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Abstract
In this workwe present the electrical and optical characterizations of a ShortWavelength Infrared
(SWIR) photodetector, which consists of tandemFTO/TiO2/PbS colloidal quantumdot (CQD)
layers. The TiO2/PbS hetero-structure can be operated either as a standalone detector or as the SWIR
absorption section of a SWIR to visible up-conversion device (SWVUCD)when visible photo-
emission layer is attached to infrared absorption layer such as this heterojunction. The results reveal
the existence of the PbSCQD’s bandgap operating in the SWIR spectral range as well as exhibitmixed
photovoltaic and photoconductive characteristics. The optical characteristics of the different grown
layers were analyzed by photoluminescence and absorptionmethods. The current density—voltage
(J–V) curve at forward bias shows a crossover effect, however, no rollover effect has been observed.
The latter indicates that there is no Schottky barrier component in this structure.We have concluded
that in our case the energy bandgap of the PbSCQD is 0.93 eVwhere a defects states level with energy
of 0.83 eV in the bandgap is evident. Finally, we propose and discuss a possible architecture of such a
SWIRphotosensitive hetero-structure wafer bonded to a Perovskite LED in order to form an imaging
SWVUCD. Such a SWVUCD,when attached to a visible CMOS sensor, can serve as a low cost SWIR
based detector for eye-safe Laser Imaging Radar (LiDAR) and for SWIRnight vision applications. Such
an architecture is favorable over current technologies with regard tomanufacturing costs, preparation
complexity, power consumption, size andweight.

1. Introduction

The ShortWavelength Infrared (SWIR) spectral range (1–2.5 μm) [1] is of great interest as fog and smoke
penetratingwavelengths for sensors in the automotive industries and especially for autonomous car [2]. In some
cases, such sensors can also be used for eye-safe Laser Imaging Radar (LiDAR) systems [3] andNight Vision
Devices (NVD) [4]due to their ability to propagate in adverse atmospheric conditions. This is owing to the
relatively longwavelength compared to the visible range, alongside the ability to yield good quality images. In
addition, in this spectral band, the bandgap of the photo-sensitive layer is still relatively wide (around 0.8 eV),
which enables its operation at room temperatures [5]. A SWIR toVisibleUp-ConversionDevice (SWVUCD) is a
device that up-converts a SWIR image into a visible image through an optical-electrical-optical process, while
maintaining the image spatial information throughout this process [6]. A SWVUCDmay, under certain
conditions, function as aNVD that also utilizes the natural SWIR radiance (air glow), provided that its noise level
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is very low [1, 2], but inmost cases artificial illuminationmay still be needed. During the last few decades, various
device architectures were proposed for SWVUCD that were based on infrared light absorption in
semiconductors (InGaAs) or on blue shifted nano-structure based layers (such as PbS or PbSe), where the visible
emission layer could be a semiconductor based LEDor an organicmaterial such as anOLED [1, 3–11] and liquid
crystals [7].

Pb-Chalcogenides in general are attractivematerials for use as the photo sensitizing layer of infrared
detectors. They exhibit highmobility and low electron and hole effectivemasses. Their large exciton Bohr radius
enables the study of the strong confinement regime of their quantum structure up to relatively large sizes [8].
Utilizing their quantum size effect yielded numerous applications in different systems, including infrared lasers
and detectors [9], biologicalmarkers, photovoltaic (PV) solar cells [10–12], Q-switches, nano-electronic devices
and the detection layer of infrared to visible up-conversion devices (UCDs) [13].

The use of Pb-Chalcogenides in the formofColloidal QuantumDots (CQDs) for detection applications
makes it possible to tailor their bandgap, and thus their spectral response [14].Moreover, their preparation is
done in regular laboratory hoodswithout the need for a cleanroom environment and ultra-high vacuum systems
[10, 12], as opposed to epitaxial grown InGaAs/InP compounds that useMBEorMOCVDepitaxial growth
methods. Furthermore, the photon to photon conversion efficiency of the latter, when integratedwith anOLED
to form a SWVUCD, found to be only 0.25% [15], while in the case of PbSe it was 1.3% [16]. In addition, PbS
nano-structure based layers exhibit high absorption coefficients, thanks to their relatively high oscillator
strength that is pronounced in the 3Dquantum confinement of the quantized particles [15]. Therefore, a layer of
a fewhundreds of nanometers thickmade of CQDs can absorbmost of the incoming photons, while for the bulk
semiconductors severalmicrometers in thickness is required. For a SWVUCD, it is crucial to have very thin
absorption layer, the thinner the layer is, the less is the blurring of the visible image, due to the inherent lateral
diffusion of the photo-excited carriers when they are drifted towards the visible emission layer.

