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ABSTRACT Light polarization is used in the animal kingdom for

communication, navigation, and enhanced scene interpretation and
also plays an important role in astronomy, remote sensing, and
military applications. To date, there have been few photodetector
materials demonstrated to have direct polarization sensitivity, as is
usually the case in nature. Here, we report the realization of a carbonbased broadband photodetector, where the polarimetry is intrinsic to
the active photodetector material. The detector is based on pn
junctions formed between two macroscopic ﬁlms of single-wall carbon
nanotubes. A responsivity up to ∼1 V/W was observed in these devices, with a broadband spectral response spanning the visible to the mid-infrared. This
responsivity is about 35 times larger than previous devices without pn junctions. A combination of experiment and theory is used to demonstrate the
photothermoelectric origin of the responsivity and to discuss the performance attributes of such devices.
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L

ight polarization is used in the animal
kingdom for communication, navigation,
and enhanced scene interpretation.1 The
ability to detect light polarization is also useful
in many areas such as astronomy,2 remote
sensing,3 and military applications.4 While in
animals polarization detection is intrinsic to
their photoreceptors, most technological implementations of polarimeters utilize a nonmonolithic approach, where polarizers are
positioned in front of a photodetector. Removing this design complexity would be very
valuable, and such monolithic approaches
have been explored with quantum-well infrared photodetectors.5 Unfortunately, these systems require the use of a grating to couple the
incident light into the quantum wells6 and are
not amenable to ﬂexible or nonplanar applications. One question therefore is whether one
can take advantage of carbon-based materials,
as nature does, to circumvent some of these
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issues. There have been many studies exploring the use of carbon nanotubes (CNTs) in
photodetection, from individual CNTs79 to
large-size CNT ﬁlms.1018 Individual CNT devices are limited by their minuscule optical
absorption, while most previous studies on
large-size CNT-ﬁlm devices were based on
randomly distributed CNT networks and therefore are not polarization sensitive.1518
Here we report the realization of a broadband photodetector where the polarimetry
is intrinsic to the active photodetector material. The detector is based on pn junctions formed between macroscopic ﬁlms of
single-wall carbon nanotubes (SWCNTs). A
responsivity up to ∼1 V/W was observed in
these devices, with a broadband spectral
response spanning the visible to the midinfrared. Notably, this responsivity is 35 times
larger than our previous devices without pn
junctions.19 A combination of experiment and
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Figure 1. Schematic diagrams depicting the fabrication process for pn junction photodetectors based on aligned SWCNTs.
The three SEM images show the side and top views of aligned SWCNT arrays, with the red arrows indicating the CNT alignment
direction.

theory is used to demonstrate the photothermoelectric (PTE) origin of the responsivity and to discuss the
performance attributes of such devices.
RESULTS AND DISCUSSION
Photoresponse Measurement of pn Junction SWCNT Devices. SWCNT arrays were grown by chemical vapor
deposition (CVD), rolled down to form films of horizontally aligned CNTs, and transferred to substrates,20 as
shown in Figure 1 and described in the Methods
section. The surface image of a SWCNT film in Figure 1
shows that the SWCNT arrays become a horizontally
aligned film after the rolling down process. pn junction
photodetectors were then constructed by overlapping
two such films: one of the films is unintentionally p-doped,
and the other is intentionally n-doped with benzyl viologen (BV), which is stable in air.21 The n-type film is first
prepared by dropping some BV solution, and then the
p-type film is placed on the n-type film with some overlap
distance.
The photoresponse of the junction was measured
using diﬀerent light sources to cover the range from
660 to 3300 nm: a 660 nm laser diode; a tunable Ti:
sapphire laser to cover the range from 700 to 1100 nm;
the signal output of an optical parametric oscillator
(OPO) for the range from 1100 to 1600 nm; and the
OPO idler output for the range from 1600 to 3300 nm.
Details of these measurements can be found in the
Methods section and the Supporting Information.
Currentvoltage characteristics with and without
laser illumination of the junction are shown in Figure 2a.
Although there is a pn junction at the center of
the device, the IV curve is linear, indicating the
absence of rectiﬁcation. This is not surprising considering that CVD-grown CNT samples always contain a
mixture of semiconducting and metallic SWCNTs, and
HE ET AL.

