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Abstract. We report room temperature Hall mobility measurements, low temperature
magnetoresistance analysis and low-frequency noise characterization of inkjet-printed
graphene films on fused quartz and SiO2/Si substrates. We found that thermal annealing
in vacuum at 450 ◦C is a necessary step in order to stabilize the Hall voltage across
the devices, allowing their electrical characterization. The printed films present a
minimum sheet resistance of 23.3 Ω/sq after annealing, and are n-type doped, with carrier
concentrations in the low 1020 cm−3 range. The charge carrier mobility is found to
increase with increasing film thickness, reaching a maximum value of 33 cm2 V−1 s−1 for
a 480 nm-thick film printed on SiO2/Si. Low-frequency noise characterization shows a 1/f
noise behavior and a Hooge parameter in the range of 0.1 – 1. These results represent the
first in-depth electrical and noise characterization of transport in inkjet-printed graphene
films, able to provide physical insights on the mechanisms at play.
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1. Introduction

Since the first observation of exceptional room-temperature mobility [1], graphene
has driven intense research efforts, thanks to its superior electrical [2], and thermal
[3] properties that, together with chemical and mechanical stability, could lead to its
exploitation in flexible and wearable electronics [4, 5]. Graphene was first isolated by
mechanical exfoliation of highly oriented pyrolytic graphite [1, 6]. Since then, several
techniques have been developed for large scale production, such as Chemical Vapor
Deposition (CVD) [7], Si sublimation from SiC [8] and liquid phase exfoliation [9].
Among these techniques, liquid phase exfoliation offers a simple and low-cost approach,
compatible with large area deposition methods [10, 11]. Graphene can be synthesized by
liquid phase exfoliation using organic solvents [12–14] or stabilizers in water solutions
[15–20], and can be thus further exploited in printable electronic applications.

Solution-phase exfoliated graphene inks can be deposited using several techniques,
including roll coating [21], spin coating [22], inkjet-printing [10, 23–25], gravure printing
[26], flexographic printing [27], and screen printing [28]. Among these techniques, inkjet-
printing stands out because it is an additive, non-contact and mask-less approach, with the
advantage of a reduced material wastage and a good lateral resolution (∼ 20-50 µm) [29].
It hence offers a simple, cost-effective and scalable approach for the widespread use of
graphene in microelectronic applications.

Inkjet-printed graphene films have been employed for the fabrication of a wide range
of electronic and optoelectronic devices and components, such as field effect transistors
[10, 30, 31], gas sensors [32], humidity sensors [33], supercapacitors [24, 34–36], solar
cell electrodes [37], temperature sensors [38], photodetectors [39], thermoelectrics [40],
strain gauges [41], electrochemical biosensors [42], terahertz saturable-absorbers for
solid-state lasers [43, 44] and resistor-capacitor low-pass filters [31], to name some
examples.

Extensive investigation of the transport properties in mechanically exfoliated [1, 2],
CVD-grown [45, 46] and epitaxial graphene [47–49] has been carried out by means
of Hall measurements, showing remarkably large carrier mobilities. Only one work
reports Hall measurements on solution processed graphene which is subsequently
deposited by spray-coating [40], showing reduced room-temperature carrier mobilities of
∼ 20 cm2 V−1 s−1. Together with Hall measurements, detailed noise measurements could
provide physical insights into the transport mechanisms at play in inkjet-printed graphene
films. Low-frequency flicker noise has been extensively investigated in graphene devices
fabricated by mechanical exfoliation on SiO2 [50–55] and hexagonal-boron nitride (h-
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BN) [56], and synthesized by CVD on SiO2 [53, 55], as well as on epitaxial graphene
prepared starting from SiC via Si sublimation [57, 58]. Despite the fundamental
importance of the results of Hall and noise measurements for device application, an in
depth investigation of the electrical and noise properties in inkjet-printed graphene devices
has never been performed before.

To this purpose, in this work we report for the first time room temperature Hall
measurements, low-temperature magnetoresistance analysis, and low-frequency noise
characterization of inkjet-printed graphene films, in order to evaluate their doping and
charge carrier density, as well as their low-frequency performance. After thermal
annealing, the printed films present a minimum sheet resistance of 23.3 Ω/sq, a room-
temperature carrier density in the order of 1020 cm−3, a carrier mobility of up to
33 cm2 V−1 s −1, and a Hooge parameter in the range of 0.1 – 1.

