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 Highly stable graphene oxide (GO)-based multilayered ultrathin fi lms 
can be covalently immobilized on solid supports through a covalent-
based method. It is demonstrated that when (3-aminopropyl) trimeth-
oxysilane (APTMS), which works as a covalent cross-linking agent, and 
GO nanosheets are assembled in an layer-by-layer (LBL) manner, GO 
nanosheets can be covalently grafted on the solid substrate successfully 
to produce uniform multilayered (APTMS/GO) N  fi lms over large-area 
surfaces. Compared with conventional noncovalent LBL fi lms constructed 
by electrostatic interactions, those assembled using this covalent-based 
method display much higher stability and reproducibility. Upon thermal 
annealing-induced reduction of the covalent (APTMS/GO) N  fi lms, the 
obtained reduced GO (RGO) fi lms, (APTMS/RGO) N , preserve their basic 
structural characteristics. It is also shown that the as-prepared covalent 
(APTMS/RGO) N  multilayer fi lms can be used as highly stable source/
drain electrodes in organic fi eld-effect transistors (OFETs). When the 
number of bilayers of the (APTMS/RGO) N  fi lm exceeds 2 (ca .  2.7 nm), the 
OFETs based on (APTMS/RGO) N  electrodes display much better electrical 
performance than devices based on 40 nm Au electrodes. The covalent 
protocol proposed may open up new opportunities for the construction of 
graphene-based ultrathin fi lms with excellent stability and reproducibility, 
which are desired for practical applications that require withstanding of 
multistep post-production processes. 
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  1. Introduction 

 Graphene-based materials have aroused 
considerable interest and numerous expec-
tations in the fi elds of chemical science, 
materials science, and nanoscience. [  1     −     3  ]  
This is inspired by their unique electrical, 
optical, and mechanical properties, which 
make them extraordinary components 
in nanoelectronics, sensors, and others 
devices. [  1     −     3  ]  Among these applications, 
graphene-involved nanodevices have 
attracted particular attention, since it has 
been demonstrated that graphene-based 
materials could work as highly effi cient 
active electronic materials or as electrodes 
in various nanodevices. [  3     −     5  ]  This, to a great 
extent, renders them promising candidates 
to replace traditional silicon, ITO, metal, 
gold, or organic fi lm-based materials in 
the next generation of high-performance 
nanoelectronics. [  3     −     5  ]  

 Practically, to fulfi ll the promise of 
graphene-involved nanoelectronics, one 
of the most indispensable prerequisites is 
the controllable integration of graphene-
based materials to produce ultrathin 
fi lms over large-area surface. [  3  ]  Various 
methods, such as chemical vapor depo-
sition, epitaxial growth, the Langmuir-
Blodgett technique, spin coating, etc., have so far been suc-
cessfully used to assemble graphene-based fi lms. [  6     −     8  ]  Neverthe-
less, various inherent limitations, [  6     −     8  ]  including: i) the need for 
special or costly apparatus, ii) low effi ciency in controlling the 
elaborate thickness of the produced fi lms, or, iii) the need for 
an additional fi lm transfer step, etc., are inevitably encountered 
in these methods. Consequently, it is of paramount importance 
to establish a more facile method to integrate high-quality 
graphene-based fi lms over large-area surfaces. [  6     −     8  ]  

 Recently, the layer-by-layer (LBL) assembly strategy has 
been recognized to be an excellent alternative to the afore-
mentioned methods for the fabrication of graphene-based 
multilayered fi lms. [  9,10  ]  By taking advantage of the exist-
ence of various oxygen-containing functional groups on the 
basal plane/edge of graphene oxide (GO), which is a novel 
cousin of graphene, numerous graphene-based fi lms have 
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been successfully formulated via LBL organization. [  9,10  ]  In these 
cases, the produced fi lms are commonly constructed via non-
covalent interactions between GO and the other component. [  9,10  ]  
Actually, from the point of view of the LBL technique, the fi lm 
produced via the conventional noncovalent interactions suffers 
the formidable drawbacks of instability and less reproducibility, 
which result from the easy disassembly of the multilayers. This, 
to a great extent, limits the practical application of such fi lms. [  11  ]  
In contrast, as a consequence of the cross-linked covalent bonds 
between the interlayers, LBL multilayers assembled via covalent 
bonding are less susceptible to disassembly, and thus can offer 
stable and robust fi lms, which are strongly required for prac-
tical applications. [  11  ]  Thus far, although GO-based fi lms have 
been assembled by conventional noncovalent LBL organization, 
it is highly desirable to develop a facile method to construct 
high-quality graphene-based fi lms with excellent stability and 
reproducibility. An investigation on this issue might practically 
open up new opportunities for the formulation of highly stable 
graphene-based ultrathin fi lms with excellent reproducibility, 
which is substantially required for the practical applications to 
withstand the multi-step post-production process. 

 In this contribution, we report that high-quality GO-based 
multilayered fi lms with a high stability and an excellent repro-
ducibility could be deposited on solid supports through an 
appealing covalent-based LBL method. As shown in  Scheme    1  , 
we demonstrate that when GO and (3-aminopropyl) trimeth-
oxysilane (APTMS), which works as a covalent cross-linking 
agent, are assembled in an LBL manner, GO nanosheets could 
be covalently immobilized to form uniform (APTMS/GO) N  
multilayer fi lms. Attractively, compared with conventional non-
covalent LBL fi lms constructed via electrostatic interactions, 
those assembled via our covalent method display much higher 
stability and reproducibility. After the reduction of so-formu-
lated covalent fi lms, the resultant reduced GO (RGO) fi lms, 
© 2013 WILEY-VCH Verlag G

     Scheme  1 .     An schematic illustration for the fabrication of (APTMS/GO) N
means of a covalent LBL method. The carboxyl groups are omitted for clar
fi lms could be achieved in terms of a thermal annealing treatment. Not to
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(APTMS/RGO) N , retain their basic multilayered structural fea-
tures very well. We further show that the as-prepared covalent 
(APTMS/RGO) N  multilayer fi lms could be employed as highly 
stable source/drain electrodes in organic fi eld-effect transistors 
(OFETs). It is found that when the number of bilayers of the 
(APTMS/RGO) N  fi lm exceeds 2 (ca .  2.7 nm), the performance 
of the OFETs based on our (APTMS/RGO) N  electrodes display 
much higher effi ciency than that of the devices based on Au 
electrodes, where 40 nm Au fi lms are used as electrodes.  

