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Abstract: The strong quantum confinement effect in lead selenide (PbSe) colloidal quantum
dots (CQDs) allows to tune the bandgap of the material, covering a large spectral range from
mid- to near infrared (NIR). Together with the advantages of low-cost solution processability,
flexibility and easy scale-up production in comparison to conventional semiconductors
especially in the mid- to near infrared range, PbSe CQDs have been a promising material for
infrared optoelectronic applications. In this study, we synthesized monodisperse and high
purity PbSe CQDs and then demonstrated the photodetectors working at different
wavelengths up to 2.8 pm. Our high quality PbSe CQDs show clear multiple excitonic
absorption peaks. PbSe CQD films of different thicknesses were deposited on interdigitated
platinum electrodes by a simple drop casting technique to make the infrared photodetectors.
At room temperature, the high performances of our PbSe CQD photodetectors were achieved
with maximum responsivity, detectivity and external quantum efficiency of 0.96 A/W, 8.13 x
10° Jones and 78% at 5V bias. Furthermore, a series of infrared LEDs with a broad
wavelength range from 1.5 pm to 3.4 pm was utilized to demonstrate the performance of our
fabricated photodetectors with various PbSe CQD film thicknesses.
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1. Introduction

Colloidal quantum dots (CQDs) have been studied extensively due to their attractive
optoelectronic properties such as high luminescence efficiency, large dipole moment, strong
light absorption, good photo-stability, and multiple electron hole pair generation [1-4]. More
importantly, the strong quantum confinement effect allows us to tailor the energy band gap of
these materials by controlling their size in a cost-effective wet chemical synthesis [5—7].
These advantages bring CdSe-based CQDs to a competitive market of lighting and display
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technology today. The research on lead based chalcogenide (PbTe, PbS, and PbSe) CQDs for
infrared applications has also received much scientific and technological attention because of
the possibility to tune the bandgap in the infrared wavelength range [8—14]. Infrared (IR)
photodetectors are important components in many different areas such as thermal imaging,
telecommunication, medical diagnostics, missile guidance, astronomy and environment
sensing [15-20]. Short-wave IR (SWIR) research with various materials has been attracting a
lot of attentions [21,22]. For examples, Graphene/IlI-V semiconductor nanowire
heterojunction near-infrared photodetectors [23-25] have been reported with a
photoresponsivity of 0.5 A/W in the infrared region (A = 1000 nm); bilayer graphene/gallium
arsenide Schottky junction [26] shows the photo- responsivity and detectivity of 0.005 A/W
and 2.88 x10'" (Jones). After the early literatures about lead chalcogenide CQD material
developments, structural and optical properties as well as the surface morphology of their thin
film [27-31], the photodetectors based on lead chalcogenide CQDs have been reported for a
limited spectrum in visible and near infrared region. For example, Lin et al. [32] investigated
the infrared PbTe CQD photodetector characteristics with inorganic halide ligand treatment
(tetrabutylammonium iodide) and reported that the responsivity at 1064 nm wavelength was
up to 1.9 mA/W with fine tuning of CQD film thickness (91 nm). Qiao et al. [33] studied PbS
CQD infrared photodetectors and reported that responsivity and detectivity were 8.2 mA/W,
7.2 x 10" Jones for 390 nm and 15.6 mA/W, 1.3 x 10" Jones for 930 nm light detection,
respectively. Mcdonald et al. [34] studied solution processed PbS CQD infrared
photodetectors and reported the responsivity as 3.1 mA/W for 975 nm illumination. These
PbS CQD photodetectors for near infrared spectrum only reach around 1.7 pm wavelength
[35], the transition range between NIR and SWIR.

