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Photochemical Doping and Tuning of the Work Function
and Dirac Point in Graphene Using Photoacid and

Photobase Generators

Jose Baltazar, Hossein Sojoudi, Sergio A. Paniagua, Siyuan Zhang, Richard A. Lawson,
Seth R. Marder, Samuel Graham, Laren M. Tolbert, and Clifford L. Henderson*

This work demonstrates that photochemical doping of CVD-grown graphene
can be easily achieved using photoacid (PAG) and photobase (PBG) genera-
tors such as triphenylsulfonium perfluoro-1-butanesufonate (TPS-Nf) and
2-nitrobenzyl N-cyclohexylcarbamate (NBC). The TPS-Nf ionic onium salt
photoacid generator does not noticeably dope or alter the electrical properties
of graphene when coated onto the graphene surface, but is very effective at
inducing p-doping of graphene upon exposure of the PAG-coated graphene
sample. Likewise, the neutral NBC photobase generator does not significantly
affect the electrical properties of graphene when coated, but upon exposure
to ultraviolet light produces a free amine, which induces n-doping of the
graphene. Electrical measurements show that the doping concentration can
be modulated by controlling the deep ultraviolet (DUV) light exposure dose
delivered to the sample. The interaction between both dopants and graphene
is also investigated. The photochemical doping process is able to tune the
work function of the single-layer graphene samples used in this work from

sensor technologies.*%! Therefore gra-
phene may play an important role in pro-
viding an alternative to current materials
(for example, indium tin oxide -ITO, or
silicon) in a variety of applications, such
as transparent electrodes’® (which are
critical elements for numerous devices
such as displays, OLEDs, photovoltaic
devices)™ in which ground breaking
performances by graphene based devices
have already been shown.1%

Tailoring the electronic properties of
graphene without inducing structural
defects is necessary in order to fully
achieve its potential for variety of elec-
tronics  applications.*>1]  Intentional
doping of graphene (by charge or electron
transfer) allows tuning of the work func-

3.4 eV to 5.3 eV. Finally, a p—n junction is fabricated and analyzed, showing
that it is possible to control the position of the two current minima (two Dirac

points) in the ambipolar p—n junction.

1. Introduction

Graphene, a two-dimensional sp? hybridized carbon lattice,
has attracted significant interest due to its distinctive electrical
and mechanical properties!? including its high charge carrier
mobility, transparency, mechanical strength and flexibility."!
These properties have spurred research directed at modifying
graphene for use in a variety of electronic, optoelectronic, and
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tion of graphene without introducing large
numbers of defects. A variety of doping
techniques have been explored, primarily
through electrostatic gating,!'”l chemical
interactions,!’¥!  and  intercalation.'*1]
Replacement of carbon atoms with atoms
of other elements in the graphene lattice has also been shown
to modulate the carrier types and concentrations in graphene to
allow for p- and n-type doping; however, these methods induce
structural defects in the graphene which results in a degrada-
tion in the electronic properties of doped films made using
by methods.3) Doping of graphene through charge-transfer
interactions!'®!”] has been shown to be an effective method to
modify the electronic structure without interfering with the
integrity of the sp? lattice.

Different types of dopants have been used, including gases,!®!
metals,B1% polymers,?l organic compounds and metal-organic
compounds.[>21:22] Nevertheless, most of these dopants and
processes suffer from one or more of the following deficiencies:
lack of scalability, failure to provide access to large dopant con-
centrations, limited air stability, or that they irreversibly dope
the graphene upon contact, preventing modulation and tuning
of doping during post-processing. Furthermore, careful control
of dopant concentrations, including the ability to selectively and
locally modulate doping level (e.g. via photopatterning) and
thus the transport behavior from neutral to p-doped or n-doped
in an area-selective manner could be very useful for a variety of
applications such as circuits and sensors.[*%23]
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We have previously reported several methods for doping
graphene using both self-assembled monolayers (SAMs) and
dip-coated films.>?4%%] In addition, other work has shown that
deposition of graphene on a substrate with pre-patterned SAMs
leads to doping of graphene in a spatially controlled manner.[*4
In all such cases, there was no simple method for tuning the
doping level after a particular graphene device was assembled.
For example, in the case of the SAM doping, the doping level
is controlled by the density of SAM molecule deposition on the
substrate surface when the SAM coating is made.

