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Uncooled photosensor array 640x512 with an extended sensitivity range
0f 0.4-2.0 pm based on colloidal quantum dots PbS CQDs with
an electron-blocking p-NiOy layer
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Night vision devices with an extended sensitivity range of 0.4 um to 2.0 um are essential
for scientific, civil and special-purpose applications. The architecture and basic
specifications of the array photosensor of the 640x512 format (15 um pitch) with the
extended sensitivity range (0.4-2.0 um) developed on the basis of PbS CQP colloidal
guantum dots are described. The major part of the photocurrent is generated in CQD
layer n-PbS-TBAI. The layer has been made by substituting the initial ligand (oleic
acid) with iodine during treatment of the CQD layer with tetra-n-butylammonium
iodide (TBAI). The electron-blocking layer (hole transport layer) has been created on
the basis of p-NiO,. The hole-blocking layer (electron transport layer) has been created
on the basis of n-ZnO.

Keywords: colloidal quantum dot (CQD); ligand; transport layer; photosensor.
DOI: 10.51368/1996-0948-2025-2-12-20

two decades. This trend is associated with the
use of so-called quasi-zero-dimensional

1. Introduction

The recent period has been marked by
the rapid growth in the research aimed at
creating array photosensors (FPA) using
materials and structures of limited dimensions
[1-3]. A new trend in the field of
photosensors can be clearly seen in the last

colloidal quantum dots (CQDs), the spectral
properties of which are determined by the
average size of semiconductor nanoparticles
that vary within the range of 2-10 nm. The
development of this direction led to the
creation in 2020 of the first serial-producted
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matrices and cameras that are based on CQDs
and operate in the spectral range from 0.4 to

2.1 um [3].
The wuse of colloidal quantum dots
allows to significantly simplify the

technology, relieve the limitations imposed
on the pitch of photosensitive elements [4]
and significantly decrease the FPA cost [5].
The technology of manufacturing array
photosensors using CQDs, which was named
the monolithic-hybrid technology [4, 6], is
based on application of liquid suspensions
containing  photosensitive  nanoparticles
directly on the surface of a silicon ROIC
reading and pre-processing photo signals
without the use of microcontacts made of
indium or other materials. Such photosensors

use the frontal illumination, which
distinguishes them from sensors based on
epitaxial 3D materials, such as

INg.53Gag 47AS/INP. In the latter photosensors,
before being absorbed by the photosensitive
layer (Ings3Gags7As) the radiation from
objects in the viewed scene has to pass
through a wide-band gap single-crystal
substrate (InP) of the epitaxial layer, which is
opaque to the visible region (0.4-0.76 um),
thus limiting the colour sensitivity of the
photosensor to the wavelength range of 0.9-
1.6 um. Due to the possibility of using the
frontal illumination of the photosensitive
layer without the need for process operations
aimed at thinning the substrates [7, 8], which
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4 ;<Electron-blocking layer
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greatly complicate the technology of
manufacturing devices, the wide spectrality of
QCD-based FPAs is ensured. For example,
the use of PbS CQDs with colloidal quantum
dots sized about 10nm for making a
photosensitive array layer enables registering
the electromagnetic radiation within a wide
spectral range of 0.4 t0 2.1 um [3].

The paper [9] describes the uncooled
array photosensor 640x512 (15 pum pitch)
developed by us for the spectral range of 0.4—
2.0 pm and based on colloidal quantum dots
PbS CQDs, where the electron-blocking hole
transport layer was made of p-PbS-EDT
CQDs (Fig. la).

This paper describes a new array
photosensors (FPA) developed by us for the
spectral range of 0.4-2.0 um that features the
640x512 format and a pitch of photosensitive
elements of 15 um and is made of colloidal
quantum dots PbS CQDs on the surface of the
silicon ROIC reading p-channel photosignals.
Unlike paper [9], here the electron-blocking
layer (hole transport layer) is made of not
liquid CQD suspension p-PbS-EDT, but of p-
NiO, material produced by magnetron
sputtering. This material has recently started
to be used for production of solar cells as a
hole transport layer and has proven itself well
due to its higher mobility and stability of
properties as compared to organic materials
[10, 11]. Other layers were made similarly to
those in paper [9].

b)

Fig. 1. Architectures of FPA 640x512 (15 um pitch) based on PbS CQDs: a) — FPA sensing element with the
electron-blocking layer (hole transport layer) made of CQDs p-PbS-EDT 9/ b) — FPA sensing element with
the electron-blocking layer (hole transport layer) made of p-NiO, material
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2. Architecture of array photosensor
640x512 with the electron-blocking
and hole-transport layer based on p-NiOy

