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from colloidal quantum dots PbS with a hole transport layer
based on p-PbS-EDT CQDs
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The architecture and main characteristics of the 640x512 photosensor array (15 uym
pitch) with spectral range sensitivity of 0.4-2.0 um developed on the basis of PbS
colloidal quantum dots are presented. The layer for generating the main fraction of
photocarriers is made on the basis of n-PbS CQDs by replacing the initial ligand (oleic
acid) with iodine during the treatment of the CQD layer with tetra-n-butylammonium
iodide (TBAI). Transport layers for electrons and holes were produced based on n-ZnO
and p-PbS EDT CQDs, where the hole transport layer of p-PbS-EDT CQDs was created
by replacing the initial ligand by treating the CQD layer with ethane-1,2-dithiol (EDT).
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1. Introduction

The unique properties of low
dimensional semiconductor structures
increasingly attract attention of researchers in
such fields as photonics, biomedicine,
microelectronics, etc. Recently, the progress
reached with the wuse of quasi-zero-
dimensional quantum dots in the creation of
solar energy devices [1], biomarkers [2], focal
plane arrays (FPA) [3], lasers [4], etc., is
particularly noticeable.

Currently, there are two companies
leading the industrial production of
optoelectronics using colloidal quantum dots:

SWIR Vision (USA) and Quantum Solutions
(UK), which mass-produce wide-spectrum
full-format photosensors array and night
video cameras based on them with a
photosensitivity range from 0.4 to 2.0 pm,
manufactured  using  hybrid-monolithic
technology. In 2020, SWIR Vision
demonstrated uncooled 640x512, 1280x1024,
and 1920x1080 FPA, on lead sulfide colloidal
quantum dots with a photosensitive element
(PSE) pitch of 15um. Currently, the
company's product line includes 5 types of
photosensor arrays, including 2040x2040
and 3064x2040 photosensors of the with a
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PSE pitch of 7um. In 2024, Quantum
Solutions introduced a 640x512 FPA made of
lead sulfide colloidal quantum dots with the
smallest pitch of 5 um achieved to date in
industrial samples of IR FPA. Both
companies produce compact night vision
cameras using self-engineered FPAs made
from colloidal quantum dots.

Previously, in [5], we described a
single-element photosensor developed by us
for the spectral range of 0.4-2.0 um, made of
colloidal PbS nanoparticles on a Si/SiO,
substrate with the architecture shown
in  Figure la.  Small-sized  12x12 pm
photosensitive elements of diode type with an
energy barrier of the p—n junction type at the
contact of layers of colloidal quantum dots
(CQD) of lead sulfide (PbS) of n- and p-type
conductivity were studied. The p—n junction
type energy barrier was obtained by
modifying the CQD surface with appropriate
ligands. The PbS CQD layer of the electron
conductivity type (n-type) was created by
replacing the initial ligand used in the
synthesis of CQDs (oleic acid C,sH340,) with
iodine (I) by treating the PbS CQD layer with
tetra-n-butylammonium iodide [(C4Ho)sN]I
(TBAI). Similarly, a p-type PbS CQD layer
was created by replacing the original ligand
after treating the PbS CQD layer with
ethane-1,2-dithiol C,HgS, (EDT).
The absorption of radiation from the spectral
interval of 0.4-2.0 um was mainly performed
by the n-PbS-TBAI CQD electronic
conduction type layer due to its significantly

greater thickness compared to the p-PbS-EDT
CQD layer. The p-PbS-EDT CQD layer was
used as an electron blocking layer near the
anode of the photosensitive structure and, at
the same time, served as a hole transport
channel.

