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  1   .  Introduction 

 Graphene oxide (GO) has currently received much attention 
as one of the most frequently investigated graphene cousins. [  1  ]  
This is owing to its fascinating basal plane and edge, wherein 
various oxygen-containing groups are decorated, facilitating 
functionalization of graphene materials. [  1  ]  Numerous GO-
based advanced devices in energy conversion/storage, sensors, 

nanoelectronics, and so forth, have thus 
far been developed. [  1,2  ]  To realize these 
applications, GO should be organized 
to form ultrathin fi lms simultaneously 
featured with high stability, controlled 
thickness, and tunable performances. An 
ultrathin GO fi lm at the nanometer level 
could endow the samples with an excel-
lent optical transmittance, [  3  ]  which is 
essentially required to achieve high-per-
formance nano-optoelectronics, although 
a thicker thickness (which would decrease 
the optical transmittance) favors an 
improvement in fi lm conductance. A con-
trolled thickness within the nanometer 
level could provide signifi cant scientifi c 
forums for their layer-number-dependent 
physicochemical properties, a tunable 
performance could endow them with fer-
tile opportunities for desired uses, while 
a high stability is strongly desired for the 
practical applications to withstand the 
multi-step post-production process, all of 
which are essentially required for high-
quality graphene fi lms of practical uses. 

 Thus far, GO-based fi lms have been 
successfully integrated by various methods, including spin 
coating, layer-by-layer (LBL) assembly, Langmuir-Blodgett (LB) 
technique, electrophoretic deposition, spray deposition, drop 
casting, evaporation-induced self-assembly, and so forth. [  3–8  ]  
For example, GO nanosheets could be deposited on solid sup-
ports via the sophisticated LB technique, [  5c  ,    5d  ,    6a  ]  while the excel-
lent dispersibility of GO in water (subphase) makes it diffi cult 
for practical operations and, at the same time, an LB trough 
has to be employed during such assembly. On the other hand, 
GO nanosheets could also be organized to form multilayer 
fi lms with tunable thickness through LBL assembly. [  5b  ,    6c  ,    6e  ,    8  ]  
However, owing to the non-covalent interactions (electrostatic 
interactions or hydrogen-bonding) between the interlayers, the 
as-formulated non-covalent fi lms are easy to disassembly. [  9  ]  
In the cases of spin coating, spray deposition, drop casting, 
evaporation-induced self-assembly, and so on, GO fi lms could 
be assembled facilely over large area surface. [  3  ,    5a  ,    6b  ,    6d  ,    6f  ,    7  ]  Nev-
ertheless, the thickness of such fi lms could not be well con-
trolled at a lever of a few nanometers over large area surface, 
and meanwhile the formulation of these fi lms have to be car-
ried out with great cautions in order to produce GO-based fi lms 
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controlled thickness, tunable performances and high stability as 
well, could be assembled via a new covalent LBL protocol, wherein 
amino-substituted compounds of different  π -conjugated sys-
tems, 1,4-diaminobenzene (DABNH2), benzidine (BZDNH2), 
and 5,10,15,20-tetrakis (4-aminophenyl)-21 H ,23 H -porphine 
(TPPNH2), are used as linkages, as shown in  Scheme    1  . 
After a thermal annealing, the obtained RGO fi lms retain the 
qualities of their parent fi lms. Compared with the OFETs using 
(APTMS/RGO)/(APTMS/RGO)N as electrodes, those based 
on (APTMS/RGO)/(BZDNH2/RGO)N show approximately 
similar performances, while those based on (APTMS/RGO)/
(DABNH2/RGO)N exhibit distinctly improved performances. 
Signifi cantly, the performance of our devices could be further 
improved evidently when (APTMS/RGO)/(TPPNH2/RGO)N 
fi lms are employed. The use of dual functional linkages, 
namely, the linkage serves not only as an impact bridge for 
the high stability and controlled thickness of graphene-based 
ultrathin fi lms; more importantly, as a modulator for their tun-
able performance, our new protocol has broad opportunities not 
only for the next generation graphene-based high-performance 
organic nanoelectronics, but also for graphene fi lms of other 
desired motives in terms of using elaborately-designed linkages 
of desired functions or properties.   

  2   .  Results and Discussion 

 As illustrated in Scheme  1 , to fabricate covalently crosslinked 
GO fi lms using DABNH2, BZDNH2, or TPPNH2 as the 

with good reproducibility. In most cases, the manufactured GO 
fi lms were simply stuck to but not anchored on the solid sup-
ports, endowing them with less stability. It thus can be seen 
that although GO-based ultrathin fi lms could be constructed by 
various protocols, they could hardly meet the above-mentioned 
signifi cant requirements (high stability, controlled thickness, 
and tunable performances) simultaneously, which are of para-
mount importance for the practical uses of GO. [  3–8  ]  

 We recently developed a covalent LBL protocol for graphene-
based fi lms. [  9a  ]  Using (3-aminopropyl) trimethoxysilane (APTMS) 
as cross-linkage, GO and reduced GO (RGO) fi lms (APTMS/
GO)N and (APTMS/RGO)N with high stablity, were fabricated. 
However, APTMS itself is electronically inactive, contributing 
only to the high stability of the fi lms but not to their function 
performances. It still remains a formidable challenge to construct 
graphene-based fi lms simultaneously featured with high stability, 
controlled thickness, and tunable performances. As known, owing 
to their delocalized electrons, which offer conductive pathway 
along their skeleton,  π -conjugated molecules have attracted 
great concerns as active species in organic nanodevices. [  10  ]  This 
inspires us to ask if graphene-based fi lms simultaneously charac-
terized with high stability, controlled thickness, and tunable per-
formances could be formulated when  π -conjugated covalent link-
ages are used? How the  π -conjugated systems of these linkages 
could affect the performance of the fi lms? 

