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Abstract: 

Different types of muti-walled carbon nanotubes (CNTs), synthesized by 

chemical vapor deposition, are used to fabricate infrared (IR) detectors on flexible 

substrates based on CNT p-n junctions. It is found that this kind of detector is 

sensitive to infrared signal with power density as low as 90 µW·mm
-2

 even at room 

temperature. Besides, unlike other devices, the detector with this unique structure can 

be bended for 100 cycles without any damages and its functionality does not 

degenerate once it recovers to the initial state. The results give a good reference for 

developing efficient, low-cost, and flexible IR detectors. 
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Introduction 

Infrared (IR) photodetectors, widely used in health care, thermal imaging, remote 

sensing, night vision and space observations,
1-3

 have exhibited potential applications 

in wearable devices and human physical sign signal measuring devices.
4-6

 But the 

wearable devices and bio-detector need to be light weight and deformable.
7-10

 

Traditional IR photodetectors are made from IV or III-V semiconductors,
11, 12

 which 

are easy to be damaged or lose their efficacy after bending or stretching. To resolve 

this problem, Rogers’s group designed serpentine structure to release the strain of 

traditional semiconductors at the bending state.
13

 And there are also some researchers 

who are focused on some novel sensing materials with advantage of flexibility, such 

as graphene
14, 15

, two-dimensional semiconducting metal chalcogenides (2D-SMC)
16-

18
 or nanowires

19-21
. Carbon nanotubes (CNTs), with the well-defined one-

dimensional (1D) structure and appropriate tunable band structure,
22

 can be bended 

without any damage
23,24

 and motivate the increasing interest for the application of IR 

detecting. There have been many studies trying to explore the use of CNTs in IR 

detectors.
25-31

 At present, most of the large size CNT-based IR detectors can be 

divided into two categories: CNT-polymer composite films
25, 32-36

 and suspended 

CNT networks,
37-39

 which can improve the IR response of CNTs, but the fabrication 

of the aforementioned IR detectors is extremely complicate. 

Here, we report the IR detector fabricated based on a CNT p-n junction formed 

by n-type CNTs and p-type CNTs. The detector based on this kind of structure is very 

sensitive even at room temperature and the IR response is obvious at light radiation 

with power density as low as 90 µW·mm
-2

. Besides, after bending over 100 cycles, 
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the detector can still work normally. The results demonstrated that the IR detector 

based on this unique structure with muti-walled CNTs p-n junction is feasible for the 

flexible sensitive devices, which has not been reported before. 

Structure and working principle of the detector 

Fig. 1a is a schematic showing the structure of the detector, which consists of n-

type CNTs, p-type CNTs, the silver electrodes and the flexible substrate. The voltage 

between the two silver electrodes is monitored and it will change when the IR is 

focused on the surface of the detector. The IR response of the detector mainly owes to 

the Thomson potential and the interface between the n-type CNTs and p-type CNTs. 

Fig. 1b shows the generation of Thomson potential. When the IR radiation is focused 

on the p-n junction of the device, temperature of the irradiated portion will increase. 

As the majority carrier of semiconductor is influenced by the temperature, the hot end 

of the p-type CNTs have much more holes than the cold side. Due to the concentration 

difference, the holes diffuse from the hot side to the cold side, which will produce 

Thomson potential between the two ends of the p-type CNTs and the cold end has a 

higher potential than the hot one. The same principle also works for n-type CNTs, but 

the hot end has a higher potential due to the different majority carrier. Thus the total 

Thomson potential is the superposition of both p-type CNTs and n-type CNTs for the 

p-n junction. Moreover, enhancement in the response would be achieved due to the p-

n junction interface, as shown in Fig. 1c. When the n-type CNTs contacted with the p-

type CNTs, electrons would flow from the n-type CNTs to the p-type CNTs. Thus the 

surface of the n-type CNTs presents positive electricity and the surface of the p-type 
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CNTs presents negative electricity, which raises the electric potential of the n-type 

CNTs and lowers the electric potential of the p-type CNTs at the same time. An inner 

electric field appears at the interface between the CNT p-n junction and the electric 

field points from n-type CNTs to p-type CNTs. When the IR is focused on the surface 

of the detector, photogenic charge carriers and hot charge carriers will occur. Under 

the action of the inner electric field, the carriers will move directionally: holes will 

flow to the p-type CNTs and electrons will flow to the n-type CNTs, as shown in Fig. 

