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DOI: 10.1039/x0xx00000x We developed a photochemical method for the simelbais reduction and doping of graphene
oxide (GO) layers through ultraviolet laser irrdiba in the presence of a dopant precursov
gas. It is shown that a few seconds of irradiai®sufficient to dope the GO lattice, while the
doping and reduction levels can be readily con¢lupon variation of the irradiation time.
Using this method, the simultaneous reduction aoding of GO with chlorine or nitrogen
atoms is achieved and confirmed by Raman, FTIR afwday photoelectron (XPS)
spectroscopy measurements. To demonstrate the t@dtesf the approach for practical
applications, the photochemical method was sucaofligsemployed for the in-situ laser
induced modification of prefabricated GO field eff@ransistors. Real time monitoring of the
evolution of charge transport as a function of diedion time reveals significant changes, 1
result attributed to the chemical modification &etGO lattice. The facile, rapid and roon.
temperature nature of the photo-induced method gseg here provides unique opportunities
for the cost-effective synthesis of bulk amountsloémically modified GO for a wide range of
applications spanning from transistors and sensorgansparent electrodes for lighting and
photovoltaic cells
I ntroduction groups (e.g. epoxy, hydroxyl, carboxyl, carbonyiatt could

i . i . . potentially be exploited in order to photo-chemligaline its
Graphene is a 2-dimensional (2D), zero band gagmaawith electrical properties. A successful photochemicakne is

unlqug morpholgg|cal, mechanical, qpt!cal, thermahd realized by the light-induced partial removal o€lsdunctional
electrical propertiés. However, the majority of graphene’s . .

o . groups and the subsequent insertion of hetero-atatosthe
applications are handicapped by the absence of

. . GO latticé®2L To date, various laser irradiation approach:s
semiconducting band gap. As a result, numerous adsthave

. ) have been adopted for GO treatment and are reviénwe&ef.
been developed to introduce dopants into graphédatise and . . . .
. . . . 22. Of great interest is the laser induced redactibthe GO
in this way to engineer its band d§dp6789101112 One

it i thod to d h invol thermital lattice’® demonstrated to be suitable for the realization ~*
a erlja IV? m.e od fo dope grgp ene mvoyes flexible graphene electrod®s and tailoring of the GO
functionalization of graphene oxide (GO) latlie¥"1516.17.18,19

. ) bandgap®. Moreover lasers had been used for the in-situ
— a route that could potentially provide accessmdoel and . : .
. o treatment of GO devicés Finally, a recently published wark
previously unexplored graphene derivatives. Unfuately,

. ' showed that femtosecond laser irradiation can hesed for N
most of the methods reported to date fail to dermatesprecise . . . .
. o . o doping of GO. Our method relies on precise phototbal
control over doping levels and exhibit poor yieldsgalability, . . . e
. o : L " . reactions initiated by a pulsed laser irradiatiorthie presence
posing limits for practical applications. In additi the high

) ) ) of a dopant precursor gas. It is rapid and efficEnce a few
temperatures processes often required are timesoung but, nanosecond pulses are sufficient to induce dopévgl$s of a
;nore |;nportantl)./t,. aret nhot | cqmpatlbleh with elmerglnﬁaw percent. By simple tuning of the laser paramsetiee exact
emp.era ‘,”e'sens' e ) echnologies — suc as ar@zﬂz"rﬂéloping level can be controlled with good reprodilityb The
plastic/printed electronics. Therefore the develepmof a technique negates the need for high temperaturest po
simple, low-temperature and  high-throughput - methiod deposition steps and can provide access to théesistof large

controllable doping of graphene |s.h|ghly desirable 9uantities of doped graphene sheets with good abater the
Here we report a novel, facile and room temperature

doping level, which is not readily realized by eixig methods.
methodology that can be used for controllable ptimeonical PI g .V whichrt . v 'z y. s )
. . Using this method, the simultaneous reduction aopirdy of
doping of GO. GO contains large numbers of funatlaxygen

www.rsc.org/
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GO with a few percent of chlorine or nitrogen atomas
realized following irradiation in the presence of: ©r NHs
gases, respectively. We show that upon photochérdagaing
chlorine and nitrogen atoms substitute GO defemtaited on
the edges as well as in the plane of the GO |4&ti¢é To
demonstrate the applicability of the method forctical device
applications we study the electronic propertiep$tine and
photo-chemically doped GO layers using field-effeeansistors
(FET) measurements.

