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Quantum Nature of Charge Transport in Inkjet-Printed
Graphene Revealed in High Magnetic Fields up to 60T

Nathan D. Cottam, Feiran Wang, Jonathan S. Austin, Christopher J. Tuck, Richard Hague,
Mark Fromhold, Walter Escoffier, Michel Goiran, Mathieu Pierre, Oleg Makarovsky,*

and Lyudmila Turyanska*

Inkjet-printing of graphene, iGr, provides an alternative route for the
fabrication of highly conductive and flexible graphene films for use in devices.
However, the contribution of quantum phenomena associated with 2D single
layer graphene, SLG, to the charge transport in iGr is yet to be explored. Here,
the first magneto-transport study of iGr in high magnetic fields up to 60 T is
presented. The observed quantum phenomena, such as weak localization and
negative magnetoresistance, are strongly affected by the thickness of the iGr
film and can be explained by a combination of intra- and inter-flake classical
and quantum charge transport. The quantum nature of carrier transport in iGr
is revealed using temperature, electric field, and magnetic field dependences
of the iGr conductivity. These results are relevant for the exploitation of inkjet
deposition of graphene, which is of particular interest for additive

1. Introduction

Isolation of single layer graphene (SLG)
triggered disruptive changes in the funda-
mental science of 2D materials and device
applications,['?] and enabled observation
of novel quantum effects, such as the
Quantum Hall Effect at temperatures as
high as 300 K,[*) weak localization and an-
tilocalization phenomena.[*#! Pronounced
quantum effects in SLG are attributed
to its high carrier mobility!"?! and linear
Dirac cone-shaped dispersion, which lead
to large energy gaps between the Landau
levels that form in a quantizing magnetic

manufacturing and 3D printing of flexible and wearable electronics. It is
shown that printed nanostructures enable ensemble averaging of quantum
interference phenomena within a single device, thereby facilitating
comparison between experiment and underlying statistical models of electron

transport.
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field and enables control of both the car-
rier type and concentration in graphene
field effect transistors (GFETs).[12°]

Liquid exfoliation of graphene offers
an alternative route for production of 2D
materials,['%1?] which can be used to formu-
late inks for scalable deposition by drop-on-
demand inkjet additive manufacturing.!**!
In applied electric and magnetic fields,
the inkjet deposited graphene (iGr) devices demonstrate behav-
iors qualitatively similar to typical SLG devices, such as mini-
mum conductivity in the Dirac point, switching from p- to n-type
conductivity with increasing applied gate voltage and minimum
conductivity in zero magnetic field due to weak localization.!1%11]
However, compared to SLG,°] iGr typically has significantly
lower carrier mobility of <100 cm?/Vs,['%!!) which is attributed
to the increased complexity of charge transport through the
graphene network. Temperature-dependent studies of the iGr
conductivity indicate carrier hopping mechanisms of charge
transport,['11*l with strong gate voltage dependence of FET con-
ductivity even in thick (>100 nm) iGr films.!"!] To date, quantum
phenomena, such as the Quantum Hall Effect or Shubnikov-de
Haas oscillations of magnetoresistance were not observed in iGr
and the contribution of quantum transport to the properties of
these printed films is yet to be probed.

In this letter we investigate the quantum and classical phe-
nomena in iGr devices of different thickness, from a single
droplet to multiple inkjet-printed layers in a wide range of
temperatures (T = 1.8 to 400 K) and magnetic fields up to
60 T. We demonstrate that, under certain conditions, such as
those achieved in the droplet samples, iGr behaves mostly as a

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) Sketch of the fabrication process of a single droplet (top) and printed layers film (bottom) iGr devices. b) High magnetic field (B < 60 T)
longitudinal, R, of a single droplet device at different temperatures in magnetic fields applied perpendicular (solid lines) and parallel (dashed lines) to

the sample surface. Inset is an optical image of a droplet device. c) R, (

bold lines) and transverse, R

. (thin lines) for an iGrg., device (shown in the

inset (a)) in magnetic fields applied perpendicular (solid lines) and parallel (dashed lines) to the sample surface. Inset is an optical image of an iGrg,

device.

quantum material showing quantum effects of weak localization,
negative magnetoresistance and temperature dependence of con-
ductivity explained by a scaling model. To the best of our knowl-
edge, this is the first report of negative magnetoresistance in gra-
hene networks. We experimentally measure and explain quan-
tum properties of iGr in the quantizing magnetic fields up to 60
T, revealing the contribution of quantum phenomena on charge
transport through graphene networks, which could underpin the
development of graphene-based devices and printed electronics.