With respect to the SWVUCD: it is desirable to utilize a visible light emitter that does not require a
cleanroom and other procedures for its fabrication. Themost commondevice for that purpose is theOLED
[1, 4–7, 10, 17]. D YKim et al reported the realization of anUCDhaving PbSeCQDs used as the light sensor,
togetherwith anOLED as the visible light emitter [16]. In recent years, extensive work has been done related to
Perovskite LEDs (PeLEDs), owing to the combination of the low-cost processing of the semiconducting
materials with favorable optoelectronic properties. Among these are: strong absorption coefficients, tunable
bandgap, large and balanced electron and holemobility, long carrier diffusion lengths, small exciton binding
energy and unique defect properties with only shallow point defects [17–21]. Undeniably, PeLEDs are attractive
as alternative emitters that can overcome the disadvantages ofOLEDs, such as better current efficiency at room
temperature [22]. Therefore, possible hybridization of a SWIR sensitizing layer of Pb-Chalcogenides CQDswith
a PeLED could be a pioneering solution for new SWVUCD structure design. Such an architecture will be
discussed herein.

In this paperwe study the optical and electrical properties of a SWIR sensitive hetero-structure. The hetero-
structure is composed of a tandemTitaniumOxide (TiO2) hole blocking layer and a PbSCQDs photo-
sensitizing layer, which are deposited onto a commercial Fluorine-doped TinOxide (FTO) capped glass.
Analysis of the results demonstrates a combination of both PV and photoconductive (PC) characteristics and,
inherently, explains the spectral response. Based on themeasured parameters of this hetero-structure and the
published parameter of PeLED,we propose amodel and discuss a novel design concept of a SWVUCD
architecture that is a hybridization between the SWIRhetero-structure and a PeLED.

2. Experimental study

2.1. Synthesis of PbSQDs
In a typical synthesis, the lead oleate precursor is prepared inside a nitrogen-filled glove box by combining 0.27 g
of lead oxide (PbO,�99.9%, Sigma-Aldrich)with 0.75 ml of oleic acid (OA, 90%, Sigma-Aldrich) in amolar
ratio of 1:2 in a three-necked-flask. The latter requires stirring. Theflask is connected to a Schlenk line system
and degassed under vacuumwhich is held below a pressure of 0.5 torr for 1 h at 150 °C.During this stage, any
water vestiges are boiled out and the PbOdissolves, yielding a clear, light orange solution. After one hour, the
temperature is raised to 180 °Cand a solution of 126 μl of hexamethyldisilathiane (TMS, synthesis grade, Sigma-
Aldrich) in 6 ml of octadecene (ODE, 90%, Sigma-Aldrich) is rapidly injected into the flask under argon and
stirring. Nucleation occurs immediately, observable by a color change to dark brown. Injection of the room
temperature sulfur precursor decreases the flask temperature down to 150 °C. The reactionmixture is slowly
reheated and stabilized at a target temperature for particle growth (180 °C in this case) and then the dispersion is
taken out by syringe without anyfilter. The PbSQDs are precipitatedwith acetone by centrifuge several times
and dispersed in hexane for further characterization. The expected size and bandgap of theQDs, for the desired
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spectral absorption, were calculated through theHyperbolicmodel and are 6.5 nm and 0.93 eV, respectively.
The size distribution can be estimated from the PLmeasurements, the FWHMof the PL is 140 nmwhich
suggests on a narrow size distribution. The error in the band gap calculation is very small due to the fact that it is
calculated using Tauc plot which takes into account the reflectance and the transmittance of thefilmmeasured
in an integrating sphere. This data is presented infigures 1 and 2.