Experimental

GO layersfabrication

Graphite oxide was synthesized by the modified Henmsm
method and exfoliated to give a brown dispersioG6f under

ultrasonication. The resulting GO was negativelgrged over
a wide pH condition, as the GO sheet had chemigadtfonal

groups of carboxylic acids. GO solution in etha(@®b mg/ml)

at pH 3.3 was dropped after an oxygen plasma tesatior 2

min in order to make the ITO surface hydrophilidhheTGO

solution was maintained for a waiting period of thrand was

then spun at 3000 rpm for 30 s, followed by 30 iméking at

100 °C inside a nitrogen-filled glove box. The Hress of the
films was analogous to the number of spinning riépas; a

film thickness of 3.4 nm was obtained with two segsive

coatings.

Photochemical doping of GO films

The as-spun GO layers on Si or PET substrates svdijected
to irradiation by a KrF excimer laser source emgti20 ns
pulses of 248 nm at 1Hz repetition rate that wassiated onto
the film area. For uniform exposure of the wholenpke to
laser radiation, a top-flat beam profile of 20x10nfnwas
obtained using a beam homogenizer. The whole psotmsk
place into a vacuum chamber at 50 Torr GF NHs gas
pressure maintained through a precision micro valystem.
Different combinations of laser powers (P) and nemibf
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The morphology of the film surfaces was examingdatomic
force microscopy (AFM; Digital Instruments NanoSeojpla).
(Supporting Information, Figure S1) Fourier tramsfcnfrared
(FTIR) spectra were measured on a BRUKER FTIR
spectrometer IFS 66v/F (MIR). Raman spectroscopys we
performed using a Nicolet Almega XR Raman spectteme
(Thermo Scientific) with a 473 nm blue laser aseauitation
source. X-ray photoelectron spectroscopy (XPS) nreasents
were carried out in a Specs LHS-10 Ultrahigh VacuyuhV)
system. The XPS spectra were recorded at room tatope
using unmonochromatized AlKa radiation under cdodg
optimized for maximum signal (constanE mode with pass
energy of 36 eV giving a full width at half maximui@WHM)

of 0.9 eV for the Au 4f7/2 peak). The analyzed aness an
ellipsoid with dimensions 2.5 x 4.5 mniThe XPS core level
spectra were analyzed using a fitting routine, Wwhadows the
decomposition of each spectrum into individual mdixe
Gaussian-Lorentzian components after a Shirley dracind
subtraction. The ultraviolet photoelectron spedopy (UPS)
spectra were obtained using Hel irradiation with=h21.23 eV
produced by a UV source (model UVS 10/35). DuringUJ
measurements the analyzer was working at the Quinsti
Retarding Ratio (CRR) mode, with CRR 10. The worl.
function was determined from the UPS spectra bytraating
their width (i.e. the energy difference between #ralyzer
Fermi level and the high binding energy cutoffprfr the Hel
excitation energy. For these measurements a biad 280 V
was applied to the sample in order to avoid interiee of the
spectrometer threshold in the UPS spectra. All thark
function values obtained by UPS were calibratedhwitanning
kelvin probe microscopy (SKPM) measurements. THative
error is 0.02 eV.

Results and Discussion

The GO starting material used here was synthesyeda
modified Hummers’ methdd The GO water dispersion was
then spin coated directly onto Silicon or PETBubstrates.

pulses () were tested in an effort to optimize the

photochemical functionalization processes. In a icslp

experiment, the sample was irradiated at a con$tamth N, = LAS E R A
10, 20, 30, 40, 50, 60, 120, 600 and 1200, corredipg to Excimer 248nm A g
different photochemical reaction times.

Field effect transistors (FETSs) fabrication p 2 VS

Bottom-gate, bottom-contact FETs were initially paeed
using pristine GO sheets. The transistors strustunere
fabricated using heavily doped p-type Si wafersngcs a
common back-gate electrode and a 200 nm thermatywmy
SiO2 layer as the gate dielectric.
photolithography, the gold source-drain (S-D) eledés were
defined with channel lengths and widths in the eathg40 pm
and 1-20 mm, respectively.