2. Results and Discussion

2.1. Magnetic Field Studies of iGr Devices

To explore the charge transport phenomena, two sets of iGr de-
vices were fabricated - individual droplets (iGry,,,) and films
(iGrgy,,) created by printing a number of iGr layers 1 < n; <
20 (Figure 1a). The graphene ink contains individual graphene
flakes with average size of ~50 nm. All studied samples were
deposited using inkjet printing and the same post-deposition
treatment parameters were used. For multidrop devices, the in-
dividual drops were deposited consecutively at the same posi-
tion; while for film devices each layer is printed with individ-
ual droplets overlapping by ~50% (see Experimental Section for

details).[3] The sheet resistance of these devices is independent
of the device size, substrate type (e.g., Si/SiO,, glass, Kapton) and
contact material (Au and Ag contacts) (Section S1, Supporting In-
formation). We note, that the size of individual flakes is signifi-
cantly smaller than the size of a droplet (=50 um) and the dis-
tance between the electrical contacts. Hence for the film and the
droplet devices, we measure the electrical properties of graphene
flake networks. At high (B < 60 T) and low (B < 16 T) magnetic
field, the magnetoresistance (MR) of a single droplet and film
devices revealed significantly different behavior (Figures 1 and 2;
Section S1, Supporting Information).

Atlow temperatures (T < 200 K), single droplet devices demon-
strate a pronounced magnetoresistance (MR) dip in magnetic
fields of B < 10 T applied perpendicular to the current flow fol-
lowed by a local MR maximum at B = 20 T and a negative MR at
20 T < B < 60 T. However, at high temperatures (T > 200 K) and
low B < 20 T, MR becomes almost independent on the applied
magnetic field (Figures 1b and 2a). With increasing B, strong neg-
ative MR is observed even at room temperature (Figure 1b). In
the direction parallel to the magnetic field, negative MR is signifi-
cantly reduced and MR dip becomes smaller and broader (dashed
line in Figure 1D).

iGrg,,, devices fabricated with the number of printed layers n,
=1 to 20, revealed similar behavior to that of the droplets in low
magnetic fields B < 6 T with a pronounced MR dip at B = 5

iGrmm I]L =5 (C)O iGrmm
=== ~—— g 2 n=
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Figure 2. Low perpendicular magnetic field (B < 16T) longitudinal magnetoresistance (AR,,/R,, (B = 0)) of a) iGryo, and b) iGrg,, with the number of
printed layers, n, = 5 at different temperatures. c) Magnetoresistance for iGr films with different number of layers printed on sapphire substrates at T=
2K. Inset: Photograph of the iGrg,,, device with n, = 3 on a sapphire substrate.
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Figure 3. a) Normalised gate voltage effect on iGr conductivity measured on a single iGr droplet and 5 droplets devices at B =0 and T = 300 K. Different
lines of the same color correspond to different directions of gate voltage sweep. Insets: optical microscopy image of the single droplet (iGrg,,) device,
scale bar 10 um. Gate voltage effect on b) measured and c) relative magnetoresistance of a single droplet sample measured at the perpendicular magnetic

field B<55TatT=4.2K.

T (Figures 1c and 2c). However, at B > 6 T a positive parabolic
MR, typical for 3D semiconductors, is observed at T > 100 K
(Figures 1c and 2b). Linear dependence of Hall voltage on B ob-
served at B < 10 T, becomes sublinear at higher magnetic fields
(Figure 1c). In parallel magnetic fields, the MR dip as well as posi-
tive MR becomes weaker in low (B < 5 T) and high B, respectively.
From the linear fits of R, (B) Hall effect in B < 5 T, we estimate
Hall mobility of the film devices, u;; = 13 cm? V-1 st at T=4 K
and9cm? V-1slat T=290K

Gate voltage dependences of normalized conductivity,
0/0,10,(V,) of single and 5 droplet iGr devices (Figure 3a),
revealed ~20% decrease of the conductivity at V, <100 V and a
conductivity minimum at V, ~90 V for a single droplet device.
The observed o (V,) dependences (Figure 3a) are similar to those
reported for single layer CVD graphene GFETs with low u <
1000 cm? V-1 s71.01516] In contrast to droplet devices, the iGrg,,
devices on Si/SiO, substrates do not show any measurable o (V,)
dependence (Section S2, Supporting Information).

