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HIGHLIGHTS

e Multilayer graphene with Au deposited was conducted to enhance the thermoelectric properties.

o The Seebeck coefficient, power factor, and resistivity are analyzed.

e The maximum Seebeck coefficient obtained was 4.67 pV/K at 528 K, compared to 0.66 pV/K for pristine graphene.
e An increasing Ip/Ig ratio led to a 24-fold increase in the power factor compared to pristine graphene.
o All samples exhibited p-type conduction, where the dominant charge carriers are holes.
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This study examines the effect of Au deposition on the thermoelectric properties of multilayer CVD graphene
films. The Raman spectra show that Au deposition impacts the morphology as well as the thermoelectric
properties of multilayer CVD graphene films. The D band and G band intensity ratio (Ip/Ig) increases according
to increasing the concentration of Au, while the 2D band and G band intensity ratio (I2p/Ig) ratio decreases. An

increasing in the Seebeck coefficient and power factor associated with an increasing in the formation of struc-
tural defects in the sample. The maximum Seebeck coefficient obtained was around 4.67 pV/K compared to 0.66
pV/K for pristine graphene at 528 K. Our findings suggest that Au-deposited graphene provides insight into the
fundamental study of physics that controls thermoelectric properties the thermoelectric properties of Au-

deposited graphene materials.

1. Introduction

Due to its ability to generate electricity from heat directly, thermo-
electric materials are generating more interest [1-3]. The utilization of
waste heat without a combustion reaction has aroused the curiosity of
many researchers interested in converting heat into electricity [4,5]. The
figure of merit (ZT) provides a typical way to describe conversion effi-
ciency, denoted as ZT = 62ST/k, where o is electrical conductivity, S is
the Seebeck coefficient, T is temperature, and « is thermal conductivity.
Recent developments in the field of thermoelectric research encompass
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the novelty discovery of high-performing thermoelectric materials and
the optimization of their efficiency through manipulating their structure
[6,71, doping [8], band engineering, and nanostructures [9]. Thermo-
electric materials possess potential applications in diverse sectors such
as automotive, aerospace, and electronics, where they can harness
exhaust heat to power sensors and other devices [7,10]. The pro-
gressions present possibilities for developing energy technologies that
are both more efficient and environmentally conscious.

Several methods have been proposed to enhance the ZT of recently
discovered materials in the past few decades. These strategies can be
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loosely categorized into two main groups: structural and stain engi-
neering. Structural engineering can be used to increase phonon scat-
tering so that the lattice thermal conductivity decreases. Utilizing
structural engineering allows for the reduction of lattice thermal con-
ductivity by enhancing phonon scattering mechanisms. This strategy
elevates the presence scattering of phonons sites by introducing dislo-
cations, point defects, and grain boundaries to increase the Seebeck
coefficient (S) [7-9,11]. Strain engineering induces localized higher
band degeneration in order to enhance the Seebeck coefficient (S) [12],
while atomic deformation is utilized to separate phonon-electron
transports, leading to improved carrier mobility [13,14]. These strate-
gies aim to optimize the concentration of carriers, either electrons or
holes, through processes such as alloying and doping [15-17].

Two-dimensional semiconductor materials exhibit improved ther-
moelectric capabilities. These materials demonstrate robust electrical
conductivity, impressive mechanical characteristics, and notable resis-
tance to environmental factors. Graphene, an atomically thin 2D carbon
allotrope, exhibits remarkable attributes, including excellent electrical
and thermal conductivity, high transparency, an inherent absence of a
bandgap, and a semi-metallic nature [18-20]. Altering graphene struc-
tures through methods such as hydrogenation, doping, and patterning
allows for preserving its exceptional characteristics while also custom-
izing or enhancing specific properties to suit diverse applications
[21-26]. The remarkably elevated thermal conductivity of pristine
graphene (5000 W/mK) offers an effective solution for managing heat in
nanoelectronic devices [27,28], and its exceptional mechanical char-
acteristics suggest the potential for developing flexible electronics based
on graphene [21,29]. However, the thermoelectric effectiveness of
graphene falls short of practical application as a thermoelectric material,
mostly because of its outstanding heat conduction properties [30,31].

