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CVD graphene has been n- and p-doped using redox-active, solution-
processed metal-organic complexes. Electrical measurements,
photoemission spectroscopies, and Raman spectroscopy were used to
characterise the doped films and give insights into the changes. The
work function decreased by as much as 1.3 eV with the n-dopant, with
contributions from electron transfer and surface dipole, and the
conductivity significantly increased.

Adsorption of dopants onto graphene can be used to tailor its
electrical properties® by increasing the number of charge
carriers® and/or opening a band gap.® A potential application for
chemical-vapour-deposited (CVD) graphene is as transparent
conductive electrodes,* performance of which in organic elec-
tronic devices already rivals that of ITO.>® Doping can be used to
modulate the work function (WF) and decrease the sheet
resistance by introduction of charge carriers, thus potentially
lowering contact resistances and leading to further improve-
ments.” Although adsorption of gases can lead to n- or
p-doping® through charge-transfer complex formation,” the
interaction is rather weak,' and dedoping can readily occur.*
Alkali metals deposited in vacuum n-dope graphene, but can
cause damage," while the resulting metal cations act as charge
scatterers that significantly reduce the mobility."

Molecules that form large, stable ions are potentially
advantageous over alkali-metal ions since their lower charge
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densities decrease their ability to act as electrostatic charge
traps. One of the most effective n-dopants used to date for
graphene doping is an air-stable benzoimidazole derivative
(MeO-DMBI), which gives a significant increase in conductivity
and a WF decrease of 0.7 eV.™ The most widely used p-dopant
has been 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F,-TCNQ, with an electron affinity, EA, of 5.24 eV*®), generally
vapour-deposited. An increase in WF of 1.3 eV has been repor-
ted for epitaxial graphene on SiC.'* However, F,-TCNQ is very
volatile, interdiffuses in organic films,"” and is poorly soluble.

We have recently reported that the essentially air-stable
dimers of certain organometallic compounds act as “masked”
forms of the highly reducing monomers, readily losing two
electrons to form two monomeric cations.''® We were inter-
ested in doping graphene with these dimers since the H (or H™)
transfer reactions possible for MeO-DMBI alongside, or in
competition with, electron transfer are not anticipated; more-
over, the dimers are known to be considerably stronger reduc-
tants, n-doping materials with EAs as low as ca. 3.0 eV through
both vacuum and solution processing.

Here we use one of the above-mentioned dimers, 1,,2*?*! to n-
dope CVD graphene films. The thermodynamics of doping
depend on the strength of the dimer’s central C-C bond and the
monomer’s ionisation potential (IP). The bond in 1, is esti-
mated from experiment (AGgiss(12) < 0.24 eV) and theory to be
particularly weak,” meaning that, although the solid-state IP of
1, is estimated to be ca. 3.8 eV, the estimated IP of 1 (2.7 eV,
ESI{) is a better gauge of its reducing ability. We also use a more
soluble analogue of molybdenum tris-[1,2-bis(trifluoromethyl)
ethane-1,2-dithiolene], Mo(tfd); — the new compound 2 (ESIt) -
to p-dope graphene, since it offers the advantages of larger size,
lower volatility, and higher electron affinity (5.6 €V) than F,-
TCNQ.?>** In both cases, we use multiple techniques to confirm
doping and to understand the phenomena observed. Chemical
structures and estimated energy levels are shown in Fig. 1.

As explained in detail in the ESI, all sample modifications
and characterizations were done without exposure to air. CVD-
grown graphene was transferred onto patterned SiO, and
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Fig.1 Schematic representation of n- and p-doping of graphene by 1, (in equilibrium with 1, 10 min dip) and 2 (overnight dip), with associated energy
levels. IP, EA and WF (¢) values were estimated from electrochemical and UPS data (ESI¥). The pristine graphene ¢ depended on the batch (4.1 eV for the
sample before n-doping and 3.9 eV before p-doping). After treatment, the ¢ is affected by electron transfer (ET) between dopant and graphene, shifting
the Fermi level (Ef) relative to the Dirac point (Ep), and the induced surface dipoles (SD) from the resulting charges, which change the local vacuum level

(VL).

annealed inside a glovebox until the neutrality point (Viyp) was
zero (from here on referred to as pristine). Samples were then
exposed to toluene solutions of dopants for various times, fol-
lowed by rinsing with additional toluene to remove any weakly
physisorbed material. Fig. 2 shows the transfer characteristics
of a back-gated/bottom-contact graphene field-effect transistor
(GFET) before and after successive treatments with 1,. A short
immersion time (ca. 1 s) in a low concentration solution
(0.025 mM) gave a significant shift of the neutrality point to
negative voltage (Vyp = —66 V), consistent with n-doping. Eqn
(1) was used to estimate the electron density in the conduction
band,* n, from Vyp and the capacitance per unit area of the gate
dielectric (300 nm SiO,, Cg = 115 aF um ™ ?), resulting in a value

of n=4.7 x 10 e cm™ 2.

