
 
 
Vietnam Journal of Science and Technology 63 (4) (2025) 734-744 

doi:10.15625/2525-2518/18013 

 

 

 

Composition distribution and photoluminescence 

properties of colloidal Cu - doped Zn0.5Cd0.5S              

quantum dots 

Nguyen Dieu Linh
1
, Nguyen Thi Minh Hien

2
,
 
Nguyen Thi Thuy Lieu

3
,  

Tran Thi Kim Chi
4
, Nguyen Xuan Nghia

2, *
 

1
University of Science and Technology of Hanoi, 18 Hoang Quoc Viet, Cau Giay, Ha Noi,                 

Viet Nam 

2
Institute of Physics, Vietnam Academy of Science and Technology,  

18 Hoang Quoc Viet, Cau Giay, Ha Noi, Viet Nam 

3
Posts and Telecommunications Institute of Technology, km10 Nguyen Trai, Ha Noi, Viet Nam 

4
Institute of Materials Science, Vietnam Academy of Science and Technology,  

18 Hoang Quoc Viet, Cau Giay, Ha Noi, Viet Nam 

*
Emails: nxnghia@iop.vast.vn 

Received: 4 January 2023; Accepted for publication: 15 May 2023 

Abstract. This study aims to find a solution for preparing Cu-doped colloidal Zn0.5Cd0.5S 

quantum dots (QDs) with different radial Zn and Cd composition distributions and investigate 

the effects of these distributions on the QDs’ optical properties. QDs were prepared with a radial 

gradient composition distribution by rapidly and simultaneously injecting precursor solutions of 

Zn and Cd into the reaction flask. In contrast, QDs with a homogeneous composition distribution 

were prepared by injecting small amounts of Zn and Cd precursors alternately after the crystal 

nuclei had been formed, followed by thermal annealing of the QDs in the reaction solution. Cu 

doping Zn0.5Cd0.5S QDs decreases their band edge luminescence and significantly increases their 

broad emission band at lower energy. This emission band is generated by radiative 

recombination related to the Cu dopant, as well as lattice defects such as interstitial atoms and 

vacancies. Different composition distributions do not affect the excitation power dependence 

behavior of band edge luminescence and dopant related emission intensities; however, they 

cause strong band gap energy renormalizations in Cu-doped ternary QDs with increasing 

excitation power density. This enhancement is attributed to the optically active region in small 

gradient alloyed QDs and the existence of a wetting layer surrounding it. 

Keywords: Colloidal Cu-doped ZnCdS quantum dot, composition distribution, radiative transition, band 

gap energy renormalization. 

Classification numbers: 2.1.1, 2.4.1. 



 
 
Composition distribution and photoluminescence properties of colloidal Cu-doped quantum dots 

 

735 

1. INTRODUCTION 

Ternary semiconductor nanomaterials are of great interest due to their prospective 

applications in electron confinement structures, photovoltaic heterojunction, creation of p-n 

junctions for window materials [1], and electro-optical devices [2]. Different from binary II-VI 

semiconductor compounds, ternary II-VI semiconductor nanomaterials’ optical properties can be 

controlled not only by changing the particle size and morphology but also by changing their 

composition contents and composition distribution [3]. Besides, these nanomaterials are 

typically used as hosts for doping Cu, owing to their widely tunable emission wavelength and 

self-absorption minimization effect [4]. Doping transition metals in these materials creates 

dopant states in the band gap, changing their radiative transition mechanism, thus extending their 

applications in photonic and optoelectronics technologies [5, 6]. In recent years, much research 

has been performed on Cu-doped ternary II-VI semiconductor quantum dots (QDs) to clarify a 

number of issues, including oxidation states of Cu (Cu(I) and Cu(II)) in doped QDs [7], the 

exact position of Cu dopant’s d energy level between the host semiconductor’s valence and 

conduction bands [8], the relation between Cu doping viability and the host lattice’s crystal 

structure [9, 10], and the effect of Cu doping on the host QDs’ optical band gap energy [11, 12]. 

However, the differentiation between Cu dopant emission and the surface state emission of 

host semiconductor QDs is rarely mentioned in previous publications. These emission bands 

overlap and create a broad emission band at lower energies than that of the band edge emission 

peak [13]. In the case of Cu-doped binary II-VI semiconductor QDs, the similarities in these 

emission bands’ position and full width at half maximum (FWHM) make differentiation 

between them difficult. This matter is further complicated in Cu-doped ternary II-VI 

semiconductor QDs since in addition to surface and dopant states, the host lattice often includes 

structural native defects such as interstitial atoms and vacancies [14]. Another subject, which is 

largely unresearched to our knowledge, is the effect of Cu-doped ternary II-VI semiconductor 

QDs’ radial composition distributions on their optical properties. Depending on reaction 

conditions, these QDs may have different radial composition distributions (gradient [15] or 

homogeneous [14,16]), which affects their band gap energy structure, and as a consequence, 

their optical properties. 