1c. As a result, the potential of the p-type CNTs will increase with the IR radiation 

and the potential of the n-type CNTs will decrease at the same time. Thus the change 

of the voltage between the two electrodes can be detected. 

Fabrication of the detector 

The floating catalyst chemical vapor deposition (CVD) method
40-42

 was used to 

synthesize both non-doped CNTs and nitrogen doped CNTs (NCNTs). Schematic of 

the equipment and process flow can be seen in supporting information S1. 

Technically, a silicon substrate with a 300-nm-thick SiO2 layer was put in the quartz 

tube as a holder. Then the quartz tube was heated to 800 
o
C and precursor solution 

was introduced in the quartz tube by an injector. When the growth began, a forming 

gas (3 % H2+ 97% argon) was used as the carrier gas to transfer the carbon source and 

catalyst into the middle of the quartz tube. To get different types of CNTs, we can 

control the concentration of precursor solution and the growth conditions. For non-

doped CNTs, the precursor solution is 2 wt % ferrocene in cyclohexane, and the 

precursor solution was preheated to 200 
o
C with an injection speed of 8 mL/h. On the 
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other hand, for NCNTs, the precursor solution is 2 wt % ferrocene in the mixture of 

acetonitrile and ethanol (4:1 wt), and the precursor solution was preheated to 250 
o
C 

with an injection speed of 8mL/h. The non-doped multi-walled CNTs tend to present 

p-type semiconductor properties due to some defects existing in the material.
43, 44

 

With the doping of nitrogen element, the NCNTs present n-type semiconductor 

properties due to the one more electron on the nitrogen atom than carbon. 

Fig. 2a shows the fabrication procedures for the flexible IR detector based on the 

CNT p-n junction. The NCNT arrays were chosen as the n-type material and non-

doped CNT arrays were chosen as the p-type material. First, a strip of PMMA tape 

was pressed on the surface of the NCNT arrays and then the NCNT arrays were stuck 

on the tape and peeled off from the SiO2 substrate. Second, this strip of tape was put 

on the non-doped CNT arrays and peeled them off similarly. It is worth noting that the 

two types of CNT arrays overlap each other in the central part of the tape. As shown 

in Fig. 2a, the size of the overlap is 3 mm ×3 mm. This area is used as the sensitive 

part in the detector. Fig. 2b shows the optical photograph of the detector. It is clear 

that the detector can be bent in any angle. Fig. 2c shows the section morphology of 

the detector. Three different places of the detector (labeled as 1, 2 and 3 in Fig. 2a, 

respectively) are presented on the SEM. From the image, we know the thickness of 

the CNT arrays is about 121.9 µm in place 1 and 112 µm in place 3. The place 2 

shows the overlap of the CNTs and NCNTs. The top is non-doped CNTs and the 

bottom is NCNTs. The thicknesses of non-doped CNTs and NCNTs are about 94µm 

and 108.6µm in this overlap place, respectively. Both of the thicknesses are a little 
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thinner than those in the non-overlap place for the reason that the CNT arrays and 