2. Experimental

2.1. Inkjet-printing and thermal annealing of graphene devices

The graphene ink is prepared by sonication of graphite in water, according to the recipe
reported in [18]. The graphene concentration of the ink is 2.5 mg ml−1, as determined
by UV-Vis spectroscopy [18]. The physical properties of the ink (viscosity, surface
tension, and density) have been optimized in order to enable stable droplet formation and
the controlled ejection of individual droplets. In-depth morphological characterization
by means of atomic force microscopy and Raman spectroscopy of the graphene flakes
composing the ink used in this work was previously reported [18, 41]. The flakes have a
lateral size comprised between 50 and 400 nm, with an average value of about 200 nm.
They are mainly few-layer thick (< 10 layers) and approximately 20-30% of the flakes
are single-layer.

Printing is carried out on fused quartz and SiO2/Si substrates. Fused quartz substrates
are from Heraeus and have a diameter of 30 mm and a thickness of 1 mm. The SiO2/Si
substrates are 4 inch in diameter and consist of 500 micron-thick Si wafers covered by a
300 nm-thick thermal oxide, and are purchased from Graphene Supermarket.

Before printing, Hall bar structures are patterned by standard photolitography of e-
beam deposited Cr-Au bilayers (Cr and Au thicknesses are 10 and 100 nm, respectively).
After patterning, the substrates are cleaned using acetone and isopropyl alcohol, and
dried under N2 flux. Graphene is printed using a Fujifilm Dimatix DMP-2850 materials
deposition system, equipped with a 10 pL nominal volume drop cartridge. Printing is
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carried out using one nozzle and keeping the printer plate at a constant temperature of
40 ◦C. The spacing between individual droplets of the ink is fixed at 40 µm, as optimized
in previous works [18, 31].

After printing, the devices are thermally annealed in vacuum at 450 ◦C for 10
minutes. The thickness (t) of the printed films is determined both before and after
annealing through surface profilometry, by using a Bruker Dektak XT system.

2.2. Electrical characterization of printed graphene devices

The sheet resistance of the printed films is measured before (after) annealing in a 4-
contact configuration by applying a constant current of 100 µA (1 mA) to the device.
The smaller current used before annealing ensures negligible self-heating of the device.
Hall effect measurements are performed in vacuum and at room temperature by flowing
a current between electrodes labeled as 2 and 5 in Fig. 1 and measuring the Hall voltage
(VH) between electrodes 1 and 3 (4 and 6), using an Agilent 34405A multimeter. For
each device, VH is measured for different values of the applied current in the range of
100 µA to 10 mA. For each value of applied current, VH is measured both in the absence
of a magnetic field and applying a positive and negative field by using a 0.5 T NdFeB
permanent magnet external to the vacuum chamber. The magnetic field at the sample
location (0.3 T) is measured using a HIRST GM07 Gaussmeter. The density n, and the
mobility µ of the charged carriers are calculated from the measured values of VH as [59]:

n = (I×B)/(q× t×VH), (1)

and

µ = 1/(q×n×ρ), (2)

where I is the current flowing through the device, B the applied magnetic field, q
the elementary charge and ρ the bulk resistivity. n and µ are extracted for each different
applied current and their average value is reported in the following.

Magnetoresistance analysis is carried out in a helium-4 cryostat by Cryogenic
Limited for a sample fabricated on fused quartz with 80 print passes. The measurements
are carried out at 5K using a Stanford SR830 lock-in amplifier. The device longitudinal
resistance Rxx is symmetrized, while the transverse resistance Rxy is antisymmetrized to
exclude any influence from Rxx.
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Figure 1. Optical micrograph showing a representative graphene Hall bar fabricated
on fused quartz with 40 print passes. In the inset, the backside of the same device is
presented. The scale bar in the inset corresponds to 500 µm.

3. Results and discussion

3.1. Hall voltage analysis

Graphene Hall bars are printed on fused quartz and Si/SiO2 with different number of print
passes (20, 40, 60 and 80), in order to investigate the effect of film thickness on both n and
µ. For a given substrate, four samples are investigated for each number of print passes.
Films prepared with 10 print passes or less are found to be non continuous, and hence are
not investigated.

Fig. 1 shows an optical micrograph of a representative Hall bar fabricated on fused
quartz with 40 print passes. In the inset, an optical micrograph of the backside of the same
device is presented, showing the considered device length (L) and width (W).

