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ARTICLE INFO ABSTRACT

Mixed dimensional van der Waals heterostructures (MD-vdWhs) open a huge potential to fabricate novel devices
based on numerous metamaterials with superior magnetotransport properties. In conventional vdWhs, a variety
of two dimensional (2D) layers has been stacked together to demonstrate vdWhs with phenomenal functionalities.
However, creating 2D materials and their vdWhs over large areas with excellent magnetoresistance (MR) charac-
teristics remains a major challenge. Graphene foam (GF), a 3D form of Dirac graphene continued to gather much
attention for magnetotransport applications due to its large area/cost effective production and better magne-
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properties. Remarkably, MR of GF is increased from ~130% to ~210% at 5 K under an applied magnetic field of
5 T by fabricating its MD-vdWhs with MoS,. Our systematic investigations show that distinct magnetotransport
properties in GF/MoS, vdWhs are strongly correlated to the enhancement in spin-orbit-coupling of the MD-vd-
Whs. Together, these results present a promising path toward the fabrication of future sensing and storage de-
vices.

© 2020

1. Introduction port functionalities [1-8]. The magnetotransport functionalities have

been widely employed in many technologies specifically in magnetic

Synergetic materials based on vdWhs have recently been emerged
with hybrid novel properties, paving the way for design of future tech-
nologies and particularly in devices with excellent magnetotrans-
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sensing and storage devices, where the MR curve is a true figure of merit
to define the device performance and/or efficiency. Generally, 2D + 2D
vdWhs are utilized to precisely control the unique magnetotransport
properties of hybrid materials at nanoscale. Even though 2D+ 2D vd-
Whs mostly consists of graphene seems very interesting in terms of fun-
damental science and potential applications. But, they have several dis-
advantages such as transfer & fabrication of 2D +2D-vdWhs [9], lattice
mismatch [10] and more importantly, the growth of single-crystal large
area 2D materials are explicitly challenging to make devices for relevant
measurements [11]. Perhaps, little progress has been made to synthesize
polycrystalline 2D materials in centimeter scale, but granular structures
play a significant role in degrading physical properties [12
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1 and therefore; device performances like those of single-crystal
2D + 2D-vdWhs could not be expected [11].

More recently, combinations of 2D + nD (n = 0, 1 and 3) materi-
als or in other words known as MD-vdWhs i.e. 2D material integration
to an array of materials with different dimensionalities; have started to
emerge as an effective way to massively enhance critical properties in
various fields [13,14] without damaging the structure which could be a
case in other techniques such as pressure [15-19] and so on [20-22].
They can also be produced on a large scale with no requirement of lat-
tice matching phenomena [23]. Therefore, investigation of magneto-
transport mechanism in mixed dimensional vdWhs is highly desirable.
Harnessing above mentioned factors, we opted GF as a target material to
fabricate its MD-vdWhs based on the following reasons; GF is composed
of monolayer, bilayers and multilayers graphene; commonly known as
3D architecture of dirac graphene because it incorporates the distinc-
tive electrical properties of 2D graphene and thus it is highly conductive
[24]. Also, many combinations could be possible with GF to create nu-
merous MD-vdWhs with hybrid functionalities, potentially giving access
to explore novel devices with unique hybrid properties.

Although, GF can easily be synthesized on a large scale and demon-
strated linear positive MR of nearly 90% at 5 T and room temperature
[25,26], however; because of weak SOC in graphene [27], enhance-
ment of magnetotransport properties beyond a certain value is challeng-
ing. Theoretically, the problem of weak SOC in graphene could be com-
pletely addressed by creating its vdWhs with transition metal dichalco-
genides [28]. Herein, we demonstrate MD-vdWhs (2D + 3D) of GF with
MoS; to explore magnetotransport properties. Remarkably, MR of GF
is increased from ~130% to ~210% at 5 K under an applied magnetic
field of 5 T by fabricating its mixed dimensional heterostructures with
MoS,. Our systematic investigations show that obtained distinct magne-
totransport properties in GF/MoS, vdWhs are strongly correlated to the
enhancement in SOC of the MD-vdWhs hybrid system. Together, these
results present a promising path toward strengthening of magneto trans-
port properties in several materials and that can lead to develop unique
sensing and storage devices with excellent efficiencies.