M icroscopic and Spectr oscopic Characterization

2| J. Name., 2012, 00, 1-3

Using conventioni

:L
Focus Lens

Vacuum Chamber

Gas lnlei_’ o _'I’.o E;;;;?.‘I‘ng
sample
p———— -
yL.

X GO nanosheets

Figure 1: Schematic of the experimental set-up used for thz
laser-induced doping of GO nanosheets.

This journal is © The Royal Society of Chemistry 2012
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Figure 1 presents the irradiation scheme usedcfrealization
of the doping process. The as-spun GO layers wdreded to
irradiation by a KrF excimer laser source emittB@yns pulses
of 248 nm at 1Hz repetition rate that was translatato the
film area. For uniform exposure of the whole santpldaser
radiation, a top-flat beam profile of 20x10 rhmas obtained
using a beam homogenizer. The whole process taaephto a

Journal of Materials Chemistry C

monochromated X-ray beam at low pressures. Figuae 2

compares typical spectra of the pristine and Cledbis0O.
From this data it can be seen that the intensitthefO1ls peak
relative to that of Cls is reduced while the chemastic Cl2p
appears after irradiation. These results indical@sar-induced
simultaneous reduction and CI doping of the GO &shdéde Na
peaks visible in the XPS scans are contributiommsnfrthe

vacuum chamber at 50 Torr2@Ir NHs gas pressure maintainedsample mounting procedure and can therefore beégno

through a precision micro valve system. Differeminbinations
of laser powers (P) and number of pulses (Np), wested in
an effort to optimize the photochemical functiomation
processes. In a typical experiment, the sampleinadiated at
a constant P=25mW with Np = 10, 20, 30, 40, 50,1&m, 600
and 1200, corresponding to different photochenmieattion
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Analysis of the core level characteristic peaksvadld insight
to be gained into the nature of the chemical bondsach case.
Figures 2b-c present in high resolution the respedtls and
Cl2p peaks showing that, after irradiation, the CQ@
intensity ratio decreases from 1.09 to 0.60 witile €12p/C1ls
intensity ratio becomes equal to 0.17. In particuthe Cls
spectrum of as-prepared GO sheets showed a seaaid gb
higher binding energies, corresponding to large wmtof sp
carbon with C-O bonds, carbonyls (C=0), and carlaieg (O-
C=0)*, resulted from harsh oxidation and destructiothefsp
atomic structure of graphene.
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Figure 2: (a) XPS survey spectra of pristine and laser exkat

GO in Ck and NH; high-resolution XPS C1s spectra of GO in Exposure, Np

its pristine (b), and laser treated in2Qk) state; d) high Figure3: a) GO reduction and Cl doping levels as a functibn
resolution CI2p XPS spectra of GO-CI layers; higsalution number of laser pulses,pNb) GO reduction and Cl doping
N1ls XPS spectra of GO-N layers. levels as a function of number of laser pulses, N

times. It should be noted here that tlesults are similar with

those obtained upon irradiation with different miies. In our technique, by carefully tuning key laseraraeters, the
Following irradiation, X-ray photoelectron spectopy (XPS) Cl-doping level could be readily controlled. Incseaof P in the
was used to probe and quantify the level of dopanteduced range from 10 to 50 mW or increase of & a certain P, give
into the GO lattice. The respective measurements warried ise to a corresponding decrease of the dopind.|&seshown

out using a Kratos Axis Ultra spectrometer with Kk in Figure 3a, there is a rapid decrease of the/Cl8pratio upon

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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increasing N while at the same time a sharp increase in the G@ increase in defects and disorder in laser weatanples,
reduction degree is evident. The maximum introasuctif Cl- associated with the decrease in theGmontent as well as the
groups attained was ~11.3 atom % as can be estnhbytéhe presence of the CI-C=0O form. Furthermore, both peak
ratio of the CI2p to the Cls peak areas after cemiig the gradually shift to higher wavenumbers upon incnegsthe
atomic sensitivity factors for CI2p and C1s. Wedstigated the number of pulses, with the G peak shifting by ~h®'cwhile
bonding configurations of Cl atoms in laser trea®@ sheets the D by ~4 cnt (Supporting information, Figure S2). The
based on high-resolution CI2p XPS spectra; a typgrample observed blue shift of the G-band position has beéibuted

