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In this study we report on the effective p-doping of chemical vapor deposition (CVD) graphene trans-
ferred from copper foil onto SiO,/Si and PET substrates. Tetrachloroauric acid (HAuCly) is used to promote
graphene doping with a direct correlation between its concentration and modification of graphene's
electrical properties. The doping mechanism entails the charge transfer (CT) between Au! ions and
graphene, and the formation of Au nanoparticles (AuNPs) on the surface. X-ray photoelectron spec-
troscopy (XPS) was employed to confirm this charge transfer, whereas the presence of the AuNPs was
verified based on Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) images. The
influence of doping on the electrical properties of graphene was assessed by Kelvin Probe Microscopy
(KPM) and standard Hall Effect measurements, proving the ability of the method to effectively tune the
carrier concentration, achieving sheet resistances as low as 79 Q/sq. The controlled tuning of the elec-
trical properties together with the use of flexible substrates makes the presented results a very inter-
esting approach enabling the development of a variety of industrial applications, including flexible

electronics.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene is characterised by a combination of unique electrical,
thermal and optical properties [1—4]| that together make it a
promising candidate for applications that require the use of
conductive, transparent and flexible material [5—8]. Such potential
use of graphene as transparent conducting film relies mainly on
two parameters, i.e. high transmittance and low sheet resistance. It
is generally agreed that to replace one of standard commercial
transparent electrodes (indium tin oxide, ITO) such materials must,
at the very least, display a sheet resistance of Rs < 100 Q/sq, coupled
with transmittance of T = 80—90% in the visible [9]. Regarding the
latter parameter, graphene fulfils the above requirements, with T
close to 90% [9]. Yet, the values reported for sheet resistance in as-
transferred graphene (up to now, a transfer process has been
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needed to place graphene on the device) are still below the
acceptable level for industrial applications. Nonetheless, there is
still much room for improvement, especially when considering the
possibilities of post-transferred graphene modification. Among
them, chemical doping is a promising approach to intentionally
modulating graphene carrier transport properties and reaching a
top quality material with the required specifications [10,11]. For a
successful outcome after the doping process, controlling the charge
carrier type and concentration is mandatory. The properties of
chemically modified graphene depend on the type of the dopant
used, in particular on its constituent elements and functional
groups, and also on the nanostructuring of the dopant material [ 12].
N-type graphene is a result of graphene doping, among others with
hydrazine and polyethyleneimine [13,14], titanium and potassium
[15] atoms or NH3 molecules [16], while p-type graphene can be
obtained with NO; [17], F4-TCNQ [18], metal chlorides or gold
complexes such as AuCls, IrCl3, MoCl3, OsCl3, Au(OH)3 and Au,S
[19—21]. In particular, AuCls is a promising p-type dopant, allowing
a facile control of the doping degree by changing the AuCl;


mailto:wlodek.strupinski@itme.edu.pl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2016.01.066&domain=pdf
www.sciencedirect.com/science/journal/00086223
www.elsevier.com/locate/carbon
http://dx.doi.org/10.1016/j.carbon.2016.01.066
http://dx.doi.org/10.1016/j.carbon.2016.01.066
http://dx.doi.org/10.1016/j.carbon.2016.01.066

626 A. Krajewska et al. / Carbon 100 (2016) 625—631

concentration [22] or the doping time [23]. The reported changes in
the sheet resistance and optical transmittance of AuCls-treated
graphene [22] prove the suitability of this approach and show the
possibility of finally meeting the challenges imposed on graphene
applications by the industry. Tetrachloroauric acid (HAuCly) can be
treated as a another suitable candidate for graphene p-doping
based on its proved ability to easily dope Cgo molecules with holes
via spontaneous electron transfer from Cgo to Au'l' ions [24] and
when following the said approach. Also, since HAuCl, is a common
precursor in the synthesis of AuNPs and gold has a lower Fermi
level (Eo vs. NHE = +1.002 V, corresponding to —5.5 eV) than
graphene (4.4 eV) [25], the formation of nanoparticles on the gra-
phene surface is viable option. This is related to the fact that elec-
trons are supposed to be transferred from graphene to Au" ions
when graphene is in contact with the HAuCl solution (CT mech-
anism). The Au' jons coming from HAuCl4 can be regarded as a p-
type dopant. Furthermore, the use of HAuCl, is a straightforward
method to synthesize graphene-AuNPs materials in an efficient
one-step process. Using HAuCly allows intentional control over the
doping process due to the fact that the application of different
HAuCl, concentrations is feasible.

