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CdSe1 – xTex nanocrystals (NCs) were obtained by diffusion-limited growth in borosilicate glass and 

studied by optical absorption, photoluminescence (PL), and Raman spectroscopy. Several Raman-based ap-

proaches to determine the NC chemical composition were analyzed. Based on the Raman data, it is shown 

that for CdSe1 – xTex NCs with intermediate x (0.4  x  0.6) the Te content slightly decreases with the 

thermal treatment temperature and duration. Confinement-related maxima in the optical absorption spec-

tra of glass-embedded CdSe1 – xTex NCs enable their average size to be estimated, while their smeared ap-

pearance reveals a noticeable size dispersion. A rather narrow near-bandgap PL peak with a small Stokes 

shift dominates in the PL spectra of glass-embedded CdSe1 – xTex NCs, while a lower-energy surface-

mediated PL band appears only as a shoulder and vanishes with increasing Te content. 
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1. INTRODUCTION 
 

Within recent decades, colloidal synthesis tech-

niques have been developed to produce high-quality 

semiconductor nanocrystals (NCs) with tunable size 

and narrow size dispersion [1]. Still, in some cases ap-

plication purposes require semiconductor NCs to be 

embedded in a robust transparent matrix. This can be 

achieved by the well-known technique of diffusion-

limited growth in silicate glass matrices, widely used to 

obtain glass-embedded CdS and CdSe NCs, as well as 

related solid solution NCs [2, 3]. Meanwhile, fabrica-

tion of tellurium-containing NCs, in particular ternary 

CdSe1-xTex, by this technique is less known, although 

such NCs in a stable environment can be interesting for 

applications. In most cases, measurements were per-

formed for a limited set of samples in a rather narrow 

compositional and size interval [4-7]. 

Various techniques were employed for the charac-

terization of glass-embedded telluride-based ternary II-

VI semiconductor NCs, including transmission electron 

microscopy [5], X-ray diffraction [5], Raman scattering 

[4, 6], optical absorption [5, 7], photoluminescence [5], 

and ultrafast pump-and-probe spectroscopy [7]. Here 

we report on glass-embedded ternary CdSe1 – xTex NCs 

studied by optical absorption, photoluminescence (PL), 

and Raman spectroscopy. 

 

2. EXPERIMENTAL 
 

CdSe1 – xTex NCs were obtained by diffusion-limited 

growth in SiO2-B2O3-Na2O-K2O borosilicate glass from 

a supersaturated solution basically similar to the tech-

nique described earlier [2, 3]. Commercial Schott glass-

es containing CdSe1 – xTex and CdS1 – xSex NCs were 

used as initial materials. They were heated above 

1000 C for 1 h, when the existing II-VI NCs were dis-

solved and a colorless transparent glass with randomly 

dispersed cadmium and chalcogen atoms was produced. 

Pieces of this glass were subjected to thermal treat-

ment with duration  from 2 to 12 h, the temperature 

Ta was in the range from 600 to 700 C. After rapid 

cooling down to room temperature they were polished, 

and their optical properties were studied. 

Optical absorption spectra of glass-embedded NCs 

were measured using a LOMO MDR-23 spectrometer. 

For PL measurements, a Horiba LabRAM spectrometer 

and a solid-state laser (514.7 nm) were used. Raman 

spectra were measured using a Dilor XY 800 spectrom-

eter or a Horiba LabRAM spectrometer with a cooled 

CCD camera, the excitation was provided by a solid-

state (514.7 nm), a He-Ne (632.8 nm), or a Kr+ (647.1 

and 676.4 nm) laser. All measurements were performed 

at room temperature. In some cases, the Raman spec-

tra were observed against a broad background of a PL 

signal which was subsequently subtracted for the anal-

ysis of the Raman spectra. 

