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Single-layer graphene derived from chemical vapor deposition (CVD) holds promise for scalable
radio frequency (RF) electronic applications. However, prevalent low-frequency flicker noise (1/f
noise) in CVD graphene field-effect transistors is often up-converted to higher frequencies, thus lim-
iting RF device performance. Here, we achieve an order of magnitude reduction in 1/f noise in field-
effect transistors based on CVD graphene transferred onto silicon oxide substrates by utilizing a proc-
essing protocol that avoids aqueous chemistry after graphene transfer. Correspondingly, the normal-
ized noise spectral density (10_7—10_8 ,um2 Hz ') and noise amplitude (4 x 10_8—10_7) in these
devices are comparable to those of exfoliated and suspended graphene. We attribute the reduction in
1/f noise to a decrease in the contribution of fluctuations in the scattering cross-sections of carriers

arising from dynamic redistribution of interfacial disorder. © 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942468]

Graphene, an atomically thin, two-dimensional honey-
comb lattice of sp® carbon atoms, is a promising material for
future radio frequency (RF) electronic applications due to its
high intrinsic carrier mobility, high cutoff frequency, high sat-
uration velocity, and ideal thickness for ultimate scaling.'
Although micromechanical exfoliation of graphene from
graphite has been effective for prototype RF studies,” a robust
large-area graphene synthesis technique is necessary for prac-
tical applications. Towards this end, chemical vapor deposi-
tion (CVD) has emerged as a leading pathway to wafer-scale
continuous films of single-layer graphene, but devices fabri-
cated from CVD graphene frequently suffer from defects,
grain boundaries, wrinkles, and thickness variations. The
defects and disorder in CVD graphene compromise intrinsic
properties such as carrier mobility and, ultimately, limit the
resulting device metrics.” Recently, the electronic perform-
ance of CVD graphene has improved with incremental advan-
ces in growth approaches and through the use of alternative
dielectric substrates.*> However, in contrast to the water-free
processing of exfoliated graphene devices by e-beam lithogra-
phy, CVD graphene devices are commonly fabricated using
photolithography that includes aqueous processing steps.””’
Therefore, it remains unclear whether the limited performance
of CVD graphene is attributable to inferior intrinsic material
quality or extrinsic impurities introduced during wet transfer
and subsequent photolithographic processing.
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One device metric that is particularly sensitive to both
short-range and long-range disorder is low-frequency flicker
noise (1/f noise). Flicker noise is a limiting factor in CVD gra-
phene applications, because reduced carrier mobility leads to
increase in noise amplitude, and the two-dimensional “all-
surface” topology is exceptionally sensitive to environmental
perturbations.®’ Moreover, flicker noise can be up-converted
to higher frequencies by the inherent nonlinearities in field-
effect transistors (FETs) and circuits, thus limiting the cutoff
frequency in RF applications. The behavior of low-frequency
noise in exfoliated graphene devices has been extensively
studied, and several methods have been developed to reduce
noise, such as the fabrication of suspended channels, '’ graded
thickness graphene contacts,'’ and screening underlying trap
charges via few-layer graphene channels.'” In comparison,
relatively few studies have examined 1/f noise in CVD gra-
phene. In these reports, the noise in CVD graphene has been
found to be at least one order of magnitude larger than in
exfoliated/suspended graphene, presumably due to increased
disorder from growth and/or device processing.'*"

Here, we conduct a thorough, systematic study of 1/f noise
in CVD graphene and report an ultralow noise spectral density
(area normalized) of 10~ "=10~® um® Hz " that is comparable to
high-quality exfoliated graphene.® The unusual linear energy
dispersion in single-layer graphene results in a unique depend-
ence of the 1/fnoise characteristics on carrier density. For exam-
ple, we observe V-shape, M-shape, A-shape, or weak/no-shape
dependencies of the noise on carrier concentration, which varies
with sample quality and processing conditions.® Our highest per-
forming CVD graphene devices show an M-shape dependence
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on carrier density that has been previously observed only in
high-quality exfoliated graphene,'*'®" bilayer graphene,"’
and suspended graphene.'” This M-shape dependence reveals
significant reduction in the dynamic rearrangement of interfa-
cial disorder and is ultimately attributed to the elimination of
aqueous processing steps after graphene transfer.

