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egative differential resistance (NDR)
devices are electronic components
with nonohmic current—voltage
characteristics and are used in a wide array
of applications including frequency multi-
pliers, memory, fast switches, and most
importantly, high-frequency oscillators up
to the THz range. Conventional NDR devices
such as Esaki diodes, Gunn diodes, or mo-
lecular devices are two-terminal devices,
and their operation principles are based
on either quantum tunneling or intervalley
carrier transfer.'™'?> While graphene NDR
devices have been proposed using nanorib-
bons or p—n junctions in bilayer grap-
ene,'>' demonstration of such effects in
graphene-based devices remains elusive
due to the difficulties in meeting the strin-
gent operating conditions experimentally.
Here, we report on graphene NDR de-
vices based on a three-terminal field-effect
transistor (FET) configuration. Different from
NDR effects previously demonstrated or
proposed, NDR observed in these devices
results from the ambipolar transport beha-
vior of graphene, without relying on effects
of quantum tunneling. These results not
only provide a new mechanism for NDR,
but may also lead to new opportunities and
applications based on this effect. For exam-
ple, these three-terminal devices offer a key
advantage over their two-terminal counter-
parts because the gate electrode can be
used to control the current density, the
onset of NDR behavior, and the output
power of the ac oscillation. Moreover, the
availability of large-area graphene coupled
with demonstrated wafer-size device fabri-
cation schemes makes graphene NDR de-
vices a practical and promising technology
for high-frequency electronics beyond con-
ventional field-effect transistor operations.'>

RESULTS AND DISCUSSION

Graphene NDR devices studied here are
based on a top-gated or bottom-gated FET
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ABSTRACT

III

A new mechanism for negative differential resistance (NDR) is discovered in three-terminal

graphene devices based on a field-effect transistor configuration. This NDR effect is a universal

phenomenon for graphene and is demonstrated in devices fabricated with different types of

graphene materials and gate dielectrics. Operation of conventional NDR devices is usually

based on quantum tunneling or intervalley carrier transfer, whereas the NDR behavior

observed here is unique to the ambipolar behavior of zero-bandgap graphene and is associated

with the competition between electron and hole conduction as the drain bias increases. These

three terminal graphene NDR devices offer more operation flexibility than conventional two-

terminal devices based on tunnel diodes, Gunn diodes, or molecular devices, and open up new

opportunities for graphene in microwave to terahertz applications.
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configuration, as depicted by the schematic
in Figure 1a. In this configuration, the gate
voltage (Vs) is used to modulate the chan-
nel carrier density and determine the
current—voltage characteristics between
the source and drain electrodes. In addition,
the gate voltage also controls the drain
voltage range (Vps) of the NDR regime, as
explained later. The main experimental re-
sults presented here are based on epitaxial
graphene grown on a SiC wafer? using silicon
nitride (SisN,) as the top-gate dielectric.®*
These devices exhibit ambipolar transport,
as characterized by the “V’-shape transfer
curve (Figure 1b). The gate bias at the current
minimum in Figure 1b is defined as the
neutrality point voltage (Vgs = Vip), Where
the changes in the electron and hole currents
become equal as Vs is varied. NDR is char-
acterized by a negative slope in the Ips—Vps
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Figure 1. (a) Schematic of a three-terminal top-gated graphene NDR device. (b) Drain current (/ps) measured as a function of
gate voltage (Vgs) for a typical graphene transistor with a gate length of 3 um. The drain bias is 0.1 V and the source is
grounded. The current is normalized with respect to the total channel width. (c) Ips as a function of Vps of the 3 um graphene
device for top-gate voltages of 0—2.5 V in 0.5 V steps. Clear evolution of peaks (red arrows) and valleys (blue arrows) can be
observed when Vgs changes. The maximum gate leakage current experienced during these measurements was 10 pA.
(d) Schematic of the three transport regions in a graphene NDR device.

