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       Semiconducting single-walled carbon nanotubes (SWCNTs), 

with their direct bandgap and one-dimensional (1D) structure, 

have promising applications in nanoelectronics and opto-

electronic devices, [  1,2  ]  including in carbon-nanotube (CNT)-

based near-infrared light sources, as saturable absorbers in 

ultrafast lasers, [  3  ]  as infrared detectors in optical communi-

cation, in photovoltaic cells, [  4  ]  as quantum light sources, [  5  ]  

and in fl uorescent biolabeling. [  6  ]  In particular, CNT-based 

light sources, including those based on fi eld-effect transistors 

(FETs) and light-emitting diodes (LEDs), have been made 

using both single SWCNTs and thin fi lms of them. [  7–15  ]  The 

basic electroluminescence (EL) mechanism and properties 

of single-CNT-based light sources have been investigated. 

However, due to the low current capability of a single CNT, 

these devices usually have relatively low EL intensity and 

poor homogeneity in device performance, which limits the 

applications of these single-nanotube emitters. To overcome 

these limitations, thin-fi lm emitting devices were fabricated 

using both network and aligned arrays of CNTs which can 

sustain much larger current than devices based on individual 

CNTs. However, emission peaks in EL spectra obtained 

from these CNT-fi lm-based devices are very broad and are 

also dependent on the nanotube-diameter distribution, and 

the EL processes are further complicated due to the exciton 

transfer from small-diameter CNTs to larger ones. [  16,17  ]  Fur-

thermore, the presence of metallic CNTs in these fi lms leads 

to a low emission effi ciency due to the quenching process of 

excitons with nonradiative energy transfer. [  13,18  ]  In an early 

report, near single-chirality CNT-array FETs were fabricated 

by using purifi ed CNT samples obtained by density gradient 

ultracentrifugation. [  19  ]  However, the device performance was 

severely limited by the poor material quality of the solu-

tion-treated CNTs, in which large quantity of defects were 

present. Here we report the fabrication and performance 

characteristics of light-emitting devices that use serpentine 

CNTs grown directly on quartz. These serpentine-CNT-based 

light-emitting devices have multiple parallel CNT channels 

of identical chirality; this represents the ideal structure for 

scaling up the power of the CNT LEDs, which are free of the 

usual negative effects that are due to the complicated inter-

actions between CNTs of different diameters and chiralities. 

EL results obtained from the serpentine-CNT-based LEDs 

are compared with that from a device based on a single CNT 

on SiO 2 /Si and on aligned arrays of CNTs on quartz, which 

makes it possible to analyze the EL mechanism of the CNT 

LED devices and to integrate these highly effi cient emitting 

devices with other optoelectronic components, such as photo-

detectors, in on-chip optical interconnect systems. [  20  ]  

 Serpentine CNTs were grown on quartz by using a 

chemical vapor deposition (CVD) method, as previously 

reported. [  21–23  ]  One striking feature relevant to this work is 

that the serpentine CNT has many parallel CNT segments 

with identical chirality ( Figure    1  a). This complex CNT mor-

phology is a result of several factors that compete with each 

other during the growth process, in particular the gas fl ow 

and the strong interaction between nanotube and substrate 

lattice. [  21–23  ]  Two-terminal device geometry with asymmetric 

metal contacts is used in this work. Briefl y, the serpentine-

CNT-based LED was fabricated directly on quartz substrate 

by using palladium as the hole or p contact and scandium as 

the electron or n contact. Earlier studies shown that Sc or Y 

can form a perfect ohmic contact with the conduction band 

of the CNTs, [  24,25  ]  while Pd can form a perfect ohmic contact 

with the valence band of the CNTs. [  26  ]  A semiconducting 

CNT asymmetrically contacted by these two types of contacts 

acts effectively as a p–n junction with high carrier-injection 

effi ciency and low operating voltage. [  27  ]  This doping-free 

method may readily be adopted to fabricate highly effi cient 

LEDs by using serpentine CNTs to create many parallel 

CNT channels of identical chirality in each LED device. 

Since the EL intensity from a CNT LED is directly propor-

tional to the device current, the use of serpentine CNTs is 

highly benefi cial. A single CNT channel can typically sustain 

a few microamperes of current, while greater than 25  μ A 

may generate more heat in the CNT than that would be 

effectively dissipated, which leads to electric breakdown of 
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the CNT channel. Typically a serpentine CNT can provide 

ten parallel channels for the current, which leads to a cur-

rent capability of about a few tens of microamperes, and this 

current level can be further increased to milliampere level by 

using a fi nger structure as shown in Figure  1 b. To protect and 

improve the stability of the device, the device is fully covered 

with a 180-nm thin fi lm of polymethylmethacrylate (PMMA). 

