several transport mechanisms in
graphene, including activation across potential fluctuations created
by charged impurities (which are responsible for inhomogeneous
electron-hole puddle formation) and scattering by screened impu-
rity charge and by phonons.”!°?! The activation mechanism is
important at low impurity concentrations where the range of the
potential fluctuations is higher, leading to a higher value of the acti-
vation energy.'” For this mechanism to strongly contribute to the
charge transport, the activation energy must exceed the thermal
energy as, for example, in the experiments reported previously.”

In our experiments, the energy associated with carrier’s acti-
vation across the potential fluctuations appears to be of the order
of a few milli-electron volts, which is much smaller than the ther-
mal energy within the considered temperature range. This gives us
grounds to suggest that the graphene sample used in the experiments
was a “dirty” one, characterized by a high n;, where the effect of
potential fluctuations was rather small. Therefore, we focus on diffu-
sive transport that is mostly controlled by impurity charge scattering
and phonon scattering.

Il. EXPERIMENTAL

Graphene was grown via chemical vapor deposition and
transferred onto a pre-patterned doped Si*/SiO, substrate. No
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photolithography was involved once the transfer was complete; nev-
ertheless, the fabrication process led to the adsorption of unintended
impurity charges. Just these impurity charges dope graphene and
act as dopants. Poly(vinylidene fluoride-trifluoroethylene) (PVDE-
TrFE) (75/25), a room temperature ferroelectric co-polymer,”” was
used as the gate insulator and was spin-coated over graphene from
a 9 wt. % solution in 1-methyl-2-pyrrolidinone. Fabrication details
of the device are reported elsewhere.!® Figure 1 shows a schematic
diagram displaying the various components and the relevant elec-
trical connections together with an optical microscope image of the
actual device. The graphene channel length (L) and width (W) were
7 and 175 pm, respectively, while the PVDF-TrFE film thickness
was 1.3 ym. A Keithley Model 6517A electrometer and a Keithley
Model 2400 source meter were used for electrical characterization
of the device in vacuum. The drain-source voltage (Vps) was fixed
at 100 mV, while the gate voltage (V) was scanned as follows: —40
— +40 — —40 V at a scan rate of 100 mV/s for each set point tem-
perature. Vg was held at —40 V for 300 s to achieve uniform gate
polarization and temperature stabilization prior to starting a new
scan. The conductivity o was calculated from the measured current
using the expression o = ﬁ, where R is the graphene resistance.
An Agilent Technologies Model 4294A Impedance analyzer was
used to electrically characterize the polymer gate using a capacitor
configuration.

(a)

PVDF-TrFE

FIG. 1. (a) Schematic diagram of the graphene-based FE-FET showing the various
device components and the associated electrical connections. S, D, and G are the
source, drain, and gate terminals, respectively. (b) Top view optical microscope
image taken within the black rectangle shown in (a) above for the actual device.
The dashed black line indicates the outer edge of the graphene film that lies above
the S/D electrodes and below the PVDF-TrFE film and the Ag gate electrode.
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I1l. THEORETICAL ANALYSIS

Among many inherent features characterizing charge transport
in graphene, two have been particularly discussed in the existing lit-
erature, namely, the transport in the immediate vicinity of the DP
that is characterized by the low carrier density and the transport
occurring farther away from the DP where the carrier density is
higher. Within the first transport regime, a charge carrier density is
mostly induced by the spatial inhomogeneity of the potential fluctu-
ations caused by electron and hole puddles.'”' This induced carrier
density n* manifests itself as the widths of the plateaus in ¢ vs Vg
plots corresponding to the minimum conductivity, and it is related
to the activation energy (E,) over these potential fluctuations. In the
limit n* — 0, spatial inhomogeneities in the potential are smoothed
and E, — 0.

It was suggested that the minimum conductivity occurs at the
offset voltage V{§ = %, where 7 is the added carrier density that
compensates the average impurity potential and ¢ is the specific
capacitance of the substrate.'”'* Both n* and n depend on the impu-
rity density n; and these dependencies are thoroughly discussed.!”
In high carriers’ density regime, the effect of potential fluctuations
strongly reduces and the conductivity becomes linear in the carrier
density and gives a mobility u = .

