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Abstract: The presented paper describes the study of ligand-exchange dependent properties of
mercury chalcogenides (HgS, HgTe) colloidal quantum-dot thin films. Thin films of colloidal quantum
dots of mercury telluride and mercury sulfide were prepared using a layer-by-layer deposition
technique applying dip-coating and spin-coating methods. The impact of the synthetic procedure
of quantum dots, solvent and concentration of colloidal solution on the thin films’ properties was
analyzed. By using concentrated colloidal solutions in tetrachloroethylene, we succeeded in the
preparation of homogeneous thin films with minimal roughness. The surface morphology and
thickness of the thin films were determined using AFM. The voltage—current characteristics of
photosensitive devices applying various ligand exchanges were investigated.

Keywords: mercury telluride; mercury sulfide; dip-coating; spin-coating; IV characteristics; atomic
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1. Introduction

Colloidal quantum dots (CQDs) are nanocrystal semiconductors whose surface is
covered with organic compound shell ligands. Due to the quantum dimensional effect,
their optical properties depend on the diameter of the semiconductor core.

Colloidal quantum dots of mercury chalcogenides make solution-based materials
which are of interest because of their mid-IR spectral range. They may have potential for
making optoelectronic devices due to their low price and simple method of production [1].

Colloidal quantum dots (CQDs) of mercury telluride have attracted a lot of attention
in the last decade because of their unique properties [2]. Mercury telluride-based CQDs
are promising candidates for use in various fields of engineering and science due to their
incomparable combination of a large radius of the Boron exciton (30 nm) and the band gap
(0 eV) for bulk material. This ensures the spectral rearrangement of the properties of the
CQDs from the near to far IR range. On the basis of this material photodetectors, lasers and
applications in telecommunication devices are being actively developed [3-5].

Mercury sulfide CQDs are a material that has been less investigated, and based on
our research, interesting results have been obtained. In comparison to mercury telluride,
which is semimetal in bulk form, mercury sulfide bulk material presents a gap, and there
are two crystalline forms of it (zinc blend and cinnabar) which could have chiral optical
characteristics [1,2].

Photosensitive thin films are created from solutions of colloid quantum dots of mercury
chalcogenide for use in photo devices. The composition of the ligand shell strongly affects
the photoelectric properties of thin films [6].

The purpose of this research to fabricate photoresistors based on mercury sulfide and
mercury telluride colloidal quantum dot solutions, and to define their properties. Using
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atomic force microscopy (AFM) and volt-ampere characteristics (VAC) measurements, the
two materials (HgTe and HgS) could be analyzed.

2. Materials and Methods

A series of experiments with application of layers of CQDs based on HgTe and HgS
on glass substrates and electrodes, followed by exchange of ligands, were performed.

The application of a solution of colloidal quantum dots is carried out using dip-coating
and spin-coating (35 s, 2500 rotations/min) methods. After each application of the CQDs
layer, the original oleate ligand shell was replaced with the following ligands: S>~, SCN~,
I~, ethanditiol-1,2.

The procedure for changing ligands to ethanditiol-1,2 (EDT) was performed according
to the following scheme.

1.  The sample was placed for 30 s in a solution of EDT/HCl/isopropanol (concentration
1/1/100 in volume);

2. The sample was placed for 30 s in pure isopropanol to wash away the ligand residues
from the previous stage.

Procedures for changing ligands to S>~, I~ and SCN~ were carried out using an
analogical method with proper solutions.

When layers of CQDs of HgTe and HgS were prepared on glass substrate, the reliefs of
the surfaces of thin films were analyzed using an atomic force microscopy (AFM) method.
Using AFM, the uniformity of the application of layers, the roughness of surface and the
thickness of the films were determined. After determining the thickness of the layers of
the samples with AFM, the procedures of application and exchange of various ligands
were carried out on electrodes. Photosensitive films were created by applying layers of
colloidal quantum dots of mercury chalcogenides to golden electrodes. As part of the work,
measurements of both dark volt-ampere characteristics (VAC) and light VAC were made,
when illuminated with a laser at 980 nm, for thin films of mercury chalcogenides. After
replacing the original shells with I, S2-,SCN~ and ethandithiol-1,2, the obtained results
were analyzed.

3. Results and Discussion

Thin films were prepared based on solutions of colloidal quantum dots using four
different ligand exchanges. The optical density of prepared films was measured (Figure 1).
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Figure 1. Optical density of thin films of five layers of HgTe with EDT ligand exchange.
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The arranged thin films were analyzed using atomic force spectroscopy (AFM). AFM
analysis of one of samples of HgTe CQDs is presented in Figure 2.
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Figure 2. (a) AFM image (10 um X 10 pum) of thin films of five layers of HgTe with EDT ligand
exchange (thickness 60 nm); (b) AFM analysis of the surface roughness of thin films of five layers of
HgTe with EDT ligand exchange.