Furthermore, the absence of a bandgap in the electronic band
structure of graphene leads to contrasting contributions from electrons
and holes. As a result, graphene encounters challenges in maintaining a
substantial concentration of a single carrier type, resulting in a dimin-
ished Seebeck coefficient [32,33]. Two approaches for improving the
thermoelectric efficiency of graphene involve lowering thermal con-
ductivity, which focuses on introducing extra scattering points into the
structure of the material. Furthermore, enhancing electrical properties
entails fine-tuning carrier concentration, opening up a bandgap, and
reducing the effective mass of charge carriers [30,34-36]. Numerous
studies have endeavored to address the limitations in enhancing the ZT
of graphene by introducing diverse defects into the hexagonal lattice of
graphene.

Recent investigations indicate that substantial heteroatom doping of
graphene can enhance its thermoelectric capabilities [37,38]. For
example, the phonon scattering rate is not only influenced by deliber-
ately introduced defects but also have the potential to induce a bandgap
in graphene. Experimental observations have revealed an increase in ZT
for graphene through the introduction of defects via high-power irra-
diation [35], grain boundaries [36], and nanomeshes [39]. Certain
theoretical examinations of graphene nanoribbons have shown that
disorder along zig-zag edges, nanopore [40], and suitable combinations
of vacancies and carbon isotopes [41] have the potential to greatly in-
crease thermoelectric conversion efficiency. This is achieved by effec-
tively reducing thermal conductivity and its impact on electrical
properties. Insight into the impact of defects on graphene as an energy
management material is necessary to achieve the targeted engineering
goals [33].

Alternatively, graphene presents an attractive option due to its
inherent flexibility and high electrical conductivity. Several theoretical
investigations have proposed the outstanding thermoelectric capability
of the graphene structure [42,43]. Experimental findings have also
indicated remarkably high power factors in both films grown through
chemical vapor deposition (CVD) [44,45] and isolated graphene flakes
[23]. Doping graphene has garnered significant attention, as it is crucial
in manufacturing integrated devices. Lately, considerable interest has
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focused on clusters and adatoms of metal on graphene due to their ca-
pacity to selectively dope or alter the band structure at a local level [46,
47]. An understanding of how electrons, metals, and molecules interact
with graphene is essential to achieve effective doping and high elec-
tronic mobility for various applications. It is also possible for metal
adatoms to significantly change the structure of graphene. The absorp-
tion of metal nanoparticles leads to shifts in both the structural and
electronic characteristics of graphene. Therefore, understanding their
structural impact and electronic characteristics of graphene holds sig-
nificance. However, the physics governing the interface between
metallic electrodes and graphene remains uncertain. Investigations into
altering graphene defects with other metal adatoms have been con-
ducted. Currently, no literature studies the thermoelectric properties of
Au deposited on graphene. As determined using DFT, the electronic
structure and charge transfer of the graphene/metal interface revealed
the physisorption of graphene onto surfaces such as Pt, Ag, Al, Au, and
Cu. Interestingly, Au is highly resistant to oxidation and corrosion,
making it suitable for use in various environments without significant
degradation over time. Furthermore, since the work function of gra-
phene is lower than that of Au metal (the work function of Au is 5.47 eV
and the work function of graphene is around 4.5-4.6 eV), the formed
ohmic junction can thus tune carrier concentration [48,49]. Neverthe-
less, experimental investigations of metal/graphene systems are still
limited, and it remains crucial to comprehend their impact on the
structural and electronic properties of graphene. It is essential to study
the impact of metal doping on the structure of graphene and its potential
for altering chemical and thermoelectric properties. Nevertheless,
limited research has focused on investigating the structural character-
ization and thermoelectric properties of metal-doped graphene, espe-
cially in the case of Au.