In this study we investigate an effective p-doping with HAuCl4
of both, monolayer and few-layer CVD-grown graphene, trans-
ferred onto two different substrates (SiO»/Si and PET). Character-
ization of the doping process, based on the charge transfer from
graphene to Au'" ions and the formation of AuNPs on graphene's
surface, was performed by XPS, SEM and AFM. The effect of doping
on the electrical properties of the system was studied as a function
of HAuCly concentration. The reported results demonstrate the
potential of the method for tailoring the properties of graphene,
yielding graphene with a very low sheet resistance and a high p-
type carrier concentration.

2. Experimental
2.1. Graphene growth and transfer

Monolayer graphene was grown by Chemical Vapor Deposition
(CVD) on 25 um-thick copper foil (Alfa Aesar, 99.999% metals basis)
using the commercially available Black Magic Pro system. Prior to
growth, copper samples were pre-treated at 960 °C under Ar and H,
gas mixture conditions followed by H; gas flow at the pressure of
20 mbar. The purpose of this step was to improve the quality and
increase the grain size of Cu substrates as well as to remove oxides
from the copper surface. Next, methane was introduced into the
reactor and graphene layer started to cover the copper substrate.
Finally, copper with graphene on top was cooled down to room
temperature in Ar atmosphere.

After the growth process, graphene was transferred onto high-
resistivity silicon (>1000 Qcm) with a 300 nm layer of silicon ox-
ide and polyethylene terephthalate substrates, using the high-
speed electrochemical delamination method [26]. At first, copper
foil with graphene on top was spin-coated with a thin layer of
poly(methyl methacrylate) (PMMA) (4% in anisole) and cut into
1 x 1.5 cm small pieces. Then Cu/graphene/PMMA was placed in
potassium chloride solution (KCl, 1 mol/dm?) and detached during
an electrochemical process. Graphene/PMMA was subsequently
cleaned in deionized (DI) water, transferred onto the substrate and
heated to 130 °C. PMMA was removed with acetone.

2.2. Doping with HAuCly
Tetrachloroauric acid (Avantors Performance Materials Poland

S.A., 30% HAuCly, pure) of different concentrations (0.1%, 1%, 5%, 15%
and 30%) was used to dope graphene on the SiO,/Si substrate.

HAuCly with a concentration of 30% was also used to dope one, two,
three and four graphene layers on the PET substrate. Each time 20 pl
of the dopant solution was poured over graphene and spin-coated
at 1500 rpm for 30 s.

2.3. Characterization

The electrical properties of graphene samples before and after
doping were measured by the Hall method in van der Pauw ge-
ometry (0.55 T Ecopia HMS-3000 Hall Measurement System) in
ambient atmosphere. The morphology of graphene was investi-
gated using Scanning Electron Microscopy (SEM) (Auriga Cross-
Beam Workstation (Carl Zeiss)). To show the size and size
distributions of AuNPs the ultra-high resolution SEM equipment
was used (Hitachi SU 8230, 30 kV, secondary electron image res-
olution of 0.8 nm). A commercial Atomic Force Microscopy (AFM)
system with software from Nanotec [27] operating in ambient
conditions was also employed to perform morphological and sur-
face potential (KPM) characterizations. X-ray photoelectron spec-
troscopy (XPS) (CLAM4 electron energy analyser and a twin anode
(Mg and Al) X-ray source from Thermo-Scientific) was performed to
determine the chemical composition of the graphene layers, prior
and after doping. For different samples, high resolution core level
peaks of C-1s and Au-4f were measured. In order to accommodate
the typical asymmetric line shape of sp? carbon, this component
was fitted using a Doniach and Sunjic function and an asymmetry
parameter of 0.068 [28]. For the Au-4f region, 4f doublets were
used, with the appropriate spin—orbit splitting and ratio between
4f7/, and 4fs;; components.

3. Results and discussion

The doping effect of HAuCl, is based on the charge transfer
between graphene and Au™ ions. In contact with graphene, Au™™
ions are reduced to AuNPs, withdrawing electrons from the gra-
phene, as shown schematically in Fig. 1. This would result in a p-
type doping, the degree of which can be controlled by the HAuCl,
concentration. Similar processes were described in literature,
where the charge transfer process through reduction of Au to
AuNPs was monitored by Raman and Localized Surface Plasmon
Resonance (LSPR) spectroscopy [22,29]. The amount of charge that
can be transferred from graphene without damaging its structure
still remains an open question [21,24,30,31].