The o(V,) for all droplet iGr devices is highly reproducible,
however, with increasing number of droplets the effect of V, on
device conductivity becomes weaker (Figure 3a). We note that

conductivity becomes independent of V, in film devices (Section
S2, Supporting Information). We do not observe a strong hystere-
sis of o(V,) with forward and reversed V, sweeps (Figure 3a), that
is normally associated with the presence of organic residues.!'7:2]
From o(V,) dependences, we estimate the field-effect mobility
and carrier concentration of u=2.3 cm? V-! sl and p = 7.7 X
102 cm~2 for the single dropletand y=9.4 cm? V- s~land p =
9.3 x 10" cm™? for the 5 droplet devices, at V, = 0 (Section S2,
Supporting Information). At perpendicular magnetic fields B <
20 T, the relative MR, AR/R(B = 0) is independent of V,, while
an onset of negative MR is observed at B > 30 T is gate voltage-
dependent (Figure 3b,c). Interestingly, relative AR/R; _, MR at B
> 35 T demonstrates the same slope for all the values of applied
V, (Figure 3c), suggesting that the same linear negative MR could
be interpreted as a transport behavior, independent of the carrier
density.

Temperature dependences of conductivity o(T) at B=0T re-
vealed a significant difference between the droplet and film de-
vices (Figure 4a—c). To explain this difference, we assume random
ordering of the flakes into graphene networks and apply Variable
Range Hopping (VRH) transport models!'®-2%! (Figure 4b):
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Figure 4. a) Temperature dependence of electrical conductivity at B = 0 for a single droplet, iGry,p, and three film, iGrg,, devices with n, =1, 5, and
10. b) Fit of the data by the variable range hopping model. Dashed lines represent Equation (1). c) Fit of the data by the scaling model. Dashed lines

represent Equation (2).
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Figure 5. Resistance of a single droplet a) and n, = 10 film b) iGr devices measured (data points) in magnetic fields =5 T < B < 16 T and fitted
by Equation (4) (solid black lines). Right insets: Relative magnetoresistances AR/R(B) at B < 1T (data points) and their fits with linear (black line),
parabolic (green line), and Lorentzian (magenta line) functions. Top insets: sketches of the current through the flake network in iGry,o, (a) and iGrgy,

(b) devices modeled as a network of series and parallel resistors.

and scaling model (Figure 4c):

o~ (1/T) 2)

2.2. Weak Localization in Low Magnetic Fields

iGr devices, particularly single-droplet devices, demonstrate elec-
trical properties, such as triangular ¢ (V,) curve with minimum
conductivity occuring at the V, value for which the Fermi level
passes through the Dirac point. When a small (B < 5 T) mag-
netic filed is applied normal to the graphene layer plane, the re-
sistivity decreases with increasing B due to the weak localization
effect!?142° (Figures 2 and 5). These observations are qualita-
tively similar to WL reported for single layer exfoliated, /! SiC-
grown,[222] CVD-grown!'¢23] ag well as multilayer iGr films films
studied by other groups.['®!!] In this work, we observe WL in all
printed devices including thick films (n; > 10) with low mobility
(u < 100 cm? V-1 s71) and at high magnetic fields, B > 5 T. This
effect can be ascribed to the high ratio between the dephasing
length L, responsible for the WL effect and the mean free path I,
responsible for the orbital Landau level quantisation. This ratio
can reach a value L, /I, > 100,*"! significantly reducing the char-
acteristic magnetic field required for the observation of the WL
effect. We observe saturation of the WL effect at magnetic field B
~ 10 T for iGry,,, and B ~ 4 T for iGrg,, (Figure 2a,b), which are
significantly higher than those reported for SLG (B < 0.1T).[86.23]
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To explore this difference, we consider a 2D WL model of mag-
netoresistance developed for individual SLG flakes!*?3:

