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The increasing interest in mobile and wearable technology demands the enhancement of functionality of
clothing through incorporation of sophisticated architectures of multifunctional materials. Flexible electronic and
photonic devices based on organic materials have made impressive progress over the past decade, but higher
performance, simpler fabrication, and most importantly, compatibility with woven technology are desired. Here
we report on the development of a weaved, substrateless, and polarization-sensitive photodetector based on
doping-engineered fibers of highly aligned carbon nanotubes. This room-temperature-operating, self-powered
detector responds to radiation in an ultrabroad spectral range, from the ultraviolet to the terahertz, through the
photothermoelectric effect, with a low noise-equivalent power (a few nW/Hz1/2) throughout the range and with a
ZT -factor value that is twice as large as that of previously reported carbon nanotube-based photothermoelectric
photodetectors. Particularly, we fabricated a ∼ 1-m-long device consisting of tens of p+-p− junctions and weaved
it into a shirt. This device demonstrated a collective photoresponse of the series-connected junctions under global
illumination. The performance of the device did not show any sign of deterioration through 200 bending tests
with a bending radius smaller than 100 μm as well as standard washing and ironing cycles. This unconventional
photodetector will find applications in wearable technology that require detection of electromagnetic radiation.
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I. INTRODUCTION

The field of wearable electronics and photonics [1–4]
is advancing rapidly in response to the increasing societal
needs for monitoring, sensing, and processing information
in a dynamic, personal, and pervasive manner. Thus, smart
textiles based on seamless device integration into clothing is
anticipated to dominate the wearable technology field in the
near future. Fiber-based designs are well suited for wearable
devices as they can be easily woven into textiles and preserve
the inherent comfort of fabrics. Owing to this advantage, dif-
ferent fiber-based wearable electronic devices like transistors
[5], antennas [6], pressure sensors [7], biosensors [8], energy
harvesters [9], and energy storage devices [10] have been
reported. In particular, wearable photodetectors have a great
potential for personal, military, and space wear applications, al-
lowing electromagnetic wave detection and energy harvesting.
Photodetector devices that can be bent, folded, and stretched
have been fabricated in a two-dimensional configuration by
using thin films of various types of materials [11–18]. However,
these film photodetectors are not compatible with conventional
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textile technology due to the need of substrate support rather
than direct integration into clothing.

Furthermore, smart textiles for electronic and medical
applications face the challenges of providing power to the
wearable devices. A previously reported photovoltaic fiber,
consisting of a dye-sensitized solar cell structure deposited
on an optical fiber, needed light to be coupled into the end of
the fiber and could not be readily incorporated into textiles
[19]. Monolithic-structured textile-based solar cells with a
complex fabrication process have been demonstrated [20].
Silicon p-i-n junction based fibers have limited potential
because of difficulties in fabricating layers inside the capillary
pore of a silica fiber [21]. An organic solar cell based on poly(3-
hexylthiophene) (P3HT) : 1-(3-methoxycarbonyl)-propyl-1-
phenyl-(6,6)C61 (PCBM) has been fabricated onto an optical
fiber [10]. However, self-standing and easily incorporable
textile solar cells and photodetectors have not been reported.

Recently, carbon nanotube (CNT) fibers, characterized by
high electrical and thermal conductivity, light weight, high
mechanical strength, flexibility, bending fatigue resistance, and
superb environmental stability, have been produced [22,23].
Vast utilization of these properties in macroscopic devices is
predicted for the near future [24]. There have been several stud-
ies on the use of the photothermoelectric (PTE) effect in CNTs
for photodetection based on aligned and unaligned networks of
single wall and double wall CNTs [25–27]. Moreover, CNTs
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FIG. 1. Doping-engineered fibers of aligned CNTs. (a) Ultralong CNT fiber on a winding drum. (b) Magnified optical image of the fiber. (c)
Scanning electron microscopy (SEM) image showing well-aligned CNTs inside the fiber. (d) As prepared CNT fiber, which is heavily p doped.
(e) A piece of CNT fiber partially coated by silver paint. (f) Selective current annealing. A large current passes through the silver coating layer
on the bottom portion but directly through the CNT fiber in the upper portion, inducing dedoping (i.e., removal of dopants). (g) After removing
the silver paint, the fiber has a p+-p− junction.

absorb broadband polarized light from the ultraviolet to the
far-infrared wavelengths [27,28], making CNT fibers an ideal
material for wearable optoelectronic devices.

