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We present graphene nanowires implemented as dispersion free self switched microwave diode

detectors. The microwave properties of the detectors are investigated using vector corrected large

signal measurements in order to determine the detector responsivity and noise equivalent power

(NEP) as a function of frequency, input power, and device geometry. We identify two distinct

conductance nonlinearities which generate detector responsivity: an edge effect nonlinearity near

zero bias due to lateral gating of the nanowire structures, and a velocity saturation nonlinearity

which generates current compression at high power levels. The scaling study shows that detector

responsivity obeys an exponential scaling law with respect to nanowire width, and a peak

responsivity (NEP) of 250 V/W (50 pW/
ffiffiffiffiffiffi
Hz
p

) is observed in detectors of the smallest width. The

results are promising as the devices exhibit responsivities which are comparable to state of the art

self switched detectors in semiconductor technologies. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4932970]

The detection of high frequency microwave and THz

radiation is of integral importance to a diverse range of disci-

plines in the physical sciences, and efficient detectors real-

ized in graphene may prove to be of relevance owing to the

unique electronic properties of the material.1,2 Self switched

devices (SSDs) offer a unique alternative to high frequency

detection as broken conduction symmetry is achieved via lat-

eral gating.3,4 Several studies have been presented in which

laterally gated nanowires patterned in semiconducting heter-

ostructures demonstrate asymmetric current/voltage (IV)

characteristics thereby enabling high frequency detection at

zero bias.5–8 The choice of material in these experiments is

motivated by the high mobility two dimensional electron gas

which forms at the heterostructure interface. This suggests

that efficient high frequency detection in graphene nanowire

diodes (GNDs) is feasible to similar effect.9–11 As monolayer

and bilayer graphene are semi-metallic materials exhibiting

ambipolar transport, the nonlinearity which facilitates detec-

tion is of a different character than that seen in semiconduct-

ing nanowire diodes.

Nanowire structures are formed by etching narrow

trenches into an electrically isolated graphene mesa. The

high frequency GND detector consists of a linear array of

GNDs etched into a single mesa which is bridged by a copla-

nar waveguide (see Fig. 1(a)). The operation of the GND is

attributed to a geometric effect, whereby the outlying mesa

laterally gates the nanowire when a drain bias (vd) is applied

across the junction (Figs. 1(b) and 1(c)). The responsivity in

GNDs is strongly controlled by the channel width (w), chan-

nel length (l), and the width of the isolating trenches (w0)

indicated in Fig. 1(c). In particular, the scaling of w is of

relevance as it lends insight into the physics of electron

transport within the graphene channel. As w decreases, lat-

eral gating becomes more effective, resulting in a stronger

nonlinearity and enhanced responsivity. In this work, the

nonlinear IV characteristic in GND detectors of various

nanowire widths (100, 70, 50, and 30 nm) is connected to

trends in responsivity and noise equivalent power (NEP).

The GNDs are fabricated via electron beam lithography

(EBL) in epitaxial graphene grown by chemical vapor

deposition (CVD) on semi-insulating 4H-SiC substrates.12

After growth, the monolayer graphene is intercalated with

Hydrogen resulting in quasi-free standing bilayer graphene

with enhanced carrier mobility.13–16 Monolayer and bilayer

graphene nanowires transition to a semiconducting state with

decreasing width due to the lateral confinement of carriers

and edge disorder induced Anderson localization.17–21 The

resulting energy gap ð�gÞ becomes relevant on the smallest

width scales probed in this study and may contribute to

enhanced responsivity in the 30 nm devices.

DC measurements are performed using a semiconductor

parameter analyzer and the results are summarized in

Fig. 2(a). In narrow structures, a charge neutrality feature is

observed in the conductance near vd¼ 0, which is consistent

with the lateral gating effect depicted in Fig. 1(b). The

charge neutrality feature is gradually occluded with increas-

ing w. In order to understand the effect of lateral gating on

the zero bias nonlinearity, a one dimensional transport model

may be applied to the nanowire. When biased, the electric

field couples capacitively from the outlying mesa to the

nanowire via the substrate. The GND structure may be mod-

eled as a capacitive divider as shown in Fig. 1(c). Cs

¼ e0j=w0 represents the substrate capacitance, where e0 is

the vacuum permittivity, and j is the relative static permit-

tivity. j may be estimated as the mean of the substrate per-

mittivity and the vacuum permittivity j ¼ ðjs þ 1Þ=2.