Ap (B)

W) T71 T71 T71
- [1(5) () ()] e
T Tq] T(p +1-i T(p + 7

where F (x) = In(x) + u/(% + i), w is the digamma function,
is the dephasing time due to inelastic scattering, 7, is the elastic
intervalley scattering time also associated with the edge scatter-
ing; 7. is a scattering time relevant to a combination of different
elastic intravalley scattering processes; z;' = 4¢DB/h where dif-

. . L . o -
fusion coefficient D = 1%; Fermi velocity is v, = 106 m s™!; L, =

Vg 7,, is the mean free path where 7, = % is the transport scat-
tering time and electron effective mass m* ~ 0.08m, (at V, = 0
and p = 10 cm2).[24%]

Since iGr films consist of a random 3D network of individual
2D flakes, the flake arrangement needs to be accounted for, as
it defines the electron trajectories. Random arrangement of in-
dividual flakes results in the random separation and overlap of
neighboring flakes. As a result, the electron trajectories™ can
path through a chain of individual flakes (set of series resistors),
which can branch to create local parallel paths (set of parallel
resistors), see Figure 5a,b. With increasing iGr thickness, the
contribution of parallel trajectories increases and dominates the
charge transport. This explains the high resistance of iGry,, de-
vices and decreasing resistance with increasing n; for iGrg,,. It
also means that the device resistance, including its WL compo-
nent, decreases with the increasing film thickness (Figure 5a,b).
In order to include this effect into the classical model (3), we in-
troduce an additional fitting parameter, N, ¢, corresponding to an

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Table 1. Weak localization (WL) fitting parameters (Equation 4) for iGry,,, and iGrg, devices measured at T=4 K.

Sample Number of layers, n P Q N 7, [ps 7; [ps 7. [ps L, [nm
P Y L max gr @ P ilP P @
iGrdrop 1 266 000 0.1 5.0 7.5 0.15 14
iGrepm 1 1858 10 22 238 0.135 228
iGreim 2 2135 7 2.38 2.26 0.115 23.7
iGreim 5 866 20 2.12 24 0.158 224
iGrgm 10 468 31 23 23 0.16 233

effective number of parallel trajectories. Hence, we rewrite the
Equation (3) as:

Api, (B) =

W) T71 771 T71
Ng, S|P 2 )-F( —2— ) —2Fr —2— )| 8
h T(;l 1-;1 + 1-;1 1;1 + 7!

Equation (4) provides a good fit for the experimental WL data
for all our samples, both iGry,,, and iGrg,, (5 < N, < 35 for the
iGrg;,,, devices with the number of printed layers 1 < n; < 10) at
the studied range of temperatures (Figure 5a,b; Section S3, Sup-
porting Information). In iGry,,, devices the data are well fitted
with N, < 1 indicating the dominant contribution of the series,
rather than parallel, inter-flake connections with significant junc-
tion resistance,!'*] which decreases the iGr conductivity.

The dephasing (decoherence) length L, = /7, D is %20 nm at
T < 5 K for all the devices (Table 1) and decreases with increasing
temperature (Section S3, Supporting Information). This value is
similar to that previously reported for a large, multilayer iGrg,,
device (L, ~ 15 nm)!'!) and is significantly smaller than values
reported for SLG (L, ~ 500 nm),[**] suggesting much stronger
confinement of the electron backscattering trajectories in iGr. In
our samples, the lateral size of the graphene flakes is #50 nm (see
Experimental Methods). Consequently, backscattering WL trajec-
tories in our devices are likely to be fully localized within a single
graphene flake at all of the studied temperatures