2.2. PbSCQDs/TiO2 hetero-structure fabrication
TiO2 nanoparticles (20 nm, dyesol)were diluted at a 1:4 ratio in ethanol absolute (Sigma-Aldrich) and spin
coated (5000 rpm, 30 s) onto a substratemade of SnO2:F (FTO) conductive glass (15Ωcm

−1, Pilkington) coated
by a layer of compact TiO2 (TiDIP, 75% in isopropanol Aldrich). The substrate was then treatedwith TiCl4. The
TiCl4 concentration is 0.22 M, the electrodes are dipped in a 146 ml of this solution. A ligand exchange process
fromOA to 3-mercaptopropionic acid (MPA,�99%, Sigma-Aldrich)was held during theQDs’ deposition as
follows; a 50 mg ml−1 dispersion of PbSQDs in octane (anhydrous,�99%, Sigma-Aldrich)was spin coated onto
the substrate (2500 rpm, 10 s). Then, a solution ofMPA inmethanol (1:9)was spin coated (2500 rpm, 5 s) on the
substrate to replace theOA ligands. Finally, octanewas spin coated (2500 rpm, 10 s) twice towash unconnected
ligands. The number of cycles varied to receive different thicknesses ofQDs layers. In total, 8 layers of PbSQDs
were deposited. The thickness of the PbSQDsfilm is around 300 nm (we assume that in each cycle of deposition
we have around 2–3 layers ofQDs) based on our previous publicationwherewe analyzed the dependence of the
film thickness as a function of the number of the layers [12].

Figure 1.Measured photoluminescence of PbSCQDs. The inset pronounced the visibility of the smaller peaks.

Figure 2.α2E2 versus E curve for PbSCQDs.
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2.3. Characterization
Photoluminescence (PL)measurements were carried out using a BrukerV80 FTIR system. The PL signals were
obtained by photoexcitation using a 785 nm/100 mWsemiconductor laser andwas detected using an InGaAs
detector.

The same FTIRwas used tomeasure the transmission (T), where the absorption coefficient was extracted by
the relation a º - ( ) ( )T film thicknesslog .

The current-voltagemeasurement was performed using a 2410Keithley sourcemeasurement unit and a
tungsten lamp (700–2500 nm)filtered by a Si double-side polishedwafer, tofilter out thewavelengths under
1100 nm.

The photo-responsemeasurements were performed in a setup similar to that reported in reference [9]where
the hetero-structure was placed externally to the FTIR and illuminated by the tungsten lamp. In this setup the
hetero-structure is used as the photo-detector of the FTIR. This consequently generated photocurrent that was
amplified by a low-noise current preamplifier (SRSmodel SR570). The preamplifier also biases the hetero-
structure.

3. Results and discussion

3.1.Opticalmeasurements
Previousworks employed PbSCQDs in solar-cells [15, 16, 18, 23]. PbSCQDswere prepared similarly to the
procedure reported byHines,Margaret A et al [14]. Yet, the bandgap of the PbSCQDs in our case was tailored to
absorb in the SWIR spectral band.

Figure 1 shows the normalized photoluminescence (PL) of the PbSCQDs based layer deposited directly on
glass.

As can be seen from figure 1, the CQDshave amain peak at (0.927±0.04)eV, which verifies their bandgap
in the SWIR spectral range and, using theHyperbolicmodel, fits to particles sizes of 6.5 nm. The full width half
maximum (FWHM) is about 0.12 eV, which directly correlated to their CQDs size distribution. Additional
smaller peaks are observed at energies of (1.122±0.002)eV and (1.7±0.002)eV. Although in first glance these
picks are barely visible, their existence will later be verified by othermeasurements techniques as shown herein.
However, the other nearby peaks in the inset, although have almost the sameweight, were not investigated as
they have not seen in themeasurements and could not be verified.

Next, the PbSCQDs optical transmission,T, wasmeasured and the absorption coefficient,
a º - ( ) ( )T film thicknesslog ,was calculated.We normalizedα so that film thickness=1, sincewe only
wanted to investigate the specific energies at which absorption occurs rather thanwhat is theα values for these
energies. Figure 2 shows the Tauc plot ofα2E2 versus the photon energy E fromwhich the bandgap of the
quantumdots was extracted [9].

As can be seen from figure 2, there are three observable tangents that intersect with the x-axis to define the
PbSCQDs excitation states. The red line is linearlyfitted to one part of the graph and defines one excitation state.
The green and blue lines refer to another part of the graph and determine the energy ranges insidewhich other
excitation states are located. The intersection values are summarized in table 1 herein. A deep interpretation of
these values and the two regions are given there. Note thatwe could not see if there is another plateau and linear
region beyond 1.5 eV, due to our system limitation. In addition, the peak below 0.5 eV could be attributed to
noises as it is 10-fold smaller than the peak located around 1 eV.