Cq ¼ e2qð�Þ is the quantum capacitance in graphene. The

quantity qð�Þ in Cq represents the density of states in gra-

phene as a function of chemical potential (�).22–24 The quasi-

Fermi potential (v) along the length of the nanowire may be
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found by capacitive division @vvg ¼ ðCs þ CqÞ=Cs. Here, the

outlying mesa region is imagined as decoupled from the

drain and at gate voltage vg. The ideal nonlinear current (inl
d )

may be estimated by performing a Sah-Pao style integral

over the length of the nanowire, taking the zero temperature

approximation, and equating vg¼ vd (see the supplementary

material25). This results in a current density which varies

quadratically with drain bias

inl
d � lef f Csðw=lÞjvd � vDjvd: (1)

Here, leff and vD represent the effective channel mobility

and the Dirac voltage, respectively. For vd> vD, the channel

exhibits electron conduction and lef f ¼ ln. For vd< vD, the

channel exhibits hole conduction and lef f ¼ lp. In the case

of charge neutrality vd � vD and nonzero temperature, carrier

transport becomes ambipolar (see Fig. 1(b)) such that the dis-

continuous current zero in Eq. (1) manifests as a continuous

current minimum. As ln 6¼ lp, the IV characteristic may ex-

hibit weak asymmetry about vD.

In this analysis, the chemical potential is assumed to be

constant across the width of the nanowire. In reality, charge

carriers move towards the edges of the nanowire and screen

the electric field induced by lateral gating. The distance

which the field penetrates into the nanowire is characterized

by the Thomas-Fermi screening length rs ¼ ½akf ��1
. Here,

a ¼ e2=j�hvf � 2:2=j is the fine structure constant in gra-

phene, and kf ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pns=gsgv

p
is the Fermi-wavevector.26 For

4H-SiC, j ¼ ðjk þ 1Þ=2 � 5:5 which yields a � 0:18.27 The

field penetrates the nanowire equally on both sides such that

strong nonlinearity is expected when the width of the nano-

wire is of order wc ¼ 2rs. Near zero bias, the carrier density

in H-intercalated graphene is n � 1� 1013 cm�2 such that

wc � 20 nm. It is important to note that this analysis

describes the case of a monolayer and does not account for

nonlinear polarization effects. A similar argument for bilayer

material yields a value wc � 26 nm.

FIG. 1. (a) A scanning electron microscope (SEM) image of an RF detector

consisting of several parallel 30 nm GND channels. The spacing between

channel regions is 1 lm. (Inset): A SEM micrograph of a single GND chan-

nel with high edge acuity. The channel dimensions are w¼ 30 nm,

w0 ¼ 100 nm, and l ¼ 1:1 lm. (b) The topology of a GND showing the ori-

entation of the source/drain contacts, drain bias (vd) and current flow (id) in

the GND. Applying a drain bias moves the Fermi level (�f) within the nano-

wire and introduces nonlinearity into the idðvdÞ characteristic. In graphene

nanowires, a narrow energy gap opens in the Dirac dispersion with decreas-

ing width �gðwÞ. (c) Some critical dimensions of the GND structure, includ-

ing the channel length (l), the channel width (w), and isolation width (w0).

The channel couples capacitively to an applied drain bias via the substrate

capacitance (Cs) and quantum capacitance (Cq). Charges illustrate a forward

bias condition vd> vD.

FIG. 2. (a) DC measurements of two-terminal GND devices of various

widths. Note the charge neutrality feature near zero bias for the narrow GNDs.

The calculated differential conductance g ¼ @vi is also shown (b). The real

and imaginary part of y11 as calculated from low frequency S-parameter meas-

urements performed at several drain biases. Reðy11Þ is flat with frequency,

suggesting an absence of dispersive and trap related effects. Imðy11Þ is identi-

cal for all biases and shows the effect of pad capacitance Cpad.
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The conductance minimum observed at the charge neu-

trality point is expected to be strongly enhanced when the

energy gap in the graphene nanowires is of order kbT. In

Ref. 18, the energy gap is shown to scale inversely with

nanowire width �gðwÞ ¼ aðw� w�Þ�1
, where a¼ 200 meV

nm and w� ¼ 16 nm are empirical constants. For the width

scales considered in this study, the energy gap is expected to

range from 2 meV for the 100 nm devices to 14 meV for the

30 nm devices. The energy gap is especially relevant in the

case of narrow devices as it introduces a strong temperature

dependence into the conductance minimum at zero bias.18,21

In this work, kbT>�g such that the energy gap effect is suffi-

ciently suppressed due to thermalisation of carriers for all

devices with the possible exception of the 30 nm devices in

which an enhanced zero bias nonlinearity is observed.