 As far as we know, the covalent protocol proposed herein 
is the fi rst report that highly stable graphene-based fi lms 
with excellent reproducibility can be facilely manufactured on 
a large scale in terms of a covalent-based method. Our study 
paves new avenues for the integration of high-quality graphene-
based ultrathin fi lms, which are strongly desired for the prac-
tical applications to withstand the multi-step post-production 
process.   

 2. Results and Discussion 

 Experimentally, as shown in Scheme  1 , our covalent LBL 
assembly was achieved by immersing a selected substrate with 
a hydroxylated surface in an ethanol/water solution of APTMS 
and an aqueous solution of GO alternately and consecutively. 
The assembly was monitored by means of measuring the 
real-time UV-vis spectra of the resultant fi lms, as shown in 
 Figure    1  a. It can be seen that the intensity of the absorptions of 
GO nanosheets at approximately 231 nm increases linearly with 
the number of bilayers  N . This indicates that GO nanosheets 
could be reproducibly and uniformly grafted on solid supports 
by means of our LBL assembly, wherein an equal amount of 
GO nanosheets in each bilayers cycle is incorporated into the 
fi lm. The Raman spectrum of the as-prepared fi lm was also 
mbH & Co. KGaA, Wein
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investigated, as shown in Figure  1 b. It can 
be seen that a D-band at 1350 cm  − 1  and a 
G-band at 1598 cm  − 1  could be observed from 
the originally formulated fi lms. The relative 
intensity of the D-band is lower than that of 
the G-band. These are typical Raman features 
of GO nanosheets, [  12  ]  further suggesting the 
successful immobilization of GO nanosheets 
in the formulated fi lms.  

 The FT-IR spectrum of the as-assembled 
fi lms is shown in  Figure    2  ; that of the powdery 
GO nanosheets is also presented for com-
parison. It can be seen that the powdery GO 
nanosheets display two characteristic bands 
at 990 and 1048 cm  − 1 , which are attributed to 
the typical epoxy vibrations. [  13a–d  ]  Simultane-
ously, other characteristic GO bands at 1230, 
1625, and 1730 cm  − 1 , as well as a broad band 
around 3400 cm  − 1 , could be detected, which 
are attributed to the C–O vibration, vibra-
tions of the adsorbed water molecules, the 
C = O carbonyl stretching and O–H stretching 
of C–OH, respectively. [  13a–d  ]  In contrast, for 
the originally formulated LBL GO fi lms, the 
typical epoxy vibrations at 990 and 1048 cm  − 1  
2423wileyonlinelibrary.comheim
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     Figure  1 .     a) Real-time UV-vis spectra of (APTMS/GO) N  fi lms with dif-
ferent numbers of bilayers  N ; inset: absorbance at 231 nm versus  N . 
b) Raman spectra of the (APTMS/GO) N  fi lms before (GO fi lm) and after 
(RGO fi lm) the thermal annealing treatment at 180  ° C. c) UV-vis spectra 
of the (APTMS/GO) N  fi lms after the thermal annealing treatment at 
180  ° C; inset: absorbance at 269 nm versus  N .  

     Figure  2 .     FT-IR spectra of the original powdery GO (I), and the (APTMS/
GO)5 fi lms before (II) and after (III and IV) thermal annealing treatment 
at 180  ° C (III) and 360  ° C (IV).  
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decrease signifi cantly, such that they could not be discerned 
evidently, and the relative intensity of the O–H stretching 
of C–OH at 3400 cm  − 1  decreases distinctly. At the same time, 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
several new vibration bands at 1026, 1109, 1210, 1570, 2850, and 
2925 cm  − 1 , which are ascribed to the characteristic vibrations of 
Si–O–C stretching, Si–O–Si asymmetric stretching, aliphatic 
C–N stretching, coupling of the C–N stretching vibration with 
the C–NH deformation vibration, symmetric and antisym-
metric vibration of CH 2 , respectively, could also be observed. [  13  ]  
Accompanied by the information deduced from the UV-vis and 
Raman spectra shown in Figure  1 a,b, respectively, these results 
indicate the successful immobilization of GO nanosheets by 
APTMS, wherein GO nanosheets are covalently grafted on solid 
supports via a LBL manner through the chemical reactions of 
the –NH 2  and –SiOMe groups of APTMS with the epoxy and 
–OH groups of GO, respectively, as schematically shown in 
Scheme  1 .  

 Atomic force microscopy (AFM) was used to verify the thick-
ness of the as-formulated (APTMS/GO) N  LBL multilayer fi lms. 
As shown in  Figure    3  a, for a bilayer fi lm (APTMS/GO)1, a 
thickness of ca .  1.4 nm was obtained. This value is distinctly 
larger than the ca .  0.8 nm thickness of the GO nanosheets, [  13d  ,  14  ]  
which is a result of the spacer effect brought out by the cross-
linkage APTMS. As shown in Figure  3 b–e, when the number 
of (APTMS/GO) N  bilayers is increased to 2, 3, 4, and 5, fi lm 
thicknesses of ca .  2.7, 4.0, 5.3, and 6.7 nm are obtained, respec-
tively. The increment of the fi lm thickness corresponds to the 
thickness of each bilayer (ca .  1.4 nm). This could be clearly veri-
fi ed by a linear correlation between the number of bilayers  N  
and the fi lm thickness, as shown in Figure  3 f. These results 
suggest that the thickness of the as-formulated fi lms could be 
well-controlled, and it further confi rms that approximately the 
same number of GO nanosheets are immobilized on the solid 
support in each bilayer cycle, as suggested by the UV-vis spectra 
shown in Figure  1 a.  

 To verify the layered structure of our covalent GO fi lms, their 
XRD pattern was investigated. As shown in Figure  3 g, a distinct 
diffraction peak at 2  θ    =  14.03 °  was detected. Accompanied by 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2422–2435
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     Figure  3 .     AFM images of the (APTMS/GO) N  multilayer fi lms before (a, b, c, d, and e) and after (a’, b’, c’, d’, and e’) thermal annealing treatment at 
180  ° C. The number of bilayers in each case are indicated in the corresponding panels. f) Thickness of the originally formulated fi lms versus the number 
of bilayers  N . g) XRD pattern of the GO and RGO fi lms. h) Thickness of the fi lms after the thermal annealing versus the number of bilayers  N .  
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the information deduced from AFM measurements, this peak 
could be ascribed to the second-order diffraction peak of the 
multilayer fi lms and an interlayer distance of ca .  1.3 nm could be 
derived. This value is very close to the thickness of each bilayer 
observed by AFM measurements, as shown in  Figure   3 a–e, 
solidly confi rming the information we deduced from the UV-vis 
spectra and AFM investigations that our multilayer fi lms have a 
nice repeating periodicity of APTMS/GO bilayers. 