In order to assess the proposed transfer mechanism, XPS mea-
surements were performed and the elemental composition of the
components at graphene's surface was studied. High resolution
core level peaks of C-1s and Au-4f were measured for different
samples.

In Fig. 2a we can observe the C-1s XPS spectrum corresponding
to an undoped sample. To properly fit the C-1s emission signal, four
sub-spectra were needed. The main signal corresponds to the sp?
hybrid of the C—C bond at a binding energy (BE) of 284.5 eV. The
peaks located at BE of 285.4 and 286.2 eV can be assigned to
functional groups on graphene such as C—OH and C—O, respec-
tively. Finally, the signal at 289.1 eV BE corresponds to the 0O=C—0
and C—C=O0 groups. In this figure we can observe the low intensity
of the C—OH, C—0, 0O=C—0 and C—C=0 components, evidencing a
high quality of the graphene layer. As shown in panel b, the spectra
for graphene doped with dopant concentration of 15% shows a
similar shape, exhibiting also the main C—C sp? component and low
concentration of other carbonaceous species. The discrete changes
of the C-1s core level spectrum prior to graphene doping (Fig. 2)
and after graphene doping suggest a negligible character of the
charge transfer (CT) between graphene and Au' jons [32]. No
relevant differences can be found between undoped and doped
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Fig. 1. Illustration of the induced Fermi level shifts with HAuCl, solution concentrations (a) and proposed reduction mechanism of Au

layers with HAuCly solution (b) (A colour version of this figure can be viewed online).

T T T T T T T T T T T T T T T T T
XPS, C-1s
Undoped graphene

a)

Intensity (a.u.)

1 L | L 1 L 1 L 1 L | L 1 L 1 s |

294 292 290 288 286 284 282 280 278
Binding energy (eV)

1

ions to AuNPs after doping CVD graphene

b) I & T 7 T T 1T F 71T 2T "0 %0171
XPS, C-1s
Doped graphene (15%)

Intensity (a.u.)

P T T P TP E |
294 292 290 288 286 284 282 280 278
Binding energy (eV)

Fig. 2. High resolution XPS C-1s core level spectrum (black) prior to graphene doping (a) and after graphene doping (b) (A colour version of this figure can be viewed online).

graphene, which indicates that the doping process does not have
any influence on the quality of the graphene layer.

To investigate the doping process, the Au-4f signal was analysed
for different doping concentrations. The XPS spectrum of Fig. 3a
shows the Au-4f signal after graphene doping with 30% concen-
tration of HAuCly solution. To fit the spectrum two doublets, cor-
responding to the 4f;;; and 4fs; final states and separated by the
Au-4f spin—orbit splitting, 4.2 eV, were needed. One of the doublets
located at a BE of 83.5 eV corresponds to metallic gold and the
second doublet at 85.6 eV is ascribed to Au'll. As can be observed,
the fitted spectrum exhibits a predominant metallic gold signal,
while the Au'! emission is less important. The XPS data indicate
that the Au' ions in contact with the graphene surface undergo
reduction, which leads to a metallic state. These results evidence
the existence of a reduction mechanism of the Au' ions to form
AuNPs on the graphene's surface.

Additionally, Fig. 3b presents the effect of the dopant concen-
tration on the efficiency of the reduction process. As the dopant
concentration is increased, an enhancement of the Au emission is
observed, except for the sample doped with 30% HAuCly, which has

a similar intensity to that doped with 15% HAuCls, which suggests
that saturation occurs for high HAuCl, concentrations. In all cases,
the behaviour of the XPS emission suggests the diffusion of the Au
ions on the graphene layer, which favours its combination to form
discrete AuNPs.

