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Abstract—We show that the performance of single-walled
carbon nanotubes (SWCNTs) based infrared photodetector can
be greatly enhanced through the combination with colloidal
PbS quantum dots (QDs). To improve the photo-induced charge
transport efficiency and the carrier mobility, the colloidal PbS
QDs are modified by short-chain inorganic. Under illumination,
the light-induced electron-hole pairs can be effectively separated
by the internal electric field formed at the interfaces between
SWCNTS and PbS QDs, which will lead to the increase of both
conductivities in them. Photocurrent is formed under the driving
of source-drain voltage (Vd s ) applied by the interdigital finger
electrodes. Our hybrid phototransistor achieves a responsivity of
7.2 A/W, a specific detectivity (defined below) of 7.1×1010 Jones,
and a response time of 1.58 ms at the same time under 1550-nm
illumination with low intensity. Through gate voltage tuning, the
responsivity can be increased to 353.4 A/W. In addition, our hybrid
phototransistor is stable, low-cost, and compatible with complementary metal oxide semiconductor, which benefits a lot in real
applications.
Index Terms—Carbon nanotubes, infrared photodetector, photogating effect, quantum dots.
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I. INTRODUCTION
N VARIOUS demanding applications, such as telecommunication, thermal imaging, biological imaging, and remote
sensing, infrared (IR) photodetectors play a key role [1]–[3].
The high performance 1.55 μm photodetector is especially desired for the optical communication system and imaging system
because of the low optical attenuation at this wavelength [4].
Most commercial infrared detectors are based on semiconductors like HgCdTe, InSb, and InGaAs. However, high cost of
material growth and extra cooling requirements limit their applications. Recently, room-temperature IR photodetectors based
on quantum dots (QDs) [5]–[7], graphene [8], [9], black phosphorus [10], black arsenic phosphorus [11], and carbon nanotubes [12]–[14] have been extensively studied. In addition, the
hybrid IR photodetectors based on two or more different materials exhibit excellent performance, such as MoS2 -grapheneWSe2 van der waals heterostructure for broadband photodetection [15], GaSe-GaSb vertical heterostructure for Dual-band
detection [16], and graphene/PbS quantum dots nanohybrids
for near-infrared detection [17]. Carbon nanotubes (CNTs), depending on the arrangement of the carbon-atom honeycomb
structure with respect to their axis, can be divided into direct
band semiconductors (sc-CNTs) and metals with nearly ballistic conduction [18]. Depending on the curved wall number, they
also can be divided into single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs). Studies
show that semiconducting single-walled carbon nanotubes (scSWCNTs) are promising building blocks for fabricating highperformance IR photodetector because of their ultrafast charge
transport mobility, compatible band gaps, excellent electronic
properties and great mechanical and chemical stabilities [12],
[18]. In addition, sc-SWCNT film based photoconductors show
compatibility with complementary metal oxide semiconductor
(CMOS) fabrication processing, potentially enabling on-chip
integrated, and multifunctional optoelectronics [19].
However, due to the enhanced Coulomb interaction and
the reduced screen effect in one-dimensional materials, the
photon-generated excitons are strongly bonded in CNTs and
thus lead to only a small fraction of electron-hole pairs that can
be separated to form effective photocurrent [18], [20], [21].
These properties generally render CNTs based photodetectors
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bolometric in nature, wherein the excitons recombine nonradiatively and transfer its energy to the crystal lattice of CNTs
[22], [23]. As a result, the performance of CNTs film based IR
photodetectors could not be comparable to IR photodetectors
comprised of other nanostructured materials [17], [24], [25].
Recently, CNTs based hybrid photodetectors show significant improvements in photosensitivity. Highly sensitive photodetectors realized by graphene-CNTs film [26] and MoS2 CNTs [27] heterojunction have been reported. Nevertheless,
these devices are hard to fabricate and difficult to form detecting arrays which are disadvantages in real applications. With the
merits of facile solution processability, low-cost manufacturing
and tunable bandgap [1], colloidal QDs become the promising
candidate for next-generation IR detection. Due to the high light
absorption and long lifetime of carriers in QDs, the quantum efficiency of a QDs based IR photoconductor can be as high as
103 [28]. However, the devices composed of single-layer QDs
still suffer from the drawbacks of large dark currents, low onoff ratios and slow photoresponse speed which are prevailing
problems in photoconductive devices and can be the obstacles
in real applications [29], [30]. To pursue high performance IR
photodetectors along with the merits of CMOS compatible, onchip integratable and easy to be fabricated, colloidal QDs and
CNTs, one of the most potential combination, have been investigated [19], [31]–[34]. The colloidal QDs, most used as
light absorber in these hybrid structures, trap one type of lightinduced carriers and inject the other type to the CNTs which
acts as channel, thus results the change of channel conductivity.
This photo-response mechanism is named photogating effect
[19], [33]–[35]. Although improvements have been shown in
these works, the detectivities, response time and dark current of
these hybrid photodetectors still cannot meet the requirement of
real applications. Important reasons for this are the low charge
transport efficiency between QDs and CNTs and the low carrier
mobility in QDs [33], [34].
Here we demonstrate a novel SWCNTs-based phototransistor
utilizing colloidal PbS QDs as both photogating layer and light
absorbing layer. To improve the photo-induced charge transport
efficiency and the carrier mobility of PbS QDs, we use shortchain inorganic ligands tetrabutylammoniumiodide (TBAI)
instead of the traditional long-chain organic ones to modify PbS
QDs [7], [36]. Furthermore, the ligand treatment can also tune
the energy levels of PbS QDs by forming different dipole moments at the QD–ligand interface [7]. Thus, electron-donating
ligand TBAI can shift the valance band to lower energy and
thus to form n-type PbS QDs [36]. When the n-type PbS QDs
contact with p-type SWCNTs, a built-in electric field formed at
the interface (like PN junction) between SWCNTs and PbS QDs
can effectively separate the light-induced electron-hole (e-h)
pairs, drawing electrons into PbS QDs and holes into SWNCTs
respectively. Under the drive of source-drain voltage (Vds ), these
light-induced charges are transported in opposite direction and
collected by the electrodes, which results the photocurrent.
II. RESULTS AND DISCUSSION
The three-dimensional schematic of the device is depicted
in Fig. 1(a). A film with highly enriched SWCNTs is formed

