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Abstract: A transition in source-drain current vs. back gate voltage (Ip—Vpg) characteristics
from extrinsic polar molecule dominant hysteresis to anti-hysteresis induced by an oxygen
deficient surface layer that is intrinsic to the ferroelectric thin films has been observed on
graphene field-effect transistors on PbggyLag 0sZros52Ti94303 gates (GFET/PLZT-Gate) during a
vacuum annealing process developed to systematically remove the polar molecules adsorbed on
the GFET channel surface. This allows detangle of the extrinsic and intrinsic hysteresis on
GFET/PLZT-gate devices and detection of the dynamic switch of electric dipoles using GFETs,
taking advantage of their high gating efficiency on ferroelectric gate. A model of the charge
trapping and pinning mechanism is proposed to successfully explain the transition. In response to
pulsed Vpg trains of positive, negative, as well as alternating polarities, respectively, the source-
drain current I variation is instantaneous with the response amplitude following the Ip—Vag
loops measured by DC Vg with consideration of the remnant polarization after a given Vg
pulse when the gate electric field exceeds the coercive field of the PLZT. A detection sensitivity
of around 212 dipole/um”® has been demonstrated at room temperature, suggesting the
GFET/ferroelectric-gate devices provide a promising high-sensitivity scheme for uncooled

detection of electrical dipole dynamic switch.
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1. Introduction

Graphene has remarkable electronic properties including high carrier mobility, broad-band
optical transmittance, chemical inertness and mechanical flexibility, making it a promising
candidate for electronic, photonic and optoelectronic applications."® In particular, the single
atomic layer structure of graphene implies graphene is an excellent sensor material with
extremely high sensitivity. In field-effect device geometry, graphene illustrates high bipolar
susceptibility to the gate electric field, which provides a unique sensing scheme for pyroelectric
sensor,’ biosensing,”° chemical and gas sensing,'® and photo-detection through ionic liquid gate
mediated light-to-gate field coupling.'' Among several characteristic directly associated to the
sensor performance, dynamic response is an important parameter that defines quantitatively the
speed and profile a sensor responds to the signal. Understanding the intrinsic as well as extrinsic
mechanisms that affect the dynamic response of the graphene-based devices is hence essential to
their applications in high speed devices such as memory devices employing a scheme of

graphene field-effect transistors on ferroelectric gate (GFET/FE-gate).'*"*

In this type of
devices, the “0” and “1” states defined by values of the source-drain current I, in the GFETs, are
manipulated by controlling the electric dipole switch in the FE-gate based on the intrinsic
ferroelectric hysteresis. The dynamic response of the I therefore determines the operation speed

as well as the yield of the memory devices. However, the dynamic response to the gate field in

the GFET/FE-gate devices has not been studied systematically, primarily due to the difficulties
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associated to the co-existence of the anti-hysteresis induced by oxygen deficient surface layer of
ferroelectric gates (For simplicity, “intrinsic ferroelectric hysteresis” will be used in the rest of
the text) and extrinsic one caused by charged polar molecules (like water molecules,”” large
densities of H™ and OH ions'® ) adsorbed on graphene. The ferroelectric hysteresis stems from
the dipole alignment in nonlinear response to an applied electric field, resulting from a strong
dependence of the polarization on the magnitude, initial value, and sweeping direction of the
electric field. Since it is the polarization at the graphene/gate interface that affects the /p in a
GFET/FE-gate device via either n-type or p-type charge doping of graphene, the ferroelectric
hysteresis is manifested in a shift of the Dirac point (at which a minimum /p, is obtained) when
the gate voltage Vg is swept up (towards more positive Vg direction, or forward) or down
(towards more negative Vpg direction or backward). While the ferroelectric hysteresis is
intrinsic, Dirac point shift to both directions, either as expected'” '* ' or opposite (anti-
hysteresis)” '* ¥, have been reported on GFETs/FE-gate devices. Further complication arises
from the interference of the extrinsic hysteresis attributed to air molecules and contaminants
possibly attached on graphene during GFETs fabrication, as manifested in Ip hysteresis in
GFETs as Vgg is swept in forward and backward directions on non-ferroelectric SiO, gates15 not
to mention the sample-to-sample inconsistency. Understanding the intrinsic ferroelectric
dynamic response in a GFET/FE-gate device therefore requires detangling the intrinsic and
extrinsic hysteresis effects. In this paper, we present a systematic study of the dynamic response

