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A solution-processed near-infrared polymer: PbS
quantum dot photodetectors
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Operating at room temperature, a solution-processed photodetector with near infrared sensitivity would be
a significant advancement towards industrial and scientific applications. Polymer-inorganic quantum dot

(QD) composites are attractive due to combination of the merits of polymeric and inorganic semiconductors

in novel electronic and photonic systems. Inorganic QDs are highly suitable as infrared absorbers, and

polymer bulk heterojunctions are attractive as solution-processable diodes. Herein, we demonstrated

a photodetector with a spectral response ranging from 300 nm to 1600 nm using a bulk heterojunction

composite of a wide bandgap conjugated polymer with narrow bandgap PbS QDs. Operating at room
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temperature, the solution-processed photodetectors exhibit a detectivity greater than 10*° cm HzY2 Wt and

an external quantum efficiency of over 80% in the visible region and 10% in the infrared region. All these
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1. Introduction

Sensing in the region from UV-visible to infrared (IR) is critical
for a variety of industrial and scientific applications."™ Partic-
ularly, sensing in IR is highly beneficial for applications such as
missile warning and guidance, precision strike, airborne
surveillance, target detection, recognition, acquisition and
tracking, thermal imaging, navigational aids, and day and night
vision."? IR sensors also play an important role in Earth and
planetary remote sensing and astronomy.® Today, separate
sensors or materials are required for different sub-bands within
the UV and near-infrared (NIR) wavelength () range. In general,
GaN, Si, and InGaAs-based photodetectors (PDs) are used for
three important sub-bands: 0.25-0.4 pum (UV), 0.45-0.8 pm
(visible), and 0.9-1.7 pm (NIR), respectively. Therefore, it would
be advantageous to have a multi-color PD system with a simple
structure, low-cost, high quantum efficiency, and high sensi-
tivity over the broad spectral ranges from UV to NIR.
Solution-processable  semiconductors, semiconducting
polymers or inorganic colloidal quantum dots (QDs), allowing
cost effective mass production vig printing techniques, are
applicable for the fabrication of so-called plastic electronics.
Semiconducting polymer electronics, such as light-emitting
diodes (LEDs), thin film transistors (TFTs), and solar cells,>®
have emerged as promising cost-effective alternatives to corre-
sponding silicon devices. Inorganic colloidal QDs usually have
the advantage of higher stability under ambient conditions and
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device performances are comparable to those of their inorganic counterparts. Thus, our results demonstrate
a simple way to fabricate uncooled solution-processed broadband photodetectors.

good optical properties, which are uniquely suited for use as
lumophores and infrared absorbers in LEDs and PDs."**

Polymer photodetectors have been previously reported with
full-color response, fast-response, and good sensitivities in the
spectral response from 400 nm to 1450 nm.**™" Inorganic
colloidal QDs have been used to fabricate NIR-PDs onto gold
interdigitated electrodes.”'® These NIR-PDs showed a large
photoconductive gain and photoresponse up to 1500 nm.
However, inorganic colloidal QD NIR-PDs were fabricated with
a coplanar structure, which were required to be operated at
a voltage as high as 40 V." On the other hand, PDs with
a coplanar structure was extremely difficult to be integrated
with current commercial thin film transistors (TFTs) because
current commercial TFTs require PDs with a vertical structure
rather than a coplanar structure.'® These characteristics signif-
icantly restrict their application in the fields of day/night-time
surveillance and chemical/biological sensing where high-
speed and low power PDs are desired.