Attempts to perform Hall voltage measurements on the as-printed devices result in
strong fluctuations of VH of up to several tens of µV, masking any effects due to the
applied magnetic field. In addition, we also observe a continuous drift of VH in time.
This behavior is shown in Fig. 2 (a) for a device fabricated on fused quartz with 20
print passes, for zero, positive, and negative magnetic field and an applied current of
5 mA. We attribute the drift of VH over time to the observed continuous decrease in
sample resistance during measurement. This result is in turn attributed to current-induced
self-heating of the device, which likely promotes solvent desorption from the printed
films and binder degradation, improving the flake-to-flake electrical conductivity [10, 23].
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The observed behavior completely hampers any reproducibility in the measurement of
VH , and prevents the comparison of measurements taken under different magnetic field
conditions. It follows that the controlled annealing of inkjet-printed graphene films is
an important prerequisite before Hall voltage measurements, in order to obtain devices,
whose electrical resistance is not influenced by the flow of current.

Common techniques to desorb the solvents and degrade the binders in printed
graphene films consist in post-printing processing methods such as thermal [10, 23,
26, 28, 60, 61], white light [62–64], and laser annealing [65–67]. With the purpose
of performing Hall mobility measurements of inkjet-printed graphene, here we employ
thermal annealing of the printed films in vacuum.

After annealing in vacuum we observe that for all the investigated devices and
different magnetic field conditions, VH becomes constant over time. This behavior is
shown in Fig. 2 (b), for the same device investigated in Fig. 2 (a), but after annealing.
Fluctuations and drift in the measured voltage are no longer visible, and we only observe
a marginal variation of VH of ± 10 µV.

In Fig. 2 (b), we observe that VH measured in the absence of magnetic field (VH0)
is at an intermediate value (86.110 mV) as compared to the values measured for positive
(86.370 mV) and negative (85.850 mV) applied magnetic field, showing the expected
symmetric behavior. The non-zero value for VH0 (observed for all the investigated
devices), is attributed to asymmetries and inhomogeneities of the printed films. From
the sign of VH , we unambiguously conclude that the dominant charge carriers in our
inkjet-printed films are n-type, i.e. are electrons.

Together with the observed stabilization of the Hall voltage, annealing in vacuum
at 450 ◦C is found to reduce the average film thickness [see Fig. 2 (c)]. This result
is attributed to removal of residual chemicals from the printed films at the employed
annealing temperature. Thermal annealing in vacuum at 450 ◦C is also found to reduce
the device resistance by more than one order of magnitude, in agreement with [18]. This
result is shown in Fig. 2 (d) for the devices printed on fused quartz. The obtained sheet
resistance before annealing is between the 102 and 103 Ω/sq range, and decreases to the
101 – low 102 Ω/sq range after annealing at 450 ◦C, as a result of improved flake-to-flake
connections due to the removal of residual chemicals. The inkjet-printed films fabricated
with 80 print passes on fused quartz (SiO2), show after thermal annealing an average sheet
resistance of 35.5 (35.2) Ω/sq and a minimum sheet resistance of 26.8 (23.3) Ω/sq, which
are in line with other results present in the literature [10, 23, 40, 42, 60–62, 65, 67–70].

The average values of n and µ derived from Hall bar analysis for the devices printed
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Figure 2. (a) and (b) show VH as a function of time for positive, negative, and zero
applied field, for a sample fabricated with 20 print passes on fused quartz, measured
before and after annealing in vacuum, respectively. The dotted lines in (a) are guides
to the eye, showing the voltage drift in time. (c) Average film thickness determined by
surface profilometry as a function of the number of print passes for the devices fabricated
on fused quartz, both before and after thermal annealing in vacuum. The dotted lines
show a linear fit of the experimental data. (d) 4-point probe sheet resistance of the printed
graphene films on fused quartz as a function of the number of print passes, measured
before and after thermal annealing in vacuum. The error bars in (c) and (d) indicate the
mean root-mean-square (RMS) roughness and the standard error on the sheet resistance,
respectively.
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Figure 3. Average values of n and µ determined from Hall bar analysis for the devices
printed on fused quartz [(a) and (b)] and on SiO2 [(c) and (d)], with 20, 40, 60 and 80
print passes. The error bars on the film thickness and on the average values of n and µ
represent the mean RMS roughness and the standard error, respectively.