A self-consistent theory for graphene transport shows that one
may consider a graphene sample to be in the high carrier density
transport regime when the relationship n — 7 > n* is satisfied.””
This may happen in a sufficiently dirty sample like that used in the
present experiment because an increase in the impurity concentra-
tion results in higher values of n and lower values of n*. Small values
of activation energy extracted from the experimental data shown
in Fig. 4 (see the inset) indicate that in the present sample, n* is
rather low, which gives grounds to expect that # is large enough to
maintain the high carrier density transport regime. Note that even
within this regime, the following expressions may not be employed
to describe the conductivity at the very DP. However, we may use
these expressions to explain our experimental data obtained near the
DP.

Within this transport regime, the charge transport in graphene
is a diffusive one, and the diffusive conductivity (op) is determined
by the following expression:’

¢ P Of (E)
on(T) = f dED(E)vi(E, T)(f o) ) 1)
where D(E) = 2 is the density of states (DOS) of graphene, ve

is the Fermi velocity, and f(E) is the Fermi distribution function.
The scattering time 7 includes contributions from all relevant scat-
tering mechanisms. In addition to the term given by Eq. (1), the
expression for the graphene conductivity includes the temperature
independent correction Ao, which cannot be explained within the
model of diffusive transport employed to get Eq. (1). This correction
was introduced in some earlier works.'** One may conjecture that
Ao is related to inherent properties of pristine graphene.

In general, potential fluctuations created by the puddles reduce
the DOS to a certain extent.!” We assume that the reduced DOS
D(E) may be described by

B(E) = D(E) exp(f Ea ) )

ksT
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Here, the activation energy E, is related to the averaged range
of the potential fluctuations, and it becomes zero in a homoge-
neous system. Low values of E, observed in the present experiment
enable us to neglect the difference between D(E) and D(E) in further
analysis.

As is known, in graphene samples at low temperatures, charge
carriers are mostly scattered by charged impurities. This scattering
mechanism strongly contributes at room temperature as well.”'714-20
In addition, charge carriers in graphene are being scattered by
phonons. Itis noted”’ that the contribution from longitudinal acous-
tic phonons often is the most important since optical modes either
are too weakly coupled to the charge carriers or have too high fre-
quencies to serve as an efficient scattering channel. In general, scat-
tering on surface optical phonons may give a noticeable effect in
clean graphene samples on a SiO, substrate at room temperature.”*!
However, in the present experiment, the impurity density is too
high for this scattering mechanism to make a considerable contri-
bution to transport. In further analysis, we take into account only
two scattering mechanisms, namely, the scattering on the charged
impurities characterized by the scattering time 7; and the scatter-
ing on the acoustic phonons with the characteristic time 7,1, and
wehave ' = 7;' + T;hl. To choose appropriate approximations for
these scattering times, we estimate the Fermi energy (Eg) for the
graphene sample. As is known, Er = hkpvr and the Fermi wave vec-
tor is related to the carrier charge density n: kf = nz. From here,
one could derive the following expression for the Fermi temperature

Tr = %: Tr(K) ~ 1500V n x 107'2, where n is expressed in cm 220
Assuming that we do not too closely approach the DP, we may find
carrier densities n(T) from the relation

_o(T)

") = ()

©)

using the experimental data for ¢ and p. Within the considered
temperature range, n(T) at the DP varies between ~2 x 10" and
8 x 102 cm™2, as shown in Fig. 7(b), which corresponds to Tr
~ 4000-6000 K. Thus, the relationship T <« Tr remains valid over
the whole temperature range considered in this work. As a first step,
we omit the contribution from the scattering on phonons. Then,
the following approximations for the diffusive conductivity given by
Eq. (1) the scattering time 7; could be obtained:'"*

2
e n 1 2 Ep n;

:A——; = ———, 4

hn’ 7(Er) hAn @)

0p

where for the graphene on a SiO, substrate, A » 20. Using this result,

one may derive a simple expression for the impurity concentration
16,17

ni,

5% 10°(V-s)™
wT)

The impurity concentration obtained using this formula is very
high (of the order of 10'2-10" cm™?), which confirms that our sam-
ple is dirty, and the transport occurs within the large carrier density
regime.