NCNT arrays cross each other at this place. The cross of the CNTs and NCNTs 

strengthens the interface areas, which build the p-n junction. Fig. 2d shows the details 

of the non-doped CNT arrays and the inset image shows the diameter of the CNT is 

about 35.3 nm. Fig. 2e shows the details of the NCNT arrays and the inset image 

shows the diameter of the NCNT is about 50.1 nm. From the X-ray photoelectron 

spectroscopy of CNTs (N1s spectrum) shown in Fig 2f, we know that the nitrogen has 

been doped into the CNTs successfully. The existence of three nitrogen element 

components can be fitted by three peaks which centered at 398.3 eV, 401.1 eV and 

404.7 eV, respectively. Peaks at 398.3 eV and 401.1 eV are pyridine-like nitrogen and 

graphite-like nitrogen, respectively.
45, 46

 The peak at 404.7 eV owes to the molecular 

N2 intercalated at the carbon walls or trapped in the compartments. Moreover, Raman 

spectra of both CNTs and NCNTs have been tested (shown in supporting information 

S2), which can also give the powerful evidence that the nitrogen have been doped into 

the structure of NCNTs successfully. Then we fabricated field effect transistor (FET) 

devices with these two kinds of muti-walled CNTs and the performance of the FET 

devices proved that the as-prepared undoped CNTs present p-type semiconductor 

property and the as-prepared nitrogen-doped CNTs (NCNTs) present n-type 

semiconductor property (shown in supporting information S3). Both CNTs and 

NCNTs demonstrated photo absorption in the wavelength from 260 nm to 7000 nm, 

as shown in supporting information S4. At last, for comparison, detectors with CNTs 

only or NCNTs only were also made. The strips of PMMA tapes were pressed on the 
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surfaces of the corresponding arrays and then the arrays were stuck on the tapes and 

peeled off from the SiO2 substrates. 

Results and discussion 

    The current-voltage characteristic of the p-n junction device under dark and IR 

illumination are shown in Fig. 3, measured at room temperature in the air. The I-V 

curve is linear with the resistance of 8 kΩ, indicating there is no rectification 

characteristic despite the p-n junction structure of the device. This phenomenon owes 

to the CVD-grown muti-walled CNTs, which consist of both the semiconductive and 

metallic CNTs.
47

 The metallic CNTs will inflence the I-V curve of the device and the 

detailed reason is shown in supporting information S5. The performance of the as-

prepared muti-walled based FET devices shown in supporting information S3 

demonstrates relatively large drain-source currents at the off-state of the FET devices, 

indicating that both as-prepared CNTs and NCNTs contain the metallic CNTs.
 

Remarkably, despite the absence of rectification, the I-V curve of the device shifts 

downward, generating a larger open circuit photovoltage Voc at zero current and a 

larger net photocurrent at zero bias, as shown in Fig. 3 (red line). Besides, there is 

already a open voltage even when the IR is off, which is due to the thermal radiation 

from the environment and we will give a detailed discussion below in Fig. 5a. 

Fig. 4a, 4c and 4e show the IR response upon the on/off infrared laser for the 

three kinds of structure: p-type (CNTs) only, n-type (NCNTs) only and the p-n 

junction. The power density of IR radiation is 0.32 mW·mm
-2

 and the wavelength of 

the light is 850 nm. The experiments were carried out in the air at room temperature 
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(about 25 
o
C). Fig. 4b, 4d and 4f schematically show the structures of the detectors. 

For detector based on p-type only or n-type only, the IR radiation was focused on the 

silver electrode (thickness is about 100 µm). If the IR was focused on the center of the 

only p-type or n-type CNT based detector, there will be no response for the 

symmetrical structure, as shown in supporting information S6. For detector based on 

the p-n junction, the IR was focused on the overlap areas of the n-type and p-type 

CNTs. As shown in Fig. 4a, for detector based on p-type only, when the IR was turned 

on, the voltage decreased (from 0 µV to -14 µV). Yet, for detector based on n-type 

only, the voltage increased (from 0 µV to 9 µV) upon the IR radiation, as shown in 

Fig. 4c. The opposite results owe to the different type of the semiconductor properties 

for the two types of CNTs and these results also proved that the doping of nitrogen 

had changed the properties of the CNTs successfully. Fig. 4e shows the IR response 

for detector based on p-n junction. It can be seen the voltage increased from 11 µV to 