Fig. 1. (a) Three-dimensional schematic of the SWCNT film-PbS QDs hybrid phototransistor with interdigital finger electrodes. (b) Schematic of the
photo-response circuit of the device showing the voltage bias. V ds , source–drain
voltage; V gs , gate–source voltage.

through the deposition of SWCNTs solution on the substrate
(SiO2 /Si). Au interdigital finger electrodes with Pd adhesion
layers (each 4 μm in period and 600 nm in width) are used to
ensure good contact with SWCNTs. PbS QDs are spin-coated
onto the structure with detailed information in the Methods
Section. Since the PbS QDs layer is not isolated with the electrodes, electron-hole pairs generated near the electrode region
(dash square in Fig. 1(b)) could recombine before collected by
the external circuit, and do not contribute to the photocurrent.
However, for photogenerated e-h pairs in the middle-channel
region, they can be fast-separated by the built-in field between
QDs and SWCNTs and transport in opposite direction driven
by the external bias voltage. This significantly contributes to
the photoconductance, as some reported devices with similar
structure [17], [19]. Therefore, we ignore the unpassivation of
the electrodes here.
To further clarify the response mechanism, the band diagram
for charge transfer between the SWCNTs and TBAI-processed
PbS QDs under illumination is depicted in Fig. 2(a) [7], [37].
When the n-type PbS QDs contact p-type SWCNTs, due to the
free diffusion and recombination of major carriers (electrons in
PbS QDs and holes in SWCNTs), a depletion region will form
at the interface, resulting in the band bending like common
PN junctions. With the assist of built-in electric field, lightinduced electron-hole pairs can be effectively separated, and
the electrons are transferred into PbS QDs whereas the holes
are transferred into SWCNTs.
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Fig. 3. (a) Normalized absorption spectra of the PbS QDs. (b) Normalized
spectral responsivity of the hybrid phototransitor with V gs = 30 V and V ds =
1 V.

Fig. 2. (a) Schematic of band diagram for built-in electric field assisted charge
transfer between PbS QDs and SWCNTs under illumination. (b) Transfer characteristics of SWCNTs film only and PbS QDs/ SWCNTs hybrid structure with
V ds = 1 V.

To verify the strong interaction between SWCNTs and PbS
QDs, we measured the transfer characteristics of the same SWCNTs film before and after spin-coating of PbS QDs as shown in
Fig. 2(b). In the transfer characteristics of SWCNTs film, the
blue solid curve in Fig. 2(b), the back-gate tunable on/off ratio
of 104 shows the great semiconductor property of the SWCNTs
film and verifies that our SWCNTs film is mostly composed of
sc-SWCNTs. Comparing the transfer characteristics of the same
SWCNTs film before (blue curve) and after spin-coating PbS
QDs (red curve), we found that the Ids of the spin-coated hybrid
structure is smaller. On one hand, this phenomenon can be due
to the strong doping effect. Because of the different electron
densities in PbS QDs and SWCNTs, electrons in n-type QDs
will freely diffuse to the p-type SWCNTs and lower the free
carrier concentration in SWCNTs. On the other hand, the defects induced by QDs may slightly lower the carrier mobility in
SWCNTs. And because QDs layer has a very low electron mobility, the main conductance of the device is from the SWCNTs.
Thus the dark current after spin coating is smaller, represented
by the decreasing of Ids . At the same time, the free electrons or
holes diffusion in this hybrid structure leads to the band bending
as depicted in Fig. 2(a), results the built-in electric field which
assists the separation of light-induced e-h pairs.
As mentioned above, the PbS QDs film works as the light absorption layer in our hybrid structure. To verify our design, we
have measured the absorption spectra of the pure PbS QDs and