Photo-induced doping of graphene hence presents itself as a
potentially attractive process since it would allow for facile spa-
tial control of the doping using conventional lithography tools,
opening the door to using graphene both as the semiconductor
and as contacts in devices. Photochemical dopant strategies
reported in the literature for graphene; however, required large
exposure times and yielded very small changes in the neutrality
point.[19:26-28]

The goal of the work reported here was to demonstrate a
method whereby a latent dopant could be deposited in contact
with the graphene film and subsequently modulated using
external stimuli to tune the doping level in the graphene and
also thereby its work function. Ultimately, we sought to dem-
onstrate that such doping activation could be achieved in a
pattern-wise manner. In thinking about possible methods for
achieving these goals, we decided to borrow lessons from the
extensive work done by our group in semiconductor lithog-
raphy and photoresist technology.?! This study has focused on
developing an on-demand photochemical method for doping of
graphene using photoacid (PAG) and photobase (PBG) genera-
tors. Specifically, this paper reports on examples of both PAG
(triphenylsulfonium perfluoro-1-butanesufonate, TPS-Nf) and
PBG (2-nitrobenzyl N-cyclohexylcarbamate, NBC) to easily
dope graphene, and the observation that such doping can be
controlled in an area-selective manner using traditional litho-
graphic exposure tools. Electrical measurements confirm that
before exposure, the graphene maintains its pristine electrical
properties after being coated with the PAG and PBG com-
pounds and that by modulating the deep ultraviolet (DUV) light
exposure dose delivered to the films, the doping concentration
for both the p and n-dopants can be controlled. Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS) and ultraviolet
photoelectron spectroscopy (UPS) were used to characterize
graphene samples doped using this strategy. Significantly, it
is shown from UPS that this doping technique yields a work
function modulation from 3.4 eV to 5.3 eV in single layer gra-
phene. Finally, using TPS-Nf a p-n junction was fabricated and
analyzed via XPS mapping and electrical measurements, dem-
onstrating that it is possible to control the position of the two
current minima (two neutrality points) in the ambipolar p-n
junction with such dopants.

2. Results and Discussion

Photoacid generator (PAG) and photobase generator (PBG)
compounds have been extensively studied and utilized on semi-
conductor microlithography. In this study, we chose TPS-Nf and
NBC due to their high solubility in common solvents, ambient
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stability, and efficient photochemical reactivity.*l It was antici-
pated that PAG compounds such as TPS-Nf could be used to
p-dope graphene while PBG compounds such as NBC could be
used to achieve n-doping. As illustrated in Figure 1A, TPS-Nf
generates an acid (proton) upon DUV irradiation due to decom-
position of the triphenylsulfonium chromophore.?!l The gener-
ated proton is then responsible for p-doping of the graphene
layer, lowering the Fermi energy level (i.e. shifting farther from
the vacuum level, and thereby increasing the work function)
(Figure 1C).B% In the case of the photobase generator NBC,
the o-nitrobenzyl chromophore follows a known intramolecular
rearrangement resulting in the formation of a photochemically
liberated free-amine under DUV irradiation (Figure 1B).50
This free-amine has a lone pair of electrons which we believe
are responsible for n- doping of graphene as previously dem-
onstrated in our earlier 3-aminopropyltriethoxysilane (APTES)
self-assembled monolayers (SAMs)  studies.**?’! Density
functional theory (DFT) calculations have shown that for NH;
molecules, there is a small charge transfer to the graphene.*’l
This would explain the increase of the Fermi level from the
Dirac point (i.e. n-doping).?>34

Figure 1C shows a simple scheme of a FET device with gra-
phene coated with TPS-Nf or NBC as well as the photochemical
induced Fermi energy changes upon exposure of the device.
To determine the applicability of our proposed approach, gra-
phene/TPS-Nf and graphene/NBC samples were fabricated
using chemical vapor deposition (CVD) grown monolayer
graphene transferred onto a 300 nm SiO,/Si wafer using a
common method described elsewherel?*3% and annealed under
an inert atmosphere to remove ambient and transfer process
residues®®37! (i.e. graphene layers that are here after referred
as “as-transferred”). For the TPS-Nf treated sample, a 2% solu-
tion of TPS-Nf (Sigma Aldrich) dissolved in anhydrous ethanol
was spin cast under inert atmosphere onto the as-transferred
graphene. For the NBC treated sample, a 2% solution of NBC
(Midori Kagaku Co.) dissolved in anhydrous toluene was spin
cast in a similar fashion onto as-transferred graphene samples.