Figure 2. (a) IV curve of the pn junction photodetector
with and without laser illumination at 660 nm. (b) Broadband photoresponse of the detector at an illumination
power of 1 mW. The inset shows the power dependence
for three wavelengths. (c) Polarization sensitivity at 660 and
3300 nm, respectively.

the presence of metallic (and unintentionally doped
semiconducting) SWCNTs in the ﬁlms gives them
metallic character. Upon illumination of the junction,
the IV curve shifts upward, producing both a
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photovoltage (PV) at zero current and a photocurrent
(PC) at zero voltage. From this, we determine that the
open-circuit PV, Voc, is ∼2 mV and the short-circuit PC,
Isc, is ∼25 μA.
The broadband response of the photodetectors is
demonstrated in Figure 2b, where it is seen that the
photoresponse is essentially ﬂat from 700 to 3300 nm
within the uncertainties of the measurements. We also
obtain good linearity of the response (inset in Figure 2b)
across the range of measured wavelengths. Most importantly, the photodetector exhibits strong polarization sensitivity due to the horizontal alignment of
SWCNTs in the ﬁlm, as demonstrated in Figure 2c. Our
measurements indicate that the polarization sensitivity
of the photodetector increases from the visible to the
infrared region, consistent with our recent polarizationdependent terahertz, infrared, and visible absorption
measurements of a similar ﬁlm.22 As shown in Figure 2c,
the ratio between the parallel and perpendicular polarization PV is around 0.78 and 0.61 at 660 and 3300 nm,
respectively.
Photothermoelectric Mechanism of pn Junction SWCNT
Devices. In order to understand the origin of the photoresponse, we performed scanning PV microscopy
(SPVM) using the 660 nm diode laser and a home-built
scanning photocurrent microscopy system.19 From the
SPVM measurements (Figure 3a), we find that for the
pure p- and n-doped devices the PV is only observed
near the contacts, which is consistent with previous
reports on the PTE in large-area SWCNT films.19 However, the pn junction device showed an additional,
much larger peak at the junction (Figure 3a). A similar
result was also observed in the case of intrafilm pn
junctions in disordered CNT films16,17 and ascribed to
the PTE effect due to the difference in Seebeck coefficient between the p-type and n-type portions of the
film. In the present case, we have the additional feature
of polarization sensitivity by taking advantage of
the intrinsic anisotropy of SWCNT optical response
through strong alignment in our devices. It should be
mentioned that the polarization sensitivity was observed on all devices including pure p- and n-doped
samples.
In a conventional pn junction where the response
is photovoltaic, the PV is proportional to the junction
area. Thus, one question is whether the photoresponse
of the devices studied here scales in the same manner.
To explore this issue, two diﬀerent devices, A and B,
were made (the inset of Figure 3b). In both devices, the
n-type SWCNT ﬁlms were doped with the same BV
concentration (∼70 mol/m3). For device A, a very
narrow pn junction was made, but for device B, the
overlap distance was very long (∼1 mm). Figure 3b
shows the PV position dependence for the two devices.
One can ﬁnd that there is only one peak appearing at
the junction of device A, but two peaks appear for
device B, which are located at the two edges of the

Figure 3. Scanning photovoltage microscopy of macroscopically aligned carbon nanotube ﬁlm detectors. (a) Comparison of the photoresponse of p-doped, n-doped, and pn
junction devices on Teﬂon. (b) Comparison between two
devices on Teﬂon with a short and long overlapping length
in the pn junction region. (c) Theoretical predictions of the
photovoltage proﬁle when the laser spot is scanned across the
device for three diﬀerent pn overlap distances (L = 1, 4, and
8 mm), where the overlap region is between L/2 and L/2.

