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We have studied 1/f noise power SI in suspended bilayer graphene devices. Around the Dirac point,

we observe ultra low noise amplitude on the order of f � SI=I2
b ¼ 10�9. The low frequency noise

level is barely sensitive to intrinsic carrier density, but temperature and external doping are found

to influence the noise power. In our current-annealed samples, the 1/f noise is dominated by resist-

ance fluctuations at the contacts. Temperature dependence of the 1/f noise suggests the presence of

trap states in the contact regions, with a nearly exponential distribution function displaying a char-

acteristic energy of 0.12 eV. At 80 K, the noise displays an air pressure sensitivity that corresponds

to �0:3 ppm gas detection sensitivity; this indicates the potential of suspended graphene as a plat-

form for gas sensing applications. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4923190]

Graphene is truly a remarkable two-dimensional mate-

rial with highly tunable charge density and ultra high intrin-

sic mobility. Due to these unique properties, graphene

provides a niche platform for future high performance rf

devices in conjunction with conventional CMOS technology.

However, the charge carrier density and mobility of gra-

phene are prone to both external and internal perturbations

that lead to frequency dependent low frequency noise, i.e., 1/

f noise, and frequency independent noise, i.e., shot noise.

The external perturbations can originate, for example, from

substrate roughness, ripples in graphene, gas adsorbate, and

metal to graphene contact, and internal perturbations from

phonons, edge dislocations, edge effects, etc.1,2 The 1/f noise

not only hampers low frequency measurements but it is also

up-converted to high frequency inducing phase noise in high

frequency measurements. Thus, the understanding of the low

frequency noise in graphene is important for its rf applica-

tions as well.

However, a comprehensive model for low frequency

noise in graphene based devices is still missing. The major

source of low frequency noise in on-substrate graphene devi-

ces is attributed to charge trap fluctuations in the substrate’s

oxide. These fluctuations modulate the charge density and

mobility in the graphene flake.3–6 These could be reduced by

passivation of the oxide layer or by suspending the graphene

flakes. Zhang et al. observed reduced noise in a suspended

single layer graphene device in comparison to on-substrate

graphene devices.7 The low frequency noise level in on-

substrate devices can also be reduced by using bilayer gra-

phene instead of monolayer graphene, as demonstrated by

Lin and Avouris.6 This reduced noise in bilayer graphene

devices is due to its unique band structure and charge distri-

bution between the two layers.8

Our experiment is motivated by Zhang et al.7 and Lin

and Avouris.6 We have studied the low frequency noise in

suspended bilayer graphene devices and found lower 1/f
noise level in our devices in comparison to similar suspended

carbon devices. The origin of low frequency noise in sus-

pended bilayer graphene devices is pinned to the contact

region where the fluctuation in the contact resistance influen-

ces the transmission eigenvalues through the whole

sample.9–11

All the devices investigated here are suspended bilayer

graphene fabricated using two different methods: LOR-

technique and HF technique. In both techniques, a part of the

graphene flakes exfoliated on LOR(500 nm)/SiO2(285 nm)/

Si(Pþþ) and SiO2(285 nm)/Si (Pþþ) were suspended either

with e-beam irradiation of LOR or by wet etching of

SiO2.12,13 Prior to suspension of bilayer graphene, flakes

were optically identified and characterized using Raman

spectroscopy. The top metal contacts (5 nm Cr/60 nm Au)

were patterned using standard e-beam lithography and

e-beam evaporation techniques. After the low temperature

noise and conductance measurements, the device size and

contact area were characterized using optical and SEM imag-

ing. The SEM image of our device S3 is shown in the inset

of Figure 1.

Following the initial characterization, the samples were

cooled down to T¼ 10 mK using a dry dilution refrigerator

for electrical measurements. The electrical measurements

were conducted through low frequency lines with 1 MHz

low-pass filters. Prior to dc and noise characterization, all

devices were current annealed in a cryogenic vacuum.

Afterwards, the samples were characterized by lock-in con-

ductance measurements as a function of applied gate voltage.

A reference sinusoidal signal of voltage 0.5 mV and fre-

quency of 17.777 Hz was used for the charge carrier modula-

tion on top of gate modulation produced by the dc gate Vg

sweep. The applied gate voltage was converted into charge

carrier density using n ¼ ðVg � VDÞCg=e, where Cg is the

gate capacitance obtained using a parallel plate capacitor

model. The mobility l was determined by l ¼ ðr� r0Þ=ne,

where minimum conductance r0 corresponds to the meas-

ured maximum resistance. Main sample characteristics are

listed in Table I.