Raman spectroscopy was utilized to investigate the quality of
the graphene and its doping state by examining the D, G, and
2D bands and their respective peak positions. The “as-trans-
ferred” graphene films utilized in this work showed prominent
graphitic (G and 2D) (see Figure 2a, full spectra) bands with
a minimal defect peak (D) (see S.I. Figure S1). The high 2D
over G band intensity ratio (I,p/Ig) and low full width at half
maximum (FWHM) of the 2D band are indicative of monolayer
graphene films. "]

Figure 2b-d shows the G band position, the G band full width
at half maximum (FWHM), the 2D band position and the 2D
to G band intensity ratio (I,p/Ig) for as-transferred graphene,
the transferred graphene after spin coating with the TPS-Nf or
NBC dopants without any further DUV light exposure (here-
after referred as “unexposed”), and finally the transferred gra-
phene after coating with the TPS-Nf or NBC dopants after DUV
exposure (5 min exposure for TPS-Nf and 10 min exposure for
NBC). For the graphene/TPS-Nf treated sample, the as-trans-
ferred and unexposed peak positions remain mostly constant
: G peak position of ~1585 cm™?, full width half maximum of
the G peak (FWHM) ~20 cm™, 2D peak position of ~2677 cm™!
and I,p/I ratio of ~3.2, which indicates that prior to exposure,
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Figure 1. Schematic of reaction pathways for a) TPS-Nf and b) NBC. c) Schematic representation of p- and n-doping of graphene field effect transistor
(FET) by TPS-Nf and NBC respectively, with associated changes to the graphene Fermi Energy level.

no significant doping is induced into the graphene by coating
of the TPS-Nf onium salt photoacid generator. After exposure
however, a clear change in the Raman peak positions and their
relative intensities for the sample coated with TPS-Nf PAG is
observed: an upshift in the G peak position to ~1608.6 cm™, a
decrease on the FWHM of G peak to ~11.3 cm™, an upshift in
the 2D peak position of ~2690 cm™, and a decrease in the I,p/
I ratio to ~0.76, which all are consistent with p-doping of the
graphene by the photochemical decomposition of the TPS-Nf to
produce photoacid.?%38 Similarly, for the NBC treated sample,
the same behavior is observed where prior to exposure the peak
positions remain constant when comparing the as-transferred
graphene both coated and not coated with NBC: G peak posi-
tion of ~1585 cm™!, FWHM of the G peak ~20 cm™, 2D peak
position of ~2675 cm™! and I,p/I; ratio ~3.2. After exposure,
again the graphene sample coated with the NBC exhibits
clear changes in the peak positions and their intensity ratios:
an upshift in the G peak position t0~1596 cm™, a decrease
in the G peak FWHM to~16 cm™, an upshift in the 2D peak
position to ~2678 cm™, and a decrease in the I,p/I¢ ratio to
~2, which are all consistent with n-doping of the graphene.’’l
Both of these results obtained by Raman spectroscopy are in
clear agreement with the observations by Ferrari and coworkers
on n and p-doping of electrochemically top-gated graphene
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transistor3% and is further supported by the UPS/XPS and elec-
trical data discussed below.

The p- and n-doping effect of TPS-Nf and NBC respectively,
were also evaluated by UV photoelectron spectroscopy (UPS).
Figure 3A shows the UPS spectra for (1) TPS-Nf and (2) NBC:
as-transferred, unexposed and finally after exposure (5 and 10
min for TPS-Nf and NBC respectively). The work function @
(energy difference between the Fermi and vacuum level) can
be calculated from Equation (1), since the secondary elec-
tron edge occurs at the binding energy corresponding to the
deepest of the energy levels that can be excited with the radia-
tion employed.

® =21.22— BEgy; (1)
where BEgg is the binding energy at the secondary electron
cutoff. The work function of the as-transferred graphene,
unexposed graphene/TPS-Nf and graphene/TPS-Nf after
exposure were determined to be 3.82 £ 0.1 eV, 3.97 £ 0.1 eV
and 5.29 £ 0.09 eV, respectively (Figure 3B). These values are
in good agreement with the results obtained from the Raman
spectrum where no significant changes were observed in the
unexposed graphene/TPS-Nf film as compared to the as-trans-
ferred graphene, while after DUV light exposure the graphene

wileyonlinelibrary.com

5149

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

5150 wileyonlinelibrary.com

/4

s
Mt oS
www.MaterialsViews.com

samples prior to the DUV exposure. Simi-
larly, using Equation (2), the electron concen-
tration (n) was found to be 1.1 x 10 cm™
after exposure.