Among the lead based chalcogenide family, lead selenide (PbSe) CQDs have received
more attention in not only photodetectors but also many infrared optoelectronic applications
like solar cells, light emitting diodes, etc [36—38]. The bulk PbSe semiconductor has a narrow
energy band gap of 0.27 eV at room temperature; it exhibits cubic crystal structure (space
group Fm3m), large exciton Bohr radius (46 nm), small effective masses for both electrons
and holes, and a large dielectric constant [39—41]. Sarasqueta et al. [42] studied the roles of
solvent treatment on infrared photodetectors based on PbSe nanocrystals. Sulaman et al. [43]
investigated the behavior of solution-processed infrared photodetectors (field-effect transistor
devices) based on PbSe CQDs doped with low carrier mobility polymer poly (N-
vinylcarbazole); and the reported responsivity was in the range of 0.0266 to 2.93 A/W for 980
nm illumination. With small band gap of corresponding bulk material and very large exciton
Bohr radius, PbSe CQDs have great potentials to extend the spectral range of photodetection
close to mid-IR region [44]. In the present work, we report about high performance
photodetectors at a broad spectral range, for the first time, up to 2.8 um based on our high
quality, monodisperse PbSe CQDs. The synthesized PbSe CQDs were studied by high
resolution transmission electron microscopy (HRTEM), x-ray diffraction (XRD), Fourier
transform infrared (FTIR) spectroscopy and absorbance spectroscopy. We deposited thin
films of synthesized PbSe CQDs on the patterned interdigitated platinum electrodes by a drop
casting method to create photodetectors. These photodetectors with different thicknesses of
the PbSe CQD film were studied and optimized in detail for the best performance. We
achieved the highest responsivity and external quantum efficiency of 0.96 A/W and 78% for
PbSe CQD near-infrared photodetectors. The photocurrent responses were recorded as a
function of bias voltage using infrared LED illuminations with wavelengths of up to 2.8 um.

2. Experiments
2.1 Synthesis of PbSe CQDs

Lead (II) oxide (PbO; 99.999%), selenium (Se; 99.99%), n-hexadecane (HDC; 99%) and
oleic acid (OA; 90%) were purchased from Sigma-Aldrich. Ammonium chloride (A.C.S.
grade) was purchased from Spectrum Chemicals. Trioctylphosphine (TOP; 97%) and
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diphenylphosphine (DPP; 99%) were purchased from Strem. Methanol (absolute) and toluene
(analytical) were purchased from Bio-Lab Ltd. Acetone (absolute) was purchased from
Gadot. These chemicals were used without further purification.

The PbSe CQDs were synthesized by modifying the procedure developed by Lifshitz and
associates [44,45]. The reaction mixture containing 0.8 mmol of PbO, 2.4 mmol of OA, and
HDC (the total mass of reaction mixture was 8§ g) was heated to 100 °C for 1 h under vacuum.
Then, the mixture solution was heated to 180 °C under nitrogen. Next, the selenium precursor
solution containing 0.8 ml of 1 M TOPSe, 1.6 mmol of DPP, 6.4 mmol of TOP, and HDC
(the total volume of stock solution was 4 mL) was rapidly injected into the Pb oleate solution
under nitrogen. The temperature decreased to 160 °C and the reaction mixture was kept until
appropriate growth was obtained. Afterwards, the reaction vessel was allowed to cool down
to 60 °C and then 1 mL of 0.2 M ammonium chloride solution (in methanol) was added to
obtain better surface passivation by halide treatment. The mixture solution was the CQDs and
they were isolated by centrifuging using methanol and acetone. The purification process was
repeated twice. Final precipitate was dried and then re-dissolved in toluene for further usage.

2.2 Device fabrication

The patterned interdigitated platinum electrodes on glass substrates were cleaned using
acetone, isopropanol, ethanol and deionized water in a sonication bath before the PbSe CQDs
film deposition. The 20 mg of PbSe CQDs was dissolved in 1 ml of hexane. Prepared solution
was deposited on interdigitated platinum electrode substrates by drop casting method. After
drying, the films were dipped for 1 minute in a solution of ethanol and 5% ethanedithiol and
then it was rinsed using ethanol and dried at 60 °C. Ligand exchange reduces the barrier
between the particles [46], readily improves the conductivity by 3 to 4 orders of magnitude in
our samples. The process was repeated for thicker film formation.

2.3 Characterization

The x-ray diffraction pattern of the PbSe CQDs samples was recorded on Shimazu (XRD-
6000) diffractometer with CuKa radiation (1.54 A). The high resolution transmission electron
microscopy (HRTEM) images of the PbSe CQDs were recorded using JEOL JEM 2010
electron microscope. The absorption spectra of the PbSe CQDs samples were measured using
Perkin Elmer Lambda 950 UV-Vis-NIR spectrophotometer. Fourier transform infrared
(FTIR) spectra of the samples were recorded by Shimadzu IR Prestige-21 FTIR
spectrophotometer. The film thicknesses were measured using a surface profilometer to be
500 nm, 900 nm and 1400 nm. The current-voltage (I-V) characteristics of the PbSe CQDs
devices were measured using a Keithley-2450 source meter unit with 1.520 pm continuous
wave laser illumination. The photocurrent responses were measured as a function of bias
voltage using lock-in amplifier with various LED from 1.5 pm to 3.4 um) illuminations. All
the characterization experiments were done at room temperature.