 To tackle these formidable challenges and to answer these 
signifi cant questions, we herein report our new fi ndings that 
high-quality GO ultrathin fi lms, simultaneously featured with 

       Scheme 1.  An illustration for the fabrication of GO fi lms crosslinked by amino-substituted molecules of different  π -conjugated systems via a LBL 
method. To obtain the corresponding RGO fi lms, the original formulated samples were treated by a thermal annealing. The drawings are not to scale. 
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stretching of Si–O–Si, and symmetric and antisymmetric 
vibration of CH 2 , respectivley, are observed. This is owing to 
the existance the covalent cross-linkage APTMS in the sub-
layer of the fi lms. [  9a  ]  It has been shown that the dissociation of 
water molecules would possibly form C–H bond at the defects 
of graphene lattice and contribute to the FT-IR band around 
2921 cm −1 . [  14  ]  While we cannot exclude such possiblity, this 
band could mainly be attributed to the APTMS linkages located 
at the sublayer, since APTMS has three methylene groups on its 
molecular skeleton. [  9a  ]  Actually, the presence of C–H group is 
an important issue, because it could infl uence the performance 
of graphene-based optoelectronic and plasmonic devices, [  15a    –    15d  ]  
especially at the contacts with metal electrodes. [  15d   ,   15e  ]  

 Compared with the FT-IR spectra of the (APTMS/GO) 
sublayer (Figure  2 , curve B), the vibration band of Si–O–Si 
at ≈1080 cm −1  of our (APTMS/GO)/(DABNH2/GO)3 fi lms 
manifests itself as a more evident peak with relatively higher 
intensity, while the CH 2  vibrations at ≈2854, 2921 cm −1  display 
negligible changes. These experimental facts indicate the for-
mation of secondary amino units in our LBL fi lms, which could 
also display vibrations at ≈1080 cm −1  (the C–N stretching band 
of the secondary amino group). [  16  ]  Meanwhile, it is noteworthy 
that the vibrations related to the epoxy units (990, 1049, and 
1230 cm −1 ) of GO could not be evidently discerned from the 
FI-TR spectrum of our (APTMS/GO)/(DABNH2/GO)3 fi lms. 
These experimental results strongly suggest the sucessful 
chemical reaction between the amino groups of our DABNH2 
molecules and the epoxy groups of the GO nanosheets during 
the LBL assembly process, resulting in the formation of cova-
lent bonds between the GO interlayers, as schematically illus-
trated in Scheme  1 . 

 Besides, a peak around ≈1410 cm −1 , ascribing to the sym-
metrical stretching vibrations of carboxylate anion  v (COO − ), [  17  ]  
is also detected from the formulated fi lms. This peak of 

cross-linkages, solid substrates of a hydroxylated surface was 
fi rst aminated with APTMS, onto which GO nanosheets were 
grafted via the chemical reaction between the amino groups 
of APTMS and the epoxy groups of GO. [  9a  ]  To make a clear 
description, thus formulated samples, which will be used 
as the sublayer for the construction of the  π -conjugated mol-
ecules crosslinked GO fi lms, are designated as (APTMS/GO). 
Subsequently, thus-formulated substrates, whose surface was 
covalently grafted with GO nanosheets, were immersed in 
an aqueous dispersion of GO and a DMSO solution of our 
 π -conjugated cross-linkages alternately and consecutively. The 
as-assembled samples are named as (APTMS/GO)/(DABNH2/
GO)N, (APTMS/GO)/(BZDNH2/GO)N, and (APTMS/GO)/
(TPPNH2/GO)N, respectively, when DABNH2, BZDNH2, and 
TPPNH2 are used as the interlayer cross-linkages. 

 To monitor the LBL assembly process, the real-time UV-vis 
spectra of the fi lms were measured using the UV-vis spec-
trum of the (APTMS/GO) sublayer as baseline, as shown 
in Figure S1, Supporting Information. For (APTMS/GO)/
(DABNH2/GO)N, there exists a good linear correlation between 
the number of bilayers  N  and the intensity of the absorptions of 
GO at ≈231 nm (Supporting Information, Figure S1A1,A2). In 
the cases of (APTMS/GO)/(BZDNH2/GO)N (Supporting Infor-
mation, Figure S1B1,B2) and (APTMS/GO)/(TPPNH2/GO)
N (Supporting Information, Figure S1C1,C2), almost similar 
results are obtained. These observations basically suggest that 
GO nanosheets could be sucessfully grafted on the (APTMS/
GO) sublayer uniformly and reproducibly using our amino-sub-
stituted  π -conjugated molecules as the cross-linkages. Note that 
besides the GO absorption located at ≈231 nm, a distinct absorp-
tion located around 436 nm, whose intensity increases linearly 
with the number of bilayers  N , could also be distinctly observed 
from the samples of (APTMS/GO)/(TPPNH2/GO)N. This band 
could be ascribed to the Soret-band of our porphyrin TPPNH2. 

 The FT-IR spectra of the as-prepared fi lms and those of 
the original GO powders and the (APTMS/GO) sublayer were 
investigated, as shown  Figure    1  . For the original powdery GO 
nanosheets (Figure  1 , curve A), it can be seen that two bands 
at 1628, 1730 cm −1 , together with a broad band at ≈3400 cm −1 , 
which are attributed to vibrations of the adsorbed water mol-
ecules and the skeletal vibrations of the un-oxidized graphitic 
domains, the C=O carbonyl stretching, and O–H stretching of 
C–OH, respectively, are detected. [  11  ]  At the time, distinct peaks 
at approximately 990, 1049, and 1230 cm −1 , ascribing to the typ-
ical epoxy vibrations, and C–O vibrations of the epoxy (C–O–C) 
and C–OH units, respectively, could also be detected. [  11,12  ]   

 In the case of the (APTMS/GO)/(DABNH2/GO)3 fi lms 
(Figure  1 , curve C1), several vibrations located at ≈3320, 3210 
and 1636, 1525 cm −1 , which are attributed to the asymmetric 
and symmetric N–H stretching, and scissoring and bending 
vibrations of N–H, respectively, could be observed. [  13  ]  These 
results indicate that our DABNH2 molecules are success-
fully integrated in the formulated LBL fi lms. In these fi lms, 
the above-mentioned broad band around ≈3400 cm −1  (O–H 
stretching of C–OH) and the peak at ≈1730 cm −1  (the C=O car-
bonyl stretching) of the original GO nanosheets could also be 
detected distincly, suggesting the inclusion of GO nanosheets 
in the fi lms. At the same time, several bands at ≈1080 and 
2854, 2921 cm −1 , which could be assinged to the asymmetric 

      Figure 1.  FT-IR spectra of our original GO powders (A) and the (APTMS/
GO) sublayers (B), and those of the LBL fi lms of (C1,C2) (APTMS/GO)/
(DABNH2/GO)3, D1,D2) (APTMS/GO)/(BZDNH2/GO)3, and E1,E2) 
(APTMS/GO)/(TPPNH2/GO)3 before (C1,D1,E1) and after (C2,D2,E2) 
the thermal annealing treatment. 
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N fi lms, almost similar results are observed except that an 
increment of ≈1.5 nm in the averaged fi lm thickness could 
be derived from the linear correlation between the number of 
the bilayers  N  and the averaged thickness of the fi lms. This 
data is larger than that of the above-mentioned (APTMS/
GO)/(DABNH2/GO)N fi lms, which is owing to the longer 
molecular skeleton of the BZDNH2 species. These results sug-
gest that when BZDNH2 is employed as the interlayer cova-
lent cross-linkage, GO nanosheets could also be organized to 
form multilayered fi lms with a controlled thickness. As shown 
in Figure S3 (Supporting Information, panel A1–A5 and B1–
B5), when the number of the bilayers  N  is 1, 2, 3, 4, and 5, 
respectively, the root-mean-square (rms) roughness ( R q) of the 
(APTMS/GO)/(DABNH2/GO)N fi lms is estimated to be ≈1.12, 
1.60, 1.97, 2.34, and 4.16 nm, and in the cases of the (APTMS/
GO)/(BZDNH2/GO)N fi lms, this data is estimated to be ≈1.73, 
2.42, 2.90, 3.87, and 6.62. These results are approximately at 
the same level as those of the corresponding (APTMS/GO)/
(APTMS/GO)N LBL fi lms, which are crosslinked by APTMS. [  9a  ]  
Together with the results of UV-vis spectra presented in Figure 
S1 (Supporting Information, panels A1, A2, B1, and B2), these 
facts indicate that our LBL fi lms, which are crosslinked by 
 π -conjugated compounds DABNH2 and BZDNH2, probably 
have a nice layered structure. 