of GFETs on ferroelectric PbggyLag 0sZro 52194303 (PLZT) thin film gate (GFET/PLZT-gate) to
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VBg pulse trains by first detangling the intrinsic and extrinsic hysteresis. A vacuum annealing
process was developed to remove the adsorbed polar molecules. A transition from a co-existence
of intrinsic and extrinsic hysteresis states to the anti-hysteresis state induced by an oxygen
deficient surface layer that is intrinsic to the ferroelectric thin films has been demonstrated with
increasing the annealing period. Dynamic I in response to electric dipole switch driven by
positive, negative, as well as alternating polarity Vg pulse trains, respectively, was studied after
the extrinsic hysteresis was removed. The resemblance between the pulsed and DC Ip—Vsg
characteristic illustrates that a quantitative correlation between Ip and the gate dipole alignment
can be established in a dynamic fashion below and above the coercive field of the ferroelectric

PLZT gate.

PLZT was selected considering its advantages as a gate dielectric for room temperature
applications. Compared with un-doped PZT, Lanthanum doping can effectively reduce oxygen

vacancy, decrease leakage current, and lower the fatigue and domain pinning.'**% %!

Especially,
PLZT is in the ferroelectric tetragonal region with remarkable piezoelectric effect, high dielectric
permittivity around 1300, high breakdown electric field around 2.0 MV/cm, as well as the slim
hysteresis loop beneficial for low-loss dynamic energy storage applications.”” % It also has a
suitable Curie temperature of about 180°C,** preventing phase change from ferroelectric to

dielectric under the thermal budget of 150°C typically applied for fabrication of GFET/PLZT-

gate devices.” In a recent work, we have shown the domain mobility and nonlinearity are further
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enhanced in epitaxial PLZT thin films.?® This together with the reduced coercive field makes
epitaxial PLZT films an ideal gate candidate for GFETs with high gating efficiency, large-scale

tunability of polarization, and dynamic switch of the electric dipoles using low gate voltages.*®

2. Experimental

2.1 Fabrication of epitaxial PLZT film

Epitaxial (001)-oriented PLZT films are fabricated using pulsed laser deposition (PLD) at the
similar condition as in an earlier report.”® Briefly, the PLD of epitaxial PLZT films of 500 nm in
thickness were carried out at 650 °C under 225 mTorr oxygen partial pressure on conductive
(001) Nb:SrTiOs substrate with a KrF excimer laser (wavelength of 248 nm and pulse width of
25 ns). The average laser pulse energy density was 2 J/cm? and repetition rate was 5 Hz. After
the deposition, the PLZT films were in-situ annealed at 600Torr oxygen partial pressure for 30
minutes to reduce oxygen vacancies in the films before cooling down to room temperature. X-
ray diffraction (Bruker AXS D8 diffraction system) was employed to confirm the epitaxial
growth of the PLZT films on Nb:SrTi03.23 A Radiant Technologies Precision Premier II tester

was applied to analyze the ferroelectric properties of PLZT thin film capacitors.

2.2 Graphene fabrication and transfer

Graphene were grown at ~1000°C in a chemical vapor deposition (CVD) system on

commercial polycrystalline copper foils of 25 um in thickness. Graphene sheets of typically 1x1
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cm’ in dimension were transferred onto the PLZT films using a modified procedure based on
what we reported earlier.””?’ In order to transfer the graphene films onto a PLZT thin film, poly-
methyl methacrylate (PMMA) was spin-coated on one side of the graphene sample before it was
submerged in copper etchant (CE100) for removal of the copper foil. After this procedure was
completed, the graphene samples were rinsed with deionized (DI) water for multiple times before
being transferred onto PLZT thin films. This process is critical to eliminating surface
contaminants on graphene which contribute partially to the extrinsic hysteresis in Ip—Vzg loops
of GFET/PLZT-gate devices. After cleaning, the graphene sheets were suspended in DI water for
transfer to solid surfaces. In particular, to transfer a thoroughly cleaned graphene sheet onto a
PLZT film, the PLZT film was immerged into the DI water to engage one side of the suspended
graphene. Lifting the graphene/PLZT film assembly out of the water was carried out carefully in
order to smoothly engage the entire graphene sheet onto the PLZT surface. This step was found
critical to thoroughly remove residues that can be trapped at the interface between graphene and
PLZT and hence induce extrinsic effect to the GFET characteristics. After the transfer, the
samples were baked in air at 150°C for one hour to eliminate moisture, which was followed by
immersing them in acetone in order to remove the PMMA on the graphene. Isopropyl Alcohol

rinse was employed afterwards to remove residues on the surface of the graphene.