The low temperature approximation for 7y, takes the form?'

l’li(T) N (5)
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1 7 NPT

= — —. 6
Tph(EF) 4h PmVIZJh Tr ©)

Here, A is the deformation potential characterizing electron-

phonon interactions, p, is the graphene mass density, and vy, is the

speed of sound in graphene. Comparing these results, we see that

the phonon contribution to the total scattering time becomes more

significant when both temperature and the carrier density increase.
The ratio % at T « T may be presented as follows:

g L %
Tph ni To
where the dimensionless constant & ~ 0.274 and To = 1500 K. The
estimate for « is derived in the supplementary material.
Including into consideration the scattering on acoustic
phonons, we present the expression for the diffusive conductivity in
the form

e n 1 e n 1

T S ®
oh n; Ty

The practical expression for the graphene conductivity used to make
fitting for the experimental curves is obtained by summing up the
diffusive part given by Eq. (8) and the correction Ao inherent to
the pristine graphene. The activation through the potential fluctu-
ations is neglected in view of the smallness of its effect on the charge
transport in the considered dirty sample. Thus, we have

2
= % E % + AU, (9)
ni 1+ ‘XAVT, TO
where A and Ao are treated as fitting parameters. The residual con-
ductivity o, is simply an extrapolation of the conductivity ¢ linear
in the carrier density. Probably, there could be a qualitative differ-
ence in ¢ and o, temperature dependencies in clean samples where
these fluctuations significantly affect charge transport. However, in
the considered “dirty” sample, these effects are insignificant and o,
is rather close to ¢ and reveals a similar temperature dependence
shown in Fig. 7(a). Therefore, we use a similar expression to describe
this quantity, namely,
& ny 1

op=A———— + Ao. 10
" T hniltaAnl (10)
n; To

The only difference between Eqs. (9) and (10) is the difference in
carrier charge densities. The carrier density n, is smaller than n,
albeit moderately, as follows from the experimental data.

IV. RESULTS AND DISCUSSION

The complex dielectric permittivity (¢* = ¢’ — i¢"") and polariza-
tion of the gate polymer were measured to support the data analysis
discussed later. Figures 2(a)-2(d) show the frequency and tempera-
ture dependence of the polymer specific capacitance (C;), polariza-
tion (P), and &£*. From this figure, we note the following features:
(i) The specific capacitance and polarization only slightly change in
the temperature range of 300 < T < 350 K [see Figs. 2(a) and 2(b)].
(ii) This change is always in one direction (i.e., C; slightly increases
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FIG. 2. (a) PVDF-TrFE specific capacitance vs frequency. (b) PVDF-TrFE polar-
ization as a function of applied electric field. (c) Temperature dependence of the
real part (¢’) of the PVDF-TrFE dielectric permittivity. (d) Temperature dependence
of the imaginary part (¢”’) of the PVDF-TrFE dielectric permittivity. The complex
dielectric permittivity was measured at a fixed frequency of 10 kHz.

as temperature increases). (iii) The ferroelectric-paraelectric transi-
tion temperature (T.) is 400 K [Fig. 2(c)]. (iv) There are no relax-
ations peaks in the temperature range of 300 < T < 350 K as seen in
the dielectric loss plot of Fig. 2(d). These results are consistent for
PVDEF-TrFE with a 75/25 VDF/TtFE ratio.”

In general, the specific capacitance of the FE gate dielectric may
not be treated as a constant. However, since we are operating well
below T. and in a limited temperature range, the changes in the
polymer specific capacitance do not exceed a few percent, as shown
in Fig. 2(a). Therefore, in further analysis, we approximate C; by a
constant while analyzing the temperature dependence of ¢. In addi-
tion, large changes in PVDF-TTFE (i.e., Ci, P, and £*) near T. do not
significantly affect our analysis and conclusions.