To integrate the merits of both semiconducting polymers
and inorganic QDs, hybrid photodetectors (HPDs) based on
semiconducting polymer:QDs were developed. Through exciton
dissociation at the polymer/QDs interfaces, decent external
quantum efficiencies (EQEs) were realized, which outperformed
those of the polymer-based PDs. In addition, the incorporation
of polymer endows the PDs with easier solution-processability,
which is advantageous for the commercialization of IR PDs.
Herein, we report HPDs fabricated by the bulk heterojunction
(BHJ) composite of poly(3-hexylthiophene-2,5-diyl) (P3HT)
blended with lead sulfide QDs (PbS QDs) as a photoactive layer.
Due to the formation of P3HT:PbS QD BH]J components, less
populated midgap trap states on PbS QDs with a more efficient
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interfacial charge separation and a resonant exciton transfer
process are induced.”® As a result, efficient exciton dissociation
of the P3HT:PbS QD hybrid system was revealed through
exciton/charge dynamic investigations by an ultrafast transient
absorption measurement, resulting in reduced dark currents
and an improved photocurrent of HPDs. Thus, operating in an
ambient environment, HPDs with a spectral response ranging
from 300 nm to 1600 nm and the detectivity greater than 10"
Jones (1 Jones = 1 em Hz'> W) from the UV to the visible
region and greater than 10"° Jones in the NIR region were ob-
tained. These results are comparable to those obtained from the
reported HPDs.**

2. Results and discussion

2.1. Device structure of the HPDs

Fig. 1a shows the device architecture of the HPDs, where ITO is
indium tin oxide that has been used as the anode electrode and
Al is aluminum that has been used as the cathode electrode.
The energy level diagrams of P3HT and PbS QDs and the work
functions of ITO and Al are illustrated in Fig. 1b. The working
mechanism of the HPDs revealed in Fig. 1b can be demon-
strated as the photogeneration of excitons in both P3HT and
PbS QDs under illumination, followed by exciton dissociation at
the P3HT:PbS QD interfaces and hole transferring to the anode
electrode and electron transport to the cathode electrode.

Fig. 2 shows the normalized UV-vis absorption spectra of P3HT
and PbS QDs; both are in thin film states. It can be observed that
P3HT has an absorption spectrum limited to only a wavelength (1)
of 700 nm, with an absorption peak at A = 510 nm, whereas PbS
QDs show an extended absorption spectrum to 4 = 1600 nm, with
an absorption peak at A = 1400 nm. Therefore, the combination
of P3HT and PbS QDs predicts a broad and strong photo-response
from the visible to the NIR region, as indicated by the P3HT:PbS
QD BHJ composite, as shown in Fig. 2.

2.2. Thin film characterization

The transmission electron microscopy (TEM) image of PbS QDs
is shown in Fig. 3a. The diameter of the PbS QDs is estimated to
be ~6 nm, which is consistent with the energy diagram shown
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Fig. 1 (a) A schematic of the photodetectors architecture; (b) the
energy level diagrams of P3HT and PbS QDs and work functions of ITO
and Al electrodes. The generation and movement of electrons and
holes by illumination of the photodetectors.
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Fig. 2 The absorption spectra of P3HT, PbS QDs, and P3HT:PbS QD
thin films.

in Fig. 1b.>* To have a deeper understanding of how PbS QDs
influence the charge carrier transfer process in the P3HT:PbS
QD BHJ nanocomposites, photoluminescence (PL) spectra of
the pristine P3HT thin film, P3HT:PbS QD (weight ratio 1 : 0.2)
thin film, and P3HT:PbS QD (weight ratio 1 : 2) thin film were
obtained, and the results are shown in Fig. 3b. It is obvious that
pristine P3HT thin film shows a strong PL peak, which reflects
a large amount of electron-hole recombination due to the lack
of exciton dissociation sites.”® With the incorporation of a small
amount of PbS QDs, a striking quenching effect was observed in
P3HT:PbS QD (weight ratio 1 : 0.2) BHJ nanocomposites; this
indicates that an efficient exciton dissociation process occurred
at the P3HT:PbS QD interfaces and thus dramatically sup-
pressed charge recombination losses. Upon increasing the
P3HT:PbS QD weight ratio to 1 : 2, a more intensive quenching
effect was noticed, predicting a high photocurrent in the HPDs
based on the P3HT:PbS QD BHJ nanocomposites.

Fig. 3c compares the dynamics of the photoinduced
absorption (PA) in pristine P3HT and in the P3HT:PbS QDs BH]J
nanocomposite thin films probed at 4.7 pm.*® In this mid-IR
spectral region, where the polarons from the m-conjugated
polymers could be detected,?”*® a fast decay from pristine P3BHT
thin film was observed. However, a much longer polaron life-
time of up to a nanosecond was observed from the P3HT:PbS
QD BHJ nanocomposites as compared to that from pristine
P3HT thin film and pristine PbS QD thin film (~50 ps). These
results indicate long-lived mobile carriers with the integration
of P3HT and PbS QDs, which is consistent with the PL results
showing efficient charge transfer from P3HT to PbS QDs with
inhibited back-transfer.