This study aims to identify the effect of different radial composition distributions on the 

photoluminescence (PL) properties of colloidal Cu-doped Zn0.5Cd0.5S and establish their optical 

transition mechanism. 1 % Cu-doped Zn0.5Cd0.5S QDs were prepared using the colloidal method. 

For comparison, their undoped counterparts were also prepared with the same reaction 

parameters. Different radial composition distributions in undoped and Cu-doped QDs were 

obtained by varying the precursor injection method and reaction time. Sample characteristics 

such as morphology, size, contents, crystal structure, and optical properties were investigated 

with transmission electron microscopy (TEM), energy dispersive X-ray (EDX), X-ray 

diffraction (XRD), UV-Vis absorption, and PL. The effect of different composition distributions 

on Cu-doped QDs’ PL properties were analyzed based on excitation power dependent PL spectra 

with excitation power ranging from 0.6 to 600 mW/cm
2
. Cu dopant emission was identified by 

comparing the low energy emission band of undoped and Cu-doped QDs, combined with our 

previous research on luminescence centers in undoped ZnCdS QDs.  

2. MATERIALS AND METHODS 

2.1. Materials 
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Initial chemicals including zinc stearate (ZnSt2, 98 %) cadmium oxide (CdO, 99.5 %), 

copper chloride (CuCl2, 97 %), tetramethylammonium hydroxide pentahydrate (97 %), sulfur 

powder (S, 99.98 %), stearic acid (SA, 95 %), and 1-octadecene (ODE, 90 %) were purchased 

from Aldrich and used as received without further purifications. 

2.2. Preparation of Cu - doped Zn0.5Cd0.5S quantum dots with gradient and homogenous 

composition distribution 

1 % Cu-doped Zn0.5Cd0.5S QD samples with gradient and homogeneous radial composition 

distribution (labeled as ACu and BCu respectively) were prepared using the colloidal method 

with hot injection. The ACu sample was retrieved by rapidly and simultaneously injecting 

precursor solutions of Zn, Cd, and Cu into the S precursor solution heated to 280 ℃, and letting 

them react for 15 min. The preparation of the BCu sample consists of two stages. In the first 

stage, a mixture of all the Cu precursor solution and 20 % of the Zn and Cd precursor solutions 

was rapidly injected into the S precursor solution heated to 280 
o
C to create crystal nuclei. Then, 

small amounts of the remaining Zn and Cd precursor solutions were injected into the reaction 

solution in an alternating manner, with the duration between two consecutive injections of 3 

min. After this stage, which was performed for approximately 30 min, the QDs were annealed 

for 240 min in the reaction solution at 280 
o
C. The precursor solutions and QD samples were 

prepared in a pure (99.999 %) nitrogen gas environment. 

As known, the reaction speed of Cd-S is higher than that of Zn-S. Therefore, the rapid and 

simultaneous injection of the Zn and Cd precursors into the S precursor at reaction temperature 

typically creates ZnCdS QDs with a Cd-rich center and a Zn-rich outer region (QDs with 

gradient radial composition distribution) [15]. Preparing homogeneous composition distribution 

QDs using this method requires annealing them for long durations. Alternately injecting Zn and 

Cd precursor solutions into a S precursor and crystal nuclei solution creates Zn-rich and Cd-rich 

layers in the QDs, thus reducing the diffusion time of Zn and Cd atoms, allowing QDs with a 

homogeneous composition distribution to be created. 

For comparison purposes, undoped Zn0.5Cd0.5S QD samples with gradient and 

homogeneous composition distribution (labeled as A0 and B0 respectively) were also prepared 

in the same manner as the ACu and BCu samples. 

After the preparation, undoped and Cu-doped QD samples were separated from their 

reaction solutions by first mixing the solution with isopropanol at a volume ratio of 1:5 and then 

centrifuging it at 1300 rpm for 3 min. Part of the QDs in powder form were used in XRD 

measurements, and the remaining portion were dispersed in toluene to investigate their 

morphology and spectroscopic characteristics. 