 To confi rm this proposal, the XRD spectra of our fi lms were 
measured, as shown in  Figure    2  . In the case of the (APTMS/
GO)/(DABNH2/GO)15 fi lms, an evident diffraction peak (2  θ  ) at 
≈14.2° could be observed (Figure  2 , curve A1). Considering the 
aforementioned results of AFM investigations, this peak could 
be attributed to the second order diffraction peak of the fi lms, 
wherein an interlayer distance of ≈1.2 nm could be deduced. 
This data is very close to the thickness increment of these fi lms 

carboxylate anion is not observed distinctly from the FT-IR spec-
trum of the original powdery GO nanosheets. This fact indi-
cates that, in addition to the formation of covalent bonds with 
the epoxy groups of GO, some of the -NH 2  groups of DABNH2 
could also interact with the -COOH groups of GO nanosheets, 
resulting in an formation of carboxylate anions. As shown in 
Figure  1  (curves D1 and E1), approximately similar spectral fea-
tures could be observed from the FT-IR spectra of the (APTMS/
GO)/(BZDNH2/GO)3 and (APTMS/GO)/(TPPNH2/GO)3 
fi lms, indicating that LBL fi lms with covalent features could 
also be formulated when BZDNH2 and TPPNH2 molecules are 
employed as the interlayer cross-linkages. 

 Experimentally, several dozens of samples were fabricated, 
and we found that the as-constructed LBL fi lms could display 
good reproducibility. This is different from the LBL GO fi lms 
integrated via the electrostatic interactions, wherein the repro-
ducibility of samples depends greatly on the practical opera-
tions, especially, the rinsing of the non-covalent fi lms should 
be carried out carefully to obtain samples reproducibly as much 
as possible. [  9a  ]  As shown in Figure S2 (Supporting Informa-
tion), only slight changes could be observed from the UV-vis 
spectra of the (APTMS/GO)/(DABNH2/GO)4, (APTMS/GO)/
(BZDNH2/GO)4 and (APTMS/GO)/(TPPNH2/GO)4 fi lms, 
after these samples are ultrasonicated thoroughly in a water 
bath for 5 h, indicating their high stability. This is also essen-
tially different from the LBL fi lms of GO constructed by means 
of electrostatic interactions, which disassembly immediately 
upon an ultrasonication treatment of only 20 min. [  9a  ]  Accom-
panied by the above-mentioned facts of the FT-IR spectra, these 
experimental result further indicate the covalent feature of our 
as-assembled fi lms, leading to their excellent reproducibility 
and high stability. [  18  ]  

 The thickness of our fi lms was investigated by means of 
AFM measurements, as shown in Figure S3, Supporting Infor-
mation. For the (APTMS/GO)/(DABNH2/GO)1 fi lms (Sup-
porting Information, Figure S3A1), wherein a 1 bilayers fi lm 
of (DABNH2/GO) was covalently grafted on a (APTMS/GO) 
sublayer, an averaged thickness of ≈2.6 nm is obtained. Con-
sidering that the averaged thickness of the 1 bilayers fi lm of 
(APTMS/GO) evaluated by AFM measurements is ≈1.4 nm, [  9a  ]  
a thickness of ≈1.2 nm could be deduced for a 1 bilayers fi lm of 
(DABNH2/GO). This data is larger than the ≈0.8 nm thickness 
of the GO nanosheets. [  11a   ,   19  ]  This is owing to the spacer effect 
brought out by the DABNH2 cross-linkages, which are inter-
calated between the GO interlayers, as illustrated in Scheme  1 . 
As shown in Figure S3 (Supporting Information, panels A2–
A5), an averaged thickness of ≈3.7, 4.7, 6.0, and 7.0 nm could 
be obtained, respectively, when the number of the (APTMS/
GO)/(DABNH2/GO)N fi lms  N  is increased to 2, 3, 4, and 5. 
As indicated in Figure S3 (Supporting Information, panel A6), 
the number of the bilayers  N  and the averaged fi lms thickness 
displays a good linear correlation, wherein an increment of 
≈1.1 nm could be derived. This value is very close to the thick-
ness of a 1 bilayers fi lm of (DABNH2/GO), suggesting that 
using our amino-substituted  π -conjugated molecule DABNH2 
as the interlayer cross-linkages, GO multilayer fi lms with a con-
trolled thickness could be easily formulated in an LBL manner. 

 As shown in Figure S3 (Supporting Information, panel 
B1-B5), in the cases of the (APTMS/GO)/(BZDNH2/GO)

      Figure 2.  XRD pattern of the (APTMS/GO)/(DABNH2/GO)15 (A1 and 
A2), (APTMS/GO)/(BZDNH2/GO)15 (B1 and B2), and (APTMS/GO)/
(TPPNH2/GO)15 (C1 and C2) fi lms before (A1, B1 and C1) and after (A2, 
B2, and C2) the thermal annealing treatment. 
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might be disclosed. Before the integration of these covalent LBL 
fi lms into nanodevices, an annealing induced reduction of the 
fi lms was carried out fi rst. As shown in Figure S4 (Supporting 
Information), the absorption of the unreduced GO nanosheets 
originally located at ≈231 nm display a bathochromic shift of 
≈36 nm to ≈267 nm after the annealing, indicating a success-
fully reduction of the fi lms, [  20  ]  which leads to the formation 
of the corresponding RGO fi lms, (APTMS/RGO)/(DABNH2/
RGO)N, (APTMS/RGO)/(BZDNH2/RGO)N and (APTMS/
RGO)/(TPPNH2/RGO)N. Similar as what we have found from 
the corresponding fi lms before the annealing (Figure S1, Sup-
porting Information), the intensity of the absorption of RGO 
nanosheets at ≈267 nm increases linearly with the number of 
bilayers  N  (Figure S4, Supporting Information), preliminarily 
indicating that our fi lms might maintain their structural fea-
tures during the annealing procedure. 