curve (dips/dVps < 0), which can be clearly observed
from the measured output characteristics of the graph-
ene FET (Figure 1c¢), and this feature becomes more
pronounced as the gate voltage increases. It is impor-
tant to note that this NDR phenomenon is not specific to
the type of graphene or the dielectric materials used.
Instead, it is a unique but general feature in graphene
devices under certain conditions. Similar NDR demonstra-
tions are realized using CVD graphene with SisN, or HfO,
gate dielectrics, as well as epitaxial graphene using an
electrolyte gate dielectric (see Supporting Information).
The general features of an Ips—Vps curve exhibiting
NDR behavior is shown in Figure 1d. As the drain bias
increases, the Ips—Vps curves reach a local maximum
and then decrease to a valley region before the current
rises again. This NDR effect is associated with the
ambipolar transport exhibited by graphene, where
either electrons or holes can be the majority carrier
depending on the bias configuration. NDR behavior
can be qualitatively understood from the evolution of
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the carrier distribution in the graphene channel as the
drain voltage varies, as depicted in Figure 2. Figure 2a
shows a schematic band diagram of the graphene
channel for a positive gate-to-source voltage (i.e., Vgs
> 0) and small drain-to-source bias (Vps ~ 0). In this
case, the dominant carriers in the channel are electrons
injected from the source with a carrier density con-
trolled by Vgs. Therefore, the channel resistance is
nearly constant, and the device exhibits Ohmic-like
Ios—Vps behavior, corresponding to Region | in
Figure 1d. As Vps increases and becomes equal to Vgs
(Figure 2b), the local Fermi energy at the drain coin-
cides with the Dirac point. Since the local channel
resistivity is inversely proportional to the local carrier
density, most of the voltage drop occurs at the drain
side because the channel resistance is highest at the
drain. Figure 2c depicts the band diagram of the
graphene channel when Vps is 1.5Vgs. It is noted that
the dominant carriers close to the drain are holes
injected from the drain, and the carrier density at the
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Figure 2. Band diagram schematics of the graphene chan-
nel at a constant gate voltage (Vgs > 0) and different drain
biases: (a) VDS =0V, (b) VDS = VGS, (c) VDS = 1.5Vc,5, (d) VDS =
2Vgs, and (e) Vps > 2Vgs. The dashed lines represent the
position of the local Dirac point in the graphene band
structure, and the solid lines represent the local Fermi
energy along the channel. In schematic d, the band diagram
also corresponds to the situation of Vgs = Vyp.

drain is determined by Vgp = Vgs — Vps. As shown in
Figure 2¢, the transport in part of the graphene channel
is dominated by hole carriers, and the Fermi energy
passes through the Dirac point. At this pass-through
point, the local resistivity is the highest along the
channel, leading to most of the voltage drop close to
this point. Compared to the band diagram in Figure 2b,
it is evident that the total channel resistance in
Figure 2c is higher because part of the electron-
dominated channel is replaced by a hole-dominated
region with a lower carrier density and higher resistance.
This increase in the total channel resistance can result
in a decrease in drain current with increasing drain bias,
that is, the NDR behavior corresponding to the Region
Il in Figure 1d. The trend of increasing channel resis-
tance continues until the distribution of electron and
hole carriers becomes symmetric along the channel, or
equivalently, when Vps = 2Vgs as shown in Figure 2d.
Figure 2e depicts the band diagram when Vps > 2Vs.
In this case, the total channel resistance is lower than
that of Figure 2d due to two factors: (1) the decrease of
hole-dominated channel resistance due to increasing
hole carrier density and (2) replacement of part of the
electron-dominated channel by the hole-dominated
region with lower resistance. Therefore, when Vps >
2Vgs, the drain current exhibits a superlinear behavior,
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Figure 3. Device characteristics of an epitaxial graphene
FET: (a) transfer characteristics for various drain biases; (b)
measured current as a function of Vps at Vg = 2.1V,
corresponding to the dashed line in panel a. Inset: Depen-
dence of Vyp on Vps. The solid line represents the linear fit
with a slope of 0.51.

corresponding to the Ips—Vps curves shown in Region
lIl'in Figure 1d.

NDR effects in graphene devices can also be qualita-
tively understood based on charge neutrality conditions
at different drain biases. When Vs increases (decreases),
the transfer curve undergoes a shift in the positive
(negative) bias direction, as marked by a distinct drain
voltage dependence of V. For instance, Figure 3a shows
measured transfer characteristics of a graphene transistor
for different drain biases, where Vyp increases with rising
Vps. This Vyp shift is a unique property of ambipolar
transport and accounts for the change of carrier types
and density distribution along the channel as Vps
varies.”>?® More importantly, this shift of Vyp leads to
convergence and crossing of the transfer curves in the
electron branch, resulting in NDR phenomena within a
range of gate voltages as highlighted by the dashed line
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Figure 4. Modeled output characteristics and output conductances for graphene devices with different om,/K values at
various gate voltages (Vgs). (a,¢) 0min/K= 0.5V and (b,d) o,min/K =2 V. As outlined in the text, NDR is obtained when 0,,,;n,/K= 0.5

