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The paper describes results of the research on the effect of the synthesis of cadmium sulfide quantum
dots by the colloid-chemical method in an aqueous solution of gelatins on their optical and luminescent
properties. It was shown that to understand the mechanism of the formation of defects in CdS QDs when
they are synthesized in aqueous solutions of salts, it is necessary to take into account the result of the hy-
drolysis process and the dependence of its products on the pH of the solution. Based on the calculation of
the molar concentration of the components of the hydrolysis of the cadmium salt Cd(NOs), the conclusion
was drawn about the types of intrinsic defects that determine the observed photoluminescence spectrum of

CdS QDs.

Keywords: Cadmium sulfide quantum dots, Intrinsic defects in CdS QDs, Absorption, Photoluminescence.

DOI: 10.21272/jnep.11(5).05031

1. INTRODUCTION

CdS quantum dots (QDs) have aroused considerable
interest due to their unique properties, which are ab-
sent in bulk materials due to the effect of quantum
retention of charge carriers [1, 2].

Among the main distinguishing QDs properties
should be highlighted the size dependence of the photo-
luminescence (PL) wavelength, a high quantum yield of
PL, an extended absorption spectrum, which makes it
possible to excite the luminescence of different sizes
QDs with a single radiation source, small sizes, which
provide a high penetrability of particles. In addition,
compared to classical organic fluorophores, QDs are
more resistant to photobleaching and, thus, suitable for
long-term studies [3]. The possibilities of the diverse
application of nanocrystals [4, 5] in optoelectronics led
to an intensive search for methods for changing their
properties. Successful solution of this problem depends
on understanding the processes of formation of the
physical properties of QDs during synthesis [6, 7].

From the point of view of application of QDs of
A2B6 compounds, their luminescent properties are of
the greatest interest.

The study of the luminescence of CdS QDs is devot-
ed to a fairly large number of works, but the question of
the nature of the centers that cause luminescence, the
conditions for their formation in the synthesis process,
still remains relevant. This is due not only to the dif-
ferent ways of obtaining QDs, but also to the fact that
wide luminescence bands are usually observed in nano-
crystals and this wide band consists of several individ-
ual bands.

The colloid-chemical synthesis of CdS QDs is influ-
enced by a large number of factors related to the syn-
thesis conditions (duration, rate of introduction of the
reaction components, synthesis temperature, the ratio
of the initial components of cadmium and sulfur ions).
In addition to the nature and concentration of precur-
sors and stabilizers, the acidity of the pH dispersion
medium turned out to be an important factor in control-
ling the optical characteristics of the obtained QDs [8].
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The results of studies by different authors on the effect
of the acid-base balance of the growth medium on the
properties of CdS QDs (QD size, type of intrinsic de-
fects, luminescence spectrum) indicate their ambiguity.
Thus, in [9], CdS QDs with a size of 1.1 nm were ob-
tained in alkaline solutions (pH 8, 10, 12), while nano-
particles obtained in acidic solutions (pH 4, 5) tended to
aggregate with the formation of larger particles
(~ 74.5 nm). The authors of [10, 11] did not observe the
formation of CdS QDs in an acidic medium (pH 2, 4),
however, in [12], it was reported that by varying the pH
from 1.6 to 2.2, CdS particles with dimensions 3.5-
5.3 nm were obtained.

There is also a strong dependence of the size of na-
noparticles on the pH of the solution in alkaline media.
The smallest particles were formed in a weak alkaline
medium with a pH of 8 due to the lowest concentration
of Sz-ions. In a strongly alkaline medium with a pH of
12, the particle size is again lower than that of pH 10.
This is explained by a decrease in the concentration of
Cds* ions due to the increased formation of Cd(OH)2 at
higher pH values. In this way, pH 10 is more favorable
for the formation of CdS QDs, for the method described
in article [11]. In this work, the conditions for the ap-
pearance of exciton luminescence were determined,
which the authors attribute to the small size and
smaller dispersion.

The study of self-activated luminescence of CdS
QDs obtained at different concentrations of the initial
components is the work [13]. To explain the nature of
the luminescence centers in CdS QDs, the authors used
an analogy with the nature of defects in a CdS single
crystal. It was shown that, according to the proposed
physical model of luminescence centers, the maxima of
the self-activated bands in nanocrystals depend on the
size of mnanoparticles, for example: for 3.2 nm
Amax =490 nm and for 3.7 nm Amax = 550 nm. Note that
such a significant size dependence of self-activated
luminescence, which is due to recombination at deep
centers, is not confirmed in other similar studies.

