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ABSTRACT

A simple technique of doping graphene by manipulating adsorbed impurity charges is presented. Using a field effect transistor configura-
tion, controlled polarization of a ferroelectric polymer gate is used to compensate and neutralize charges of one type. The uncompensated
charges of the opposite type then dope graphene. Both n- and p-type doping are possible by this method, which is non-destructive and
reversible. We observe a change in n-type dopant concentration of 8 x 10'* cm™ and a change in electron mobility of 650%. The electron
and hole mobilities are inversely proportional to the impurity concentration, as predicted by theory. Selective doping of graphene can be
achieved using this method by patterning gate electrodes at strategic locations and programming them independently. Such charge control
without introducing hard junctions, therefore, permits seamless integration of multiple devices on a continuous graphene film.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0003099

I. INTRODUCTION

Graphene is a two-dimensional solid consisting of planar
sp>-bonded C atoms arranged in a honeycomb lattice." The valence
and conduction bands meet at a point for monolayer graphene,
which is known to exhibit an ambipolar electric field effect.”™
Since semiconductor devices rely on both p- and n-type conduction
during operation, graphene based electronics are conceivable if
their electrical properties can be manipulated. Chemical doping is
one way to accomplish this via carbon substitution™ or via charge
transfer between adsorbed dopants and the graphene surface.””'’
Substitution disrupts ideal sp> hybridization of carbon atoms,™*'"'?
while chemisorption of dopants and their subsequent reaction with
other adsorbates leads to irreversible doping effects.'’ Both these out-
comes are undesirable.

We report a simple technique to dope graphene by taking
advantage of the impurity charges adsorbed on its surface during
fabrication and by using the polarization of a ferroelectric (FE)
polymer gate in a field effect transistor (FET) configuration. This

technique is non-destructive and reversible. There is no charge
transfer between the FE polymer and graphene, but there is basi-
cally field effect doping, similar to the “chemical gating” mecha-
nism of graphene sensors.” By programming the rate at which the
gate voltage is increased or decreased, the magnitude and direction
of polarization (| or 1) can be controlled. This results in n- or
p-type doping in graphene. A polarized FE gate compensates and
neutralizes one sign of impurity charges that were unintentionally
adsorbed on to the graphene surface during fabrication. Doping
then originates from the uncompensated impurity charges of the
opposite sign on the graphene surface. The electron and hole
mobilities changed by 650% and 200%, respectively, while the
change in n-type dopant concentration approached 8 x 10”2 cm™
for electrons. Selective doping of graphene can be achieved using
this method by patterning gate electrodes at strategic locations and
programming them independently. Such charge control without
introducing hard junctions, therefore, permits seamless integration
of multiple devices on a continuous graphene film. Retention of the
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polarized state in the absence of a gate voltage also extends its use
in conjunction with other finite bandgap 2D materials, to applica-
tions ranging from high performance photodetectors, non-volatile
memory transistors, diodes, and logic devices.'*™'°

Il. EXPERIMENTAL

Monolayer graphene was grown via chemical vapor deposition
(CVD)'” and transferred on to a pre-patterned Si*/SiO, substrate
(see the supplementary material). Figure 1(a) shows an atomic
force microscope (AFM) image of a CVD grown graphene film
used in this work, and Fig. 1(b) shows the Raman spectrum with a
symmetric 2D band at ~2670 cm™" and a bandwidth of ~30 cm™.
The AFM height profile and location of the G and 2D bands are
characteristic features of monolayer graphene.'® Transmission elec-
tron microscopy-selected area electron diffraction (TEM-SAED)
data also confirm that the graphene used is one layer thick (see
Fig. S1 in the supplementary material). A thin film (200 nm) of the
ferroelectric copolymer poly(vinylidene fluoride-trifluoroethylene)
(PVDE-TrFE) (75/25)"° was spun coated from a 9 wt. % solution
in N-methylpyrrolidinone (NMP) and air dried for 24 h at 70 °C. A
higher annealing temperature was avoided to reduce the possibility
of gate leakage currents. Using an Al foil as a shadow mask, Ag
was thermally evaporated over the PVDF-TTFE coated graphene.
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Electrical measurements were carried out under a vacuum of
1072 Torr. Figure 1(c) shows the schematic of the device, and Fig. 1
(d) shows an optical image of the actual device. Two adjacent Au
fingers form the source (S) and drain (D) terminals, while contact
on Ag forms the gate terminal (G) of the graphene ferroelectric
field effect transistor (FE-FET). The channel length and width of
the device were 3 um and 145 um, respectively (see Fig. S2 in the
supplementary material for experimental details).

