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Abstract—A low-cost photoconductive dual-band detector
based on a ZnO film sensitized with lead sulfide quantum dots
(PbS-QDs) is reported. The UV response arises from the interband
absorption of UV radiation by ZnO, and the IR response is due to
the absorption in the PbS-QDs. The detector exhibits UV response
from 200 to 400 nm with a peak responsivity of 4.0 x 10° V/W and
detectivity D* of 5.5 x 10! Jones at 370 nm at room temperature.
The observed visible-near IR response is from 500 to 1400 nm with
a responsivity of 5.4 x 10° V/W and D* of 7.3 x 10*" Jones at
700 nm operating at room temperature. By increasing the PbS-QD
size, the IR response can extend up to 2.9 pm.

Index Terms—Dual band, lead sulfide quantum dots (PbS-QDs),
low cost, ultraviolet—infrared (UV-IR), ZnO.

I. INTRODUCTION

SINGLE detector capable of sensing radiation in two or

more distinctly separated spectral regions helps to reduce
the cost and size of photon detectors and will be useful for spe-
cialized applications such as mine detection and identification
of the source of a fire. Several quantum dot (QD), dots-in-well,
superlattice, and heterojunction-based dual/multiband detectors
have been reported [1], [2]. A typical UV-IR dual-band detector
uses interband absorption in wide-bandgap nitride semiconduc-
tors for UV detection and intraband absorption in the same
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material for /R detection. All of the above detector systems
utilize expensive thin-film epitaxial growth techniques such
as the molecular beam epitaxy or the metal-organic chemical
vapor deposition. On the other hand, nanocrystalline films of
wide-bandgap oxide semiconductors, for example, TiO2, ZnO,
and SnOs,, can be fabricated using relatively simple low-cost
techniques. These films can be sensitized by semiconductor
nanoparticles, such as PbS3, CdS, SbyS3, and BisSs [4].

The electron transport mechanism involved in this type of
structures is similar to that in the sensitization of wide-bandgap
semiconductors with dyes [5]. The bandgap modulation of QDs
due to quantization in particle size enables the sensitization of
wide-bandgap materials from UV to far IR region [6]. ZnO is
an interesting wide-bandgap semiconductor sensitive to the UV
radiation, which can be grown by low-cost sol-gel techniques
[7], spray pyrolysis, or ducted blading (also known as knife
coating) to form nanoporous films. ZnO has several advantages
over its competitors, i.e., it is an inexpensive, readily available,
chemically stable, and nontoxic material.

Here, a dual-band photoconductive detector, consisting of a
ZnO nanoporous film embedded with PbS-QDs, is reported.
The UV response originates from the interband absorption
of the ZnO with a response threshold corresponding to the
bandgap of ZnO at ~0.4 um. The absorption in PbS-QDs leads
to a visible to near-/R (VIS-NIR) response with a tunable zero-
response threshold wavelength A\; from 0.8 to 2.5 yum. PbS-QDs
have a higher bandgap than the bulk PbS (0.41 eV).

There are many reports in the literature describing photocon-
ductive detectors and photovoltaic devices based on PbS-QDs
[8]-[10]. The importance of the present system is the obser-
vation of enhanced photoconductive response in a disordered
composite semiconductor nanostructure.

II. EXPERIMENTAL

Photosensitive films reported here were prepared as de-
scribed below. A fine diamond point was used to engrave an
~30-pm-thick scribe on the surface of a fluorine-doped tin
oxide (FTO) conducting glass plate (1 x 2 cm?; sheet resistance
12 Q/sq). After standard cleaning procedures (ultrasonic clean-
ing in KOH + propan-2-ol followed by rinsing with diluted
nitric acid and deionized water and immersion in boiling
propan-2-ol), the ZnO paste was screen-printed on top of the
area (~1 x 1 cm?) covering the scribe, as shown in Fig. 1(a).
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Fig. 1. (a) Schematic illustrating sample geometry used for the dual-band
detector. The electrical connectivity of the FTO glass sheet was broken by
engraving a scribe, and a layer of colloidal ZnO embedded with PbS-QDs
was formed on top. (b) Schematic of approximate conduction and valence-band
energy levels in the structure with respect to vacuum scale and possible carrier
transport mechanism in the device.