Details of the device fabrication and EL measurements can 

be found in the Experimental Section.  

 Conventionally, CNT light-emitting devices can be divided 

into two types: 1) Ambipolar type, where electrons and holes 

are injected into the channels simultaneously and form exci-

tons which subsequently recombine to yield EL; examples 

of this type of devices including ambipolar FETs, [  1–8  ]  p-i-n 

diodes based on split-gate FETs, [  7  ]  and two-terminal LED 

with asymmetric metal contacts. [  4,9  ]  2) Unipolar type, where 

only one type of carrier (electrons or holes) is injected into 

the channel, and the excitons are created locally through 

such effects as impact ionization and then recombine radia-

tively. [  1,14  ]  Figure  1 c is a schematic illustration of EL mecha-

nism of the two-terminal CNT LED with asymmetric Sc and 

Pd contacts. At high forward bias, electrons and holes are 

injected into the CNT channel without barrier, and some 

of them will form excitons via Coloumb interaction and 

subsequently recombine to yield infrared 

emission. At zero or low reverse bias, both 

types of carriers (electrons and holes) are 

subjected to a large potential barrier (of 

the order of the bandgap of the CNT), and 

the device current is signifi cantly reduced 

from that at forward bias. [  4,9  ]  

  Figures    2  a and  2 b show two typical 

current–voltage ( I – V ) plots of two serpen-

tine-CNT-based devices on quartz, which 

may be readily used for identifying the 

electric properties of the serpentine CNT, 

i.e., whether it is metallic or semicon-

ducting. For a semiconducting serpentine-

CNT-based device, the  I – V  curve exhibits 

a typical rectifying-diode behavior 

(Figure  2 a). On the other hand, for a 

metallic serpentine-CNT-based device, the 

 I – V  curve appears symmetric with typical 

linear behavior at low bias that changes 

to saturation behavior at high bias with 

 V  = 2 V (Figure  2 b). This change arises 

because a metallic CNT can form ohmic 

contact with both Pd and Sc contacts. To 

further verify these results, a top-gate 

FET with a 45-nm Al 2 O 3  dielectric and 

10-nm Pd metal gate was fabricated after 

EL measurements and the device (that 

shown in Figure  2 a) showed a current 

on–off ratio of more than 100 (Figure  2 c), 

which is characteristic of a semiconducting 

CNT. The asymmetric-contact method is 

convenient to identify CNT properties 

without needing to ascertain transfer char-

acteristics of the device, which can only be 

measured through additional gate-voltage control, as in FET 

devices. This method is especially convenient for identifying 

CNTs grown on such substrates as quartz and polymer, since 

these materials are insulating and cannot be used as back 

gates, as in the case of SiO 2 /Si substrates.  

 Since effectively tens of identical CNT channels are 

involved in our serpentine-CNT-based LED with fi nger struc-

ture (Figure  1 b), the total current in the device is signifi cantly 

larger than that in a device based on a single CNT, and leads 

to much stronger EL intensity. Figure  2 d shows a typical 

infrared emission spectrum obtained from a semiconducting 

serpentine-CNT-based LED measured with a bias  V  = 3.2 V 

and current  I  = 52  μ A. Two emission peaks can be identifi ed. 

The lower energy emission peak (peak 1) is at 0.85 eV with 

a full width at half-maximum (FWHM) value of 42 meV, and 

the higher energy peak (peak 2) is at 0.94 eV with a wider 

FWHM of 124 meV. To identify the nature of these emission 

peaks, we characterized the CNT by atomic force micro scopy 

(AFM), and the diameter of the nanotube is estimated to be 

1.1 ± 0.2 nm (Supporting Information, Figure S1). A semi-

conducting CNT with this diameter is associated with a pho-

toluminescence (PL) peak due to the E 11  exciton transition 

at about 0.85 eV, [  28  ]  which is the same energy as peak 1 of 

Figure  2 d. The FWHM of this EL peak is also in the same 

      Figure 1.  Structure and operation principle of CNT LED arrays. a) SEM image showing 
serpentine-CNT-based diode arrays on quartz. The CNT is grown by CVD, and is contacted 
asymmetrically by Sc (70 nm, yellow) and Ti/Pd (0.3/70 nm, blue). The width of the contact 
is about 0.5  μ m and the channel length is about 2  μ m. b) Schematic of device structure of 
the CNT LED arrays fabricated using asymmetric contacts on quartz substrate. In addition to 
the Sc and Ti/Pd contacts, test pads are also connected to these contacts; in real devices 
these are made of Ti/Au. c) Schematic energy-band diagram showing a CNT diode at high 
forward bias. Electrons and holes are injected into the channel from Sc and Ti/Pd electrodes, 
respectively. 
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order of magnitude as that of the room temperature PL 