on fused quartz and SiO2 are reported in Figs. 3 (a) – (d) as a function of film thickness.
We observe that the devices printed on the two substrates show the same qualitative
behavior. The small differences observed between the results obtained for the samples
printed on SiO2/Si and on fused quartz could be attributed to the different thickness and
thermal conductivity of the employed substrates, which is expected to result in different
effective substrate temperatures of the printed films upon annealing. The carrier density
for all the devices printed on fused quartz and SiO2 is in the low 1020 cm−3 range, and
remains nearly constant over the investigated range of film thicknesses, no matter the
substrate. Such amount of doping (few 1012 cm−2 per graphene layer) is comparable to
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the typical environmental doping observed in graphene samples. However, in the case
of solution processed graphene, one has to take into account also the doping due to the
solvents and chemical components in the ink. As absorbed moisture is known to result
in p-type doping, and the doping determined by Hall measurements is n-type, this type
of doping is expected to arise from chemical residuals in the printed films rather than
from the exposure of the samples to air. This speculation is supported by the observation
that the results of Hall measurements are the same when the devices are characterized in
vacuum or in air. In addition, thermogravimetric analysis carried out for the exploited
graphene ink (not reported here) indicates solvent evaporation up to above 500 ◦C, thus
suggesting the existence of residual solvents in the devices investigated in this study (that
are annealed at 450 ◦C). Considering the boiling temperature of each chemical component
in the ink [18], we can assume pyrene to be responsible for the observed doping of the
printed films. In Figs. 3 (a) and (c) we observe that the thickness of the printed films
does not significantly affect n. On the other hand, the average value of µ is found to
increases with increasing t [see Figs. 3 (b) and (d)]. For the samples printed on fused
quartz (SiO2), µ increases from 8.9 (11.7) cm2 V−1 s−1 to 17.2 (23.9) cm2 V−1 s−1 with
increasing average thickness of the printed films from 103 (125) nm to 399 (426) nm. The
observed increase of µ with film thickness could be due to several reasons. For example,
for larger film thickness the top layers will be further from the substrate therefore less
subject to impurity scattering and trapping effects. Another possible explanation is that
each printed layer possesses different electrical properties and the probability to achieve
paths with low resistance increases as more layers are added to the device. The values
of µ determined here for inkjet-printed graphene devices on fused quartz and SiO2 are
in good agreement with the ones reported for spray-coated graphene films [40]. Field
effect mobility values ranging from below 1 cm2 V−1 s−1 [24, 69] up to 95 cm2 V−1

s−1 [10, 69] were previously reported for inkjet-prined graphene films on SiO2 substrates,
while a mobility of 91 cm2 V−1 s−1 was reported on textile [30]. However, the values of
Hall mobility obtained in this work cannot be directly compared to the previously reported
values of field effect mobility.

To gain further insight into the microstructure of our printed films, low temperature
magnetoresistance analysis is carried out for one of our printed devices. The
magnetoresistance measurement scheme is reported in Fig. 4 (a). The magnetoresistance
spectra collected at 5 K for a thermally annealed device in vacuum, fabricated on fused
quartz with 80 print passes are reported in Fig. 4 (b). Rxx and Rxy exhibit the standard low-
temperature behavior observed for multilayer graphene films, and Rxx shows a distinct
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Figure 4. (a) Magnetoresistance measurement scheme and (b) Magnetoresistance spectra
taken at 5 K for a device fabricated on fused quartz with 80 print passes, showing the
standard weak-localization behavior.

weak-localization peak at B=0 T [71]. From the variation of Rxy with B we obtain for the
investigated device an electron density of 1.5 × 1020 cm−3 and an electron mobility of
69 cm2 V−1 s−1 at 5 K. This is consistent with a reduced electron-phonon scattering at
cryogenic temperatures, as demonstrated for spray-coated graphene [40].

3.2. Low-frequency noise characterization

Low-frequency noise is investigated for samples printed both on fused quartz and on SiO2.
In particular, we study the noise performance of one device for each kind of substrate and
number of print passes, for a total of 8 devices. Low-frequency flicker noise is investigated
biasing the device under test (DUT) with a constant current, by using a 12 V lead acid
battery in series to a resistor. The value of resistance of the latter, R, is chosen to be much
larger than the one of the DUT, in order to approximate a current source (see Fig. 5).

The channel noise voltage (Vx) is amplified using an 80 dB gain, ultralow-noise
amplifier (A1 in Fig. 5), which is described in [72]. The signal is fed to the input of a HP
3562A Digital Signal Analyzer (DSA). The Hall noise voltage is measured between two
voltage probes and is amplified using two 60-dB-gain ultra-low noise amplifiers (EG&G
5004, A2 and A3 in Fig. 5, respectively). The signal output of A2 and A3 is connected
to the input of a differential amplifier (DA), which converts the signal from differential
to single ended. The resulting signal is fed to the second input of the DSA. The DSA
samples the input noise voltages and computes the voltage noise power spectral densities
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Figure 5. Schematic diagram of the setup used for low-frequency noise characterization.
A1, A2, and A3 are single-ended amplifiers. DA is a differential amplifier and DSA is a
Dynamic Signal Analyzer.