Here we developed PTE effect-based, flexible, substrate-
free, polarization-sensitive, room-temperature, and biasless
photodetectors that work from the ultraviolet to the terahertz.
Therefore, whenever there is absorption of electromagnetic
radiation, which creates a temperature gradient, a thermoelec-
tric voltage will be produced. We integrated this CNT-fiber
photodetector into textiles by simply sewing it into fabric,
creating “smart” shirts that can harvest sunlight as well as
detect light on a moving human body. The smart shirt showed
mechanical robustness under severe deformation conditions
and can be washed, dried, and ironed without any change in
performance. These low-cost, ultrabroadband, and wearable
photodetectors are promising for a wide range of applications
in flexible optoelectronics, astronomy, sensing, spectroscopy,
imaging, defense, and communications.

II. METHODS

A. CNT fiber manufacturing

The wet spinning method was used to manufacture the
CNT fibers [22,29]. High-quality CNTs purchased from Cabon
Nanotechnologies, Inc., Unidym, Inc., Teijin Aramid BV, and
Meijo Nano Carbon Co., Ltd were dissolved in chlorosulfonic
acid at a concentration of 2 to 6 wt.% forming liquid crystals
[30,31]. The liquid crystal solution was extruded through a
spinneret (65 to 130 μm in diameter) into a coagulant to

remove the acid. The forming filament was collected onto a
winding drum. The linear velocity of the drum was higher
than the extrusion speed at the spinneret exit, to ensure high
CNT alignment by continuous stretching and tensioning of the
filament. Then the fibers were stabilized in the oven for 24 h
at 115 ◦C and washed in warm water (50 ◦C) for 3 h. These
fibers were heavily p doped (p+ doped) due to the uncomplete
solvent removal. The 3-ply CNT rope was manufactured by
simultaneously spinning seven filament fiber bundles and then
plying three such bundles together.

B. Photodetector fabrication

Inherently p-doped fibers can be made less p doped by
partially removing the dopants through annealing. As shown
in Fig. 1(e), we covered only one side of the fiber with
silver paint, which has a higher conductance than the CNT
fiber. We then flowed a high current for current annealing
[Fig. 1(f)]. On the side coated by silver, most of the current
only passes through the silver paint, and thus nothing happens
in the CNT fiber. On the uncoated side, the large current goes
directly through the CNT fiber, which results in annealing
and dedoping. After this step, we used acetone to dissolve the
silver paint and brushed off the silver paint using a cotton-tip,
which left a p+-p− junction in the middle [Fig. 1(g)]. We
used a Keithley 2400 sourcemeter as a current source, and a
temperature controller to control and monitor the temperature
of the sample chamber. The current annealing procedure was
done in a nitrogen environment. The chamber was evacuated
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FIG. 2. Position-dependent photoresponse of the CNT-fiber photodetectors. (a) Experimental setup for scanning photovoltage measurements.
Experimental results are shown for (b) CNT-fiber p+-p− photodetector and (c) multiple p+-p− junction CNT fiber photodetector. Schematic
of each device is shown inside each panel.

(∼2 mTorr), and then compressed nitrogen gas was introduced
into the chamber. This is a novel approach for creating a
junction in the fiber. In the same way, multiple junctions were
formed in a single fiber by alternatively covering one portion
of the fiber and then current annealing. The photodetector was
suspended in air, and G10 plastic was used as the suspending
material for the two ends of the fiber. Two electrodes were
made by using silver paste on the two edges of the device.