2.3 GFET:s device fabrication and electrical transport measurement
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Source and drain electrodes were defined in the first photolithography, which was followed
with electron-beam evaporation of 2 nm titanium/88 nm of gold and liftoff. In the second
photolithography, GFETs were defined and fabricated with reactive ion etch (RIE) in oxygen
plasma at 20 W RF power. The oxygen partial pressure was 6.7mTorr and the RIE time was 150
seconds. The GFETs devices investigated in this work have the same channel width and length
of 20um. Special steps were employed in our graphene transfer process to avoid contact of
graphene samples to any surfaces to minimize contamination of the graphene surface (see details
in Experiment). In addition, the samples were kept in high vacuum better than 5x10 °Torr for
extended period of more than 24 hours in our probe station before electrical transport
measurements, which was found effective in eliminating contamination on graphene surface.

3. Results and discussion

Figure la-d include an optical image and Raman maps of D, G and 2D peaks (WiTec Alpha
300 confocal Micro-Raman system), respectively, on the graphene channel in a representative
GFET/PLZT-gate device. Negligible D peak was detected as illustrated in Figure 1b and le
primarily at the edges of the GFET channel, suggesting the CVD graphene of high quality
remained intact during graphene transfer and GFET fabrication process. The intensity of the 2D
peak is around twice of that of the G peak, which is anticipated on the single-layer graphene. The
inset of Figure le depicts a GFET/PLZT-gate device schematically. The dielectric constant and

loss of the epitaxial PLZT thin films were characterized in capacitor form as function of electric
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voltage across the device, as shown in Figure S1. The charging-discharging loops taken on a 500

nm thick PLZT film are shown in Figure S2.

In order to detangle the effects of the intrinsic ferroelectric hysteresis and the extrinsic
hysteresis by external molecules adsorbed to graphene, a series of Ip—Vpg loops at different
VBGmax Values were measured on the GFET/PLZT-gate devices while the environment was
systematically varied from in air to high vacuum for variable periods during the vacuum
annealing at room temperature. Figure 2 compares four groups of the /p— Vg loops measured on
the same GFET/PLZT-gate device in air (Figure 2a), after 10 minutes pumping to low vacuum of
2.8x10°Torr (Figure 2b), and after 1 day (Figure 2c) and 3 day (Figure 2d) pumping,
respectively, in high vacuum of <4x10°Torr. It is evident that the hysteresis behavior changed
dramatically as the environment was varied. Most strikingly, the hysteresis direction reversed, as
exemplified from the switch of the respective positions of the Dirac points “F” (at Vpjac,r) and
“B” (at Vpirac,B), respectively, on the forward and backward branches of the Ip-Vpg loops. When
measured in air as shown in Figure 3a, the Vpinqr locates at right-hand side of the Vpirac,s,
indicating the former is at a more p-doped state as compared to the latter. This behavior
sustained as the Vg max Was varied in the range of 0.5 to 3.0 V covering both below and above
the coercive voltage V.~ 0.6V (defined from coercive field E. of about 12 kV/cm, see details in
Figure 4d of the PLZT gate. In contrast, the relative positions of the Vpiac,r and Vpirac,s switched

to the opposite positions with Vpinc,r representing a more n-type doping state after the sample
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was in high vacuum for 3 days as shown in Figure 2d. An additional fundamental difference
between these two cases is the occurrence of the hysteresis only when Vpgmax 1S above V. in
Figure 2d, which is anticipated from the appearance of the ferroelectric remnant polarizations
when the applied electric field is above the coercive field. This result suggests the dominance of
the extrinsic hysteresis mechanism before an extended vacuum “cleaning” was applied. This
argument is supported by a transition between the two cases observed with increasing vacuum
annealing time as illustrated in the hysteresis trend evolution from Figure 2a, through Figure 2b
and 2c, and finally to Figure 2d. The fact that the extrinsic hysteresis could be reduced and
ultimately removed by vacuum annealing implies that the molecules of contaminants adsorbed
on graphene are most probably responsible for the extrinsic hysteresis in GFETs and also
explains an unexpected hysteresis observed on GFET/SiO,—gate devices in air'. In this work, we
have found that the vacuum annealing is effective to remove the extrinsic hysteresis and the
removal is permanently by one-time extended pumping of 3 days in high vacuum. No extrinsic
hysteresis was observed even if the GFET/PLZT-gate devices were measured again in air after
the vacuum annealing, suggesting the adsorbed polar molecules responsible for the extrinsic
hysteresis are most probably those from chemicals involved in graphene transfer and GFET-
PLZT-gate device fabrication, rather than air molecules. While this extrinsic polar molecule
effect may be eliminated through improvement of the graphene transfer and GFET fabrication
processes, the result in this work has illustrated it can be effectively removed using a robust