is presented in Figure 2d. In all cases, the Ciepkp could be to phonon stiffening with doping of G€?3° Moreover, as
fitted into two peaks, one of lower energy, A {Zpand one of shown in Figure 4c, the G band becomes narrowelevetithe
higher, B (2pr2). In all the samples, peak A was close to 200 edame time the D band gets broader with increaskppire
and peak B near 201.7 eV corresponding to Cl-Qiatetdges time. The D line broadening complies with th&l4 ratio
and CI-C=0 groups, respectively The above findings increase and can be attributed to enhancement ofeG@Qivity
indicate enhancement of the doping efficiency upmmeasing as more defect sites are credfedn the other hand, the G
the number of the GO oxygen groups, suggesting @lat band narrowing may be attributed to the doping affe
doping most likely occurs at the edges and defezs%33 suggesting that covalent bonds C — Cl bonds wemadd and
Similar results have been acquired usingsMglls as a precursorthus a transformation of the%sgype C-C bonds to $phad been
doping agent. The corresponding high resolution Né&k of induced. The saturation effect observed faylt, G and D
Figure 2e depicts that the nitrogen groups pregerihe N- peaks position and FWHM after illumination with @Qilses
doped graphene comprises a pyridinic (at ~398.6 ayyrrolic complies with the trend of saturation in dopingiaéncy
(at ~399.8 eV) and a quaternary or graphitic nizro@at ~401.8 observed in the respective XPS spectra (i.e. coenpeyures 2
eV) peak¥. Earlier work attributed these contributions te thand 4). Based on the above XPS and Raman andtysis) be
regions of pyridinic or pyrrolic peaks to the pnese of amine concluded that the reduction and doping levels loarreadily
groupsd®'® The corresponding dependence of N-doping levedntrolled by increasing the laser exposure timeosivi
on N is presented in Figure 3b. As in the case of Qg important, XPS measurements reveal that the lasgucied
oxygen groups existing at the edges and defed sitthe plane dopants are stable for months upon sample storagenbient
of GO react with NH, giving rise to N-doping, readily detectecconditions.

by XPS spectroscopy. The simultaneous reduction Hnd
doping of the GO nanolayers treated in N\Nkhd been also (a)
confirmed via FTIR measurements (Supporting infdiam
Figure S1). Following irradiation, the C=0 and C-OH
vibrational peaks were significantly reduced, white/o
characteristic new bands appeared at 1030 and 1650 cm
due to the C-N bond stretch vibratidhand the bending mode
of amide bond® respectively.

Raman spectroscopy, one of the most sensitive igeés for
the investigation of carbon based mateffalhias been also
used to investigate the effect of laser irradiation the
reduction and doping of the GO nanosheets. Figardepicts
the respective spectra before and after laseriatiad in the
presence of Gl All spectra show the two prominent D (at
~1330 cmt) and G (at ~1590 c®) bands, associated with
carbon-based materials, corresponding to the degjrdisorder
and graphitization respectivéfy?”. Also, the presence of a

——Pristine
——10 pulses in CI,
20 pulses in CI,

——60 pulses in CI,
600 pulsesin Cl,
—— 1200 pulses in CI

Raman intensity (a.u)

1000 1200 1400 1600 1800 200
Raman shift (cm™)

10 pulses in Cl,

Raman intensity (a.u.)

Pristine 2D

1000 1500 2000 2500 3000 3500
. -1
Raman shift (cm)

weak 2D band is typical for chemically derived drape. (b)ee (©)120 /‘
Although this band was not altered appreciably witie 0.94 o g 1:2 “/°
exposure time, the D and G bands were observeddoge S oo2f £ g 1,05 T —e—D
upon increasing the number of laser pulses, as shavwthe é 0.0 IE ;gg‘\ """""" —°=G]
inset of Figure 4a. In particular, the intensitjioaf the D to G ' g 0,90 ‘"\
bands (#/lc), which is commonly used as a measure of defe( 088 10 088 g