In this study, we examined the thermoelectric characteristics of
multilayer graphene films by introducing deposited Au atoms. We pre-
sent findings regarding the influence of a thin Au deposited on multi-
layer graphene grown using CVD, employing techniques such as Raman
spectroscopy, SEM-EDX, and thermoelectric measurements. The out-
comes from both Raman spectra and transport assessments reveal that
Au affects both the structural and electronic properties of graphene. We
conducted analyses on Raman bands before and after Au deposition with
varying thicknesses of 7 nm and 10 nm on multilayer graphene. In
addition, we also include calculations using DFT to study the thermo-
electric properties of Au-doped graphene. Furthermore, thermoelectric
measurements of Au-deposited graphene multilayer samples showed a
p-type doping effect. The optimization methods employed in this study
hold the potential to pave a promising path toward improving the
thermoelectric properties of graphene materials.

2. Experimental details
2.1. Sample preparation

Multilayer CVD graphene (2 in x 2 in) on single-sided copper (Cu)
foil with a thickness of 35 pm was purchased from the ACS Materials,
LLC (www.acsmaterial.com). First, we cut the original size of multilayer
graphene (MLG) film into smaller pieces (2 cm x 0.5 cm). Next, we
deposited Au on top of graphene film using a LUXOR Au - SEM Coater at
a setpoint of 7 and 10 nm thickness, labeled as MLG-Aul and MLG-Au2,
respectively. A schematic illustration of MLG films on Cu substrate is
presented in Fig. 1(a).

2.2. Characterization

The characterization of MLG film samples was carried out using a
Raman spectrometer, operating at a laser excitation wavelength of 532
nm. The morphology and chemical compositions analysis (quantitative
analysis of constituent elements) of samples were performed using SEM-
EDX (JEOL JSM-6510LA) at energy range of 0-20 keV, a voltage of 15
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Fig. 1. (a) Schematic illustration and (b) The Raman spectra of the MLG-
Pristine and after Au deposition MLG-Aul and MLG-Au2.

3000

kV, and pixel resolution of 1024 x 768. The probe current emitted
electrons and determined secondary or backscattered electrons with an
emission of 1 nA. LSR-4 instrument (Linseis, Germany) was employed to
quantify the thermoelectric properties of MLG film samples at a low
pressure of 0.2 bar in a helium atmosphere. The temperature range for
measurements was 332 K-552 K, with a temperature interval of 1.8 K.
The four-point probe method is used to measure electrical resistivity
with an applied current of 100 mA and a distance of 0.6 cm between
voltage probes. According to the previous research, the Seebeck voltage
is divided by the Ohmic voltage [50]. The sample was measured for its
thermoelectricity in a free-standing position.

2.3. Computational section

Calculations of the thermoelectric properties of Au-doped gaphene
were carried out using first principles calculations and semi-classical
Boltzmann theory. The initial calculations carried out were optimiza-
tion of the geometry and electronic structure of Au-doped graphene
using DFT [51,52] with OpenMX code [53]. Thermoelectric properties
are calculated using BoltzTraP software based on semi-classical Boltz-
mann theory through physical quantities and depending on the chemical
potential p [54-56].