vacuum post-annealing process.

10
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To quantify the hysteresis of both the intrinsic and extrinsic origins, Figure 3a displays the
Dirac point positions as function of the Vpg max values in the four cases shown in Figure 2: in air
(squares), after 10 minutes of pumping to low vacuum of 2.8x10™Torr (triangles), and after 1 day
(circles) and 3 days (diamonds), respectively, in high vacuum of <4x10°Torr. When the extrinsic
mechanism dominates (Figure 3a, first column from left), neither Vpjrac,5 NOT Vpirac,r have a clear
trend as the Vpg max range is varied. In contrast, the absolute values of both the Vpirac,5 and Vpirac,r
increase monotonically with Vpgmax after the extrinsic mechanism is removed (Figure 3a, last
column from left), which is anticipated from the increase of the ferroelectric remnant
polarization with increasing Vsgmax at above V.. When Vpgmax Was below V¢, the same Vpirac,n
and Vpirac,r Were observed as Vpgmax because electric dipole switch in a ferroelectric material
occurs only at E>FE,. (or Vpgmax > V), resulting in no remnant polarization and therefore no
ferroelectric hysteresis at Vpomax < Ve. This certainly is not the case when extrinsic hysteresis
dominates where large hysteresis is observable in the entire range of the Vzg, max, both below and
above V.. Figure 3b further compares several Ip-Vpg curves taken at Vg max=0.1, 0.2 and 0.4 V
(much below V), respectively, on the same GFET/PLZT-gate sample before and after the
complete vacuum annealing. Hysteresis persists in the former while disappears in the latter at

VBG, max below E. as expected.

Figure 3c depicts the evolution of the AVpiac VS. VBG, max curve shapes during the transition

from the extrinsic hysteresis dominant (in air, squares), to mixed (10 minutes to 1 day in

11
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vacuum, circles and triangles), and to intrinsic ferroelectric hysteresis dominant (3 days in high
vacuum, diamonds) state. A qualitative change can be clearly seen in the AVpiac VS. VBG, max
curves from an inverted bell shape on the negative AVpji,. side (below the dashed line) to
monotonically increasing on the positive 4Vpi side (above the dashed line). In particular, a
systematic upward shift of the AVpirac VS. VB, max curve from negative to positive is clearly seen
as the adsorbed species are gradually detached, rendering dominance of the intrinsic ferroelectric
hysteresis effect ultimately. The magnitude of the shift is large and much greater than the
ultimate 4 Vpire value (diamonds). This implies that the dynamic response in a GFET to the gate
field could be highly ambiguous without detangling the intrinsic and extrinsic hysteresis
mechanisms. Eliminating the extrinsic hysteresis mechanisms is hence essential to detection of

the dynamic response of the GFET/FE-gate devices.

Although intrinsic, the ferroelectric PLZT gate induced an anti-hysteresis in the Ip—Vgg
characteristic of the GFET/PLZT-gate devices, which has been reported previously on GFETs on

: . 13, 18
other oxide ferroelectric gates.”” '

The origin of the anti-hysteresis observed in ferroelectric-
gated GFET is has not been fully understood, and the existing models explaining the anti-
hysteresis include interfacial screening charges such as water adsorbates introduced before the

graphene deposition'* ¢ %3

and surface defect/trapping states, which are not related to oxygen
deficient surface layer.'*'”*° In this paper, we propose that the anti-hysteresis may be attributed

to an surface oxygen-deficient layer occurs on most oxide ferroelectric thin films.*' In the

