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 Most nanoelectronic devices are fabricated on rigid, fl at, and 
smooth substrates such as Si/SiO 2 , since well-established 
semiconducting fabrication processes are typically utilized for 
such devices. [  1  ]  However, there has been growing interest in 
non-conventional substrates such as soft plastic or nonplanar 
ones for possible applications in fl exible, foldable, or implant-
able electronics. [  2  ,  3  ]  For these future applications, it is essen-
tial to establish fabrication processes for devices on diverse 
substrates. 

 A common approach is fi rst to place the active nanomaterials 
such as carbon nanotubes (CNTs), graphene, or nanowires on 
a new substrate, [  4  ]  and then to add electrical connections using 
the same fabrication processes that have been well-developed 
for conventional substrates such as Si, as long as the target 
substrate is compatible with the chemical or thermal processes 
involved. [  5  ,  6  ]  An alternative, yet promising approach is to apply 
all the fabrication steps on a conventional substrate such as Si/
SiO 2  and then transfer-print the entire working device onto the 
target substrates. [  7  ,  8  ]  In this way, harsh synthesis and fabrication 
steps can be avoided on the target substrate. It has been dem-
onstrated that Si devices can be transfer-printed this way with 
or without sacrifi cial layers onto various substrates. [  2  ,  8  ]  In these 
cases, however, devices were fi rst fabricated on an elastic elas-
tomer substrate such as polyimide (PI) on top of Si and then 
transfer was completed by pasting the elastomer substrate on 
various other substrates with or without an additional adhesive 
layer fi rst applied on the target substrates. 

 CNTs are a diffi cult material to transfer owing to their 
small diameters (1–3 nm) and strong adhesion to the sub-
strate. Conformal coating of CNTs with a strong adhesion layer 
such as gold is typically used to transfer CNTs from growth 
substrates to other substrates. [  4  ,  6  ]  So far, most CNT devices 
on fl exible substrates have been fabricated using transferred 
CNTs (either from the dispersion solution or the growth sub-
strate) followed by fabrication processes on the substrates, 
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which still has limitations associated with process compatibili-
ties. These problems can be circumvented if fabricated CNT 
devices as a whole can be released and transfer-printed on the 
target substrates. CNTs (and also graphene) are well suited for 
this type of process since they are very robust and resistant to 
harsh chemical processes so that SiO 2  can be easily used as 
a sacrifi cial layer without degrading their electrical properties. 
A similar approach was used before to transfer as-fabricated 
CNT devices onto fl exible substrates that were also used as an 
adhesive and a holder. [  7  ,  9  ]  In these cases, original CNT devices 
were transferred to the fl exible substrates in upside-down 
confi guration. 

 In this Communication, we report direct transfer-printing of 
as-fabricated CNT devices onto various non-conventional sub-
strates, in which we can place an exact replica of the original 
device on a new substrate. CNTs are fi rst thermally grown on 
a Si/SiO 2  substrate by chemical vapor deposition (CVD) and 
electrodes are patterned with semiconductor processes. Whole 
device structures are coated with poly(methyl methacrylate) 
(PMMA) and then released by etching the sacrifi cial SiO 2  layer. 
The devices are then transfer-printed onto nonplanar, soft, or 
rough substrates with high fi delity by dissolving PMMA. In 
this way, the Si/SiO 2  substrate which CNTs were contacting in 
the original devices is replaced by various target substrates. We 
compared electrical characteristics of the devices before and 
after the transfer. We also applied the same process to graphene 
devices successfully. By minimizing processing steps on the 
target substrates (only mild thermal stress, 80  ° C, and exposure 
to acetone), usable substrates for CNT devices can be greatly 
diversifi ed. 