 To reduce our GO fi lms to RGO fi lms, the as-prepared sam-
ples are thermally annealed for 16 h at 180  ° C under a fl ow of 
argon gas. As shown in Figure  1 b, the Raman spectra of thus 
thermal annealing-treated covalent LBL fi lm display a  D- band 
at 1350 cm  − 1  and a  G -band at 1598 cm  − 1 . Compared with the 
corresponding Raman spectrum of the samples before the 
thermal annealing, the intensity ratio of  D -band and  G -band 
( I  D / I  G ) displays a distinct increase (the  I  D / I  G  ratio is estimated 
to be ca .  0.84 before thermal annealing, and ca .  1.19 after the 
annealing). This result preliminarily suggests the successful 
reduction of GO and the formation of RGO fi lm. [  12  ]  As shown 
in Figure  1 c, the UV-vis spectra of the thermal annealing-treated 
covalent LBL fi lm were also investigated. It can be seen that the 
fi lms display a distinct absorption band around 269 nm, which 
exhibits an apparent red shift compared with the corresponding 
fi lms before the annealing. This further confi rms the successful 
reduction of the fi lms. [  15  ]  At the same time, we fi nd that the 
intensity of the absorption increases linearly with the number 
of bilayers  N , as shown in the inset of Figure  1 c. This indicates 
that our covalent LBL fi lms might basically reserve their struc-
tural features during the annealing. 

 To further confi rm these proposals, the FT-IR spectrum of 
the annealing-treated covalent fi lms was investigated. As shown 
in Figure  2 , compared with the originally formulated fi lm, the 
relative intensity of the O–H stretching of C–OH at 3400 cm  − 1  
decreases distinctly. Accompanied by the experimental facts 
observed from the Raman (Figure  1 b) and UV-vis spectra (Figure  1 c), 
this result further indicates the successful reduction of the 
fi lm. [  13a–d  ]  We note that the vibration bands located at 2925 
and 2850 cm  − 1 , ascribing to the antisymmetric and symmetric 
vibration of the CH 2  units of APTMS, respectively, could still 
be obviously detected after the annealing treatment at 180  ° C. 
Simultaneously, it can be seen that those vibration peaks at 
1570, 1210, 1109, and 1026 cm  − 1 , attributed to the coupling 
of the C–N stretching vibration with the C–NH deformation 
vibration, the aliphatic C–N stretching, the Si–O–Si asymmetric 
stretching and the featured vibrations of Si–O–C stretching, 
respectively, could also still be observed evidently. These results 
confi rm that after the thermal annealing-induced conversion 
of GO to RGO, the interlayers of the RGO nanosheets are still 
basically linked together through the APTMS cross-linkage by 
covalent bonds. 

 As shown in  Figure   3 a’–e’ and g, the AFM images and the 
XRD pattern of the covalent (APTMS/GO) N  fi lms after the 
annealing were also investigated. We fi nd that the thicknesses 
of the (APTMS/RGO) N  multilayer fi lms are ca .  1.4, 2.7, 3.9, 
5.4, and 6.6 nm, respectively, when the number of bilayers  N  is 
1, 2, 3, 4, and 5. These values are very close to those of the cor-
responding original covalent (APTMS/GO) N  fi lms before the 
thermal annealing treatment. Moreover, the number of bilayers 
 N  and the fi lm thickness display a nice linear correlation, as 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
shown in Figure  3 h. These results are actually reasonable, 
since, as we have proved by the FT-IR spectra shown in Figure  2  
and the XPS spectra shown in  Figure    4   that (see later), after the 
samples are annealed at 180  ° C the interlayers of the fi lms are 
still basically linked together by the APTMS covalent spacers. 
Accordingly, although our covalent fi lms have been reduced by 
annealing at 180  ° C, most of the APTMS spacers still exist in 
the fi lms (as schematically shown in Scheme  1 ), resulting in 
negligible changes in the fi lms thickness after reduction. These 
results further confi rm that our covalent fi lms could reserve 
their basic structural features after the annealing-induced 
reduction. As shown in Figure  3 a–e, the root-mean-square 
(rms) roughnesses ( R  q ) of our original fi lms over 10  ×  10  μ m 
regions before the annealing are estimated to be ca .  1.43, 1.88, 
2.43, 2.77, and 5.07 nm when the number of the bilayers  N  is 1, 
2, 3, 4 and 5, respectively; after annealing, these are estimated 
to become ca .  1.03, 1.52, 1.70, 2.19, and 3.06 nm (Figure  3 a’–e’), 
suggesting an annealing-induced roughness improvement. A 
similar phenomenon and tendency has been reported by other 
researchers, wherein the improvement in the rms roughness is 
suggested to owe to the removal of the oxygen-containing units 
and graphitization of the sample aroused by the annealing-
induced reduction. [  10f  ,  16  ,  17  ]  As shown in Figure  3 g, compared 
with the originally formulated covalent fi lm, the XRD pattern 
of the sample after the annealing displays negligible changes, 
from which the interlayer distance is estimated to be ca. 
1.3 nm. This value is the same as that of the fi lm before the 
thermal annealing, solidly verifying that our fi lms indeed could 
survive the annealing processes very well.  

 To verify the above-mentioned proposals, the C1s and N1s 
XPS spectra of the powdery GO and our covalent (APTMS/GO)5 
fi lms before and after the annealing treatment at 180  ° C are 
investigated, as shown in Figure  4 . For the original powdery GO 
nanosheets (Figure  4 a), it can be seen that their C1s XPS spectra 
show distinct C–C (284.5 eV), C–O (286.5 eV), C = O (287.9 eV) 
and C(O)–O (289.4 eV) peaks, which are typical XPS spectral 
features of GO nanosheets. [  12a  ]  The atom ratio between oxygen 
and carbon (O/C) is estimated to be ca .  0.627. After the sam-
ples are annealed at 180  ° C, the peaks attributing to the oxygen-
containing groups exhibit an apparent decrease (Figure  4 c), 
and the O/C in this case is estimated to be ca .  0.295, which 
is distinctly smaller than that of the original powdery GO 
nanosheets. This result suggests that the reduction of GO 
nanosheets could be achieved at 180  ° C. On the other hand, for 
our covalent fi lms, approximately similar results are observed 
(Figure  4 e,g), wherein the O/C is estimated to be ca .  0.700 and 
0.387, respectively, before and after the thermal annealing treat-
ment at 180  ° C. Accompanied by the experimental facts derived 
from the FT-IR, Raman and UV-vis spectra, these present data 
further solidly confi rm the successful reduction of our covalent 
(APTMS/GO) N  fi lms at 180  ° C, leading to the formation of the 
covalent (APTMS/RGO) N  multilayered fi lms. 