2. Results

To evaluate the morphology and formation of heterointerface, trans-
mission electron microscopy (TEM) studies were carried out. The TEM
image of the hybrid confirms the formation of GF/MoS, vdWhs with het-
erointerface in 2D fashion as shown in Fig. 1a-c. Moreover, to confirm
the crystal structure of each component in the GF/MoS, vdWhs, HRTEM
images were taken which clearly shows that presence of two different
d-spacing values of 0.63 and 0.33 nm corresponds to MoS; according to
JCPDS-37-1492 and graphene according to JCPDS-65-6212, respectively
(Fig. 1c). Furthermore, the HRTEM image at the interface to construct
the GF/MoS,; MD-vdWhs in to of 3D framework confirms the presence
of graphene and MoS, in a result of 3D designing (Fig. 1c). The se-
lected area electron diffraction (SAED) pattern corresponds to six-fold
Miller-Bravais indices, which are associated with the {1210}, {0110},
{1010} and {2110} atomic planes as shown in the inset of Fig. 1b, con-
firming the well-aligned growth and high crystallinity of the foam.

The crystalline structures of GF and its MD-vdWhs are analyzed
by X-ray diffraction (XRD) and Raman spectroscopy, shown in Fig.
1d and e, respectively. The pure graphitic phase in GF is revealed
by an obtained intense peak at 20 ~ 26.5° (standard card number:
JCPDS-65-6212), which could be associated to (002) atomic plane (Fig.
1d). Two peaks are observed in GF/MoS,-vdWhs at 20 ~ 26.5° and
20 ~ 14.4°, which clearly indicates graphene and presence of MoSy
(standard card number: JCPDS-37-1492) respectively. Also, few less
intense peaks at 20 ~ 44.5° and 20 ~ 44.1° corresponds to graphene
and MoS,, as

shown in inset of Fig. 1d. Thus, GF and MoS, are both polycrystalline
while GF/MoS,-vdWhs contains both graphene and MoS, phases.

Fig. le displays a Raman spectra of a GF and its MD-vdWhs with
prominent peaks namely D~1356cm™!, G~1581cm™! and
2D~2700 cm~! are obtained for GF while another two peaks denoted
as Ep,-380 cm™! and A;_403 cm™! are observed in GF/MoS, vdWhs.
Obviously, the obtained Ez; and Ay peaks and the space (Aw) be-
tween these bands, Aw = (Alg - Ezg) in mixed dimensional vdWhs in-
dicates MoS, [23]. The three specimens GF/MoS, (1, 3 and 5 min)
with Aw _22 em™!, Aw_28 cm™! and Aw_41 ecm™!, respectively demon-
strates that the number of MoS; layers in MD-vdWhs depends on dipping
times (Inset of Fig. 2e and also see Experimental Section for details).
Furthermore, the ratios 41g/Ezg ~ 2.5, A1g/Ez, ~ 2.7 and 414/Ezg ~ 3.2
corresponds to GF/MoS; (1, 3 and 5 min) respectively, is another evi-
dence to precisely control the number of MoS; layers by varying dipping
times. The density of MD-vdWhs depend on the dipping time, where GF/
MoS; -5 min indicates high densities and GF/MoS, -1 min shows low
densities mixed vdWhs.

X-ray photoelectron spectroscopy (XPS) is carried out to analyze the
surface chemistry of a material. Figs. S1(a-b) (supporting information)
unveils two XPS peaks Cls and Ols in GF, where Ols is used as a ref-
erence peak to indicate peak shifting and the Cls peak shows no evi-
dence of oxygen bonding, suggesting pure carbon bonding in GF. Fur-
ther fitting of the peak with respect to C=EN exhibits its low intensity
however, that could widen up for GF/MoS, specimen (Fig. 1g), possi-
bly related to XPS chamber. The chemical state of surface atoms of GF/
MoS,-vdWhs shows the presence of S 2p3, Mo 3ds, C1s, Mo 3p3 and Ols
(Fig. 1f). The Cls spectra of GF/MoS,-vdWhs is composed of a peak at
~284.4 eV, corresponded to C-C (Fig. 1g). The Mo 3d spectrum contain
two doublets: Mo** 3ds,, = 229.04 eV & Mo** 3d3,, = 231.2 eV, and
Mo®* 3ds,, = 232.7eV & Mo®" 3ds,, = 235.6 eV (Fig. 1h) [29]. The
Mo** doublets are associated with the +4-oxidation state of Mo, while
the Mo®™* state of MoO5 emerges due to redox reactions. Furthermore,
two peaks at binding energies ~161.9 and ~162.8 eV are associated to
S 2p3,; and S 2py /5, respectively, a small shift might be due to formation
of MD-vdWhs (Fig. 1i) [30,31]. These XPS peaks at particular binding
energies can therefore, illustrates the formation of MD-vdWhs. This is
further reflected in energy-dispersive spectroscopy analysis as shown in
Fig. S1 of the Supporting Information. EDS-mapping of MD-vdWhs re-
veals the presence of carbon; red, sulfur; blue-green, and molybdenum;
green as can be seen in i.e. Fig. S1d and its insets (Note: The surface
topography of GF is shown in Fig. S1c). To evaluate MoS, contents in a
GF, we have carried out the energy dispersive spectroscopy (EDS) analy-
sis as presented in Figs. S1(e-h) of supporting information. Fig. S1h
clearly shows the large contents of MoS; in GF/CZTS-5min as compared
to the other GF specimens (Figs. Sle-g).