   Figure 1   illustrates our transfer-printing processes. First, 
a thin layer ( ∼ 2  μ m) of PMMA (solids content 6%, molecular 
weight 495 kDa) is spin-coated on the CNT devices (Figure  1 a) 
at 500 rpm for 5 s, followed by 2000 rpm for 40 s, then the 
PMMA layer is hardened at 120  ° C for 120 s on the hotplate 
(Figure  1 b). The whole structure is submerged in a buffered 
oxide etch (BOE) solution at 90  ° C for several hours to etch 
away the sacrifi cial SiO 2  layer. When etching is complete, the 
PMMA/CNT-device fi lm is released and fl oats freely on the sur-
face of the BOE bath (Figure  1 c). At this stage, the CNT devices 
are supported only by the PMMA fi lm and the bottom of the 
original device is exposed. The PMMA-supported CNT devices 
are cleaned in a deionized water bath to remove remaining 
etchant. The PMMA-supported CNT devices are now ready 
for the transfer-printing procedure (Figure  1 d). Thin (a few 
micrometers) freestanding PMMA fi lms are diffi cult to handle 
unless they are kept in a water bath. For the transfer, we put 
the target substrate into the water bath, underneath the fl oating 
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     Figure  1 .     Transfer-printing process fl ows for CNT devices onto non-conventional substrates: a) the CNT devices are pre-fabricated on a Si/SiO 2  sub-
strate, b) PMMA is spin-coated on the device, c) SiO 2  is etched in BOE, d) and the PMMA/CNT-device fi lm fl oats in the water bath. Two paths can 
be taken from (d). In the fi rst path (e,f), the PMMA/CNT-device fi lm is fl ipped over as in (e) and placed on a foreign substrate as in (f). In this way, a 
partially buried CNT device in PMMA fi lm is obtained with a back gate in (f). In the second path, CNT devices are printed on non-conventional sub-
strates: g) PMMA/CNT-device fi lm on a non-conventional substrate. h) CNT devices are printed as PMMA is dissolved in acetone.  
PMMA-supported CNT devices, and lift up the fi lm with the 
substrate. An additional supporting back plane such as thermal 
tape can be used for easier handling when necessary. We can 
either use the PMMA/CNT-device fi lm as a stand-alone device 
or transfer-print it onto a new substrate. In order to use it as 
a stand-alone device, we fl ip over the PMMA/CNT-device fi lm 
(Figure  1 e) with device side on top and put it on different sub-
strates, since the fi lm is fl exible and conforming (Figure  1 f). 
In this way, the PMMA/CNT-device fi lm can act as a stand-
alone device itself with PMMA fi lm as a dielectric layer. For the 
transfer-printing, the PMMA/CNT-device fi lm is fi rst laid on 
the target substrate with the device side toward the substrate 
(Figure  1 g). After being dried with N 2  gas, the entire structure 
is heated in an oven at 80  ° C for 1 h to remove trapped water 
and improve adhesion. Finally, the PMMA fi lm is dissolved in 
acetone, leaving only the CNT devices on the target substrates 
(Figure  1 h). In this scheme, the original CNT devices are cut 
and placed on a new substrate, preserving their original device 
confi gurations.  

 We fi rst discuss experiments with the PMMA-supported 
CNT devices placed on a variety of substrates, which can also 
act as back gates. We prepared PMMA-supported CNT devices 
following the process in Figure  1 e,f. We fi rst placed them on 
Al foil and measured the electrical properties, using the Al 
foil as a back gate. We then peeled off the PMMA-supported 
devices and placed them on a poly(ethylene terephthalate) 
(PET) fi lm that had been sprayed with a conducting fi lm of 
CNTs. We repeated this sequence also on an Al rod (diameter 
20 mm), and fi nally on a Si/SiO 2  substrate (thickness of SiO 2  
is 220 nm), as shown in  Figure    2  a. There were 37 conducting 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
devices in the original chip on Si/SiO 2  substrate and all 37 
devices were still conducting as measured on the four dif-
ferent substrates. Figure  2 b shows the  I – V  G  characteristics 
of a representative device when it was on different substrates 
as in Figure  2 a. Compared to the  I – V  G  characteristics of the 
pristine device, the PMMA-supported CNT devices show much 
reduced gate response and almost no hysteresis. Reduced gate 
response is expected since the dielectric layer (PMMA, a few 
micrometers thick, dielectric constant  ∼ 2.6) is much thicker 
than the original SiO 2  (220 nm thick) dielectric. Gate capaci-
tance varies as 1/ln(4 t  dielectric / d ), where  t  dielectric  is the thickness 
of the dielectric and  d  is the diameter of a CNT. Therefore, a 
roughly 3–4 times smaller gate response is expected. However, 
current levels are mostly comparable and sometimes even 
a higher current is observed, which indicates that good elec-
trical contacts are maintained. On the other hand, hysteresis 
almost completely disappears for the PMMA-supported CNT 
devices, probably due to either the hydrophobic PMMA surface 
reducing the effects of water [  10  ]  or the charge-trapping char-
acteristics of PMMA differing from those of SiO 2 . [  11  ]  Results 
presented in Figure  2  demonstrate that CNT devices detached 
from the original growth and fabrication substrate as described 
in this Communication can still maintain their electrical char-
acteristics, indicating that electrical contacts between CNTs 
and metal electrodes are preserved.  