and EL spectra with asymmetric contacts or electrostati-

cally doped p-i-n diodes, i.e., about 25 to 40 meV. [  29–31  ]  The 

lower energy emission peak (peak 1) can thus be identifi ed 

as coming from the E 11  excitonic transition of the CNT and 

the higher energy peak (peak 2) with a FWHM 124 meV is 

obviously different from the single-chirality CNT EL results 

on SiO 2 /Si substrate. The FWHM of peak 2 is much wider 

than that of peak 1, which is typical of an excitonic E 11  transi-

tion of the CNT. Peak 2 also cannot be identifi ed as the E 11  

continuum. The exciton binding energy ( E  b ) for a CNT with 

 d  = 1.1 nm and embedded in SiO 2 /PMMA dielectric is about 

0.2–0.3 eV. This large value is due to the 1D structure of the 

CNT and the less-effective dielectric screening in this envi-

ronment, which is SiO 2  (with εeff ≈ 2.5 ) covered with PMMA 

(with εeff ≈ 3 ). So the bandgap of the CNT is estimated to 

be about 1.05–1.15 eV, which is much larger than the cor-

responding energy value of peak 2 at 0.94 eV. The emission 

peak 2 is thus excluded from coming from the interband tran-

sition. [  32  ]  It should be noted that in our devices the operating 

voltage (ca. 2–3 V) is relatively low, and this low bias cannot 

provide a suffi ciently strong local electric fi eld to arouse 

the strong interaction of the excitonic state E 11  with higher 

energy excitonic or band-to-band continuous states. [  1,7  ]  At 

the same time, the lineshape of the interband transition 

peak is usually not symmetric because of the mixture of the 

excitonic states and the continuum states. However, peak 2 

at 0.94 eV appears clearly at low voltage with a symmetric 

lineshape (Figure  2 d), and cannot thus be identifi ed as the 

E 11  continuum. Another possibility for the appearance of 

this peak is the blackbody radiation caused by Joule heating. 

We can estimate the temperature of the carbon nanotube by 

using the measured energy value for peak 2 (0.94 eV) and 

Wien displacement law to yield Equation (1)

T = b

8max
= 2.90 × 106

1240/0.94
K ≈ 2.34 × 103K,

 
 (1)

  

    i.e., if a CNT is going to produce an energy peak at 0.94 eV 

as for peak 2 in Figure  2 d via blackbody radiation, the tem-

perature of the CNT would be 2340 K. However, it is impos-

sible for a device fabricated on quartz to reach such a high 

temperature, because quartz has a large thermal conduc-

tivity, and is very effective at releasing heat generated by the 

device. On the other hand, serpentine CNTs grown on quartz 

have strong interactions with the substrate, and previous 

reports have proved that the interaction between nanotube 

and quartz leads to an obvious “up-shift” of the G-band fre-

quencies of aligned SWCNTs that originates from the C–C 

deformation. [  33,34  ]  We thus propose that this high-energy 

peak at 0.94 eV comes from a new exciton state caused 

by strong periodic interaction between the CNTs and the 

quartz substrate. [  35  ]  A similar peak has also been observed 

in EL spectra obtained from other CNT devices on quartz, 

see Figure S2a. To further verify the interaction between the 

CNT and quartz substrate, Raman spectra were obtained 

from the serpentine-CNT device with the structure illus-

trated in Figure S2b. The serpentine CNT may be roughly 

      Figure 2.  Electric and EL characteristics of serpentine-CNT-based diode arrays. a) Typical experimental  I – V  characteristic of an asymmetrically 
contacted serpentine-CNT-diode device. The channel length was about 2  μ m. b)  I – V  characteristic of a metallic serpentine CNT contacted by 
asymmetric Pd/Sc contacts. c) Transfer characteristic of the device used in (a). The drain–source voltage was 2 V, and the transfer characteristics 
were obtained by scanning the top-gate source voltage from –8 to 3 V. d) A typical EL spectrum obtained from the CNT-diode-array device. This 
spectrum can be fi tted by using two Gaussian functions (red lines) that peak at 0.85 and 0.94 eV, with FWHM values of 42 and 124 meV for the 
two peaks, respectively. The green line denotes the sum of the two fi tting Gaussian functions. 
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divided into two types of segement, i.e., A-type CNT that is 

