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C
arbon materials such as carbon
nanotubes (CNTs), reduced
graphite oxide (RGO), and

graphene are good candidates for con-

ducting films with high transmittance

and excellent flexibility. One serious

drawback is relatively high sheet resis-

tance compared to that of conventional

indium tin oxide (ITO). In the case of

CNTs, a mixture of metallic and semicon-

ducting CNTs in the sample creates

Schottky barriers in the random network

of CNT film, resulting in high contact

resistance.1�3 In the case of RGO, the

presence of the remaining oxygen-

related defects4,5 and the contacts

formed by the patched RGO flakes are

still the main sources of high resistance,

despite the prevailing two-dimensional

contacts, in comparison to the point con-

tacts of the competing CNTs. Recently,

large area graphene was successfully syn-

thesized by chemical vapor deposition

(CVD).6�10 The graphene seems to be an

ideal material for flexible transparent

conducting films owing to an increased

mean free path of carriers caused by a de-

crease in the number of defects such as

oxygen sites and contact between flakes

in RGO. Furthermore, few-layer large area

graphene with high transmittance and

robust adhesion to plastic polymers with-

out extra treatment can be realized. Nev-

ertheless, the graphene quality is

strongly dependent on the growth condi-

tions, and low sheet resistance has not

been realized because of the poor crystal-

linity, formation of wrinkles, and small

domain sizes of graphene layers.9

Another approach to improve sheet re-

sistance of the film is to use chemical dop-

ing. Since CNTs are p-type under ambient

conditions, oxidizing agents and metal
salts have been used for p-type doping, giv-
ing rise to an improved sheet resistance up
to 90%.11�16 The sheet resistance of RGO
was also enhanced by the doping of metal
salt, although the improvement reached to
about 55% at high mole concentration.17,18

The degradation of conductivity with these
chemical dopants under ambient condi-
tions has also been an issue in practical ap-
plications.19

In this report, we propose a new ap-
proach of layer-by-layer (LbL) doping to im-
prove the conductivity of transparent
graphene films. To realize LbL doping, a
single graphene layer was synthesized on
Cu foil by using CVD. Each layer was trans-
ferred to polyethylene terephthalate (PET)
substrate followed by AuCl3 doping. Our re-
sults demonstrate not only improvement
of sheet resistance and uniformity but also
better environmental stability compared to
topmost layer doping. The optimized LbL-
doped four-layer graphene shows a sheet
resistance of 54 ohm/sq and a transmit-
tance of 85% at 550 nm with excellent
bending stability.

*Address correspondence to
leeyoung@skku.edu,
jaeyoung88.choi@samsung.com.

Received for review April 26, 2010
and accepted July 19, 2010.

Published online July 27, 2010.
10.1021/nn1008808

© 2010 American Chemical Society

ABSTRACT We propose a new method of layer-by-layer (LbL) doping of thin graphene films. Large area

monolayer graphene was synthesized on Cu foil by using the chemical vapor deposition method. Each layer was

transferred on a polyethylene terephthalate substrate followed by a salt-solution casting, where the whole process

was repeated several times to get LbL-doped thin layers. With this method, sheet resistance was significantly

decreased up to �80% with little sacrifice in transmittance. Unlike samples fabricated by topmost layer doping,

our sample shows better environmental stability due to the presence of dominant neutral Au atoms on the surface

which was confirmed by angle-resolved X-ray photoelectron spectroscopy. The sheet resistance of the LbL-doped

four-layer graphene (11 � 11 cm2) was 54 �/sq at 85% transmittance, which meets the technical target for

industrial applications.
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RESULTS AND DISCUSSION
Figure 1 shows a schematic of LbL doping strategy.