_ CgVp
n—=—_S NP
e
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Longer treatments (10 s, 10 min) on the same sample with a
2.5 mM solution gave slight additional increases in conductivity
(at Vg = 0 V), but the neutrality point was no longer observable
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Fig. 2 GFET transfer characteristics before and after treatment with 1,.

The initial on/off ratio (black) and relative increases in current at Vg =
0 are shown as dashed lines (Vps = 0.1 V).
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due to the —100 V limit imposed by the dielectric, precluding
determination of n from eqn (1). The increase in conductivity
appears to be limited by the on/off ratio of the pristine
graphene.

X-ray photoelectron spectroscopy (XPS) was used to investi-
gate the number and nature of dopant-related species present
on the surface (without exposure of the samples to air). The
ratio of the area of the Rh 3d;, and 3ds,, core ionisations
(Fig. 3a) to that of the graphene C 1s peak was used to estimate
the surface coverage. A close-packed monolayer of 1* cations,
with their principal axes oriented perpendicular to the gra-
phene surface, is estimated to correspond to ca. 1 Rh atom per
28 graphene carbons (ESIT). The data for the sample dipped in
dilute solution suggests ca. 3% of a monolayer, whereas that for
samples exposed to 2.5 mM suggest 25% and 75% of a mono-
layer for 10 s and 10 min immersions respectively (ESIT).

Furthermore, while the sample treated by dipping in dilute
solution shows a single pair of Rh 3d ionisations with a 3ds,
binding energy (BE) of 310.8 eV, increasing exposure of the
same sample to 1, leads to the emergence of significant
shoulders at lower BE; the lower energy component has an area
23% that of the higher BE component for the sample treated
with 2.5 mM 1, for 10 s and 40% in the case of the 10 min
sample. Comparison (Fig. 3b) of these signals with XPS data for
dropcast films (on Si0,) of 1'PFs~ (Rh™) and 1, (Rh") strongly
suggest that the higher BE component is attributable to 17, the
expected product of doping, and that the lower BE species is
unreacted 1,. Thus, after short treatments most of the deposited
species appear to be 1%, generated by electron transfer to gra-
phene (as shown in Fig. 1). With increased extent of doping, 1,
becomes less reactive towards the substrate, presumably due to
band filling, changes in surface dipole, and the electrostatic
effect of other 1" cations already present at the surface, but
apparently strongly physisorbs to the graphene. Since the
dopant coverages are on the order of a monolayer, the trans-
parency of graphene is maintained at over 95% through the

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C3MH00035D

Published on 03 September 2013. Downloaded on 02/04/2014 22:29:40.

Communication

View Article Online

Materials Horizons

3
35x10° -
(a) Rhad ., (c) ANG))
30
_ Rh3d A -
2 32 = 3 = — Film of Rn(lll) salt
£ s s s — Fimof1,
2 > — < 5
£ %‘ & 2 — 10 minin1,2.5 mM
g < § - g — 10sin1,25mM
£ 204 £ £ £ Dipin 1,0.025 mM
- 4 — Pristine
15 . ]
AP nANA s\t o : _ 1 .
T v T ¥ T T T T T L T ¥ T ¥ T ! L T y T T T L T T T T T T T
320 316 312 308 320 316 312 308 190 180 170 160 15 1.0 05 0.0 -0.5-1.0

Binding Energy (eV) Binding Energy (eV)

Binding Energy (eV) Binding Energy (eV)