3.2. Electricalmeasurements
In order to enhance the photo-conductivity of theQDPbS layer, theOA ligands in the PbSCQDs solutionwere
exchangedwith 3-mercaptopropionic (MPA) according to the procedure presented in the experimental section
[24]. In this process, the conductivity of the PbSCQDs sensitizing layer is enhanced by reducing the interspace
between neighboring PbSCQDs from∼1.5 nm to∼0.9 nm [25].

Table 1. Summary of the energies extracted by PL, Tauc plot and
photo-responsemethods.

PL Tauc plot Photo-response

A. 0.83 eV 0.83±0.05 eV
B. 0.927±0.04 eV 0.95–1.1 eV 0.96±0.05 eV
C. 1.122±0.002 eV 1.15±0.05 eV
D. 1.17±0.002 eV 1.22±0.05 eV
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Figure 3 illustrates the layers stack of the tested SWIRheterojunction sensor (the aspect ratio are not to scale).
On the FTO capped glass are tandem layers of TiO2 and PbSCQDs, toppedwithAu electrodes. The electrodes
are evaporated using a shadowmask that defines the active area. The device is biased via the electrodes, the FTO
and the top PbSCQDs layers.

Current-voltage characteristics of the SWIR sensorweremeasured in dark and under SWIR illumination.
Figures 4(a) and (b) present the linear and semi-log current density versus voltage (J–V) characteristics of the
tested sample, respectively. A photograph of the sample is shown at the inset offigure (b). The effective Au
electrode area, evaporated on the PbSCQDs layer, is 0.12 cm2, and the silver paste strips are attached onto the Au
electrodes on either edge of the sample.

The effect of illumination on the J–V curves can be seen in both the linear and the semi-log plots offigure 4.
The short circuit current (Jsc) and the open circuit voltage (Voc)weremeasured to be

 * -( )1.26 0.2 10 mA cm3 2 and (0.5±0.01)V, respectively. These results demonstrate that both PV andPC
effects are dominant at negative bias and both contribute to the photocurrent.

As can be seen infigure 4(a), we have a crossover effect (intersection of dark and photocurrent curves under
forward bias) at 0.87 V; this crossovermay be related to the built-in voltagewithin the device [23]. However, no
rollover effect (current saturation at high forward bias) under illumination occurred (see the inset offigure 4(a)).
Hence, we can infer that there is no Schottky barrier at the PbSCQDs/Au interface [26]. Another strengthening
argument that there is no Schottky barrier can be noticedwhen comparing the PL peak in figure 1 and theVoc in
figure 4. ThemaximumVoc obtainable in a Schottky geometry is probably limited toEg/2q, where Eg is the

bandgap.However, in our case > ~( )V 0.46 eV ,oc
Eg

q

Eg

2 2
which is above this limit [26]. Notice the inset, where

the slope of J is steeper under illumination than that in dark. This is thanks to the photocurrent-density
attribution that is added to the dark current-density. As for the peak shown by the black curve infigure 4(b), it is
attributed to traps; the bias increases gradually from zero until it reaches a value that enables the trapped charge
carriers to release, what causes the line to break abruptly rather than increases smoothly.

To further study the origin of the combined PV and PC effects, we used Fourier-TransformPhotocurrent
Spectroscopy [14, 27] tomeasure the relative spectral response of the heterojunction device. For this

Figure 3.The SWIR hetero-structure sensor architecture.

Figure 4. J–Vcurves (a) in linear scale and (b) semi-log scale of the test device in the dark and under illumination. In the inset of 4(b) is
a photograph of the heterojunction test device.
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measurement, our detector was used as the detection section of the FTIR, bypassing the original FTIR detector.
The generated photocurrent was amplified by a low-noise current preamplifier. Figure 5 shows the spectral
photo-response curves for different reverse bias.

Evidently, from0 V to−0.5 V there are two peaks, at (0.96±0.05)eV and (1.15±0.05)eV (B andC in
figure 5), which unite and averaged to one peak for higher bias. These peaks can be attributed to the PV effect,
since they appear at 0 V bias as well. However, for negative bias that is greater than−0.5 V, twomore peaks are
evident, at (0.83±0.05)eV and (1.22±0.05)eV (A andD infigure 5). Since these peaks do not appear at lower
bias, we can associate themwith the PC contribution. Similarly, when approaching higher photon energies one
can see that the photo-response increases with bias thanks to the greater electromotive forcewhich enhances the
drift current. Nevertheless, we could not define the peaks’ locations for these high energies due to the limitations
of our system.