2.3. Sample characterization 

TEM images of the samples were recorded using the JEM 1010 microscope (Jeol). Powder 

XRD measurements were conducted with the D5005 X-ray diffractometer (Siemens) with Cu-Kα 

radiation wavelength of 0.15406 nm. The JSM 6490 microscope (Jeol) equipped with the JED 

2300 analysis station (Jeol) was used to retrieve the samples’ EDX spectra. UV-Vis absorption 

spectra were recorded using the Varian Cary-5000 spectrometer. To minimize reabsorption, 

samples with low QD concentrations in toluene were used. The PL and excitation power 

dependent PL measurements were performed with the irH550 spectrometer with the excitation 
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wavelength of 355 nm. The laser trace’s diameter was approximately 1 mm. The excitation 

power density was changed in the range of 0.6 - 600 mW/cm
2
 using filters. 

3. RESULTS AND DISCUSSION 

3.1. Morphology, composition, and crystal structure of Cu-doped Zn0.5Cd0.5S quantum dots 

As can be seen from the TEM images of the samples in Figure 1, the Cu-doped 

nanocrystals (NCs) have a spherical shape. The average diameters of the ACu and BCu QDs 

were determined as 5.2 and 7.7 nm respectively with approximately 300 particles using the 

ImageJ software. Carrier confinement in both QD types is weak due to the similarity of their 

radii with the Bohr exciton radii of ZnS and CdS (2.2 and 3 nm respectively [17]). The band gap 

energy is mostly determined by the Zn and Cd contents in this case. From the diameter 

distribution graphs, the BCu sample is shown to have a wider size distribution than that of the 

ACu sample, which is a result of the Ostwald ripening [18] phenomenon occurred when 

annealing the BCu sample for long periods to obtain a homogeneous composition distribution in 

the QDs. In addition to this unwanted consequence, Ostwald ripening also homogenizes the 

composition distribution in ternary QDs.          

  
Figure 1. TEM images of the ACu (a) and BCu (b) samples.  

Figure 2 presents the representative EDX spectrum of the undoped B0 sample. EDX 

analysis results listed in Table 1 show that the Zn and Cd contents in the sample match the 

calculated values for preparing the Zn0.5Cd0.5S QDs within margins of error [19]. 

 

Figure 2. Representative EDX spectrum of the B0 sample. 
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Table 1. Results obtained from EDX analysis for the B0 sample. 

Composition 
Calculated values 

(at. %) 

Average measured values 

(at. %) 
Composition content 

Zn 25 23.9 0.53 

Cd 25 21.0  0.47 

S 50 55.1   

From the XRD patterns shown in Figure 3, it can be concluded that the ACu and BCu 

samples both have a wurtzite (Wz) structure. The XRD pattern of the ACu sample is 

characterized by diffraction peaks at 26, 27.5, 29.5, 38.7, 45.6, 49.7, and 54.2°, corresponding to 

Miller indices (100), (002), (101), (102), (110), (103), and (112) of the Wz structure respectively 

(written as regular text in Figure 3(a)). Meanwhile, the BCu sample’s diffraction peaks are 

slightly shifted towards smaller 2θ angles; specifically, they are located at 25.9, 27.4, 29.3, 38.1, 

45.7, 49.4, and 54.1° (Figure 3(b)). 

XRD pattern analysis results for the samples using the Voigt function show that the 

diffraction intensity ratios between the 26 and 27.5° peaks of the ACu and BCu samples are 0.49 

and 0.41 respectively. Practically, the QD samples were treated as crystal samples in powder 

form. The intensity ratios between (100) and (002) diffraction peaks of Wz-ZnS and Wz-CdS 

samples according to JCPDS cards 36-1450 and 41-1049 are 1.19 and 0.68 respectively, higher 

than those determined from the obtained patterns, proving the simultaneous existence of both 

Wz and zinc blende (Zb) structural phases in the investigated samples. In Figure 3, the Zb 

phase’s Miller indices were written in italics. As known, the Zb structure’s light and heavy hole 

bands degenerated at the Brillouin zone’s Γ point are separated in the Wz structure due to the 

crystal field [20]. However, it does not cause a significant change in the optical band gap energy 

of II-VI NCs [21]. 

          

Figure 3. XRD patterns of the ACu (a) and BCu (b) samples. The diffraction peaks’ positions were 

determined using the Voigt function. Miller indices of the Wz and Zb structural phases were shown in 

regular and italic digits respectively. 