aligned along the surface steps of the quartz substrate and 

B-type CNT that crosses the step. The G and G’ band of both 

segments A and B are shown as Figures S2c–f. When the 

CNT (segment A) is parallel to the surface step, the G band 

is broadened and four peaks appear at 1554.9, 1567.9, 1578.2, 

and 1593.8 cm −1  (Figure S2c), showing a complicated struc-

ture that is the same as reported in reference 34. When the 

CNT (segment B) crosses the surface step, the G band shows 

typical semiconductor characteristics (Figure S2d) and the G −  

and G +  peaks appear at 1589.9 and 1595.8 cm −1 , respectively. 

Furthermore, the G’ band of segment A is split into two 

peaks at 2648.6 and 2666.8 cm −1  due to the strong interaction 

between the CNT and substrate, which is also consistent with 

the results reported in reference [34]. The G’ band of seg-

ment B only exhibits a peak at 2647.2 cm −1 . We thus conclude 

that the characteristics of the G and G’ bands of segment 

A are caused by the strong interaction between the serpen-

tine CNT and quartz substrate, which indicates that the new 

exciton observed in our experiment is due to periodic modu-

lation caused by the CNT–substrate interaction. 

 To compare the performance of serpentine-CNT-based 

devices with those based on single CNTs on SiO 2 /Si, a sim-

ilar fi nger-structure device was fabricated on an ultralong 

SWCNT as illustrated in  Figure    3  a. Three pairs of parallel Pd 

and Sc contacts were deposited on a single semiconducting 

CNT to multiply the current and thus EL intensity of the 

CNT LED. The transfer behavior of the single-CNT-based 

device exhibits typically ambipolar behavior (Figure  3 b) 

which is similar to that shown in Figure  2 c for the serpen-

tine-CNT-based device. At a back-gate voltage  V  gs  = 4 V, the 

device is in its OFF state and the corresponding  I – V  char-

acteristic (Figure  3 c) shows typical diode-rectifying behavior 

and a large current of about 80  μ A at forward voltage  V  = 2V. 

EL spectra were obtained at  V  gs  = 4 V, and the two spectra 

shown in Figure  3 d correspond to  I  ds  = 80 and 90  μ A. Unlike 

those obtained from the serpentine-CNT-based devices 

on quartz, the spectra obtained from a single-CNT-based 

device on SiO 2 /Si can be fi tted with a single Gauss–Lorentz 

peak. The peak position is at 1.03 eV for both spectra, and 

the FWHM is about 76 and 77 meV for the two spectra. We 

also characterized the CNT by Raman spectroscopy with 

632.8-nm laser excitation (Figure S3). The radial breathing 

mode (RBM) peak is at  Ω  ≈ 227 cm −1 , which yields a dia-

meter for the CNT d = 248/Ω ≈ 1.09 nm  and which corre-

sponds well to the EL spectral peak energy at 1.03 eV. The 

narrow FWHM in Figure  3 d suggests that the EL peak 

comes from the E 11  exciton. The inset of Figure  3 d shows 

that the EL integrated intensity varies linearly with the cur-

rent passing through the CNT channels for both the device 

based on a single CNT on SiO 2 /Si and that based on a ser-

pentine CNT on quartz. Since the single ultralong CNT on 

SiO 2 /Si is a quasi-1D system, the emitting spots are restricted 

to a 1D line instead of a 2D plane as in the serpentine CNT 

case. Because it is restricted by the fi nite numerical aperture 

of the lens in our measurement system, the total number 

of parallel diodes that can be detected is 

limited and a relatively large operating 

current or voltage is needed to obtain 

enough counts in the detector. This fact 

means that a greater current is required 

in each constituent CNT channel in the 

single-CNT-based device than in that 

based on the serpentine CNT to achieve 

the same integrated intensity. However, 

since the upper current value must be 

less than 25  μ A for each CNT channel 

to avoid possible electric breakdown 

resulting from Joule heating, it is diffi -

cult to obtain the same integrated inten-

sity level in a single-CNT-based device as 

that in the serpentine-CNT-based device. 