Morphological changes on graphene induced by the doping
process were investigated by means of Scanning Electron Micro-
scopy and Atomic Force Microscopy analysis. Fig. 4 presents SEM
and AFM images of graphene on SiO,/Si prior to (0%) and after
doping with HAuCl, solution of different concentrations. For the
undoped sample, the typical morphology of graphene on SiO,/Si is
observed, with wrinkles along the surface and darker patches (in
the SEM images) that correspond to bilayer graphene. After spin-
coating the HAuCly solution on top of graphene, the overall
morphology remains similar to the undoped sample. However, a
closer look at the SEM images evidences the existence of small
bright dots, whose number increases with increasing concentra-
tion. These correspond to the AuNPs formed during the doping
process that decorate the entire surface. The histograms (Fig. 5)
show the average size and size distributions of AuNPs after doping
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Fig. 4. SEM (a) and AFM (b) images of graphene layers on SiO,/Si substrates without (0%) and with Au nanoparticles for different doping concentrations (A colour version of this

figure can be viewed online).

with HAuCly solution concentrations of 15% and 30%. The AuNPs
diameter ranges between 8—12 nm and 4—8 nm for 30% and 15%

HAuCly solutions, respectively. AFM images of the doped samples
also show the presence of rounded clusters all over the surface that
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Fig. 5. Histograms of the average size and size distributions of AuNPs for graphene layers on SiO,/Si substrates doped with HAuCl4 solution concentrations of 15% (a) and 30% (b).

can be identified with the AuNPs. Line profiles taken along these
clusters were used to measure the size of the AuNPs (Fig 4b). For
15% HAuCly solution the average dimensions were 10 nm in
diameter and 1-3 nm in height. For 30% HAuCly solution, the
average measured diameter was slightly larger, i.e. ~12—16 nm, but
the height remained approximately the same, i.e. 2—3 nm. Taking
into account the convolution effect of the AFM tips for features
smaller than the tip radius, we can conclude that the measured
diameter is overestimated due to this effect. So, considering the
height as the correct measure, the spherical nanoparticles would
have a diameter below 5 nm.

Since the AuNPs formation through charge transfer from gra-
phene to the Au' ions should not only alter the surface morphology
but also the electrical properties, Kelvin Force Microscopy (KPM)
was employed to investigate the surface potential (SP) variations
for different dopant concentrations. This technique, which is a
variant of AFM, is widely used in many areas of surface science
because of its ability to nondestructively characterize the electro-
static properties of materials under ambient conditions [33]. In
close relation with this work, KPM was successfully applied to
investigate the doping character, doping ratio or work function
changes in different graphene doped systems [12,23,34,35]. Fig. 6
collects the simultaneous topographic and surface potential (SP)
images of the reference sample (undoped) as well as graphene
samples with dopant concentration of 1%, 15% and 30%. To facilitate
comparison between SP images, a plane offset was subtracted to all
of them to keep the same colour scale for different samples.

For the reference sample, the SP image is relatively homoge-
neous, with a brighter contrast found in the wrinkle area (top right
corner). After doping, the morphology retains its original shape for
all used concentrations, as commented above. However, surface
potential maps show measurable changes even for the lowest
doping concentration. For the sample doped with 1% HAuCly,
darker domains with sizes ranging between 100 and 200 nm are
observed, with SP values ~120 mV lower than for the surrounding
background. Additionally, the wrinkles that, on the undoped sam-
ple, show brighter SP contrast, in the case of the doped samples
appear with lower contrast than the surrounding. AuNPs are un-
observable even in topographic images when using 1% HAuCl, so-
lution. Nonetheless, the darker spots in SP images can be ascribed
to these AuNPs, responsible for the noticeable changes. The higher
change at the wrinkles would agree with the higher concentration
of AuNPs observed at those defects, as shown in the SEM image in
Fig. 4. For the HAuCly solution concentrations of 15% and 30% the SP

image shows a more uniform signal. Darker spots are distinguish-
able in the surface potential map, and when correlated with the
corresponding topography (colour circles), in most cases they can
be associated with the presence of a cluster, thus indicating that the
presence of AuNPs locally influences the electrostatic characteris-
tics of the graphene sample. Besides these darker domains
observed in the SP map of the doped samples, the average SP value
(calculated from raw SP images, with no plane subtraction) also
changes with dopant concentrations. The trend is plotted in Fig. 7
and shows a clear dependence on the HAuCl, concentration.

By definition, the measured surface potential (VSP) is related to
the work function of the sample (¢S) (equation (1)) [36].

eVsp = ¢T — ¢S M

where oT is the work function of the tip. Surface potential maps,
therefore, measure changes in work function, which reflects both
electrochemical (doping level) and electrostatic effects [37]. From
(1), a lower Vsp indicates higher work function. Taken a constant
value for the work function of the tip for all the measurements
performed (this was checked routinely with a test sample of known
o), the decreasing trend in the Vsp as a function of the concentra-
tion is a clear evidence of the increase of p-doping with concen-
tration [12,34,38].