As previously mentioned in Section 2.2, injecting all the Cu precursor solution into the 

reaction solution at the beginning of the preparation process will allow for the complete doping 

of the QDs. However, different injection methods used for the ACu and BCu samples will lead 
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to different Zn and Cd distributions in these samples: gradient radial composition distribution 

with a Cd-rich center and Zn-rich outer region for the ACu sample, and homogeneous 

composition distribution for the BCu sample. As a result, the ACu sample’s band gap structure 

differs from that of the BCu sample. As mentioned above, due to the weak carrier confinement, 

the band gap energies of the investigated samples are governed by the composition contents. The 

Cd-rich center region in ACu QDs has the lowest energy of Eg.A (band gap energy), and the band 

gap width is expanded towards the QDs’ surface. Therefore, carriers generated from 

photoexcitation are concentrated in this region. Meanwhile, radiative recombination will occur 

throughout the BCu QD due to its homogeneous composition distribution, and this QD type’s 

Eg.B band gap energy is higher than the Eg.A. 

3.2. Optical transitions in Cu-doped Zn0.5Cd0.5S quantum dots 

UV-Vis absorption and PL spectra of undoped and Cu-doped sample pairs (A0, ACu) and 

(B0, BCu) are compared in Figure 4. The samples’ first exciton absorption peak’s energy 

positions were determined at the second-order derivative minima of the absorption spectra and 

are 2.90, 2.89, 2.94, and 2.95 eV for the A0, ACu, B0, and BCu samples respectively. The blue 

shift of the B0 and BCu samples’ first exciton absorption peak compared to the A0 and ACu 

samples are caused by the former’s higher band gap energy compared to that of the latter.  

To verify the homogeneity of the Zn and Cd distribution in BCu QDs, their optical band 

gap energy was compared with the theoretical band gap energy. As mentioned above, their band 

gap energy can be compared with that of bulk Zn0.5Cd0.5S due to the weak carrier confinement in 

ACu and BCu QDs. As known, the band gap energy of bulk ZnxCd1-xS with heterogeneous 

composition distribution (
SCdZn

bulkg
xxE 1

.
) is dependent on the Zn content (x) and is described by the 

below expression [14]: 

   xbxExxEE CdS

bulkg

ZnS

bulkg

SCdZn

bulkg
xx  11 ...

1  

with 
.

ZnS

g bulkE = 3.7 eV and 
.

CdS

g bulkE = 2.5 eV [22] being the band gap energies of bulk ZnS and CdS 

respectively, and b = 0.61 being the size-independent optical bowing constant for ZnxCd1-xS NCs 

[14, 23]. The bulk ZnxCd1-xS band gap energy has been calculated to be 2.957 eV with x = 0.5, 

close to the optical band gap energies determined from the B0 and BCu QDs’ UV-Vis 

absorption spectra, and far from those of the A0 and ACu QDs. This evidence proved that the Zn 

and Cd composition distribution is homogeneous in the B0 and BCu QDs, and gradient in the A0 

and ACu QDs.  

The samples’ PL spectra include band edge luminescence peaks PBE at high energy and 

broad emission bands at lower energy levels. The PBE peak positions for the A0, ACu, B0, and 

BCu samples are 2.77, 2.78, 2.80, and 2.84 eV respectively. Notably, Cu doping not only greatly 

increases the low energy emission band intensity but also broadens it towards longer 

wavelengths. 

As can be seen in Figure 4, the behavior of the low energy emission band exhibits the 

appearance of different radiative recombination transition mechanisms. To determine these 

mechanisms, the PL spectra of the samples were analyzed using Gaussian and Lorentzian 

distribution convolution. The obtained results demonstrated that the A0 and B0 samples’ 

emission bands consist of two component luminescence peaks at approximately 2.2 and 2.0 eV 

(labeled as P1 and P2 respectively). 
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Figure 4. Comparison of UV-Vis absorption and PL spectra of the A0 and ACu (a), and B0 and BCu (b) 

samples. For clarity, the absorption and PL spectra of the ACu and BCu samples were shifted upwards.   