3. Results and discussion
3.1. Structural characterization

The Raman spectra of MLG films on Cu for pristine (MLG-Pristine)
and after Au-deposited samples (MLG-Aul and MLG-Au2) are shown in
Fig. 1(b). The intensity, peak position, and shape are important in-
dicators of the graphene structure and number of layers [57]. The
presence of graphene’s disorder is revealed by the presence of D-band
(disorder mode) associated with the out-of-plane breathing mode of sp2
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atoms. The G-band corresponds to the sp? C=C stretching vibrations and
Eag phonon in the central Brillouin zone. Inspecting the quality of gra-
phene is done using the 2D-band [58-60]. The D, G, and 2D peaks of
MLG-Pristine are observed at 1346, 1576, and 2700 cm’l, respectively.
Compared to MLG-Pristine, the D, G, and 2D modes of the MLG-Aul
sample are attributed to the peaks at 1349, 1572, and 2707 crn’l,
respectively. The D, G, and 2D peaks of the MLG-Au2 sample are located
at 1358, 1580, and 2713 cm ™, respectively. The MLG-Pristine sample
has a 2D peak, which is around 2700 cm > which shifts to around 2707
cm™! for MLG-Aul and around 2713 cm ™! for MLG-Au2. All the Raman
spectra of samples are consistent with earlier works [57]. Depending on
defects, the two fold resonance Raman processes occurring in both intra
and inter-valleys activate the D and G peaks to provide the vanishing
momentum required to complete the resonant mode [57,61]. Therefore,
the increasing in the D and G peaks is influenced by the increasing in
defect concentration.

The first-order Raman band (G band) reveals features related to
stretching in the plane of the C-C bond. The G-band exhibits charac-
teristics in nanostructured systems due to the effect of quantum
confinement, curvature effects, and electron-phonon coupling. The
strong C-C bond and the small mass of the C atom lead to a relatively
high G band Raman frequency in sp? carbon materials [62]. The G peak
shifted from 1576 cm ™! to 1572 em~ ' (MLG-Aul) and 1580 cm
(MLG-Au2) after Au deposition, indicating that metal (Au) deposition
induces doping in graphene [61]. Fig. 1(b) also illustrates that the
deposition of Au onto graphene can serve as a dopant, introducing
additional charge carriers into the graphene channel and increasing the
concentration of impurity carriers [63]. The 2D band is sensitive to
minor charges in the electronic structure and vibrational structure,
serving as a probe for electrons and phonons, with unique characteristics
in each sp2 nanocarbon [62]. The changes in the intensity of the D, G,
and 2D peaks were observed after 7 nm and 10 nm Au deposition, as
shown in Fig. 1(b). The Iop/Ig and Ip/Ig ratio for MLG-Pristine and after
Au deposition are presented in Table 1, indicating defects in graphene.
For the MLG-pristine, the Ip/Ig ratio is 0.19 and the Iyp/Ig ratio is 0.37.

The D band is generated by additional charges, ripples, and disrup-
tion in the atomic arrangement of the material [64]. The D band has also
been associated with boundaries and interfaces. The Ip/Ig ratio is
inversely proportional to the size of crystallite L, according to equation
(1) [62].

ID/IG:Lﬁ M

where A is the fixed Raman excitation frequency constant. The ratio of
Ip/Ig decreased in the MLG-Pristine from 0.19 to 0.13 after the deposi-
tion of 7 nm of Au (MLG-Aul). However, the MLG-Au2 sample exhibited
a much higher Ip/Ig ratio than MLG-Pristine, indicating a strong D peak
in the MLG-Au2 sample compared to MLG-Pristine. The significantly
increased Ip/Ig ratio in MLG-Au2 (from 0.19 to 0.56) compared to MLG-
Pristine suggests a higher density of structural defects in the MLG-Au2
sample and the growth of fine crystalline phase [65,66]. This can be
attributed to (i) the presence of amorphous phase growth; and (ii) the
destruction and multiplication of crystallites [66]. The higher Ip/Ig ratio
indicates a greater presence of structural defects in the MLG-Au2 sample
compared to the MLG-Pristine sample [62,65]. The increasing the Ip/Ig
ratio confirms the formation of a more disordered structure obtained by
increasing the doping of the sample, the D band increases along with the

Table 1

The Ip/Ig and Iop/Ig ratio of the MLG-Pristine and after Au deposition.
Sample Iop/1g In/1g
MLG - Pristine 0.37 0.19
MLG - Aul 0.34 0.13
MLG - Au2 0.25 0.56
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decrease and broadening of the 2D band [67]. The presence of defects
increases the Ip/Ig value [68]. Symmetry breaking occurs due to the
presence of interstitial atoms, vacancies, and substitution atoms [69].
The symmetry-breaking that leads to the disorder-induced D band can
provide important insights into localized disorder. The D band corre-
sponds to a secondary mechanism involving inelastic scattering [62].
These disorder induced by inelastic scattering may alter the thermal and
electrical conductivity, hence the Seebeck coefficient in thermoelectric
properties.