the spectral responsivity of the hybrid phototransistor. Results
are demonstrated in Fig. 3. In Fig. 3(a), an obvious absorption
peak at 1550 nm is clearly shown. This can be attributed to the
particular size of the PbS QDs which affects the band structure
[1]. After the PbS QDs are spin-coated on the SWCNTs, the normalized spectral responsivity of this hybrid structure still shows
a similar shape with rising and down trends like the absorption
spectra of pure PbS QDs. Moreover, the 1550 nm peak exists in
both the spectral responsivity of the device and the absorption
spectra of the PbS QDs. Consequently, it is reasonable to believe
that the light absorption of the PbS QDs in the hybrid phototransistor dominates the photoresponse of the whole structure
in the IR region.
In Fig. 4(a), we plot the transfer characteristics of SWCNTsPbS QDs hybrid phototransistor in the dark and under 1550 nm
illumination in linear and log-scale at Vds = 1 V. In the linearscale transfer curves, a positive shift in the threshold voltage
(VTH ) of ∼5 V can be observed, which can be attributed to the
increase of hole concentration in the SWCNTs [38]. Because
the increase of hole concentration brings the Fermi-level closer
to the valence band, less negative gate voltage is required to shift
down the Fermi-level to the valence band to turn the device on
[19]. The increase of hole concentration under illumination can
be explained by the separation of light-induced electron-hole
pairs and accumulation of holes in the SWCNTs side driven
by built-in electric field, which has been discussed in detail in
Fig. 2(a). In the log-scale transfer curves, when Vgs is larger than
20 V, the device is depleted, so the dark current of the whole
hybrid phototransistor dramatically decreases which is beneficial to weak light detection. In addition, the gate tunable ability
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Fig. 5. (a) Liner Ids versus V ds curves under 1550 nm illumination with
different illumination power intensities varied from 4.34 nW to 104.8 nW at
V ds = 1 V and V gs = 30 V. (b) Dependence of photocurrent on illumination
power intensities.

Fig. 4. (a) Transfer characteristics of SWCNTs-PbS QDs hybrid phototransistor in the dark and under 1550 nm illumination in linear and log-scale with
V ds = 1 V. (b) Photocurrent (Iphoto ) and Ilight /Idark ratio of the hybrid phototransistor under 1550 nm illumination as a function of back-gated voltages
with V ds = 1 V. (c) Photoswitching behavior of the hybrid phototransistor under 0.5 Hz 1550 nm illumination with different V gs at V ds = 1 V. The light
intensities used here are all 28 mW/cm2 .

of our device is shown in Fig. 4(b). The maximum photocurrent
31.1 μA occurs at Vgs = −28 V, and the calculated responsivity
at this condition is 353.4 A/W. Such a high responsivity is due
to the high gain originating from the photogating effect in which
the photo-induced e-h pairs are respectively separated into the
QDs gating layer and the SWCNTs channel by the strong builtin electric field. For weak light detection, Ilight / Idark ratio is
very important. Here, it reaches the maximum of more than 8
at Vgs = 30 V and Vds = 1 V. This tunable feature makes our
phototransistor more flexible in various applications.
The stability and photoswitching characteristic of the hybrid
phototransistor under 0.5 Hz 1550 nm illumination has been
demonstrated in Fig. 4(c) with Vgs = 10, 20, 30 V and Vds =
1 V. The response of our device is stable at all gate bias. It is

found that the on–off photoswitching ratio is more significant at
Vgs = 30 V. Taking Vgs = 30 V and Vds = 1 V, our device shows
a relative high Ilight /Idark ratio and an acceptable photocurrent.
The optoelectronic performances of the hybrid phototransistors under different illumination power intensities are depicted
in Fig. 5(a). The photocurrent increases gradually when the optical power increases from 4.34 nW to 104.8 nW. Fig. 5(b) directly
shows the dependence of photocurrent on various illumination
power intensities. The relationship between photocurrent and
light intensity obeys the power law I = cPk [39], where I is
the photocurrent, c is a proportionality constant relates to the
data units, P is the incident power, and k is an empirical value.
Through nonlinear fitting, we can obtain c = 2.13 × 10−5 and
k = 0.53, depending on the complex processes of electron-hole
generation, trapping, and recombination [39].
The responsivity (R) and the specific detectivity (D∗ ) are
also two key parameters for a photodetector and they have
been depicted in Fig. 6. The responsivity of a photodetector
can be defined as R = Iphoto /P where Iphoto is the photocurrent
and P is the incident power. Moreover, the specific detectivity
is an important figure-of-merit representing the capability of
the lowest detectable signal for a photodetector, which can
be defined as D∗ = (AΔf)1/2 /(NEP), where A is the effective
area of the detector calculated as 3 × 10−6 cm2 in Methods
Section, Δf is the electrical bandwidth in Hz, and NEP is the
noise equivalent power. Considering the shot noise from dark
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TABLE I
COMPARISON OF THE CRITICAL PARAMETERS FOR ROOM-TEMPERATURE
CNT-BASED PLANAR PHOTODETECTOR