C. Device characterization

Ultraviolet, visible, and near-infrared radiation was pro-
duced using laser diodes at 405, 660, and 1350 nm, respec-
tively. Mid-infrared radiation was produced using a tunable
quantum cascade laser at 4.3 to 4.7 μm. A far-infrared
molecular gas laser with several lines was used for producing
terahertz radiation. To obtain the attenuation spectrum of the
CNTs, we used UV-VIS-NIR absorption spectroscopy and
Fourier transform infrared (FTIR) spectroscopy. From UV-
VIS-NIR absorption spectroscopy, we measured attenuation
from 300 nm to 2 μm wavelength range. We used two detectors
(TGS and PETGS) for measurements from 1.4 to 92 μm
wavelength range in the FTIR spectroscopy system. For noise
voltage measurements, the electrical voltage of the device
was amplified by a low-noise voltage amplifier and then fed
into a lock-in amplifier. A noise signal with a certain central
frequency and bandwidth was extracted from the total voltage
signal. The noise voltage was transformed into a dc voltage
with a low-pass filter, which was multiplied by an amplifier.

III. RESULTS AND DISCUSSION

CNT fibers of 10–25μm diameter [Fig. 1(a)] were manufac-
tured using a wet spinning method that consists of dissolving
CNTs in chlorosulfonic acid and extruding the solution through
a spinneret in a coagulation bath [22]. Scanning electron
microscopy (SEM) images [Figs. 1(b) and 1(c)] of the fiber
show strong alignment inside the fiber due to the shear applied
during spinning and the liquid crystalline nature of the CNT
solution. CNT fibers are heavily p-type doped (referred to as
“p+ doped” in the following) by chlorosulfonic acid used

during the production process, which can be removed by
annealing the fibers at high temperature (see Sec. II). In
order to maximize the PTE [25–27,32] (whose mechanism
is described in detail in the Supplemental Material [33]),
we created p+-p− junctions, where the Seebeck coefficient
S, defined as the thermoelectric voltage produced per unit
temperature difference across the material junction, suddenly
changes and so its spatial gradient dS/dx is maximized. As
shown in Figs. 1(d)–1(g) (and described in Sec. II), we used
current annealing to make these junctions.

A scanning photovoltage microscopy setup, schematically
shown in Fig. 2(a), was used to measure the spatial dependence
of the photovoltage of the doping-engineered CNT fibers.
We used a 660 nm laser diode, and all measurements were
performed in air and at room temperature. Figure 2(b) shows
the photovoltage of the p+-p− CNT fiber detector as a function
of the position of the focused laser beam along the detector.
The voltage magnitude is maximum at the junction and mono-
tonically decreases in both directions due to exponentially
decaying temperature profile by local heating of the laser beam.
Figure 2(c) shows the spatially dependent voltage response
of a multiple-junction device. The measured voltage shows
opposite signs at p+-p− and p−-p+ junctions, as expected
due to the opposite gradient of the Seebeck coefficient when
they are locally illuminated with the laser beam.

To leverage the unique fact that our flexible CNT-fiber
detector does not require any substrate and operates without
any external power, we fabricated a textile photodetector by
directly sewing it into a shirt [Figs. 3(a)–3(c)]. We produced
a ∼1-m-long CNT rope of an average diameter of 135 μm by
braiding 21 CNT fibers. We created 64 junctions (32 p+-p−
and 32 p−-p+ junctions) by using the selective current anneal-
ing method described in Figs. 1(d)–1(g). As seen in Fig. 2(c),
adjacent junctions have opposite photovoltage signs, and thus
the device was sewn in such a way that every other junction
was hidden under the cloth [Fig. 3(d)]. Global illumination
of the device with broadband white light [Fig. 3(e)] induces a
photovoltage response, as illustrated by the I -V characteristics
of the device with and without illumination in Fig. 3(f). This
is because all the junctions exposed have the same sign of
photovoltage, and thus their contributions do not cancel each
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FIG. 3. CNT-weaved shirt photodetector. (a) Flexible, wearable
CNT fiber detector sewed into a polo shirt. (b) The front side of the
detector, i.e., the active portion that is illuminated. (c) The back side of
the detector, which is inside of the shirt. (d) The fiber is sewn in such a
way that the p+-p− junctions are outside the shirt and exposed to light
while the p−-p+ junctions are hidden inside the shirt. (e) The ends of
the fiber detector are connected to an external circuit for measuring
the induced photovoltage. (f) The I -V characteristics of the detector
under no illumination and global illumination by a white lamp. The
I -V curve shifts upward as it harvests power under illumination.