The PbS CQD for I- and p-type
conductivity layers had a diameter of 7.6 nm
and 3.1 nm, respectively, which created an
additional energy heterobarrier at the contact
of these layers, facilitating the -efficient
separation of photocarriers formed after the
decay of photoexcitons in the n-PbS-TBAI
CQD layer. Lead chloride (PbCly) was
used as the lead precursor and
N,N'-diphenylthiourea (SC(NHPh),) was used
as the sulfur precursor. A layer of n-ZnO
nanoparticles with electron conductivity
served as a layer for blocking the flow of
holes in the area near the cathode and, at the
same time, as a channel for transporting
electrons to the cathode. The upper radiation-
transparent electrode was created by aerosol
printing of a layer based on silver nanowires
(AgNW), with an optical transmittance in the
wavelength range of 0.4-2.0 um of about
65-70 % and high conductivity [6], which
sets them  apart from  conductive
coatings made of carbon nanowires or ITO
(In203)0_9-(Sn02)o_1 (see Flg lb) Thus, the
architecture of the photosensors developed in
[5] had the form Cr/Ni/n-ZnO/n-PbS-TBAI
CQD/p-PbS-EDT CQD/AgNW. The energy
structure of the individual layers of this
structure is shown in Figure 2.
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Fig. 1 Single-element photosensor based on colloidal quantum dots PbS CQD with transport layers
for electrons and holes made of n-ZnO nanoparticles and p-PbS-EDT CQD, respectively: a) — photosensor
architecture [5]; b) — optical transmittance and specific resistance of layers of carbon nanotubes (CNTs),
silver nanowires (AgNWs) and coatings of (In;03)9.o-(Sn03)y; (ITO) [6]
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The spectral dependence of the relative
sensitivity of the sensor is shown in
Figure 3a. The current-voltage characteristics
(CVC) curves of the photosensors had a shape
typical for semiconductor structures with an
energy barrier and differential resistance of

Fig. 2 Energy structure of layers of the

Cr/Ni/n-Zn0/CQDn-PbS-TBAI/CQDp-PbS-EDT/AgNW
structure, on the basis of which a single-element

Pphotosensor is manufactured [5]

the dark CVC at zero bias, lying within the
range of (2-20)x10'°Ohm. The values of
specific detectability of (2-4)x10"? cm-Hz"2 W™
(Fig. 3b) were achieved when the photosensor
was illuminated by radiation from a
blackbody with a temperature of 1273 K.
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Fig. 3 Spectral dependences of the relative photosensitivity (a) [5] and specific detectability (b)
of a single-element photosensor based on colloidal PbS quantum dots with the Cr/Ni/n-ZnO/CQD
n-PbS-TBAI/CQD p-PbS-EDT/AgNW architecture

2. Architecture of the 640x512 photosensor
array

In this paper, we describe a new FPA
developed by us for the spectral range
of 0.4-2.0 um in the 640x512 format with a
photosensitive elements pitch of 15 um, made
of colloidal quantum dots PbS CQD on the
surface of a silicon ROIC for reading p-
channel photo signals. The architecture of this
MPD is shown in Figure 4.

The production of this FPA is based on
the direct formation of a photosensitive
structure on the surface of a silicon readout
integrated circuit (ROIC). The photosensitive
and functional layers of the sensor are
produced by successive applying
pre-synthesized liquid  suspensions  of
nanoparticles with a given composition and
viscosity using the spin-coating technique or

the aerosol printing method. This ensures the
production of a monolithic structure without
the use of indium or other microcontacts,
which are typical for the classical technology
of hybridization (combining) of photodiodes
or photoresistors array based on layers of bulk
or epitaxial 3D semiconductor materials with
microelectronics for reading photo signals.
This  technology  for  manufacturing
photosensors, called hybrid-monolithic, is
described in general terms in [3, 5, 7-9].
It ensures the removal of critically important
restrictions on the pitch of sensitive elements,
as a result of which the pitch is limited only
by the diffraction limit and the pitch of the
ROIC, which is determined by the circuitry of
the readout cell and the topological norm of
the CMOS technology by which the silicon
ROIC is manufactured.
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Fig. 4 640x512 photosensor array based on PbS CQOD with transport layers for holes and electrons
from p-PbS-EDT and n-ZnO CQD, respectively: a) — photosensor architecture; b) — cross-section of the
Pphotosensitive element with the input device of the silicon ROIC readout cell (CTIA — transimpedance
amplifier, Reset — reset key, C;,; — photo signal accumulation capacitance)

The architecture of each photosensitive
element developed by the authors of the
new PbS CQD based 640x512 photosensor
array has the form Cr/Ni/p-PbS-EDT
CQD/n-PbS-TBAI CQD/n-ZnO/AZO.
The energy structure of individual layers
demonstrating the directions of electron and
hole transport in the layers of the photosensor
1s shown in Figure 5.