The ZnO paste was prepared by grinding 1 g of ZnO powder
(Sigma-Aldrich) with some ethanol and a few drops of acetic
acid and Triton X-100. Then, the film was dried under ambient
conditions and sintered in air at 450 °C for 20 min. The resultant
ZnO film was ~10 pm thick. PbS-QDs were embedded on the
ZnO film as follows. One drop (~50 pul) of lead (II) acetate
(Pb(CH5COO); - 3H20) solution in aqueous ethanol was ab-
sorbed into the ZnO film and exposed to HsS gas for 30 min
at room temperature. The film acquired a brownish-black tint,
which can be observed from both the top and the under side of
the ZnO film (through the FTO glass), due to the formation of
PbS-QDs. This confirmed the formation of PbS-QDs on the top
of the film and also inside the film. By varying the concentration
of the lead acetate and the flow rate of H»S, the density and the
size of the PbS-QD particles were altered. Electrical contacts
were inserted as shown in Fig. 1(a).

A custom-designed Kratos Axis Ultra X-ray photoelectron
spectroscopy (XPS) system [11] was used to obtain the XP
spectra of the PbS-QD embedded ZnO film. All XP spectra
were calibrated using the adventitious carbon (C) 1 s peak at
285.0 eV. A Shirley-type background was subtracted from each
spectrum to account for inelastically scattered electrons that
contribute to the broad background. The CasaXPS software was
used to process the XPS data [12]. The sulfur 2p transition was
fit to two peaks with a ratio of 2:1 for the 2p3,, and 2p;;
transitions, respectively. The sulfur 2p doublet was constrained
to have separation energy of 1.2 eV, with equivalent full-
width at half-maxima. The components of the peaks contain
a Gaussian/Lorentzian product with 30% Lorentzian and 70%
Gaussian character. An error of £0.2 eV is reported for all peak
binding energies.

SEM images of FTO glass plates coated with ZnO and
ZnO/PbS-QDs, prepared under different HoS flow rates, were
obtained using a Hitachi S-4800 SEM at 2 kV. The -V char-
acteristics of the samples were measured using a KEITHLEY
2400 source meter. A UV-VIS—-NIR monochromator, a lock-in
amplifier, and a chopper system with higher order cutoff filters
were used to obtain the spectral response. The intensity of the
monochromatic light was determined using a calibrated Si and
an InGaAs photodiode.
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Fig. 2. I-V characteristics of the PbS-coated ZnO sample under dark con-
ditions, and illumination by background light and 850-nm monochromatic
radiation with intensity 6.3 uW/cm?. Linear -V curves show the ohmic
behavior of the detector. (Inset) Shift in the absorption edge with different
PbS-QDs on ZnO films [(a), (b), and (c) represent samples S3, S2, and S1,
respectively].

III. RESULTS AND DISCUSSION

In smaller PbS-QDs, with a higher bandgap (~1 eV or
above), the conduction band (CB) position will be above the CB
of the ZnO. Therefore, when VIS—NIR photons are absorbed by
PbS-QDs, exited electrons in PbS will be injected into the CB
of the ZnO, as shown in the band diagram in Fig. 1(b). With
the aid of the external electric field, these carriers (electrons
and holes) will drift and tunnel through narrow barriers created
by PbS-QDs/ZnO to be collected at the FTO electrodes. On
the other hand, for large PbS-QDs, the CB position will be
below the CB of ZnO; hence, the electron injection to the CB
of ZnO is not possible. Failure to extend the IR response to
longer wavelengths using a larger PbS-QD is a result of this
phenomenon. Therefore, for the device to work, the CB of PbS-
QDs has to be above the CB of ZnO.

The current—voltage (/-V") characteristics of the detector un-
der dark ambient room illumination and with a monochromatic
illumination (wavelength 850 nm and intensity ~ 6.3 W/cm?)
are shown in Fig. 2. Linear I-V curves indicate the ohmic
nature of the detector. PbS-QDs improve the conductivity of
the ZnO nanocrystalline film owing to filling of pores of the
ZnO film with PbS-QDs. The improvement in the conductivity
also confirms that PbS-QDs are formed inside the ZnO matrix.
Transmission spectra of three different PbS-QD embedded ZnO
films, with different-size PbS-QDs, were measured, and the
calculated absorbance spectrum is shown in the inset of Fig. 2.
These samples were prepared under three different HyS concen-
trations, resulting in the formation of different-size PbS-QDs.
The sample S1 under a low concentration of HyS produced
smaller QDs, while the sample S3 with a high HsS concen-
tration produced larger QDs. Transmission measurements were
not performed below 320 nm due to the light absorption at
wavelengths below 320 nm by the FTO glass.