2.3. Photodetector characterization

The device performances of HPDs based on the device config-
uration shown in Fig. 1la were then investigated through
measuring the current density versus voltage (J-V)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) TEM image of PbS QDs, (b) photoluminescence quenching

of P3HT by PbS QDs, and (c) mid-IR transient decay dynamics of P3HT,
PbS QDs, and P3HT:PbS QDs probed at 4.7 pm.

characteristics under white light with illumination intensity of
100 mW cm™ %, monochromatic light at a A of 500 nm with
a light intensity of 0.28 mW cm 2, and in dark. From the results
shown in Fig. 4a, it can be observed that low dark current
density (J4) of the order of ~10~° A cm™> under reverse biases is
obtained from HPDs. Note that regular photovoltaic devices
based on P3HT:PCs;BM composites as a photo-active layer,

This journal is © The Royal Society of Chemistry 2017
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without a cathode buffer layer, generally show much higher j4 of
the order of ~107> A ¢m™2.2*3' The dramatically lower J4
exhibited in HPDs fabricated by the P3HT:PbS QD BH]
composite is attributed to the remarkably larger electron
injection barrier between the work function of the ITO (indium
tin oxide) electrode and the LUMO (lowest unoccupied molec-
ular orbital) energy level of P3HT under reverse bias than that
between the work function of the ITO electrode and the LUMO
energy level of PC¢;BM since P3HT is the dominating matrix in
the P3HT:PbS QD BH]J nanocomposites.** Based on the equa-
R Jp 1
V2qJd  Lighe v29Jd
ity, R is the responsivity, /i, is the photocurrent density, and Jq
is the dark current density, the low J4 under reverse bias
predicts a large D*. Under illumination of white light and
monochromatic light at 2 = 500 nm, Jp, is dramatically
increased to 2.35 x 1077 A cm 2 and 5.26 x 107° A cm 2,
indicating efficient photogenerated charge carriers under illu-
mination. Based on Jg and J,, (at A = 500 nm), as shown in
Fig. 4b, the D* at A = 500 nm under different reverse biases can
be calculated. As demonstrated in Fig. 4b, D* with an overall
value greater than 5.0 x 10'° Jones were obtained in the reverse
biases region, reaching the highest value of 1.5 x 10" near 0 V.
The results demonstrate that only a small input power is needed
for driving the HPDs with sensitive photo-detection.

The external quantum efficiency (EQE) spectra, which specify
the ratio of the extracted electrons to the incident photons at
a given wavelength, of the HPDs were obtained under zero and
—1V bias; the results are presented in Fig. 4c. Note that the HPDs
under zero bias show rather low EQE values in the wavelength
region from 400 nm to 1600 nm; this is likely attributed to
insufficient driven voltages for exciton dissociation due to the
small energy level offset between the LUMO energy level of P3BHT
and the HOMO (highest occupied molecular orbital) energy level
of PbS QDs.**** Therefore, the external bias (—1 V) dramatically
facilitates exciton dissociation and charge carrier collection by the
corresponding  electrode,”® which generate significantly
higher EQE values, especially in the visible region. Then, based
q g4

— =EQEX —=E Exi(h'
o Q he Q 1240 118

Planck's constant, v is the frequency of incident light, and c is the
speed of light in vacuum) and the equation D* = R//2¢Jq, the D*
under zero and a —1 V bias as a function of different wavelengths
can be plotted according to the EQE spectra. Fig. 4c shows that the
HPDs have a wide spectral range expanding from the visible to the
NIR region, achieving over 10'" Jones D* in the visible region and
10" Jones D* in the NIR region.