As in the case of the single-element
photosensor [5] described above, the main
proportion of photocarriers is generated by
radiation in the »n-PbS-TBAI CQD layer.
After the decay of photoexcitons, electrons
and holes are separated by an energy barrier
of the p—n junction type at the contact of the
n-PbS-TBAI CQD and p-PbS-EDT CQD
layers. The n-ZnO and p-PbS-EDT CQD
layers serve to block holes and electrons in
the regions located near the anode and
cathode. They are also channels for
transporting electrons and holes.
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Fig. 5 Energy structure of layers of the
Cr/Ni/p-PbS-EDT CQD/n-PbS-TBAI
COD/n-ZnO/AZO structure, on the basis of which
the 640x512 photosensor array is made,
demonstrating the directions of electron and hole
transport

Manufacturing of PbS CQD layers of
electronic and hole conductivity types is
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carried out by replacing the initial ligand
(oleic acid) after treatment with tetra-n-
butylammonium iodide (n-type) and ethane-
1,2-dithiol (p-type). As in work [5], lead
chloride and N,N'-diphenylthiourea are used
as precursors of lead and sulfur in the
synthesis of PbS CQD. In addition, in contrast
to the above-described single-element
photosensor with the Cr/Ni/n-ZnO/n-PbS-TBAI
CQD/p-PbS-EDT CQD/AgNW architecture,
here, instead of a layer based on AgNW
nanowires, we used a coating of zinc oxide
doped with aluminum to form a solid solution
in the ZnO-AlL,O; (AZO) system as
a radiation-transparent  electrode [10].
A photograph of the manufactured 640x512
photosensitive element array based on PbS
CQD with a silicon ROIC for reading and
pre-processing photo signals and an upper
electrode made of Al:ZnO (AZO), mounted
on a raster for research, is shown in Figure 6.

Fig. 6 Photograph of a 640x512 photosensitive
element array with a ROIC on a raster

3. Properties of a 640x512 photosensor
array with a hole transport layer based
on p-PbS-EDT CQD

High-resolution transmission electron
microscopy (TEM) was used to control the
size of the synthesized colloidal quantum
dots. The spectral dependences of the optical
absorption of a suspension of colloidal
quantum dots of lead sulfide in a solution of
n-octane, synthesized by the above-described

method using PbCl, as a lead precursor, were
studied. The first exciton absorption peak was
observed with a maximum located at a
Amax = 1,85 um wavelength. Its full width at
half maximum (FWHM) was 220 nm, which
indicates a sufficiently high monodispersity
of PbS nanocrystals in the absorbing layer of
n-PbS-TBAI CQD. Figure 7 shows the
spectral dependence of the photosensitivity
S{A)/S{Amax) reduced to unity for the
manufactured 640x512 matrix photosensor
with a silicon integrated circuit for reading
and pre-processing photo signals.
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Fig. 7 Spectral dependence of photosensitivity at
room temperature reduced to unity for a 640x512
Pphotosensor array with a silicon ROIC for reading
and pre-processing photo signals

The use of the empirical relationship
E,=0.41+(0.025d* +0.283d)™ that

establishes the connection between the energy
of optical transitions EO in the optical
absorption spectra of the CQD solution and
the diameter d of the nanoparticles, obtained in
[11], showed that the diameter of the colloidal
quantum dots we used is d = 9.5-10 nm.
A study of the shape of the nanoparticles
using high-resolution transmission electron
microscopy showed that it is close to a
truncated octahedron. Each colloidal quantum
dot has eight faces (111) and six faces (100).
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Figure 8 shows fragments of images of
fan blades and a human face obtained in the
daytime at an illumination of the observed
scene of 300-500lux using a 640x512
photosensor array (15 pm pitch). Single-point
correction and signal calibration using a
defocused image were used.

b)

Fig. 8 Image fragments obtained using
an uncooled 640x512 (15 um pitch) photosensor
array based on PbS colloidal quantum dots
for the spectral range of 0.4-2.0 um with the
Cr/Ni/p-PbS-EDT QCD/n-PbS-TBAI
OCD/n-ZnO/AZO architecture