36 µV upon the IR radiation. The voltage response to the on-off IR radiation shows 

exponential rise and fall behaviors (supporting information S7). The response time of 

the device taken at 80% magnitude change is 7.5 s and the recovery time is 8.8 s. The 

longer response/recovery time compared with other reported work is highly possibly 

due to factors such as a large exposure area and low thermal conductivity of the 

PMMA substrate (0.18 W/(m·K)). Usually, a larger exposure/sense area makes the 

sensor more sensitive, but also makes the sensor have a longer response time.
37 

The 

amplitude of the response is about 25 µV, which is bigger than the other two kinds of 

detectors. Because the p-n junction based device not only possesses the superimposed 

Page 8 of 25Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



effect of both n-type CNTs and p-type CNT, but also has the enhancement effect from 

the p-n contacting interface, as discussed above. Besides, the structures of the 

detectors based on p-type or n-type only CNT are symmetrical, which means no 

response will be monitored if the IR radiation focuses on the whole detector. But the 

detector based on p-n junction can work normally in this situation for its asymmetric 

structure, thus it’s more practical in our daily life. 

For the detector based on p-n junction, as shown in Fig. 3 (black line) and Fig. 4e, 

even if there is no IR radiation, the monitored voltage is not zero, which is quite 

different from the other two symmetrical structures. The nonzero original voltage may 

owe to the thermal radiation from the surrounding environment and adsorbed gas 

from the air. Fig. 5a shows the changes of the original voltage V0 with temperature. 

When the detector was put in vacuum (about 0.01 Pa), V0 increased from 11 µV to 

about 29 µV for the release of the adsorbed gas in air (such as oxygen). With the 

decrease of the temperature from 300 K to 90 K, original voltage V0 increased from 

29 µV to 144 µV. That is because when the temperature decreases, band gap of both 

the n-type and p-type CNTs increases, which leads to the increase of barrier between 

these two kinds of CNTs. The higher barrier means a bigger build-in electric field. As 

discussed above, electric carriers will move directionally under the action of build-in 

electric field, which generates the open voltage. Thus with a bigger build-in electric 

field, there will be a higher original voltage (open voltage). The dependence of the 

response on the incident IR power density is shown in Fig. 5b and 5c. Fig. 5b shows 

the IR response at the IR power density of 0.4, 0.29, 0.2 and 0.09 mW·mm
-2

. The 
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response amplitude decreased from 30 µV at 0.4 mW·mm
-2

 to 6.5 µV at 0.09 mW·

mm
-2

. Results indicated that detectors based on this structure are sensitive even under 

a very lower IR power density (as low as 0.09 mW·mm
-2

) at room temperature. Fig. 

5c shows the changes of the response amplitude and responsivity with different IR 

power density for the detector based on CNT p-n junction. It’s clear that the response 

amplitude shows a linear relationship with the IR power density. The value of 

responsivity with different IR power density is similar and we use a horizontal line to 

fit these data. The average responsivity is about 1.05×10
-2

 V/W, corresponding to a 

noise equivalent power of 5.7×10
-5

 W, and a special detectivity of 1.289×10
3
 cm Hz

1/2 

W
-1

(at low frequency 0.02 Hz). The method to calculate the responsivity and 

detectivity of the detector is shown in supporting information S8. To examine the 

switching behavior of the detector in more detail, pulsed IR signals with various time 

periods were used with the IR power density of 0.32 mW·mm
-2

, as shown in Fig. 5d. 

When the period of the pulsed IR signal increases from 5 s (supporting information 

S9) to 50 s, difference between the peak and valley of the voltage wave becomes 

larger, as shown in Fig. 5e. A plot of the IR response amplitude as a function of pulse 

period, shown in Fig. 5f, clearly indicates that the response of the detector tends to be 

more obvious with longer IR pulse period. Inset of Fig. 5f shows the linear 

relationship between the IR response amplitude and the log scale IR pulse period. 