other. Note that the photovoltage in Fig. 3(f) is not a result
of cloth absorption, but rather because of the temperature
difference between the covered and uncovered portions of
the CNT fiber. Having more series junctions greatly enhances
the signal compared to a single junction due to the addition
of the photovoltages generated at the individual junctions.
The I -V curve rigidly shifts upward, harnessing power, i.e.,
producing an open-circuit photovoltage (VOC) and a short-
circuit photocurrent (ISC), acting as a wearable solar cell. This
is a distinguishing characteristic of a PTE-based photodetector,
distinct from photodiodes, photoconductors, and bolometers.

We used a variety of optical sources to investigate the
wavelength dependence of the photoresponse. Figure 4(a)
shows the typical photoresponse of our CNT-fiber detector to
405-nm-wavelength ultraviolet radiation. Under illumination,
the I -V curve shifts, creating finite VOC and ISC, similar to
what we observed under white-light illumination [Fig. 3(f)].
Essentially the same behavior is seen in I -V characteristics
when we illuminate the device with near-infrared [Fig. 4(b)],
mid-infrared [Fig. 4(c)], and far-infrared [Fig. 4(d)] radiation.
Data showing similar behavior at three other wavelengths are
shown in Fig. S1 of the Supplemental Material [33]. This

universal I -V characteristic under illumination, from the ul-
traviolet to the terahertz, highlights the unique ultrabroadband
response of this detector to electromagnetic radiation making
this CNT sewable photodetector suitable for various diverse
radiation environments.

To determine the responsivity of our CNT-fiber detector,
we measured the photovoltage (VOC) as a function of incident
light power (shown in Fig. S1(d) of the Supplemental Material
[33]). Figure S1(d) shows the open-circuit photovoltage of the
detector as a function of incident power at 405 nm, 660 nm,
1350 nm, 4.53 μm, and 96.5 μm. For all the wavelengths,
the response changes linearly with the power of the excitation
beam.

From the slope of the power dependence characteristics,
we can calculate the responsivity �, in V/W. We measured the
� at ultraviolet (405 nm), visible (660 nm), and near-infrared
(1350 nm) wavelengths for a CNT-fiber detector that consisted
of a single fiber. For the cases of mid-infrared (4.53 μm) and
far-infrared (96.5 μm) excitation, we used a multiple-fiber
detector. The multiple-fiber detector was fabricated by making
12 parallel fibers having p+-p− junctions in each of them at the
same spatial position and then by stacking eight such parallel
fiber layers. From the attenuation spectrum [shown in Fig. 4(e)
of the paper], we calculated the attenuation length for CNTs
to be ∼4.5 and ∼0.9 μm at 4.53 and 96.5 μm wavelengths,
respectively. As the attenuation lengths were less than the
diameter of the fibers, all the incident power of the excitation
beams was attenuated in the first layer of parallel fibers. To
take into account the fact that these 12 fibers split the total
incident power, we multiplied the measured photovoltage of
the detector by 12 and calculated the �. The incident power
was measured by subtracting the measured power with the
detectors (powermeter located after the detectors) from the
measured power without the detectors for all measurements.
The � values of CNT-fiber detectors at different wavelengths
are reported in Table I. The obtained responsivities varied from
∼160 to ∼330 mV/W among different wavelengths.