 To verify the successful reduction, Raman spectra of these 
samples before and after the thermal annealing were meas-
ured. As shown in Figure S5 (Supporting Information) a  D -
band at ≈1348 cm −1  and a  G -band at ≈1598 cm −1 , which are 
typical Raman features of GO nanosheets, are observed from 
the Raman spectra of the original formulated LBL fi lms before 
the thermal annealing treatments. [  21,22  ]  In these cases, the rela-
tive intensity of  G -band is higher than that of  D -band. In con-
trast, the intensity ratio between the  G -band and  D -band ( I  G / I  D ) 
exhibits an evident decrease after the annealing treatment. 
Accompanied by the facts observed from the UV-vis spectra, 
these results further indicate the achievement of the reduction 
of the fi lms and the formation of RGO-based fi lms. [  21,22  ]  

 The AFM images of the fi lms after the annealing treatments 
were measured, as shown in Figure S6 (Supporting Informa-
tion). In the cases of the (APTMS/RGO)/(DABNH2/RGO)N 
fi lms, their rms roughness is estimated to be ≈0.89, 1.45, 1.85, 
2.01, and 3.70 nm, when the number of the bilayers  N  is 1, 2, 
3, 4, and 5, respectively. These values are smaller than those 
of the corresponding fi lms before the annealing treatment. For 
the (APTMS/RGO)/(BZDNH2/RGO)N and (APTMS/RGO)/
(TPPNH2/RGO)N fi lms, similar annealing-induced rough-
ness improvement phenomena have been observed. This could 
be owing to the elimination of oxygen-containing groups and 
graphitization of the sample caused by the annealing induced 
reduction. [  23  ]  As indicated in Figures S3,S6 (Supporting Infor-
mation), compared with corresponding original fi lms before the 
annealing treatment, the samples display negligible changes 
in their averaged thickness after the annealing, and the linear 
correlation between the number of the bilayers  N  and the aver-
aged fi lm thickness could still be observed. These facts further 
suggest that our LBL fi lms could preserve their structural char-
acters after the reduction. To solidly confi rm these proposals, 
the XRD spectra of these RGO fi lms were investigated. As pre-
sented in Figure  2 , the XRD pattern of our samples display neg-
ligible changes after the annealing induced reduction, solidly 
confi rming that the covalent fi lms could truly retain their struc-
tural features after the reduction. 

 It thus could be proposed that the resultant RGO fi lms 
might hold their covalent characters, which is very important to 
ensure their stability. To validate this, the RGO fi lms (APTMS/
RGO)/(DABNH2/RGO)4, (APTMS/RGO)/(BZDNH2/RGO)4 
and (APTMS/RGO)/(TPPNH2/RGO)4 were ultrasonically 

estimated by AFM measurements (Supporting Information, 
Figure S3, panels A1–A6), clearly confi rming that the as-for-
mulated fi lms have a layered structure, wherein single layered 
DABNH2 molecules are successfully intercalated between the 
GO interlayers, as shown in Scheme  1 . On the other hand, a 
diffraction peak at ≈12.3° could be observed obviously from 
the XRD pattern of the (APTMS/GO)/(BZDNH2/GO)15 fi lms 
(Figure  2 , curve B1), wherein an interlayer distance of ≈1.4 nm 
could be derived, suggesting that the fi lms also have a layered 
structure. This value is approximately similar to the averaged 
thickness of the (BZDNH2/GO) bilayers obtained from AFM 
investigations (Supporting Information, Figure S3, panel B1–
B6), and at the same time, it is apparently larger than that of 
the (APTMS/GO)/(DABNH2/GO)N fi lms. This is in good 
agreement with the facts observed from AFM measurements, 
wherein the comparatively larger interlayer distance of the 
(APTMS/GO)/(BZDNH2/GO)N fi lms could be owing to the 
longer molecular skeleton of the BZDNH2 species.  

 As shown in Figure  2  (curve C1), no diffraction peaks could 
be evidently observed from the XRD pattern of the (APTMS/
GO)/(TPPNH2/GO)N fi lms, indicating that the organized fi lms 
in this case have a poor layered structure. The AFM images of 
these fi lms were measured as shown in the Supporting Infor-
mation (Figure S3, panels C1-C5). In can be seen that the rms 
roughness of the fi lms is estimated to be ≈3.56, 4.76, 6.35, 7.83, 
and 10.14 nm, when the number of the bilayers  N  is 1, 2, 3, 
4, and 5, respectively. These data are larger than those of the 
corresponding data obtained in the cases of the (APTMS/GO)/
(DABNH2/GO)N and (APTMS/GO)/(BZDNH2/GO)N fi lms. 
These experimental facts suggest that compared with their 
counterparts crosslinked by DABNH2 and BZDNH2, the fi lms 
assembled using TPPNH2 as the cross-linkage have a more 
uneven surface. 

 On one hand, there are four amino groups at the four corners 
of the TPPNH2. On the other hand, the epoxy groups of GO 
nanosheets are distributed arbitrarily but not regularly on the 
basal plane of GO. Thus, the TPPNH2 molecules could cross-
link stochastically with the interlayer GO nanosheets via the 
opposite amino groups, or via the neighboring amino groups 
(Scheme  1 ), leading to poor layered structure with a rough 
surface. Nevertheless, it can be seen from the AFM images of 
the samples that an averaged fi lm thickness of ≈3.6, 6.0, 7.9, 
11.3, and 12.4 nm could be obtained when the number of the 
bilayers  N  is increased from 1, 2, 3 to 4 and 5, respectively. As 
plotted in the Supporting Information (Figure S3, panel C6), a 
linear correlation between the averaged fi lm thickness and the 
number of the bilayers  N  could be obtained. On the basis of 
this plot, an increment of ≈2.2 nm in the fi lm thickness could 
be derived, suggesting that the fi lm thickness in this case could 
also be controlled approximately. 

 It can be seen from the above results that using amino-
substituted molecules of different  π -conjugated systems as the 
cross-linkages, ultrathin GO fi lms with high stability, controlled 
number of GO layers could be covalently crosslinked over large 
area surface. Considering the fertile functions of  π -conjugated 
molecules, especially their general concerns in organic nano-
electronics, [  10  ]  the as-assembled GO fi lms endow us with good 
opportunities to investigate their electrode applications in 
OFETs, wherein the effect of the different  π -conjugated systems 
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reduction of the fi lms. On the other hand, as shown in 
Figure  1 , after the thermal annealing treatment, other vibra-
tions associated with the interlayer covalent cross-linkages sur-
vive themselves very well in the FT-IR spectra. Accompanied by 
the observations of the high stability of the fi lms (Supporting 
Information, Figure S2, panels A2, B2, C2), these facts further 
confi rm that the obtained RGO fi lms could inherit the covalent 
feature of their parent GO fi lms. 