A graphene layer synthesized on Cu foil is mostly a

single layer except for a small portion of bilayers and

triple layers (Supporting Information, Figure S1). The av-

erage transmittance was 97.4 � 0.3%, indicating the

uniformity of the film thickness. Once the single

graphene layer was transferred onto PET film, 10 mM

AuCl3 solution was spin-casted on it. Another graphene

layer was transferred directly onto that layer followed

by the similar spin-casting of AuCl3 solution. This pro-

cess was repeated until the films had over 80% trans-

mittance. For comparison, we prepared four graphene

layers by multiple transfers. Only the topmost layer was

spin-casted with AuCl3 solution in this case.

The sheet resistance and transmittance were sum-

marized in Figure 2. The pristine single graphene sheet

shows a large sheet resistance of 725 ohm/square at a

transmittance of 97.6% at 550 nm (dark square). Rela-

tively high sheet resistance is related to the less well-

defined crystallinity of the film and finite domain sizes,
which could be tuned during synthesis. The decrease of
the sheet resistance by adding more layers was not so
prominent, unlike that in the carbon nanotubes.11 This
could be ascribed to the disordered AB layer stacking
and large interlayer distance which will be described
later. With AuCl3 doping (filled circle), the sheet resis-
tance was greatly reduced by about 80%, regardless of
the thickness, while the transmittance was slightly de-
creased due to the light scattering from Au nanoparti-
cles formed during the reduction reaction.12 These val-
ues were comparable to that of conventional ITO
films.20,21 It was observed (Figure 2, open circle) that
the sheet resistance of the LbL Au-doped film was im-
proved compared to that of the topmost layer Au-
doped film (Table 1) (Supporting Information, Figure
S2). On the other hand, the sheet resistances were also
improved by nitric acid treatment but were still much
higher than those of Au-doped films. One intriguing ad-
vantage of the LbL approach can be demonstrated in
Figure 2b. The film was exposed in air for a long time to
see the stability of the film after doping. The sheet re-
sistance of the LbL-doped film was more stable than
that of topmost layer-doped film.

The transmittance is calculated by

where Z0 is impedance of free space and Rs is the sheet
resistance.22 The ratio of DC conductivity over optical
conductivity (�DC/�op) was calculated as shown in Table
1. From the calculated ratio of �DC/�op, the ratio value
is 21 in the pristine monolayer graphene case without
doping, which is better than the reported values.23,24

The ratio of the LbL Au-doped graphene layers reached
the range of industrial requirements (�DC/�op � 35)

Figure 1. The schematic of the LbL-doping strategy. The top steps indicate LbL doping and the bottom steps indicate the
topmost layer doping. Au atoms or ions are indicated by different colors.

Figure 2. (a) The sheet resistance and transmittance of various samples
as a function of the number of graphene layers: (9) pristine graphene
layers, (Œ) LbL nitric acid doping, (�) LbL Au doping, (Œ) the topmost
layer Au doping. The numbers in the symbol indicates the number of
layers. Stars indicate available ITO films (Superscripts a, b, and c are as
indicated in Table 1). (b) The sheet resistance change as a function of
time for various conditions: (�) Au-doped monolayer, (Œ) LbL Au-
doped bilayers, (▫) LbL Au-doped three layers, (�) the topmost layer
Au-doped two layers, (9) the topmost layer Au-doped three layers.
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reported in the literature,22,25 which is comparable to
the maximum value of carbon nanotubes.25,26 This value
became poorer in the case of nitric-acid doped and
topmost-doped graphene layers. Although LbL-doped
graphene layers provided the largest values among the
reported ones, it is still far smaller than the calculated
value of 330.22 This suggests that there is still room to
improve defects on graphene and in the doping strat-
egy. A large interlayer distance of more than 0.34 nm is
another cause of small optical conductivity.