 After cycling the PMMA-supported CNT devices through 
different substrates as in Figure  2 , we transfer-printed the CNT 
devices by laying the PMMA/CNT-device fi lm on a new Si/
SiO 2  substrate with device side down and dissolving PMMA 
with acetone, following the procedure in Figures  1 g and h. We 
GmbH & Co. KGaA, Weinheim Adv. Mater. 2012, 
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     Figure  2 .     a) CNT devices fabricated on a Si/SiO 2  substrate are released from the substrate following the process in Figure  1 . The PMMA/CNT-device 
fi lm is fl ipped over and placed on an Al foil, a CNT-sprayed PET fi lm, an Al rod (diameter 20 mm), and a Si/SiO 2  substrate successively (clockwise 
from left). b)  I – V  G  characteristics of a representative device as it is placed on the different substrates in (a) (black line: original Si/SiO 2 , gray line: Al 
foil, closely dotted line: CNT-sprayed PET fi lm, dotted line: Al rod, dashed line: new Si/SiO 2 ). Arrows indicate the direction of the gate sweep. Bias was 
100 mV. Inset: Schematic of a CNT device embedded in the PMMA fi lm.  
present one example of such CNT devices in  Figure    3  . The 
optical image in Figure  3 a clearly shows that patterns of six 
(whole pattern size is  ∼ 20 mm  ×  10 mm) are transferred. The 
atomic force microscopy (AFM) images of one of the devices 
in the as-fabricated sample (Figure  3 c) and the same device in 
the printed sample (Figure  3 d) show that the electrodes and 
CNTs are transferred with high fi delity. All the CNTs in the 
original devices can be accounted for in the transferred device. 
Some PMMA residues remain on the printed devices, which 
may be cleaned further by prolonged dipping in acetone. For 
this particular process, 28 out of 37 conducting devices in the 
original sample survived the transfer. The less perfect transfer 
yield in this case is probably due to mechanical damage during 
successive transfer onto different substrates, as in Figure  2 a. 
We obtained almost 100% transfer yield when we directly 
transferred print devices, as explained below. More examples 
of the same process are presented in the Supporting Informa-
tion (Figures S1 and S2). Also the  I – V  G  characteristics of some 
devices before and after the process show almost the same 
characteristics in terms of on/off state current, hysteresis, and 
transconductance as in Figure  3 b. In many cases, the  I – V  G  
characteristics of CNT devices are believed to be signifi cantly 
affected not only by the intrinsic CNT properties but also by 
the properties of the substrate, such as surface states or charge 
traps in SiO 2 . [  12  ]  However, the result in Figure  3 b indicates that 
the observed device characteristics may be mostly intrinsic 
to this device and no signifi cant substrate effect is playing a 
© 2012 WILEY-VCH Verlag GmAdv. Mater. 2012, 
DOI: 10.1002/adma.201201794
role here. More data from the same process are presented in 
Figure S3 (Supporting Information).  