The low frequency noise measurements were carried out

using a voltage bias scheme with a dc bias up to 100 mV.

The current was amplified with a transimpedance amplifier

0003-6951/2015/106(26)/263505/5/$30.00 VC 2015 AIP Publishing LLC106, 263505-1
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(SR570, gain 105) and measured with a voltmeter and its cor-

responding fluctuations were measured using an SRS 785

FFT analyzer. For 1/f noise measurement, spectra consisting

of 800 FFT points in frequency a span of 250 mHz–200 Hz

were averaged for 200 s. The average corner frequency of 1/f
noise measured on our devices was found to be above

10 kHz. The low frequency data presented here were meas-

ured at 10 Hz and normalized by the measured current. The

low frequency measurements were performed in an electri-

cally shielded environment.

Our devices exhibited ultra low 1/f noise level compared

to all reported suspended graphene based devices of similar

size. The low frequency noise measurement with respect to

bias current is shown in Figure 1. The low frequency noise

power shows quadratic dependence with respect to bias cur-

rent. For bias current Ib > 30 lA, the low frequency noise

power deviates monotonically from its quadratic behavior

with respect to bias current. Large currents lead to deviation

of I-V from its linear behavior, indicating onset of electron-

phonon coupling in graphene bilayer.14 Alternatively, these

fluctuations at higher bias are due to heating. On the con-

trary, at very low bias, noise power shows sub-quadratic de-

pendence on Ib. The individual noise traces show the

presence of Lorentzian bulges, indicating localized fluctua-

tors which produce random telegraph noise.15

The current noise spectra are fitted using generalized

Hooge’s empirical relation16

SI ¼ An
Ic
b

f b
: (1)

The Ib fit using Eq. (1), in all high bias spectra shows that

b � 1 and c � 2, which confirms that the nature of this low

frequency noise in our bilayer graphene samples is of 1/f
type.

The low frequency noise and the resistance of the sam-

ple S2 as a function of Vg are shown in Figure 2. By sweep-

ing the gate voltage, charge carrier density in a sample is

modulated. Since An ¼ ah=N, where Hooge’s parameter

ah ¼ const:, and N is number of charge carriers, one should

expect 1/f noise power to be inversely proportional to the

charge carrier density. This reduction of noise with an

increase in charge carrier density is typically considered as a

reduction in the relative fluctuation in the charge carrier

number or by better screening of charged scattering centers

at high charge density. Contrary to the behavior implied by

Hooge’s parameter, the measured noise power in our devices

remains almost invariant.

This non-regular behavior of the invariant noise level

with respect to charge carrier density hints its origin to be

contact resistance noise. Since in graphene G is approxi-

mately proportional to N, hence dG2=G2 / dG2=N2, and the

FIG. 1. (a) Current fluctuations measured on sample S4 with current of

0.9 nA< Ib< 1.6 lA for Vg ¼ 4:5 V. The low frequency noise spectra are of

1/f type for all current bias values. Here, noise spikes at 50 Hz, 60 Hz, and

their harmonics are removed. (b) Noise power for gate voltages Vg¼�8.5 V

(�), �4.5 V (�), and 8.5 V (q). The SEM image of a typical device is

shown as an inset. Bilayer graphene (marked with dashed line) was sus-

pended using contact leads (S-D). P-doped Si was used as back gate to mod-

ulate charge carrier density.

TABLE I. Characteristics of our suspended bilayer samples: dimensions of

samples (length L and width W), contact area (Ac), contact resistance (Rc),

the resistance and the gate voltage at the Dirac point (RD and VD), mobility

(l) measured at Vg ¼ 10V, the gate capacitance calculated using the parallel

plate capacitor model (Cg), normalized 1/f noise, and the fabrication

method.

L W Ac Rc RD VD Cg l f � SI=I2
b Method

lm lm lm2 kX kX V nF
cm2

cm2

Vs

S1 0.43 0.51 0.8 1.5 5.8 �0.3 4.7 3500 1� 10�8 HF

S2 0.63 1.15 1.3 0.6 3.8 0.7 3.3 5300 7� 10�9 LOR

S3 1.18 3.13 6.3 0.5 3.0 0.35 3.3 5100 6� 10�10 LOR

S4a 2.10 2.10 5.5 3.5 13.0 4.26 1.6 6400 8� 10�9 LOR

aS4 measured at 4.2 K.

FIG. 2. Resistance and low frequency noise characteristics for sample S2

with respect to charge carrier density. The low frequency noise was meas-

ured at Ib¼ 53 lA. The dashed line yields f � SI=I2
b ¼ 7:5� 10�9.