Fig. 3 XPS/UPS spectra for pristine and 1,-treated graphene. (a) Rh 3d XPS regions, (b) comparison with thick films of 1, and 1*PF¢ . Peak fits are
shown for graphene treated for 10 min. (c) Representative UPS secondary electron edges for WF determination and (d) UPS valence band region used to
track changes in Ep—Ef. The feature seen close to BE = 0 eV for the doped samples in (d) is attributed to ionisation of electrons from the graphene
conduction band, and the minimum in photoemission (marked with a vertical black line) is attributed to the Dirac point. Traces offset vertically for

clarity in (b)—(d).

visible region (ESIt); this can be contrasted to some other
approaches to graphene doping.*

UV photoelectron spectroscopy (UPS) was used to determine
the WF (¢ = 21.22 eV - Eggg, where SEE denotes the secondary
electron edge, Fig. 3c) and position of the Dirac point (Ep)
relative to the Fermi level (Eg, Fig. 3d); the results are sum-
marised in Fig. 4a as a function of adsorbed Rh™ (from XPS).
The pristine sample used for n-doping had a WF of 4.10 £ 0.08
eV, and the valence band section of the spectrum showed
emission extending all the way to Er (BE = 0). The WF decreases
slightly (—0.26 eV) with the quick exposure to dilute solution,
with a slight dip in the emission at a BE = 0.2 eV, which we
attribute to the Dirac point, now shifted relative to Ep (still
aligned with the spectrometer, at BE = 0) due to filling of the
graphene conduction band by electron transfer from 1,. 10 s
treatment with the 2.5 mM solution leads to a further decrease
in WF (—0.66 eV relative to pristine) with a clearly observable
Dirac point at BE = 0.5 eV. A 10 min treatment with the
concentrated solution gave an additional decrease of —1.29 eV
to render a WF of 2.81 4 0.06 eV, with E, — Ex = 0.7 €V. To the
best of our knowledge, this is the largest decrease in WF
reported for graphene using adsorbed molecular dopants (see
ESIt for comparison to some other graphene surface

0.2 12
00| = = AWF §,] —v FromE -E_(UPS)
-0.2 \\ —*—EyE S g] —A FromXPS )
S04l T hy A
dJ 0.6 e T 6 i
> by e L S 4
2081 L 4 = =
@ 7] D
c -1.0 €, /4/
a2l (@) T N (b)
1.4 L ‘o 0
0 2 4 6 8 0 2 4 6 8 10 12
Adsorbed 1°/10" cm™ Total adsorbed Rh / 10" cm
Fig. 4 (a) Change in WF and Ep, (relative to Eg) with increase in adsorbed

1*. (b) Charge-carrier density n calculated from eqn (2) using Ep—Ef (from
UPS) compared with estimation from the number of Rh'" species present
(from XPS).
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treatments). The contribution to the WF change from filling of
the conduction band, A¢gr = Ep — Ep, was used to determine
the number of charge carriers, n, introduced according to eqn
(2) (derived using the band structure of graphene near the K
point; vy is the Fermi velocity, vy = 5.52 eV A).2%?” The results
are shown in Fig. 4b and compared with XPS estimates, which
assume formation of each 1" cation is accompanied by transfer
of one electron to graphene. In general, the UPS and XPS esti-
mates are in good agreement. Moreover, the value of n esti-
mated from eqn (2) for the short immersion in dilute solution,>
(4 £1) x 10" em?, agrees well with that obtained from GFET
data via eqn (1) (4.7 x 10> em™?).

. (A¢ET)2 @)

™ hV}?

While the changes in Ep — Er can be attributed to band
filling, Fig. 4a shows that the change in WF is larger than A¢gr,
consistent with what has previously been seen for some dopants
on graphene.'**®** This difference can be attributed to the
surface dipole resulting from the formation of a layer of 1*
cations on top of a negatively charged graphene sheet, which
will contribute A¢gp to the total WF change, as shown in eqn (3),
where g(z) and &,(z) describe the variation in charge density and
effective dielectric constant along the direction normal to the
surface.

AP = Ader -+ A = e+ - | 1. @
e Jo&r(2)

Without a detailed knowledge of ¢(z) and &,(z), we cannot
evaluate the integral, but the model is broadly consistent with
our data under certain assumptions (see ESIt). Qualitatively, the
increasing importance of A¢sp relative to A¢gr (Fig. 4a) is
consistent with their predicted respective n and n> depen-
dencies. For the quick-dip sample the WF change is almost
entirely due to A¢gr (Ep — Eg), whereas in the most heavily
doped case the two contributions are of comparable magnitude,
as shown schematically on the left side of Fig. 1.