Single-layer graphene was produced by a low-pressure
CVD process on enclosed packets of polycrystalline Cu
foil.”" The graphene films were transferred onto 250nm of
thermal SiO,/Si substrates via wet-chemical processing,
which includes a protective layer of poly(methyl methacry-
late) (PMMA) and APS 100 copper etchant (Transene
Company, Inc.).”' Prior to etching, PMMA-coated Cu is
floated for 3 min in 10% nitric acid to remove graphene from
the obverse side of the foil, and the APS etchant is oxygen-
ated to minimize carbonaceous residues after PMMA re-
moval.”' Following graphene transfer, FETs are fabricated
using a procedure tailored to avoid aqueous processing. First,
graphene sheets are patterned into 2-probe device geometries
using a 495 PMMA A6 resist (MicroChem Inc.) and a contact
aligner by deep ultraviolet (DUV) lithography (254 nm).
After a reactive ion etch (90 W oxygen plasma), contacts are
patterned in a double-layer of 495 PMMA A6 and 950
PMMA A2 resist and developed in 2:1 isopropanol (IPA)/
methyl isobutyl ketone (MIBK) solution. Finally, metal eva-
poration (20 nm Ti/200 nm Au) and non-aqueous lift-off steps
are completed. These resist chemistries and processing steps
are selected to avoid exposing devices to water subsequent to
the initial graphene transfer. Most common photoresists
employ water-based developers (often tetramethylammonium
hydroxide, KOH, or NaOH in water), leading to contamina-
tion of the graphene-SiO, interface and occasional delamina-
tion of graphene films. In contrast, graphene films in this
work were exposed only to MIBK/IPA developers and sol-
vents (acetone and isopropyl alcohol) during and subsequent
to removal of the PMMA protective layer. Atomic force mi-
croscopy of the resulting graphene FETs (G-FETs) reveals
clean graphene surfaces with rms roughness of ~0.5nm (see
Figure S1 in the supplementary materials>>).

All transport and 1/f noise measurements were carried out
in vacuum (pressure <10 >Torr) using protocols described
previously.”® Transfer characteristics (resistance R versus gate
voltage V,,) were acquired (Figure 1(a)) at low drain biases
(V4=0.1-0.3 V) using highly doped Si as the global back
gate. Additionally, the output characteristics (drain current /4
versus V) revealed that the devices operate in the linear
region for |V4| <0.8V (Figure 1(b)). From these measure-
ments, the charge neutrality point (i.e., Dirac voltage, Vpirac)
of the G-FETs was extracted and found to fall in a range
between 3 and 25V (see Figure S2(a) in the supplementary
materials®®). Subsequent field-effect mobility calculations™* of
all 10 devices revealed electron mobility (upge) in the range of
700-1970cm?/V s (average ppge= 1160 cm?/V s) and hole
mobility (uggn) in the range of 1000-3400 cm?/V s (average
Urgn = 2240 cm?/V s), as shown in Figure S2(b) and S2(c),
respectively, in the supplementary materials.*”

Raman spectroscopy was further used to characterize the
G-FETs, as shown in Figure 1(c). Measurements were con-
ducted in ambient using a confocal Raman system with
488nm excitation and a 50x objective (NA =0.65). The

Appl. Phys. Lett. 108, 073108 (2016)

(b)

—
=

3 T T T T T T T
4+ _
= | g
gl 1=2r I
a =
2 18 0f -
2 5
® 1| 10
3 c2f i
o s
.0-4_
=-60Vto0V]
I TP B B | g 1 ]

0 "
-60-30 0 30 60
Gate Voltage, Vg (V)

-1.0-0.5 0.0 0.5 1.0
Drain Voltage, V (V)

—~
)
~

! [ ! [ % [ [ !

