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Wearable and sensitive photodetectors (PDs) have been demonstrated based on a blend film of PbS
quantum dots (QDs) and QDs modified multiwalled carbon nanotubes (MWCNTs). Owing to the
synergetic effect from high light sensitivity of PbS QDs and excellent conductive and mechanical
properties of MWCNTs, the blend PDs show high sensitivity and flexibility performance: device
responsivity and detectivity reach 583 mA/W and 3.25  1012 Jones, respectively, and could stand
large number (at least 10 000 cycles) and wide angle (up to 80 ) bending. Furthermore, the
wearable and sensitive PDs have been applied to measure the heart rate in both red and near
infrared (NIR) ranges. The presented PDs are expected to work as sensor candidates in integrated
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4898680]
electronic skin. V
Future electronics are expected to be flexible and comfortable for user-friendly applications.1–4 As one kind of sensor electronics, electronic skin1 has received intense research
interest due to its comfort and convenience for physiological
measurement1 and wide applications in intelligent robot
technology.2 To match flexibility of electronic skin, active
materials of devices have to possess bendable capacity3,4 in
addition to other superior properties. The solution processibility and high near infrared (NIR) sensitivity of PbS quantum dots (QDs)5 make it possible to be applied as active
materials for sensors of electronic skin. However, the mobility of PbS QD film is a little low at 103–104 cm2/Vs.6–9
On the other hand, multiwalled carbon nanotubes
(MWCNTs) have been shown excellent charge transport
(mobility  104 cm2/Vs) and mechanical flexibility.10–12 For
PbS QDs and CNTs hybrid system, efficient charge transfer
has been observed from photo-excited PbS QDs to
CNTs.13–15 Therefore, the blend of PbS QDs and MWCNTs
working as active materials of photodetectors (PDs) makes it
possible to implement the synergetic effect of high sensitivity and flexibility, both of which are crucial for electronic
skin applications.
In the present contribution, we fabricated three types of
conductive PDs based on different blending styles of
MWCNTs and PbS QDs. The first type only contained QDs.
The second one was named as physically mixing blend
(PMB), made up of physically mixed MWCNTs and QDs.
And the last one was denoted as chemically anchoring blend
(CAB) which consisted of PbS QDs and MWCNTs chemically anchored by QDs. All of the PDs were fabricated on
PET (polyethylene terephthalate) substrate. The CAB PDs
obtained an estimated detectivity of 3.25  1012 Jones, which
was 2 times that of PMB PDs and 3.6 times that of PbS QDs
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alone based ones. And, the CAB PDs could stand large number and wide angle bending, while the pure PbS QDs ones
failed. What is more, we further applied the CAB PDs for
heart-rate detection as a preliminary demonstration of their
potential application for electronic skin.
PbS QDs were synthesized using a modified Hines
method.16 MWCNTs were synthesized by traditional chemical vapor deposition method with the length and diameter
ranges of 5–15 lm and 40–80 nm, respectively. The rawMWCNTs were purified and then dispersed in chloroform.
The procedure of PbS QDs anchoring onto MWCNTs is
schematically displayed in Fig. 1(a). The grafting was
implemented by simply stirring 2 ml of oleic acid (OA)-passivated PbS QDs toluene solution (50 mg/ml) and 1 ml of
MWCNTs chloroform solution (1 mg/ml) together at room
temperature for 3 days. Figure 1(b) shows the FTIR spectra
of PbS QDs, MWCNTs, and MWCNTs grafted by PbS
QDs (MWCNT/PbS QD) samples. The MWCNT/PbS QD
samples were obtained by centrifuging the above stirred
blending solution at 5000 RPM. At such rotation speed, the
non-grafted PbS QDs could not be precipitated in centrifuged products. The typical peaks of functional groups such
as (C–H)s,as and (CO2)s,as17 reveal the existence of grafted
PbS QDs in the centrifuged products and the chemically
anchoring relationship between MWCNTs and PbS QDs.
The above grafting result is due to Van der Waals force
between OA ligands and MWCNTs, which comes from the
interaction of long carbon chains.14 Single MWCNT grafted
by QDs was further characterized by transmission electron
microscopy (TEM) and high resolution transmission electron microscopy (HRTEM). Figure 1(c) shows a typical
TEM image of MWCNT/PbS QD nanoarchitecture, which
clearly reveals the coupling of PbS QDs to MWCNTs.
HRTEM image (Fig. 1(d)) confirms the lattice spacing of
PbS QD and MWCNT and the chemically anchoring relationship between them.
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FIG. 1. (a) Schematic description of PbS QDs chemically anchoring onto
MWCNTs. (b) FTIR spectra of MWCNTs, PbS QDs, and PbS QD/MWCNT
nanoarchitectures. (c) TEM and (d) HRTEM images of PbS QD/MWCNT
nanoarchitecture.