I1l. RESULTS AND DISCUSSION

Figure 2 shows the drain-source current (Ipg) vs gate-source
voltage (Vgs) of the top gated graphene FE-FET seen in Fig. 1(d)
for different Vg scan rates (dVgg/dt). For each dVgg/dt, Vg was
scanned in a closed loop from —25V — +25V — —25V while Vpg
was fixed at 100 mV. At the end of each scan, Vg was held constant
at —25V for 300s in order for the current to recover its original
value before the next scan rate was selected, and the process
was repeated. The red arrows show the current response for
dVgs/dt = 1000 mV/s during the scan and indicate the general direc-
tion of the current response for other scan rates. As Vg is varied
from —25V — +25V, the current passes through a minimum in the
first quadrant, corresponding to the charge neutrality point (CNP-1)
in graphene.20 As Vs varies from +25V — =25V, the currents
retain their initial value for a range of Vs due to polarization of the
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FIG. 1. (a) AFM image of CVD graphene used in this work, with an edge height profile measured along the green line. (b) Raman spectrum of CVD graphene used in
this work. (c) Schematic labeled diagram of the device showing the external electrical connections. (d) Optical microscope image of the dashed portion seen in (c) and is
the actual device investigated. The dashed curve shows the outline of the graphene film.
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FIG. 2. Ips vs Vg of the graphene FE-FET for the following Vgs scan rates
indicated by the dashed arrow in mV/s: 1000 (red), 400 (green), 200 (dark
yellow), 100 (blue), 40 (pink), 20 (cyan), 10 (dark gray), and 4 (black). Vps was
fixed at 100 mV. The red arrows show the general direction of the current
response as Vgs is scanned. The straight lines are fits to the linear portion of
the data and are shown for a few selected scan rates. Insets: (a) Frequency
dependence of the FE gate capacitance measured between the G and D termi-
nals of the FE-FET. (b) Electric field dependence of the polarization (P) of a thin
film PVDF-TrFE capacitor (dark green) and the extracted electric displacement
(D) for the graphene FE-FET, taken at a scan rate of 40 mV/s (pink). The dis-
continuity is due to the polarization reversal in the FE gate at the charge neutral-

To understand these features, the electrical properties of the
FE gate were investigated. Inset (a) in Fig. 2 shows the frequency
dependence of the FE gate capacitance measured between the G
and D terminals of the device. At high frequencies, the capacitance
decreases due to the inertia of the dipoles not being able to follow
the rapidly changing electric field."” At low frequency, the capaci-
tance is seen to approach 45 pF yielding a specific capacitance (C;)
of 80 nF/cm®. For comparison, the specific capacitance of a 150 nm
thick SiO, film is ~20 nF/cm®”** In a separate thin film (700 nm)
PVDEF-TrFE capacitor, spontaneous polarization was measured at
1 Hz and plotted vs E in inset (b) in Fig. 2. The hysteresis curve
confirms the two state (1]) polarization of the FE gate with satura-
tion polarization (~9uC/cm?) and coercive field (E.~ 50 MV/m)
values consistent with previous reports.””*"*” The PVDF-TrFE
film thickness measured with the profilometer for the capacitor
and the FE-FET (away from the Au electrodes) was ~700 nm. The
CNP in graphene was found to lie near the FE gate coercive
field.””*" Using the coercive field of 50 MV/m, we estimate the film
thickness between the S/D electrodes in the FE-FET to be ~200 nm
(see the supplementary material). The polarizable [P(Vggs)] compo-
nent of the electric displacement field (D =€E + P) in the FE gate
is responsible for the observed hysteresis,”' where € is the dielectric
permittivity of PVDF-TrFE and E the applied electric field.
The continuity of D at the graphene/FE gate interface yields the
relationship D = G/u,”' where G is the conductance and u is
the mobility. Choosing, for example, the data corresponding to
dVgs/dt=40 mV/s shown in Fig. 2, D is calculated and plotted

in the inset (b) in Fig. 2. The mobility (,u =l ) (see the inset

WCiVps

ity points. Vgmin is the voltage at the charge neutrality point. CNP-1 and CNP-2
represent the charge neutrality points in the first and second quadrant,
respectively.