In all iGr devices we measure charge transport through ran-
domly formed graphene networks. Our previous Monte Carlo
modeling of electron trajectories in iGraphene transistors!!?!
demonstrated that while the formation of 3D networks of
graphene flakes is random, it is statistically averaged over large
number of flakes in our devices, hence we observe reproducible
electrical properties in all studied samples. Localization of elec-
tron trajectories within a single flake can introduce large un-
certainty in the modeling of iGr magnetoresistance. This uncer-
tainty is due to the carrier mobility and scattering times used for
the WL and quantizing magnetic field modeling being calculated
using macroscopic resistances R,,(V,) and R, (B), which are af-
fected by the resistances of the junctions between the flakes.!'*]
Carrier mobility of individual graphene flakes extracted from a
graphene ink and/or of small devices consisting of few flakes can
be significantly higher (%400 cm? V=1 s71)126] compared to iGrg,,
mobility (10 cm? V~! s7'). High intra-flake mobility leads to the
manifestation of quantum effects, such as weak localization and
negative magnetoresistance. Also, high junction (inter-flake) re-
sistance localizes electrons within individual flakes long enough
for them to undergo the elastic, phase-coherent scattering, re-

quired for the WL. In this case, a maximum dephasing length
is achieved for electron trajectories close to the edge of the flake.
The shape of the R, (B) WL effect reported for electron trajec-
tories localized in small (~1 um?) islands strongly depends on
the island shape.[?”2] Conventional WL observed in macroscopic
(sample size >> L ) 2D films results in a Lorentzian shape of
R(B) with R(B) ~ -B* near B= 0. However, for a small disk-shaped
island (diameter ~L,) this dependence is linear,*® R(B) ~ -B,
similar to that observed in our devices, where flake shape can be
approximated to a disk with an aspect ratio of <2 (Figure 5a,b).[?!
Interestingly, a reduced WL effect is also observed in our samples
in magnetic fields applied parallel to the sample surface (dashed
lines in Figure 1b,c); this is unlike SLG where WL is suppressed
due to enhanced spin scattering mediated by impurities.[??) We
attribute the observation of WL in iGr in parallel B-field to the
random orientation of individual flakes within the network (Sec-
tion S4, Supporting Information). We note, that since our exper-
imental results for devices produced with different number of
printed layers are fitted with comparable values of all scattering
times (Equations (3) and (4)) and their magnetoresistance data
(Figure 2c) are similar, we attribute the observation of weak local-
isation (WL) in iGraphene to the dephasing length, Ly ~ 20 nm
(Table 1), which is significantly lower than that estimated for sin-
gle layer graphene (Lgp ~ 500 nm!?3]).

2.3. Landau Quantisation and Negative Magnetoresistance in
High Magpnetic Fileds

At low temperatures (T = 4.2 K) the inkjet-printed graphene
films exhibit monotonic MR lineshapes for magnetic fileds up
to B =56 T with no signature of Shubnikov- de Haas oscillations
(Figure 1b,c), which we ascribe to the low macroscopic carrier
mobility u~ 10 cm? V-1 7. In the iGr devices, the low mobility is
ascribed to the resistance at the flake-to-flake junctions and inter-
flake scattering. We suggest that these processes can be less sig-
nificant in small droplet devices because of the different current
paths (Figure 5 insets). Also the role of inter-flake junctions can
be significantly reduced by applied high magnetic fields, which
confine electron trajectories within individual flakes.

The criterion required for the Landau quantisation, uB > 1,
cannot be achieved in these devices (uB > 1 only at B > 1000 T).
In high magnetic fields (B > 20 T), WL is suppressed by the
field-induced dephasing of the electron wavefunction. At the
same time, electron trajectories may still be confined within indi-
vidual flakes maintaining large microcopic, intra-flake mobility.
This leads to the formation of Landau levels and skipping orbits
near the flake edge. As the orbital degeneracy of the Landau
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85U80|7 SUOWWOD aAe8ID (el (dde au Aq pausenob ae sejonfe VO ‘@sn J0 S3|nJ 10} A%eiq)8uljuO A3|1M UO (SUORIPUOD-pUe-SWLRIAL0D A8 | ARe1q U1 [UO//:SANY) SUORIPUOD pUe SW 1 8y} 89S *[202/€0/50] U0 AriqiTauliuo Ae|im ‘WeyBumoN JO AiseAlun A 9TYTTEZO0Z 1IWS/200T OT/I0P/W00™ A8 1M ARe.d [l juo//Sdny Wouy papeo|umod ‘0 ‘6289ETIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

www.small-journal.com

a) ) b)3ok c)
030 \ iGrerop _ _
n(Vp) = ni(Vg) at o(Vy) = i (Vy)
20¢ =120 =120
029} - i - -
B : =S| E £
< 2 & 10 - e}
Go.28 o s
= Sio, = <= ol
~ Si gat a ‘5’
®0.02| _ B
—— M1 i
001} )
of
0.00 " n n n 0 " " ' L
50 25 0 25 50 75 100 50 0 50 100 150
v, (V) v, (V)