As shown in Fig. 3, the bare ZnO film gave a response in
the range from 200 to 400 nm with a sharp edge at 380 nm,
corresponding to the bandgap absorption of ZnO. For compar-
ison, the same ZnO sample was used to embed PbS-QDs. The
spectral responsivity of the PbS-QD embedded sample from
200 to 1400 nm at two different bias voltages is also shown in
Fig. 3. Responsivities in the UV and NIR regions increased with
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Fig. 3. Responsivity of the PbS-QD embedded ZnO dual-band detector under
two different applied biases (0.5 and 1 V) at room temperature. The bottom
two curves show the responsivity of the ZnO detector before introducing PbS-
QDs. As expected, ZnO shows response only in the UV region with a threshold
wavelength at ~380 nm; this is matched with the bandgap energy of ZnO,
3.3 eV. A load resistor of 2 M2 was used in all measurements.

the bias voltage up to 1 V (electric field of ~333 V/cm). It is
interesting to note that the presence of PbS-QDs had enhanced
the UV responsivity of ZnO by a factor of ~4. The VIS-NIR
response from 500 to 1400 nm with a peak at ~700 nm clearly
shows that the VIS-NIR response is not due to the bulk PbS,
which has a bandgap of 0.42 eV (corresponding to \; of
2.9 pum). Since the detector is biased in the photoconduction
mode, resultant carrier enhancement in the ZnO layer increases
the current through the circuit. All the measurements were
carried out under ambient conditions.

As illustrated in Fig. 3, the device shows peak responsivities
of ~4.0 x 10° and ~5.4 x 10° V/W at 380 and 700 nm, re-
spectively. D* of the devices was calculated from the measured
responsivity 2y, noise power density Ny, and the active area of
the detector A, i.e.,

_RI\/Z
- VNg

N, of the device at room temperature is ~ 1.4 x 10~*° V2 /Hz,
and the active area of the device is 0.003 cm?. D* of the
device at 380 and 700 nm are 5.5 x 10! and 7.3 x 10*! Jones,
respectively.

SEM images of ZnO and ZnO/PbS-QDs coated plates with
two different QD sizes are illustrated in Fig. 4. The ZnO film
before deposition of PbS-QDs is shown in Fig. 4(a). Fig. 4(b)
and (¢) shows ZnO films with PbS-QDs. It can be seen that
utilizing low and high concentrations of HyS has synthesized
PbS-QDs of different sizes. The average diameter of the small
QDs in Fig. 4(b) is estimated to be 5.0 £ 2 nm, and the PbS-
QDs in Fig. 4(c) have an average diameter of 17 + 3 nm. It
was observed that higher concentrations of HS could produce
much larger QDs. When exposed to very high concentrations
of HyS, these PbS-QDs aggregate to form larger particles with
diameters ~50 nm or larger. These results are in agreement with
the absorption spectra of PbS-QDs in polymer films, reported
by Wang et al. [6], and bandgap energy of PbS-QDs calculated
using the finite depth potential model [13]. Using this model
and the threshold value of the experimental response spectrum

D [cm Hz'/2/W].
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Fig. 4. SEM images of (a) FTO plate coated with ZnO and (b) and (c) FTO
plates coated with two different sizes of ZnO/PbS-QDs. The average QD size
was estimated as 5.0 = 2 and 17 & 3 nm for (b) and (c), respectively.