Fig. 6. Specific detectivity and responsivity of the hybrid phototransistor at
V ds = 1 V and V gs = 30 V.

the original 100 Hz IR signal, which proves the bright application prospects of our device in IR detecting and IR imaging. The
detailed rising time τr = 1.58 ms (defined as 10% to 90%) and
falling time τf = 2.94 ms (defined as 90% to 10%) are demonstrated in Fig. 7(b). The short rising time of our device under
illumination originates from the built-in electric fields at the
interfaces between SWCNTS and PbS QDs which greatly accelerates the separation of photo-induced e-h pairs. The falling
time, compared to the rising time, is slightly longer. The defects
in the device that can catch the photo-induced electrons and
holes and prevent their recombination may account for this.
In this section, we have discussed the working mechanism
and the key parameters of our photodetector, R of 353.4 A/W,
D∗ of 7.1 × 1010 Jones and τr of 1.58 ms can be achieved under
1550 nm illumination. Table I lists the critical parameters of
other reported CNT-based photodetectors. Compared to them,
our device shows significant enhancements.
III. METHODS
A. Device Fabrication

Fig. 7. (a) Normalized photocurrent versus time under 100 Hz 1550 nm
illumination at V gs = 30 V and V ds = 1 V. (b) The enlarged picture to show
detailed rise time (τ r ) and fall time (τ f ) of the hybrid phototransistor.

current is the major factor limiting the detectivity, the specific
detectivity can be expressed as D∗ = RA1/2 / (2eIdark )1/2 [38],
[40], where R is the responsivity, e is the electronic charge, and
Idark is the dark current. Under low light intensity, the D∗ and
R of the hybrid phototransistor are up to 7.1 × 1010 Jones and
7.2 A/W. Nevertheless, the D∗ and R decreases with the increase
of incident light intensity which is due to the saturation effect
and is also common in other IR photoconductors based on PbS
QDs [28]. Note that these parameters can be further improved
through changing Vgs , at the cost of the decreasing in Ilight / Idark
ratio, which has already been discussed above in Fig. 4(b).
As a photodetector, response time is another important parameter which can dramatically affect the application prospects.
Fig. 7(a) shows the normalized photocurrent of the hybrid phototransistor with Vgs = 30 V and Vds = 1 V under 100 Hz 1550 nm
illumination. The response of our device is stable and can follow

The SWCNTs have been separated by polymer-assisted sonication mentioned in previous work and the extra polymers are
removed by filtration [46]. Then, the substrate Si with 300nm
SiO2 is dip-coated in the SWCNTs solution for 4 h at 60 °C.
In order to clean the surface of substrate, the tetrahydrofuran is
used to wash out the residue of solvent and impurity followed
by baking at 200 °C. After that, we drop SWCNTs solution 20
times on the substrate with the operation of clean carried out
every fifth time. Thus to produce a SWCNTs film about 10 nm
in thickness and 120 nanotubes per μm2 in density. Finally, the
sample is annealed in the chemical vapor deposition oven for
2 h at 400 °C under the protection of 300 standard-state cubic
centimeter per minute (sccm) Argon and 100 sccm hydrogen.
The interdigital finger electrodes on the SWCNTs is defined
through electron-beam lithography process followed by the
thermal evaporation of 3nm Pd and 50 nm Au. We use
high-work function metal Pd as adhesion layer here to promise
ohmic contacts with SWCNTs. Then the SWCNTs film is
isolated through oxygen ion etching. The dark dotted box in
Fig. 8(a) shows the etched SWCNTs film with the size of
30 μm in length and 12 μm in width. Taking consideration
of the size and distribution of interdigital finger electrodes
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which can further improve the photo-induced charge transport
efficiency between them are all important aspects to do research.
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Fig. 8. (a) Optical image of the etched SWCNTs film with interdigital finger
electrodes, where the dark dotted box shows the film edges. (b) Optical image
of the device after the LBL spin-coating process of PbS QDs.
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