Doping of graphene induced by surface
electron transfer can further be examined
and confirmed by X-ray photoelectron spec-
troscopy (XPS) measurements. Figure 3C
shows the chemical shifts in the high reso-
lution Cls spectra for: (1) as-transferred
graphene (black), (2) exposed graphene/
TPS-Nf (red) and (3) exposed graphene/
NBC (green). It is observed that for the

bare graphene sample, the Cls peak max-
imum occurs with a binding energy (BE) of
284.9 eV as expected.?”*l For the graphene/
TPS-Nf sample, upon on DUV exposure,
the Cls peak of graphene shifts to lower
binding energy from 284.9 eV to 284.2 eV
which is expected for a p-doped sample.[?’!
For the graphene/NBC sample, the Cls
L peak has contributions from graphene and

the dopant, with an overall maximum shift
to higher binding energy from 284.9 eV to
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285.9 eV.3l This is presumably the result
of both the BE of the dopant C 1s and the
n-doping of graphene by the free-amine pre-
sent in the NBC layer,234% in accord with
previously reported data.*’] Tt is important
to notice that, for the unexposed samples, no
shift on the binding energy of the Cls peak
was observed (Figure S2 D), in agreement
with the UPS and Raman results. N1s and

Dopants

Dopants

Figure 2. (a) Full Raman spectra for four samples on SiO,: graphene as-transferred (black line),
Graphene/NBC or Graphene/TPS-Nf unexposed (since both yielded the same spectra with no
significant changes as compared to the initial graphene spectra) (blue line), Graphene/NBC
after exposure (green line) and Graphene/TPS-Nf after exposure (red line). (b) G band peak
position, (c) 2D band peak position, (d) FWHM of the G band and (E) ratio of the 2D band
peak intensity over G band peak intensities for the samples initially (as-transferred), unexposed

and finally after exposure.

exhibits significant p-doping. Using Equation (2), the electron
concentration (n) was calculated since it is related to the energy
position of the Dirac point by the equation,*!]
Ep = hv; (an) ™ )
where vy is the Fermi velocity of graphene (1.1 x 107° ms™).4
The calculated doping concentration was approximately
1.2 X 10 cm™2, which is the highest doping level reported to
date for photochemically p-doped graphene and is comparable
to the results obtained from other doping techniques.[264344
Similarly, for NBC, the work function for as-transferred gra-
phene, unexposed graphene/NBC and exposed graphene/NBC
were determined to be 3.80 + 0.07 eV, 3.77 £ 0.11 and 3.38 £
0.18 eV, respectively, using Equation (1) (Figure 3B). Once
again, no significant change was observed in the graphene

(e)

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

S2s high-resolution spectra for each sample
were also collected and the results are pre-
sented in the S.I. (S2 A and B). These clearly
show that after exposure both molecules
undergo the expected photo-reaction: (1) the
NBC case shows the emergence of the free
amine peak at ~401 eV in the N1s spectral*?]
and (2) the TPS-Nf case shows the appear-
ance of the peak at ~227.5 eV in the S2s
spectra that is attributed to the rearrange-
ment of the sulfur center in the TPS salt after the photoacid
generation.*”) These results further support our statement
concerning p-type and n-type doping observed for TPS-Nf and
NBC coated graphene films.

Once evidence of doping using photochemically activated
PAG and PBG compounds was obtained, the next step was to
quantify the effect of such doping strategies on the electrical
properties of graphene. In order to test the electrical transport
properties of graphene that has been modified using such
photochemically activated dopants, back-gated graphene field
effect transistors (GFET) were fabricated using standard lithog-
raphy and metallization techniques reported previously.?#2°]

Figure 4 shows the resulting drain current (I;) versus the
gate voltage (V) for TPS-Nf and NBC coated graphene films.
For the bare, as-transferred graphene, all devices demonstrated
a charge neutrality point (Vyp) of approximately zero volts as a

Adv. Funct. Mater. 2014, 24, 5147-5156
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Figure 3. (a) UPS spectra for Graphene as-transferred (black), Graphene/TPS-Nf exposed (red) and Graphene/NBC exposed (green), (b) UPS-deter-
mined work functions. XPS spectra representing the (c) Cls binding energy region for three types of samples: graphene as-transferred (black line),
graphene/TPS-Nf (red line) and graphene/NBC (green line) exposed on SiO,. All data were normalized to the largest intensity within each spectrum.

result of the careful washing in multiple acetone baths followed
by a 30 min anneal at 200 °C under a nitrogen environment
to remove any adsorbed p-dopants from the transfer process
of the CVD graphene.’”) The annealing time and temperature
were controlled carefully in order to avoid n-doping as previ-
ously reported.’® For the GFET devices made using TPS-Nf
(Figure 4A), a shift in the neutrality point of ~—15 V was
observed in unexposed films, which is attributed to ethanol!
exposure during the TPS-NF coating process as shown in our
control experiment. Figure S3 in the S.I. shows that a drop of

As-transferred
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UV Exp 30 sec
UV Exp 5 min
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Figure 4. Source-drain current versus gate voltage for a simple graphene
FET device for (a) graphene/TPS-Nf and (b) graphene/NBC. (Vsd =.1V).
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~—15 V in the neutrality point was observed for a graphene
sample dipped in ethanol and immediately dried with nitrogen,
which clearly demonstrates solvent induced n-doping similar to
that observed in the TPS-Nf coating case.