The influence that HAuCl4 doping has on the electrical proper-
ties of graphene was verified through Hall Effect measurements.
Changes in graphene's sheet resistance (R), carrier concentration
(n) and carrier mobility (i), before and after doping, are collected in
Table 1. The as-transferred graphene on SiO;/Si had a sheet resis-
tance ranging between 900 and 1100 Q/sq and carrier mobility
between 1000 and 1300 cm?/V. The carrier concentration was al-
ways p-type and in the (4—7) x 10'? cm~2 range, which is typical
for graphene transferred from copper [26]. After doping with
HAuCly, the sheet resistance was reduced by about 30% when using
0.1% concentration of HAuCl, solution and even by 75% when using
30% concentration of HAuCly solution. The carrier concentration
increased up to 5.8 x 10" cm~2 (30% HAuCly) and carrier mobility
decreased to 409 cm?/V (30% HAuCly). It was found that the higher
concentration of HAuCly solution, the more significant the rise in
carrier concentration and reduction of sheet resistance.

Finally, CVD graphene with low sheet resistance on substrates
like polyethylene terephthalate holds significant potential for
future industrial applications including flexible graphene-based
electronics and optoelectronics. In order to verify such
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Fig. 6. Simultaneous topographic (left columns) and surface potential (right columns) images for graphene layers on SiO,/Si substrates before and after doping with various HAuCl,
solution concentrations (1%, 15% and 30%). 1 x 1 pm? scan area (A colour version of this figure can be viewed online).
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Fig. 7. SP value averaged for different images as a function of HAuCl, concentration.

applicability, one, two, three and four graphene layers were
transferred onto a flexible and transparent PET substrate. The
electrical parameters depend on the number of graphene layers. In
four-layer graphene on the PET substrate the sheet resistance de-
creases down to ~250 Q/sq, compared to ~1000 Q/sq for monolayer
graphene. Chemical doping using 30% concentration of HAuCly
solution decreases this value even further. In two-layer graphene,
the sheet resistance decreases from 518 Q/sq to 177 Q/sq and from
259 Q/sq to 79 Q/sq for four-layer graphene upon solution doping.
Fig. 8 presents the sheet resistance as a function of the number of
graphene layers for graphene transferred to PET substrates.

Table 1

W graphene before doping

1000 - % graphene after doping

— u with 30% HAuCI,
T 8004
a
8 700 4
= ]
% 600
=2 ]
Q5004 =
g B
2 400
w B
T 300 *
T . " n

200

*
1 *
100 *
T T T T T T T '
1 2 3 4

Number of graphene layer

Fig. 8. Changes in the sheet resistance of graphene before and after doping with 30%
concentration of HAuCl, solution as a function of the number of graphene layers.

4. Conclusions

In summary, CVD graphene grown on copper and transferred
onto SiO/Si and PET substrates by high-speed electrochemical
delamination was effectively p-doped with HAuCls. The higher
concentrate of HAuCly solution, the more effective the doping

Electrical parameters of graphene before and after spin-coating different HAuCl, solution concentrations for graphene on SiO,/Si substrates.

Before doping Doping After doping

R[Q/O] n[cm?] 1 [em?/Vs] R[Q/O] n[cm™?] u [em?/Vs]
1181 +4,19E12 1261 0.1% HAuCly 869 +6,95E12 1032

976 +6,90E12 1032 1% HAuCl, 661 +1,35E13 695

999 +5,35E12 1157 5% HAuCly 579 +1,40E13 766

963 +4,97E12 1303 15% HAuCly 401 +2,22E13 701
1180 +6,29E12 839 30% HAuCly 261 +5,85E13 409
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process. It was shown that graphene's sheet resistance can be
reduced even to 79 Q/sq. XPS data show that the metallic gold

signal predominates, thus evidencing the existence of a reduction

mechanism of the Au' jons to form AuNPs on the graphene's sur-

face. The presence of this AuNPs formation was confirmed by SEM
and AFM analysis. Our work indicates that doping with HAuCl, is a
promising technology to produce p-doped graphene for many ap-
plications, including conductive, transparent and flexible materials.
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