The Irp/Ig ratio for MLG-Aul becomes 0.34 compared to 0.37 for
MLG-Pristine. The Iyp/Ig ratio also decreased to 0.25 for MLG-Au2.
MLG-Aul indicates a lower Ip/Ig values compared to pure MLG. This
is possibly due to the size of the MLG-Aul crystallites is slightly larger
than the size of the MLG-pristine crystallites. As a result, an increase in
the number of defects at grain boundaries causing the Ip/Ig value of
MLG-Aul to be slightly lower than MLG-pristine. Likewise with Ip/Ig
MLG-Au2 is also bigger than the others sample because the crystal size is
small. All the observed changes in the Raman spectrum are primarily
attributed to the introduced Au deposition and the increased rate of
photoexcited scattering of electrons with those defects [64,70]. The
differences in the Iyp/Ig ratio and the positions of the 2D peak, G peak,
and D peak demonstrate variations among samples with differing
quantities of graphene layers [66].

Figs. 2-4 depict the typical morphology and elemental composition
of MLG-Pristine and samples after Au deposition samples via SEM-EDX.
SEM image of the MLG-Pristine surface is shown at the magnification of
1000 x (Fig. 2(a)). The image of pristine graphene (MLG-Pristine) dis-
plays a relatively uniform appearance, illustrating the exceptional
quality of the MLG-Pristine with minor residue, characterized by
enhanced brightness in the region with wrinkles [26,71]. In Fig. 2(b)-a
quantitative analysis of MLG-Pristine is presented, with the EDX spec-
trum showing the C and Cu peaks. The concentration of C atoms is
estimated to be 51.21%, and Cu is 48.79%, distributed throughout the
sample area. Confirmation of the presence of C and Cu elements can be
observed in the element distribution on the MLG-Pristine surface (Fig. 2
(d-).

Fig. 3 presents SEM and EDX elemental mapping images of MLG-
Aul. The SEM image of the MLG-Aul sample reveals the distribution
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of Au on the graphene surface. Fig. 3(a) shows the largest Au diameter is
0.67 pm, with Au distributed sparsely and evenly on the surface of the
sample. A quantitative analysis of the MLG-Aul sample, with the EDX
spectrum displaying C, Au, and Cu peaks (Fig. 3(b)). The concentration
of C atoms is estimated to be 33.23%, the Au is 2.19%, and the Cu is
64.58%, spread throughout the sample area. Confirmation of the pres-
ence of C, Au, and Cu elements can be observed in the element distri-
bution on the MLG-Aul surface according to Fig. 3(c—f).

Fig. 4(a) depicts the distribution of Au on the MLG-Au2 sample. The
SEM image reveals the presence of small bright spots, indicating the
presence of Au, with an increased amount compared to the MLG-Aul
sample. The size distribution of the MLG-Au2 sample shows that the
maximum Au diameter size is 1 pm. The distribution of Au was found to
be denser on the sample surface compared to the MLG-Aul sample. This
is consistent with the Au deposits formed during the doping process,
which spread across the surface in line with the increased Au concen-
tration [71]. Fig. 4(b) presents a quantitative analysis of MLG-Au2, with
the EDX spectrum displaying C, Au, and Cu peaks. The concentration of
C atoms is estimated to be 39.54%, the Au is 3.98%, and the Cu is
56.48%, distributed throughout the sample area. Confirmation of the
presence of C, Au, and Cu elements can be observed in the element
distribution on the MLG-Au2 surface (Fig. 4(c-f)).