Besides, the responsivity of the detector versus the period of IR pulse was also 

caculated and the results are shown in supporting information S10. 
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To explore the performance of the detector at the state of bending, the IR 

response at different bending angle has been tested. Fig. 6a shows the response at the 

period on/off IR radiation at different bending angle and the power density is 0.36 

mW·mm
-2

. Fig. 6b shows the linear relationship between the response amplitude and 

the light power density at different bending angle. And the inset of Fig. 6b shows the 

decrease of responsivity with the increase of bending angle. I is the state of the 

detector without bending. II is the state when the height of the bending arch is up to 2 

mm. III is the state when the height of the bending arch is 4 mm. IV means the 

detector recovers to the initial state after 100 cycles of bending. It can be seen that the 

IR response amplitude decreased from about 27 µV to 16 µV, or responsivity 

decreased from from 1.05×10
-2

 V/W to 0.55×10
-2

 V/W with the height of the bending 

arch increases from 0 to 4 mm. However, when the detector recovered from the 

bending state, the response also returned to the original amplitude (IV). That means 

the bending of the detector would weaken the sensitivity. But the detector was not 

damaged by the bending and it could work normally as soon as it recovered to the 

initial state. Fig. 6c shows the strain simulation for the bending of the IR detector and 

Fig. 6d shows the details of the section view. The strain of the sensitive film (CNT 

arrays) becomes larger with the increase of the bending, which means the space 

between the adjacent CNT ( indicated as x in Fig. 6e) increases with the bending. The 

response of the IR detector is dependent on the interface between the CNTs p-n 

junction and the increase of the distance between adjacent CNTs will weaken the role 
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of the interface. Thus the response will decrease with the increase of the bending, as 

shown in Fig. 6a and 6b.  

Conclusions 

In summary, flexible IR detectors based on CNT p-n junctions have been 

fabricated. The CNT p-n junction was constructed by two types of multi-walled CNT 

arrays, which were grown by the CVD method. This detector is sensitive and the 

response is obvious under a weak IR radiation with the power density as low as 90 

µW ·mm
-2

. Besides, with the unique vertical array structure, the detector can be 

bended without any damage and can work normally after recovery. The proposed 

design is an ideal candidate for the flexible IR detector, which is sensitive and low-

cost. 
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Figures Captions: 

Fig. 1 (a) Schematic illustration of the detector’s structure. (b) and (c) Working 

principle of the IR detector based on CNT p-n junction. (b) Thomson potential owes 

to the carrier diffusion for the temperature difference. (c) Carriers move directionally 

under the action of the p-n junction build-in electric field. 

 

Fig. 2 (a) Schematic illustration of the fabrication procedures for the flexible IR 

detector based on CNT p-n junction. The non-doped CNTs present p-type 

semiconductor and the nitrogen doped CNTs (NCNTs) present n-type semiconductor. 

(b) The optical photograph of the IR detector. (c) The section morphology of the 

detector. Place 1 shows the thickness of the NCNTs (n-type CNTs), place 3 shows the 

thickness of the CNTs (p-type CNTs) and place 2 shows the overlap of the CNTs and 

NCNTs. (d) The section morphology of the CNT arrays. The inset shows the diameter 

of CNT. (e) The section morphology of NCNTs arrays. The inset shows the diameter 

of NCNTs. (f) The X-ray photoelectron spectroscopy of NCNTs (N1s spectrum). 

 

Fig. 3 I-V curve of the muti-walled CNTs p-n junction based detector in the dark and 

under IR illumination. 

 

Fig. 4 IR response for the detectors of CNTs (p-type), NCNTs (n-type) and CNT p-n 

junction. (a) The IR response for CNTs. (c) The IR response for NCNTs. (e) The IR 

response for CNT p-n junction. (b), (d) and (f) show the testing schematic diagrams 

for the detectors. 
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Fig. 5 (a) The original value of the voltage V0 for the detector with different 

temperature. (b) The response of the detector at the on/off IR radiation with different 

power density. (c) The response amplitude and responsivity of the detector versus the 

IR power density. (d) Schematic diagram of the periodic on/off IR radiation. (e) 

Response of the detector at the on/off radiation with different IR on-off period. (f) 

Response amplitude of the detector as a function of IR on-off period. Inset shows the 

response amplitude as a function of log scale IR on-off period. 