 

3. RESULTS AND DISCUSSION 
 

Raman spectra of CdSe1 – xTex NCs embedded in bo-

rosilicate glass are shown in Fig. 1. Since the NCs com-

prise only a quite small (below 1 %) fraction of the 

sample scattering volume, it is essentially important to 

select the Raman excitation wavelength providing res-

onant enhancement of the LO phonon peaks. Hence, in 

most cases in the Raman spectra of II-VI NCs dispersed 

in dielectric media only LO phonons are revealed  

[8 and references therein]. Similarly to much more ex-

tensively studied CdS1 – xSex NCs [9, 10], CdSe1 – xTex 

NCs reveal a two-mode compositional behavior of their 

phonon spectra with CdTe-related LO1 and CdSe-

related LO2 phonon peaks [6]. The frequency difference 

of these two peaks is a good measure of the chemical 

composition of the NCs and (especially in the case they 

are embedded in a dielectric matrix) Raman spectros-

copy is the most convenient, fast, and non-destructive 

technique to evaluate the NC composition [8]. Based on 

the experimental data for CdSe1 – xTex NCs which were 

compared to Raman and infrared data for the corre-

sponding bulk crystals [6 and references therein], the 

compositional dependences of the LO phonon frequen-
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cies and their difference were built enabling the ter-

nary NC composition to be determined. These depend-

ences, as for CdS1 – xSex [8-10], are practically linear 

and take into account the effects of the glass matrix 

pressure, phonon confinement, and surface phonon 

scattering [8], which are essential for Raman scattering 

in glass-embedded NCs. For CdS1 – xSex NCs, Raman 

spectroscopy enables the chemical composition to be 

determined with the accuracy as high as x   0.03 [9]. 

However, one should hardly expect such an accuracy 

for CdSe1 – xTex since in this ternary system the Raman 

frequencies are noticeably lower, resulting in much 

higher relative errors. Moreover, for NCs with high 

tellurium content, a rather small difference between 

the CdSe-like and CdTe-like LO phonon frequencies 

together with the Raman band broadening due to the 

phonon confinement and surface phonon contribution 

leads to an overlap of the CdSe-like and CdTe-like Ra-

man bands, thus encumbering their resolution. Still, 

for CdSe1 – xTex NCs, in particular for the range of com-

positions rather away from the end-point ones, Raman 

spectroscopy is a fast, reliable, and non-destructive 

technique to determine the average NC composition 

from the difference of the LO phonon frequencies. 

Fig. 2a shows the chemical composition of glass-

embedded CdSe1 – xTex NCs determined from the CdSe-

like and CdTe-like LO phonon frequency difference in 

the measured Raman spectra using the known depend-

ence built for the CdSe1 – xTex system based on the Ra-

man and infrared data available for bulk and nanoscale 

crystals [6]. 

Another Raman-based approach relies on the ratio 

of CdTe-like and CdSe-like LO phonon peak intensities. 

For ternary CdS1 – xSex NCs, a correlation between the 

CdSe-like and CdS-like LO phonon band intensities 

and the S/Se ratio was reported and even used to quan-

tify the chalcogen content in the NCs [9-12]. Still, the 

accuracy of this approach to determine the NC compo-

sition was admitted to be lower than that for the ap-

proach based on the LO phonon frequency difference  

[9, 10]. Even though for II-VI NCs the electron-phonon 

interaction is much lower than for the corresponding 

bulk materials [13], for the analysis of the CdSe-like 

and CdTe-like LO phonon intensities one should take 

into account the electron-phonon interaction factors 

(polaron constants) [10]. 