To understand the stability dependence, we per-
formed angle-resolved X-ray photoelectron spectros-
copy (AR-XPS). Normal XPS which includes information
for all the layers (bulk) shows four peaks in the Au 4f
spectrum: two Au3� related peaks near 90.3 and 86.6
eV and two Au0 peaks near 87.8 and 84.1 eV.17 On the
other hand, low angle XPS which includes mostly sur-
face information shows remaining components of Au0

and Au3� (Figure 3). The difference in the surface struc-
ture between the LbL-doped and the top-doped film is
the abundance of neutral Au atoms in the LbL-doped
film. There could be several reasons for this difference.
The diameter of a neutral Au atom (1.37 Å) is larger than
that of a Au ion (0.85 Å), which is larger than the diam-
eter of a benzene ring (1.05 Å). Therefore, neutral Au at-
oms are unlikely to penetrate into ideal sublayer
graphenes and furthermore have a tendency of ag-
glomeration to form Au clusters, as observed in SEM
(Figure 3d). On the other hand, Au ions can penetrate
into sublayer graphenes due to smaller sizes. In the case
of LbL-doped film, the penetrated Au ions still remain
unchanged because the sublayer graphene is already
doped and saturated. This provides more abundant Au
ions in the bulk in the LbL-doped film (Figure 3a). In the
case of top-doped film, however, Au ions penetrated
into sublayers are further reduced to neutral Au atoms
by accepting electrons from underneath undoped
graphene layers. This is evidenced by the lower Au ion
peak intensity in Figure 3b in the bulk of top-doped
film. Au atoms and ions were equally probable in all of
the layers, that is, no dominant neutral Au atoms were
observed in the bottom layer, as can be seen in Figure
3b. This strongly suggests that not only Au ions but also
neutral Au atoms are likely to penetrate through pre-

sumable preexisting defects such as vacancies and dis-

location lines that have much larger sizes.

The presence of dominating neutral Au0 on the sur-

face of LbL-doped film makes it hydrophobic. This hy-

drophobicity could be ascribed to a source of high en-

vironmental stability shown in Figure 2b. The presence

of neutral Au atoms at the outmost surface also acts as

a protective layer for the inner Au ions. In the case of

topmost-layer doping of four-layer film (Figure 3b), Au

peaks were still visible from bulk at normal XPS, sug-

gesting that Au ions or atoms are penetrated into the

bulk even in the case of topmost layer doping. This im-

plies why the difference in the sheet resistance be-

tween LbL-doped four layer film and topmost-doped

four layer film was not so obvious. It is not clearly under-

stood how Au ions or neutral Au atoms are incorpo-

rated into the bulk. It could be associated with plau-

sible defects formed in the CVD-grown graphene. Again

by arranging the XPS data together for surfaces of LbL-

doped four-layer film, topmost-doped four-layer film,

and single layer-doped film (Figure 3c), one can clearly

TABLE 1. Numerical Values of Sheet Resistance and Transmittance at 550 nm for the Graphene and ITO Films, as Shown
in Figure 2a

graphene on plastic ITO on plastic

pristine layer by layer doping top doping ITO on PET

HNO3 AuCl3 AuCl3 ITO

no. of layers T % Rs (ohm/sq) �DC/�op T % Rs (ohm/sq) �DC/�op T % Rs (ohm/sq) �DC/�op T % Rs (ohm/sq) �DC/�op T % Rs (ohm/sq)

1 97.6 725 21 93.3 657 8 96.6 301 36 96.6 301 36
2 92.8 690 7 89.2 147 22 90.5 111 33 90.7 131 29 �88 60�100a

3 87.1 466 6 85.6 120 19 87.0 93 28 87.7 88 32 �88 8�12b

4 85.1 313 7 83.1 107 18 83.5 58 35 84.0 68 30 �79 60c

aThickness of ITO sample � 100 nm.20 bThickness of ITO sample � 5�30 nm.20 cThickness of ITO sample � 120�160 nm.21

Figure 3. Au 4f angle-resolved X-ray photoelectron spectroscopy for
(a) LbL-doped four-layer film and (b) topmost layer-doped four-layer
film. (c) X-ray photoelectron low angle-spectra for LbL-doped four
layer film (top), low angle-spectra for top-doped four layer film
(middle), and normal-spectra for Au-doped monolayer film (bottom).
(d) SEM images for pristine (left) and doped single layer film (right).
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see that neutral Au0 is dominant in the top layer in the

case of LbL-doped four-layer film, whereas topmost-

layer-doped four-layer film and single-layer doped film

showed mixed Au3� and Au0. In this sense, stability is

best in the LbL-doped film. Au clusters were formed

during Au reduction (Figure 3d).