) i ) . ) 0,80 . . . . N
levels in graphene, is seen to progressively irsgewith 0 200 400 600 800 10001200 0 200 400 600 800 1000 1200

exposure time (/lc ~ 0.88 before laser treatment and 0.95 afte. 4 MET‘”S“';N" . Expf:ugg’ heets bl
(Figure 4b). It had been found that, an increask/o ratio in igure 4: (a) Micro-Raman measurements o sheets belq

o ) : . ) ) (pristine) and after irradiation with 10 laser mdsin C}; the
GO indicates lattice disordering or ordering depegdn the gy g|ytion of the G and D bands with different numbgpulses

starting defect levelsBased on the measured decrease i presented in the inset; (b) Dependence of thie ratio on
channel conductance of the laser-doped GO tramsistthe number of the laser pulses,; K&) Dependence of the D and

presented below the increase ofi¢ ratio can be attributed to G bands FWHM (normalized values) op N

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Concerning the mechanism behind laser-induced dojiican
be postulated that upon excitation with UV lasersps,

Journal of Materials Chemistry C

and after laser irradiation in the presence ofd@ld NH gases,
respectively. For the annealed GO devices (pritine G-\&
plot shows the typical 'V’ shaped ambipolar

chlorine and nitrogen radicals are generated irgtteephase via characteristi€ with a distinct asymmetry in the electron and

photodissociation of @I and NH precursor

gaseshole branches. The charge neutrality point (CNP) tioe

respectively’. Subsequenlty, the radicals formed preferentialptistine GO devices was found to vary between DVI2 V.

react with the GO lattice via, thermodynamicallydeable, free

The often measured positive values for the DP mtdic

radical addition reactioA’®. At the same time, electronsynintentional p-doping, probably caused by oxyg@ecies

generated under irradiation can be captured by @@Océn

physisorbed on the surface/edges of the GO layeringl

leading to GO reductidi Further investigations are currentlyjevice preparatidd In order to study the impact of laser

in progress to explore and understand the exacthamesm
behind the laser-induced doping process.

To investigate how N- and Cl- doping affects theenmscopic
electronic properties of graphene, bottom-gatetobotcontact
FETs were initially prepared using pristine GO gsbkedhe
transistors structures were fabricated using hgadiped p-
type Si wafers acting as a common back-gate ekdetend a

irradiation in the presence of different dopantega®n the
transport properties of GO channels, the transteves for
each device were recorded prior to and after |lasadiation
with and without the dopant gas present. To entheevalidity
of the changes in the transfer curves following thaping
process, the laser treatment was performed in-gitu
postfabricated transistors. In a typical experiméra pristine

200 nm thermally grown SiOlayer as the gate dielectriciransfer curve of a transistor based on undoped V&3

(Figure 5a-b). Using conventional photolithograpkiye gold
source-drain (S-D) electrodes were defined with noleh

recorded followed by laser treatment in the preseat the
dopant precursor gas. Afterwards, the new transfieve was

lengths and widths in the range 1-40 pm and 1-20, Mfeasured and compared to that obtained in thér@istate. In

respectively. The GO flakes were deposited by digtiog at

the time periods among the measurements, the stansivas

room-temperature directly onto 1.5 cm x 1.5 cm sidestrates kept into inert atmosphere in order to avoid unitinal

containing few hundreds of pre-patterned S-D ebelerpairs.
The samples were then thermally annealed at ZDO0in

nitrogen. As-prepared devices were subjected tsitindaser
irradiation under identical conditions used for #geriments
performed on nanolayers.

(@)

GO Layer

350
(c) —o— Pristine (d)12 —o— Pristine
—o— After CI + laser irradiation | —o— NH, + laser irradiation 20
V= -10V g o0 2
o
300 :
(80
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Figure 5: (a) Optical microscopy images of GO FETs; (t

Schematic representation of reduced and doped GiCeta(c)
Transfer characteristics measured for FETs basedrG@
before (pristine) and after exposure of the chanoeCl and
laser irradiation (Cl + laser irradiation);

(pristine) and after exposure of the channel tosNHd laser
irradiation (NHs + laser irradiation).