 Moreover, as shown in Figure  4 b,d, no XPS peaks ascribing to 
N1s could be detected from the powdery GO nanosheets either 
before or after the annealing treatment, while C–N (399.7 eV) 
and C–NH 3   +   (401.7 eV) [  18  ]  could be detected from the orig-
inal covalent (APTMS/GO)5 fi lms, as presented in Figure  4 f. 
Together with the information deduced from the FT-IR spectra 
shown in Figure  2 , this solidly confi rms the formation of 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2422–2435



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  4 .     C1s (a,c,e,g,i) and N1s (b,d,f,h,j) XPS spectra of the powdery GO nanosheets 
before (a,b) and after (c,d) annealing treatment at 180  ° C, and the corresponding data for the 
covalent LBL GO fi lms before (e,f) and after (g–j) annealing treatments at 180  ° C (g,h) and 
360  ° C (i,j).  

Adv. Funct. Mater. 2013, 23, 2422–2435
covalent bond between APTMS and GO 
nanosheets. At the same time, it is noted 
that no peaks correspond to the vibrations of 
C–NH 3   +   (generally at 1525 cm  − 1 ) [  18  ]  could be 
distinctly discerned from the FT-IR spectra of 
the original GO fi lms (Figure  2 ), although it 
could be apparently discerned by means of 
XPS spectra (Figure  4 f). This actually is rea-
sonable, since it would be enshrouded by the 
coupling of the C–N stretching vibration with 
the C–NH deformation vibration in the FT-IR 
spectra. [  13d  ]  This result suggests that besides 
the formation of the covalent bonds with 
the epoxy groups of GO, some of the –NH 2  
groups of APTMS might also interact with 
the –COOH groups of GO, leading to the for-
mation of the C–NH 3   +   units in the originally 
formulated covalent fi lms. 

 Nevertheless, as shown in Figure  4 h, after 
the annealing treatment at 180  ° C, the peaks 
ascribing the C–NH 3   +   units exhibit a distinct 
decrease, while that of C–N display negli-
gible changes. This indicates that some of 
the –COOH group are eliminated during the 
annealing-induced reduction process, as sug-
gested by the XPS spectra of C = O and C(O)–O 
peaks shown Figure  4 g. At the same time, 
from the C1s and N1s XPS spectra shown in 
Figure  4 e,f, it can be derived that the atom 
ratio between nitrogen and carbon (N/C) for 
our covalent fi lms before the annealing treat-
ment is estimated to be ca .  0.047. This value 
is estimated to be ca .  0.051 (Figure  4 g,h) after 
the fi lm is thermally annealed at 180  ° C, 
which is very close to that of the original 
fi lm before the annealing. This fact further 
suggests that most of our covalent bonds 
indeed could survive themselves during the 
annealing treatment at 180  ° C, as what we 
have proposed in terms of the FT-IR spectral 
analysis shown in Figure  2 . 

 Optical images of the (APTMS/GO) N  
multilayer fi lms before and after the thermal 
annealing are shown in Figure S1 in the 
Supporting Information. It can be seen that 
transparent and nearly colorless fi lms over 
large-area surfaces could be achieved before 
the annealing. The color of sample become 
relatively darker after the annealing, further 
confi rming the successful reduction of the 
originally formulated samples, and the forma-
tion of (APTMS/RGO) N  fi lms. [  9d  ]  As shown 
in Figure S2a (Supporting Information), the 
transparency spectra of the a GO multilayer 
fi lm with a number of bilayers  N   =  5 displays 
a transmittance of ca. 98% at a wavelength 
of 550 nm. This suggests that as-formulated 
covalent fi lms have nice transparence. After 
the annealing, the transmittances of the fi lms 
2427wileyonlinelibrary.comheim
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with a number of bilayers  N   =  1, 2, 3, 4 and 5 exhibit values of 
ca. 98%, 96%, 94%, 91%, and 88% at 550 nm, respectively. The 
transmittance of these fi lms decreases linearly with the number 
of bilayers  N , as shown in Figure S2b. These experimental 
facts suggest that our samples have high transparence after 
the thermal induced reduction. Furthermore, it confi rms that 
nearly equal amount of GO nanosheets are successfully incor-
porated into the multilayer fi lm in each bilayers cycle. 

 Anyway, considering all the information deduced from the 
UV-vis spectra, FT-IR spectra, Raman spectra, XPS spectra, 
XRD spectra, AFM measurements, and even the optical images 
and transparency spectra, it can be proposed that: i) after the 
thermal annealing treatment at 180  ° C, our (APTMS/GO) N  
fi lms could be successfully reduced to form the corresponding 
(APTMS/RGO) N  fi lms and ii) as-formulated (APTMS/RGO) N  
fi lms could retain their basic structural features very well, 
wherein the interlayer RGO nanosheets are still basically linked 
together via covalent bonds. 

 During our experiments, tens of the covalent (APTMS/GO) N  
and (APTMS/RGO) N  fi lms were fabricated and characterized 
by means of the above-mentioned methods, wherein we fi nd 
that so-formulated covalent samples display excellent reproduc-
ibility. This basically indicates that our fi lms might have poten-
tial capacity for practical applications. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
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 In order to demonstrate the possible advantage of the 
excellent stability of our covalent-based fi lms, conventional 
noncovalent LBL graphene fi lms were also constructed by 
means of the electrostatic interactions between GO and 
poly(diallyldimethylammonium chloride) (PDDA), [  10e  ]  as shown 
in Figure S3 (Supporting Information). So-formulated (PDDA/
GO) N  multilayer fi lms were also reduced to form the corre-
sponding (PDDA/RGO) N  fi lms, as shown in Figure S4 (Sup-
porting Information). We note during our experiments that the 
quality of thus-fabricated noncovalent fi lms displays less repro-
ducibility for the samples fabricated in different batches. This 
is essentially different from the nice reproducibility of the sam-
ples fabricated by our covalent LBL method. As a result, one 
should fabricate these noncovalent samples with great caution, 
especially during the washing step, in order to produce samples 
as reproducibly as is possible. Nevertheless, a comparison of 
our covalent and the conventional noncovalent fi lms was car-
ried out. As shown in  Figure    5  a,b, for our covalent fi lms, their 
UV-vis spectra display negligible changes after the originally 
fabricated fi lms were ultrasonicated thoroughly in water for 
135 min, indicting their high stability. In contrast, as shown in 
Figure  5 c,d, the UV-vis spectra of the electrostatic interaction-
based noncovalent fi lms display substantial decreases 
after the samples were ultrasonicated in water for only 20 min, 
bH & Co. KGaA, Weinheim

MS/GO)5 (a) and (APTMS/RGO)5 (b) fi lms, which are constructed via our 
DA/RGO)5 (d) fi lms, which are constructed via conventional noncovalent 
ment at 180  ° C.  
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     Figure  6 .     Ultrasonication-induced changes of the UV-vis spectra of 
(APTMS/RGO)5 fi lm, which was obtained by annealing at 360  ° C. An 
ultrasonication time of only 15 min was applied.  
suggesting a lesser stability of the conventional noncovalent 
LBL fi lms. These results verify that our covalent fi lms could 
display much higher stability than those constructed by the 
conventional noncovalent-based LBL method. The outstanding 
stability of our covalent fi lms is owing to the cross-linked cova-
lent bonds between the interlayers, as suggested by the FT-IR 
spectra shown in Figure  2  and XPS spectra shown in Figure  4 .  