4. Conclusion

One of the areas of improvement of
night vision devices (NVD) is the expansion

of  their spectral  sensitivity  areas.
The sensitivity of modern mass-produced
electro-optical converters (EOCs), including
3+ generation with photocathodes based on
gallium arsenide with negative electron
affinity, is limited to a spectral range
of 0.4-0.9 um. This results in a number of
drawbacks of modern night vision devices,
due to which the requirements for range,
probability of detection and identification
may not be met. The main one is the
insufficient range of vision of the night vision
devices at night illumination of the observed
scene below 2x10°lux. This type of
illumination is typical for objects located in
mountain gorges, tunnels, on unlit city streets,
under the forest canopy, etc. It is caused by
diffuse or direct light from the moon, stars,
zodiacal light, the proper radiation of the
upper layers of the atmosphere associated
with the recombination of ions formed during
the day, etc. Figure 9a shows the spectral
dependence of the power density of natural
night illumination (NNI) on a vertical surface
[12].

It is evident that the illumination level
increases significantly in the wavelength range
of AL =0.4-1.8 um compared to the range of
AL=0.4-0.9 pm typical for modern mass
produced EOCs. Thus, the average value of NNI
in the absence of the moon in the wavelength
range of 0.6-0.8 pm in clear weather (snow
background) is  (1.5-3.0)x10” W/m*pm,
while in the range of 1.4-1.8 um, even with
continuous cloud cover (green background),
it increases to (6.0-7.0)x10™* W/m?pum.
The source of illumination here is the
radiation of atmospheric oxygen. Along with
the increase in illumination, a significant gain
in optical transmission of the atmosphere
occurs when moving from the spectral region
of 0.4-0.9 um to the region of 0.4-1.8 ym
(Fig. 9b). The attenuation of the luminous
flux by the atmosphere is associated with the
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absorption of light by water vapor and carbon
dioxide and scattering by fluctuations in the
density of the gaseous medium of the
atmosphere and by various solid dust
particles. The assessment carried out in [13]
showed that with a meteorological viewing
range of Sy =10 km, the transmittance of
1 km thick atmospheric layer at a wavelength
of A =0.6 um is 0.72, and in the center of the
transparency window of 1.4-1.8 um it
increases to a value of 0.93.

Photosensors array based on epitaxial
Inys3GagssAs with an InP substrate, which
technology has developed increasingly, easily
implement a long-wave photosensitivity limit
of A,=1.6 um. However, to ensure
sensitivity in the visible range, their
production requires the use of special
technological operations to thin the InP
substrate after hybridization with the ROIC
[14] for photo signal reading. The remaining
InP layer, which is approximately 0.2 pym

10

Ep=1.5x10"lux (clear weather, snow)

wereveennnnes g = 2.5x107 Tux (overcast, green background)

100 ; ,
04 0.6 08

1.0 12 14 16 138
Wavelength, pm
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thick, still limits the quantum efficiency of
the photosensor in the visible range to
<60 %. The need to use indium or copper
microcontacts for hybridization of the
photosensitive elements (PSE) array made of
InGaAs with Si ROIC-limits the minimum
step of the PSE to a value of about 5 pm.

CQD matrices adopt frontal illumination
and no substrates that limit photosensitivity in
the visible range of electromagnetic radiation.
Also, no metal microcontacts are required for
hybridization of the photosensitive elements
array with the Si ROIC. The use of hybrid-
monolithic manufacturing methods [7] allows
to create wide-spectrum matrices based on
CQD with a 0.4-2.0 um sensitivity range and
a pitch of photosensitive elements limited
only by the diffraction limit of the recorded
radiation, the circuitry of the reading cell, and
the topological norm of the CMOS
technology, according to which the Si ROIC
1s manufactured.

Spectral transmittance of the
atmosphere, rel. units

0.4 0.8 1.2 1.6
Wavelength, pm

b)

Fig. 9. a) — spectral dependence of the power density of natural night illumination on the vertical surface Eg

under conditions of continuous cloudiness (green background), and for the case of clear weather against the

background of a surface covered with snow; b) — spectral dependence of the transmission of an atmospheric
layer 1 km thick for cases of meteorological vision range Sy; = 20 km and Sy, = 2.5 km [12]
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