— 4000 | 2D -
(:é Excitation = 488 nm
>
% 2000 G
=
Q
£

0

1500 2000 2500 3000

Raman shift (cm'1)

FIG. 1. (a) and (b) Representative room temperature transfer and output
curves, respectively, of a CVD graphene device (channel length L =4 um,
width W= 12 um) under vacuum (pressure <107° Torr). (c) Representative
Raman spectrum of CVD graphene for a completed device in ambient using
488 nm laser excitation and a 50 x objective (NA = 0.65). Scattered light is
detected with a half-meter Acton SP-2500 spectrometer and Princeton
Instruments CCD array.

graphene Raman spectrum shows the D, G, and 2D peak posi-
tions at ~1342 cmfl, ~1578 cmfl, and ~2698 cmfl, respec-
tively. The high crystalline quality of the graphene was
verified by the ratio of 2D to G peak areas (rv?a.S)25 and the
small D to G peak ratio (~0.06).”"* Subsequent fits of the 2D
peak to a single Lorentzian (see Figure S3 in the supplemen-
tary materials’®) confirm that the graphene is single-layer.
Additionally, the 2D peak position is blue-shifted from the
intrinsic value of 2677 cm ™', which may be due to hole doping
of the graphene in ambient and dispersion of the 2D peak with
excitation wavelength.”

Figure 2(a) shows a representative low-frequency noise
spectrum for the device presented in Figure 1 (bandwidth
=1-200Hz for all noise measurements). Empirically,
Equation (1) shows that the 1/fnoise can be expressed as”* "

(0924 I’
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where Sy is the current power spectral density, / is the average
current, f'is the frequency, N is the number of carriers, and oy
is the Hooge parameter. Ideally, the exponents § and 7y are
close to 1 and 2, respectively. For representative devices, the
exponent 8 ranges between 1.1 and 1.2 for V, varying from
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—10 to 50V (inset Figure 2(a)). Indeed, f§ values for all of the
devices fall within 1.05-1.3 at all V, values (see Figure S4(a)
in the supplementary materials*?). Additionally, y for this de-
vice is ~1.89 (Figure 2(b)), indicating that the 1/f noise is an
equilibrium phenomenon.”” In all 10 of the devices, y is in the
range 2 = 0.2, which suggests that the device current fluctua-
tions are caused by variations in resistance and are not due to
the applied current (see Figure S4(b) in the supplementary
materialszz).

These observed fluctuations in device current (I = eN p)
can arise from perturbations in either the number of carriers
(N) or the carrier mobility (u). Thus, two different models
are commonly used to interpret the physical origin of 1/f
noise.>”*° Historically, the carrier number fluctuation model
(commonly referred to as the McWhorter model)3' has been
successful in explaining the origin of 1/f noise in metal-ox-
ide-semiconductor FETs,?> whereas the mobility fluctuation
model (i.e., Hooge model) is frequently used to describe
low-frequency noise in metal films.”*® Typically, the de-
pendence of S; on the charge carrier density (which is pro-
portional to V,) is used to distinguish between these noise
origin models. However, these two models can be closely
related, since fluctuations in the cross-section of scattering
centers (i.e., mobility fluctuations) can be due to the capture/
release of charge carriers (i.e., carrier number fluctuations)
in interfacial trap states. Therefore, a correlated carrier
number-mobility fluctuation model®® was developed to more
completely describe 1/f noise in such materials, including
graphene.®'>!?

The number of carriers (N) in a G-FET can be varied ei-
ther by controlling the channel area or by varying the gate
bias V, in a field-effect geometry. Figure 2(c) shows the
behavior of the normalized noise spectral density (Sy/PP) at
f=10Hz in all 10 devices with varying channel area
(10-120 um?). In Figure 2(d), Sy/I* is scaled by the channel
area, which decreases the spread in (SI/IZ) (L x W) over the

entire V, range, in agreement with the Hooge mobility fluctua-
tion model (Sy/I*~ 1/N, assuming weak carrier density de-
pendence on mobility).'®***” However, there is no overriding
correlation between Sy/I> and V,, suggesting that the noise
does not strictly follow either of the classic origin models, as
will be discussed below. On the other hand, most of our de-
vice data fall within the range of values (10~ '—10~® um?/Hz)
observed in high-quality, exfoliated single-layer, and bilayer
G-FETs (dashed region in Figure 2(d)).*” Notably, these noise
metrics are comparable despite an order of magnitude differ-
ence in field-effect mobility between the previous exfoliated
graphene reports and our CVD graphene. Furthermore, the
noise amplitude (A = (1/2) "7, f; x §;;/I?, where Z = 400),
ranges from 4 x 1078 to 10~ for all 10 devices, is similar to
exfoliated graphene.® In contrast, previous CVD graphene
studies have reported significantly larger levels of 1/f
noise.*'*'> For example, in one CVD graphene report, the
minimum value of area-normalized (SI/12) (L x W) was
2% 107° um?*/Hz (at f=10Hz)."” In another CVD graphene
study, A was in the range of [3-10] x 10~ ° at comparable Ve
to the present work.'* Overall, the noise spectral density in the
present CVD G-FETs shows an order of magnitude improve-
ment over these previous reports.