Figure 3 shows the o vs Vg plot at three selected temperatures.
Figure S1 in the supplementary material shows the o vs Vg plots at
all recorded temperatures during the heating run from 300 to 350 K.
Referring, for example, to the red curve corresponding to 320 K,
as Vg varies from —40 — +40 V, the conductivity passes through
a minimum in the first quadrant, which corresponds to the Dirac
point (DP-1) in graphene.”>”” As Vg was scanned back to —40 V, ¢
remained relatively constant at the beginning since the gate polymer
retains its polarization. As Vg was made more negative, the polariza-
tion decreased to zero and increased again in the opposite direction.
The result was another DP-2 in the second quadrant. The electric
displacement field (D) setup in the polymer by V¢ was responsible
for these effects. It contains a linear part (¢E) that dopes graphene
with charge of the opposite sign and a hysteretic part (P) that can
dope graphene with charge of either sign.”® As Vg was varied, the
competing effects of these two components gave rise to the anti-
clockwise/clockwise hysteresis and double minima indicated by red
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FIG. 3. Conductivity (o) vs gate voltage (V) of the device at three selected temper-
atures: 300 (blue), 320 (red), and 350 K (black). The red arrows indicate the gen-
eral direction of the current response as Vg is scanned from —40 — +40 — —40V
with a scan rate of 100 mV/s. The dotted lines are fits to the linear portions of the
curve and are used to calculate the mobility (;) while their intersection defines
Vg and o,. DP-1 and DP-2 represent the two Dirac points in graphene when a
ferroelectric material is used as the gate.

arrows and are consistent with previous reports of FE gating on
graphene.'>”**! During the Vg scan, in crossing any of the two DPs,
the polarization flips its orientation, and the electrostatically doped
majority carriers in graphene then change from holes to electrons or
vice versa.

Figure 4, which was obtained from Fig. S1, shows the ¢ vs Vg
curves at all measured temperatures during the forward gate scan
(—40 — +40 V) only for purposes of clarity. We focus on hole trans-
port, as that branch of the Ips—Vg curves had well defined slopes
over the entire temperature range. At and near the Dirac point, P
approaches zero and doping by E was weak, given the low values of
V¢ and the relatively thick polymer film. Four features in this figure
are evident as temperature was increased: (i) DP-1 shifts toward Vg
=0V, ie., p-doping weakens; (ii) the conductivity at the Dirac point
(opp) shows a peak where there is a change in the sign of the slope of
o(T); (iii) the mobility (holes and electrons) increases; (iv) the width
(AVmin) of the conductivity minimum at the DP-1 gets narrower;
and (v) o, remains close to that at the DP and shows a similar tem-
perature dependence due to the narrowness of the plateaus at o vs
V¢ curves. Figure S2 shows the o vs Vg plots for the cooling run
(350 — 300 K), albeit at a faster gate voltage scan rate (1 V/s) and
confirmed the reversibility of the change in the temperature gradi-
ent of the conductivity from negative to positive and a tunable shift
in the temperature at which this switch occurs. Tuning was possible
because graphene doping by impurity charges via gate polarization
was a non-destructive and reversible process.'” The dotted-line fits
to the linear portions of the g vs Vg curve (in Fig. 3) yield the hole
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FIG. 4. Conductivity (o) vs gate voltage (Vi) of the device at all recorded tem-
peratures while heating from 300 to 350 K in steps of 2 K for forward bias (—40
— +40 V) gate voltages only. The colored plots are the same as those shown in
Fig. 3. The thin gray lines are plots at the intermediate temperatures. The dotted
curve traces the locus of Dirac points (DP-1) as temperature is increased. Inset:
Conductivity (o) vs Temperature (T) of two separate devices made of graphene
that was transferred on to pre-patterned Si*/SiO, substrates. (Blue) No PVDF-
TrFE film over graphene. (Green) With a PVDF-TrFE thin film spin-coated over
graphene. No gate voltage was applied to either device during the measurement.

or electron mobility ([A =2 ;ITUG

capacitance (124 nF/cm®), while the intersection of the two fitting
lines defines the gate voltage (V(l;) ) at the DP, and the residual con-
ductivity (0,). Note that we can use this expression for y as far as we
remain in the region where ¢ is linear in Vg.