Figures 5c-d shows the channel transconductancev€fsus

(e) Transfer
characteristics measured for FETs based on rGO réef

doping due to physisorbed atoms and molecules.
Laser treatment in the presence Gas leads to a drop in the
overall channel conductance under both p- and mada
operation. The clear shift in the CNP to more pesitoltages
is most likely the result of the enhanced p-typediactivity of
the GO channel due to the photochemically inducegpp

doping of GG*3 This observation is in qualitative agreemen*

with the shift in the work function (WF) of the G@yer from
4.91 eV to 5.23 eV measured before and after liasstiation,
respectively (Supporting information, Figure S3-d)aser
irradiation of the control samples under inert apttere is
found to have no distinguishable impact on the spanting
characteristics of the device (Supporting informati Figure
S3b). Based on these results we conclude that bisereed
changes in the channel conductance can only libuaéd to p-
doping caused primarily by laser induced photoiieactvith
the dopant gas (&)l

Sample Wi [em*/Vs] Tox/Torr
Before After Before After
Irradiation Irradiation Irradiation Irradiation
Laser treated in NH; " 4
3.10x10~ 9.83x10 2.25 8.91
(50 mJ, 10 pulses)
Laser treated in Cl, 5 5
16.3x10" 3.81x10~ 1.53 3.61

(50 mJ, 10 pulses)

Table 1: Carrier mobilities and on/off ratios of GO traneis
ubjected to laser treatment inn@hd NH respectively.

When the GO channel was irradiated with laser lighthe

presence of NEl(Figure 5d), the device characteristics exhibi:

gate voltage (¥) characteristics for two GO transistors beford'® OPPOsite trend to that seen in transistorglimtad in the

This journal is © The Royal Society of Chemistry 2012

presence of Glgas (Figure 5c). In particular, the CNP is founa

J. Name., 2012, 00, 1-3 | 5
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to shift to more negative gate voltages indicatdfen-type ° Department of Physics & Centre for Plastic Elewits, Imperial
doping. This observation is in good agreement with thollege London, Blackett Laboratory, London SW7 2BWnited
measured shift in the WF function from 4.91 eV tloe pristine Kingdom.

GO to 4.6 eV for laser irradiated GO in the pregen€ NH: ¢ Department of Electronic Engineering, TEIl of Cre@hania 73132,
(Supporting information, Figure S3-b). Table | suaripes the Crete, Greece.

respective on/off ratios and mobility values for G@nsistors ¢ Center of Materials Technology and Photonics &Eileal Engineering
treated in G and NH respectively. It is clear that theDepartment, Technological Educational Institute IJTEbf Crete,
photochemical process is rapid, since a few namogkpulses Heraklion, 71003, Greece.

in the presence of a reactive dopant gas are mrifito induce ¢ Materials Science and Technology Department, Usite of Crete,
up to a five-fold increase of the channel on/offic®a In Heraklion, 71003, Greece

contrast to the WFs changes described above, fa&vely *Corresponding authors

small change of the on/off ratio indicates a miedectronic

effect due to dopant atoms. 1 K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiany,
The general decrease in GO conductivity (holes eladtrons) Zhang, S.V. Dubonos, 1.V. Grigorieva and A.A. Firso
observed upon photochemical doping suggests amdgmerin Science, 2004,306, 666 - 669
the structural disorder in agreement with the Raman 2 A Geim and K.S. NovoseloWat. Mater., 2009, 324, 1530 -
measurements presented above. Such lattice disooddd be 1534
caused either by interruption of the conjugatedesysor the 3  S.Yu, W. Zheng, C. Wang and Q. JiaAg;S Nano, 2010,4,
introduction of scattering centé?$® The decrease in both 7619 - 7629
electron and hole mobilities together with the Guba 4  F. Schedin, A.K. Geim, S.V. Morozov, E.W. Hill, Blake,
narrowing are indications that the laser inducedt@themical M.I. Katsnelson and K.S. NovoselaMat. Mater., 2007,6, pp.
reaction(s) gives rise to substitutional dopingh&t expense of 652 — 655
surface charge transfer dopndhis observation is in contrast 5 C. CasiraghiPhysical Review B, 80, 2009, pp. 233407
to the increase in carrier mobility and improvemémtthe 6 B. Guo, L. Fang, B. Zhang, J.R. Gorlg, sciences Journal,
lattice order observed upon laser treatment of G@eu inert 2011,1, pp. 80-89
atmospher®. The present results confirm that laser irradiatio 7  Z. Luo, N. J. Pinto, Y. Davila and A.T.C. Johnséppl. Phys.
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