Figure 6. a) Gate voltage dependence of the conductivity of a single iGrg,, and 5 droplet devices at B = 0 and T = 300 K. Inset: Schematics of the
used parallel iGr flake model b) Blue curves: modelling of the carrier concentration in 20 parallel iGr flakes with the layer screening factor SF = 0.9,
po = 10" cm~2 and u = 10 cm?/Vs (Section S5, Supporting Information). Black curve: carrier concertation as a function of applied V. €) Modeling of
the conductivity of iGr assuming single layer graphene (blue line) and 20 paralel flakes (black line).

levels is proportional to the applied magnetic field, the increased
density of states at the Landau level energies favors flake-to-flake
transport leading to negative MR observed in iGry,,,, devices
(Figure 1b). We suppose that for very high magnetic fields, only
the lowest Landau levels in different flakes are partially popu-
lated and roughly aligned in energy (e.g., within their typical
broadening energy range). This effect is not observed in parallel
magnetic fields (Figure 1b) as well as in thick iGrg,, samples,
where charge transport is dominated by parallel trajectories
and can be described using classical positive parabolic MR
(Figure 1c). Note, that all samples studied here were fabricated
using the same ink and deposition process, and have identi-
cal composition. Hence, the observed negative MR, observed
only in iGry,,, devices, cannot be explained by spin-dependent
scattering on defects and impurities.}*2] Consequently, our
printed devices enable ensemble averaging of quantum inter-
ference phenomena within a single device. Our work therefore
highlights the potential of printed devices as testbeds for the
experimental study of statistical aspects of quantum transport.

2.4. Effect of the Applied Electric Field on Charge Transport in iGr

The triangular shape of o(V,) for a graphene FET is evidence of
the Dirac cone energy dispersion. In iGr devices, intra-flake trans-
port and electric-field-controlled inter-flake transport!!3*! can in-
fluence the shape of 6(V,), leading to the observation of the min-
imum of ¢(V,) at V,  0.'>*’! Our iGry,,, devices demonstrate
o(V,) (Figure 6a) similar to that of CVD graphene,[*) where a
conductivity minimum is observed at V, > 80 V, correspond-
ing to a high level of p-type doping, p ~ 1013 cm? V! s7! and
low carrier mobility <100 cm? V=! s71. In contrast, iGrg,,, de-
vices demonstrate very weak or unmeasurable gate voltage de-
pendence of the conductivity (Section S2, Supporting Informa-
tion). For these graphene inks, the thickness of single printed
layer is ~15 nm,[1%11:3435] hence gate-induced electric field can
penetrate only a skin layer of the film due to graphene screening
of the applied electric field.l**! Therefore no V, dependence of the
conductivity is observed.

A shift of o(V,) observed in iGry, devices (e.g., for iGrg,,
with n; = 5, Figure 3a) is indicative of the change of carrier
concentration, suggesting weak electric field screening in iGr. A
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qualitative model that assumes charge transport through a se-
ries of vertically oriented SLG layers and an electric field screen-
ing factor SF = 0.9 (90% of the applied electric field propa-
gates to the next layer) is used to describe the experimental re-
sults (Figure 6a,b). The increasing number of vertically oriented
graphene flakes affects the minimum conductivity, the carrier
concentration and field effect mobility by shifting the V, relevant
to the Dirac point toward higher voltages and changing the slope
of 6(V,) (Figure 6c). This dependence also results in a large er-
ror in carrier mobility calculated using a three-point R, (V) fit!*’]
(Section S2, Supporting Information):

P
e5npmax

®)

where p,,,. is the peak resistivity at the neutrality point, and én is
an uncertainty in the bipolar carrier density calculated from the
full width at half maximum (FWHM) of the resistivity peak ex-
pressed in terms of carrier density.’”] The difference between the
field-effect mobility calculated using the linearization model®’
and a three-point fit*’! can be used as a qualitative indicator that
electrons in the GFET flow through several parallel trajectories.