A figure of merit for photodetectors is the noise equivalent
power (NEP), which is the minimum detectable optical power
corresponding to a signal-to-noise ratio of 1. We measured
noise spectra for CNT-fiber photodetector devices to determine
the NEP. The NEP is defined as

NEP = N/�, (1)

where N is the noise spectral density in units of V/Hz1/2.
Our noise spectra measurements indicated that the zero-bias

dark noise N of CNT-fiber photodetectors reaches the Johnson
noise limit. The NEP values of the CNT-fiber photodetector
were calculated at 405 nm, 660 nm, 1350 nm, 4.53 μm, and
96.5 μm and shown in Table II. In the visible wavelength
regime, the NEP of the fiber photodetector was found to be
4.4 nW/Hz1/2. The NEP is 0.9 nW/Hz1/2 in the THz range
(3.11 THz or 96.5 μm), which is more than one order better
than that of the PTE-based detector previously reported [26].
The NEP is in the range of a few nW/Hz1/2 on average
for our CNT-fiber detectors over an ultrabroad wavelength
range—from the ultraviolet to the far-infrared. Furthermore,
we can estimate another photodetector performance parameter,
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FIG. 4. Basic characteristics of the CNT-fiber detector. The I -V characteristics of the photodetector with and without illumination in the
(a) ultraviolet range (405 nm), (b) near-infrared range (1350 nm), (c) mid-infrared range (4.53 μm), and (d) far-infrared range (96.5 μm or
3.11 THz). The I -V curve is always linear, and it rigidly shifts whenever the device is illuminated, resulting in a finite open-circuit voltage
VOC and short-circuit current ISC. (e) Attenuation (left axis) and responsivity (right axis) as a function of wavelength. Attenuation spectra is
obtained using UV-VIS-NIR absorption spectroscopy (blue dots) and FTIR spectroscopy (brown dots using TGS detector and red dots using
PETGS detector). (f) Polarization dependence of the short-circuit photocurrent at visible (660 nm), mid-infrared (4.53 μm), and far-infrared
(96.5 μm) wavelengths.

specific detectivity D∗, using the following equation:

D∗ =
√

Aactive

NEP
, (2)

where Aactive is the active area of the device. The D∗ values for
our photodetector are presented in Table II.

TABLE I. Responsivity � of CNT-fiber detectors at different
wavelengths.

Wavelength �
Regime (μm) (V/W)

Ultraviolet 0.405 0.24
Visible 0.66 0.2
Near-infrared 1.35 0.16
Mid-infrared 4.53 0.168
Far-infrared 96.5 0.33
Far-infrared 119 0.32
Far-infrared 215.8 0.32

A dimensionless figure of merit ZT , used to characterize
the potential of thermoelectric materials, is given by

ZT = S2
CNTσT

κCNT
, (3)

where SCNT is the Seebeck coefficient of CNTs, σ is the
conductivity of CNTs, T is the temperature, and κCNT is the
thermal conductivity of the CNTs.

Our photodetector device have ZT ≈ 3.6 × 10−4, which is
twice the value of the previously reported CNT PTE photode-
tectors [34]. However, this ZT value is quite small compared

TABLE II. NEP and D∗ of the CNT-fiber detectors at different
wavelengths.

Wavelength NEP D∗

(μm) (nW/Hz1/2) (cmHz1/2/W)

0.405 3.7 3.03 × 105

0.660 4.4 2.52 × 105

1.350 5.5 2.02 × 105

4.530 1.8 2.20 × 106

96.50 0.9 4.33 × 106
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to the value ZT ≈ 1 for best thermoelectric materials. By
increasing the electrical conductivity σ , we can reduce the
noise voltage. Nevertheless, the photovoltage has an inversely
proportional relation with σ . Therefore, the optimal σ value
could be determined in the future for the best performance.
Again, we can deduce the relations �V ∝ 1/G1/2, �V ∝
1/κ

1/2
CNT, and �V ∝ 1/d3/2 [33]. Our experimental data illus-

trate that the photovoltage decreases with increasing diameter
of our CNT-fiber photodetector (details of diameter depen-
dence is also discussed in the Supplemental Material [33]).
The performance of our CNT-fiber PTE photodetectors can be
significantly improved by engineering the above mentioned
parameters. We also described the properties of the CNTs
used to fabricate our detectors and the temperature dependence
of electrical conductivity for a p+ fiber and a p− fiber in
the Supplemental Material [33]. Previously we reported the
temperature dependence of resistivity for doped (p+) and
de-doped (p−) fibers manufactured using CNTs purchased
from Teijin Aramid BV [35]. Also, we reported the electrical
conductivities of doped and de-doped fibers produced using
CNTs from Carbon Nanotechnologies, Inc. [22].

