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The low frequency 1/f noise in graphene devices was studied in a transverse magnetic field of up to

B¼ 14 T at temperatures T¼ 80 K and T¼ 285 K. The examined devices revealed a large physical
magnetoresistance typical for graphene. At low magnetic fields (B< 2 T), the level of 1/f noise

decreases with the magnetic field at both temperatures. The details of the 1/f noise response to the

magnetic field depend on the gate voltage. However, in the high magnetic fields (B> 2 T), a strong

increase of the noise level was observed for all gate biases. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826644]

Most of graphene sensing, microwave and terahertz

applications1–4 require low levels of the low frequency noise.

Low frequency noise measurements also allow one to study

impurities and defects in semiconductor structures and to

diagnose the quality and reliability of electronic devices. The

importance of the subject led to a large number of publica-

tions on the low frequency (1/f) noise in a single-layer gra-

phene (SLG) and multi-layer graphene.3,5–12

The nature of the 1/f noise in graphene is still unknown.

Typical values of the 1/f noise in graphene are on the order

of or even somewhat smaller than in good quality Si

MOSFETs.5 However, in contrast to MOSFETs, the gate

voltage dependence of the 1/f noise in graphene5,6 does not

follow the prediction of the McWhorter model.13 In accord-

ance with this model, the 1/f noise appears as a result of the

capture and release of the charge carriers by the traps in the

gate dielectric.13 In some cases, the charges, trapped in the

dielectric, can cause additional mobility fluctuations of the

carriers in the MOSFET channel.14 The nature of the 1/f

noise has also been established for Si, GaAs, and metals. In

bulk Si and GaAs, the 1/f noise is due to the fluctuations of

the occupancy of the density of states tails near the conduc-

tion and valence bands.15 In metals, the 1/f noise is due to

the mobility fluctuations.16,17

Recent measurements of noise in graphene after electron

beam irradiation revealed unusual decrease of the noise with

the increase of the irradiation dose.11 As shown in Refs. 7

and 11, the mobility fluctuation model17,18 can qualitatively

explain both the gate voltage dependence of the noise and

noise reduction as a result of electron irradiation.

A possible way for gaining understanding of the nature

of the low frequency noise is the measurement of the effect

of the transverse magnetic field on the noise characteristics.

In this letter, we report the results of such measurements for

single-layer graphene at 80 K and 285 K in the magnetic field

of up to 14 T.

The SLG flakes with characteristic dimension of

�10 lm were produced by mechanical exfoliation of Kish

graphite and placed on a Si substrate with 300 nm SiO2. The

SLG flakes were identified by a combination of optical mi-

croscopy and Raman spectroscopy. The latter was also

used to monitor the sample quality by measuring the D to G

peak intensity ratio.21 The source and drain contacts [(Cr

(5 nm)/Au (80 nm)] defined the conducting graphene channel

of L¼ 390 nm in length and d¼ 530 nm in width on a larger

graphene flake. The doped Si substrate served as a gate. The

samples were bonded and placed into the helium cryostat

with 14 T superconducting coil.

The samples had the mobility within the range

l0¼ 400–600 cm2/Vs estimated using the following

expression:

lef f ¼
Lg

Ref f CgðVGS � VDÞW
; (1)

where Ref f ¼ Rds

1�r0Rds
(with the contact resistance, Rc, set to

zero), Rds is the drain-source resistance, r0 is the conductiv-

ity in the Dirac point, VD is the Dirac voltage (VD��7 V for

the sample under study), Cg is the gate capacitance, and Vgs

is the gate-source bias. The contact resistance, Rc, was esti-

mated using the procedure outlined in Ref. 5 and was found

to be �0.01Rds for all gate voltages. The noise measure-

ments were performed using conventional instrumentation

with the source grounded and drain voltage Vd¼ 4 mV. In all

cases, the noise spectral density within the frequency range

from 1 to 100 Hz was close to �1/fc with c� 0.95–1.05

depending on temperature and gate voltage. The absence of

Lorentzian bulges indicated the absence of a defined time

constant in the spectra.

The transport phenomena in the magnetic field are usually

studied either in the Hall or Corbino disc configurations. In the
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Corbino disc configuration, the Hall voltage does not exist, and

the magnetic field leads to the so-called geometrical magneto-

resistance. The same geometrical magnetoresistance is

observed in a rectangular sample with d/L> 3.19 In weak mag-

netic fields l0B� 1, the geometrical magnetoresistance is

Dq=q0 ¼ ðl0BÞ2. Here, l0 is the mobility in the zero magnetic

field, q is the resistivity, and B is the magnetic field. For the

sample under investigation, d/L¼ 1.36, and geometrical mag-

netoresistance should be smaller than that for the Corbino

disk.19 As shown below, the contribution of the geometrical

magnetoresistance in our graphene samples is negligible.