The slope of the integrated EL intensity 

vs. current curve in the inset of Figure  3 d 

may be considered to be related to the 

number of photons excited by unit of car-

riers, and is related to the effi ciency of 

the light-emitting device. From the inset 

of Figure  3 d, we can see that the slope of 

the serpentine-CNT-based LED on quartz 

is slightly smaller than that of the device 

based on a single CNT on SiO 2 /Si, which 

suggests that the effi ciency of the serpen-

tine-CNT-based LED on quartz is compa-

rable to but smaller than that based on a 

single CNT on silicon oxide. This result is 

because CNTs can interact strongly with 

      Figure 3.  Electric and EL characteristics of diodes based on a single CNT on SiO 2 /Si. 
a) Device structure diagram showing a single-CNT-based LED device with asymmetric 
contacts. The parallel fi nger contact structure is utilized to increase the total device current. 
The channel length is about 2  μ m and the substrate is 500 nm thick SiO 2  on n++ Si. b) Transfer 
characteristics of the single-CNT-based diode at  V  ds  = 1 V; the back-gate voltage was scanned 
from –20 to 30 V. c)  I – V  behavior of the device at  V  gs  = 4 V. d) EL spectra of the device on SiO 2 /
Si substrate. The inset shows the integrated EL intensity plots as a function of device current 
for the serpentine-CNT-based LEDs on quartz and SiO 2 /Si. 
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quartz substrate which may lead to enhanced nonradiative 

exciton recombination. We expect that the effi ciency of the 

serpentine-CNT-based LED may be further improved by 

transferring serpentine CNTs to other substrates which have 

little interaction with the CNTs, such as SiO 2 /Si and organic 

materials.  

 To compare the EL properties of the serpentine-CNT-

based LED with that based on aligned arrays of CNT on 

quartz, we investigated the EL emission of a CNT array fi lm 

based device with a similar device structure. Aligned arrays 

of CNTs were prepared on quartz by CVD ( Figure    4  a) 

and devices were fabricated by using the same asymmetric 

Pd–Sc contacts. The statistical distribution of the nanotube 

diameters in our test sample is shown in Figure  4 b. Since the 

diameter distribution is relatively narrow (0.6–1.4 nm), the 

detector can detect most EL signals from CNTs with energy 

ranging from ca. 0.8–1.55 eV. A typical  I – V  curve measured 

from these devices is shown in  Figure    5  a. At low bias, the 

 I – V  is basically linear, which suggests metallic behavior, but 

the current tends to saturate at high bias toward different 

levels, with the current being 152  μ A at 3 V and –134  μ A at 

–3 V. This peculiar  I – V  characteristic is due to the fact that 

the CNT-array fi lm is composed of mixed metallic and semi-

conducting CNTs. At low bias, metallic CNTs dominate the 

transport and current increases linearly with bias. At high 

bias, both metallic and semiconducting CNTs contribute 

to the total current. Scattering, especially that by optical 

phonons, begins to play an important role, leading to cur-

rent saturation at high bias. Since the CNTs are contacted 

by asymmetric metals with excellent contacts to the conduc-

tion and valence bands of semiconducting CNTs, at high for-

ward bias both electrons and holes may be injected into the 

CNTs with high effi ciency and contribute to the total current 

(Figure  1 c). At reverse bias, the situation is different. Both 

electrons and holes are subjected to a potential barrier which 

severely limits the contributions from semiconducting CNTs 

with small diameter or large bandgap, resulting in a smaller 

total device current at high negative bias than that at high 

forward bias.   

 While the  I – V  characteristic of the CNT array fi lm 

based device is dominated by metallic CNTs at low bias, the 

metallic CNTs on a substrate with good thermal conductance 

may contribute to EL only at very large electric fi eld, and the 

EL spectra collected from the CNT array fi lm based LED 

      Figure 4.  Characteristics of aligned-CNT arrays on quartz. a) SEM image 
showing a CNT fi lm composed of parallel arrays of CNTs. b) Diameter 
distribution of the CNT aligned arrays. The overall distribution of the 
tube diameters corresponds to an energy gap range from 0.8–1.55 eV 
for semiconducting CNTs. 
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      Figure 5.  Electric and EL characteristics of CNT diodes based on aligned 
arrays and comparison with that based on serpentine CNT on quartz. 
a)  I – V  characteristic of a CNT aligned array based diode with asymmetric 
contacts. b) EL spectra of the device at different currents. c) Integrated 
EL intensity as a function of device current for serpentine-CNT and CNT 
array fi lm based diodes. 
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(Figure  5 b) are dominated by semiconducting CNTs at low 

bias. By comparing the spectra with that shown in Figure  2 d 

for the serpentine-CNT-based device, it is clear that the 

spectra obtained from the aligned CNT arrays are more com-

plex with many broad features. This complexity is caused by 

the presence of CNTs of different diameters and chiralities 

in the CNT arrays fi lm; each contributes an emission peak 

of different energy. Unlike the serpentine-CNT-based LED, 

in which the emission channels are identical and the inte-

grated EL intensity increases linearly with the current, the 

integrated EL intensity for the CNT array fi lm based device 

varies with the current nonlinearly, and may be fi tted to a 

good approximation by an exponential as shown in Figure  5 c. 