Table 1 summarizes the energies extracted by the differentmethods, PL, Tauc plot on the absorption
spectrum and the photo-response.

We can see that the energy values obtained by the three differentmethods are in good agreement andwithin
a reasonable error range.When considering the PL energies of rows B, C andD,we can see that the energies
presented in the PL column are lower than their associated energies obtained by the Tauc plotmethod and by the
photo-response. The latterfindings can be attributed to the Stokes shift, whichmeans that the energy state to
which electrons are excited by photons is higher than the energy state fromwhich electrons recombinedwith
holes in the valence band [13].When comparing the PL and the photo-response we can see that the Stokes shifts
are∼0.03 eV,∼0.03 eV and∼0.05 eV for rows B, C andD, respectively.

Let us now explore the origins of each of the peaks in table 1. Referring to rowA in table 1, for the PL result,
which reflects the emission peaks, the peak at 0.83 eV is not observed. Yet, this peak is observed in the Tauc plot
and in the photo-response results, which are associatedwith absorption. Therefore, we associate this peak to
defect states within the semiconductormaterial, which indicate an imperfection of thematerial and are likely to
absorb photons, but less likely to go through a radiative process and emit photons. The ratio between the defect
states density and the highest peak’s states density is 1:4 andmay influence the electrical performances of the
device. Consideringfigure 5, we see that this peak arises when the biases are higher than−0.75 V. This is because
of the photo-excited charge carriers that are trapped in defect states are less likely to be ejected, butwith
sufficient bias, they are pulled out of the traps and thus contribute to the total photocurrent. The peak
distribution shown in rows B, C andD, however, can be attributed to 3 different CQDpopulations. In order to
prevent confusion and see the full energy picture of our PbSCQDs,figure 6 schematically summarizes the
bandgap alignment and indicates the energy levels described above, i.e. the bandgaps of the three populations
and the defect state.

As can be seen infigure 5, the peaks becomemore pronounced as the bias increases. This can be explained by
the fact that the lifetime of PbSCQDs excited carriers increases with their size, due to the decreasing bandgap
[28]. Thus, themean free path of the photo-excited charge carriers, originating from smaller PbSCQDs, is
shorter and, hence, less likely to contribute to the photocurrent. By increasing the bias on the sample, these
charge carriers are drifted out and contribute to the photocurrent.

Figure 5. Spectral response of the absorption device as a function of photon energy for different biases.
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3.3. Possible hybridizationwith PeLED to be used for upconversion device
Asmentioned above, the SWIR sensor presented infigure 3 can serve as the SWIR detection layer of a SWVUCD.
This can be realized onlywhen the latter is integratedwith a visible light emitter such that the hetero-structure
operates in forward bias with respect to the visible light emitter. The concern of non-zero dark current of the
SWIR sensor in forward bias is removed, thanks to the fact that light emitters usually operate in high current
densities of a fewmA/cm2. Considering the inset offigure 4(a), since the SWIR sensor and the visible light
emitter are in series, if the bias applied to the SWIR sensor is such that the dark current is just below the threshold
current to light the visible light emitter, so the emission sectionwill not be active in such condition. In this way
the SWVUCDoperates only when SWIR light is absorbed and generates photocurrent in addition to the dark
current.

Now, let us propose an architecture of a SWIR detector and PeLEDhybridization in order to form a direct
SWVUCD. The SWVUCD ismade of two sections that are wafer bonded to one another, in our case: (1) the
SWIR sensitive hetero-structured absorption section; and (2) the PeLED emission section. The overall
architecture and the imaging principle of the SWVUCD, is presented infigure 7.

The SWIR image is projected using fore optics through the FTO transparent anode, the TiO2 transparent
hole blocking layer and is absorbed in the PbSCQDphotosensitizing layer. Photo-excited electron-hole pairs are
generated and separated by the external applied electric field. The holes are drifted towards the PeLED and
thereby preserve the image spatial information. Simultaneously, the electrons are drifted towards the anode and
injected by the battery through the transparent cathode deposited on the top of the PeLED, where the electron-
hole pairs are recombined. As a result, there is an emission of visible photons that are spatially correlated with the
SWIR image through the transparent cathode that can be collimated to the observer’s eye or can be attached to a
CMOS sensor focal plane array to generate a visible image. The spatial information of the image is preserved

Figure 6.Energy levels alignment of the different peaks.

