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Abstract—Cadmium-sulfide nanocrystals are produced by the colloidal method. Doping with zinc and cop-
per is conducted during nanocrystal growth. The optical absorption and photoluminescence spectra are stud-
ied. The maximum concentration of the optically active copper impurity is determined from a shift of the fun-
damental absorption edge to lower energies. It is shown that the long-wavelength luminescence of CdS and
CdS:Zn nanocrystals is defined by optical transitions at donor—acceptor pairs. In CdS:Cu nanocrystals, opti-
cal absorption and photoluminescence in the visible spectral region are defined by recombination transitions

involving the ground state of Cu%;1 ions. The infrared absorption and photoluminescence of CdS:Cu quan-

tum dots are defined by intracenter transitions within Cug;1 ions.

DOI: 10.1134/51063782619030138

1. INTRODUCTION

Semiconductor nanocrystals of the II-VI group
are finding more and more applications in present-day
electronics. Currently available technologies of syn-
thesis make it possible to produce nanocrystals with a
narrow size distribution, a specified surface morphol-
ogy, and a high degree of stability. The possibility of
controlling the band gap and of tuning the lumines-
cence wavelength makes such materials promising for
use in optoelectronics. Luminescing semiconductor
nanoparticles that exhibit a wide absorption spectrum
and well-pronounced narrow luminescence peaks in
the visible and near-infrared (IR) spectral regions
offer considerable promise for medical diagnostics [1].

In the series of II—VI semiconductor nanocrystals,
cadmium-sulfide nanocrystals are studied most
extensively. The advantages of this material are its low-
price and simple methods of production and a high
quantum efficiency of emission in the visible spectral
region [2]. Numerous studies of the luminescence
properties of CdS nanocrystals have shown that broad
multicomponent emission bands observed in the
range 450—800 nm are dominant in the emission spec-
tra [3, 4]. Changes in the nanoparticle dimensions
under variations in different technological parameters
(the content of precursors and stabilizers of growth,
the pH indicator and temperature of the medium, etc.)
bring about the redistribution of intensities of elemen-
tary emission lines only, whereas their spectral posi-
tions remain unchanged.

The purpose of this study is to search for a method
of controlling the spectral position of long-wavelength
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emission bands of CdS nanocrystals by doping with
zinc and copper impurities and to establish the nature
of optical and luminescence transitions in undoped
CdS and doped CdS:Zn and CdS:Cu nanocrystals.

2. EXPERIMENTAL

We here studied CdS nanocrystals chemically pro-
duced for commercial reagents (Beijing Reagent
Company). As the sources of cadmium ions and sulfur
ions, we used cadmium chloride and sodium sulfide,
respectively. To dope with copper or zinc, a 10% solu-
tion of zinc chloride or copper chloride was added to a
10% solution of cadmium chloride. The reactions of
the synthesis of nanoparticles were conducted in a 5%
solution of gelatin and could be described as:

CdCl, + Na,S — CdS{ +NaCl, (1)

CdCl, + ZnCl, + Na,$S
— CdS : Znd +2NaCl + C1, T,

CdCl, + CuCl, + Na,S
— CdS : Cul +2NaCl +CLT.

After removal of the reaction products that were
not required, the colloidal solution of nanoparticles
was applied over a quartz substrate and placed into a
thermostat until the polymer film dried. For X-ray dif-
fraction (XRD) and scanning electron microscopy
(SEM) studies, the solution was applied over silicon
substrates. It is found that, in the XRD patterns, the
peaks corresponding to the (100), (002), (102), (110),

(2)

3)
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Fig. 1. XRD patterns of (a) CdS, (b) Cds:Zn, and
(c) CdS:Cu nanocrystals.

and (103) planes in CdS are dominant (Fig. 1a). Sim-
ilar planes were detected in CdS:Zn (Fig. 1b) and
CdS:Cu (Fig. 1c) crystals.