 The XPS spectra of our samples were also investigated, as 
shown in  Figure    3   and Supporting Information, Figures S7,S8. 
For the originally formulated fi lms before the annealing, their 
C1s XPS spectra display typical C–C, C–O, C=O, C(O)–O and 
C–N signals at ≈284.5, 286.5, 287.9, 289.4, and 285.4 eV, respec-
tively. [  22b  ,    24  ]  The atom ratio between oxygen and carbon (O/C) is 
semiquantitatively evaluated to be ≈0.6–0.7. In addition, their 
N1s XPS spectra display signal of C-N and C-NH 3  +  at ≈400.1 
and 401.7 eV, [  25  ]  respectively. The atom ratio between nitrogen 
and carbon (N/C) is estimated to be ≈0.05–0.07. Accompanied 
by the experimental facts of the FT-IR investigations (Figure  1 ), 
these results further indicate the covalent intercalation of our 
amino-substituted  π -conjugated cross-linkages in the as-assem-
bled fi lms, although some of the amino groups of our cross-
linkages would also interact with the carboxylic acid groups of 
GO, resulting in the generation of C–NH 3  +  units in the formu-
lated GO fi lms.  

 The C1s and N1s XPS spectra of the samples after the 
thermal annealing were also measured, as shown in Figure  3  
and Supporting Information (Figures S7,S8). In these cases, 
the signals of the oxygen-containing units display an evident 
decrease compared with those of the original samples before 
the annealing, wherein the O/C is evaluated to be ≈0.2–0.3. 

treated in water bath adequately for 5 h, after which their 
UV-vis spectra were measured. As shown in Figure S2 (Sup-
porting Information, panels A2, B2, C2), it can be seen that the 
samples exhibit negligible changes in their UV-vis spectra after 
an ultrasonication treatment of 5 h. This phenomenon is sub-
stantially different from that of the RGO LBL fi lms fabricated 
via the electrostatic interactions, which exhibits a distinct disas-
sembly after an ultrasonication treatment of only 20 min. [  9a  ]  In 
contrast, this result is similar to what we have observed from 
the originally fabricated GO-based fi lms (Supporting Informa-
tion, Figure S2, panels A1, B1, C1), indicating that their high 
stability could be inherited after the reduction, and that the 
interlayers of these RGO-based fi lms might still be covalently 
linked via our  π -conjugated cross-linkages. [  18  ]  

 To further verify this suggestion experimentally, the FT-IR 
spectra of our RGO fi lms were investigated. As shown in 
Figure  1 , the most distinct changes in the FT-IR spectra of 
all of the fi lms after the thermal annealing are that the O–H 
stretching of C–OH around 3400 cm −1 , the C=O carbonyl 
stretching at ≈1730 cm −1 , the symmetrical stretching vibrations 
of carboxylate anion  v (COO − ) at ≈1410 cm −1 , and the C–O vibra-
tions of the epoxy (C–O–C) and C–OH units at ≈1230 cm −1 , 
display evident decreases in their intensity. These facts indi-
cate that a thermal annealing treatment could indeed lead to 
a removal of the oxygen-containing groups of GO nanosheets, 
and also the elimination of the carboxylate anions, which are 
originally generated by the interaction of the –NH 2  groups of 
our cross-linkages and the -COOH groups of GO nanosheets. 
Together with the facts observed from the UV-vis (Figure S4, 
Supporting Information) and Raman spectra (Figure S5, Sup-
porting Information), these facts further suggest the successful 

      Figure 3.  A,C) C1s and B,D) N1s XPS spectra of the (APTMS/GO)/(DABNH2/GO)5 fi lms before (A,B) and after (C,D) the thermal annealing treatments. 
See Supporting Information, Figures S7,S8, for those of the (APTMS/GO)/(BZDNH2/GO)5 and (APTMS/GO)/(TPPNH2/GO)5 fi lms, respectively. 
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electrodes into OFETs (Supporting Information, Figure S9) 
using copper phthalocyanine (CuPc) as the active semicon-
ductor layer, and their performances were measured. Those of 
the OFETs using (APTMS/RGO)/(APTMS/RGO)N fi lms [  9a  ]  or 
40 nm Au fi lms as electrodes were also presented for com-
parison. All of the measurements were carried out in ambient 
environment at room temperature. The transfer and output 
characteristics of our devices are shown in  Figure    4  , Figure S10 
(Supporting Information), and  Figure    5  , Figures S11–S18 (Sup-
porting Information), respectively. It can be seen from Figure  4  
that the OFETs show completely suppressed fi eld-effects 
when unreduced GO fi lms, (APTMS/GO)/(DABNH2/GO)5, 
(APTMS/GO)/(BZDNH2/GO)5 and (APTMS/GO)/(TPPNH2/
GO)5, are employed as the electrodes. This could be owing to 
the extremely high resistance of these fi lms, as indicated in 
 Figure    6  .    

 In contrast, when Au fi lms or our RGO fi lms are used as 
electrodes, distinct fi eld-effect behaviors could be observed 
(Figures  4 ,  5  and Supporting Information, Figures S10–S18). It 
is found that the devices based on the RGO electrodes show 
improved fi eld-effects compared with those of the OFETs 
based on the traditional Au electrodes. This suggests the high-
performances of the devices based on our RGO electrode. It is 
well established that graphene materials are more compatible 
with organic semiconductors than the gold fi lms, the contact 
resistance between the graphene-based materials and organic 

These values are distinctly lower than those of the parent fi lms 
before the thermal annealing treatment, solidly indicative of the 
successful removal of some of the oxygen-containing units and 
thus the achievement of annealing-induced reduction. On the 
other hand, the signals relating to N display only slight changes, 
except that those of C–NH 3  +  at ≈401.7 eV exhibit substantial 
decreases. This is owing to the thermal reduction-induced 
elimination of the carboxylic acid groups of GO nanosheets. 
This could be supported by the FT-IR spectra of the samples, 
wherein the symmetrical stretching vibrations of carboxylate 
anion (COO − ) at ≈1410 cm −1 , and C=O carbonyl stretching 
at ≈1730 cm −1  display a distinct decrease after the thermal 
annealing (Figure  1 , curves C2, D2, and E2). At the same, it is 
noteworthy that the N/C is esitmated to be ≈0.04–0.06, which is 
very close to that of the original unreduced GO fi lms. Accom-
panied by the information deduced from the FT-IR investiga-
tion (Figure  1 ), and the almost unchanged UV-vis spectra of the 
RGO fi lms after the ultrasonication treatment (Figure S2, Sup-
porting Information), these present experimental facts further 
indicate that our RGO fi lms could indeed inherit the covalent 
features of the originally formulated GO fi lms, which play an 
important role for their high stability, although the COO −  and 
the C-NH 3  +  units are greatly removed after the annealing. 