263505-2 Kumar et al. Appl. Phys. Lett. 106, 263505 (2015)
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fluctuations for conductance have to scale linearly with the

charge carrier density. The simplest model to fulfill this is to

have fluctuations in the contact resistance as this will modify

all the transmission channels that are opened with increasing

N. For independent mobility fluctuations, we would expect

scaling as dl2 / N which does not fit with the experimental

results. However, the appearance of uniform mobility fluctu-

ations due to the presence of potential steps or trap-like lat-

tice dislocation in close proximity to the Fermi level cannot

be ruled out.17,18 Such charge traps could be formed during

the annealing process in the graphene/bilayer graphene lat-

tice under the metal contact. The charging and discharging

of these charge traps modulate the electro-chemical potential

more strongly than the gate, hence making the noise level

insensitive to the gate voltage.8,19

The noise power measured in our devices is down to f �
SI=I2

b ¼ 6:2� 10�10 (for the sample S3 having an area of

3.7 lm2), which is so far the lowest value ever reported for

graphene based devices of similar size.2,20 This could well

be anticipated for suspended bilayer graphene samples,

where the contact resistance fluctuations due to charged traps

can be better screened than in monolayer graphene.21,22 It is

also possible that the fairly large electron beam dose used to

suspend the graphene flake attributes to the reduction of con-

tact noise due to secondary electrons at the contact region

emanating from collisions with the contact metal. It was pre-

viously reported in Ref. 23 that electron beam irradiation can

lead to a reduction of 1/f noise level. However, this reduction

of noise is unlikely in the case of suspended part of the flake

which resides far away from the main source of secondary

electrons, the Si substrate, and is thus more protected than

graphene under the contacts.

Owing to intrinsic low noise and large surface area, the

suspended bilayer noise is susceptible to extrinsic scatterers.

In the presence of extrinsic scatterers, Hooge’s parameter

will show complex behavior with its dependence upon

density of trap states, which itself depends upon the tempera-

ture in addition to mobility. The dependence of Hooge’s pa-

rameter upon mobility lðVgÞ, trap states, and temperature T
can be approximated as7

ah ¼ f ðlðVgÞÞ � gðTÞ; (2)

where we assume that the charge density is not influenced

strongly by temperature, which means that this equation is

only valid away from the Dirac point. The latter factor g(T)

is intimately related to the distribution of trap states in

energy.24 In bilayer graphene, however, f ðlðVgÞÞ can be

dropped as lðVgÞ is nearly constant.25 g(T) gives the measure

of density of trap states in the low frequency noise.

The low frequency noise on sample S3 at fixed intrinsic

charge density of 3:1� 1011 cm�2 was measured with

respect to temperature while warming up the cryostat.

During the warm up, the mixing chamber plate temperature

and the cryostat vacuum pressure were logged, while simul-

taneously pumping on the vacuum chamber using a turbomo-

lecular pump. Additionally, the resistance of the sample was

recorded after every low frequency noise spectrum measure-

ment over the gate voltage range Vg¼65 V. The noise spec-

tra showing a Lorentzian bulge are not included in the

analysis. The temperature dependence of the normalized 1/f
noise SI=I2

b of sample S3 is shown in Figure 3(a). The noise

level gradually increases up to 60 K, above which the noise

level starts to decrease. At these higher temperatures, we see

a correlation between the vacuum chamber pressure and the

noise level, which is due to enhanced scattering/doping

caused by residual gas pressure in the vacuum chamber sur-

rounding the dry dilution refrigerator. As discussed below,

the variation of the noise with temperature (see Figure 3(a))

is dominated by the main 1/f noise source, the contact resist-

ance fluctuations, and not by the change in the amount of

adsorbed gas.

FIG. 3. Low frequency noise power measurement (Ib¼ 54 lA) vs. temperature T during a temperature sweep including variation in the number of external

impurities due to degassing at high T: (a) Normalized noise with respect to temperature, measured on sample S3. The effective change in normalized noise at

T> 80 K is 0:3� 10�11 1/Hz. (b) Density of fluctuation states, i.e., DðeÞ vs activation energy, i.e., e. Data presented here are measured at charge density n ¼
3� 1011 cm�2 at f¼ 10 Hz and temperature in (a) corresponds to e in (b). Experimental data are fitted with exponential function, i.e., DðeÞ � D0 expð�e=DÞ;
P1 � 6:85� 10�11 1/K, D � 0:12 eV. (c) The pressure log of the vacuum chamber while warming up of the pulse-tube-based dilution fridge; note that the

pressure scale reflects the sample chamber pressure only above T �70 K. The pressure change at 80 K is in order of 1� 10�4 mbar.