12
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absence of this interfacial layer, the polarization P at the graphene/FE-gate interface will be
determined by the P—FE curve measured on parallel plate capacitors (Figure 4d) at a given
maximum applied voltage VpG, max- As depicted schematically in Figure S2c-g, the forward
(backward) sweep of the Vg > V. generates an upward (downward) oriented P with positive
charge (negative charge) at the graphene/FE-gate interface that makes GFET more n-doped (p-
doped). The presence of the “intrinsic” oxygen-deficient surface layer of oxide ferroelectric films
introduces an interface between graphene and FE-gate.*® The oxygen vacancies in this interfacial
layer behave like donor ions and such mobile charges could cause a transition from a p-type
inside the film to n-type at the ferroelectric film surface.*® In the ferroelectric thin film capacitors
with metal/FE interfaces (such as graphene/PLZT) being included, a compensating double layer
of space charges may form at the interface and its contribution has been confirmed by
extrapolating the thickness of the FE layer to zero in the reciprocal capacitance vs FE thickness
curve.’! Consequently, anti-hysteresis appears in Ip— Vg characteristics with ferroelectric oxide
gates as depicted schematically in Figure 3d. This argument seems consistent with the majority
experimental observations of anti-hysteresis in Ip—Vpg characteristic of the GFET/FE-gate
devices, whether using exfoliated graphene (assuming cleaner graphene/FE interface) or CVD
graphene (with possible chemical residues at the graphene/FE interface during graphene transfer)

with ferroelectric oxide gates7’ 13,18

as well as that of hysteresis in /Ip—Vpg characteristic if more
insulating polymer ferroelectric PVDF gate.'> ' Interestingly, this oxygen-deficiency interfacial

effect was found sensitive to device operation temperature and a transition from anti-hysteretic

13
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Ip—Vpg characteristic at high temperatures to hysteretic one was observed at 100 K for
GFET/(Ba,Sr)TiOs-gate'® and at 20 K for GFET/multilayer PbTiO5/SrTiO;-gate devices.”® While
protecting FE gate surface may have beneficial effects, eliminating the oxygen-deficient surface

layer that is “intrinsic” to most ferroelectric oxides requires a systematic work.”'

When polar molecules are adsorbed to graphene, the adsorbed polar molecules respond to the
ferroelectric polarization controlled by the Vg and contribute to the effective polarization sensed
by the GFET as shown schematically in Figure 3e. At an initial state V'5G=0 before a gate voltage
is applied, the polar molecules on both the inner and outer surface of graphene may cause a
switch from n-doped to a p-doped graphene at a high enough molecule density. Consequently,
the Dirac point appears at Vpg>0 on the forward Ip-Vpg branch. At Vpgmax >V. where the
sweeping direction changes from forward to backward sweeping, the hole traps pin the polar
molecules on the outer surface of graphene (facing air) and the molecule dipoles with negative
charge toward graphene make the graphene becomes more n-type. As a result, the Dirac point is
shifted towards the more negative direction when sweep backward, which explains the
“hysteretic” switching, observed in Figure 2a. Such a contribution is quantitatively reduced
during vacuum annealing when the density of adsorbed polar molecules on graphene is reduced,
and ultimately minimized, causing a switch from polar molecules “hysteresis” to ferroelectric
“anti-hystereis” of the Ip-Vpg characteristic as observed in Figure 2a-d. In addition to the relative

Dirac points position switch on forward and backward Ip—Vpg branches, the polar molecules

14
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also affect the /p—Vpg characteristics quantitatively. As shown in Figure 2a, the pinning of the
polar molecules on top of the GFET after the Vzg sweeping direction reversal leads to a plateau
of Ip of almost constant value in a large range of Vpg. The width of the Ip plateau reduces
systematically with vacuum annealing period (Figure 2b-c) and become negligible in Figure 2d,
leading to the anticipated monotonically increasing bi-polar Ip-Vpg curves in absence of polar

molecules.