The inset of Fig. 4 shows the o vs T plots of two different
graphene devices on pre-patterned Si*/SiO, substrates with and
without a PVDF-TrFE coating. No gate voltage was applied to either
device during characterization, and Vps was 100 mV. The polar-
ization in the PVDF-TrFE film, therefore, pointed in some ran-
dom direction. These experiments were conducted to estimate the
activation energy that influenced charge transport in graphene in
the temperature range of 300 < T < 350 K. We assume an excess
negative impurity charge concentration since all devices fabricated
from graphene transferred onto Si*/SiO; substrates that we tested
had V§ > 0. The conductivity plots in the inset of Fig. 4, there-
fore, represent hole conduction away from the DP, and they both
have a positive temperature gradient. Increasing the temperature
leads to degassing, which eliminates some adsorbed impurities in
the uncoated device, while in the PVDE-TrFE coated device, the
impurity charges remain trapped. The temperature dependence of
the conductivity in the uncoated graphene device should therefore
be weaker when compared to the PVDF-TrFE coated device, as
observed in the inset of Fig. 4.

), where C; is the polymer specific
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Assuming an activation charge transport mechanism, we cal-
culate an activation energy of 4.1 and 3.6 meV for the coated and
uncoated device, respectively, which is much smaller than the ther-
mal energy kT (kg being the Boltzmann constant) within the con-
sidered temperature range. The observed weakness of the activation
transport gives grounds to assume that the considered sample is
characterized by a high carrier density n and high impurity con-
centration n;. As we remain near but not too close to the DP, the
impurity concentration is inversely proportional to the mobility. For
graphene on the SiO, substrate, the relation between n; and y is
given by Eq. (5).

Figure 5 shows the temperature dependence of n;, which was
calculated from Eq. (5), while Fig. 6 shows the temperature depen-
dence of the hole mobility. Referring to Fig. 4, at 300 K (blue curve)
and with Vg = —40 V, prior to the start of the scan, the FE gate was
polarized up (1), leading to a negative surface charge in the polymer
at the polymer/graphene interface. This surface charge compensates
positive impurity charges in its vicinity, resulting in an excess neg-
ative impurity charge concentration at the polymer/graphene inter-
face that p-dopes graphene, and Ips has a maximum value at this gate
voltage. As Vg is scanned forward and approaches V¢, the change
in polarization is gradual, lowering the doping effect and Ips gets
smaller, reaching its minimum value at DP-1 when Vg = +37 V.
A positive gate voltage this large at the DP implies a high negative
impurity charge concentration on graphene. The device on/off ratio
was ~3. As Vg — +40 V, the switched polarization does not reach
saturation due to the quick start of the reverse gate scan and Ips
remains small as seen in Fig. 3 for the data corresponding to 300 K.
Increasing the temperature assists FE domain alignment in the poly-
mer, leading to sharper polarization switching;”’ Vg shifts toward
Vg =0V and Ips increases as Vg — +40 V. The change in Ips also
gets steeper as Vg approaches V¢ as seen in Fig. 4. At a given tem-
perature, as Vg approaches V¢ and the polarization gets weaker, it
uncompensates some positive impurity charges that, in turn, com-
pensate negative impurity charges in its vicinity. The net effect is
to reduce the excess negative impurity charge that was present at

o
40 o n,-data
o 30 f
)
S 20
R
10
eveetoces, oo
0 _'...000.00000 . '0 .0.00...‘q
300 310 320 330 340 350

T (K)

FIG. 5. Impurity charge concentration (n;) vs Temperature (O) of the device. The
data can be expressed as a sum of two contributions nj; and nj, (dotted lines).
The solid line is the sum of these two contributions and fits the data. The fitting
equations are given in the supplementary material.

ARTICLE scitation.org/journall/adv

800

600 | I

400 | a

u (cmz/V-s)

a
200 snbB88888
a
ab
S

300 310 320 330 340 350

T (K)

FIG. 6. Mobility (x) vs temperature of the graphene FE-FET.

the polymer/graphene interface at the start of the scan. Increasing
the temperature facilitates charge compensation/uncompensation
since the thermal energy brings charges closer together and homoge-
nously redistributes the uncompensated charges. This reduces the
excess negative impurity charge concentration even further. The
result is a shift of the DP-1 toward Vg = 0V, a narrowing of AV,
and a decrease in n; as temperature increases, as seen in Fig. 5. This is
consistent with the observation that the DP is bound near V¢ in FE-
gated graphene transistors,”* * and V¢ gets smaller with increasing
temperature in PVDF-TrFE.*