The architecture of each photosensitive
element developed by the authors of the new
640x512 array photosensor has the form
Cr/Ni/p-NiO, CQD/n-PbS-TBAI/n-ZnO/AZO
(Fig. 1b). The major part of photocarriers is
generated by radiation in CQD layer n-PbS-
TBAI. After photoexcitons decay, resulting
electrons and holes are separated with the
energy barrier of the p—n junction type at the
contact of the n-PbS-TBAI CQD and p-NiOy
CQD layers. The PbS CQD layer of the
electron conductivity type is manufactured by
substituting the initial ligand (oleic acid) after
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Fig. 2a. Energy composition of layers of the
Cr/Ni/p-NiO,/CQD n-PbS-TBAI/n-ZnO/AZO
structure, on which basis array photosensor
6405512 made of PbS CQDs with the
electron-blocking and hole-transport layer
based on p-NiO, was developed

3. Properties of array photosensor 640x512
with the electron-blocking and hole-
transport layer based on p-NiO,

A photograph of the finished array
photosensitive element of the 640x512 format
based on colloidal quantum dots PbS CQDs

treatment  with  tetra-n-butylammonium
iodide. Lead chloride and N, N'-
diphenylthiourea are used as precursors of
lead and sulfur in the synthesis of PbS CQD.
The coating of zinc oxide doped with
aluminum to form a solid solution in the
Zn0O-Al,03 (AZO) system is used as a coating
transparent for the electrode radiation [12].

The energy composition of the structure's
individual layers that specifies the directions of
electron and hole transport in the layers of the
photosensor with the  Cr/Ni/p-NiOy/KKT
n-PbS-TBAI/n-ZnO/AZO architecture is shown
in Fig.2a along with a similar energy
composition of the layers of the Cr/Ni/KKT
p-PbS-EDT/KKT  n-PbS-TBAI/n-ZnO/AZO
structure, which is shown in Fig. 2b.
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Fig. 2b. Energy composition of layers of the
Cr/Ni/KKT p-PbS-EDT/KKT n-PbS-TBAI/n-
ZnO/AZO structure, on which basis array
photosensor 640x512 made of PbS CQDs with the
electron-blocking and hole-transport layer based on
PbS CQDs (p-EDT) [9] was developed

with the silicon ROIC reading and pre-
processing photo signals and an upper
electrode made of Al:ZnO (AZO) mounted on
the raster for research is shown in 3a.

The study of the spectral dependence of
the optical absorption of the suspension of
lead sulfide's colloidal quantum dots in the
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n-octane solution, that were synthesized by
the above-described method using PbCl, as a
lead precursor, showed the first exciton peak
occurs with a maximum located at the
wavelength Ama = 1.8 um. Its full width at
half maximum (FWHM) was 220 nm, which
indicates a sufficiently high monodispersity
of PbS nanocrystals [13] in the absorbing
layer of PbS CQDs (n-TBAI) of the finished
array photosensor. Figure 3 shows the
spectral dependence of the photosensitivity
Si(A)/Si(Amax) reduced to unit for the array
photosensor 640x512 with the silicon ROIC
reading and pre-processing photo signals. The
long-wave limit of photosensitivity is A, =
= 1.96 um, the width of the sensitivity band
falls within the wavelength range of AA =
=0.4+20 um. The wuse of the empirical

relationship Eo = 0.41 + (0.025d? + 0.283d)*
that was derived in paper [13] and establishes
the connection between the energy of optical
transitions Ey in the optical absorption spectra
of the CQD solution and diameter d of the
nanoparticles showed that the diameter of the
colloidal quantum dots we used is d = 9.5-
10 nm. The study of the nanoparticle shape by
the high-resolution transmission electron
microscopy showed that the prevailing CQD
shape is a truncated octahedron (Fig. 4a).
Each colloidal quantum dot has eight faces
(111) and six faces (100), which is confirmed
by the findings of the study conducted in [14].
The structure of faces (100) and (111) is
shown in Fig. 4b. The photograph of CQDs
obtained by the transmission microscopy
method is shown in Fig. 4c.
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Fig. 3. Array photosensitive element (PSE) of the 640x512 format based on colloidal
guantum dots PbS CQDs with Cr/Ni/p-NiO,/KKT n-PbS-TBAI/n-ZnO/AZO architecture
with silicon ROIC reading and pre-processing photo signals: a) — photo of raster-mounted
PSE; b) — spectral dependence of photosensitivity reduced to unit at a room temperature