Next, we discuss the dependence of the 1/f noise on car-
rier density to elucidate its fundamental origin in the present
devices. For this analysis, the noise amplitude is utilized
instead of the noise spectral density to remove random error
that is introduced when selecting S,/I* at a particular fre-
quency. Overall, three qualitatively different A versus V,
behaviors are observed in the G-FETSs. First, a small subset
of the devices shows a weak dependence of A on V, (see
Figure S5(a) in the supplementary material®®), which is
attributed to an inhomogeneity of charge distribution that
persists in disordered CVD graphene up to large Vg.g Figure
3(a) shows a trend in another subset of devices where the
noise amplitude and device resistance decrease together at
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all measured V, values (A-shape), which is qualitatively con-
sistent with the previous observations in exfoliated and CVD
graphene.'>"? The carrier number and mobility fluctuation
models predict a dependence of the noise amplitude on
carrier density (n) as 1/n* and 1/n, respectively.”’' If

n=/nt+ (Ce.(Vy — VD,-W.)/q)z, where C, is the gate ca-
pacitance per unit area, 7, is the residual carrier density near
the Dirac point, and ¢ is the elementary unit of charge, then
both models fit well to the data in this range of V,, and the
origin of the noise cannot be definitively determined.
However, the scaling of the noise spectral density with chan-
nel area and correlation between A and R (V) suggests that
the Hooge mobility fluctuation model dominates in this sub-
set of devices. Consequently, we extract a Hooge parameter
oy in the range 6 X 1073-1.1 x 1072, which is comparable to
the previous exfoliated and CVD G-FETs with similar field-
effect mobilities.*'*'*

The 1/f noise in the final subset of G-FETs (Figure 3(b))
deviates significantly from the Hooge fluctuation model. In
these devices, the noise amplitude exhibits a non-monotonic
dependence on the gate bias, where A increases with decreas-
ing R near the Dirac point and then begins to decrease with
decreasing R when V,>20V. This so-called “M-shape”
behavior has also been reported in high-quality single-layer
graphene,'>'"'? suspended single-layer graphene,'® and
bilayer graphene devices.'> A “V-shape” dependence near
the Dirac point was also observed in some of the present
devices, but it is likely that this behavior would ultimately
become M-shaped at extended V, ranges.”'® M-shape behav-
ior, which is closely related to the unusual band structure in

(a) — 6T T —— 71 —7135
o _*A |
% .[—R s
=~ 5 —43.0
<?° =
g | 1 =
2 af 425 8
= S
g IR
o 3 42.0 &
° | J
4
2 | \ | \ 1 L 1 " 1 15
-20 -10 0 10 20
Vg - VDirac (V)
~ 1.1 —————1——71.0
b) ¢ ® A
(b) 2 | ==e<ModelFit o 1
210 Ho8 ©
p 08 g
€ 09 1%
25 Hos &
= i)
Zos 1 2
.g —0.4 &’
207 .
1 1 1 " 1 L 1 02
-20 0 20 40
Vg - VDirac (V)

FIG. 3. (a) Experimental Hooge dependence of the noise amplitude (A) ver-
sus V, for a CVD graphene device with L=4um and W=5um. (b)
Experimental M-shape dependence of A versus V, for the graphene device
of Figure 1.
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graphene, has been described through different but related
methods including an augmented charge model,"” the inter-
play between short-range defects and long-range Coulomb
scatters,'® and a correlated number-mobility fluctuation/con-
figurational noise model.'>**** We employ the last model
here (Equation (2) below) to fit the M-shape dependence.'’
This model defines the noise spectral density as