When w is more than a few wc, lateral gating only pro-

duces an edge effect and the core of the nanowire behaves as

a normal linear conductor (g0). This interpretation of device

operation is supported by the work of Panchal et al. in which

carrier transport in laterally gated graphene devices is inves-

tigated using scanning probe techniques.28 In Ref. 28, p-type

edge conduction is observed in n-type bulk graphene as a

consequence of lateral gating. Additionally, the width of the

edge conducting channels is estimated at 60–125 nm which

is of the order of a few wc in their material. Thus, at low

bias, the GND IV characteristics observed in Fig. 2 may be

modeled by a linear bulk conductance and a nonlinear edge

conductance in parallel such that id ¼ ½gðvdÞ þ g0�vd. The

nonlinear component inl
d ¼ gðvdÞvd is approximated via

Eq. (1).

As vd increases, the conductivity begins to decrease as a

consequence of velocity saturation. As the nanowires are

highly resistive relative to the ohmic contacts and access

resistances, the majority of the voltage drop due to an

applied vd occurs over the length of the wire (l ¼ 1:1 lm).

The onset of velocity saturation in H-intercalated graphene

occurs at an electric field of Ec � 20 kV/cm.29 In the fabri-

cated devices, Ec is reached at approximately 2.2 V and coin-

cides with the observed current compression and decrease in

conductivity at high bias. In graphene, velocity saturation

occurs when carriers have sufficient energy to scatter via

emission of polar optical phonons in the substrate.29–31

Low-frequency bias dependent S-parameter measure-

ments are performed in order to investigate trapping effects

in the GNDs (Fig. 2(b)). The small signal conductance

Reðy11Þ is observed to be nearly constant with frequency dis-

persion free operation. Similarly, the small signal suscep-

tance Imðy11Þ reflects a pure capacitance and is attributed to

FIG. 3. (a) IV waveforms of GND detectors of various widths demonstrating resistive scaling with increasing input power. The 1 GHz waveforms extracted

from large signal measurements closely resemble the DC results shown in Fig. 2(a). (b) DC responsivity plotted as a function of delivered power for the GNDs

shown in Fig. 3(a). (c) DC responsivity plotted as a function of frequency for a 0 dBm excitation from 1 GHz to 49 GHz. (Inset) Responsivity scaling with

GND width at 1 GHz. The data reveal an exponential scaling law (dashed). (d) NEP at kbT¼ 26 meV as calculated for the GND structures shown in Fig. 3(c).
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the capacitance of the contact pads (Cpad). The behavior of

y11 in addition to the absence of DC hysteresis suggests an

overall absence of trapping effects in the device which would

otherwise generate 1=f noise. Thus, the dominant noise con-

tribution in GND devices is Johnson-Nyquist noise.32 The

NEP is defined via the ratio of RMS noise voltage and

responsivity
ffiffiffiffiffiffiffiffi
hv2

ni
p

=b and is thus approximated by

NEP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kbTrd

p
=b: (2)

Here, kbT is the thermal energy, rd is the zero-bias differen-

tial resistance of the entire device. For a given responsivity,

the NEP may be reduced by simply increasing the number of

parallel GND channels. Increasing ln;p has a similar effect of

reducing rd such that NEP also improves with material qual-

ity. The lack of dispersion may be attributed to the fact that

the devices as fabricated are unpassivated, thus precluding

interface traps and associated material degradation resulting

from dielectric deposition.24

Responsivity in GND detectors may be interpreted as a

consequence of two interacting nonlinearities: the charge

neutrality nonlinearity near zero bias and the saturation non-

linearity at high bias (Fig. 2(a)). Responsivity measurements

are carried out using a large signal network analyzer

(LSNA). The high impedance of the GND detectors needs to

be accounted for, hence vector corrected power measure-

ments are used in order to correctly determine the detector

responsivity (b ¼ vDC=Pin). The LSNA enables vector cor-

rected measurements with amplitude and phase information

at the fundamental frequency as well as at higher order har-

monics.33 The delivered RF power (Pin) to the GND is meas-

ured at 1 GHz by the LSNA, and a voltage meter is used to

measure the DC voltage across the diode generated by the

nonlinearity (vDC). The resulting vector corrected responsiv-

ity for various input powers is shown in Fig. 3(b). The non-

linear IV waveforms at the GND terminal are then directly

reconstructed via inverse Fourier Transform of the amplitude

and phase data obtained from the LSNA measurements such

that details about device operation can be observed. The IV

waveforms versus input RF power are shown in Fig. 3(a),

illustrating the approximately symmetrical characteristics of

the GND. Current compression is observed in the waveforms

as a consequence of velocity saturation, in line with the DC

measurements in Fig. 2(a). The agreement between the

1 GHz waveforms of (Fig. 3(a)) and the DC measurements

(Fig. 2(a)) is confirmation of the non-dispersive operation

observed in small signal measurements (Fig. 2(b)).