Utilizing four probe geometry (Fig. 2i), the magnetoresistance
curves for GF and MD-vdWhs (1, 3 and 5mins) with material symbolic
representation at different temperatures (in Kelvin or K) and magnetic
fields (in Tesla or T) are shown in Fig. 2(a-h), respectively. At rather
small fields (B < 2T), all MR curves generally tend to be quadratic,
alike classical MR in semiconductors. However; MR becomes almost lin-
ear with fields greater than 2 T and that is in a good agreement with
Abrikosov's conditions for quantum linear MR [32]. Overall, MR values
in MD-vdWhs (1, 3 and 5mins) are found higher to that of GF. Take
MD-vdWhs-5mins as an example, large values of around 210% are ob-
tained at 5 K and 5T; nearly as twice as in GF i.e. ~130% (Fig. 2j).
Similar enhancement trend at 5T is also noticed for other temperatures
i.e., 50, 100, 200 & 300 K, and data is presented in Figure S2 (Sup-
porting Information). Furthermore, MR curves for all specimens at dif-
ferent temperatures and 5 T is plotted in Fig. 2k. Even though, MR for
MD-vdWhs-3 & 5mins can predict a roughly saturation regime in low
temperatures but these data points are well above 100%j; more impor-
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Fig. 1. Characterization of GF and GF/MoS,-vdWhs. (a-b) HRTEM images of GF confirms few-layers to multilayer randomly oriented polycrystalline graphene and the inset in Figure b
is the selected area electron diffraction (SAED) pattern shows different over lapping of different number of graphene layers with each other as indicates by the difference in the brightness
of the dots. (¢) HRTEM image of GF/MoS2-vdWh with a d-spacing ~ 0.63 nm, indicating presence of MoS; (d) XRD pattern of GF; and GF/MoS,-vdWhs contains both graphene and MoS;
phases (e) Raman signatures of GF and GF/MoS2-vdWh (inset shows peaks Alg and E2g). The ratios 414/Ez ~ 2.5, A1g/Eyg ~ 2.7 and 414/Esg ~ 3.2 corresponds to GF/MoS; (1, 3 and
5 min) respectively, illustrates an another evidence to precisely control the number of MoS, layers by varying dipping times. (f) X-ray photoelectron spectroscopy (XPS) is carried out
to analyze the surface chemistry of a material. XPS survey is plotted for GF/MoS; (g), Cls (h), Mo3d (i) and S2p (i) spectra of GF/MoS2-vdWhs. These XPS peaks at particular binding
energies can therefore, illustrates the formation of mixed dimensional vdWhs. (A colour version of this figure can be viewed online.)

tantly at room temperatures and with linear responses. This is an ideal
approach to build future magnetic sensors with linear and unsaturated
responses that can work at room temperatures where no expenses are
required to cool down the device for applications.