3. Results and discussion

The grain size and crystal structure of the PbSe CQDs have been studied by HRTEM and
XRD techniques as shown in Fig. 1. The TEM image (Fig. 1(a)) of PbSe CQDs shows that all
the nanoparticles are of spherical shape with uniform size. The size distribution and the
corresponding Gaussian curve fitting for the synthesized PbSe CQDs are shown in Fig. 1(b),
in which the results were analyzed from more than 100 nanoparticles. The average grain size
of PbSe CQDs is found to be 8.0 nm. Figure 1(c) shows the HRTEM image of PbSe CQDs.
The lattice spacing has been calculated using the fringes as 3.04 A and this corresponds to the
(200) plane of cubic PbSe structure. Figure 1(d) shows the x-ray diffraction pattern of PbSe
CQDs film. The diffraction peaks correspond to (111), (200), (220), (311), (222), (400), (420)
and (422) planes of cubic phase PbSe. The lattice constant (a) is calculated based on the XRD
data to be a = 6.12 A, which matches with the standard JCPDS data. No other impurity phase
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was detected, implying that the prepared PbSe CQDs are of high purity. The crystal size of
PbSe CQDs has been determined from full width at half maximum (FWHM) peak using

Scherrer’s formula D =K % Cos(6) where, 0, A, K, B and D are angle of diffraction, x-ray

wavelength, constant (K = 0.94), FWHM of the diffraction peak and grain size. The
calculated grain size by X-ray diffraction pattern is 8.5 nm, which is in a good agreement with
HRTEM results.
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Fig. 1. Characterization of PbSe CQDs. (a) The TEM image of PbSe CQDs shows the
monodisperse nanoparticles. (b) Histogram of the PbSe nanoparticle size distribution. (c) The
HRTEM of PbSe nanoparticles. (d) The x-ray diffraction pattern of PbSe nanoparticles.

Figure 2(a) presents the absorbance spectra of the typical PbSe CQD films calculated
from transmission spectra, which were measured by two different methods: wavelength
scanning monochromatic light and FTIR. The two methods cover different ranges of
wavelength with significant overlap in our interested spectrum region. Near-infrared
absorption spectra exhibit discrete excitonic features in both approaches, revealing the
presence of high-quality, monodisperse PbSe semiconductor nanocrystals. Two independent
experiments show the same two absorbance peaks at 2440 nm (0.50 eV), 1940 nm (0.63 eV)
which are the third and the second exciton peaks of our PbSe CQDs, respectively. While the
first excitonic transition appears at 2780 nm (0.44 eV) in the FTIR spectrum, showing the
semiconductor bandgap at short-wavelength infrared and close to mid-infrared region. The
wavelength scanning monochromatic light approach, which cannot show the first exciton
peak because of the limited light intensity at long wavelength, reveals some features around
1490 nm (0.83 eV) which is again out of range for FTIR method. Figure 2(b) presents the
absorbance spectrum of CQD solution where the scattering effect is significantly reduced in
comparison with the film counterpart. Therefore the signal is cleaner, and extra exciton peaks
are revealed in addition to the ones observed in the thin film. The results demonstrate our
high quality, monodispersed PbSe CQDs. It should be noted that two sharp peaks present at
3425 nm and 3505 nm in FTIR measurement are associated with vibrational modes of the
ligand on the surface of PbSe CQDs. The absorption peaks of our PbSe CQDs are blue shifted
when compared to the bandgap value of bulk PbSe (4430 nm or 0.27 eV). This clearly
indicates the nature of monodisperse PbSe nanoparticles with a strong quantum confinement
effect [47].
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Fig. 2. (a) Absorbance spectra of PbSe CQD film measured by single wavelength scanning
spectrometer (black color) and FTIR (blue color). (b) Absorbance spectrum of PbSe CQD
solution