To establish the nature of optical and luminescence
transitions in the nanocrystals under study and to
determine the average nanoparticle dimensions and
the concentration of optically active impurities, we
studied the optical density and photoluminescence

(PL) spectra. To do this, we chose a series of samples
produced from different amounts of the initial and
impurity components (see Table 1).

The optical density spectra were recorded using an
MDR-6 monochromator with 1200 and 600 bar mm™!
gratings for studies in the visible and IR spectral
regions, respectively. As the detector of radiation in
the visible spectral region, we used an FEU-100 pho-
toelectron multiplier. The IR emission signal was
detected with an FR-1P IR photoresistor operating in
the ac mode of detection.

The visible PL spectra were recorded with an
ISP-51 prismatic spectrograph. Emission was
recorded with the FEU-100 photoelectron multiplier.
The IR PL signal was studied with the MDR-6 mono-
chromator and recorded with the IR photoresist. The
luminescence signal was excited using light-emitting
diodes (Edison Opto Corporation), with maxima of
emission at 375, 400, 460, 550, and 640 nm, and an
ILGI-503 pulsed nitrogen laser emitting at a wave-
length of 331.7 nm. The optical density and PL were
studied at room temperature.

To clarify the nature of centers responsible for the
luminescence and optical properties of CdS:Cu nano-
crystals, measurements were carried out in the tem-
perature range 293—423 K. During the measurements,
the temperature in this range was kept constant with
the use of a cryostat.

3. OPTICAL DENSITY STUDIES

The optical density spectra of undoped CdS nano-
crystals are shown in Fig. 2. It is established that a
decrease in the initial content of cadmium chloride
and sodium sulfide from 0.1 to 0.01% yields a shift of
the band-gap edge to higher energies, from 2.46 to
3.12 eV. This result is supported by a change in the
color of the colloidal solutions from orange to color-
less.

From an increase in the band gap (AE,) compared
to the band gap of the bulk crystal, we estimated the

Table 1. Optical characteristics of CdS, CdS:Zn, and CdS:Cu nanocrystals in the region of the absorption edge

Sample number Nanocrystal type Eq, eV AE,, meV R, nm
1 CdS, 0.01%CdCl,, 0.01%Na,S 3.12 0.72 4.8
2 CdsS, 0.02%CdCl,, 0.02%Na,S 3.02 0.62 53
3 CdsS, 0.03%CdCl,, 0.03%Na,S 2.95 0.55 5.8
4 CdS, 0.1%CdCl,, 0.1%Na,S 2.46 0.06 17.0
5 CdS : Zn, 0.02CdCl, + 0.01%ZnCl,, 0.02%Na,S 3.19 0.79 4.7
6 CdS : Zn, 0.02ZnCl, + 0.02%CdCl,, 0.02%Na,S 33 0.9 4.4
7 CdS : Cu, 0.02%ZnCl, + 0.001%CuCl,, 0.02%Na,S 2.89 0.49 6.0
8 CdS : Cu, 0.02%ZnCl, + 0.005%CuCl,, 0.02%Na,S 2.73 0.33 7.3
9 CdS : Cu, 0.02%ZnCl, + 0.01%CuCl,, 0.02%Na,S 2.68 0.28 8.0

SEMICONDUCTORS  Vol. 53 No.3 2019
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Fig. 2. Optical density spectra of CdS nanocrystals for
samples (/) 1, (2) 2, (3) 3, and (4) 4.

average nanoparticle radius R in the effective-mass
approximation, using the formula from [5]:

h
R=——. 4
JSUAE, @

Here, £ is Planck’s constant, U = ((m;k )_l + (m:)_l)_l,

where mj = 0.19m, and m,T = (0.8m, are, correspond-
ingly, the electron and hole effective masses in cad-
mium sulfide, m, is the free electron mass, and AE, is
the difference between the band gaps in the CdS
nanoparticle and bulk crystal (2.4 ¢V). The results of
the calculations are given in Table 1. The results
obtained here are supported by the SEM studies. The
SEM images of sample 2 are shown in Fig. 3. In Fig. 3,
we can see the formation of nanoparticles 3—6 nm in
dimensions.