The dynamic response of the GFET was investigated after a thorough vacuum cleaning by
applying various pulsed square-waves of Vg were applied to the PLZT gate in the GFET/PLZT
devices. Figure 4a-c include three different Vg pulse trains (blue) with pulse period in the range
of 84 ms—1.0 s applied to the PLZT gate: positive pulses with increasing amplitude in Figure 4a,
negative pulses with increasing amplitude in Figure 4b, and pulses with alternating polarities and
increasing amplitude in Figure 4c. For a positive (negative) Vg pulse in Figure 4a (Figure 4b),
the polarization will only take a few specific discrete points of A-to-C-to-D (A-to-E-to-D),
instead of a continuous trajectory on the P-E loops defined in Figure 4d. The amplitude of the
VBG pulse, or the Vpg, max at Point C (or Point E), determines the remnant polarization at Point D
(or Point A). On the other hand, a pair of pulses of alternating polarities and the same amplitude
would take discrete points of A-C-D-E-A on the P-E loop in Figure 4d. The measured /p values
(black) in response to the Vpg pulses (blue) is also pulsed and synchronized well with the Vgg

pulses as shown in Figure 4a-c, suggesting the I responses with a considerable fast speed to the

15
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Vs modulation, which is anticipated since dipole switch can typically happen in sub-ps time
frame. In the case of the positive Vg pulses, the Ip pulse amplitude increases monotonically with
the Vpg pulse in the range of 0-2.0 V as shown in Figure 4a, implying an increased charge
(holes) doping in graphene as a result of increased upward polarization across the PLZT gate.
The Ip responses to negative Vpg pulses show a more complicated pattern since the Dirac point
of ~-0.6 V locates in the range of V'zg at 0 to —2.0V. A quantitative discussion will be given in
Figure 5. The case of a pair of positive and negative pulses of the same amplitude applied to the
PLZT gate may be viewed as a combination of the positive and negative pulse trains shown in

Figure 4a and b.

Quantitatively, the increase in Ip pulse amplitude is highly nonlinear in response to the linear
increase of the Vg pulse amplitude. This is not surprising since PLZT, or ferroelectric materials
in general, has strong nonlinear dielectric constant peaking at approximately zero field and
decreasing monotonically with increasing applied electric field strength.*® This agrees well with
the reduced I increase rate with increasing Vg pulse amplitude. The sensitivity of GFET to the
PLZT polarization may be estimated from the detectable I at the smallest Vg pulse amplitude,
which increases monotonically with Vsp. At Vsp = 100 mV, it can detect Ip at the Vgg ~1 mV.
The surface polarization (Pgrpr) on the PLZT-gate is estimated ~0.0034 uC/cm2 from the Ip—Vgg
characteristic on the GFET/PLZT-gate device, or an equivalent dipole density change of

212/um’ using the following Equation 1:

16
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LxAI,

AQ=—""0D
AV x W x st M

where L and W are the length and width of the graphene channel, respectively, and x=87.5
cm?/Vs is the average charge mobility of graphene on PLZT. The Pgrer value is substantially
smaller than the polarization of Pc,p=0.014 pC/cm2 calculated from the P-E loops on PLZT
capacitors shown in Figure 4d, which is not surprising considering the screening effect of the
interfacial layer on a PLZT gate. Interestingly, the ratio Pgrer/Pcap~24% in this work is
consistent to the polarization ratio measured in PbZry,TipsOs capacitors with and without
graphene being inserted between the Pd top electrode and PbZI'().QTi().gO_O,.” Since PbZr(,Tigg05 1s
an oxide ferroelectric material similar to the PLZT used in this work, it is most probably that the
interfacial screening layer on PbZr,,Tiy3Os, as well as on PLZT, is affected by graphene while

the microscopic mechanism requires further investigations.

Figure 5a-c plot the I, value at Vgg =0 after each consecutive pulse in the Vg pulse trains of
positive, negative and alternating polarities shown in Figure 4a-c, respectively. Obviously, the Ip
at Vg =0 maintains a constant value when the amplitude of the pulse is below the V. due to a
negligible P-E hysteresis under Vg < V, as shown in Figure 4d. In contrast, the Ip value at Vg
=0 changes systematically once the pulse amplitude exceeds V, as a consequence of the remnant
polarizations. The increasing positive remnant polarization with increasing Vg pulse amplitude
shifts the Ip value at Vg =0 towards more p-doped due to the anti-hysteresis as shown in Figure

S5a. Similarly in Figure 5b, a more n-doped shift in the Ip value at Vg =0 was observed in the

17
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case negative Vg pulse train at |Vg| > V.. In addition, a train of pairs of positive and negative

pulses of the same amplitude with increasing amplitude shown in Figure 4c¢ can be explained by

combining the result for a positive and a negative Vg pulses. The measured /I, values at the

peaks of the positive (solid red) and negative (open red) Vg pulses are compared in Figure 5d

with their counterpart of DC Vg (black) with both the forward and backward branches included

at the same Vpg,max 0f 2.0 V. In comparison of the positive pulsed Ip—Vpg curve with the forward

DC branch, the former takes a steeper increase than the latter while both are following a

qualitatively similar trend of field-induced hole-doping. The comparison between the negatively

pulsed Ip—Vpg curve with the backward DC branch shows a similar trend with the same

minimum /p. Interestingly, the In—Vpg curve (blue) taken with paired opposite pulses follows

well the combined /p—V3g curve of the positive (solid red) and negative (open red) pulse trains.