3. Discussion

To investigate large MR enhancement in GF/MoS, vdWhs materials;
we have systematically examined different models. GF possess multiple
conduction channels (Fig. 3a; schematic) due to different number of
graphene layers present at each section. The fabrication of MD-vdWhs
could also increase these conducting channels. The Hall resistance (Ryy
) deviates from the linear dependence of the large magnetic field, indi-
cates the multiple conducting channels like transport in GF (Fig. S3a of
the SI) [33]. The resistance of the specimens decreases as the deposition
time of MoS, increases (Fig. S3b of Supporting Information) and the to-

tal conductivity of GF can be expressed as
Ogr=01+0,+03+04.c.cc.cc e ot 0y

€Y

where n is the number of graphene layers at different points during
charge carrier transport. The charge carriers must selectively trans-

port through a particular conducting channel; for example, monolayer
graphene is a zero band gap material, while bilayer graphene has a band
gap of 0.25 eV [34] under an electrical field. In this regard, we can use
a following probability equation

n! P

Py = (n—x)!x!

2
in such a way that P(x) is the probability of a charge carrier trans-
porting through specific conducting channels (i.e., a specific graphene
layer) within GF, n! counts the number of ways a charge carrier can
travel from a specific conducting channel, (7 —x) ! is the number of ways
a charge carrier can pass through the same number of graphene lay-
ers, x! excludes events when charge carrier passes through same num-
ber of graphene layers. p* is the probability of the successfully trans-
port charge carriers, and ¢"~* shows unsuccessful transport of charge
carriers. The mobility of GF specimens cannot be extracted experimen-
tally as the thickness cannot be measured accurately due to nonuni-
form surface of graphene foam. However, we can utilize linear fit-
ting of MR data to estimate mobility values (Fig. 3b). The mobil-
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Fig. 2. Magnetotransport Properties of GF and GF/MoS,-vdWhs. The schematic of (a) GF (¢) GF/MoS,-vdWhs-1min (e) GF/MoS,-vdWhs-3mins (g) GF/MoS,-vdWhs-5mins. The mag-
netoresistance data at different temperatures and fields are (b) GF (d) GF/MoS,-vdWhs-1min (f) GF/MoS,-vdWhs-3mins (h) GF/MoS,-vdWhs-5mins. Magnetoresistance (%) magnitude
is significantly enhanced in mixed dimensional vdWhs. At rather small fields, all magnetoresistance curves generally tend to be quadratic, alike classical magnetoresistance behavior in
semiconductors. However; magnetoresistance becomes almost linear with fields greater than 2 T and that is in a good agreement with Abrikosov's conditions for quantum linear magne-
toresistance [17] (i) Schematic of electric/magneto measurement unit. (j) MR (%) vs. different specimens at 5K and 5T. Take mixed dimensional VdWhs-5mins as an example, large values
of around 210% are obtained at 5 K and 5T; nearly as twice as in graphene foam i.e. ~130% (j) MR (%) vs. temperature for different specimens at fixed magnetic field of 5 T. Even though,
magnetoresistance for mixed dimensional vdWhs-3 & 5mins can predict a roughly saturation regime in low temperatures but these data points are well above 100%; more importantly at
room temperatures and with linear responses. (A colour version of this figure can be viewed online.)
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Fig. 3. Electronics of Charge Carriers: (a) Schematic of multi-conducting channels in graphene foam. (b) Mobility values at different temperatures for different specimens. The mobility
of graphene foam specimens cannot be extracted experimentally as the thickness cannot be measured accurately due to nonuniform surface of graphene foam. Therefore, we have used
linear fitting of MR data to estimate mobility values. The mobility (p) of each specimen increases with the decrease in temperature, and the opposite is true for carrier density () plot (Fig.
3c). The # of graphene foam is lower than those of all GF/MoS,-vdWhs, indicating that MoS, may be deposited at low energy sites (i.e., defects), and thus, charge carriers were easily
transported. (d) Phase coherence length vs. temperature for GF/MoS,-vdWhs indicates an enhancement of spin orbit coupling in mixed dimensional vdWhs. (e) Band bending diagram of
GF/MoS,-vdWh under equilibrium and biased conditions (f) UPS of GF/MoS; under -5V in which graphene was positively charged (g). Rough representation for movement of the Fermi
level in the equilibrium and biased conditions. (A colour version of this figure can be viewed online.)
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ity (p) of each specimen increases with the decrease in temperature, and
the opposite is true for carrier density (7) plot (Fig. 3c) due to the freez-
ing of a phonon-electron scattering. The # of graphene foam is lower
than those of all GF/MoS,-vdWhs (Fig. 3b), indicating that MoS, may
be deposited at low energy sites (i.e., defects), and thus, charge carriers
were easily transported.