Figure 1 shows the relative magnetoresistance DRds/Rds0

as a function of the magnetic field at T¼ 85 K and T¼ 285 K

in relatively low and high magnetic fields, respectively

(Here, Rds0 is the drain to source resistance at B¼ 0).

The absolute value of the magnetoresistance is compara-

ble with that observed in Ref. 22 for the samples with

l0¼ 1860 cm2/Vs at T¼ 330 K. It is somewhat smaller than

the magnetoresistance of SLG with the mobility �6200

cm2/Vs at T¼ 2.9 K.23 Dashed lines in Figs. 1(a) and 1(b)

show the maximum geometrical magnetoresistance calculated

as Dq=q0 ¼ ðl0BÞ2 for l0¼ 500 cm2/Vs. As seen, even maxi-

mum geometrical magnetoresistance is much smaller than

that observed experimentally and the measured magnetoresist-

ance is almost entirely is the physical magnetoresistance.

Figure 2 shows the dependences of the relative spectral

noise density, SI/I
2, on the drain current fluctuations in the

magnetic field for the sample with the magnetoresistance

shown in Figure 1. The amplitude of noise normalized to the

area at 285 K and B¼ 0 is SI/I
2� L� d� 6.6� 10�9 lm2/Hz,

which is of the same value or even smaller than that found for

the graphene of higher mobility at T¼ 300 K.5

In relatively low magnetic fields (see Figures 2(a) and

2(c)), the noise decreases with the increasing magnetic

field for both temperatures. The dependence of the mag-

netic field Bmin, corresponding to the noise minimum, on

the gate voltage and temperature is complex. At 80 K and

Vg¼ 0, the minimum is attained at Bmin� 2 T. Increasing

the gate voltage initially results in a decrease of Bmin,

which reaches the value of 0.63 T at Vg¼ 4.3 V. A further

increase of the gate voltage leads to the increase in Bmin.

However, it remains smaller than the Bmin value at Vg¼ 0.

At T¼ 285 K, Bmin is the same for Vg¼ 0 and for

Vg¼ 6.3 V, while at Vg¼ 12 V, Bmin¼ 1.1 T is higher than

at Vg¼ 0.

The dependence of noise on the magnetic field resulted

from geometrical magnetoresistance is given by20

SI �
dl
l

� �2

¼ 1� ðjl0BÞ2

1þ ðjl0BÞ2

" #2
dl0

l0

� �2

: (2)

Here j< 1 is the geometric factor, which is equal to unity

for the Corbino disc configuration. As seen from Eq. (2), at

jl0B¼ 1, the current fluctuations are predicted to be equal

to zero independently of the value of the mobility l0.

The dashed lines in Figs. 2(a) and 2(b) show the trend

predicted by Eq. (2). As seen, both in low and high mag-

netic fields, this dependence is completely different from

that observed experimentally. In a week magnetic field of

B¼ 1 T, where experimental noise spectral density SI/I
2 is

close to its minimum and for l0¼ 500 cm2/Vs, Eq. (2) pre-

dicts the decrease of the noise only by ��0.04 dB.

Meanwhile, the observed noise reduction is (0.3–1.3) dB.

For the entire range of the magnetic fields studied, Eq. (2)

predicts the decrease of the noise since l0B< 1 even at

B¼ 14 T. However, at high fields B> 2 T, the measured

spectral noise density increases significantly with

FIG. 1. Relative magnetoresistance of

graphene transistor in transverse mag-

netic field for T¼ 80 K (a) and (b) and

for T¼ 285 K (c) and (d) in strong (a)

and (c) and low (b) and (d) magnetic

fields. The Dirac voltage is VD¼�7 V

in this device. Dashed lines show esti-

mated geometrical magnetoresistance

Dq=q0 ¼ ðl0BÞ2.
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increasing magnetic field. The noise amplitude at B¼ 14 T

is at least one order of magnitude higher than that at B¼ 0.

Therefore, we conclude that physical (not geometrical)
mechanisms are responsible for the magnetoresistance in

graphene and for the observed noise dependence on the

magnetic field.