 Note that our thermal annealing-induced reduction was per-
formed at 180  ° C, since when the temperature was higher than 
200  ° C, the covalent cross-linkage APTMS, especially the C–N 
bond, [  18  ]  would be destroyed. This could be confi rmed by the 
FT-IR spectra (Figure  2 ), wherein it can be seen that compared 
with the covalent fi lms produced by annealing at 180  ° C (so-
formulated sample are named as S180, hereinafter), those pro-
duced by annealing at 360  ° C (named as S360) display a dis-
tinct decrease at the vibrations of 1026, 1210, and 1570 cm  − 1 , 
which are attributed to the vibrations of Si–O–C stretching, 
aliphatic C–N stretching, and coupling of the C–N stretching 
vibration with the C–NH deformation vibration, respectively. 
At the same time, the peaks at 2850 and 2925 cm  − 1 , ascribed 
to symmetric and antisymmetric vibration of CH 2  of APTMS, 
respectively, almost disappear totally. These results indicate 
that, compared with the S180, much more of our covalent 
cross-linkage APTMS were destroyed when the samples were 
annealed at 360   ° C. Additionally, compared with the S180, the S360 
display much more weaker peaks around 1730 and 3400 cm  − 1 , 
which are ascribed to the C = O carbonyl stretching and O–H 
stretching of C–OH, respectively. This result suggests that a 
higher reduction extent could be achieved when the samples 
are annealed at 360  ° C. 

 To further confi rm these proposals, the XPS spectra of S360 
were measured, as shown in Figure  4 i,j. It can be seen that the 
C1s signals related to the oxygen-containing groups display 
further decrease compared with those of the S180. The O/C is 
estimated to be ca .  0.302, which further become smaller than 
that of S180 (ca .  0.387). This result further confi rms that com-
pared with S180, the S360 has a higher reduction extent. How-
ever, it can be deduced that the N/C in this case is estimated 
to be 0.028, which is clearly smaller than that of the S180 (ca .  
0.051). This results further confi rms that some of the covalent 
cross-linkage APTMS were destroyed when the samples were 
annealed at 360  ° C. 

 Importantly, as shown in  Figure    6  , the UV-vis spectrum of 
S360 exhibits a distinct decrease after it is ultrasonicated in 
water only for 15 min, indicting their lesser stability. This is 
owing to the breaking of some of the covalent bonds between 
the interlayers, as suggested by the above-discussed FT-IR and 
XPS spectra. This is essentially different from what we have 
observed from S180 (Figure  5 a,b), wherein it is found that such 
fi lms could survive very well even when they are ultrasonicated 
in water for 135 min. Accordingly, although a higher reduction 
extent could be achieved at a higher reduction temperature, our 
reduction was experimentally performed at 180  ° C to ensure a 
high stability of the covalent (APTMS/RGO)N multilayer fi lms, 
which is essentially required for the practical applications.  

 As a preliminary example for the potential application of our 
covalent fi lms, OFETs are fabricated by using (APTMS/GO) N  
or (APTMS/RGO) N  (S180) fi lms as source/drain electrodes and 
a fi lm of copper phthalocyanine (CuPc) as active semiconductor 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2422–2435
layers (for details, see experimental section). The CuPc was 
selected as active material, since it has attracted much attention 
in organic optoelectronics. [  19  ]  This is owing its high chemical 
stability, excellent optoelectronic characteristics, and low cost, 
which favor the fabrication of air-stable organic optoelectronics 
with high reproducibility and stability. [  19  ]  The morphology of 
the electrodes is observed by an optical microscope, as shown 
in  Figure    7  a. The transfer characteristics of the OFETs, using 
our covalent (APTMS/GO) N  or (APTMS/RGO) N  fi lms with 
different number of bilayers, and Au fi lms with a thickness of 
40 nm as source/drain electrodes, were measured, as shown 
in Figure  7 b. All electrical characteristics of the devices were 
measured in ambient environment at room temperature. The 
results demonstrate that our covalent RGO fi lms could be used 
as source/drain electrodes in the OFETs but the covalent GO 
fi lm is out of work due to its electrical insulation (Figure  7 c). 
It can be seen that a clear fi eld-effect behavior, in which the 
drain–source current ( I  DS ) increases with the increasing of gate 
voltage ( V  G ), could be achieved when Au or (APTMS/RGO) N  
fi lms are employed as electrodes (Figure  7 b). The performance 
of (APTMS/RGO) N -based OFETs is gradually improved when 
the number of bilayers of the fi lm increases. Moreover, we fi nd 
that when the number of bilayers of the (APTMS/RGO) N  elec-
trode exceeds 2 (only ca .  2.7 nm), the corresponding OFETs dis-
play much higher performance than that of the OFETs based 
on Au electrode. The output characteristics of the devices are 
also measured ( Figure    8  ), wherein similar results as those of 
the transfer characteristics of the devices are achieved, con-
fi rming the achievement of the thickness-dependent perform-
ance of our (APTMS/RGO) N  electrode based devices and their 
high electrical performance.   