At low bias or current, the EL intensity is much lower than 

that from the serpentine-CNT-based LED, because much of 

the current is conducted in the metallic CNTs which hardly 

contribute to the detected EL intensity. At high bias or cur-

rent, metallic CNTs begin to saturate and the current of sem-

iconducting CNTs account for a greater proportion of the 

EL signal, which leads to a signifi cant enhancement of the 

EL intensity. Another reason for the nonlinear relationship 

is that the diameters of the CNTs are smaller than those of 

single CNTs and serpentine CNTs, so there may be a small 

barrier between the CNTs and the contacts in the forward 

situation for such small-diameter CNTs. The ambipolar and 

unipolar EL can coexist, which leads to an exponential rela-

tion of EL intensity and current. However, at high bias other 

effects also begin to affect the device performance, such as 

electric breakdown, exciton–exciton annihilation, [  36  ]  and 

higher-order excitations, which may lead to new restricting 

factors. 

 In summary, we investigated the EL characteristics of ser-

pentine carbon nanotube based LEDs on a quartz substrate. 

The serpentine CNT provides multiple conduction channels 

of single chirality for the device, without introducing com-

plex junctions and excitons transfer between nanotubes as 

in thin-fi lm devices. The device was fabricated on the ser-

pentine CNT simply by contacting the CNT with two asym-

metric contacts which may connect directly to the conduction 

(Sc contact) and valence (Pd contact) bands of the CNT. The 

emission intensity of the device increases linearly with cur-

rent so that we can adjust the intensity easily by tuning the 

voltage or the current. We also compared the performance of 

the serpentine-CNT-based device with those based on single-

CNT LEDs on SiO 2 /Si substrate and aligned arrays of CNT 

devices on quartz. The LEDs based on serpentine CNTs are 

shown to outperform the others due to the larger device cur-

rent, higher emission intensity, and narrower emission bands 

which are important for real optoelectronic applications of 

nanoscale light sources.  

  Experimental Section 

  Sample Preparation : Three different types of CNT were used 
in this work. 1) Serpentine carbon nanotubes were prepared by 
CVD on st-cut quartz. [  21  ]  The carbon nanotubes are composed of 
repeated parallel segments which have the same chirality. 2) Ultra-
long individual SWCNTs were prepared by CVD on SiO 2 /Si, with a 

SiO 2  thickness of about 500 nm. 3) Aligned parallel CNT array fi lms 
were prepared by CVD on quartz. 

 The electrodes of diode devices were patterned by using 
electron-beam lithography (EBL) and a lift-off process. A fi lm of 
water-soluble conducting polymer (Espacer 300Z, Showa Denko K. 
K.) was applied on top of the PMMA to prevent charging of PMMA 
during the EBL on quartz. Asymmetric Sc and Ti/Pd electrodes 
were deposited on CNTs (Figures  1 b and  3 a) via e-beam evapora-
tion under high vacuum. The thickness of the Sc and Ti/Pd con-
tacts was 70 and 0.3/70 nm, respectively. A small amount of Ti 
was used to increase the adhesion between the Pd and the quartz 
substrate, and has little infl uence on the p-type contact. The test 
pad was made of 5/45-nm Ti/Au. Typically, the device was fully 
covered with an about 180-nm thin fi lm of PMMA to improve its 
stability. The channel length of the device is 2  μ m. 

  Measurements : Electrical measurements were carried out with 
a Keithley 4200 semiconductor analyzer at room temperature. EL 
measurements were carried out with a 150 line/mm grating and a 
liquid-nitrogen-cooled InGaAs detector linear array of 512 × 1 pixels 
(detects E > 0.8 eV) (JobinYvon/Horiba company) and collected 
using a microscope objective (50×) lens. The typical integration 
time for collecting an EL spectrum was 90 s. All measurements 
were performed in air.  
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