According to the literature, luminescence spectra are
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observed in CdS QDs, which are broad bands in the
spectral range from 450 nm to 800 nm [14, 15]. In the
study of photoluminescence spectroscopy of CdS nano-
particles, a wide band was observed at 570 nm, which is
explained by recombination of electrons and holes asso-
ciated with surface defects, and a smaller peak at
678 nm is caused by internal defects, such as sulfur
vacancies [9]. Individual luminescence bands of CdS
QDs can be observed under certain conditions, for ex-
ample, when doping [16] or irradiated [17].

An analysis of the review of literature data shows
that the formation of luminescence centers in CdS QDs
depends on many technological factors, among which
the concentration of cadmium and sulfur ions and their
ratio is decisive. In this connection, in the aqueous
synthesis of CdS QDs, the acid-base balance in the
growth solution must be taken into account. The effects
of this factor are presented in this study.

2. EXPERIMENTAL

The pH values of the solutions were changed by add-
ing a solution of alkali or hydrochloric acid to an aque-
ous solution of gelatin with cadmium nitrate to obtain
the required pH (2-10).

Optical absorption spectra were measured on a SF-
26 spectrophotometer in the wavelength range from 320
to 600 nm. To reduce the error associated with the effect
of light scattering in the shortwave region (320-360 nm),
a USF-2 light filter was used, which cut off the visible
region of the spectrum. The measurement error did not
exceed +1 %. The luminescence was excited by a LCS-
DTL-374QT pulsed laser with a wavelength of 355 nm.
Laser power was 35 mW.

3. RESULTS AND DISCUSSION

It is known, that salt is hydrolyzed in aqueous solu-
tions. In our case — the hydrolysis of nitrate and sodium
sulfate. We calculated the concentration of Cd ions accord-
ing to the formulas (38.1)-(3.4) and the corresponding
graphs in Fig. 1.

C,=[Cd* |+Cd(OH)' +Cd(OH),,  (3.1)
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where, « is the molar concentration of the components, &
is the ionization coefficient (taken from table [18]).

It can be seen that at values up to pH < 8, the concen-
tration of cadmium ions in the solution is dominant, and
up to pH =6 it remains constant. At pH > 6, the concen-
tration of cadmium ions decreases.

At pH values greater than 9, cadmium hydroxide
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Cd(OH)z is formed, and at high pH values, the formation
of a shell of Cd hydroxides on a cadmium sulfide nano-
crystal is possible.

Cadmium sulfide nanocrystals were synthesized at
different pH values of the solution: 2, 4, 7, and 10. The
normalized absorption spectra of these CdS QDs are
shown in Fig. 2.
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Fig. 2 — The absorption spectra of CdS QDs grown at different
values of the solution pH: 2, 4, 7, 10
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Fig. 3 — Differentiated absorption spectra of CdS QDs grown
at various values of solution pH: 2, 4, 7, 10

Due to the fact that as a result of the spread in size,
in the absorption spectra, there are no maxima corre-
sponding to the optical transitions between the discrete
levels, then the reduced experimental curves were differ-
entiated (Fig. 3).

From the analysis of the latter, the values of the en-
ergies of the first optical transition, the half-width of the
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maxima of the differential curves and the size of the QDs
were determined. The average radius of QDs was deter-
mined using the energy data of the first optical transi-
tion. The values of the effective widths of the nanocrystal
forbidden zones were also obtained by extrapolating the
absorption curves (Fig. 2) to the energy axis, namely, at
pH2 and 4 — 2.59¢eV, at pH7 and 10, respectively,
2.68 eV and 2.61 eV.

In accordance with Fig. 1 with a lower pH (2 and 4),
the concentration of cadmium increases, which contrib-
utes to the growth of crystals, but with increasing pH
(up to 7) the concentration of cadmium ions decreases, as
a result — the conditions for crystal growth are limited.

As can be seen from Fig. 1, at lower pH values (2
and 4), the concentration of cadmium increases, which
contributes to the growth of crystals. With an increase
in pH > 7, the concentration of cadmium ions decreases,
which leads to a limitation of the growth of crystals.

It is known that as a result of the hydrolysis of sul-
fur salts, S?* ions are formed and this process occurs at
high pH values (>9). When pH > 9, the formation of
crystals and their growth occur with increasing number
of sulfur ions.

Fig. 4 shows the normalized luminescence spectra of
CdS QDs grown at different pH values. The spectra of
nanocrystals obtained at low pH (2 and 4) differ sharp-
ly from those obtained at pH 7 and 10. In the spectra of
nanocrystals with both low and high pH values, a short
wavelength emission band with an energy of 2.53 eV is
detected. At low pH, this band dominates, and at high
pH, it appears as an inflection on the short-wave edge
of the luminescence band curve.