The behavior of b scales accordingly with observations

of the nonlinearity in conductance shown in Fig. 2(a). At low

input power, the dependence of b on nanowire width is

observed to obey a simple exponential scaling law

bðwÞ ¼ b0egwc=w: (3)

Here, g is a scaling constant, b0 is an amplitude constant,

and wc ¼ 2rs is the critical width. For the 1 GHz data in Fig.

3(c), an exponential fit yields g ¼ 6:15 and b0 ¼ 1:1 V/W

(see the inset of Fig. 3(c)).

For the 100 nm and 70 nm GNDs, the responsivity is

low near zero bias. As w is larger than a few wc in these

structures, the charge neutrality feature is suppressed due to

a lack of effective self gating. In the case of the 50 nm and

30 nm structures, w approaches wc, and an appreciable b is

observed. As the input power is increased b gradually

increases as the waveform encounters a gradually decreasing

conductance due to velocity saturation in the nanowire. This

additional nonlinearity generates a steady rise in b at high

input power. LSNA measurements are also performed in

order to obtain b as a function of frequency from 1 GHz

to 49 GHz at an input power of 0 dBm (Fig. 3(c)). The

associated NEP is calculated by extracting rd from the low-

frequency S-parameter measurements (Fig. 3(d)). A low-

frequency responsivity (NEP) of 250 V/W (50 pW=
ffiffiffiffiffiffi
Hz
p

) is

observed in the 30 nm GND detector. The GND responsivity

is observed to be relatively constant as a function of fre-

quency with the exception of a gradual drop which may be

attributed to Cpad and resistive losses in the substrate.

Despite the parasitic effect, a flat responsivity (NEP) of

80 V/W (170 pW/
ffiffiffiffiffiffi
Hz
p

) is observed in the 30 nm GND detec-

tors at high frequency.

In conclusion, high frequency detection graphene nano-

wire diodes have been demonstrated. DC, small signal, and

large signal measurements are performed in order to investigate

the nonlinearities in the device which enable detection. Two

sources of nonlinearity are described: lateral gating at low

bias and velocity saturation at high bias. A small energy gap

may enhance the low bias nonlinearity in narrow graphene

nanowires at finite temperature. High frequency measure-

ments are consistent and reveal that the GND detectors obey a

simple scaling law. In this work, we establish the feasibility

of graphene nanowire diode detectors as a competitive plat-

form for high frequency power detection.

Methods: The GNDs are fabricated in several steps

using the JEOL 9300FS EBL system. First, Ohmic contacts

are patterned using a liftoff compatible bilayer MMA/

PMMA resist stack. The contact is then formed by deposition

of a Ti/Pt/Au(10 nm/10 nm/70 nm) metal stack. Next, the

GND trenches are patterned in PMMA via EBL. Several

dose tests were performed in order to determine the optimum

dose for achieving the designed nanowire width. The nano-

wire width was observed to vary within 63 nm depending on

the dose used in the EBL exposure. As PMMA is positive

tone resist, higher doses resulted in channels and wider isola-

tion trenches. A dose of 485lC/cm2 was found to yield de-

vice geometry maximally close to the design values. The

isolating trenches are then etched using a low pressure

(3 mTorr/50 W) O2 plasma for 10 s. This low pressure etch is

maximally directional, which is essential for achieving the

high edge acuity required for device operation. Following

this step, a mesa isolation is achieved via EBL patterning of

ma-N 2403 negative tone resist and etching in (50 mTorr/

50 W) O2 plasma for 20 s. Finally, Ti/Au(10 nm/100 nm)

contact pads are pattered and deposited via EBL patterning

of MMA/PMMA and subsequent liftoff. The nanowire width

(w) is varied, while the isolation width (wc¼ 100 nm) and

channel length (l ¼ 1:1lm) are held constant. All devices

presented in this work consist of nine parallel GND channels

etched into a single mesa. Ancillary structures for characteri-

zation included transfer length method (TLM) structures for

assessment of the contact resistance and large area sheet
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resistance, and van der Pauw structures for the determination

of the low field carrier mobility. Measurements on these

structures yielded an average contact resistance of 245 X lm

and large area sheet resistance of 356 X=sq, and room tem-

perature Hall measurements yielded an average mobility(car-

rier density) of 1400 cm2/V s (1:2� 1013 cm�2).
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