S do\’
1—2’ =B <%> + Ch(n), )

where ¢ is graphene conductivity, the parameters B and C are
independent of n (n=(Vy— Vpinc)/q), and the function
h(n) = |n|* for |n| > ng; h(n)=-constant for |n|<ny.'> The
characteristic carrier density (119) defines the point of crossover
to inhomogeneity in the charge landscape. In Equation (2), the
first term results from correlated number-mobility fluctua-
tions® and is called the exchange noise (N). On the other
hand, the second term in Equation (2) describes fluctuations in
the Coulomb scattering cross-section from the random rear-
rangement of interfacial trap charges and is called the configu-
rational noise (Nconf).34 Figure 3(b) shows a least-squares fit of
the data to this model (in red). To obtain this fit to the present
data, B, C, ny, and k as fitting parameters were used, and the
electron and hole branches were considered separately.
Notably, the best fit exponent k = —1 confirms that the present
CVD graphene is single-layer, since k>0 is observed for
thicker graphene samples.'” From this analysis, it was deter-
mined that N, dominates the overall 1/f noise for |n| < ng and
Neon dominates for |n| > ng, where ng~ 1.3 x 10"cm 2 for
electrons and ng~ 1.1 X 102¢m 2 for holes. These values of
ng agree well with the value of critical carrier density at which
the dominant scattering mechanism crosses over from long
range to short range, as extracted in an earlier study on charge
transport in devices fabricated following a similar protocol.™
Lastly, we did not find any correlation between channel geom-
etry and noise models. Among a total of 10 measured devices,
devices b, f, and g (see Figure 2(c) caption for channel geome-
tries) followed the Hooge model, while the rest of the devices
followed the correlated number-mobility fluctuation model.

It should be noted that N, is significantly reduced near
the Dirac point in the present CVD G-FETs, in contrast to
the previous CVD graphene reports where N, dominates at
all Vg.13 Prior to this study, a similar lowering of N_,,¢ had
only been achieved in suspended single-layer graphene devi-
ces, which reduce interfacial disorder by eliminating the sub-
strate, and bilayer G-FETs, where the first graphene layer
screens trapped charges in the gate oxide.'? However, the M-
shape dependence in supported single-layer G-FETs has not
been analyzed within this framework, and a direct compari-
son of N..,; between supported exfoliated graphene and
transferred CVD graphene is not possible.'®'” Therefore, we
propose that the reduced noise in the present CVD G-FETs
results from the relative inability of trapped charges to redis-
tribute dynamically at a timescale longer than 5 ms
(1/200Hz™"). This reduced interfacial charge disorder can
likely be attributed to the device processing protocol that
avoids aqueous treatments following graphene transfer, since
water has been shown to contribute to long-range scattering,
which in turn increases 1/f noise in graphene devices.'’



073108-5 Arnold et al.

Meanwhile, the dominance of N, at low V,, suggests that the
remaining 1/f noise in the present devices results from
capture-emission processes of relatively “fixed” trapped
charges in the dielectric or remnant residues.

In conclusion, by avoiding post-transfer aqueous proc-
essing, we have achieved an order of magnitude reduction of
1/f noise in CVD G-FETs. The area-normalized noise spec-
tral density (107'-10"® um? Hz ') is comparable to high-
quality exfoliated graphene and Si-based FETsS at similar car-
rier density. Since no obvious correlation is found between
the noise amplitude and gate bias dependence, both the
Hooge mobility fluctuation model and correlated carrier-
mobility fluctuation model were used to describe the qualita-
tively different behaviors observed in these devices. Using
these models, the overall reduction of noise in these devices
is attributed to a decrease in the configurational noise, which
is achieved by quenching dynamic redistribution of interfa-
cial disorder. Moreover, the lack of correlation between the
Hooge parameter and the carrier mobility suggests that addi-
tional improvements in CVD growth to minimize crystal
defects are unlikely to produce quieter graphene devices.
Instead, strategies that have been employed to reduce the
noise in high-quality exfoliated graphene may prove effec-
tive in diminishing 1/f noise in CVD graphene. In this man-
ner, this study will inform ongoing efforts to improve the
performance of RF and related graphene-based electronic
devices.
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