The resonance Raman scattering cross-section in a 

crystal is proportional to the electron-phonon coupling 

constant (polaron constant) * [14]: 
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where 0 and  are the static and high-frequency die-

lectric permittivity values, e and m* are the electron 

charge and effective mass, hLO is the LO phonon ener-

gy. For two-mode ternary II-VI compounds, a model of 

two non-interacting oscillators implies additivity of 

their contributions to the Raman scattering cross-

section. The polaron constants for CdTe and CdSe are 

0.29 and 0.50, respectively [15]. The chemical composi-

tion of CdTexSe1 – x NCs estimated from the integrated 

intensities of CdTe-like and CdSe-like LO phonon 

bands as xI  ILO1/(ILO1 + ILO2) is plotted versus the 

composition for the same sample estimated from the 

LO phonon peak frequency difference in Fig. 2b without 

and with normalization by polaron constants. A better 

correlation is observed for the values obtained with the 

account of the polaron constants what is in agreement 

with the results known for CdS1 – xSex NCs [10]. 
 

 
 

Fig. 1 – First- and second-order Raman spectra of CdSe1 – xTex 

NCs embedded in borosilicate glass 
 

In view of the possibilities to increase the accuracy 

of Raman-based approaches to fast, efficient, and non-

destructive evaluation of the composition of matrix-

embedded ternary NCs, it seems also important to 

check whether second-order Raman scattering data can 

be used for this purpose. As can be seen from Fig. 1, the 

Raman spectra of CdSe1 – xTex NCs in borosilicate glass, 

apart from the CdTe-like LO1 and CdSe-like LO2 pho-

non bands and acoustic phonon density-of-states max-

ima near 100-120 cm – 1 (the latter are revealed due to 

the confinement-related breakdown of the Raman se-

lection rules and, additionally, due to compositional 

disorder), contain clear two-phonon maxima in the 

range 350-450 cm – 1. The intensities and widths of the 

LO1 + LO2 and 2LO2 maxima enable their spectral posi-

tions to be reliably determined with high accuracy. The 

linear dependence of the difference of the 2LO2 and 

(LO1 + LO2) phonon peak frequencies in the Raman 

spectra of CdSe1 – xTex NCs on their chemical composi-

tion determined from the first-order Raman spectra 

(Fig. 2c) shows the possibility of two-phonon Raman 

spectroscopy to be applied to determine the chemical 
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composition of NCs of this ternary system. 

It should be noted that Raman scattering was also 

employed for the characterization of CdSe1 – xTex NCs 

produced by high-energy ball milling [16] and colloidal 

synthesis [17, 18]. In the first two cases the LO phonon 

frequencies and the chemical composition are in good 

agreement with the dependence in Fig. 2a [16, 17]. 

Meanwhile, in a recent paper [18] for Ni-doped 

CdSe0.5Te0.5 NCs, the authors observed a single mode 

near 180 cm – 1 (intermediate between the CdTe and 

CdSe LO phonon frequencies) in the Raman spectrum, 

which supposes a one-mode behavior, thereby contra-

dicting the whole array of the known Raman and infra-

red data for CdSe1 – xTex [4, 6, 16, 17, 19, 20 and refer-

ences therein]. Such behavior can hardly be related to 

doping with small amounts of Ni and the issue of rea-

sonable explanation of the data in Ref. [18] still re-

mains open. 
 

 
 

Fig. 2 – (a): Compositional dependence of CdSe-like and CdTe-like LO phonon frequencies and their difference in the Raman 

spectra of glass-embedded CdSe1 – xTex NCs; (b): CdSe1 – xTex NC composition determined from the CdSe-like and CdTe-like LO 

phonon band intensity ratio in the Raman spectra versus the composition determined from the CdSe-like and CdTe-like LO pho-

non frequency difference: solid squares – without correction, open circles – with correction for the polaron constant values;  

(c): CdSe1 – xTex NC composition determined from the difference of the second-order 2LO2 and (LO1 + LO2) peak frequencies in the 

Raman spectra versus the composition determined from the CdSe-like and CdTe-like LO phonon frequency difference 
 

We employed Raman spectroscopy to check how the 

thermal treatment conditions (temperature Ta and du-

ration ) affect the chemical composition of CdSe1 – xTex 

NCs obtained in borosilicate glass by diffusion-limited 

growth. For the related CdS1 – xSex NC system, this had 

been a long-debated issue until in our targeted study 

[3] it was shown that the behavior of the chalcogen 

content in the NCs under thermal treatment depends 

on the initial S/Se ratio. Namely, for sulfur-rich NCs 

the S content further increases with Ta and , for sele-

nium-rich NCs the Se content increases, while for the 

samples with S/Se ratio close to 1 the NC composition 

remains independent of Ta and  [3]. For CdSe1 – xTex, to 

our knowledge, no studies on the effect of thermal 

treatment parameters on the NC composition have 

been reported up to now. 