To understand the doping effect, we took Raman

spectroscopy on graphene films. It is well-known that

the peak position of G band changes depending on the

doping effect. In the case of p-type doping, the G band

position upshifts due to the phonon stiffening effect

by charge extraction.13,27 In Au-doped monolayer

graphene case (Figure 4a), the G band has shifted about

8 cm�1 from 1591 (pristine graphene) to 1599 cm�1 (Au-

doped graphene). The peak shift (12 cm�1) was more

prominent in the case of four-layer LbL doping (Figure

4b). Another intriguing phenomenon is the intensity ra-

tio of G= band to G band. Highly degenerate p-type

doping increases metallicity of the Au-doped CNT

films.13 In the case of graphene, however, the G= band

intensity decreases after doping, independent of

dopant types.28�30 In our case of monolayer graphene,

the intensity ratio IG=/IG increased slightly after doping.

The increase of the ratio was more prominent in the

case of four layers. This is good contrast with the previ-

ous reports.28�30 This difference could be ascribed to

the use of different samples (highly oriented pyrolytic

graphite). High-resolution transmission electron micro-

scopy (HR-TEM) images in Figure 4c show the double-

line at the edge of the bilayer graphene prepared by

LbL method without and with AuCl3 doping. Interlayer

distances of the pristine bilayer graphene and Au inter-

calated bilayer graphene were obtained from the inten-

sity profile of the lines at the edges as shown in the bot-

tom panels of the figure. Intensity profiles show that the

interlayer distance was extended to nearly 3.8 Å, in the

case of undoped graphene, and to nearly 4.6 Å in the

case of AuCl3-doped bilayer graphene, compared to 3.4

Å of graphite.31 The interlayer expansion with doping

was expected because of the presence of Au cluster for-

mation, as shown in Figure 3d. This weakly bound inter-

layer could be a reason why the sheet resistance satu-

rates at four layers.

Figure 5 demonstrates the bending stability of

doped graphene films. Conventionally, ITO is a ma-

terial used for transparent electrode applications.

However, it is not compatible for flexible electron-

ics where it can easily be deteriorated at bending.

The force was applied to create 1% strain where the

strain is defined as � � t/2r 	 100 (%); t is the film

thickness (100 
m), and r is the bending radius (5

mm). Typical 1% strain is illustrated in the right in-

set of Figure 5. The bending was repeated for 1000

times with a frequency of 1 Hz. After 1000 cycles of

bending, the sheet resistance of LbL-doped four-

layer film changed by 16.3%, which is similar to that

of the pristine four-layer film. However, the sheet re-

sistance of HNO3-doped four-layer film was changed

by 24.2%, which is higher than that of other films.

This indicates LbL doping did not change the me-

chanical properties much, although small Au clus-

ters of sizes of less than 10 nm were formed on the

film. Therefore, this robust mechanical property

could be applied for developing stretchable touch

panel displays.

CONCLUSION
We developed a new method of layer-by-layer AuCl3

doping to decrease the sheet resistance of graphene

films and to improve environmental stability. Although

Figure 4. Raman spectra of (a) AuCl3-doped (top) and pristine (bot-
tom) monolayer graphene film, and (b) AuCl3-doped (top) and pris-
tine (bottom) four-layer graphene film. The ratio of G= band intensity
to G band intensity is given on the right sides of each plot. All the
peaks were normalized by the G-band intensity. (c) HR-TEM images of
undoped bilayer graphene (left) and bilayer graphene with AuCl3 dop-
ing (right). Arrows indicate the position of intensity profile obtained
on the edge lines shown in the bottom panel. Note that the scale bar
is different in the panels.