Tanabe et al. [35] reported electronic properties of GF and resistiv-
ity tensor according to semi-classical transport theory, as given below

tan~! yB

Pxx = PoHB
o (tan~! uB)® + [log(1 + (uB)?]’/4 @)

in which # is carrier mobility, B is applied uniform magnetic field, and
.7 = uB, @. is the cyclotron frequency and 7 is the scattering time. Ac-
cording to semi-classical model, the large # in GF/MoS; vdWhs (i.e. Fig.
3b) might explain the enhancement of positive MR in vdWhs specimens.
On the other side; the quadratic MR behavior i.e. MR « (uB)?, where
i = 5.5%10*cm?/V.s at room temperature for GF/MoS,-5mins specimen
which turns into~10°% PMR at 5T but in our case GF/MoS,-5mins
specimen shows 125% positive MR. Therefore, models depending on
mobility are not useful to explain positive MR at high temperatures in
GF.

GF is a hierarchical 3D framework of graphene and composed of
graphene, bilayer and multilayers; therefore, the positive MR behav-
ior in graphene foam specimens could be explained on the basis of
graphene. The MR in multilayer graphene could be related to the weak
localization and mathematically, written as [36].

Ap(B)=p(B)—p(0)

2
"2t

_2F<B¢i3*>]

Here F@)=In@@)+y (% + i), Byis= A‘%‘;T;’lj’*. ¥—digamma func-

tion, D is a diffusion constant, 41— plank's constant,s (B) indicates resis-
tivity as a function of magnetic field value. The correction to the sheet
MR in eqn. (4); after including the isospin conserving scattering mecha-
nism factor; can be expressed as [37].

Ap(B)=—@ F<2ﬁ)—F -2
= n - -
7 78 5 <T¢1+27[1)
7 ()
—2F R
T (1;1 +Tl._1 +T;1)

Here T4is a phase coherence time, Zidenotes the intervalley scatter-
ing time, 7w means the warping-induced relaxation time — linked to an
intra-valley scattering due to the trigonal warping effect; 73 = /2eDB .

The weak or anti weak localization (WL, AWL) could be linked to
the negative and positive linear MR in graphene [36,37]. The WL mag-
netoresistance generally depends on two types of scattering rates i.e.
Elastic (chirality-breaking, %i»%w) and In-elastic (phase-breaking “74"").

The F(%) term in eqn (5) is linked to WL and —F<(+2_l)>
(7 7;

and —2F + terms are connected to AWL. The behavior
13(1; +Ti_ +T;1)

of our positive MR data in GF therefore; shows WAL. Additionally, lin-
ear MR can be found in classical disorder systems is an another ev-
idence [38]. The WAL in graphene can be strengthen further due to
addition of a Rashba SOC as it attains an additional = phase in the

wave function [39]. As a matter of fact, the graphene has extremely
weak intrinsic SOC but it can be enhanced by making its heterostruc-
tures with transition metal dichalcogenides (TMDs) [40]. The strong
WAL presence in GF/MoS,-vdWhs is another reflection of induced
Rashba SOC. The large positive MR behavior in MD-vdWhs indicates
the WAL effect, suggesting that GF acquires significant Rashba SOC due
the formation of its MD-vDWhs with MoS,. In mixed dimensional het-
erostructures materials, it is important to mention that the graphene
dirac point is around a conduction-band minimum or the MoS, defect
states [41]. This shows the enhancement of the band hybridization on
the electron side. This could result in strongly asymmetric density of
states and strong Rashba SOC due to stronger WAL.

Strong Rashba SOC in mixed dimensional heterostructures can be
further evidenced by utilizing Hikami, Larkin, and Nagaoka (HLN) quan-
tum interface model [42]. According to this model,

2 B B
sow=—55 v (5 +3) (%)

<BSO+Be>]
—In{ ———
) B 6
+362 EBSO+B(/J+]
270 | ¥ B 2
4
2Bsy+ B
B

in which, V is the digamma function, ¢ = 1.6 x 10~!°C is a the charge
of an electron, and /=6.63x107*m2Kg/s (Planck's constant),
B;=h/ (4eL?) is the characteristic field for the respective scattering
mechanism (i = @, S0, ¢), where L, is phase coherence length, Lso is the
spin-orbit scattering length, and L. is the elastic scattering length. As-
saf et al. [43] reported another approximation of the HLN model for
a low magnetic field of less than 14 T, and the second term (spin-or-
bit scattering) and third term (elastic scattering), are approximated by
a B2%-parabola as well as assuming that L,>>Lso. This approximation
leads to