Figure 7. Schematic description of the proposed direct UCD.
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thanks to the thin layers of SWIR absorber and visible emitter that are only a fewhundreds of nanometers thick.
Figure 8 shows the energy band alignment structure of the proposed hybridized device.

The device structure can be divided into two sections: a SWIR absorption section and the visible emission
section, where each has its own function. As can be seen infigure 8, the Perovskite (PVK) layer is sandwiched
between the hole transparent layer (HTL) and the electron transparent layer (ETL). The energy differenceΔΕc

that exists between theHTL and PVK layers blocks the electrons. Similarly, the energy differenceΔΕv between
the ETL and PVK layers blocks the holes. As a result, the charge carriers are electrically confined, and a radiative
recombination is further enhanced.

Basically, it ismore complex to fabricate the proposed SWVUCD sequentially. For this reason, the
absorption and emission sections are preferably grown separately and then bonded together from theirmetal
sides to form the SWVUCD, as illustrated in figure 9. The bonding of themetals can be done by different
methods described in the literature [27, 29, 30]. The best way to bond themdepends on themetal of the emission
section and requires further research.

The reasoning behind these separated fabrications is that each of the sections can be grown separately and
operates independently. Bonding the sections enables the same operation of each section, as if it had not been
connected to the other.

Notice that the conditions for this proposed SWVUCD towork properly are as follows: first, themetal layer
(that serves as double sidedmirror), between the two sections, has to be pixelated in order tominimize any
lateral diffusion of the charge carriers and thus preserve the spatial image information. This pixelation can be

Figure 8.Electronic energy band structure of the proposed SWVUCD.

Figure 9.Wafer bonding of the absorption section and the PeLEDdevice (top).
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accomplished by differentmethods, amongwhich are Reactive Ions Etching (RIE) and IonBeamMilling (IBM)
[13]. In the latter case, a test sample is used to extract the etch rate and dose of the etcher. Then, these two
parameters are taken into considerationwhen the IBM is applied. Secondly, themetal layermust be very thin,
down to a few tens of nanometers, to allows the holes toflow through it withminimal loss. In addition, SWIR
objective optics should be placed in front of the absorption section at such a distance that the PbSCQD
sensitizing layer will be at the focal plane of the objective. The PeLED should be such that its anode sidewill be
the double-sidedmirrormetal and the FTO (or ITO)will be the cathode. In this case, the holes (which have been
photo-generated at the PbSCQDs layer)will be drifted to the PeLED at the proper direction. For the latter
condition, one alternative for the visible emission section is the PeLED reported by Yuan,Mingjian, et al [18],
tuned to visible, which is biased positively from itsmetal side. In their work, they represent a PVKmixed
material, comprising a series of differently quantum-size-tuned grains that funnels photo-excitations to the
lowest-bandgap light-emitter in themixture. Their device exhibits an external quantum efficiency (EQE) of
8.8% and radiance of

*
80 .W

sr m2 They used ITO as the anode bottom electrode, a thin TiO2 layer as an electron

injection layer, an emissive layer (PEA2(MA)n−1PbnI3n+1), a hole injecting layer poly(9, 9′-dioctylfluorence) (F8)
andmolybdenum trioxide (MoO3)/gold (Au) as the top electrode. This design is coherent with the light emitter
structure proposed above. Since the absorption and emission sections are sequential, their current should be
equal when the SWVUCDoperates. According tofigure 4 in their work, their PeLEDhas quite high EQE for a
current density of only~5 ,mA

cm2 while our hetero-structure can achieve~7 mA

cm2 even for a reverse bias of−5 V and

all themore for forward biases, as implied in the inset offigure 4(a).

4. Summary and conclusion

In this paper we investigated the optical properties, J–Vcharacteristics and photo-response of a SWIR sensitive
hetero-structure having a stack of FTO/TiO2/PbSCQDs/Au layers. By comparing the different features, we
have explained the inherent sources of each peak in the different spectral responses.We observed a crossover
effect in the J–Vcurves, but the lack of the rollover effect led us to assume that no Schottky barrier existed in the
structure.We saw that this structure exhibits combined photovoltaic and PC effects. Finally, we proposed the
use of this SWIR sensor as the absorption section of a SWVUCD, combinedwith a PeLED for imaging
applications, and described how this device should be realized.
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