263505-3 Kumar et al. Appl. Phys. Lett. 106, 263505 (2015)
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The overall temperature dependence of the 1/f noise can

be interpreted by the presence of thermally activated fluctua-

tors. For a broad energy distribution DðeÞ of trap states, the

noise SIðx; TÞ / kBT
x DðeÞ, where e ¼ �kBT lnðxs0Þ with s0

as the characteristic frequency of trap fluctuations; we use

s0 ¼ 10�12 s.24 Figure 3(b) displays the DðeÞ versus e
obtained from the data in Figure 3(a). The result is fitted

with the exponential distribution function DðeÞ � D0 exp

ð�e=DÞ with characteristic energy D ¼ 0:12 eV and initial

density of states of fluctuators, i.e., D0 � 6:85� 10�11 1/K.

Here, we assume implicitly that b¼ 1, although b shows lin-

ear increase from b ¼ 0:9 to b¼ 1 with respect to tempera-

ture T (with small bulge for 30 K<T < 70 K), which is

consistent with exponentially decreasing density of states,

i.e., DðeÞ. The low energy behavior of DðeÞ / 1=e could be

due to overheating of the sample by large bias employed in

the experiment.

The pressure trace shown in Figure 3(c) displays a sud-

den upsurge in the vacuum pressure at 30 K, but it is unlikely

that this change would be equally significant at the sample,

as the lower temperature section of the dilution fridge still

adsorbs air at this stage, and a gradual increase in the meas-

ured 1/f noise is observed. Above 70 K, the residual air is

expected to move freely within the vacuum chamber and the

decrease in the pressure T� 80 K can be assigned to a true

gas detection response of the sample to air. We note that the

residual gas also led to a strong change in RðVgÞ over the

temperature range of 60–70 K: the gate modulation due to

the Dirac peak was lost above 70 K, which is an indication

that oxygen did redistribute in this temperature interval and

doped the sample. Hence, the change in noise at 80 K

(resolvable at S/N �1) with a change of air pressure of 10�4

mbar can be employed for estimating the gas sensitivity of

suspended bilayer as a gas detector for air. Converting the

absolute pressure decrease to partial pressure, we obtain a

sensitivity of 0.3 ppm, using a carrier gas that would not bind

to the surface.

To confer the gas sensing capability of suspended

bilayer graphene, sample S4 was exposed to 10�4 mbar of

Ne gas at 26 K. Later, sample was cooled down to 4 K.

Sample was characterized before and after the Ne gas expo-

sure. The resistance measurement as a function of charge

carrier density indicates a very weak shift in charge

neutrality point, which is expected with a neutral gas like

Ne. On contrary to this, the low frequency noise measure-

ment displays a Lorentzian bulge. A typical spectrum prior

and after Ne contamination of bilayer graphene, measured at

bias current Ib ¼ 1:1 lA and charge carrier density n ¼
�6:3� 1010 1=cm2, is shown in Figure 4. The characteristic

frequency of the Lorentzian bulge is fc¼ 70 Hz. After weak

current annealing, this Lorentzian feature is suppressed. A

well defined bulge above the 1/f noise background with a

characteristic frequency indicates presence of localized fluc-

tuators which produces random telegraph noise.15 We as-

cribe the fluctuators to the scattering by adsorbed Ne gas26

which is able to diffuse along the bilayer graphene surface.

In summary, we have investigated 1/f noise in suspended

bilayer graphene devices and found record-low noise power

levels down to f � SI=I2
b ¼ 6:2� 10�10. The 1/f noise power

vs. charge carrier density measurements indicates that resist-

ance fluctuations at the graphene-metal contact are the main

origin of the noise. The contact noise can be modelled by

fluctuations in charge traps due to thermal excitations. From

our data, we obtain an exponential decay in the density of

states of the charge traps in energy, which is also clearly

reflected in the properties of the 1/f noise spectra, in particu-

lar, increase of the frequency exponent b from 0.9 to 1.0.

Our noise measurements at high charge carrier density indi-

cate a sensitivity of 1/f noise spectra to adsorption of gas

molecules, and a sensitivity of 0.3 ppm was estimated for air

at 80 K. Owing to the very low intrinsic 1/f noise level and

its sensitivity to external impurity scatterers, the suspended

bilayer device can have potential for applications in the field

of on-chip gas sensing.
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