Upon exposure of the TPS-Nf coated graphene film devices,
the charge neutrality point is observed to gradually shift to
higher voltages as would be expected for increasing levels of
p-doping with increasing exposure time and generation of addi-
tional photoacid. At 5 s exposure, the neutrality point shifts to
~10 V; at 15 s, the neutrality point stabilized at ~48 V; for 30 s it
is above 60 V and after 5 min, the charge neutrality point is so
far beyond 100 V that it is difficult to resolve with the available
measurement techniques. The hole concentration (n) of the
TPS-Nf treated graphene after annealing was calculated from
the Vyp using Equation (3),5?

n= CGVNP /e (3)

where C¢ = 115 aF/um?,5?l e is the charge of the electron, and
Vyp is the voltage at the charge neutrality point. Hole concen-
trations were calculated to be approximately 7.19 x 10! ¢cm™2
and 3.45 x 10'2 cm™ for the 5 s and 15 s exposure respectively
(i-e. these were the only cases where the neutrality point could
be precisely measured because of the voltage limitations of the
probe measurement system used). The electron concentra-
tion (n) is related to the energy position of the Dirac point by
Equation (2), hence the calculated energy position of the Dirac
point, were approximately 0.11 eV and 0.24 eV after 5 and 15 s
exposure respectively.

Figure 4b shows the electrical response for the GFET devices
made using NBC. In the unexposed state, little shift in the neu-
trality point is observed. This lack of a shift in the neutrality
point is indicative of a lack of chemical doping of the graphene
by NBC or the toluene solvent used to coat it onto the GFET
device (Figure S4). This is consistent with earlier observations
made in the Raman spectroscopy and UPS data. Upon expo-
sure of the NBC-coated GFET, the charge neutrality point is
observed to gradually shift to lower voltages with increasing
exposure time and generation of larger amounts of photobase.
At 5 min, the neutrality point stabilizes at ~—36 V and after
10 min, the charge neutrality point is far above 60 V which
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is the maximum amount of voltage that can be applied to the
device using the tool configuration. The electron concentration
(n) of the NBC-treated graphene after annealing is approxi-
mately 2.58 x 10'2 cm™ for the 5 min exposure as calculated
using Equation (2) and the energy position of the Dirac point is
approximately 0.20 eV as calculated from Equation (3). One of
the reasons NBC requires a higher exposure time than TPS-Nf
(10 s versus 5 min) in order to observe a change in the doping
concentration, rises from the fact that the quantum yield (Q)
(the ratio of product molecules, photoacid for TPS-Nf or pho-
tobase for NBC, to absorbed photons), for TPS-Nf is approxi-
mately five times higher than NBC (0.52 versus 0.1).3%31 Nev-
ertheless the electrical measurements are in agreement with
the Raman, UPS and XPS results which clearly indicate that
prior to exposure, there is little effect on the Vyp for graphene
and that after exposure both TPS-Nf and NBC p- and n-dope
respectively. The field-effect mobility for both holes (h) and
electrons (e) of the devices was extracted using Equation (4),1%)

u= Lchgm /Wchvdscox (4)

where 1 = mobility, Ly, = 2000 pm, g, = dIp/dVgg, W, = 50 pm,
Vps = 0.1 V and Cg = 115 aF/um?. For an untreated GFET
made using the graphene films used to later manufacture the
TPS-Nf doped GFETs (i.e. simply measured before treatment
with TPS-Nf PAG), the extracted mobilities were in the range of
~400 cm?/Vs (h) and ~350 cm?/Vs (e). For the unexposed TPS-Nf
treated GFET, the extracted mobilities were ~350 cm?/Vs (h)
and ~500 cm?/Vs (e). After exposure of the TPS-Nf PAG coated
device to 5 sec of DUV light, the mobilities of the GFET were
measured to be ~390 cm?/Vs (h) and 300 cm?/Vs (also we are
unable to observe the neutrality point clearly after 5 s exposure).

For an untreated GFET made using the graphene films
used to later manufacture the NBC doped GFETs (i.e. simply
measured before treatment with NBC), the extracted mobilities
were in the range of ~1200 cm?/Vs (h) and ~1200 cm?/Vs (e).
For the unexposed NBC treated GFET, the extracted mobilities
were ~900 cm?/Vs (h) and 850 cm?/Vs (e). After exposure of
the NBC coated device to 5 s of DUV light, the mobilities of the
GFET were measured to be ~900 cm?/Vs (h) and 950 cm?/Vs.
As expected for the type of dopants used in this work where we
have a high carrier density in graphene after charge transfer,
there is in general a decrease in the mobility of the graphene
vis-a-vis pristine graphene which is due to enhanced short-
range scattering.[?1#+>3 [t is important to mention that the vari-
ation in the mobilities between the untreated graphene films
used to fabricate the PAG and PBG treated GFETs were due
to variation from normal graphene to graphene film variations
observed in different batches of as-transferred graphene after
synthesis, transfer, and processing onto device wafers. Never-
theless, the Raman for both samples showed no defect bands
and these mobility differences in the starting graphene films
are not expected to affect the doping mechanisms of both the
PAG and PBG.