 Generally, the performance of OFETs mainly depends on the 
following two issues. First, it requires that the conductivity of 
electrode is high enough to ensure an effective charge carrier 
transport between the source and drain electrodes. As shown 
in Figure  7 c, when the number of bilayers of the (APTMS/
RGO) N  fi lms increases, the conductivity of the fi lms increases 
correspondingly. Hence, the performance of the (APTMS/
2429wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  7 .     a) Optical image of the patterned (APTMS/RGO)1 electrodes. b) Transfer characteristics of the OFETs based on the (APTMS/RGO) N  ( N   =  
1–5) electrodes at  V  DS   =   − 100 V. Those using (APTMS/GO)5 fi lm and Au fi lms (40 nm) as electrodes are also shown for comparison. CuPc fi lm is used 
as the active electronic material. c) Current–voltage ( I–V ) curves of the (APTMS/RGO) N  ( N   =  1–5) and (APTMS/GO)5 fi lms; inset: the conductivity of 
the (APTMS/RGO) N  fi lms as a function of  N . d) Channel width-normalized  R  Total  of the OFETs based on (APTMS/RGO) N  ( N   =  1–5) and Au (40 nm) 
electrodes, which was measured with a gate bias of  − 60 V. e) Secondary edge (left) and valance band/HOMO region (right) of Au, CuPc/Au, (APTMS/
RGO)5, and CuPc/(APTMS/RGO)5 fi lms measured by means of synchrotron radiation photoemission spectroscopy; inset: enlarged HOMO region of 
CuPc/Au and CuPc/(APTMS/RGO)5 systems. f) Schematic energy level diagram of CuPc/Au (left) and CuPc/(APTMS/RGO)5 (right) systems.  
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RGO) N -based OFETs increases with the increasing of the 
number of bilayers of the fi lms. Second, the contact resistance 
of OFETs is one of the critical parameters for the performance 
of the devices. When the contact resistance is lower, a higher 
electrical property can be achieved, and vice versa .  It has been 
430 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
demonstrated that contact resistance between the graphene-
based materials and organic semiconductors is lower than that 
between Au fi lms and organic semiconductors, since graphene-
based fi lms are more compatible with organic semiconductors 
than the gold fi lms. [  20  ]  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2422–2435
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     Figure  8 .     Output characteristics of the OFETs based on (APTMS/RGO) N  ( N   =  1–5) electrodes. Those using Au (40 nm) fi lms as electrodes are also 
shown for comparison. CuPc fi lm is used as the active electronic material.  
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 To verify this, the contact resistances of our OFETs are inves-
tigated using a transfer length method (TLM). [  4b  ,  d  ,  5a  ,  b  ]  As shown 
in Figure  7 d, it can be seen that the contact resistance of the 
OFETs based on our (APTMS/RGO)N electrode is ca .  4.3 and 
0.13 M Ω  cm when the number of the (APTMS/RGO) N  bilayers 
is 1 and 2, respectively. This value is ca .  0.09 M Ω  cm when the 
number of the bilayers is 3, 4, or 5. For the OFETs based on Au 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 2422–2435
electrode, this value is ca .  2.1 M Ω  cm, which is smaller than 
that of the OFETs based on (APTMS/RGO)1 electrodes, but 
approximately 20 times larger than those of the OFETs based on 
(APTMS/RGO) N  ( N   =  2, 3, 4, 5) electrodes. These experimental 
facts verify that the low contact resistance of the OFETs based 
on our (APTMS/RGO) N  ( N   ≥  2) electrodes plays an important 
role for their high-performance. [  20  ]  
2431wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 To verify this, the photoemission spectra of Au, CuPc/Au, 
(APTMS/RGO)5, and CuPc/(APTMS/RGO)5 fi lms were inves-
tigated by means of synchrotron radiation photoemission spec-
troscopy [  21  ]  and the schematic energy level diagrams for CuPc/
Au and CuPc/(APTMS/RGO)5 systems were derived, as shown 
in Figure  7 e,f. It can be seen that the work function (WF) of Au 
fi lm (  Φ   Au ) is measured to be 5.10 eV, which is in good agree-
ment with the value reported by others. [  22  ]  After the CuPc fi lm 
is deposited on Au, it changes to 4.32 eV. Comparatively, the 
WF of (APTMS/RGO)5 fi lm (  Φ   RGO ) is measured to be 4.55 eV, 
which is in good agreement with that of RGO fi lm reported 
by others. [  4b  ,  23  ]  It changes to 4.31 eV when the CuPc fi lm is 
deposited on (APTMS/RGO)5. Simultaneously, it can be seen 
that the hole injection barrier ( E  HIB ) at the interface of CuPc/
(APTMS/RGO)5 is estimated to be 0.27 eV, which is distinctly 
smaller than that at the interface of CuPc/Au (0.48 eV). This 
is in accordance with the fact that the contact resistance of the 
OFETs based on Au electrodes is distinctly larger than that of 
the OFETS based on (APTMS/RGO)5 electrodes (Figure  7 d). It 
further confi rms that the high-performance of the OFETs based 
on our (APTMS/RGO) N  ( N   ≥  2) electrodes could be attributed 
to their relatively lower contact resistance, which is resulted 
from their relatively lower  E  HIB . [  4b  ,  8b  ,  24  ]  Note that the ionization 
potential of our CuPc fi lm, which is the sum of the WF and 
 E  HIB , at the interfaces of CuPc/Au and CuPc/(APTMS/RGO)5, 
is estimated to be 4.80 and 4.58 eV, respectively. This might 
be owing to the different molecular packing or polarization in 
these two cases. [  8b  ]  

 Moreover, as shown in Figure S5 (Supporting Information), 
the AFM images of the (APTMS/RGO) N  fi lms suggest that 
when the number of the bilayers  N   =  1, the coverage of the 
solid support is less full than those with a number of bilayers 
 N   ≥  2. These results suggest that the high contact resistance, 
low conductivity, and low electrical performance of the OFETs 
based on the (APTMS/RGO)1 electrodes might be attributed 
to the less-full coverage of the graphene species on the sub-
strate. The above-mentioned issues might help us explain why 
the (APTMS/RGO) N -based electrodes are better than gold 
electrodes when the (APTMS/RGO) N  fi lms achieve a certain 
thickness. Here, compared with the Au fi lm of 40 nm, which 
is conventionally used as electrode in OFETs, two bilayers of 
our (APTMS/RGO) N  fi lm can provide enough qualities to be 
applied in OFETs. The results indicate a bright future of our 
ultrathin (APTMS/RGO) N  fi lms as electrode materials for 
future potential applications in organic nanoelectronics, espe-
cially in large-area transparent circuits. 