TABLE 1
CALCULATED PHOTORESPONSE THRESHOLD WAVELENGTHS (A7) OF THE
DETECTORS SENSITIZED WITH DIFFERENT DIAMETER (®) OF PbS-QDs

@ (nm) Ar(pm)
7 1.4
10 1.8
20 2.5
30 2.7

(~1.4 pm), the size of PbS-QDs was calculated as ~7 nm.
Expected threshold wavelengths for different sizes of PbS-QDs
are shown in Table I. The work by Guerreiro et al. [14], for 6.6-,
7.5-, and 9.8-nm PbS-QDs, confirms experimental absorption
thresholds to be close to the theoretical values calculated for
7- and 10-nm PbS-QDs using the model. The weakness of the
PbS-induced responsivity in the green region indicates that the
percentage of smaller PbS-QDs in the film is relatively small.
We have not succeeded in improving the present deposition
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Fig. 5. XPS and peak-fitting curves of the ZnO/PbS-QD sample. (a) Freshly
prepared. (b) After exposing the sample to ambient atmospheric conditions for
one week.

technique to control the sizes of QDs or to obtain a wider
distribution of sizes.

The photoresponse of the device reduced to 10% of its initial
value when the sample was stored for one week under ambient
conditions. XPS (see Fig. 5) taken at the beginning and after
one week indicate oxidation of PbS into PbSO4 and PbSOs;.
Peak fitting for the SO%’ species on the surface clearly shows
the characteristic binding energies at 165.9 and 167.1 eV. SO}~
presence is indicated by the characteristic binding energies of
167.5 and 168.7 eV, respectively [see Fig. 5(b)].

Keeping the sample in vacuum eliminated this decaying
process. Hence, for practical applications, the detector should
be in an airtight sealed package, which can be easily achieved
with a polymer sealant. The XPS survey and high-resolution
scan spectra of ZnO samples were obtained for comparative
studies (not shown here). Upon the deposition of PbS-QDs
on ZnO, binding energies of both Zinc-2p and Oxygen-1 s
do not show any shift in XPS. Since the XPS is not quite
sensitive to detect such interfacial binding energies, covalent
bonding of PbS onto the ZnO surface is not ruled out. In
ZnO/PbS-QD samples, two XPS peaks appear at 161.5 and
160.3 eV that correspond to the Sulfur-2p region [see Fig. 5(a)].
Scaini et al. [15] have reported similar characteristic peaks for
vacuum fractured galena samples. These peaks are the result
of the Sulfur-2p, /o and Sulfur-2p3,, transitions, respectively
[16]. The low binding energies of these two peaks suggest that
the sulfur exists as sulfide, i.e., not as either sulfate or sulfite
(PbSO,4 or PbSO3), which routinely have Sulfur -2p binding
energies above 167.0 eV.

Since Pb(CH3COOH)» and HsS were used to make PbS-
QDs, it is unlikely to form Pb(OH)2 unless exposed to ambient
air for a long time. Nonreacted Pb(CH3COOH)» on the surface
can be eliminated by exposing the surface to H2S gas for a fairly
long time, particularly with a very dilute Pb(CH3COOH)s
solution. Furthermore, the appearance of light brownish color
confirms the formation of PbS. The XPS, not showing any
evidence of having Pb(OH), or Pb(CH3COOH)2 on the film,
supports this conclusion. The X-ray diffraction (XRD) spec-
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tra did not show any significant difference between the ZnO
powder and the PbS-QD embedded ZnO powder. According
to literature reports, the XRD peaks of nanocrystalline PbS
particles are weak and broad [17].

Although it is not clearly discernable from SEM images,
the method of preparation of the film suggests that most voids
of the original ZnO film are embedded with PbS nanocrys-
tallites forming at least a partly interconnected network. A
Mott—Schottky plot of the film has shown a negative slope
indicating the p-type behavior in the film. PbS becomes p-type
due to oxygen doping. When these PbS-QDs are photoexcited,
minority carriers will be injected into the ZnO (n-type), so
electrons and holes will be transported along the ZnO and PbS
paths, respectively. Similarly, when the ZnO is excited, holes
are injected into the PbS. The above mechanism explains why
the ZnO response is enhanced by the PbS.

IV. CONCLUSION

The low-cost multiband response and easy wavelength tai-
lorability are the advantages of this system. SEM images con-
firm the different-sized PbS-QD formation on the ZnO film.
XPS measurements confirm the formation of PbS and oxidation
stability of PbS particles. PbS is transparent to UV radiation,
and ZnO is opaque to NIR; therefore, the top region must
be sensitive to NIR radiation. The interpenetrating network of
p- and n-type materials increases the photoconductivity of the
composite system, permitting a current flow under lower bi-
asing voltages. Alternative deposition techniques that improve
the filling of voids of the parent film by QDs will increase the
responsivity of the system.
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