We also determined the performance of the device as a solar
harvester [33]. As the I -V curve shifts rigidly under illumina-
tion, the fill factor is 25%. The power conversion efficiency of
our CNT-fiber photodetector is 4.4 × 10−6, which is compa-
rable to that of a previously reported photovoltaic fiber [19].
The external quantum efficiency was found to be ∼0.8% [33].

To understand the wavelength dependence of the device
photoresponse, we performed absorption measurements on a
CNT film made from the same CNTs used for the CNT-fiber
detector. Figure 4(e) shows the wavelength dependence of the
attenuation of the film (blue, brown, and red dots, left axis),
together with the responsivity of the CNT-fiber detector (black
empty circles, right axis). The attenuation and responsivity
spectra agree very well throughout the whole spectral range.
The ultrabroadband absorption makes CNT-fiber detectors
perfect for detection and energy harvesting from a very broad
electromagnetic wavelength range. Furthermore, by making
detectors from single-chirality CNTs, the detector could be
made wavelength selective.

Another advantage of this detector is the polarization sensi-
tivity, which is naturally built in because of the intrinsically
anisotropic absorption properties of CNTs combined with
the highly aligned nature of CNTs in these fibers [36]. As
a demonstration, we measured the polarization dependence
of the photoresponse at three wavelengths by changing the
polarization angle of the incident electromagnetic wave, as
shown in Fig. 4(f). In the terahertz range (96.5 μm), the
polarization anisotropy is extremely large—the ratio of the
ISC value for perpendicular polarization to that for parallel
polarization is ∼6%. This is due to the fact that intraband,
free-carrier response is intrinsically much more polarization
dependent than interband absorption.

Finally, to explicitly demonstrate the flexibility and weara-
bility of the CNT-fiber detector, we fabricated several devices
with and without a flexible substrate-PTFE (Teflon), as shown
in Figs. 5(a)–5(d), and we bent and straightened them multiple
times. We performed bending tests on three devices, during
which the devices were completely folded. The performance
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FIG. 5. Flexibility tests of the CNT-fiber detectors. (a) CNT-fiber
detector on a Teflon substrate. (b) Schematic diagram of the sample
device setup. Flexibility is shown for a device on Teflon (c) and
suspended in air (d). (e) Photovoltage as a function of number of
bending cycles, showing a constant voltage even after 200 cycles. The
detector was completely bent during bending tests. (f) Photovoltage
for different bending curvatures, showing that the signal does not
deteriorate even with a bending curvature of 100 μm.

of all CNT-fiber devices did not change even after 200 bending
tests [Fig. 5(e)]. The bend radius was less than 100 μm, but the
measured photoresponse of the detectors did not change during
the bending tests, as shown in Fig. 5. These bending tests
demonstrate the superior mechanical resilience of the CNT-
fiber detector compared to previously reported fiber-based
solar cells [20,21]. The tensile strength of the CNT fibers was
found to be ∼0.8−2.5 GPa. Hence, our device works as a
robust flexible optoelectronic component, being able to detect
light or harvest power during severe deformations.

We also washed, dried, and ironed the textile photodetector
shown in Fig. 3(a) [33]. The performance of the photodetector
remains the same after a whole laundry cycle of washing,
drying, and ironing. Their flexibility, light weight, and ease
in incorporating them into textiles on human bodies make the
CNT-fiber photodetectors extremely promising in the wearable
electronics field.
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IV. CONCLUSIONS

We developed a sewable, substrateless, polarization-
sensitive photodetector using CNT fibers. This ultrabroadband
photodetector has a low noise-equivalent power and shows
no sign of performance degradation after flexibility tests. We
demonstrated the wearability of this device by creating a smart
shirt that can be washed, dried, and ironed with no change in
performance. The promising properties of this device open the
route for seamlessly integrated photodetectors for the rapidly
growing wearable technology field.
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