FE gate. When Vg is made more negative, the current decreases,
passing through a minimum again in the second quadrant that also
corresponds to a charge neutrality point (CNP-2). The observed
hysteresis and double minima are consistent with other reports on
graphene based FE-FETs and are related to the polarization of the
FE gate.”’”” In crossing CNP-1 from left to right, the polarization
flips direction from 1 to | and reverses direction in crossing CNP-2
from right to left”' This general trend in the current is observed
independently of how Vg is scanned (i.e., =25V — +25 - —25V or
425V —>-25V—=>+25V or 0—+25V - -25V = 0V) (Figs. S3
and $4 in the supplementary material). The current variation away
from the CNPs is governed by charge scattering'’ (long and short
range) and also by the polarization of the FE gate.”” The main fea-
tures observed in Fig. 2 as the scan rate is lowered are (i) CNP-1
shifts to the left (n-type doping) and CNP-2 shifts to the right
(p-type doping), (ii) the electron and hole mobility increases and the
width (AVgnin) near both CNPs gets smaller, (iii) Ipg vs Vg curves
stay linear for a smaller range of Vgs values, (iv) the minimum
current value (at the CNP) increases initially and then decreases, and
(v) Ips measured at Vgg=+25V increases non-linearly.
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FIG. 3. Ips measured at Vgs=+25V (taken from Fig. 2) vs dVgg/dt (blue color
symbol). Dopant concentration (n) as a function of dVgs/dt (red color symbol).
Lower inset: PVDF-TrFE chemical structure with the polarization (P) pointing
up. Inset (a): Electron (green color symbol) and hole (pink color symbol) mobili-
ties as a function of dVgg/dt. Inset (b): 1/u vs n for electrons (green color
symbol) and holes (pink color symbol). The straight lines are linear fits to the
data. The lines in main figure and inset (a) are guides to the eye.
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in Fig. 3) was calculated from the device trans-conductance

(gm = ;\I;Z}SS). This parameter (g,,) was obtained from the slope of

the straight line (straight lines) fits to the linear portion of the data
shown in Fig. 2. The similarity between P and D curves strongly
suggests that the observed hysteresis in the FE-FET is correlated
with the polarization of the FE gate. A discontinuity is observed in
the D vs E plot and occurs at the CNPs in graphene, while a slight
shift to the left is due to the fact that the position of the two CNPs
in Fig. 2 is not symmetric about Vgg=0V. The majority carriers in
graphene are electrons for Vgmincenp-1) < Vags<+25V and holes
for —25V < Vs < Vgmin(cnp-2)- For Vg values in other intervals,
the majority carriers could be electrons or holes depending on
the doping contribution from the linear (€E) and hysteretic part
[P(Vgs)] of D. The maximum currents in Fig. 2 depend on the
polarization of the FE gate, which is dependent on dVgg/dt.

Figure 3 and the insets in the figure show the variation of
some device parameters extracted from the data in the first quad-
rant in Fig. 2, as a function of dVgg/dt. The chemical structure of
the FE gate when polarized 1 is displayed in the lower inset. The
FE gate polarization is postulated to control doping in graphene.
We have previously shown that for high dVgs/dt, the coercive field
increases and the polarization does not reach true saturation as FE
domains in the copolymer have insufficient time to grow.”® At
slower dVss/dt, however, FE domains are able to follow the polar-
izing field achieving higher growth and then coalesce resulting in
higher saturation at lower coercive fields. At Vgs=+25V, the
channel current increases proportionately to the FE gate polarization,
which depends on dVgg/dt as seen in Fig. 2. This current is plotted
as a function of dVgg/dt in Fig. 3 and shows a non-linear increase,
reaching a saturation value of 0.55 mA at a slower dVgs/dt due to
the saturated polarization of the FE gate. Figure 3 also shows a plot