Fig. 4. a) — model of the CQD shape (truncated octahedron); b) — composition of CQD nanocrystal faces
(100) and (111); c) — photo of the CQDs obtained by the TEM method
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The current-voltage characteristic of one
of the photosensitive elements, which was
measured at the room temperature in
conditions of no illumination and under
illumination from a monochromatic source
with the wavelength of A = 0.94 um and a
power P = 0.072 W-cm?, is shown in Figure 5.
The current-voltage characteristics (CVC)
have a form typical for structures with an
energy barrier of the p—n junction type. The
monochromatic ampere-watt responsivity at
zero bias is Sg=0.35 A/W and increases to
S =7.4 A/W at back bias equaling to Vpiss =
=-1.0 V. The average value of Sy obtained by
averaging the ampere-watt responsivity for 7
photosensitive elements is 0.27 A/W.
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Fig. 5. Current-voltage characteristic of the
photosensitive element under conditions of
illumination from a monochromatic source
(A=0.94 um, P=0.072 W-cm™) and in conditions
of no illumination

The spectral dependence of the specific
detectivity of the uncooled single-element
photosensor with the Cr/Ni/p-NiO,/KKT
n-PbS-TBAI/n-ZnO/AZO architecture, which
was measured under illumination from a
black body with temperature 7Tgg = 1273 K at
bias voltage Vyias €qualing to 3.0 V is shown
in Figure 6.
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Fig. 6. Spectral dependence of the specific detectivity
of the uncooled single-element photosensor with the
Cr/Ni/p-NiOw/KKT n-PbS-TBAI/n-ZnO/AZO
architecture, which was measured under
illumination from a black body with temperature
Teg = 1273 K (Vpias=3.0V)

Figure 7 shows fragments of images of
the transportation assembly, hands holding a
soldering iron and a human face that were
made in the daytime under illumination of the
viewed scene of 300-500 lux using the array
photosensor 640x512 (15 um pitch). Single-
point correction and signal calibration using a
defocused image were used.

0

Fig. 7. Fragments of images made using the uncooled array photosensor 640x512 (15 um pitch) based on
colloidal quantum dots of PbS for the spectrum range of 0.4-2.0 um; a) — transportation assembly
(500 lux); b) — a hand holding a soldering iron (300 luX, Tsoideringiron = 300-350 <C); image of a human face
(300 lux); given in brackets is the illumination of the scene when the photos were taken
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4. Conclusion

The array photosensor  640x512
described herein and based on colloidal
quantum dots of PbS features a

photosensitivity range of 0.4-2.0 um, which
is expanded as compared to the devices based
on the Ings3Gags7As solid solution. The
analysis of using such  expanded
photosensitivity area in night vision devices,
which is detailed in paper [15], has shown:

a) the average value of natural night
illumination in the absence of the moon
within the wavelength range A = 0.6-0.8 um
is (1.5-3.0)x10° W/n?um, while within the
wavelength range of 1.4-1.8 um it increases
to (6.0-7.0)x10™ W/m*um (Fig. 8);
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Fig. 8. Spectral density of night illumination under
the full moon [16]

b) the atmosphere transparency of the
near IR region is noticeably higher than in the
visible  region.  Thus,  within  the
meteorological viewing range of Sy, = 10 km,
the transmittance of the 1km thick
atmospheric layer at the wavelength A = 0.6 um
Is 0.72, and in the center of the transparency
window of 1.4-1.8 um it increases to 0.93;

c) atmospheric  haze  brightness
decreases by more than 10 times within the
wavelength range of 1.4-1.8 um as compared
to the visible region;

d) natural night illumination level within
the spectrum range of 0.4-0.9 um changes
during the night from 10W/m? to 2,5x

x10°W/m? (i.e. almost by 4 orders of
magnitude), and within the spectrum range of
1.4-1.8 um this change lies within the range
of 1.6x10™" W/m? to (3-4)x10"° W/m?;

e) contrast value (observed
object/background) in the wavelength range
of 1.4-1.8 um is 1.4-1.5 times higher than
within the range of 0.4-0.9 um.

This proves the potential of using the
array photosensors described herein that
feature the expanded sensitivity range of 0.4—
2.0 pm for the creation of advanced domestic
night vision devices.

This work was supported by the Advanced Research
Foundation.
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