Non-monotonic dependence and strong increase of noise

in high magnetic fields make graphene very different from

what is observed in other electronics systems. In particular,

GaAs samples20,22–24 and GaN/AlGaN transistors25,26 ex-

hibit an absence of or a weak dependence of noise on the

magnetic field, consistent with the number of carriers fluctu-

ations as an origin of noise in these materials. The scattering

mechanisms and magnetoresistance in graphene are still

under discussion.27–29 The obtained magnetic field depend-

ence of 1/f noise in graphene may provide additional infor-

mation for better understanding of the carrier transport

mechanisms and 1/f noise itself.

In conclusion, the 1/f noise in a single layer graphene

has been studied at temperatures 80 and 285 K in the mag-

netic fields of up to 14 T. The samples revealed strong physi-
cal magnetoresistance typical for graphene devices. The

noise measurements indicated a complex and unique non-

monotonic dependence of 1/f noise on the magnetic field and

gate voltage in graphene that has never been observed

before. The reported magnetic field dependence of noise in

graphene confirms unconventional nature of noise and scat-

tering mechanisms in graphene.
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8B. Grandchamp, S. Fr�egonèse, C. Majek, C. Hainaut, C. Maneux, N.

Meng, H. Happy, and T. Zimmer, IEEE Trans. on Electron Dev. 59,

516–518 (2012).
9A. Kaverzin, A. S. Mayorov, A. Shytov, and D. W. Horsell, Phys. Rev. 85,

075435 (2012).
10N. Pal, S. Ghatak, V. Kochat, E. S. Sneha, A. Sampathkumar, S.

Raghavan, and A. Ghosh, ACS Nano 5, 2075–2081 (2011).
11Md. Z. Hossain, S. Rumyantsev, M. S. Shur, and A. A. Balandin, Appl.

Phys. Lett. 102, 153512 (2013).
12G. Liu, S. Rumyantsev, M. S. Shur, and A. A. Balandin, Appl. Phys. Lett.

102, 093111 (2013).
13A. L. McWhorter, in Proceedings of the Conference on the Physics of

Semiconductors and Surfaces, Philadelphia (University of Pennsylvania

Press, 1956), pp. 207–229.
14L. K. J. Vandamme, X. Li, and D. Rigaud, IEEE Trans. Electron Devices

41, 1936–1945 (1994).

FIG. 2. Noise spectral density SI/I
2

versus transverse magnetic field at

f¼ 1 Hz for T¼ 80 K (a) and (b) and

T¼ 285 K (c) and (d) for different gate

voltages in the weak (a) and (c) and

strong (b) and (d) magnetic fields.

Dashed line shows the trend predicted

by Eq. (2).The values of Bmin are indi-

cated for Vg¼ 0 V and Vg¼ 4.3 V (a).

173114-3 Rumyantsev et al. Appl. Phys. Lett. 103, 173114 (2013)

http://dx.doi.org/10.1038/nmat3417
http://dx.doi.org/10.1038/nmat1967
http://dx.doi.org/10.1021/nl3001293
http://dx.doi.org/10.1088/0953-8984/22/39/395302
http://dx.doi.org/10.1109/ICNF.2011.5994311
http://dx.doi.org/10.1109/ICNF.2011.5994311
http://dx.doi.org/10.1109/ICNF.2011.5994311
http://dx.doi.org/10.1063/1.3676277
http://dx.doi.org/10.1109/TED.2011.2175930
http://dx.doi.org/10.1103/PhysRevB.85.075435
http://dx.doi.org/10.1021/nn103273n
http://dx.doi.org/10.1063/1.4802759
http://dx.doi.org/10.1063/1.4802759
http://dx.doi.org/10.1063/1.4794843
http://dx.doi.org/10.1109/16.333809


15M. E. Levinshtein, A. A. Balandin, S. L. Rumyantsev, and M. S. Shur, in

Noise and Fluctuations Control in Electronic Devices, edited by A.

Balandin (American Scientific Publishers, 2002).
16J. H. Scofield, J. V. Mantese, and W. W. Webb, Phys. Rev. B 34, 723

(1986).
17A. P. Dmitriev, M. E. Levinshtein, and S. L. Rumyantsev, J. Appl. Phys.

106, 024514 (2009).
18Yu. M. Galperin, V. G. Karpov, and V. I. Kozub, Sov. Phys. JETP 68, 648

(1989).
19H. J. Lippmann and F. Kuhrt, Naturwiss. 45, 156 (1958); Z. Naturforrsh.

13a, 452 (1958); Z. Naturforrsh. 13a, 474 (1958).
20M. E. Levinshtein and S. L. Rumyantsev, Sov. Phys. Semicond. 17, 1167

(1983).
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