 The excellent stability of our covalent fi lms suggested by 
the ultrasonication-induced changes of the UV-vis spectra 
(Figure  5 a,b) might provide new opportunities for their practical 
electrode applications to withstand the multi-step post-produc-
tion processes of various devices. To further demonstrate the 
outstanding stability of our covalent fi lms in the post-produc-
tion process, typically in solution process, ultrasonication treat-
ment of the fi lms was performed before their electrode applica-
tion.  Figure    9   shows the output and transfer characteristics of 
the OFETs using our covalent and the conventional noncovalent 
RGO fi lms as the source/drain electrodes, respectively. It can 
be seen that for the OFETs using the ultrasonication-treated 
covalent (APTMS/RGO)5 fi lms as the electrodes, the output 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
and transfer characteristics of the devices display almost sim-
ilar behavior as those using the originally formulated cova-
lent (APTMS/RGO)5 fi lms as the electrodes (Figure  9 a,b). In 
contrast, for the OFETs using the ultrasonication-treated non-
covalent (PDDA/RGO)5 fi lms as the electrodes, the output 
and transfer characteristics of the devices display signifi cant 
decrease compared with those using the originally formulated 
noncovalent (PDDA/RGO)5 fi lms as the electrodes (Figure  9 c,d). 
At same time, it should be pointed out that the covalent elec-
trodes fabricated in different batches display high reproduc-
ibility in the electric performance, while the noncovalent elec-
trodes exhibit comparatively less reproducibility. These facts 
further confi rm that compared with the conventional noncova-
lent fi lms, those assembled via our covalent method could dis-
play outstanding stability and reproducibility. This further veri-
fi es that our covalent (APTMS/RGO) N  fi lms could be employed 
as stable electrodes in organic nanodevices, which is strongly 
desired for practical applications, especially for the solution-
processed applications.    

 3. Conclusions 

 In summary, we show that high quality GO-based multilayered 
fi lms over large area solid surface could be handily immobilized 
by means of a covalent-based strategy. Signifi cantly, compared 
with those assembled in terms of the electrostatic interaction-
based conventional noncovalent LBL method, our current cova-
lent fi lms display much higher stability and reproducibility. 
Moreover, our covalent RGO fi lms could be integrated in OFETs 
as effi cient source/drain electrodes, and a thickness-dependent 
electrical performance is realized. When the number of bilayers 
of our RGO fi lm exceeds 2, the OFETs display higher electric 
performance than those based on Au electrodes. The experi-
mental facts suggest that their high electrical performance is, to 
a great extent, attributed to their relatively lower contact resist-
ance, which is resulted from their lower  E  HIB . Our covalent 
protocol likely initiates new and varied opportunities for the 
integration of high quality graphene-based fi lms with control-
lable thickness, tunable electrical performance, high stability, 
and excellent reproducibility. These intrinsic merits of our cova-
lent fi lms indicate their bright future as electrode materials for 
future potential applications in organic nanoelectronics to with-
stand multi-step post-production processes.   

 4. Experimental Section 
  Chemicals, Materials, and Substrates : Graphite powder (Alfa Aesar, 

325 mesh, 99.9995%), (3-aminopropyl) trimethoxysilane (APTMS, Alfa 
Aesar, 97%), poly(diallyldimethylammonium chloride) (PDDA, Aldrich, 
  M   w   =  100 000 to 200 000 g mol  − 1 , 20 wt% aqueous solution) were used 
as received without further treatment. Copper phthalocyanine (CuPc) 
was purchased from the Aldrich Company and purifi ed by gradient 
sublimation twice before use. Graphene oxide (GO) nanosheets were 
prepared using a modifi ed Hummers method. [  25  ]  N-doped silicon wafer 
with a 500 nm SiO 2  layer (SiO 2 /Si), quartz slides, silicon plates were 
used as the substrates for multilayer fabrication. These solid substrates 
were cleaned and hydroxylated by immersing in a piranha solution 
(H 2 SO 4/ H 2 O 2   =  7:3, by volume) at 80  ° C for 1 h. Then the substrates 
were rinsed and ultrasonicated thoroughly with ultrapure water and 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 2422–2435
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     Figure  9 .     Output (a,c) and transfer (b,d) characteristics of the OFETs based on the (APTMS/RGO)5 (a,b) and (PDDA/RGO)5 (c,d) electrodes. The 
solid and dotted curves are the data obtained from the devices using the originally fabricated electrodes and the ultrasonication-treated electrodes, 
respectively. For thermal annealing-induced reduction of the GO fi lms, a temperature of 180  ° C is used. For output characteristics,  V  G  is  − 100 V; for 
transfer characteristics,  V  DS  is  − 100 V.  
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dried under nitrogen fl ow before used. Quartz slides were used as the 
solid supports for the measurement of UV-vis spectra, transparency 
spectra and XRD spectra, and for the macroscopic optical images of 
the multilayer fi lms. Silicon plates were used as the solid support for 
the FT-IR, XPS and Raman spectral investigations. SiO 2 /Si wafers were 
used as the substrates for AFM measurements and for the investigation 
of the electrical characteristics of the OFETs. Ultrapure Milli-Q water 
(18.2 M Ω  cm) and ethanol (Beijing Shiji, 99.8%) were used as solvent. 

  Fabrication of GO Multilayer Films via a Covalent LBL Method : The LBL 
assembly performance was achieved by immersing a hydroxylated quartz, 
silicon or SiO 2 /Si wafer in an ethanol/water (95:5 by volume) solution of 
APTMS (2 vol%) for 30 min. The substrate was subsequently rinsed and 
ultrasonicated thoroughly in water for 10 min. The ultrasonication was 
performed 3 times, after which the substrate was dried under nitrogen 
fl ow. The obtained sample was then immersed in an aqueous solution of 
GO (0.1 mg mL  − 1 ) for 45 min. Then the substrate was again rinsed and 
ultrasonicated thoroughly in water for 15 min. The ultrasonication was 
performed 4 times, after which the substrate was dried under nitrogen 
fl ow. GO multilayer fi lm could thus be obtained by repeating the above 
operations alternately and consecutively. 

  Fabrication of GO Multilayer Films via the Conventional Noncovalent-
based LBL Method : The GO multilayer fi lms could also be constructed 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 2422–2435
via the electrostatic interactions between GO and PDDA in an LBL 
manner. [  10e  ]  Experimentally, such noncovalent LBL assembly was 
achieved by immersing a selected solid support (quartz or SiO 2 /Si wafer) 
in an aqueous solution of PDDA (0.1 wt%) for 5 min. The substrate was 
subsequently rinsed twice in Milli-Q water for 1 min, and dried under 
gentle nitrogen fl ow. The obtained sample was then immersed in an 
aqueous solution of GO (0.1 mg mL  − 1 ) for 10 min. Then, the sample 
was again rinsed twice in Milli-Q water for 1 min, and dried under gentle 
nitrogen fl ow. Noncovalent assembled GO multilayer fi lm could thus be 
obtained by repeating the above operations alternately and consecutively. 
Note that one should fabricate these noncovalent samples with great 
caution, especially during the washing step, in order to obtain samples 
as reproducibly as possible. 