We utilized our PbSe CQDs in the infrared photodetector with photoconductivity device
configuration as shown in Fig. 3(a). The interdigitated platinum electrodes on glass substrates
(ref.G-IDEPTS5) were purchased from Dropsens, Spain. The electrode gap, length, and
number of digits are 5 um, 6760 pum, and 250 x 2, respectively. We systematically
investigated the effect of the PbSe thin film thickness on the performance of our
photodetector devices. Current-voltage (I-V) characteristics of our PbSe CQD photodetectors
under ambient conditions in the dark and laser light illumination (1.52 pm) with various film
thicknesses (500 nm, 900 nm and 1400 nm) are shown in Fig. 3(b). The thicker films show
better conductivity (higher current) as usual and the resistances of the three devices are in the
range of 200 Q to 1 kQ. Under laser light illumination from the top of devices, the illuminated
current is greater than the dark current for every bias voltage. The difference between the
bright (7, ) and dark (7, ) current is the photocurrent. With normalization to the laser

intensity ( P,

in

.. Il —1 .
), we get the responsivity R = (i d‘”% of our photodetector devices [48]

at different bias voltage as presented in Fig. 3(c). The responsibility increases monotonically
with bias voltage but the role of PbSe CQD film thickness is clearly shown in Fig. 3(c). The
highest responsibility was achieved as 0.96 A/W at 5 Volt bias in the sample with 900 nm
CQD film. The thinner (500 nm) and thicker (1400 nm) CQD films show the responsibilities
0of 0.48 A/W and 0.33 A/W, respectively.

The external quantum efficiency (EQE) of our photodetectors can be calculated from

responsibility by the following equation [49] EQE = hc% 1 where, h, c, and A are Planck’s

constant, the velocity of light, and the excitation wavelength, respectively. The EQE presents
ratio of extracted charge number and the incident photon number. By increasing the bias
voltage, we can increase the extraction efficiency and therefore increase the EQE as seen in
Fig. 3(c) for all the samples. The maximum EQE of 78% was achieved at 5V with the sample
of 900 nm PbSe CQD film while the EQE values for thinner (500 nm) and thicker (1400 nm)
samples were 40% and 27%, respectively. There are two factors that affect the EQE or
responsibility: absorption of incident photons and extraction of generated charge carriers.
Thicker film creates more photo-generated charge carriers owing to their higher absorption
coefficient. Therefore, the photocurrent increases with film thickness initially. The extraction
of these carriers is determined by the distance from the carriers to the electrodes, the electric
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field (&) between the electrodes, the lifetime (1) and mobility (p., ) of photo-generated
carriers (electrons, holes). The carrier drifting lengths (/,, =tép, , ) are the measure of how

far the electrons and holes can travel before recombination. The photo-generated carrier
concentration is the most on the top surface where the light shines to the devices, then decay
exponentially at deeper layers. The electrodes are at the bottom of the samples, thus, the CQD
film thickness generally determines the average path length of the generated carriers to the
electrodes. When the thickness of the film is greater than the carrier drifting length, more
electrons and holes are recombined before reaching the electrode surfaces [50—54], which
would greatly reduce photocurrent in the thick PbSe CQD film device. The device
responsivity demonstrated in our study indicates first an increase and then a decrease with the
increase in film thickness; and this variation is in agreement with the experimental
observations of Pala et al. [55]. In our study, we were using commercial interdigitated
electrodes with fix gap of 5 pum which is much larger than the film thickness. However, it is
worth to note that reducing the gap between electrodes would increase the extraction
efficiency because of not only reducing the average carrier path length to electrodes but also
increasing the electric field.

0.030
500nm 900 nm 1400 nm ®)
(a) 0.025- dark —=— —h— ——
light —o— —— —
< 0.020-
Glass substrate _y, -
=
2 0.0154
Electrode 1 _ t
Electrode 2 3 © 0.010
PbSe CQDs
0.005
0.000 T T T T T
0 1 2 3 4 5 6
Voltage (V)
1.0 81 10
—a—500 nm (c) —a—500 nm (d)
—e—900 nm 2‘ —e—900 nm
g 0.84 _.—1400 nm 165 c 89 ——1400 nm
o 3
b »
> 06 {49 = 6]
> R =
F w  F
o 0.4 320 s 4
g .- :
= 2
0.2 116 a 2
0.0 ’ T T T T 0 0 T T T T T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Voltage (V) Voltage (V)

Fig. 3. (a) The schematic diagram of PbSe CQD photodetectors. (b) The current-voltage (I-V)
characteristics of PbSe CQD photodetector device under ambient conditions in the dark and
light illumination (1.52 um). (c) The responsibility and EQE of our photodetector devices with
different film thickness. (d) The detectivity as a function of bias voltage for our three devices.