Using Equation (3), the expected Vyp was calculated for both
TPS-Nf and NBC photoinduced doping from the work func-
tion values determined via UPS on exposed graphene/TPS-Nf
and graphene/NBC samples. The estimated neutrality point
positions were 148 V for NBC (10 min exposure) and 1700 V
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for TPS-Nf. These estimates were in general agreement with
the GFET electrical measurements since the neutrality point for
both exposure times was far above 100 V (Figure 4). An increase
in device current magnitude (at Vg = 0) of 3 to 5 times was also
observed, which also indicated that the conductivity of the device
was being improved in a similar manner (Figure 4). In this case,
such changes were achieved while maintaining film transmit-
tance above ~70% for both dopants (Figure S5). Experiments are
underway that focus on improving and optimizing such param-
eters which are sought in a variety of applications.! Air stability
for the samples prior to exposure was also tested (Figure S6
and S7 S.I.) and showed slight to no decrease in the neutrality
point of the graphene-coated samples, in contrast to the bare
graphene exposed to air (S.I. Figure S8). This shows that the
PAG and PBG dopant precursor layers can protect the graphene
quality at least to some degree, presumably by acting as a water
and oxygen barrier, until the films are exposed to generate the
desired doping. This is in contrast to other doping techniques
that require further annealing in order to remove such atmos-
pheric dopants.'*2324 It is important to mention that after DUV
light exposure, subsequent air exposure of the doped graphene
films did not maintain the desired doping, presumably due to
neutralization of the photogenerated acid or base species, and
thus a protective layer or packaging should be used in such
cases or they should be handled under an inert atmosphere.

In order to demonstrate the ability to develop an area-
selected pattern-wise doping, back-gated graphene-based p-n
junction with patterned p-n regions in the FET channel were
fabricated using TPS-Nf as dopant and were measured fol-
lowing the same basic process described above. First, 50 nm
thick gold electrodes were evaporated through a shadow mask
onto a clean, graphene transferred, 300 nm thick SiO, gate die-
lectric films on highly p-doped silicon wafers. Next, half of each
of the channels in the FET devices were covered with a shadow
mask and exposed to DUV light (Figure 5a).

The area selectivity of the chemical conversion of the PAG
dopant precursor in the patterned FET device was confirmed
by XPS mapping of the FET as illustrated in Figure 5b and c.
The signal at a binding energy of 163 eV was used for mapping
the S2p spectra, which is associated with the exposed TPS-Nf
as discussed earlier (Figure S2). The Figure 5b shows a well
defined boundary in the S2p spectral map of the FET, as quanti-
fied by the signal intensity at 163 eV over the area of the device,
between areas of the substrate that were exposed to DUV light
and those left unexposed. C1ls mapping of the photopatterned
FET devices was also accomplished (Figure 5¢) as quantified by
the signal intensity at a binding energy of 284 eV, which cor-
responds to p-doped graphene (Figure 3). Again, a well-defined
boundary in the doping of the FET channel was observed, with
the exposed regions of the FET channel showing clear signs
of p-doping. Furthermore, the areas of the FET device exhib-
iting the most intense Cls signal at 284 eV which is indica-
tive of p-doping, were perfectly correlated with the areas of the
device exhibiting the strongest S2p signal that is indicative of
the production of the photoacid as well. All of these results
are consistent with the formation of a well defined photopat-
terned p-doped region that is the result of exposure induced
production of photoacid dopant in selected portions of the FET
channel.
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Figure 5. (a) Schematic showing the fabricate graphene/TPS-Nf p-n junc-
tion. XPS mapping of the graphene p-n junction for the (b) Cls intensity
at a binding energy of ~ 284 eV (c) S2p intensity at a binding energy of
~163 eV. (d) Source-drain current versus gate voltage as a function of
exposure time for a graphene p-n junction (Vsd =5 V).