Ac (B) = — ae (1 (_h
272h 4elB
)
o — +pB*
2 4el;B

in which, @ represents the number of conducting channels, and £ is a
quadratic coefficient. Eq. (7) is used to estimate L, for all specimens,
and its magnitude is very small in comparison to the thickness of the
specimen (Fig. 3d). Although, the L, decreases with increasing temper-
ature in low densities MD-vDWhs i.e. GF/MoS,-1 and GF/MoS5-3 min
specimens (Fig. 3d), but the increasing in L, in low temperature range
for high densities mixed vdWhs i.e. GF/MoS,-5 clearly indicates that en-
hanced spin orbit coupling is a main reason for the large enhancement
of positive MR. The L, seems to be ineffective in high temperatures as
plotted in Fig. S3d of supporting information, which is also true for
SOC and further strengthen our argument. DFT calculations elsewhere
also indicate the strong SOC in graphene heterostructures with different
TMDs [41].

Here it is also worthy to mention that contact between a metal and
a semiconductor can result in an ohmic or a Schottky junction depend-
ing upon the work function of both materials. In the GF/MoS,-vdWh
system, MoS, is a semiconductor and graphene is a metal. The work
functions of pristine graphene and MoS, are 4.5 eV [44] and 5.3 eV
[45], respectively. The work function of both materials depend on
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the number of layers and a difference of 0.5-0.6 eV is observed for
few-layer to multilayer materials. The difference in the work function
of graphene and MoS,, a difference of 0.7-0.8 eV, can produce a Schot-
tky barrier during transport of charge carriers. Thus, Schottky junctions
could be formed during the electrical transport, and these junctions can
result in large magnetoresistance according to literature [46].

Albeit rough, the work function (@) of GF(®ss) and GF/MoS,-vdWh(
®y5) are estimated under biasing by using the expression
® =212eV — (E, — Er), where E, represents the cut-off binding energy,
and Er represents Fermi level. In the equilibrium condition, a barrier
potential, ¢B, is formed due to discontinuity in the work functions of
GF and MoS,, which is reduced after the migration of charge carriers
to graphene foam and therefore band bending starts and a built-in po-
tential ¥z appears. The results indicate that the work function of GF:
@) ~4.6 + 0.15 eV under -5 V biasing conditions is in agreement with
the literature [47]. The Schottky barrier ¢p = e (‘DM -X ), is a positive
quantity (#m>7%), when GF/MOS,-vdWh comes in contact under the
equilibrium condition. The Fermi levels of both materials start equili-
brating due to the Schottky barrier, and some charge carriers do not
have enough energy to cross #B. These charge carriers require extra en-
ergy which can be provided via biasing (Fig. 3e-g). Thus, both GF/
MoS2-vdWh and GF are biased at —5 V, and the work function could
be calculated. Py is ~4.2, while @y is ~4.1, indicating that an ohmic
junction was produced under the bias condition (Fig. 3f). Thus, the
work function of GF/MoS, decreased after the application of a voltage,
indicating that the Schottky barrier height decreased as well (Fig. 3g).
The ohmic junction at room temperature is normally 25 meV of energy
difference but herein, Schottky height ~100 eV is high enough to pro-
duce such a large change in the resistance of GF/MoS,-vdWhs. How-
ever, Schottky barrier height reduces in biasing condition that indicates
an easiness in the flow of charge carriers due to which the mobility of
the charge carriers also enhanced in GF/MoS,-vdWh-5 mins sample as
shown in Fig. 3c. Thus, Schottky height could not clearly explained the
large MR in GF/MoS;-vdWhs.

4. Conclusions

We synthesized mixed-dimensional (2D +3D) vdWhs of graphene
foam with MoS; to investigate magnetotransport properties. The MR of
GF is increased from ~130% to ~210% at 5 K under an applied mag-
netic field of 5 T by fabricating its MD-vDWhs with MoS,. Systematic in-
vestigations are carried out to probe enhanced magnetotransport proper-
ties in GF/MoS; vdWhs systems and found that large and linear MR en-
hancement is strongly related to the enhancement in SOC of the MD-vD-
Whs system. Together, these results present a promising path toward
strengthening of magneto transport properties in several materials and
that can lead to develop unique sensing and storage devices with excel-
lent efficiencies.