pn junction. In the overlapping region of device B,
the PV becomes much smaller compared to the edges.
This means that most of the signal comes from the
edges instead of the overlapping region and that the
photoresponse is maximized with a smaller area of the
pn junction, in contrast to conventional photovoltaic
pn junction devices.
These unusual results can be explained on the basis
of a PTE model where the generated PV originates from
the individual contributions of each CNT ﬁlm instead of
being due to a junction eﬀect. In such a model, the
p-type ﬁlm makes one arm of a thermocouple, while
the n-type ﬁlm makes the other arm.19 We consider a
geometry where the p-type ﬁlm extends from x = L/2
to x = ¥ and the n-type ﬁlm from x = ¥ to x = L/2. The
PV generated in each ﬁlm due to the thermoelectric
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eﬀect is
Z
ΔVp ¼ 

L=2

Z
ΔVn ¼ 

¥

¥

Sp rTp dx ¼ Sp [Tp (¥)  Tp ( L=2)]

(1)

Sn rTn dx ¼ Sn [Tn (L=2)  Tn ( ¥)] (2)

L=2

where Sp (Sn) is the Seebeck coeﬃcient of the p-type
(n-type) ﬁlm and Tp(x) (Tn(x)) is the position-dependent
temperature of the p-type (n-type) ﬁlm. The total PV
generated in the device is thus given by
ΔV ¼ ΔVp þ ΔVn ¼ Sp Tp (L=2)  Sn Tn (L=2)

(3)

where we assumed Tp(¥) = Tn(¥) = 0. This equation
shows that the photoresponse depends on the temperature at speciﬁc positions in each ﬁlm, i.e., at the
ends of each ﬁlm (x = (L/2).
The unusual position dependence of the PV in
Figure 3b can now be understood from this model.
The temperature proﬁle under localized optical illumination is given by19
T(x  x0 ) ¼ Tmax e jx

 x0 j=λ

(4)

where x0 is the position of the laser spot and λ is the
thermal decay length. Using this expression for the
total PV (eq 3), we obtain
ΔV ¼ Tmax (Sp ejx0 þ L=2j=λ  Sn ejx0

 L=2j=λ

)

(5)

Figure 3c shows the behavior of this expression for a
thermal length scale of 1 mm and for three junctions
with overlap lengths of 1, 4, and 8 mm. The expression
reproduces the experimentally observed behavior,
with two peaks located at the edges of the ﬁlms, which
come together as the overlap length decreases.
Effect of Substrates on Photovoltage Amplitude and Temporal Response. The good agreement between theory and
experiment suggests the PTE origin of the photoresponse and implies that thermal management should
be important in these devices,17 which we now explore
by varying the substrate thermal conductivity. Figure 4a
compares experimental SPVM results for pn junction
devices on Teflon, glass, and AlN substrates. For the
device on Teflon, the spatial profile of PV at the pn
junction is broad, and its peak is ∼10 mV, corresponding to
a responsitivy of 1 V/W.
When the ﬁlm is placed on glass or AlN substrates,
the PV amplitude decreases and the spatial proﬁle
becomes narrow. These results are consistent with
the PTE eﬀect. Indeed, the thermal length scale for
optical heating is given by19
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
KCNT h
(6)
λ ¼
G
while the maximum temperature is
p
Tmax ¼ pﬃﬃﬃpﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G KCNT W
HE ET AL.

(7)

Figure 4. (a) Comparison of experimental scanning photovoltage microscopy for photodetectors on Teﬂon, glass, and
AlN substrates. (b) Dependence of the signal width (λ) and
strength (Vmax) on the substrate thermal conductivity.