Based on our previous research on luminescence centers in colloidal ZnxCd1-xS QDs via 

synchronous luminescence spectroscopy [19], P1 is attributed to the recombination of carriers 

between sulfur vacancy VS related donor level and the valence band edge, and P2 is attributed to 

the radiative transition from interstitial zinc/cadmium (IZn/ICd)-related donor level to 

zinc/cadmium vacancy (VZn/VCd)-related acceptor level. The low energy emission bands of the 

ACu and BCu samples are better described by four component luminescence peaks. Along with 

P1 and P2 peaks in the 2.0-2.2 eV region, the appearance of two other peaks at 1.9 and 1.75 eV 

(labeled as P3 and P4 respectively) causes the broadening of this band towards longer 

wavelengths. P3 is attributed to the radiative recombination transition from the conduction 

band’s ground state to the Cu
2+

 ion’s T2 level, and P4 is caused by the optical transition from 

ICd/IZn and VS levels to the T2 level as illustrated in Figure 5.   

 

Figure 5. Schematic diagram of the radiative recombination between energy levels in the ACu and                   

BCu samples. 

3.3. Excitation power dependent photoluminescence of Cu-doped Zn0.5Cd0.5S quantum dots 

having different composition distributions 
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Figure 6 presents the excitation power dependent PL spectra of the ACu and BCu samples. 

The rise of excitation power density from 0.6 to 600 mW/cm
2
 causes a strong increase in the PL 

intensity and the red shift of the band edge luminescence peak PBE. As can be seen from Figure 

7(a), as the excitation power density increases from 0.6 to 600 mW/cm
2
, the PBE peak of the ACu 

and BCu samples were red shifted by 28 meV and 3 meV respectively. This phenomenon is 

caused by band gap energy renormalization as the carrier concentration increases [24]. This 

renormalization occurs more significantly in the ACu sample compared to the BCu sample and 

is explained to be the result of a smaller optically active region (which can be defined as the Cd-

rich region), as well as the surrounding of this region by a Zn-rich wetting layer [25]. 

 

Figure 6. Excitation power dependent PL spectra of the ACu (a) and BCu (b) samples. 

       

Figure 7. Band edge emission energy (a), and integrated emission intensity of PBE and P3 peaks (b) of the 

ACu and BCu samples as functions of excitation power density. The solid lines show the trends of the 

emission energy (Figure 7(a)) and integrated emission intensity (Figure 7(b)) as the excitation power 

density is changed.    

Figure 7(b) demonstrates the dependence of the PBE and P3 peaks’ integrated emission 

intensity on excitation power density in the ACu and BCu samples. As known, the luminescence 

intensity (I)’s dependence on excitation power (p) is described as I ~ p
γ
. It can be seen from the 
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figure that γ ~ 1 leads to a linear increase in PBE intensity of both samples in the 0.6 - 600 

mW/cm
2
 range. In contrast, deviation from this linearity were observed in both samples’ P3 

peak, reflecting the competition between carrier recombination channels in Cu-doped QD 

samples. 

4. CONCLUSIONS 

Cu-doped Zn0.5Cd0.5S QDs with different radial Zn and Cd composition distributions were 

prepared using the colloidal method at 280 ℃. QDs with a core/shell structure having the Cd-rich 

center and Zn-rich outer region (the ACu sample) were prepared by rapidly and simultaneously 

injecting all the Zn, Cd and Cu precursor solutions into the S precursor solution heated to 

reaction temperature. In contrast, QDs with homogeneous composition distribution (the BCu 

sample) were obtained by alternately injecting small amounts of Zn and Cd precursors into the 

reaction solution after creating crystal nuclei, followed by thermal annealing of the QDs in the 

reaction solution for 240 min.  

The ACu and BCu QDs have an average diameter of 5.2 and 7.7 nm respectively, and a 

crystal structure consisting of Wz and Zb phases. Cu doping greatly increases the broad low 

energy emission band’s intensity. This band is generated mainly due to recombination transitions 

related to the Cu dopant, and lattice defects such as interstitial Zn and Cd atoms and Zn, Cd and 

S vacancies. Comparison of PL characteristics of the ACu and BCu samples with different Zn 

and Cd composition distributions demonstrated that the behaviors of the band edge 

luminescence peak intensity and emission intensity caused by transition between the conduction 

band’s ground state and the Cu
2+

 ion’s T2 level are similar in both samples in the excitation 

power density range of 0.6 - 600 mW/cm
2
. However, the radial gradient composition distribution 

in ACu QDs causes a strong renormalization of their band gap energy. The enhancement of this 

effect in core/shell nanostructures is attributed to the increase in carrier concentrations in smaller 

optically active regions and the existence of a wetting layer on the ACu QDs’ surface.    

The achieved results not only provide a solution for actively controlling the composition 

distribution of transition metal doped ternary QDs, but also shows the relationship between their 

PL characteristics and their band gap structure, which is useful for the practical applications of 

these materials. 
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