  Thermal-Annealing-Induced Reduction of GO Multilayer Films : To 
reduce the above-mentioned GO based multilayer fi lms, and to obtain 
reduced graphene oxide (RGO) fi lms, the originally fabricated samples 
are thermally annealed for 16 h at 180  ° C under a fl ow of argon gas. [  12a  ]  
The annealing operation was carried out in a tube oven (Lindberg/
BlueM3-zone tube oven, Blue-M, White Deer, PA). After the thermal 
annealing treatments, the resultant samples were subjected to various 
characterizations and measurements. As proved by our FT-IR (Figure  2 ) 
and XPS (Figure  4 ) spectra, to ensure the survival of the covalent 
2433wileyonlinelibrary.combH & Co. KGaA, Weinheim
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linkage APTMS and to achieve the reduction of the fi lms, the samples 
were reduced at 180  ° C. When an annealing temperature of 360  ° C was 
employed, the covalent linkage APTMS was signifi cantly destroyed, 
resulting in a less stability of the samples. Reducing the fi lms by 
annealing at 240  ° C was also attempted. It was found that when a shorter 
annealing time was employed, the fi lms could not be fully reduced, 
although the covalent linkage APTMS in this case could still survive 
themselves. On the other hand, when a longer annealing time was used, 
some of the covalent linkage APTMS were distinctly destroyed, although 
a higher reduction extent could be achieved. Practically, it was found 
that when a temperature of 180  ° C was employed for the annealing 
treatment, the covalent linkage APTMS could survive even when a 
longer annealing time, for example 30 h, was applied. At the same time, 
by using an annealing temperature of 180  ° C, it was found that a nearly 
similar extent of reduction could be achieved when an annealing time 
of 16 and 30 h was used. Accordingly, an annealing time of 16 h and 
a temperature of 180  ° C were employed to ensure a high stability (the 
survival of the covalent linkage APTMS) and a successful reduction of 
the fi lm. To solidly ensure a high quality (successful reduction and the 
survival of the covalent linkage APTMS) of the samples, it was suggested 
that a threshold temperature no more than 200  ° C might be appropriate 
for the annealing-induced reduction of the fi lms. 

  Preparation of Patterned RGO Source/Drain Electrodes and Fabrication 
of OFETs : To obtain patterned RGO fi lm-based source/drain electrodes, 
40 nm aluminium was thermally evaporated onto the fi lm under vacuum 
by using a copper grid as a mask. The device has a channel length of 
26  μ m and width of 205  μ m. After that, the uncovered area of the fi lms 
was eliminated by an oxygen plasma cleaner (the clear operation was 
performed for 5 min with 20 sccm O 2  fl ow and 300 W RF power). The 
patterned RGO electrodes could then be generated by wet etching of 
the aluminum fi lm by immersing the samples in a 10% HNO 3  solution 
for 30 min at 50  ° C. [  8c  ]  For the fabrication of OFETs, 40 nm CuPc fi lm, 
which worked as active layer, was thermally evaporated on the patterned 
electrodes under vacuum. During the experiments, it was found using 
the UV-vis spectral and conductivity investigations that the properties of 
the samples after the patterning displayed negligible changes. This was 
becasue of the existence of the covalent bonds between the interlayers, 
which made the samples have a high stability.  

 Stability of the Formulated Graphene-based Films and Electrodes : 
The as-formulated covalent and noncovalent graphene-based fi lms or 
electrodes were ultrasonicated in ultrapure water (250 W, 40 kHz) with 
the water bath temperature maintained at ca .  20  ° C. The ultrasonication 
was performed using an ultrasonic cleaner (KQ250B, 250 W, 40 kHz, 
Kunshan, Ultrasonic Instruments Co. Ltd, Kunshan, China). For the 
covalent fi lms or electrodes, the ultrasonication time was 135 min, while 
in the case of the samples formulated via the noncovalent method, the 
ultrasonication time was 20 min. After the ultrasonication, the samples 
were washed with ultrapure water thoroughly and dried under nitrogen 
fl ow. Subsequently, the UV-vis spectra of the fi lms were measured. For 
the electrodes, they were integrated into OFETs according to the process 
described above. Then, the output and transfer characteristics of thus 
obtained devices were measured. 

  Characterizations and Measurements : JASCO UV-550, JASCO UV-570, 
and JASCO IR-660 spectrometers were used for the measurements of 
the UV-vis spectra, transparency spectra, and FT-IR spectra, respectively. 
X-ray diffraction (XRD) measurements were performed on a PANalytical 
X’Pert PRO instrument with Cu K α  radiation. Raman spectra were 
recorded on a Renishaw inVia plus Raman microscope using a 514.5 nm 
argon ion laser. X-ray photoelectron spectroscopy (XPS) was performed 
on an ESCALab220i-XL electron spectrometer from VG Scientifi c using 
300 W Al K α  radiation. The binding energies were referenced to the C 
1s line at 284.8 eV from adventitious carbon. The AFM images, without 
any image processing except fl attening, were recorded on a Digital 
Instrument Nanoscope IIIa Multimode system (Santa Barbara, CA) with 
a silicon cantilever by using the tapping mode. The microscopic optical 
images of patterned electrodes were recorded by an optical microscopy 
(Zeiss). The macroscopic optical images of the samples were recorded 
using a camera (Canon). The electrical characteristics of OFETs and  I–V  
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
characteristics of GO or RGO fi lms were investigated with a Keithley 4200 
SCS and a Micromanipulator 6150 probe station in a clean and shielded 
box. All of the above-mentioned characterizations and measurements 
were performed in the ambient environment at room temperature, 
except as noted. 

 The channel width-normalized contact resistance ( R  C  W ) of our OFETs 
was investigated on Keithley system by means of a transfer length method 
(TLM). [  4b  ,  d  ,  5a  ,  b  ]  The  R  Total  was derived from the inverse slope of the linear 
regime of each  I–V  curve. The contact resistances were estimated using 
the TLM with a varying channel length of 30, 50, 100, 200  μ m, and a 
channel width of 500  μ m. A gate bias of  − 60 V was employed for the 
measurements, and the contact resistance of the devices was extracted 
from the  L   =  0 intersection of the resistances. 

 The work functions (WF) of the samples were measured in the 
Surface Physics Endstation at beamline U18 in the National Synchrotron 
Radiation Laboratory (NSRL) in Hefei, China. The detailed description 
of this endstation and beamline can be found elsewhere. [  21  ]  The photon 
energy used for WF measurements was set to be 26 eV. The WF were 
determined from the width of the synchrotron radiation photoemission 
spectra, which were acquired with a negative bias voltage ( − 10 eV) 
applied to the sample. The relative work function changes after CuPc 
deposition were obtained by monitoring the shifts of secondary electron 
cutoff in the photoemission spectra.   
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