Upon doping with zinc, the absorption edge shifts
to higher energies (Fig. 4). In this case, the shift
increases, as the content of zinc is increased. A similar
blue shift was observed previously [6]. The increase in
the band gap upon doping with zinc can be interpreted
as a result of formation of the Cd,Zn, _ S ternary com-
pound. In [6], this effect is related to an increase in the
lattice period. In the XRD patterns of heavily doped

SEMICONDUCTORS Vol. 53
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Fig. 3. SEM image of CdS nanocrystals (sample 2).

CdS:Zn nanocrystals (Fig. 1b), we observe a shift of
the diffraction peaks to larger angles.

In the range 2.4—1.4 eV of the optical density spec-
tra of CdS and CdS:Zn nanocrystals, no features are
detected.

In nanocrystals doped with copper, we observe a
shift of the absorption edge to lower energies, as the
content of CuCl, isincreased (Fig. 5). This shift can be
attributed to an increase in the nanoparticle size and to
interimpurity Coulomb interaction that is characteris-
tic of transition-element impurities [7—11]. Using the
relation from [12]

1/3 1/3
AE, =2x10° (5) eNT (5)
T/ 4meyE,
where e is the elementary charge, N is the concentra-
tion of copper impurities (in cm~—) and €, = 8.9 is the
static permittivity of cadmium sulfide. From the value
of the shift between the band gaps of CdS:Cu
nanoparticles (sample 2) and undoped CdS nanocrys-
tals (samples 7, 8, 9, see Table 1), we calculated the
copper concentration in the CdS:Cu nanocrystals
under study. The maximum concentration of optically
active copper is 102 cm~3 in nanocrystals containing
0.01% of CuCl,. As the content of CuCl, is lowered to
0.005 and 0.001%, the concentration of optically
active Cu impurities decreases, correspondingly, to
8 x 102 and 6 x 10" cm~3. The high concentrations of
optically active Cu impurities are indicative of the effi-
cient incorporation of Cu atoms into the Cd sublattice
upon doping by the method used in the study.

In addition, it is known that the doping of semi-
conductor compounds with transition-element impu-
rities brings about the appearance of absorption lines
in the visible and IR spectral regions. In the CdS:Cu
nanocrystals under study, we observe an impurity
absorption band in the visible region (see inset in
Fig. 5). An increase in the concentration of copper
impurities yields an increase in absorption in this



364

DZ

=1 I |

3.1 3.2
Energy, eV

Fig. 4. Optical density spectra of (/) CdS and (2, 3)
CdS:Zn nanocrystals for samples (/) 1, (2) 5, (3) 6.

region, and the absorption maximum shifts to lower
energies, from 2.49 to 2.28 eV. The shift correlates with
the changes in the band gap of CdSe:Cu nanocrystals.
As the temperature of the nanocrystals is elevated from
293 to 423 K, the absorption band is shifted to lower
energies by 0.05 eV. This shift corresponds to the tem-
perature change in the band gap of CdS. Such behav-
ior is typical of absorption lines defined by impurity-
level—band optical transitions. From the difference
between the band gap of CdS:Cu nanocrystals and the
position of the maximum of the absorption line, we
determined the depth of the copper impurity level with
respect to the top of the valence band. This depth is
found to be 0.4 eV. From comparison with the case of
bulk crystals, we can conceive that such a depth corre-

sponds to the ground state 27,(D) of Cu;r1 ions.

The absorption spectra in the IR region exhibit
lines at the energies 0.86, 1.12, and 1.32 eV (Fig. 6,
curves [/—3). As the concentration of dopants is
increased, the absorption increases, whereas the posi-
tions of these lines remain unchanged. The positions
of these lines remain unchanged under variations in
the temperature of the samples under study as well.
Such behavior is characteristic of intracenter absorp-

NITSUK et al.
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Fig. 5. Optical density spectra of (/) CdS and (2—4)
CdS:Cu nanocrystals for samples (/) 3, (2) 7, (3) 8, and
(4) 9. Inset: optical density spectra of CdS:Cu nanocrystals

in the visible region.

tion lines. For Cu?* ions in bulk crystals, the only
intracenter absorption line is caused by 27,(D) —
2E,(D) transitions [13].