In contrast to SLG,[®®] applied gate voltage has very little effect
on the WL in iGry,,, devices (Figure 3b,c), as the electron trajec-
tories are confined by the edges of individual flakes. However,
applied V, affects the onset of negative MR, which is shifted to-
ward higher magnetic fields (B > 30 T) in low and negative V,
(with higher hole concentrations, Figure 3c), as higher magnetic
field is required to reach the same Landau level. Interestingly,
the slope of negative MR observed for all applied V, at B> 35T
is comparable (Figure 3c), could be due to the fact that only the
lowest Landau level is populated in all flakes, resulting in the V,
independent density of states.

2.5. Temperature Dependence of Charge Transport

Inter-flake conductivity in iGry,, is attributed to different charge
hopping mechanisms.!"1*] Temperature dependences of con-
ductivity, o(T), for our iGrg,,, and iGrg,, devices (Figure 4) was
fitted using two different models: 3D VRH conductivity (Equa-
tion (1)) and scaling model (Equation (2)). The 3D VRH explains

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Table 2. Analysis of the experimental data for iGr devices.

www.small-journal.com

Experiment Observed Effect Device Classical Quan-tum
Electric field SLG-like shape of o (V,) iGryrop X
(V) = const iGreim
Temperature Hopping conductivity!2°] iGrim
o~ enl-2)"
Scaling model of conductivity!2] iGryrop X X
o= (1T
Magnetic field WL in magnetic field o (B) All
Negative magnetoresistance iG Tdrop
Positive parabolic magnetoresistance iGrim X

o(T) of the iGry,,, devices with n; = 1 to 10 at temperature range
6 K < T < 60 K (Figure 4b). However, at the lowest and high-
est accessible temperatures, the model deviates from the experi-
mental data suggesting the contributions from weak localization
and phonon scattering. In contrast, o (T) of a single iGry,,,, device
demonstrates ¢ ~ T/ behavior (Figure 4c), typical for 2D con-
ductors and is strongly dependent on the device size.[202138] The
temperature-dependent studies further confirm that conductivity
of the thin iGry,,, devices is mediated by the 2D electron trajecto-
ries confined within individual graphene flakes, while transport
in thick iGrg,, devices can be described using classical VRH and
parabolic MR models.

In summary, our temperature dependent magnetic and elec-
tric field studies (Table 2) demonstrate that the charge transport
in iGr devices is strongly affected by the flake orientation and net-
work thickness, with iGrg),, devices demonstrating 3D hopping
conductivity with dominating percolation transport, while iGrg,,,
devices having metallic type conductivity with strong quantum
correction to the Drude transport.

3. Conclusion

In this paper we presented an experimental study of electron
transport in droplet (created by one or several printed droplets)
and film (created by one or several printed layers) iGr devices
in high (B < 60 T) magnetic fields, gate-induced electric fields,
and wide (1.5 K < T < 400 K) temperature range. The data has
been analyzed using a number of classical and quantum trans-
port models to determine relevant processes and mechanisms
in different iGr devices. Our analysis demonstrates that neither
pure quantum nor pure classical modeling can be applied to iGr.
However, under certain conditions, such as those achieved in the
droplet samples, iGr behaves mostly as a quantum material simi-
lar to a single layer graphene with high doping level (~103 cm™2)
and very low mobility (~10 cm? V-1 s71). We also demonstrated
that the interplay of quantum and classical effects in this material
defines the carrier transport and both effects should be accounted
for in modeling of iGr devices. Confinement of electron trajecto-
ries within individual graphene flakes and high intra-flake mo-
bility is suggested for the modeling of high magnetic field carrier
transport and quantum effects in iGr. This results underpin fun-
damental understanding of the behavior of graphene networks,
and will inform development of the next generation of devices
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utilizing graphene networks, including additively manufactured
and 3D-printed devices.