V, but not when 0,,,in/K =2 V.

in Figure 3a that intersects the transfer curves at Vs = 2.1
V. At this gate voltage, the device current decreases with
increasing Vps when Vps > 1.3 V (see Figure 3b). For
symmetric electron and hole branches, the amount of
shift in Vi is expected to be half of the drain bias. This is
because at the neutrality point, the voltage difference
between the gate and source should be equal to that of
the gate and drain, as illustrated in Figure 2d. The inset of
Figure 3b shows Vyp as a function of Vs, where a linear
dependence is clearly observed, and a slope of 0.51 is
obtained from linear regression, in good agreement with
this model. It is important to note that this shift differs
from the threshold voltage shift observed in unipolar
devices (e.g., in a Si FET) with short channels, where the
threshold voltage moves in the opposite direction of
increased drain bias due to the short-channel effect.

To gain further insight into this behavior, a transport
model for graphene NDR devices is developed, as

WU ET AL.

summarized here and detailed in the Supporting In-
formation. To a good approximation, the channel
conductivity of a gated graphene device at small drain
biases can be described by

1/2

K

2
o(Ves) = K|:(VGS — Vne)?+ (Omm) ] (1)

where K = Cg-u is the product of the gate capacitance
(Cg) and carrier mobility («), and 0, is the conductiv-
ity minimum. From symmetry arguments, as previously
outlined and illustrated in Figure 2d, Vyp is dependent
on Vpg, following the relation

Ve = Vip +

Vos

3 (2)

where Wy is the gate voltage of the minimum current
when Vps approaches zero. On the basis of eq 2, the
drain current at a finite Vps can be expressed as
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Figure 5. (a) Contour plot of a 3.5 um gate graphene NDR device, where the device current is measured by sweeping the gate
voltage at fixed drain bias steps. (b) Simulation of the device shown in panel a. Using measured values of carrier mobility, gate
capacitance, minimum conductivity, and neutrality point voltage, along with reasonable values for the contact resistance and
conduction asymmetry parameter, the measured results are described well by the model.

w ~ 1 2 Omin 2
Ips = T'KVDS\/<VGS _EVDS> + ( I (3)

where Vs = Ves — Wp, and Wand L are the channel width
and length, respectively. The corresponding output con-
ductance (gps = dips/dVps) can therefore be expressed as

- 1 - Omin 2
| e =T (s -7 )+ (%)
L 2 2
7 1 Omin
\/(VGS _EVDS> +< K )
(4)

This analytic expression for gps offers insight into the
necessary conditions for the observation of NDR, which
is characterized by a negative output conductance
(gps < 0). eq 4 indicates that NDR occurs when

7 1 Y Omin 2
(Vbs — Ves) (EVDS — VGS) +( X ) <0 (5)

dps =

or equivalently,

2 2

35 15 Omin
Vas —y/-Vas —2(—— Vi
5V6s 2’68 ( K ) < Vps

3 no 7’ 2

~ ~ Omin
<=V Ve —2(—— 6
2 Gs T 4GS (K) (6)

Itis evident that for a given ratio of g,w/K, Vs needs to
be larger than (8)"?(Gmin/K) so that NDR can exist in a
range of Vps around 1.5V s = 1.5(Vgs — V). This model
provides a general description of the output character-
istics of graphene transistors in terms of the ratio
Omin/K. For example, Figure 4 panels a and b show the
modeled Ips—Vps output characteristics for /K= 0.5
and 2 V, respectively. The corresponding output
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conductances as a function of Vps calculated from
eq 4 are plotted in Figure 4 panels c and d. As Vps
increases, gps decreases and exhibits a minimum at
Vps &~ 1.5Vgs. For omin/K = 0.5 V, the minimum dbs
becomes negative when Vgs = 1.5 V (Figure 4c), and
the range of NDR becomes even more pronounced
when Vs is increased to 2 V. In comparison, for
Omin/K = 2V, the minimum gps is always positive up
to Vs = 2 V (Figure 4d), indicating an absence of the
NDR effect within this operating voltage range.