The nature of this luminescence can be attributed to
exciton or edge luminescence. At high pH, the long-
wavelength band localized at a wavelength of
A =700 nm dominates, the nature of which is associat-
ed with intrinsic defects in nanocrystals.
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Fig. 4 — Normalized luminescence spectra of CdS QDs grown
at different values of the solution pH: 2 (1), 4 (2), 7 (3), 10 (4)

Fig. 5 shows the decomposition of the spectra into
Gaussian curves. It can be assumed that samples con-
taining a short-wavelength emission band (4=470-
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498 nm) have an excess of cadmium and thus its nature
can be associated with interstitial cadmium and the na-
ture of the long-wavelength band (4 = 716-754 nm) should
be associated with cadmium vacancies.

In the photoluminescence spectra of nanocrystals
obtained at values pH > 7 (Fig. 5¢, d), the luminescence
in the region of A= 630 nm is recorded. According to the
results presented in Fig. 1, this band may be due to an
associative defect associated with cadmium and sulfur
vacancies.
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Fig. 5 — Approximation by the Gauss curves of the luminescence
spectra of CdS nanocrystals obtained at the values of solution
PH: 2 (a), 4 (b), 7 (c), 10 (d)

4. CONCLUSIONS

In this work, it was shown that to understand the
mechanism of the formation of defects in CdS nanocrys-
tals when they are synthesized in aqueous solutions of
salts, one should take into account the result of the
hydrolysis process and the dependence of its products
on the solution pH.

As a result of the calculation of the molar concentra-
tion of the components of the hydrolysis of the cadmium
salt Cd(NOs)z, it was found that the values of pH<8
concentration of cadmium ions in the solution are domi-
nant. In this case, the shortwave emission band (1 = 470-
498 nm) is due to cadmium interstitials. It is character-
istic that the source of sulfur may be gelatin, in which
sulfur is an impurity. This fact explains the formation of
cadmium sulfide QDs in our technology at low pH val-
ues. With the growth of QDs in an alkaline medium,
when there is an excess of sulfur ions, the defects that
cause the long-wavelength band (1=716-754 nm) are
cadmium vacancies. The luminescence in the region of
A =630 nm may be due to an associative defect associat-
ed with cadmium and sulfur vacancies.
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Bruiue ymMoB TexHOJIOTII HA (hOopMyBaHHA IIEHTPIB CBiTiHHA y KBaHTOBUX Toukax CdS

B.A. CmunTtunal, B.M. Crob6eesa?, K.O. Bepresec!, M.B. Mamyrua?

L Oodecvruli HauyionanvHuil yrisepcumem im. 1.1, Meurnurxosa, eyn. Jleopancvra, 42, Odeca 65082, Yrpaina
2 HJTI ghizuru Odecvko20 HAUloHAbHO20 YHigepcumemy im. I.I. Meunurxosa, eyn. Ilacmepa, 27,
65082 Odeca, Yrpaina

¥ po6oTi mpeacTaBiieH]l pe3yIbTaTH JOCTIIyKeHHS BILIMBY IIPOIECY CHHTE3y KBAHTOBUX TOUOK CYJIb(IILY
KaJIMII0 KOJIOITHO-XIMIYHMM METOAOM y BOJHOMY PO3YMHI JKeJIATUHHU HAa iX OITHUYHI 1 JIIOMIHECIIeHTHI BJIac-
tuBocti. ITokasano, 110 1A posyminHsa MexaHiamy yrBopeHHA gedextis B KT CdS mpu ix cuHTesl y BomgHUX
po3urMHAX He0oOXITHO BPAXOBYBATH PE3yJIbTAT IIPOTIKAHHS IIPOIlECY TIAPOJI3y 1 3aJIesKHICTh MOr0 MPOIYKTIB
Bixg BesmmunHu pH posumuy. Ha mifcraBi pospaxyHKYy MOJISPHOI KOHIIEHTPAIl KOMIIOHEHTIB TiIpOJIidy CoJIl
raamito Cd(NOs)z, 3pobieHnii BUCHOBOK IIPO THUITX BJIACHUX Je(PEKTIB, K1 00YMOBJIIIOIOTE CIIEKTP (POTOIFOMI-

umecreniii KT CdS, mo cmocrepiraernses.

Kmouori cnora: Keaurosi Tourn cymbdiny rkagmio (KT CdS), Biaacui gedextn 8 KT CdS, Ilornmunanus,

DorosrroMiHICIICHITIA.
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