tion of D* = 7 where D* is the detectiv-

on the equation R = EQE X

3. Conclusions

In conclusion, we report a solution-processed photodetector
with a broad spectral range from 300 nm to 1600 nm by
applying P3HT:PbS QD BHJ nanocomposites as a photo-active
layer. Since P3HT dominates the matrix in the BHJ nano-
composites, an extremely low J; is achieved due to the large
energy barrier for electron injection under reverse bias. In
addition, the efficient exciton dissociation at the P3HT:PbS QD

RSC Adv., 2017, 7, 34633-34637 | 34635
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Fig. 4

(a) Current-voltage (/-V) characteristics of polymer photodetectors measured in the dark and under illumination with A = 500 nm and

white light; (b) photocurrent, dark current, and estimated detectivities at A = 500 nm vs. biased voltages; and (c) EQE vs. wavelength and

estimated detectivities vs. wavelength at the biases of 0 V and —1 V.

interface and long-lived mobile carrier, which were verified by
PL and PA measurements, give rise to high J,, of the HPDs
under illumination. As a result, detectivities greater than 10"
Jones in the visible region and 10'° Jones in the NIR region were
observed. This study provides a simple way to realize uncooled
solution-processed broadband PDs with high sensitivity.

4. Experimental

4.1. Synthesis of PbS QDs

PbCl, (1 mmol, 0.28 g) was added to 5 mL of oleylamine (OLA) at
room temperature, and the resultant solution was heated to
120 °C under vacuum and was left for 30 minutes under
vigorous stirring until the PbCl,-OLA mixture turned into
a homogeneous clear solution. Elemental sulfur (0.4 mmol, 14
mg) was dissolved in 2.5 mL of OLA by heating at 80 °C in an oil
bath, which gave a deep red solution.*® The resultant sulfur
solution was injected into the PbCl,-OLA solution at 140 °C.
The resultant mixture was aged at this temperature for 1 hour,
resulting in a black colloidal solution. After centrifugation and
purification, PbS QDs were synthesized.

4.2. Device fabrication

Firstly, the ITO/glass substrates were cleaned by ultrasonication in
detergent, de-ionized water, acetone, and isopropanol followed by
drying in the incubator. Then, the ITO/glass substrates were

34636 | RSC Adv., 2017, 7, 34633-34637

treated by UV-ozone for 20 minutes, followed by spin-coating the
P3HT:PbS QDs from the dichlorobenzene (0-DCB) solution with
a concentration of 10 mg mL™'. Lastly, the HPDs device was
completed by thermal deposition of 100 nm Al in the vacuum
chamber. The device area is measured to be 0.16 mm?.

4.3. Thin film characterization

UV-vis absorption spectra of P3HT, PbS QDs, and P3HT:PbS QD
thin films were measured using a HP 8453 spectrophotometer.
Measurement of the TEM images of the pristine PbS QD thin
film was carried out via a JEOL TEM using an accelerating
voltage of 120 kV. Photoluminescence (PL) spectra were ob-
tained using a 532 nm pulsed laser as the excitation source at
a frequency of 9.743 MHz. The transient absorption (TA)
measurements were carried out using a dual-beam femtosecond
spectrometer utilizing the second harmonic of an OPA (optical
parametric amplifier) as the pump and a white light continuum
as the probe.

4.4. Photodetector characterization

The current density-voltage (/-V) characteristics of HPDs were
characterized under an AM1.5G calibrated solar simulator
(Newport model 91160-1000). The light intensity of the white
light was 100 mW cm 2. The light intensity was calibrated by
utilizing a mono-silicon detector (with KG-5 visible color filter)
of the National Renewable Energy Laboratory to reduce spectral

This journal is © The Royal Society of Chemistry 2017
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mismatch. The monochromatic light at A = 500 nm was ob-
tained by placing an optical filter (A = 500 nm) under the solar
simulator. The J-V characteristics were obtained using a Keith-
ley 2400 source meter. The external quantum efficiency (EQE)
spectra were measured through the EQE measurement setup in
use at ESTI for cells and mini-modules. A 300 W steady-state
xenon lamp provides the source light. Up to 64 filters (ranging
from 300 to 1600 nm) are available on four filter-wheels to
produce the monochromatic input, which is chopped at 75 Hz,
superimposed on the bias light, and measured via the usual
lock-in technique.
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