 After confi rming that we could transfer-print CNT devices 
with high fi delity, we tried various non-conventional substrates 
as target substrates. Some results are presented in  Figure    4  . 
Identical transfer-printing processes as explained in Figure  1  
were used for all the results in Figure  4  and in the Supporting 
Information. First, we chose rigid substrates such as glass. 
We were able to transfer-print CNT devices on both planar 
and nonplanar glass substrates, as shown in Figures  4 a and 
b. The PMMA/CNT-device fi lm is fl exible and conforming so 
that it can be easily placed on the cylindrical surface of a glass 
vial (with diameter 20 mm) as shown in Figure  4 b. Since there 
was no back gate in the case of glass substrates, we compared 
 I – V  DS  characteristics of devices before and after the process. 
They show almost the same  I – V  characteristics as those meas-
ured at zero gate voltage in the original devices, as shown in 
Figures  4 a and b. The transfer yield in both cases was 100%. 
Next, we applied the same method to fl exible plastic substrates. 
We tried both PET and poly(ethylene naphthalate) (PEN) sub-
strates; results for the PET and PEN substrates are shown in 
Figure  4 c and Figure S4 (Supporting Information), respectively. 
Both substrates suffer little damage after short ( ∼ 5 min) dip-
ping in acetone solution to remove PMMA. These substrates 
are rougher than SiO 2  or glass substrates so that the transfer is 
more challenging (see Figure S6, Supporting Information). As 
shown in Figure  4 c, the process also works for these substrates. 
3wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  3 .     a) Optical image of the printed CNT devices on Si/SiO 2 . (The original chip is shown 
in Figure  2 a.) b)  I – V  G  characteristics of a CNT device before (black) and after (gray) the printing 
process. Bias was 100 mV. Arrows indicate the direction of the gate sweep. c) AFM topographic 
image of the original device with the  I – V  G  characteristic shown in (b). d) AFM image of the 
same device after the process as in (a). Scale barsrepresent 1  μ m.  

     Figure  4 .     Examples of CNT devices and representative  I – V   DS   characteristics before (black) and 
(planar), b) a glass vial (diameter 20 mm), c) a PET substrate (fl exible), and d)photographic pape
The transfer yield in these cases was also 
100%. However, the resistance of the device 
is typically 2–3 times that of the original 
device, as shown in Figure  4 c and Figure S5c 
(Supporting Information).  

 We also tried more challenging substrates 
for the process. Different kinds of paper sub-
strates were tried with success. We followed 
the same procedures to print CNT devices 
on paper substrates as shown in Figure  4 d. 
We could not dip the whole substrates in 
acetone solution as in the other cases, but 
had to remove PMMA step by step by par-
tial dipping or using acetone drops. Photo-
graphic paper worked as a target substrate. 
Unlike the other reported cases, no adhesive 
layer was used, but the CNT devices were 
directly printed on the photographic paper 
in Figure  4 d. All the transferred CNT devices 
still show conduction on this substrate. As 
shown in AFM images of the transferred 
devices on these substrates (Supporting 
Information, Figure S6d), the surface is 
even rougher than on the plastic substrates, 
but the transfer still works. Applying device 
fabrication processes directly on these kinds 
of substrates is very diffi cult, and high-tem-
perature growth of CNTs on these substrates 
would be impossible. Therefore, transfer-
printing of the whole device structures, 
as demonstrated here, is a very effective 
strategy.  I – V  DS  characteristics of transferred 
CNT devices on paper substrates show much 
eim

after (gray) the transfer-printing to a) a cover glass 
r.  
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reduced currents, as shown in Figure  4 d and Figure S5d, 
similar to plastic substrate cases. 

 A more statistical representation of the results in terms of 
conductance changes after transfer-printing on different sub-
strates is presented in Figure S5 (Supporting Information). Gen-
erally, conductance was reduced more on rough substrates such 
as plastic and paper. Since these substrates are rough, some 
CNTs may got lost or electrodes may not make intimate contact 
with the target substrate. Another possibility is that the surface 
condition of these substrates is quite different from the SiO 2  
case. Therefore, CNTs may be in a very different electrostatic 
environment with different effective gate electric fi eld. Since 
these devices originally exhibited quite strong gate responses, a 
different effective gate state can result in a quite different resist-
ance. In any case, we have shown that working CNT devices 
can be placed on these very diffi cult substrates, signifi cantly 
extending the range of usable substrates for CNT devices. 