CiVgmin
e

of the dopant concentration (n = ) that decreases non-

linearly for smaller dVgs/dt. As dVgg/dt is lowered, the relative
shift of CNP-1 toward the left indicates n-type doping, and the
change in n-type dopant concentration reaches 8x10'*cm™2
Theory predicts that the impurity charge concentration is inversely
proportional to the mobility of electrons and holes,'” and our
results are consistent. The upper right inset in Fig. 3 shows a plot
of 1/u vs n for electrons and holes, where the slopes of the best fit
lines are 2.5x 107> Vs for electrons and 1.2 x 107> V's for holes.
It is important to observe that both the current at Vgg=+25V and
n tend to saturate as dVg/dt is lowered. This is because the FE
gate cannot be polarized beyond the saturation limit. It was shown
that charged impurities influence the quantum capacitance’ in
graphene and that it depends on Vgs.”® Graphene doping could,
therefore, be affected by this capacitance especially near the CNP.*’
However, the large dielectric permittivity (10) and thickness
(200 nm) of the FE gate together with large values of Vg, (>1V)
make quantum capacitance effects negligible.’’ Figure 4
shows the Ipg vs Vgg curve where Vgg is scanned
from —25V — +25V — =25V at a fixed dVgg/dt, and repeated as
dVge/dt is lowered in steps from 1000 mV/s to 10 mV/s. This
experiment is then repeated again as dVgg/dt is increased from
10mV/s to 1000 mV/s in the same steps after each scan. The
results are similar to those observed in Fig. 2. Figure 4, however,
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lps (MA)

Vgs (V)

FIG. 4. Ips vs Vs of the graphene FE-FET for different dVgg/dt. Vps was fixed
at 100mV and Vgs was swept as follows for each dVgs/dt:
—25V — +25V — —25V. The experiment started with a scan rate of 1000 mV/
s, and the rate stepped down like in Fig. 2 to 10 mV/s (dotted lines) and then
stepped back up to 1000 mV/s (continuous lines). Only data for the 10 mV/s
(black), 20 mV/s (blue), 40 mV/s (green), and 1000 mV/s (red) are shown. The
arrows indicate the direction of current response. The curves trace over each
other implying that the doping process is non-destructive and is reversible.

shows that the curves for identical dVgg/dt trace over each other,
retaining a similar Vg, at the CNP and mobility values, and con-
firms that the doping process is non-destructive and reversible.
Analyzing the data in the second quadrant of Fig. 2 for p-type
doping yields qualitatively similar results. The stability of the device
was tested and found to operate normally even after storage in a
desiccator for a month (Fig. S5 in the supplementary material).
Figure 5(a) illustrates an easy way to interpret our results.
During growth and device fabrication, charged impurities of both
signs are unintentionally adsorbed on to the graphene surface as
shown in the figure. When Vgg=-25V (and Vpg=100 mV), the
current in graphene reaches its maximum value due to the satu-
rated polarization 1 of the FE gate, as confirmed by inset (b) in
Fig. 2 for slow scan rates. Subsequently, a negative surface (bound)
charge in the FE gate at the interface with graphene is established
due to individual dipole orientation (ovals). This charge electrostat-
ically p-dopes graphene and also compensates and neutralizes posi-
tive impurity charge as seen in Fig. 5(a). The compensation leaves
an excess negative impurity charge on graphene, which in turn
p-dopes it even further. When Vgg=+25V, the polarization points
| and the opposite charge dynamics occur. Thus, as Vg is scanned
from —25V to +25V, the FE gate polarization in the 1 direction
decreases, reaching a minimum, and then increases in the | direc-
tion. During this process, the negative surface (bound) charge
density at the FE gate/graphene interface decreases, changes sign,
and then increases. This results in a decrease of electrostatic
p-doping in graphene and the compensation of the positive
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FIG. 5. (a) Schematic model illustrating polarization assisted doping in graphene.
The S and D electrodes are omitted for clarity. Impurity charges on the graphene
surface are compensated and neutralized by the polarization of PVDF-TrFE. The
polarization P points up (down) when Vgg is negative (positive). (b) Band diagram
of graphene showing how the Fermi energy (Ef) increases for n-type doping and
decreases for p-type doping as indicated by the dashed arrows.