SV x and SV H .
Renaming Ix the channel current, its power spectral density (SIx) can be obtained

from the relative voltage power spectral density [73]:

SIx = SV x/(R ‖ Rch)
2, (3)

where Rch is the channel noise measured between contacts 2 and 5 in Fig. 1. The SIx

and SV H spectra as a function of frequency (f ), for a device fabricated on a fused quartz
substrate with 40 print passes and for different bias currents, are shown in Figs. 6 (a) and
(b), respectively.

When the bias current is equal to zero, SIx and SV H are equal to the thermal noise of
Rch and Rxy, respectively. However, for SV H [Fig. 6 (b)] we also observe a flicker noise
component introduced by the amplifiers in the lower frequency range of the recorded
spectrum. When a constant current is imposed through the device, flicker noise becomes
dominant over the entire frequency range, for both SIx and SV H .

The flicker noise power spectral density can be expressed as follows, in accordance
to Hooge’s law [74]:

SIx = [αH/(N× f )]× I2
x , (4)

where αH is the Hooge parameter, and N is the total number of carriers in the channel.
Noise measurements show the presence of flicker noise at low frequencies, as already
reported for exfoliated [50], CVD-grown [55], and epitaxial graphene structures [58].
From Eq. (4) we extract, for our printed devices on fused quartz and SiO2, a value of αH

in the range of 0.1 – 1. In particular, for the sample on fused quartz fabricated with 40
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Figure 6. Log-log plot of (a) SIx and (b) SV H , as a function of f for a device fabricated on
fused quartz with 40 print passes and for different bias currents. As a reference, the 1/ f
slope is shown as a dotted line.

print passes, whose current and voltage noise spectral density spectra are shown in Figs. 6
(a) and (b), we extract αH = 0.4. The obtained values for αH are larger than those reported
for mechanically exfoliated multilayer graphene [51], a result that is attributed to flake-
to-flake scattering in inkjet-printed graphene devices. Nevertheless, they are fair when
considering the strongly disordered nature of inkjet-printed graphene films. The values
of αH we have obtained are comparable to the values reported for monolayer epitaxial
graphene on SiC [75] and hydrazine-reduced graphene oxide [76], while are one order of
magnitude larger than those reported for single-layer CVD-grown graphene [55]. The
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obtained values of αH are also comparable to those extracted from Ref. [77] for liquid-
phase exfoliated and drop casted graphene films on Al2O3, assuming a charged carrier
mobility of the order of 10 cm2 V−1 s−1.

Finally, we have calculated the cross spectrum SV xV H of the power spectral densities
SV x and SV H . From this value, we determined the relative correlation coefficient, defined
as:

C = SV xV H/
√

SV xSV H . (5)

The module of the correlation coefficient for the device whose noise spectra are
shown in Figs. 6 (a) and (b) is presented in Fig. 7 as a function of f. Since |c|<0.5 over
the whole range of considered frequencies, the two spectra are not strongly correlated.
Therefore we do not expect that a significant improvement of the variance of VH could be
achieved exploiting the information on the time evolution of Vx.

4. Summary

We have reported for the first time Hall mobility measurements, magnetoresistance
analysis, and low-frequency noise characterization of inkjet-printed graphene films.
Thermal annealing in vacuum at 450 ◦C reduces the sheet resistance of the printed films
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by more than one order of magnitude and stabilizes the Hall voltage, thus enabling their
electrical characterization. The fabricated devices are found to be n-type doped, with
electron density in the low 1020 cm−3 range, a result attributed to doping of inkjet-
printed graphene by some of the species composing the ink. The charged carrier mobility
monotonically increases with increasing film thickness, reaching a maximum value of
33 cm2 V−1 s−1 for a 480 nm-thick film. The printed devices show values of αH ranging
from 0.1 to 1, indicating that the noise performance of our inkjet-printed graphene films is
comparable to that of monolayer epitaxial graphene and reduced graphene oxide devices.
The transport and noise characterization of devices fabricated with the exploited graphene
ink indicates it is highly promising for the fabrication of next generation inkjet-printed
electronics that benefit from low sheet resistance, good carrier mobility and fair noise
performances.
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