 

Fig. 6 The performance of the IR detector after bending. (a) The response of the 

detector at the on/off IR radiation with different levels of bending. (b) The linear 

relationship for the response amplitude and the light power density with different 

bending angle. The inset shows the decreasing of responsivity with the increasing of 

bending angle. (c) Strain simulation for the IR detector with different levels of 

bending. I shows the strain state without bending. II shows the strain state when the 

height of the bending arch is up to 2 mm. III shows the strain state when the height of 

the bending arch is up to 4 mm. IV shows the strain state when the IR detector is 

recover to the initial condition (h = 0 mm) after over 100 cycles of bending. (d) The 

section view of strain state for the detector materials (CNT arrays). I, II and III are as 

shown in (c). (e) Schematic illustration of the CNT arrays’ state after bending. x is the 

distance between the adjacent CNTs. 
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Fig. 1 (a) Schematic illustration of the detector’s structure. (b) and (c) Working principle of the IR detector 
based on CNT p-n junction. (b) Thomson potential owes to the carrier diffusion for the temperature 
difference. (c) Carriers move directionally under the action of the p-n junction build-in electric field.  
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Fig. 2 (a) Schematic illustration of the fabrication procedures for the flexible IR detector based on CNT p-n 
junction. The non-doped CNTs present p-type semiconductor and the nitrogen doped CNTs (NCNTs) present 
n-type semiconductor. (b) The optical photograph of the IR detector. (c) The section morphology of the 

detector. Place 1 shows the thickness of the NCNTs (n-type CNTs), place 3 shows the thickness of the CNTs 
(p-type CNTs) and place 2 shows the overlap of the CNTs and NCNTs. (d) The section morphology of the 
CNT arrays. The inset shows the diameter of CNT. (e) The section morphology of NCNTs arrays. The inset 

shows the diameter of NCNTs. (f) The X-ray photoelectron spectroscopy of NCNTs (N1s spectrum).  
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Fig. 3 I-V curve of the muti-walled CNTs p-n junction based detector in the dark and under IR illumination.  
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Fig. 4 IR response for the detectors of CNTs (p-type), NCNTs (n-type) and CNT p-n junction. (a) The IR 
response for CNTs. (c) The IR response for NCNTs. (e) The IR response for CNT p-n junction. (b), (d) and (f) 

show the testing schematic diagrams for the detectors.  
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Fig. 5 (a) The original value of the voltage V0 for the detector with different temperature. (b) The response 
of the detector at the on/off IR radiation with different power density. (c) The response amplitude and 

responsivity of the detector versus the IR power density. (d) Schematic diagram of the periodic on/off IR 
radiation. (e) Response of the detector at the on/off radiation with different IR on-off period. (f) Response 

amplitude of the detector as a function of IR on-off period. Inset shows the response amplitude as a function 
of log scale IR on-off period.  
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Fig. 6 The performance of the IR detector after bending. (a) The response of the detector at the on/off IR 
radiation with different levels of bending. (b) The linear relationship for the response amplitude and the light 

power density with different bending angle. The inset shows the decreasing of responsivity with the 
increasing of bending angle. (c) Strain simulation for the IR detector with different levels of bending. I 

shows the strain state without bending. II shows the strain state when the height of the bending arch is up 
to 2 mm. III shows the strain state when the height of the bending arch is up to 4 mm. IV shows the strain 
state when the IR detector is recover to the initial condition (h = 0 mm) after over 100 cycles of bending. 
(d) The section view of strain state for the detector materials (CNT arrays). I, II and III are as shown in (c). 

(e) Schematic illustration of the CNT arrays’ state after bending. x is the distance between the adjacent 
CNTs.  
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