4. Conclusions

In conclusion, a vacuum annealing process has been developed to systematically remove
the polar molecules adsorbed on the channel surface of the GFET/PLZT-gate devices. A
transition in Ip—Vpg characteristics from hysteretic to anti-hysteresis has been observed. The
former could be attributed to the charge trapping and pinning mechanism of the polar molecules
in response to the Vg reversal from forward to backward direction or vice versa, while the latter
is anticipated from the intrinsic bulk ferroelectric hysteresis in combination of an oxygen-
deficient surface layer. Detangling the extrinsic and intrinsic hysteresis mechanisms not only
shed lights on the ambiguous /p—Vpg characteristics observed on GFETs/ferroelectric-gate

devices, but also provides feasibility in detection of dynamic electric dipole switch in the

18
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ferroelectric PLZT gate using GFETs. Both DC and pulsed Vg were applied to probe the Ip
response to the electrical dipole alignment and switch in the steady-state and dynamic-state
modes respectively. An excellent agreement has been obtained between the steady-state and
dynamic Ip—Vpg characteristics and the nonlinear behavior of I, is quantitatively correlated to
that of the electric dipoles in the different ranges of electric field below and above the coercive
field of ferroelectric PLZT. With demonstration of high sensitivity of 212 dipole/ pmz to a dipole
switch, GFETs are promising to detecting the electric dipole dynamics and correlations at room

temperature.
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Figure 1. a) Optical image of a GFET/PLZT-gate device with dashed lines showing the edges of graphene

channel of 20 pm (length) x 20 um (width) between the source (S) and drain (D) electrodes. b-d) Raman maps

of D, G and 2D peaks, respectively, on the same GFET channel depicted in Figure 1a. ¢) A Raman spectrum of

the graphene transferred on the PLZT thin film gate. The inset shows GFET/PLZT-gate device schematic. The

excitation laser is at 488 nm wavelength.
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Figure 2. Sweeping-forward and sweeping-backward Ip-Vpg curves at variable Vpg max under different
measurement conditions: a) in air, b) in vacuum pumping for 10 min, c) keeping in vacuum for 1 day and d)
keeping in vacuum for 3 days. The Dirac points on the sweeping-forward and sweeping-backward branches are

labeled with “F” and “B”, respectively.
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Figure 3. a) Vpirac,s (red) and Vpiae,r (black); and b) AVpi, as function of the Vpgmax taken in the four

conditions shown in Figure 2. ¢) Sweeping-forward and sweeping-backward Ip-Vpg curves at Vg, max =0.1, 0.2,

0.4 mV (below V) under two experimental conditions of Figure 2b and 2d respectively. d-¢) Schematic

descriptions of the polarization near graphene during a forward sweep of Vpg followed by a backward one

(sequence along the direction of the black arrow) in the ferroelectric gate with oxygen deficient interface with

GFET without d) and with e) the presence of the polar molecules adsorbed on graphene.
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Figure 4. The I in response to a) positive pulses of Vpg; b) negative pulses of Vpg; and ¢) Vg pulse pairs of

alternating polarities with increasing pulse amplitude from 0 to 2.0 V at 200 ms period and 50% duty cycle. d)

P-E hysteresis loops measured in 500 nm thick PLZT capacitors with the maximum applied voltages of +0.5 V

(black), £1.0 V (blue) and +4.0 V (red), respectively.
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Figure 5. The Ip at Vgg=0 when Vpg is back to 0 V after each pulse for positive pulses a) in Figure 4a, b)

negative pulses in Figure 4b and c) alternating pulses in Figure 4c, correspondingly. d) Comparison of /Ip

curves measured at DC and pulsed Vg in the range of £2.0 V, Vsp=20 mV for all curves.
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TOC: GFETs are used to detect ferroelectric dipole switch driven by Vg pulses with positive,

negative, and alternating polarities, respectively.
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