A closer look at #;(T) in Fig. 5 shows a change in the curvature
of the plot (red circles) at 324 K. To explain this feature, we present n;
as a sum of two separate charge concentrations: the impurity charge
concentration at the polymer/graphene interface (n;1) and the other
at the graphene/SiO; interface (n;2). The gate polarization that pri-
marily compensates the impurity charges at the polymer/graphene
interface controls 7. As seen in Fig. 4, V& gets smaller as the tem-
perature increases. This implies that the p-doping in graphene gets
weaker. Thus, #;1 is a monotonously decreasing function of tempera-
ture as seen in Fig. 5 (blue dotted line). We propose that the tempera-
ture dependence of n;; arises from the changing graphene-impurity
charge separation. As temperature rises, since no back gate voltage
is applied, these charges can approach the graphene surface effec-
tively increasing n;; and its doping effect on graphene gets stronger.
However, above 324 K, the charges are close enough to the graphene
surface that the induced charge carriers screen them, effectively
decreasing ni,. The result is assumed to have a Gaussian shaped
temperature dependence as seen in Fig. 5 (black dotted line). The
solid line is a fit to the data and is the sum of n;; and n;. See the
supplementary material for the equations used to determine #; and
niz.

The charge mobility increases non-linearly as temperature
increases, as seen in Fig. 6. A sharp increase near T = 324 K coin-
cides with the temperature at which the minimum conductivity at
the DP-1 reaches its peak value as shown in Fig. 4. The decrease in ;
following the temperature increase enhances the scattering time for
the scattering on charged impurities (which is the most important
transport mechanism in high carrier density graphene) and results in
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an increase in the mobility. The non-linear profile of the y vs T curve
reflects the effect of the additional impurities with the density n;.
As the temperature approaches T ~ 324 K from below, n;, reaches
its maximum values and we observe a plateau on the y vs T curve,
which is replaced by a quasi-linear portion at higher temperatures
where n;; becomes negligible.

A. Conductivity near the Dirac point

Figure 7(a) shows the temperature dependence of ¢, and for
o at three different values of AV, where AV = Vg — V& measures
the voltage difference from the DP. The conductivity was manu-
ally extracted from Fig. 4 for each AV and temperature T, where
AV =0V corresponds to ¢ that was measured at the DP. As seen
in Fig. 7(a), the conductivity has a positive temperature gradient at
lower temperatures and switches to a negative temperature gradient
near T ~ 324 K. As one moves away from the DP, the switch to a neg-
ative temperature gradient gradually weakens (Fig. S3). Figure 7(b)
shows the temperature dependence of the carrier concentration (n
= i) corresponding to each of the o vs T plots shown in Fig. 7(a).

We assume that the mobility shown in Fig. 6 is the same and use it to
calculate » for the different conductivities. This assumption follows
from the constant value of the specific capacitance that was used in
the analysis.

Using the carrier concentration corresponding to ¢ at the DP
(npp) as an example, the inset of Fig. 7(b) shows that similar to the
impurity density #;, the carrier concentration npp can be expressed
as the sum of two separate contributions n; and n,, respectively.
The solid line is a fit to the data and is the sum of n; and n,. In a
similar manner, the carrier concentrations corresponding to other
curves in Fig. 7(b) can also be expressed as sums of two terms like
those mentioned above (see the supplementary material for the fit-
ting equations). Knowing the temperature dependence of n; (Fig. 5)
and n [Fig. 7(b)], Egs. (9) and (10) were used to fit the conductivity
results shown in Fig. 7(a).

To understand the non-monotonicity of the conductivity at the
DP in Fig. 7(a), the temperature dependence of the corresponding
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induced carrier concentration npp needs to be analyzed. The gate
voltage and the impurity charge on the polymer/graphene interface
electrostatically induce charges into graphene that contribute to n;.
The contribution n, results from doping by the thermally depen-
dent graphene-impurity charge separation at the graphene/SiO,
interface. Note that the net impurity charge concentration on the
graphene surfaces was also presented as the sum of two terms #;
= nj + npp. As discussed before, these terms appear due to processes
occurring at the graphene/polymer and graphene/substrate inter-
faces, respectively, and their temperature dependencies resemble
those of n; and n;.