Mater. Horiz., 2014, 1, 111-115 | 113


http://dx.doi.org/10.1039/C3MH00035D

Published on 03 September 2013. Downloaded on 02/04/2014 22:29:40.

Materials Horizons

10 minin1,/2.5mM 03

Ll

in1,/2.5mM

Intensity (a.u.)
| 1
F'S

Dip in 1,/ 0.025 mM

Pristine

1 520 1 560 1 600 1 640 2600 2640 2680 2720 2760
Raman shift (cm ™)

View Article Online

Communication

2682

" 1600 ~

®) £ (c) 3
£ 2680 8

c 1506 =

Lo 5

= 2678 s

o 1592 '@

= g

[} = |

S 2676 1588 5

{=3 [

L] [ ] a o

N 2674 1584 O

m\e mN‘ m“‘ o
pn‘s) Sos‘“q_fa‘“mqj

Fig. 5 (a) Raman spectra of graphene before and after successive 1, treatments. (b) Ratio of intensities of 2D peak to G peak. (c) Raman 2D and G peak

positions.

Raman spectra were also acquired without exposure to air*®
(Fig. 5a) and compared with data acquired in situ with heavy
electrical doping.””?** The significant decrease in the intensity
ratio of the 2D and G peaks (Fig. 5b), the increase of the G peak
position, and the decrease in 2D peak position observed after
treatment with 1, (Fig. 5c) are all consistent with strong
n-doping. By comparing the G peak shift (Fig. 5d) with experi-
mental plots from ref. 27 and 31, the charge-carrier concentra-
tion, n, was estimated as ~5 x 10" em™? for the quick dip in
dilute solution (in accordance with our GFET data), and >2 X
10" ecm™? for successive treatments, again in agreement with
the values inferred from photoemission spectroscopy. The
values of n for the more heavily doped samples are comparable
to, or exceed, those reported for other molecular n-dopants
(ESTH).

A similar study was performed for the treatment of graphene
using p-dopant 2, the results of which are described briefly here
and more fully in the ESI.§ GFET data show that quick dipping
in dilute solution (2 x 2 s, 0.05 M) leads to a positive shift of Vyp
to ca. +60 V consistent with p-doping and suggesting (via eqn
(1)) a hole density of 4.3 x 10" em™>. As with 1,, additional
immersion times and higher concentrations (10 min and
overnight in 5 mM solution) give neutrality points outside the
measureable range. XPS data suggest 6%, 26% and 54% of a
dopant monolayer to be present after the three different treat-
ments. Consistent with the submonolayer coverages and with
what is seen for 1,, >95% transparency is maintained in the
visible range. UPS shows that successive treatments result in
increases in the WF up to 4.6 eV. In the case of p-doping, which
will move the Fermi level below the Dirac point, the valence
region of the UPS cannot be readily used to separate the WF
shift into A¢gr and A¢sp; accordingly, A¢gr and n were
estimated from shifts in the C 1s XPS peak. As in the case of
1,-doping, the relative importance of the surface dipole grew
with increased extent of doping. Fig. 1 (right) shows schemati-
cally how both effects are important in the total WF change
observed using UPS after overnight treatment with 2. The values
of n estimated in this way suggest that (as in 1, doping) the
extent of electron transfer decreases at the highest dopant
coverages. Raman spectroscopy is also consistent with p-doping
(increased Raman shift for 2D peak) and affords values of n
consistent with those inferred from the XPS C 1s core ionisation
and (for the quick dip) with GFET data.

114 | Mater. Horiz., 2014, 1, 111-115

We have studied controllable n- and p-doping of graphene
using solutions of redox-active metal-organic dopants. Large
carrier densities can be achieved and the WF can be tuned over
arange of 1.8 eV, controllable through the nature of the dopant,
its concentration, and the exposure time. The WF shift is due to
a combination of changes in population of the graphene band
structure through electron transfer to or from graphene, and
the surface dipole created by the charges generated. These
dopants can potentially be applied to modulate the electronic
properties of graphene for use as transparent conductive elec-
trode in a variety of electronic devices (LEDs, OFETS, organic
photovoltaics, etc.) where WF tuning and high conductivity are
required.*

We thank the NSF (MRSEC program, DMR-0820382, and
CMMI-0927736) and the ONR (N00014-11-1-0313) for funding.
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