 To demonstrate the possible advantages of our graphene-
based ultrathin fi lms crosslinked by  π -conjugated molecules, 
the formulated samples were integrated as source/drain 

      Figure 4.  A–C): transfer characteristics of the OFETs based on A) the (APTMS/RGO)/(DABNH2/RGO)N, B) (APTMS/RGO)/(BZDNH2/RGO)N, and 
C) (APTMS/RGO)/(TPPNH2/RGO)N electrodes. Those using the unreduced GO fi lms, (APTMS/GO)/(DABNH2/GO)5, (APTMS/GO)/(BZDNH2/GO)5, 
and (APTMS/GO)/(TPPNH2/GO)5, and Au fi lms (40 nm) as electrodes are also presented for comparison. D): a comparison of the transfer charac-
teristics of the devices using (APTMS/RGO)/(APTMS/RGO)5, (APTMS/RGO)/(DABNH2/RGO)5, (APTMS/RGO)/(BZDNH2/RGO)5, (APTMS/RGO)/
(TPPNH2/RGO)5 and 40 nm Au fi lms as electrodes. For other comparisons, wherein the number of the bilayers  N  = 1, 2, 3 and 4, see Figure S10 
(Supporting Information). 

Adv. Funct. Mater. 2014, 24, 543–554



FU
LL

 P
A
P
ER

550

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

wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

seen from Figure  4 D,5D, and Figures S10,S14–S18 (Supporting 
Information) that the devices using our (APTMS/RGO)/
(DABNH2/RGO)N fi lms as the electrodes display improved 
fi eld-effects compared with the corresponding devices based on 
the (APTMS/RGO)/(APTMS/RGO)N electrodes of the similar 
number of bilayers  N . Note that the OFETs based on these 
two kinds of electrodes both have a very close contact resist-
ance (Figure  7 ). [  9a  ]  This indicates that the contact resistance is 
not responsible for their different electrical behaviors. Accord-
ingly, we propose that the distinctly improved performance of 
the (APTMS/RGO)/(DABNH2/RGO)N electrodes might be 
stemmed from the intercalation of the  π -conjugated phenyl 
units between the RGO interlayers, since it is known that 
the electronically active delocalized electrons of  π -conjugated 
molecules could provide conductive pathways along their 
molecular skeleton. [  10  ,    30a  ]  To verify this, the conductance of 
our (APTMS/RGO)/(DABNH2/RGO)N electrodes were meas-
ured. [  31  ]  As shown in Figure  6 A, when the number of bilayers 
of the (APTMS/RGO)/(DABNH2/RGO)N fi lms increases, 
their conductance increases correspondingly. Consequently, 
the performance of the corresponding OFETs increases with 
the increasing of the number of bilayers  N  (Figures  4 A,5A and 
Figure S11, Supporting Information). Meanwhile, it can be 
seen that compared with the corresponding (APTMS/RGO)/
(APTMS/RGO)N fi lms, [  9a  ]  our (APTMS/RGO)/(DABNH2/
RGO)N electrodes display a higher conductance (Figure  6 D). 

semiconductors might thus be lower than that between Au fi lms 
and organic semiconductors, [  21,26,27  ]  leading to an improved 
performance of the electronics based on graphene electrodes. 
This nice compatibility between RGO and organic semiconduc-
tors could be explained as the better contact between RGO and 
organic materials than that between Au and organic materials, 
especially for such macro-conjugated compound like CuPc, 
which has a well-known  π -conjugated system. This might favor 
the  π – π  interactions between our RGO fi lm and the CuPc layer, 
facilitating a lower contact resistance. To verify this issue in our 
present case, the contact resistance of our OFETs were inves-
tigated by a transfer length method (TLM). [  28,29  ]  As shown in 
 Figure    7  , the experimental results indicate that the contact 
resistances of our OFETs based on (APTMS/RGO)/(DABNH2/
RGO)N, (APTMS/RGO)/(BZDNH2/RGO)N and (APTMS/
RGO)/(TPPNH2/RGO)N electrodes are ≈0.08 M Ω  cm. These 
values are almost similar to those of the corresponding devices 
based on (APTMS/RGO)/(APTMS/RGO)N electrodes, [  9a  ]  while 
distinctly smaller than the ≈2.1 M Ω  cm of the devices based 
on Au electrodes. These facts confi rm that the lower contact 
resistance of our OFETs based on the RGO electrodes plays an 
important role for their high performances. [  21,26,27  ]   

 As shown in Figures  4 ,  5  and Figures S11–S13 (Supporting 
Information), the performances of our devices based on the 
RGO electrodes exhibit a distinct improvement with the 
increase of the number of the bilayers  N . Meanwhile, it can be 

      Figure 5.  A–C): output characteristics of the OFETs based on A) the (APTMS/RGO)/(DABNH2/RGO)N, B) (APTMS/RGO)/(BZDNH2/RGO)N, and 
C) (APTMS/RGO)/(TPPNH2/RGO)N electrodes at  V  G  = –100 V. Those using 40 nm Au fi lms as electrodes are also presented for comparison. See 
Supporting Information, Figure S11–S13, for those of the devices at  V  G  = –20, –40, –60, and –80 V. D): a comparison of the output characteristics of 
the devices using (APTMS/RGO)/(APTMS/RGO)5, (APTMS/RGO)/(DABNH2/RGO)5, (APTMS/RGO)/(BZDNH2/RGO)5, (APTMS/RGO)/(TPPNH2/
RGO)5 and 40 nm Au fi lms as electrodes. For other comparisons, wherein the number of the bilayers  N  = 1, 2, 3, and 4 at  V  G  = –100 V, see Figure S14 
(Supporting Information), while  N  = 1, 2, 3, 4 and 5 at  V  G  = –20, –40, –60, and –80 V, see Figures S15–S18 (Supporting Information). 
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integrated devices were measured, as shown in Figures  4 B, 
 5 B and Figure S12 (Supporting Information). Surprisingly, the 
results indicate that compared with the corresponding devices 
based on the (APTMS/RGO)/(DABNH2/RGO)N electrodes of 
the similar number of bilayers  N , those using (APTMS/RGO)/
(BZDNH2/RGO)N as electrodes display decreased perfor-
mances, while they exhibit roughly similar electrical behaviors 
compared with the corresponding OFETs based on (APTMS/
RGO)/(APTMS/RGO)N electrodes (Figures  4 D,  5 D, and 
Figures S10,S14–S18, Supporting Information). Considering 

These facts confi rm that the phenyl units of DABNH2 mol-
ecules intercalated between the RGO interlayers could indeed 
work as electronically active species [  30a  ]  for the improvement of 
the conductance of the LBL fi lms, leading to an improved per-
formance of the corresponding devices. 