 We can also apply various surface functionalizations on a 
target substrate to control the characteristics of a printed device. 
As an example, we investigated the effect of pre-treating a Si/
SiO 2  target substrate in a dilute (2%) HF solution for 20 s. This 
process is known to make the SiO 2  surface hydrophilic. [  13  ]  We 
found that CNT devices show a marked increase in on-state cur-
rent when the SiO 2  surface is pre-treated in this way, as shown 
in  Figure    5  . The increase in the on-state current is associated 
with better electrical contacts between CNTs and metal elec-
trodes. The more uniform hydrophilic surface arising from the 
pre-treatment in this case may make more intimate contacts 
owing to the capillary force between the CNT devices and the 
new substrate. Another possibility is that the effective doping of 
CNT, especially at the CNT–electrode contacts due to extra neg-
ative charges on the target surface, can improve the contacts. 
On the other hand, the increased hysteresis as in Figure  5  may 
© 2012 WILEY-VCH Verlag G

     Figure  5 .     Representative  I – V G   characteristics of a CNT device before 
(black) and after (gray) the transfer-printing process onto a different 
hydrophilic Si/SiO 2  substrate. Bias was 100 mV. Arrows indicate the direc-
tion of the gate sweep. Insets: Water droplet on the new SiO 2  surface 
before (upper picture) and after (lower picture) being dipped in a dilute 
(2%) HF solution for 20 s.  
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be due to more water adsorption on the surface, as previously 
reported. [  10  ]   

 As another example of transfer-printing of whole devices, we 
also applied the same process to graphene devices. Graphene, 
which is grown by CVD, usually requires elastomer-supported 
transfer steps onto device substrates. [  14  ]  Instead we fi rst fab-
ricated graphene devices using transferred graphene on a Si/
SiO 2  substrate, then transfer-printed graphene devices on a new 
Si/SiO 2  substrate according to the same transfer process as for 
CNT devices. The results are presented in Figure S7 (Supporting 
Information). Compared to CNT devices, an overall decrease in 
current levels is observed for the graphene case. As graphene is 
a two-dimensional material, it may be more diffi cult to main-
tain good electrical contacts during the transfer, compared to 
CNTs. We found that we could improve the electrical contacts 
of transfer-printed graphene devices by post annealing. 

 We believe that good adhesion between electrodes and CNTs 
is essential for successful and reproducible transfer-printing of 
CNT devices. The advantage of transferring the whole devices is 
that intimate contacts between CNTs and electrodes are already 
made on the smooth SiO 2  substrates as CNTs are partially 
buried in the electrodes. Therefore, good electrical contacts 
even on rough substrates are expected to be maintained, as 
demonstrated for different substrates in this study. Also active 
CNTs, as they are connected to electrodes, have a better chance 
of surviving the transfer process as a whole. 

 In conclusion, we have shown that CNT devices can be easily 
prepared on various non-conventional substrates such as non-
planar glass, fl exible plastic, and paper substrates by transfer-
printing of whole device structures. In this way, a replica of 
the original CNT device can be prepared on a new substrate. 
A simple release-and-transfer scheme works very well for 
CNT devices and it was found that electrical characteristics of 
the devices are well preserved for many target substrates. By 
separating the growth of CNT and the device fabrication proc-
esses from the target device substrates, the usable substrates 
for CNT devices can be greatly diversifi ed. We believe that this 
technique can also provide a platform for studying interactions 
between CNTs and various surfaces and their role in the device 
characteristics. 

  Experimental Section 
  Growth of carbon nanotubes : The CNTs used for this study were grown 

from randomly dispersed Fe catalysts by CVD. Highly doped Si (p-type, 
 <  0.005  Ω  cm) with a 220 nm-thick SiO 2  layer was used as a substrate for 
the growth and subsequent device fabrication. We deposited Fe catalysts 
by dipping the substrates in Fe(NO) 3  · 9H 2 O in isopropyl alcohol (IPA) 
solution. Afterwards CNTs were grown by CVD at 800  ° C under the gas 
fl ows of 6 sccm C 2 H 4 , 200 sccm H 2 , and 800 sccm Ar. 

  Device fabrication : A typical photolithography process with bilayer 
photoresist was used to pattern the source and drain electrodes with a 
gap size of 2–8  μ m. Electrodes were formed by e-beam evaporation of 
Ti (1.5 nm thick) and Au (30 nm thick), followed by lift-off. Six identical 
patterns (pattern size: 4 mm  ×  4 mm) with 36 electrode pairs were 
fabricated in one batch. 

  Device characterizations : We used AFM to examine topographic 
features of the devices during process fl ows.  I – V  characteristics of the 
devices were obtained under ambient conditions with voltage sources 
and a current amplifi er. For the electrical characterizations, we usually 
5wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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