5. Experimental methods
5.1. Synthesis of graphene foam

Graphene foam was synthesized via chemical vapor deposition
(CVD) method (Fig. S4a), as reported in the literature. The nickel foam
with specifications 80 PPI (pores per inch) was locally purchased. PPI is
calculated as an average across the surface of the uncompressed nickel
foam. The pore density (uncompressed) is same in all dimensions as it
is a reticulated foam and magnetoresistance values are dependent on
PPI cross-section. (i) The nickel foam substrate (80 PPI) was placed at
the center of a furnace tube (Fig. 1la). (ii) A vacuum was created in
a furnace tube with the help of a rotary pump. (iii) Furnace tube was
heated to 1100 °C at a rate of 5 °C/min under a combined flow of hy-
drogen and argon (Fig. 1b). (iv) Ethylene (CoH4) was mixed with the
provided mixture of gases for a specific time. (v) C;H4 was turned off

to allow the furnace tube to cool down naturally and waited until it
comes back to room temperature. (vi) The specimens were then col-
lected from the furnace tube.

5.2. Transfer of graphene foam

Graphene that was fabricated on nickel-foam was then transferred as
free-standing Graphene Foam. To remove nickel, graphene/nickel foam
specimens were dipped in the solution of FeCl3.6H,O (Fig. S4c). The
nickel etching process could take from several hours to days depend-
ing upon the porosity of the nickel foam. After etching nickel, graphene
foam started to float on the surface of solution, indicating that a suc-
cessful reaction has been taken place. To remove remaining residues
in specimens, the graphene foam was transferred in another solution
of hydrochloric acid (HCl) and clean water for several hours. Finally,
graphene foam was dried in an oven at 50~100 °C for few hours.

5.3. Formation of GF/MoS2-vdWhs

According to the literature, the chemical dip coating strategy was
used to synthesize GF/MoS,-vdWhs. A solution was synthesized by dis-
solving 100 mmol L~ of (NH4);MoS, in dimethylformamide (DMF), and
as-grown graphene foam was dipped in the solution for a particular pe-
riod of time (Fig. S4). Three specimens were prepared GF/MoS,-1-S1,
GF/MoS,-3-S2, and GF/MoS,-5-S3 for different dip coating times of 1, 3,
and 5 min, respectively. These specimens were then placed in a furnace
at 500 °C for an hour to remove the DMF residue from the specimens.

5.4. Characterization of GF/MoS2-vdWhs

High-resolution transmission electron microscopy
(HRTEM-FEI-Technai G2-F30) and Raman spectroscopy  (Ren-
ishaw-HR800 equipped with 532 nm laser excitation source) have been
employed for the structural study. The morphology and elemental map-
ping of graphene foam and its mixed dimensional vdWhs were car-
ried out by scanning electron microscopy (SEM-Hitachi, SU-70). X-ray
Diffraction (XRD- Rigaku D/max 2500, A = 1.5406 A) and X-ray pho-
toelectron microscopy (XPS- MICROLAB350-Thermo Scientific, USA)
have been utilized for phase identification and the confirmation of GF/
MoS,-vdWhs formation, respectively. A quantum design physical prop-
erty measurement system (PPMS)-9 equipped with special homemade
puck was used to conduct electronic transport measurements for all
specimens (Schematic of electric/magneto measurement unit with de-
tails of channel length is shown in Fig. 2i). Specially designed home-
made puck consists of four probes positioned in a straight line with
channel lengths of 4 mm between the middle two probes and 10 mm
between the end probes respectively. A continuous current is passed
through the two end probes and the potential drop was calculated across
the middle two probes. Magnetic field was applied perpendicular to all
specimens. Current vs. voltage (IV) curves were observed under different
temperatures and O field for the magnetotransport properties (Fig. S3c

of Supporting Information (SI)). Using MR (%) = (i;LEg)) - I)X 100, Mag-

netoresistance data was calculated, where R (B) = resistance under
an applied magnetic field (B) and R, (0) = resistance under zero mag-
netic field. We used material dimensions ~10 X 5 x 4 mm? for mag-
netotransport measurements. Here it is important to mention that we
used graphene foam in its original shape for magnetoresistance measure-
ments instead of breaking it into micro flakes, where magnetoresistance
results are slightly different.
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