 It thus could be expected that improved electrical per-
formances might also be realized in the nanodevices using 
(APTMS/RGO)/(BZDNH2/RGO)N as electrodes, since 
BZDNH2 molecules are also  π -conjugated species. Along this 
line of thought, the transfer and output characteristics of the 

      Figure 6.  Current-voltage ( I–V ) curves of A) the (APTMS/RGO)/(DABNH2/RGO)N, B) (APTMS/RGO)/(BZDNH2/RGO)N, and C) (APTMS/RGO)/
(TPPNH2/RGO)N fi lms. The results of the unreduced GO fi lms, (APTMS/GO)/(DABNH2/GO)5, (APTMS/GO)/(BZDNH2/GO)5, and (APTMS/GO)/
(TPPNH2/GO)5, are also presented in the corresponding panels for comparison. D) The conductance of these fi lms versus the number of bilayers 
 N , wherein those of the (APTMS/RGO)/(APTMS/RGO)N fi lms are also collected in the same panel for comparison. These  I–V  curves were measured 
with  V  G  = 0 V. 

      Figure 7.  Channel width-normalized R Total  of the OFETs using A) (APTMS/RGO)/(DABNH2/RGO)N, B) (APTMS/RGO)/(BZDNH2/RGO)N, and C) 
(APTMS/RGO)/(TPPNH2/RGO)N fi lms as electrodes. The results of the devices using 40 nm Au fi lms as electrodes are also shown for comparison. 
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  3   .  Conclusion 

 In summary, we have shown that amino-substituted 
 π -conjugated molecules, DABNH2, BZDNH2, and TPPNH2, 
could work as cross-linkages for a controllable assembly of gra-
phene-based ultrathin fi lms. The intercalation of these mole-
cules into graphene interlayers endows our fi lms with excellent 
stability, controllable thickness and tunable electrical behaviors. 
The OFETs based on the (APTMS/RGO)/(BZDNH2/RGO)N 
electrodes exhibit almost similar electrical performances to 
those of the devices based on the (APTMS/RGO)/(APTMS/
RGO)N electrodes, which are crosslinked by non- π -conjugated 
compound APTMS. Improved performances could be realized 
when DABNH2 is intercalated, while further enhanced perfor-
mances are achieved when RGO fi lms crosslinked by TPPNH2 
are used. Here, the function of the cross-linkage is dual, that 
is, it could play a crucial role for the excellent stability and con-
trolled thickness of the electrodes and, more importantly, for 
their tunable performances. This makes our graphene-based 
fi lms have bright application futures. We believe that our new 
protocol will provide high-quality graphene-based fi lms not 
only for high-performance next generation organic nanoelec-
tronics, but also for the other desired motives by using elabo-
rately-designed covalent cross-linkages of desired functions.  

  4   .  Experimental Section 
  Materials and Substrates : 1,4-diaminobenzene (DABNH2, Aldrich, 

99%,), benzidine (BZDNH2, Alfa Aesar, 98%), and 5,10,15,20-tetrakis 
(4-aminophenyl)-21H,23H-porphine (TPPNH2, TCI, 95%), 
(3-aminopropyl) trimethoxysilane (APTMS, Alfa Aesar, 97%), which were 
used as covalent cross-linkages for the fabrication of LBL fi lms were 
used as received without further treatments. Graphite power (325 mesh, 
99.9995%), which was used for the synthesis of GO nanosheets 
was purchased from Alfa Aesar. Copper phthalocyanine (CuPc) 
was purchased from the Aldrich Company and purifi ed by gradient 
sublimation twice before use. GO nanosheets were synthesized via a 
chemical exfoliation of the graphite powder using a modifi ed Hummers 
method. [  33  ]  The lateral size of the as-formulated GO nanosheets was 
≈300 nm–1  μ m, and their thickness was ≈0.8 nm. [  33c  ]  

 To fabricate LBL fi lms, quartz plates, silicon slides, and N-doped 
silicon wafer with a 500 nm SiO 2  layer (SiO 2 /Si) 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. Before used, these substrates were rinsed 
and ultrasonicated thoroughly with Milli-Q water and then dried under 
nitrogen fl ow. Silicon slides were employed as the solid supports for 
the measurments of FT-IR, XPS and Raman spectra. SiO 2 /Si wafers 
were used as the solid supports for AFM measurements and for the 
investigation of the electrical performances of the OFETs. For the 
measurement of UV-vis and XRD spectra, quartz plates were used as 
the substrates. 

  Assembly of GO Films by Means of an LBL Protocol, and the Thermal 
Annealing Induced Reduction of the Samples : Before the assembly of the 
LBL fi lms using our  π -conjugated compounds as covalent cross-linkages, 
a (ATPMS/GO) sublayer was covalently anchored on the solid supports 
using APTMS as covalent anchors. [  9a  ]  The obtained (APTMS/GO) fi lms 
were subsequently used as the sublayers for the construction of (APTMS/
GO)/(DABNH2/GO)N, (APTMS/GO)/(BZDNH2/GO)N and (APTMS/
GO)/(TPPNH2/GO)N multilayer LBL fi lms (Scheme  1 ). Experimentally, 
the (ATPMS/GO) sublayer-modifi ed substrates were immersed in a 
DMSO solution of our  π -conjugated compounds for 60 min at 30 °C for 
DABNH2 and BZDNH2, and at 70 °C for TPPNH2, respectively. After 
that, the samples were rinsed and ultrasonicated thoroughly in DMSO 

the fact that the OFETs based on these RGO electrodes have 
a similar contact resistance (Figure  7 ), [  9a  ]  the abnormal per-
formances of the (APTMS/RGO)/(BZDNH2/RGO)N elec-
trodes might be attributed to the conductance of (APTMS/
RGO)/(BZDNH2/RGO)N fi lms. This could be experimentally 
supported by the conductance measurements (Figure  6 B,D), 
wherein it is found that the (APTMS/RGO)/(BZDNH2/
RGO)N fi lms display approximately similar conductance as the 
corresponding (APTMS/RGO)/(APTMS/RGO)N electrodes, 
while smaller conductance compared with the corresponding 
(APTMS/RGO)/(DABNH2/RGO)N electrodes. As it is known 
that different from DABNH2 molecules, which have a planar 
 π -conjugated phenyl unit, a torsion angle of ≈32°–42° exists 
between the planes of the two phenyl units of biphenyl. [  30b  ]  It 
has been proved that this nonplanarity makes biphenyl less 
conductive than phenyl. [  30a  ]  Consequently, it could be sug-
gested that the nonplanarity of the BZDNH2 molecules con-
tributes much [  30a  ]  to the abnormal electrical performances of 
the devices based on the (APTMS/RGO)/(BZDNH2/RGO)N 
electrodes. 