For photoconductive devices, the noises such as generation-recombination (G-R) noise,
Johnson noise or 1/f noise limit the detectivity. If, as expected, the G-R noise is the major
contribution [16, 20, 38, 43], the specific detectivity (D*) can be determined by the following
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equation [56], wD’ =£here q is the electron charge (1.60 x 107"’ Coulombs), A is
4qgl

effective area, and g is photocurrent gain. The photocurrent gain represents the ratio of
collected charge carriers at the electrodes to the ones generated by photons in a time unit. For
CQDs, we can assume that the internal quantum efficiency is 1, i.e. 1 e-h pair generated per
photon. Thus photocurrent gain (g) is the device’s EQE which depends on bias voltage as in
Fig. 3(c). Figure 3(d) presents the devices’ specific detectivity as a function of bias voltage.
Increasing the bias voltage before photocurrent saturation will improve the detectivity. The
highest detectivity values were found to be 6.74 x 10° Jones, 8.13 x 10° Jones, and 3.11 x 10’
Jones for the devices of 500 nm, 900 nm, and 1400 nm PbSe CQD film thickness at 5V bias,
respectively. The 1400 nm thickness sample with lowest responsibility and highest dark
current shows the lowest detectivity.
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Fig. 4. Photocurrent-voltage characteristics of photodetectors under various LED illuminations
with wavelength from 1.5 pm to 2.8 pm for PbSe CQD thickness of (a) 500 nm, (b) 900 nm
and (c) 1400 nm. (d) The photocurrent of our three devices as a function of LED wavelength at
the bias voltage of 10V.

We demonstrated our photodetector devices at longer wavelengths by utilizing a set of
commercial LEDs (centre wavelength from 1.5 um to 2.8 um) as presented in Fig. 4. It is
noted that the performance of present LEDs at these wavelengths are very poor with power in
the range of uW and running in quasi-CW mode which is 1 kHz of square current (50% duty
cycle). The quasi-CW mode operation of LEDs was used as modulated light sources for our
lock-in detection technique. The photocurrent-voltage characteristics of PbSe CQD
photodetector with three different thicknesses and under various LED light illuminations are
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shown in Fig. 4(a)-4(c). The photocurrent is reported here as the peak-to-peak current in our
lock-in detection technique. Again, the photocurrent is reaching the highest value for the
sample with CQD film thickness of 900 nm. The photocurrents increase monotonically with
bias voltage and then reach saturated levels around 6V. All the devices show the photocurrent
response to the illumination light from 1.5 pm to 2.8 um which is characteristics of PbSe
CQD materials. Figure 4(d) summarizes the photocurrent as a function of LED wavelength
for three samples at 10V bias. Our photocurrent measurement with 3.4 um LED illumination
did not show any signal rather than background noise (~nA) which is the last data point at 3.4
pum in the Fig. 4(d). While the absolute powers of LEDs were not measurable, their intensities
monotonically decrease with increase of wavelength. The photocurrent peaks around 2.3 um
and 2.8 um resemble the absorbance peaks of our PbSe CQD materials (Fig. 2).

4. Conclusions

In summary, we have successfully synthesized monodisperse and high purity PbSe CQDs and
demonstrate their high performance for infrared photodetection. The responsivity of our
photodetectors with respect to some LED wavelengths resembles the absorbance spectrum of
our high quality PbSe CQD films with exciton peaks up to 2.8 um. The device performance is
dictated by the absorption of the PbSe CQD film and extraction of the photo-generated charge
carriers. The former increases with film thickness while the latter is limited by carrier drifting
length and therefore decreases with the increase of film thickness. Controlling the PbSe CQD
film thickness is important to balance these two effect and achieve high performance
photodetector devices. The highest responsivity and detectivity of our photodetectors are 0.96
A/W and 8.13 x 10° Jones, respectively for the device with 900 nm film thickness under 1.52
pm laser illumination. The obtained results indicate that the PbSe CQD material is a
promising candidate for high performance photodetector at the infrared spectrum.
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