Electrical measurements were performed on the fabricated
CVD graphene devices containing the photopatterned TPS-Nf
dopant precursor coatings. The devices were probed under inert
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atmosphere using a method similar to that described earlier. As
expected, the unexposed sample exhibited a slight n-type char-
acteristic due to the solvent (Figure 5c and S3) processing with
only a single obvious neutrality point. For devices with a 5 s
ultraviolet exposure through the shadow mask on the device
channel, two minima in the Isd-Vg data were clearly observed,
corresponding to two neutrality points as would be expected
from a p-n junction, 22528 which in this case is formed by the
photochemically created p-type doped region in the slightly
n-type device layer. For devices with a 15 s masked ultraviolet
exposure of the channel, again two minima are clearly observed
in the Isd-Vg data and additionally the positive Vg neutrality
point shifts to more positive values as would be consistent with
higher doping levels that result from further photoacid genera-
tion during the longer exposure. It is important to notice that
the position of the neutrality points in the p-n junction are in
agreement with the expected position obtained and discussed
earlier from the blanket film exposure experiments (~12 V and
50V for 5 s and 15 s exposure respectively of TPS-Nf coated gra-
phene samples) and that little change is observed in the posi-
tion of the Dirac point corresponding to the unexposed slightly
n-type region. It was also possible during these measurements
to demonstrate the unique ambipolar character of the devices.
Switching of the source-drain bias voltage from positive to neg-
ative values showed no rectifying behavior as would be charac-
teristic of an ambipolar device.'>> This unique p-n junction
behavior of graphene, in contrast with the traditional rectifying
behavior of conventional semiconductors, allows the devel-
opment of graphene-based bipolar devices which have been
demonstrated to display new and exciting phenomena such as
Klein tunneling,>%% and produce lensing effects for coherent
electrons, i.e. so called Veselago lensing.?”! Our simple method
for producing patterned doping profiles in graphene films and
devices facilitates the study of such phenomena and possibly
enables the use of graphene for a variety of applications such
as circuits and sensors, since it allows precise, simple and inde-
pendent control over the work function and doping properties
of graphene, as compared to the more limited and difficult
control possible with electrostatic substrate engineering,[?l and
other fabrication techniques.”>°®!

3. Conclusion

In the work reported here, we have developed an on-demand
photochemical method for doping of graphene using tri-
phenylsulfonium perfluoro-1-butanesufonate (TPS-Nf) and
2-nitrobenzyl N-cyclohexylcarbamate (NBC) photoacid and
photobase generators. Both compounds can be used to easily
dope graphene and such doping can be controlled in an area-
selective manner using traditional lithographic exposure tech-
niques and tools. Electrical measurements and XPS confirm
that before exposure, graphene coated with either TPS-Nf or
NBC maintains its pristine electrical properties, and that by
modulating the deep ultraviolet (DUV) light exposure dose
delivered to the films, the doping concentration for both p and
n-type doping can be easily modulated and controlled. This
doping technique yields a possible work function modulation
from 3.4 eV to 5.3 eV in single layer graphene. Area-selective

wileyonlinelibrary.com 5153

dadvd T1Tind



-
™
s
[
-l
wd
=
™

5154 wileyonlinelibrary.com

<
m

ww.afm-journal.de

doping and modification of an existing graphene FET device
are demonstrated through photochemical formation of a p-n
junction in a pre-fabricated graphene FET device coated with
TPS-Nf and exposed in a pattern-wise manner. The exposure
is masked in such a way that the p-n junction is formed in the
middle of the graphene FET device channel. Measurements of
the I-V characteristics of the photochemically doped FET device
show the expected two current minima (i.e. two Dirac or neu-
trality points) for an ambipolar p-n junction in graphene. Our
simple method for producing patterned doping profiles in gra-
phene films and devices opens up a variety of new possibilities
for forming complex doping profiles in a simple manner in gra-
phene, and can enable rapid testing of concepts for graphene
devices involving controlled work function tuning, complex
doping profiles and simple post-fabrication tuning of devices.

4. Experimental Section

Graphene Growth: CVD graphene was obtained following standard
literature procedures.’®] Graphene was synthesized on 25 pm thick
Cu foil (Alfa Aesar, item No. 14482, cut into 1 X 1 in squares) in a low
pressure Ar/H,/CH, environment at 1000 °C.Bl PMMA (MicroChem
950 PMMA Series) was spun cast from an organic solution (9% solution
by weight in anisole, spin coated at 1500 rpm for 1 min) onto the
as-grown graphene coated Cu samples and baked (180 °C for 10 min)
to form an approximately 500 nm thick film that served as an auxiliary
support material for handling and transferring the graphene films. The
sample was treated overnight with a 30 wt% FeCl; aqueous solution to
remove the copper foil. The resulting bi-layer PMMA-graphene samples
were treated with 10 wt% HCl solution for 10 min, followed by deionized
(DI) water several times to remove bound contaminants. The PMMA-
graphene bilayers were then placed onto SiO, coated Si substrate with
the graphene face in contact with the SiO, surface. The PMMA carrier
film was then removed by immersing the substrate film stack in fresh
acetone up to 5 times for 30 min each time. Finally the graphene/SiO,/
Si stacks were annealed at 200 °C under an inert nitrogen or argon
atmosphere for 10 min. The samples were then analyzed by Raman and
XPS to ensure the successful removal of the copper and PMMA films
and the presence of clean mono-layer graphene films.