Based on the measurements of VAC, graphs of the current-voltage dependence for each
electrode and different ligand substitution in both darkness and laser lighting conditions
were constructed. In the case of HgTe, experiments were performed on each electrode in
November 2021 and March 2022 to examine how the properties of photoresistors change
with time. A photoresistor with ethanditiol-1,2 ligand exchange saved its properties in
both experiments. In the cases of SCN~ and S?~ ligand exchange, the photoresistors’
resistance in the dark is less than with laser lightning (November experiment), and they
lost their photosensitive properties by March. The iodide-substituted photoresistor did not
have photosensitivity, and its resistance did not change over time. In the case of different
substitutions, the current-voltage dependence functions have different forms. A classical
photosensitive element (photoresistor) with linear CV function was obtained in the case of
EDT ligand exchange (Figure 3). The results of AFM and VAC measurements are shown

in Table 1.

Table 1. Results of experiments with CQDs HgTe, thickness of layers and resistance of electrodes.

Quantum

Thickness of R (Laser, 980 nm) ((2), R (Darkness) ((2), R (Laser, 980 nm) ((2), R (Darkness) (),

Dots/Ligand Layers (nm) November 2021 November 2021 March 2022 March 2021

HgTe/S 60 1.78 x 10° 1.35 x 106 1.00 x 10° 1.00 x 10°
HgTe/SCN 60 3.56 x 10° 2.60 x 10° 454 x 10° 441 x 10°
HgTe/TBAI 70 2.94 x 103 3.19 x 103 3.00 x 103 2.24 x 103
HgTe/EDT 60 4.26 x 10? 5.54 x 107 6.00 x 107 8.67 x 102

The solutions of quantum dots of HgS were synthetized using different parameters.
By combining those parameters, several different samples were used for preparing thin
films, and the results of AFM analysis of them are presented in Table 2. AFM images and
analysis of several samples were demonstrated on Figures 4-6.
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Figure 3. Graph of current-voltage characteristics of electrode with five layers of CQDs of HgTe, EDT
ligand exchange.
Table 2. Results of AFM measurements of HgS CQDs thin films, with parameters used for their
synthesis from HgCl, /S-OLA.
Time of Ligand .
Run Synthesis (min) Solvent Exchange Number of Layers AFM Analysis
12 15 Tetrachloroethylene g2 20 Failed in making thin films
Roughness: 10 nm/15 nm
b 2— &
2 15 Tetrachloroethylene S 5/10 Thickness: 50 nm /100 nm
Roughness: 20 nm/30 nm
34 15 Tetrachloroethylene SCN™ 5/7 Failed in making homogeneous
surface of thin films
_ Roughness: 20 nm /30 nm/30 nm
a 2 g
4 30 Tetrachloroethylene S 3/5/10 Thickness: 30 nm /50 nm /100 nm
Poor adhesion to glass substrate
b - & /
> 60 Octane SCN 3 failed in making thin films
6° 15 Octane SCN~ 10 Roughness: 100 nm

Thickness: 100 nm

2 low concentration of solution (10 mg/mL), ? Jow concentration of solution (50 mg/mL).
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Figure 4. (a) AFM image (100 pm x 100 pum) of thin films based on ten layers of HgS CQDs with §2-
ligand exchange; (b) AFM analysis of roughness and thickness of the thin films” surface, based on ten
layers of HgS CQDs with S>~ ligand exchange.
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Figure 5. (a) AFM image (100 um X 100 um) of thin films based on three layers of HgS CQDs with
S?~ ligand exchange; (b) AFM analysis of roughness and thickness of the thin films’ surface, based
on three layers of HgS CQDs with S?~ ligand exchange.
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Figure 6. (a) AFM image (100 pm x 100 um) of thin films based on ten layers of HgS CQDs with g2
ligand exchange; (b) AFM analysis of roughness of the thin films’ surface, based on ten layers of HgS
CQDs with §2~ ligand exchange.
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4. Conclusions

In our experiments, we succeeded in producing layers of mercury chalcogenides
colloidal quantum dots on glass substrates using spin-coating and dip-coating. The thin
film deposition using spin-coating was optimized. The impact of the synthetic procedure
of quantum dots, solvent and concentration of colloidal solution on the thin films’ prop-
erties was analyzed. It was found that concentrated solutions of mercury chalcogenides
in tetrachloroethylene are best suited to the preparation of homogenous thin films with
a roughness below 10 nm. The proper solutions of HgTe and HgS were determined us-
ing AFM, and utilized in the preparation of photoresistors by applying layers of CQDs
with various ligand exchanges on electrodes. The photoelectrical properties of photore-
sistors were determined, based on HgTe CQDs in the case of EDT ligand exchange, using
VAC measurements.
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