While this analysis reveals the operating conditions
necessary for the occurrence of NDR in an ideal graph-
ene device, it is important to consider the impact of
nonidealities in realistic devices such as contact resis-
tance, conduction asymmetry between electrons and
holes, and the bias dependence of the mobility and the
minimum conductivity. In the presence of contact
resistance (Rc), Vps in eq 3 should be replaced by V'ps,
where V'ps = Vps — IpsRc is the voltage drop across the
graphene channel. It can then be shown that the total
output conductance gps = dips/dVps is related to the
channel output conductance g'ps = dips/dV'ps by

9os

—_— 7
1 +g/DSRc 7)

Jgos =
Therefore, small values of R¢ only slightly modify the
magnitude of gps, and NDR behavior can be observed
in the drain bias range determined by eq 6. Conduction
asymmetry leads to different values of K for the
electron and hole branches. In this case, the shift of
Ve will deviate from eq 2, and can be generalized as

VNp = Vﬁp + (XVDS (8)

where 0 < a < 1. Following similar derivations for
eqs 4—6, it can be shown that NDR behavior exists
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for a range of Vg and Vps even when asymmetry is
present. This is because the NDR effect occurs because
Ve Mmoves in the same direction as Vs, which remains
valid even for asymmetric electron and hole transport.
Increases in o, caused by impurities and decreases in
K caused by high-energy scattering events at large
drain biases will both have detrimental effects on NDR
by increasing omin/K and consequently narrowing the
NDR operation window.

By taking these factors into account, the modeled
result is compared to the measured data. NDR condi-
tions for a graphene FET are obtained from a contour
plot of device current measured as a function of Vpg
and Vs (Figure 5a). Horizontal slices from this plot
show the same behavior as in Figure 1¢, where the
drain voltage for the onset of NDR increases with
Vgs as expected. Using the measured values of u =
4500 cm?/(V s), Cg = 350 nF/cm?, Opnin = 0.55 mS/um,
and WRp = —0.2 V for this device (Gmin/K = 0.35 V), in
conjunction with oo = 0.7 and Rc = 300 Q-um, the
modeled results (Figure 5b) exhibit good agreement
with the measurements.

CONCLUSIONS

While the transport behavior observed here is, in
principle, applicable to all graphene materials, several
conditions are needed for such NDR effects to be
observed in realistic devices. As indicated above, NDR
is mainly dependent on the ratio omin/(Cs* 1), with the
onset drain bias around 1.5(Vgs — Vp). Therefore, a

METHODS

Top-gated graphene transistors are fabricated on epitaxial
graphene grown on SiC using conventional fabrication pro-
cesses.'” The detailed growth methods have been described
elsewhere.? Graphene transistors are also fabricated on graph-
ene grown by CVD on copper using both top-gated and
embedded-gate structures (see Supporting Information for
detailed device geometries). Different gate dielectrics such as
SisN, deposited by plasma-enhanced CVD, HfO, deposited by
atomic-layer deposition, and electrolyte dielectrics are also
employed. The devices are defined using electron-beam litho-
graphy, where the active graphene area is patterned with
oxygen plasma. The source and drain metal contacts are
deposited by electron-beam evaporation at <10~ Torr, and
consist of a 20 nm Pd/40 nm Au metal stack. DC electrical
characterization is carried out in a probe station (Lakeshore Inc.)
both under vacuum (<107® Torr) and in air using an Agilent
parameter analyzer B1500.
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heavily doped channel with V3, far from zero can lead
to Vps values that are unrealistic. Typically, NDR is more
readily observed in devices where the contact resis-
tance is small compared to the channel resistance, and
the gate has good electrostatic control over the chan-
nel. Though the shift of Vyp in graphene FETs is the
main cause of NDR, other factors such as high-field
induced scattering can lead to a smaller current in-
crease as Vps increases, and may therefore also facil-
itate the onset of NDR operation.?” To demonstrate the
universality of such NDR effects, graphene devices
using various combinations of graphene materials
and top-gate dielectrics have been fabricated and
studied at a wide range of temperature (5 and 300 K),
all showing clear and reproducible NDR behavior
(Supporting Information). It should also be noted that
this effect may not be exclusive to the type of transport
exhibited by the device, as we have experimentally
demonstrated NDR in the diffusive regime, and others
have theoretically and computationally predicted NDR
assuming ballistic transport.5%°

In summary, we have experimentally demonstrated
prototypes of novel three-terminal graphene NDR
devices and provided an analytic model to elucidate
such NDR behavior. These results suggest a new
operating mechanism for NDR, and open up new
opportunities for graphene-based devices in future
high-frequency applications beyond the conven-
tional NDR device paradigm based on two-terminal
diodes.
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