impurity charges, and in an increase in the electrostatic n-doping
and compensation of negative impurity charges. As Vg is scanned
from —25V — +25V, CNP-1 shifts to the left as dVgg/dt is
lowered. The reason is as follows: at the start of each scan, the FE
gate is polarized 1 at Vgs=—-25V. If dVgg/dt is high for, e.g,
1000 mV/s, the polarization is not able to follow the changing elec-
tric field and stays “frozen” while E. increases, this means that a
large portion of positive impurity charges stay compensated even
as Vgs approaches +25V, and the uncompensated negative charge
maintains p-doped graphene. Thus, CNP-1 is to the far right on
the Vgs axis. When dVgg/dt is lowered, E. decreases; the polariza-
tion is able to follow the changing electric field and decreases
accordingly as Vs approaches CNP-1. Hence, the number of com-
pensated positive impurity charges is lowered. These newly exposed
positive impurity charges, in turn, compensate for and neutralize
an equivalent number of negative impurity charges. Fewer uncom-
pensated negative impurity charges now imply that p-doping
in graphene is weakened and CNP-1 moves to the left as dVgg/dt
is lowered further. It also shows why the dopant concentration
decreases as dVgg/dt is lowered. As Vg is scanned back from
+25V to —25V, equivalent but opposite charge dynamics shifts
CNP-2 to the right as dVgg/dt is lowered. Thus, the two CNPs
move toward each other as dVgs/dt is lowered. A similar effect
was observed in back gated graphene using a surface aqueous sol-
ution with increasing ionic concentration.”’

When Vg is changed from —25V — +25V at 1000 mV/s, for
example, CNP-1 is located far to the right on the Vg axis as a
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large fraction of the positive impurity charges are compensated.
As Vgg increases beyond CNP-1, the polarization switches direc-
tion, but the bulk polarization is not able to saturate (red curve in
Fig. 2) since the gate voltage has reversed its scan direction. The
graphene channel is, therefore, weakly n-doped in this case, and
few negative impurity charges are compensated. Thus, when Vg is
scanned back from +25V — —25V, the hysteretic effect of the
polarization [P(Vgs)] diminishes quickly, the linear portion (€E) of
D then dopes graphene with opposite polarity,”' and the polariza-
tion switches direction once again. This results in a broad
ill-defined CNP-2 (red curve in Fig. 2). At slower scan rates, as Vs
increases beyond CNP-1, the polarization gets stronger, and the
current becomes larger. Hence, during the reverse scan from +25V
to —25V, we observe a sharper CNP-2. Figure 5(b) illustrates the
doping process via shifts of the Fermi energy (Er) toward higher
values for n-type doping and toward lower values for p-type
doping. The validity of our model is strengthened by the observed
mobility dependence on dVgg/dt (upper left inset to Fig. 3). The
mobility increases but does not appear to saturate as dVgs/dt is
lowered, even as the dopant carrier concentration saturates to a
lower value. One reason is the efficient compensation of the
charged impurity. Lowering dVgg/dt allows polymer chain readjust-
ment, resulting in controlled polarization growth and an increas-
ingly uniform surface (bound) charge. The associated charge
rearrangement efficiently compensates adsorbed impurity charges
of one sign and homogeneously redistributes the decreasing
number of uncompensated charges of the opposite sign on the
graphene surface. The result is increased mobility for both species
of charges and a narrowing of AV, as observed in Fig. 2 as
dVgs/dt is lowered. Thus, we propose that the doping process is
initiated by the polarization and subsequent compensation of
impurity charges. The hermitic seal provided by the FE gate traps
the impurity charges, contributing to the reversibility of the doping
process. It also protects the graphene layer and prevents external
charges from reaching it, confirming that the doping is via impu-
rity charges adsorbed on the graphene surface. Gate modulated
charge carriers using ferroelectrics were successfully tested in MoS,
and WSe, films.">'® Lateral charge control in these 2D materials
resulted in p-n or Schottky diodes and demonstrate a new way for
fabricating continuous junctions of varying charge densities and
charge types.

IV. CONCLUSIONS

In conclusion, we show that doping in graphene can also be
achieved via compensating adsorbed impurity charges using the
polarization of a FE gate. No external charges are added in this
process. Furthermore, graphene can be doped with either charge
polarity by controlling the polarization and its direction.
Compensating one type of charge impurity results in doping due to
the uncompensated charge of the opposite type. A change in the
n-type dopant concentration of 8 x 10'* cm™ was observed, with
the electron mobility changing by 650%. The doping process is
reversible and does not damage graphene. The possibility of
selectively doping graphene without introducing hard junctions
makes this technique attractive for integrating multiple devices on a
continuous film.
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