4. Experimental Section

Materials: The graphene-polymer ink was purchased from Sigma-
Aldrich (product number: 793663) and consisted of liquid exfoliated
graphene flakes (average area of 2590 nm?, average size ~50 nm)[34l
encapsulated in ethyl cellulose (EC) dispersed into an 85:15 mixture
of cyclohexanone/terpineol to achieve suitable rheological properties for
inkjet printing. At a concentration of 2.4 wt% solids, this ink had a den-
sity of 9.665 g cm™3, surface tension of 33 mN m~" and viscosity of
11.3 mPa-s at room temperature. The hBN-polymer ink was also pur-
chased from Sigma-Aldrich (product number 901410) with 5.4% wt EC-
hBN composite solids dispersed in the same solvents described above.
The AgNP ink was purchased from Advanced Nano Products (product ID:
Silverjet DGP-40LT-15C) and consisted of 38.85 wt% of silver nanoparti-
cles dispersed in triethylene glycol monomethyl ether (TGME) and other
dispersants.

Inkjet Printing of Film iGr Devices: Graphene ink was deposited on
sapphire or Si/SiO, (300 nm of SiO,) substrate using a drop-on-demand
(DoD) piezo driven inkjet printer Fujifilm Diamatix DMP-2800 and a 10 pL
drop volume cartridge with nozzles of a=21.5 um, Z=7.3. Adrop spacing
of 20 um was used. A pause of 30 s between layers was used to allow evap-
oration of the solvents in order to achieve improved surface morphology
and geometrical precision. The films were then annealed for two hours in a
vacuum oven under 1 mbar vacuum at annealing temperature of 250 °C. To
ensure precise printing geometry, the silver electrodes were printed with
30 um drop spacing for 1 layer on a heated stage at 90 °C and then an-
nealed under 1 mbar vacuum for 30 min for curing. Film devices were
produced with the size > 500 pm using 1 to 20 printed layers. Contacts
to the sample holder are made using DuPont 4929N silver paste an gold
wires.

Inkjet Printing of Droplet iGr Devices: Individual droplets of the same
graphene ink were deposited onto Si/SiO, substrate with Ti/Au electrodes
using a drop-on-demand (DoD) piezo driven inkjet printer Fujifilm Dia-
matix DMP-2800 and a 10 pL drop volume cartridge with nozzles of a =
21.5 um, Z=7.3. Diameter of a dried droplet is ~#50 um, distance between
the Au electrodes 5-20 um. For multi-droplet devices a pause of 30 s was
used between the deposition of individual droplets to allow evaporation
of the solvents. The samples were annealed in a vacuum oven (1 mbar) at
annealing temperature of 250 °C for 2 h.

Studies in Low Magnetic Fields B < 16 T: Experimental measure-
ments in constant and slow-changing magnetic fields were performed in
a closed-cycle 16 T superconducting solenoid system (Cryogenics Ltd),
which includes a cryostat temperature control inset (1.5 K < T < 400
K). For magnetic field-dependent studies, a field sweep rate of ~0.005
T s~ was used. DC voltage-current dependences were measured using

© 2024 The Authors. Small published by Wiley-VCH GmbH
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Keithley-2400 SourceMeter and Keithley-2010 multimeter units. All the
studied devices demonstrated linear dependence of current on source-
drain voltage, V.4, and negligible (< 10 Q) contact resistance.

Studies in High Magnetic Fields B < 60 T:  Pulsed magnetic field mea-
surements were performed up to B < 60 T. The pulsed magnetic fields were
created by discharging a capacitor through a liquid nitrogen-cooled resis-
tive coil in a short time (300 ms for the total pulsed field duration). The
sample was placed in a helium cooled cryostat and measured in the tem-
perature range 4 K < T < 300 K. A constant DC V4 and Ve voltages were
applied using Keithley-2400 SourceMeters. The values of longitudinal and
transverse voltages were amplified by Stanford SR560 low noise amplifiers
and measured using a fast multichannel PXI acquisition card (National In-
struments). For the measurements of the longitudinal and transverse volt-
ages in pulsed magnetic fields. A parasitic voltage proportional to dB/dt
was superimposed to the signal. The value of dB/dt correction was ob-
tained through the measurement on a separated channel of the voltage
across a copper wire winding located around the sample holder, which was
used to compensate parasitic contribution. The correction was assessed
by checking that the field up and field down sweep voltage traces with dif-
ferent dB/dt superimpose. See Section S6 (Supporting Information) for
details.

Statistical Analysis: ~ All measurements were performed with three inde-
pendent repeats, where applicable, and the data are reported as averadge
value and standard deviation.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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