where κCNT is the thermal conductivity of the CNT ﬁlm,
h the ﬁlm thickness, W its width, p the absorbed optical
power, and G the thermal conductance of the CNT/
substrate interface. It is expected that the thermal
conductance G will be proportional to the substrate
thermal conductivity, G  κsub, thus implying that λ and
Tmax should scale with κsub1/2. We ﬁnd that this is
indeed the case: Figure 4b shows the values of λ and
ΔVmax extracted from Figure 4a, plotted as a function
of κsub1/2, where we used the values κAlN = 280
W/m 3 K, κglass = 1 W/m 3 K, and κTeﬂon = 0.25 W/m 3 K. A
linear behavior is obtained as the substrate thermal
conductivity varies by 3 orders of magnitude.
From Figure 4a, the device on Teﬂon tape shows a
responsivity of 1 V/W, which is the largest responsivity
reported to date in a polarization-sensitive, macroscopic CNT device, eclipsing that of previous polarization-sensitive devices without pn junctions by a
factor of 35.19 This value is comparable with the
responsivity (∼1.6 V/W) of the polarization-insensitive
thermopile using disordered carbon nanotube ﬁlms,17
but smaller than the CNT/Si pn junction solar cell
(∼0.286 A/W or ∼5.3 V/W),14 based on the photovoltaic
eﬀect, or commercial Si photodiode (∼1 A/W).23
The PTE nature of the photoresponse also has
implications for the device temporal response. We
studied the PV response time of the devices on diﬀerent substrates. A comparison of the PV response of
devices on three substrates is shown in Figure 5a. One
can ﬁnd that for the device on the AlN substrate the PV
amplitude is much smaller, but its response is faster as
compared with the device on the other two substrates.
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Figure 6. Photovoltage of the photodetector on Teﬂon tape
as a function of the concentration of BV solution (n-type
doping). Dashed line is the theoretical prediction based on
the Fermi energy dependence of the Seebeck coeﬃcient
shown in the inset. See text for details.

Figure 5. (a) Transient photoresponse of the CNT photodetectors on Teﬂon (black curve), glass (blue curve), and AlN
(red curve) when the laser is turned on. (b) Temporal
response of the photodetector on AlN when the laser is
turned on and oﬀ (black dots are experimental data; red
lines are ﬁts). (c) Photovoltage response time as a function
of substrate thermal conductivity.

Figure 5b shows the response time measurement of the
device on an AlN substrate. By exponential ﬁtting, we
determine the turn-on and turn-oﬀ times, respectively,
of τon = 90 s and τoﬀ = 84 s, while τon for the devices on
Teﬂon and glass was 0.6 and 0.16 s, respectively.
The substantial impact of the substrate on the
response time can also be understood from the PTE
eﬀect. Indeed, the heat conduction equation gives a
time scale19
τ ¼

hFCp
G

(8)

where F is the mass density and Cp is the heat capacity.
Note that the response time is inversely proportional to
G, the thermal conductance between the CNT ﬁlm and
the substrate. As discussed before, for the device on
AlN, G is much larger than the one on Teﬂon, thus
giving a much faster response time. This behavior is
HE ET AL.

veriﬁed in Figure 5c, where the response time is plotted
as a function of κsub1.
Effect of n-Doping Level on Photovoltage Amplitude. In
order to study the role of n-type doping on the
photodetector performance, a series of devices with
sharp pn junctions on Teflon tape were made with
varying n-type doping. Different doping levels were
achieved by dropping different concentrations of BV
solution onto the CNT film, ranging from 0 to 400 mol/m3
(while keeping the same solution volume around 10 μL).
Shown in Figure 6 is the experimental result, where it
can be seen that the dependence of the PV on the BV
concentration is nonlinear. It increases rapidly at lower
doping concentrations, reaches a maximum at intermediate concentrations, and then slowly decreases. This
result is consistent with the PTE model described above.
For a film with a small overlap, the PV for illumination at
the junction is ΔV = (Sp  Sn)Tmax. Because the n-type film
is p-type before doping with BV, its Seebeck coefficient
can be written as Sn = Sp  ΔSn, where ΔSn (>0) is the
change in the Seebeck coefficient upon BV doping. The
photovoltage is thus ΔV = TmaxΔSn.
The inset in Figure 6 shows the doping-level
dependence of the semiconducting CNT Seebeck
coeﬃcient.19 If we assume an initial p-doping corresponding to the dashed vertical line in the inset, then increasing
the n-type doping through BV evolves the Seebeck coeﬃcient from p-type to intrinsic and then to n-type. ΔSn (and
thus the PV) follows the behavior of the Seebeck curve as
the BV doping is increased, with the initial p-doping
corresponding to zero BV concentration and zero signal.
At higher concentrations, the PV seems to become independent of BV doping, possibly due to the BV doping
method having reached its saturation. Nevertheless, the
results indicate that intermediate levels of doping are
required to optimize the photoresponse of these devices.
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substrates were made to optimize the photoresponse.
A fast response time of ∼80 μs was observed for the
device on AlN with a photovoltage amplitude of ∼0.045
V/W. A maximal photovoltage amplitude of 1 V/W was
observed for the device on Teﬂon with a response time
on the order of a second. This trade-oﬀ between PV
amplitude and response time of devices on diﬀerent
substrates is consistent with our theoretical model and
indicates that the mechanism for photovoltage generation is the photothermoelectric eﬀect. The dependence
of the photovoltage on the doping level was studied
systematically by varying the solution dopant concentration. The measurement showed that the photovoltage is
nonlinearly dependent on the doping level, exhibiting a
maximum at an intermediate doping level, reﬂecting the
dependence of the Seebeck coeﬃcient of semiconducting
SWCNTs on doping. Our work provides a new path for the
realization of polarization-sensitive photodetectors that
could be enabled on ﬂexible or nonplanar surfaces.