Photoluminescence (PL) measurement is traditionally
utilized to check the carrier transfer in hybrid system.13–15
Figure 2(a) shows PL spectra of CAB solution with different
MWCNT-to-QD weight ratios. Compared to pure PbS QD,
the PL intensities of CABs (1 wt. % and 5 wt. %) decrease
dramatically. The schematic image of energy level alignment
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for the hybrid system is shown in Fig. 2(b). For the present
system, the conduction band minimum (CBM) and valence
band maximum (VBM) of PbS QDs are taken to be 3.8 and
5.1 eV,18 and the work function of MWCNT is known in
the range of 4.7–4.95 eV.19,20 The relative energy level
alignment favors more photo-excited holes than electrons
transfer from PbS QDs to MWCNTs.21 Hence, the photoinduced charges energetically transfer from PbS QDs to
MWCNTs (“2” and “3” processes in Fig. 2(b)), which leads
to the decrease of PL intensity.
Based on the charge-transfer mechanism, an enhanced
conductive PD displayed in Fig. 2(c) was designed and
implemented. PET treated by ultraviolet ozone was utilized
as the transparent and flexible substrate. Figure 2(c) shows
the schematic device structure with the dimension of 15 mm
in length and 0.2 mm in width. The metal electrodes (Cr/Au)
were pre-deposited by magnetron sputtering in order to
obtain both good adhesion on PET and ohmic contact
with the active film. The active film was deposited via layerby-layer spin-coating and later passivated by MPA
(3-Mercaptopropionic acid) from a traditional solid state
ligand exchanging process.22 All devices were baked at
90  C in air for 10 min and finally encapsulated by PMMA
(polymethyl methacrylate).
The response current-time (I-t) curves shown in Fig.
2(d) were obtained under 650 nm monochromatic light illumination with an intensity of 430 lW/cm2. Under an external
bias of 5 V, the dark and photocurrent of PDs based on pure
PbS QDs, 1 wt. % PMB and 1 wt. % (optimized proportion)
CAB are 0.26 nA and 12.9 nA; 0.36 nA and 18.5 nA; and
0.96 nA and 30.3 nA, respectively. The rise time and decay
time of CAB PDs are 0.7 ms and 3.8 ms, respectively. And,
the PDs are fast enough for 100 Hz signal. Agreeing well
with the PL analysis, the incorporation of MWCNT can
improve conductivity of the active film. The chemically
anchoring contact of PbS QDs with MWCNTs and their
energy level alignment favor holes inject into MWCNT,
which greatly improves the carrier lifetime and charge
transport.
Responsivity (R) and detectivity (D*) are the two most
important figures of merit for PDs. Responsivity measures
device sensitivity toward light detection calculated from the
following equation:
R ¼ ðIphoto  Idark Þ=P;

(1)

where Iphoto is photocurrent, Idark is dark current, and P is the
light power impinging onto the device. D*, normalized
detectivity in Jones, is given by the following:
D ¼ ðADf Þ1=2 R=in ;

FIG. 2. (a) Steady-state PL spectra of CAB solution with different
MWCNT-to-QD weight ratios. (b) Schematic band diagram of MWCNT/
PbS QD nanoarchitecture: “1” process represents the recombination of electrons and holes, “2” and “3” processes represent the transfer of holes and
electrons from PbS QDs to MWCNTs. (c) Schematic diagram of CAB PD
structure, dashed line shows the possible charge transport path (solid black
tubes denote MWCNTs and red spheres represent QDs). (d) I-t responses of
PbS QDs, PMB, and CAB PDs.