At any instant and temperature, the following processes affect-
ing diffusive charge transport are present at the polymer/graphene
interface: (i) impurity charge (n;1) compensation due to polarization
of the gate polymer, (ii) impurity charge (n;1) screening by charges
associated with #y, (iii) scattering of charges associated with n; by
longitudinal acoustic phonons in graphene, and (iv) scattering of
these charges by the impurities associated with n;;. Except for the
gate polymer polarization effect, the processes mentioned above are
also present at the graphene/SiO; interface controlling the contri-
butions n;; and n,. The interplay of these processes results in the
temperature-dependent charge carrier concentration as well as the
above discussed charged impurity concentration.

As shown in Fig. 5, n;; falls when the temperature rises, whereas
nip reaches a maximum near T ~ 324 K and smoothly drops when we
move away from this temperature. In a similar way, the induced car-
rier density n; monotonically decreases with temperature as shown
in the inset of Fig. 7(b). The Gaussian shape for the temperature
dependence of 1, (as well as that of n;;) can be explained by consid-
ering the graphene-impurity charge separation at the graphene/SiO,
interface. As temperature increases, the thermal energy acquired by
the impurities reduces their distance from the graphene surface,
which increases n;, via doping. Above a certain temperature (324 K),
however, the closer they get to graphene, the greater is the likeli-
hood for them to be screened by charges carriers, thus reducing the
concentration of the charge carriers that can actively participate in
transport. The screening affects both contributions to the carrier

12
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6 st of AV. These data points were extracted
g from Fig. 4. AV = 0 V corresponds to
;_.: b} o measured at the Dirac point. o, is the
“ 5 < 6t residual conductivity. The solid lines are
Y = fits using Egs. (9) and (10) in the text.
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density, but it is especially pronounced in the temperature depen-
dence of the smaller portion n,, resulting in the Gaussian curve
shown in Fig. 7(b).

The most important factor governing the behavior of the con-
ductivity of “dirty” graphene at the DP given by Eq. (9) is the
temperature-dependent ratio of npp and n;. As follows from the
present data, at lower temperatures, #; falls faster than npp and we
even observe a slight increase in npp = n + n, with increasing
temperature seen in the inset of Fig. 7(b). Therefore, the ratio "%
enhances as the temperature approaches 324 K from below, giving
rise to the positive temperature gradient of 0. At higher tempera-
tures, npp drops faster than »; when the temperature rises and this
ratio decreases causing the negative temperature gradient of con-
ductivity. As the experiment was carried out on a “dirty” graphene
sample where the effect of potential fluctuation is weak, o, appears
to be rather close to ¢ and its temperature dependence follows
that of the latter. The qualitative difference between the two giv-
ing a new insight into transport properties of a doped graphene
may be expected in cleaner samples where potential fluctuations
significantly affect the transport.

A deeper insight into the dynamic competition between pro-
cesses governing charge transport in doped graphene is necessary
to adequately explain the switch in the temperature dependence of
“»%, which is beyond the scope of the present work. Nevertheless, we
remark that the charge carrier scattering on the charged impurities
is more intensive at lower temperatures where both #n and »; take
on greater values, and this transport mechanism is known to result
in the positive temperature gradient of the “2* and the conductiv-
ity. At higher temperatures, when n and #; are getting significantly
lower, we may expect a relative weakening of this mechanism, which
makes the effect of impurity charge screening and phonon scattering
more pronounced. It may happen that these effects would predom-
inate, leading to the appearance of negative temperature gradient
of o (and of ”””) observed in the present experiment. The absence
of a dielectric relaxation peak in PVDF-TrFE as seen in the tem-
perature dependence of ¢ in the temperature range of 300 < T
< 350 K [Fig. 2(d)] confirms that the peak seen in the charge den-
sity in Fig. 7(b) as a function of temperature is not influenced by any
relaxation mechanism in PVDF-TrFE.

B. Conductivity away from the Dirac point

The temperature dependence of the carrier concentrations for
AV = -1 and -2 V as shown in Fig. 7(b) is similar to that at AV
= 0 V. Therefore, we may assume that the switch in the tempera-
ture gradient of ¢ is controlled by the same factors as those acting at
the DP. As AV gets more negative, the impurity charge and induced
carrier charge concentrations increase. Accordingly, charge carrier
scattering on charged impurities strengthens. This results in gradual
weakening of the negative temperature gradient in ¢. The temper-
ature gradient of conductivity becomes positive again at T > 340 K
and remains so at higher temperatures, as seen in Fig. 7(a) and Fig.
S3.