Device Fabrication, Doping Procedure, and Electrical Measurements:
A highly p-doped Si wafer was as the substrate for field effect device
fabrication since it could be easily used as a common gate for all devices.
A 300 nm thick thermal silicon dioxide layer grown on the p-doped Si
wafers was used as the gate dielectric. The Si/SiO, substrate was cleaned
by piranha solution and pre-treated by UV ozone for 15 min. Next,
lithography and deposition processes (i.e. typical lift-off procedures)
were used to form the gold electrodes (3 nm thick chromium adhesion
layer first deposited onto the SiO, followed by a 50 nm thick gold layer
for electrode fabrication, where width = 50 pm and length = 2000 pym)
on the 300 nm thick SiO, gate dielectric. Monolayer graphene was
transferred to these pre-fabricated electrode devices using the procedure
described earlier. For n-doping, samples were coated with NBC via
spin casting (1000 rpm for 1 min) using a 2% v/v solution of NBC in
anhydrous toluene. For p-doping the samples were coated with TPS-Tf
via spin casting (1000 rpm for T min) using a 2% v/v solution of TPS-Nf
in anhydrous ethanol. The samples were exposed using a handheld DUV
light (Model UVGL-25: 4 watt UV lamp, wavelength 254 nm) for a time
period varying from (10 s to 10 min). Once the electrode devices were
fabricated, all the sample preparations beginning with the graphene
transfer were performed inside of a glovebox in a controlled environment.
Electrical measurements, including I-V curves, were made using a probe
station configured with a HP 4156 semiconductor parameter analyzer
maintained under an inert atmosphere in the glovebox as well. A control
sample containing only graphene that was exposed to DUV was also
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analyzed to confirm that any changes in the neutrality point are in fact a
result of the dopants (Figure S9).

For p-n junction fabrication, 50 nm thick gold electrodes (3 nm
thick chromium was used for adhesion, width = 5000 pm, length =
10 000 pm) were evaporated through a shadow mask onto a clean,
graphene transferred, 300 nm thick SiO, gate dielectric films on highly
p-doped silicon wafers. TPS-Nf was spin-coated following the same
conditions mentioned above; half of each of the channels in the FET
devices were covered with a shadow mask, exposed to DUV light and
measured following the same basic process described above.

Surface Characterization and UV/Visible Spectroscopy: Transfers from
the glovebox into the photoelectron spectrometer were done under N,
atmosphere using a Kratos air-sensitive transporter 39-322 that couples
into the transfer chamber of a Kratos Axis UltraP® XPS/UPS system
under positive N, pressure. All samples were in electronic equilibrium
with the spectrometer via a metallic clip on the graphene and
characterizations were performed at normal take-off angle. XPS using
monochromatic Al Ke line was performed at a base pressure of 107
Torr with the Fermi level calibrated using atomically clean silver. Spot
size was ca. 700 pm. Survey XPS scans were run at 160 eV pass energy
and high resolution scans typically at 20 eV pass energy and 100 meV
steps, while UPS spectra were acquired at 5 eV pass energy and 0.05 eV
step size with the aperture and iris set to 55 pm . Calibration of spectra
was done with the Si 2p peak set to BE = 104.9 eV, same as that of the
treated graphene (10 min) on SiO,. XPS mapping was acquired using
a Thermo K-Alpha XPS (Thermoscientific) operating under ultra-high
vacuum conditions with an Al Ko micro-focused monochromator and
a 30 pm spot size. Raman spectroscopy and microscopy measurements
were performed using a Horiba HR800 pRaman system without
exposure to air.’’] All spectra were excited with visible (532 nm) laser
light and collected in a backscattering configuration with a laser power
below 0.5 mW to reduce laser-induced heating and were acquired at
multiple locations to verify reproducibility. All the peaks were fitted with
Gauss-Lorentzian curve fits to determine their peak position, line width,
and intensity.

UV/Visible spectroscopy was acquired in an Agilent Cary 5000 UV/Vis
spectrometer for 0.5 cm radius spots (under air). Glass was used as the
sample and reference to calibrate the 100%T, and 0%T was calibrated
by blocking the sample light path. CVD graphene was transferred to the
same type of glass slides and annealed in the glovebox at 200 °C before
treatment.
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Supporting Information is available from the Wiley Online Library or
from the author.
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