According to the data of [14], the three absorption
lines observed in the nanocrystals under study can be
interpreted as a result of trigonal distortion of the crys-
tal field and the effect of this distortion on the strength
of the crystal field D,.

Another cause of the appearance of the three
absorption lines can be the effect of the crystallite
dimensions on the strength of the crystal field D, [15].

We suppose that the existence of the triplet can be
attributed to the reaction-induced formation of
CdS:Cu nanoparticles, in which the Cu?" ions are sur-
rounded by different ligands (tetrahedral, octahedral,
or trigonal surroundings). According to the data of
[16], the smallest splitting occurs in the tetrahedral
surroundings. In the case under consideration, the line
at the minimum energy well coincides with the
absorption lines of tetrahedrally coordinated Cu?*
ions in CdS bulk crystals. The lines observed at higher
energies correspond to the octahedral and trigonal
No. 3 2019

SEMICONDUCTORS  Vol. 53
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Fig. 6. (/—3) Optical density and (4) PL spectra of CdS:Cu
nanocrystals in the IR region for samples (/) 7, (2, 4) 8,
and (3) 9.

surroundings. In this case, the trigonal surrounding
experiences considerable distortions, which manifest
themselves in the presence of slightly resolved absorp-
tion lines in the range 1.4—1.6 eV. Support for this
hypothesis is provided by the observation of diffrac-
tion peaks corresponding to different crystal planes

(Fig. 1).

4. PL STUDIES

Undoped CdS nanocrystals at room temperature
exhibit broad multicomponent visible emission bands
inthe range 1.6—2.8 eV (Fig. 7). For crystals with a low
content of precursors (0.01—0.03%), decomposition
of the bands into elementary Gaussian components
reveals six elementary emission lines at 1.6, 1.8, 2.0,
2.13, 2.36, and 2.6 eV (Fig. 7). The high-energy emis-
sion line shifts to higher energies, as the content of the
precursors is lowered. We establish a correlation of the
position of this line with the band gap. This allows us
to assume that these emission lines are of excitonic
nature. The large shift (0.2 eV) allows us to assume that
there exist excitons bound at point defects. From the
conditions of synthesis at a low content of cadmium

SEMICONDUCTORS Vol 53
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Fig. 7. PL spectra of (solid lines) CdS (sample 3) and
(dashed lines) CdS:Zn (sample 6) nanocrystals.

precursors, we can conceive that such defects can be
cadmium vacancies that serve as acceptors.

The positions of the other five emission lines are
independent of a variation in the band gap of the
nanocrystals and coincide with the positions of previ-
ously studied emission lines at donor—acceptor pairs
in CdS bulk crystals. The 1.6- and 1.8-eV emission lines

are caused by transitions involving (V5 , chd_ )~ pairs with
different spacings between them [17]. The 2.02- and

2.12-eV emission lines are attributed to (Cd;, Vc2d_ )~ cen-
ters with different spacings between the pairs [18]. The

2.36-€V emission line is attributed to neutral (V5 , Ver )*
vacancies [19].

As the content of the precursors is increased, the

fraction of interstitial cadmium atoms Cd; in the
nanocrystals increases. This inference is supported by
the fact that, in such samples, there are only 2.02- and
2.12-eV emission lines.