3.2. Thermoelectric properties

The fundamental mechanism responsible for the increase in ther-
moelectric properties is analyzed through the Seebeck coefficient, re-
sistivity, and power factor [66]. The thermoelectric properties of the
MLG-Pristine and MLG-Au were measured in the temperature range of
332 K-552 K. The temperature dependence of the Seebeck coefficient (S)
for MLG-Pristine and Au deposited samples is represented in Fig. 5(a).
The Seebeck coefficient values of MLG-Pristine, MLG-Aul, and
MLG-Au2 are proportional to the increase in temperature, as described

by the following equation (2) [72,73].
_ 87’k g3

5 3n

m*T( >%(1 +R) @

where m* is the effective mass of the charge carriers, kg is the Boltz-

Fig. 2. SEM and EDX elemental mapping images of MLG-Pristine: (a and c¢) morphology, (b) EDX spectra (insert table for the atomic and mass percentage of various

elements), (d) total, (e) C, and (f) Cu.
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Fig. 3. SEM and EDX elemental mapping images of MLG-Aul: (a) morphology, (b) EDX spectra (insert table for the atomic and mass percentage of various elements),

(c) total, (d) C, (e) Au, and (f) Cu.
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Fig. 4. SEM and EDX elemental mapping images of MLG-Au2: (a) morphology, (b) EDX spectra (insert table for the atomic and mass percentage of various elements),

(c) total, (d) C, (e) Au, and (f) Cu.

mann’s constant, T is the absolute temperature, h is the Planck’s con-
stant, n is the concentration of carrier and R is the scattering function.
The Seebeck coefficient value of MLG-Aul at 332 K is 1.2 pV/K, and for
MLG-Au2 is 1.67 pV/K. This represents an increase compared to the
Seebeck coefficient value of MLG-Pristine, which is 0.53 pV/K. It dem-
onstrates that doping increases the Seebeck coefficient across the entire
temperature range. The maximum Seebeck coefficient of the MLG-Aul
within the measured temperature range reaches 3.17 pV/K at 528 K,
compared to 0.66 pV/K at 552 K for MLG-Pristine (Fig. 5(a)). With
further increases in the Au deposition treatment, we observe that the
maximum Seebeck coefficient of MLG-Au2 can be increased to 4.67 pV/
K at 528 K, in contrast to 0.66 pV/K at 552 K for MLG-Pristine. Com-
parison with the Seebeck coefficient value of graphene reported in the
previous literature [1] revealed that the experimental results still

exhibited relatively low values. This can be attributed to the substrate’s
influence used during the thermopower measurement. The substrate
employed for thermoelectric measurements is Cu, known for its excel-
lent conductivity.

The Cu substrate significantly contributes to the Seebeck coefficient
of the measured MLG samples, resulting in only a slight increase in the
Seebeck coefficient of MLG-Au compared to MLG-Pristine. The Seebeck
coefficient value of Cu at a temperature of 273 K is 1.70 uV/K [74].
Fig. 5 (a) illustrates that the Seebeck coefficient (S) for all samples
exhibit positive signs and demonstrate an increasing trend with tem-
perature [66]. Consequently, it is evident that MLG-Pristine, MLG-Aul,
and MLG-Au2 show p-type conduction due to the introduction of
deposited Au [75]. Since both hole and electron mobility contribute to
the sign of the Seebeck coefficient [26], the p-type characteristic
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Fig. 5. The dependence on temperature of the MLG-Pristine and after Au
deposition (MLG-Aul and MLG-Au2): (a) Seebeck coefficient, (b) power factor,
and (c) resistivity.

observed in pristine and Au-deposited graphene indicates that, across
the entire temperature range, hole mobility exceeds that of electrons.
This implies that holes are the dominant carriers [66]. This behavior
arises because, at these temperature ranges, Au acts as an acceptor
dopant in the investigated MLG, initiating an intrinsic carrier contri-
bution [76]. Change transfer doping is achieved by exchanging electrons
with graphene, involving electron transfer either from dopants to gra-
phene (resulting in n-type graphene) or from graphene to dopants
(p-type graphene) [77].