METHODS
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Materials and Device Fabrication. Our pn junction photodetectors were made using films of horizontally aligned SWCNTs.
We started from the growth of vertically aligned SWCNT arrays.
In the first step, a double-layer structure of catalysts was
deposited, where 10 nm of Al2O3 was electron-beam evaporated on a Si wafer (1 cm  1 cm), and 1 nm of Fe was put on top
of the Al2O3 layer by the same technique. A standard CVD
method for vertically aligned SWCNTs was adopted.20 The
growth time was 3 min, and then samples were checked under
a JEOL 6500 scanning electron microscope. The height of
vertically aligned SWCNT arrays was around 60 μm, which is
shown in Figure 1a. After 5 min of water etching, the sample was
rolled down and transferred to Teflon tape, as depicted in
Figure 1a. It was further pushed down horizontally by using a
smooth metal foil and then optionally dry-transferred to glass
slides or AlN substrates. After the rolling down process, the
SWCNTs became horizontally aligned, giving a film thickness of
13 μm. A drop of benzyl viologen solution with a controlled
concentration was then used to dope the SWCNT film from
unintentionally p-type into n-type.21 The pn junctions were
constructed by overlaying an unintentionally p-doped SWCNT
film onto an n-doped SWCNT film. Two electrodes were made
by daubing silver paste on the two edges of the device.
Device Characterization. A home-built scanning photocurrent
microscopy system was used to take scanning PV microscopy
for our devices.19 All measurements were performed in air and
at room temperature. The photoresponse across the 700 to
3300 nm spectral range was obtained by coupling the outputs
of a Ti:sapphire laser and an optical parametric oscillator into a
variable-pressure and variable-temperature probe station. Details of this setup can be found in the Supporting Information.
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CONCLUSION
Photodetectors with intrinsic polarization sensitivity
were realized with a pn junction made by using two
ﬁlms of horizontally aligned doped SWCNTs. Current
voltage measurements under broadband illumination showed the presence of a photovoltage at zero
current and an unbiased photocurrent. The detector
showed polarization dependence due to the horizontally aligned structure of SWCNT ﬁlms with the polarization sensitivity demonstrated as far as the midwave
infrared. Scanning photovoltage microscopy showed a
photovoltage peak located at the pn junction region,
which was much larger than the signal at the contact
edges. Comparable measurements were also performed
on photodetectors made only with n- and p-type SWCNT
ﬁlms, and a complete evolution of the photovoltage
proﬁle among photodetectors with diﬀerent types was
obtained, revealing the key role of the Seebeck eﬀect in
the photovoltage generation. Photodetectors on diﬀerent

Supporting Information Available: Apparatus for infrared
photoresponse spectroscopy. This material is available free of
charge via the Internet at http://pubs.acs.org.
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