In CdS:Zn crystals, the structure and spectrum of
the five emission lines at donor—acceptor pairs is
retained. The 2.36-¢eV emission line is dominant, and
the exciton-emission line shifts, together with the
absorption edge, to higher energies (Fig. 7). A similar
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imum emission intensity is observed upon excitation
at the photon energies 2.6 and 2.25 €V that fall into the
impurity absorption bands in these nanocrystals. This
allows us to assume that the centers responsible for
absorption and luminescence are identical in nature.
According to the data of [20], emission in this region
is caused by transitions of electrons from the conduc-

tion band to the ground state 27,(D) of Cu?{1 ions. The
Stokes shift is 0.5 €V in all of the samples.

In the mid-IR region of the spectrum of CdS:Cu
nanocrystals excited at the photon energy FE. =
2.25 eV, we observe a series of three emission lines at
0.92, 1.1, and 1.24 eV (Fig. 6, curve 4). As the sample
temperature and the content of the impurities are
\ increased, the positions of these lines remain
\ i unchanged, whereas the intensities increase, as the
\ content of CuCl, is increased to 0.03%. Such behavior

is characteristic of intracenter emission lines. These

\ 1 emission lines correlate with the previously studied

\ absorption lines (Fig. 6, curves /—3). The Stokes shift
\ | is 30—60 meV.

AN 2 It should be noted that, as the content of CuCl, is

AN increased to 0.05%, we observe concentration

! A quenching of the PL signal in the near- and mid-IR

! 3 \ .
h N regions.

1.0 | N

0.8

Energy, eV

Intensity, arb. units

1.6 18 20 22 24 26 238
EnergY, ev 5. CONCLUSIONS
The results of the above-described studies make it

Fig. 8. PL spectra of CdS:Cu nanocrystals for samples possible to draw the following conclusions:
(1)7,(2) 8, and (3) 9. Inset: PL spectra recorded for sam- . . .. .
(i) By varying the content of precursors, it is possi-
ple 9 at (/) 293, (2) 353, and (3) 423 K. ; . e
ble to influence the nanoparticle size in the CdS nano-
crystals and their long-wavelength self-activated lumi-
nescence spectrum.

(ii) The addition of the zinc impurity brings about
a shift of the exciton luminescence of CdS to higher

crystals brings about the quenching of emission lines  energies. In self-activated emission, the green band
at donor—acceptor pairs, and the exciton-emission Wwith a maximum at 2.36 eV becomes dominant.
line shifts to lower energies with respect to the exciton (iii) Doping with copper results in a shift of the fun-
lines in undoped CdS nanocrystals (Fig. 8). Itisfound  gamental absorption edge and exciton-emission lines
that the intensity of this line decreases, as the content  of CdS to lower energies. From the shift, the maxi-
of copper is increased. This can be attributed to the  myum concentration of optically active copper impuri-
substitution of copper atoms for cadmium vacancies  tjes in CdS nanocrystals is determined. This concen-
during synthesis. tration is found to be in the range from 6 x 10" cm—3
In the long-wavelength region of the spectrum of  for CdS nanocrystals containing 0.001% of CuCl, to
CdS:Cu nanocrystals, we observe an emission band, |92l ¢:;—3 in CdS nanocrystals containing 0.01% of
whose intensity increases, as the content of copper is CuCl,.
increased. The emission maximum shifts from 2 eV at ] o o )
a content of copper 0.001% to 1.78 €V at a content of (iv) The visible emission of CdS:Cu nanocrystals is
0.01% (Fig. 8). This shift coincides with a change in ~ represented by an impurity emission band defined by
concentration in the band gap and with a concentra- radiative transitions from the conduction band to the
tion shift of the absorption band in the visible spectral  ground state 275(D) of Cugl ions.
region (Fig. 5) in CdS:Cu nanocrystals. The tempera- . .
ture shift of these emission lines from the visible spec- (v) The IR absorp tlf)n and PL of CdS.Cu nano-
tral region to the near-IR region upon heating from crystals are caused by intracenter optical transitions
293 to 423 K (see inset in Fig. 8) corresponds to the  within Cug1 ions surrounded by different types of
temperature change in the band gap of CdS. The max- environments.

shift of the exciton-emission lines was observed previ-

ously [6].
Doping with copper during the growth of nano-
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