Figure 5. Bending stability test results for four-layer pristine
(top), HNO3-doped (middle), and Au-doped (bottom)
graphene films. Bending morphology is illustrated in the in-
set. Graphene film on 100 �m thick PET substrate was bent
with 5.0 mm radius for 1000 times at a frequency of 1 Hz.
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the concept was demonstrated with graphene films in
sizes of 11 	 11 cm2 with low sheet resistance of 54
ohm/square and a transmittance of 85% at 550 nm, this
method can be generalized to a uniform large area
graphene film which is suitable for large size displays.
The prepared graphene film shows superior perfor-
mance in flexibility and stretchability compared to con-

ventional ITO-based transparent conducting films. The
performance of our graphene films can further be im-
proved by reducing defects and damage formation dur-
ing synthesis and transfer processes to meet require-
ments of different applications such as LCDs, thin film
solar cells, flexible touch screen panels and electronic
papers.

EXPERIMENTAL SECTION
Preparation of Single-Layer Graphene Film. Large area monolayer

graphene films were synthesized on Cu foil by the CVD method.
Cu foil of 85 	 75 cm2 with a thickness of 70 
m was rolled
into a vacuum CVD quartz chamber. The temperature was in-
creased up to 950 °C in H2 atmosphere and the foil was annealed
for 1 h at this temperature prior to growth. Graphene was syn-
thesized at 950 °C by a gas flow of H2/CH4, 80/250 sccm, for 20
min, and then the chamber was cooled down to room tempera-
ture in the same atmosphere. After synthesis, the Cu foil was
cut into equal small pieces (3 	 3 cm2), coated with PMMA, and
immersed into Cu etchant (FeCl3) solution in order to etch away
the Cu foil. When Cu was completely etched away, the graphene
sheets with PMMA were rinsed in deionized water several times
to wash away etchant residues. Then, PMMA-coated graphene
sheets were transferred onto a PET substrate. PMMA was re-
moved by acetone after graphene was completely adhered onto
the substrate.

Layer-by-Layer Doping with AuCl3. Gold chloride (AuCl3) powder
was purchased from Sigma-Aldrich. A 10 mM AuCl3 solution
was prepared by dissolving AuCl3 powder in nitromethane fol-
lowed by sonication for 5 min. The 10 mM AuCl3 solution was
then dropped on the graphene film by a micropipet and spin-
coated at 2000 rpm for 1 min after a 30 s residual time.

These steps were repeated several times on the same
graphene-coated substrate in order to maintain LbL doping of
graphene sheets up to four layers. For comparison, graphene lay-
ers without doping up to four layers were also transferred, and
then only the topmost layer was doped by AuCl3. A LbL doping
approach with a nitric acid solution of 50% in deionized water
was used as another dopant.

Characterizations. Sheet resistance measurements were per-
formed by a four-point method (Keithley 2000 multimeter) at
room temperature. UV�vis�NIR absorption spectroscopy
(Varian, Cary 5000) and Raman spectroscopy (Renishaw, RM-
1000 Invia) with excitation energy of 2.41 eV (514 nm, Ar� ion la-
ser) were used for characterizing the optical properties of the
graphene films on PET and SiO2/Si substrates, respectively. The
angle-resolved XPS spectrometry (QUANTUM 2000, Physical
electronics, USA) was performed using focused monochroma-
tized Al K� radiation (1486.6 eV) in order to determine the atomic
ratios of Au3� to Au0 and nondestructive depth profile of
graphene films. HR-TEM (JEM 2100F, JEOL) was used to investi-
gate the interlayer distance of bilayer graphene before and
after Au particle intercalation. Samples for HR-TEM were pre-
pared on SiO2/Si substrates as described before and then directly
transferred onto Cu grids by etching the SiO2 layer in diluted
HF acid solution and then further dilution.
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