 It thus could be seen that the intercalation of cross-link-
ages of different  π -conjugated systems into the interlayers of 
our covalently bridged RGO fi lms could arouse interesting 
electrical behaviors. As known, as one of the most distin-
guished  π -conjugated molecules, porphyrins, which are com-
posed of four pyrrole rings bridged together via the  α  posi-
tion through four methine groups, have recently received 
much attentions as electronically active components for 
diverse nanodevices. [  10d  ,    32  ]  This is resulted from their unique 
planar as well as rigid molecular geometry and aromatic elec-
tronic feature delocalized over their molecular frame, which 
favor an effective charge carrier transport and thus high-per-
formance nanoelectronics. [  10d  ,    32  ]  As shown in Figures  4 C,  5 C 
and Figure S13 (Supporting Information), the transfer and 
output characteristics of the OFETs using (APTMS/RGO)/
(TPPNH2/RGO)N fi lms as the source/drain electrodes are 
also investigated. It can be seen that compared with the cor-
responding OFETs using (APTMS/RGO)/(APTMS/RGO)
N, (APTMS/RGO)/(DABNH2/RGO)N and (APTMS/RGO)/
(BZDNH2/RGO)N fi lms of the similar number of bilayers  N  
as the electrodes, those based on (APTMS/RGO)/(TPPNH2/
RGO)N electrodes display evidently improved performances 
(Figure  4 D,  5 D, and Figures S10,S14–S18, Supporting 
Information). 

 On one hand, as shown in Figure  7 , all of our devices based 
on RGO electrodes display approximately similar contact 
resistance. On the other hand, as suggested by the conduct-
ance measurements shown in Figure  6 C, the (APTMS/RGO)/
(TPPNH2/RGO)N fi lms, using TPPNH2 as the cross-linkages, 
display distinctly larger conductance compared with the corre-
sponding fi lms of (APTMS/RGO)/(APTMS/RGO)N, (APTMS/
RGO)/(DABNH2/RGO)N and (APTMS/RGO)/(BZDNH2/
RGO)N, which use ATPMS, DABNH2, and BZDNH2 as the 
cross-linkages, respectively (Figure  6 D). Accordingly, these 
facts confi rm that the improved performance of the OFETs 
based on the (APTMS/RGO)/(TPPNH2/RGO)N electrodes 
is, to a great extent, owing to the effective conjugation system 
of porphyrins, [  10d  ]  which favors an effi cient charge carrier 
transport.  
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for 15 min, wherein the ultrasonication performances were carried out 
repeatedly three times. Then, the resultant samples were dried under 
nitrogen fl ow. Subsquently, the as-prepared samples were immersed 
in an an aqueous dispersion of GO nanosheets for 60 min, after which 
the formulated fi lms were rinsed and ultrasonicated thoroughly in 
water for 15 min, which was also performed repeatedly three times. 
Multilayered GO LBL fi lms with desired number of bilayers  N  could 
thus be formulated by repeating the above operations alternately and 
consecutively, as shown in Scheme  1 . The fabricated fi lms could be used 
for various characterizations or for the fabrication of nanoelectronics. 

 To obtain RGO fi lms, the above-fabricated GO LBL fi lms were 
thermally annealed for 16 h at 180 °C under a fl ow of argon gas. [  22b  ,    25  ]  
The thermal annealing was performed in a tube oven (Lindberg/
BlueM3-zone tube oven, Blue-M, White Deer, PA). After the annealing 
treatments, the samples were subjected to various characterizations, 
measurements, or to the fabrication of OFETs. 

  Stability of the Formulated Graphene-Based Films : The formulated 
covalently crosslinked GO or RGO fi lms were ultrasonicated in Milli-Q 
water (250 W, 40 kHz) for 5 h with the water bath temperature maintained 
at  ca.  20 °C. The ultrasonication operations were carried out using 
an ultrasonic cleaner (KQ250B, 250 W, 40 kHz, Kunshan, Ultrasonic 
Instruments Co. Ltd, Kunshan, China). After such ultrasonication 
treatments, the samples were washed with water thoroughly and dried 
under nitrogen fl ow. Then, the UV-vis spectra of the obtained sample 
were measured. 

  Fabrication of OFETs Using Our  π -conjugated Molecules Crosslinked 
Films as Source/Drain Electrodes : To obtain source/drain electrodes, a 
40 nm aluminum fi lm was evaporated onto our graphene-based fi lms 
under vacuum by using a copper grid, which has a channel length of 
26  μ m and width of 200  μ m, as a mask. The uncovered area of the 
graphene fi lms could be eliminated via an oxygen plasma cleaner (the 
clear operation was performed for 5 min with 20 sccm O 2  fl ow and 
300 W rf power). Subsequently, patterned graphene-based electrodes 
were produced via a wet etching of the aluminum fi lm by immersing the 
samples in a 10% HNO 3  solution for 30 min at 50 °C. [  27a  ]  Experimentally, 
we found that the properties of our samples after the patterning displayed 
negligible changes. This was resulted from the existence of the covalent 
bonds between the interlayers, which made our LBL fi lms have an excellent 
stability. For the integration of OFETs, a CuPc fi lm of 40 nm, which serve 
as active layer, was evaporated on the patterned electrodes under vacuum. 

  Apparatus, Characterizations, and Measurements : JASCO IR-660 and 
JASCO UV-550 spectrometers were used for the measurements of the 
FT-IR and UV-vis spectra, respectively. Raman spectra were investigated 
on a Renishaw inVia plus Raman microscope using a 514.5 nm argon 
ion laser. X-Ray diffraction (XRD) measurements were performed on 
a PANalytical X’Pert PRO instrument with Cu K α  radiation. The X-ray 
photoelectron spectroscopy (XPS) was measured on an ESCALab220i-XL 
electron spectrometer from VG Scientifi c using 300 W Al K α  radiation, 
wherein 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 by using the tapping mode 
on a Digital Instrument Nanoscope IIIa Multimode system (Santa 
Barbara, CA) with a silicon cantilever. The microscopic optical images 
of patterned electrodes were recorded by an optical microscopy (Zeiss). 
The performances of our OFETs in terms of the transfer and output 
characteristics, and the  I–V  characteristics of our graphene-based 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 noted. 

 The channel width-normalized contact resistances ( R  C  W ) of our 
devices were measured on Keithley system by a transfer length method 
(TLM). [  28,29  ]  The  R  Total  was deduced 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.  
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