For AV = -1V, n;(T) was assumed to be the same as that shown
in Fig. 5 and applying Eq. (9) to analyze the data yielded a good fit
as seen Fig. 7(a). It was, however, necessary to increase n;(T) slightly
for AV = -2 V to get a good fit for the conductivity data shown in
Fig. 7(a). This was justifiable since AV = -2 V lies further away from
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TABLE I. Tabulated values of the fitting parameters as defined in the text.

o as indicated in Fig. 7(a) A Ao

Residual 18.2 1.06
AV=0V 20.7 1.16
AV=-1V 22.8 1.16
AV ==-2V 21.0 1.16

the DP and P is not zero. Some positive impurity charges at the poly-
mer/graphene interface therefore remain compensated. Thus, the
excess negative impurity charge at AV = -2 V will be slightly higher
compared to that at the DP and will lead to a higher induced carrier
concentration. The fitting parameters are shown in Table I, and the
solid lines in this figure represent fits using Egs. (9) and (10). Note
that for all curves, the parameter A takes on values close to 20, which
is the estimate obtained theoretically for graphene on the SiO; sub-
strate,”'®!” assuming the scattering on screened charged impurities
as the predominating transport mechanism. Presumably, it is valid
in the considered case because the high impurity concentration in
the sample weakens the effect of potential fluctuations, and the effect
of phonons is rather small, although not negligible. In addition, the

conductivity Ao (1.16%) has the same order as that reported in an
earlier work.'”*? This observation adds credibility to the tabulated A
and Ao values.

V. CONCLUSIONS

Charge transport near the DP in graphene with ferroelectric
gating was investigated in the temperature range of 300 < T <
350 K. The experiment was carried out on a “dirty” graphene sample
where the effect of electron-hole “puddling” was rather weak and
the charge carrier density retained a linear dependence on the gate
voltage everywhere except for the immediate vicinity of the DP. This
provided us with an opportunity to measure conductivity still linear
in Vg but close to that at the DP. The temperature dependence of the
conductivity appeared to be similar to that at the DP. We observed
a positive temperature gradient in the conductivity that switched to
a negative temperature gradient at T ~ 324 K at the DP. The nega-
tive temperature gradient effect became weaker as one moved away
from the DP. The most important factors that could control charge
transport in a doped graphene, such as impurity charge scattering,
phonon scattering, and impurity charge screening, were analyzed
to explain the non-monotonic behavior of the conductivity. It was
shown that the considered sample was characterized by a high con-
centration of charged impurities, resulting in the activation energy
values of the order of a few milli-electron volts and indicating that
the effect of potential fluctuations was weak. In the present experi-
ment, charge transport was mostly diffusive, controlled by the scat-
tering of charge carriers on screened charged impurities and, to a
certain extent, by phonons.

The specific temperature dependence of the graphene conduc-
tivity reported in the present work appeared due to the effect of the
FE polymer that trapped impurity charges at the polymer/graphene
interface and compensated their charges via polarization of the
polymer, thus changing the impurity charge concentration »; and,
thereby, the carrier density n. This compensation together with a
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temperature-dependent graphene-impurity charge separation at the
graphene/SiO; interface resulted at a temperature-dependent ratio
of n and n; that was responsible for the occurrence of a peak on the
o vs T curve at and near the DP.

A similar temperature behavior was observed for the residual
conductivity or. This is not surprising since, for “dirty” samples
like that used in the experiment, the potential fluctuations become
insignificant and the difference between ¢ and o, nearly vanishes.
Nevertheless, we remark that studies of o, in cleaner samples and at
lower temperatures could bring interesting results giving new insight
into the transport properties of graphene.

Finally, using a FE polymer as the gate material allowed for
tuning the temperature at which the gradient of the temperature
dependence of o switches from positive to negative, for example, by
varying the gate voltage scan rate. The conductivity behavior was
reversible, and the option of using a back gate voltage can enhance
the device on/off ratio. This should give better control of impurity
charge compensation/uncompensation by the polarized gate and
further insight into charge transport near the DP.

SUPPLEMENTARY MATERIAL

See the supplementary material for a complete plot of the device
curves at all temperatures and for additional equations as mentioned
in the text.
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