The numerator of the equation S?c represented the power factor (PF)
can be used to assess the thermoelectric capabilities of the materials
when the thermal conductivity of a material is unknown [78]. There-
fore, increasing the PF and reducing the thermal conductivity are crucial
for raising the ZT value [75,79]. In this study, at the temperature of 332
K, the PF value of the MLG-Pristine is 0.017 mW,/mK?, MLG-Aul is 0.09
mW/mK?, MLG-Au2 is 0.17 mW/mK> This demonstrates that the
increasing doping enhances the PF across the entire temperature range.
After 7 nm Au deposition, the maximum PF of the MLG within the
measured temperature range increases to 0.35 mW/mK? at 528 K,
compared to 0.014 mW,/mK? at 552 K for MLG-Pristine. As the deposi-
tion treatment is increased further to 10 nm, we observe that the
maximum PF can be increased to 0.77 mW/mK? at 528 K, compared to
0.014 mW/mK? at 552 K for MLG-Pristine. We found that there was an
increase in maximum PF to 0.77 mW/mK? at 528 K, compared to 0.014
mW/mK? at 552 K for MLG-Pristine in the deposition treatment to 10
nm. An increase in Ip/Ig from 0.13 (MLG-Aul) to 0.56 (MLG-Au2)
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associates with improvement in the PF value by 11 times (MLG-Aul) to
24 times (MLG-Au2) compared to MLG-Pristine. Thus, the significant
enhancement in the thermopower of MLG samples after Au deposition is
influenced by the formation of structural disorders/defects. Conse-
quently, the increase in the thermopower of MLG samples after Au
deposition is directly related to the increase in the formation of struc-
tural defects/disorders [26].

The average resistivity values of MLG are 23.3 x 10~° Qm for MLG-
Pristine, 23.18 x 10~° Qm for MLG-Aul, and 23.12 x 10~° Qm for MLG-
Au2 was measured by a four-point probe using LSR-4 at temperatures of
330 K-550 K. The thermoelectric findings and Raman spectra suggest
that the MLG samples with greater structural defects exhibit higher
thermopower than the MLG-Pristine. Consequently, there is a desire to
deliberately induce additional structural imperfections in the samples to
explore their thermoelectric characteristics further. A comparison of
thermoelectric properties of our results with the recently published ar-
ticles in this field presented in Table 2.

In accordance with the experimental results, the calculation results
also show that the addition of Au will slightly increase the thermo-
electric properties. Fig. 6 shows that the addition of Au (6.25% Au doped
graphene) can increase the thermoelectric properties indicated by the
maximum value of the seebeck coefficient of 464 uV/K (for pristine
graphene) become 474 uV/K (for 6.25%Au-doped graphene) at T =
300 K due to the a localized state at energy levels of ~ —1.3 eV. It is
formed from the existence of the d orbital of Au. The Fermi level shifting
(about 0.41 eV for 6.25% Au-doped graphene) is due to the transfer of
charge from the graphene to the Au atoms indicating that Au-doped
graphene is the p-type character of charge carrier (electron-deficient).

4. Conclusions

In summary, we study the impact of Au deposition on multilayer
graphene using Raman spectroscopy, SEM-EDX, and thermoelectric
measurement in a temperature range of 332 K-552 K. The maximum
Seebeck coefficient obtained was around 4.67 pV/K at 528 K, signifi-
cantly improving compared to the 0.66 pV/K and there was an
increasing in power factor by 24 times compared to pristine graphene.
All samples showed p-type conduction as indicated by positive Seebeck
coefficient values where the dominant charge carriers are holes. This
study presents a straightforward and efficient approach to enhance the
thermoelectric properties of graphene, a promising material with sub-
stantial thermoelectric potential.
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Table 2
Thermoelectric properties of graphene.

Material S (uWV/K) PF (uW/mK?) Ref.
Multilayer graphene - 6000 [80]
Al,03/SLG/HfO