(2)

where A is the effective area of the detector in cm2, Df is the
electrical bandwidth in Hz, and R in A/W is measured under
the same conditions as the noise current in .
There are three contributions to the noise that limit D*:
shot noise from dark current, Johnson noise, and thermal
fluctuation noise.23 Shot noise (Ish Þ , associated with current
fluctuation flowing cross a PD, is often dominating the total
noise of the detector.24 Shot noise is determined by dark
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current Idark and electrical noise bandwidth Df through the
equation (where q is elementary charge):
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ish ¼ 2qIdark Df :
(3)
Here in is equivalent as Ish , we could further simplify the
normalized detectivity D* as
pﬃﬃﬃ
ðIphoto  Idark Þ A
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
:
(4)
D ¼
P 2qIdark
As shown in Figs. 3(a) and 3(b), the estimated R
increases linearly with bias under 650 nm monochromatic
illumination at an intensity of 0.2 lW=cm2 , while D*
increases nonlinearly. The above results are consistent with
the bias depending relationship of Eqs. (1) and (4). Under a
bias of 40 V, the obtained R and D* of 1 wt. % CAB PDs can
reach 583 mA/W and 3.25  1012 Jones, respectively, which
are both about 3.6 times those of pure PbS QDs PDs and 2
times those of 1 wt. % PMB PDs. In Fig. 3(c), the estimated
R decreased under a bias of 5 V when the illumination intensity increased, which is due to that deep trap centers contributing significantly to R. Responsivity was filled under high
power illumination,25,26 in addition to more severe bimolecular recombination loss under stronger illumination.

FIG. 3. Detector performance evolution of PbS QDs, PMB, and CAB PDs
under different bias voltages ((a) and (b)) and different illumination intensities (c).
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Flexibility performances of two-group PDs based on
pure PbS QDs (Figs. 4(a) and 4(c)) and 1 wt. % CAB (Figs.
4(b) and 4(d)) was examined at 10 V bias under 650 nm illumination with a power density of 430 lW/cm2. At fixed
angle (20 ), the I-t evolution curves as the bending cycle are
shown in Figs. 4(a) and 4(b). The photocurrents of pure PbS
QD PDs shrink 10% after 10 000 cycles of bending.
However, the photocurrents of CAB PDs remain almost the
same after the same bending cycles. Figures 4(c) and 4(d)
show the flexibility performance of PDs bended at wide
angle (10 –80 ). Once the PbS QD PDs are bended up to
80 , about 50% attenuation of photocurrent appears. In contrast, the CAB PDs keep almost the same response at above
bending angles. Hence, the incorporation of MWCNT can
greatly improve the flexibility of PDs in addition to the
improvement of film conductivity.
The present superior performance of CAB PDs makes
them suitable for skin electronics. The traditional (clipped at
middle finger) and CAB (worn at forefinger) based heart-rate
detectors are shown in Fig. 5(a). Figure 5(b) demonstrates
the measuring state of CAB PDs illuminated by red LEDs.
As like the traditional heart-rate signal in Fig. 5(c), the
untreated and unfiltered heart-rate signals (Fig. 5(d) and
5(e)) measured in the red and infrared spectral ranges clearly
show the relevant features of the pulse, including heart rate,
systole, diastole, and the pulse wave reflection. Compared
with the traditional heart-rate senor probe, the advantages of
the CAB PDs are their smaller size, wider excitation spectra,
and friendly and comfortable measurements, which make
them capable to work as wearable sensors in wide application fields.
In summary, we have implemented highly flexible and
sensitive CAB PDs for heart-rate detection. The chemically
anchoring relationship between PbS QDs and MWCNTs and
their energy alignment favors the charge transfer from PbS
QDs to MWCNTs. Because of the synergetic effect from
PbS QDs and MWCNTs, the obtained responsivity and

FIG. 4. Flexibility performances of PbS QDs and CAB PDs: (a) and (b) I-t
response after different bending cycles at 20 ; (c) and (d) I-t response after
bending at wide angles (10 –80 ). The insets show bending photographs of
PDs.
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FIG. 5. (a) Comparison between traditional heart-rate sensor probe (clipped
at middle finger) and the CAB PDs (worn at forefinger). (b) Heart-rate test
of the CAB PDs under red LEDs. (c) The heart-rate signal measured via the
traditional detector. (d) and (e) The original heart-rate signal measured
through the CAB PDs in the red and infrared spectral ranges.

detectivity of CAB PDs are superior to those of PMB and
PbS QD PDs, reaching 583 mA/W and 3.25  1012 Jones
respectively. For flexibility performance, the CAB PDs can
stand large number (at least 10 000 cycles) and wide angle
(up to 80 ) bending while the pure PbS QDs PDs declines
with increasing bending cycles and angles. The CAB PDs
have been applied in skin electronics as heart-rate sensors.
The output signal can clearly demonstrate the patient heartrate variation. The synergetic effect and superior device performance are expected to open promising opportunities for
functional material selection, device design and implementation of integrated electronic skin.
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