Raman spectra of borosilicate glass samples with 

CdSe1 – xTex NCs grown from the same initial mixture 

by thermal treatment at 625 C at different durations 

are shown in Fig. 3. It can be seen that with increasing 

thermal treatment duration , CdTe-like and CdSe-like 

LO phonon peaks diverge, indicating a decreasing tel-

lurium content x from 0.60 to 0.44. Such behavior was 

observed for different series of the samples prepared. 

This is drastically different from the diffusion-limited 

growth of CdS1 – xSex NCs, for which a roughly similar 

chalcogen content in the initial mixture (0.4  x  0.6) is 

the same in the NCs at different thermal treatment 

parameters [3]. Most likely, this is related to the 

known ability of tellurium atoms to aggregate which 

can be revealed at longer thermal treatment and ele-

vated temperatures, e.g., for samples with CdTe NCs 

grown in silicate glass, the Raman spectra provide evi-

dence for Te2 molecular dimers [19, 21]. The Raman 

features of elemental tellurium precipitated from CdTe 

single crystals [22] and films [23] were reported by dif-

ferent research groups. In our case, elemental telluri-

um is also formed in borosilicate glass samples doped 

with Cd, Se, and Te: the spectra of the sample sub-

jected to thermal treatment at 700 C for 12 h (the 

topmost curve in Fig. 3) reveal two intense peaks at 

120 and 139 cm – 1. These peaks are known to corre-
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spond to A1 and E modes of elemental tellurium, re-

spectively [22, 23]. Hence, one can assume that while 

at more intense and/or durable thermal treatment a 

part of Te atoms in the sample aggregates in extended 

Te precipitates, the tellurium content in the  

CdSe1 – xTex NCs reasonably decreases as confirmed 

by the Raman spectra. 
 

 
 

Fig. 3 – Raman spectra of borosilicate glass samples with 

CdSe1 – xTex NCs grown from the same initial mixture by 

thermal treatment at 625 C with different durations as well 

as the spectrum of a sample prepared from the same mixture 

at 700 C (the topmost curve) with intense bands of elemental 

tellurium. The spectra were measured under 647.1 nm laser 

excitation at room temperature. Asterisks denote Kr+ laser 

plasma peaks 
 

Typical optical absorption and PL spectra of glass-

embedded CdSe1 – xTex NCs are shown in Fig. 4. Con-

finement-related maxima in the optical absorption 

spectra of glass-embedded CdSe1 – xTex NCs enabled 

their average size to be estimated In the framework of 

the effective-mass approximation [24], while their 

smeared appearance revealed a noticeable size disper-

sion. The average NC size predictably increases with 

the thermal treatment duration and temperature. 

 
 

Fig. 4 – Optical absorption (solid curves) and PL (dots) spec-

tra of borosilicate glass-embedded CdSe1 – xTex NCs measured 

at room temperature. Short-dashed curves show the experi-

mental PL data approximation by two Gaussian contours 
 

It can be seen from Fig. 4 that the PL spectra of 

glass-embedded CdSe1 – xTex NCs are dominated by a 

relatively narrow (0.1-0.2 eV) peak with a maximum 
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slightly below the first confinement-related maximum 

in the absorption spectra corresponding to the transi-

tion between the 1se conduction band state and the 

1S3/2 valence band state (HOMO-LUMO) in NCs [25]. 

This PL maximum with energy close to the band gap is 

usually explained in the framework of the "dark exci-

ton" model taking into account the exciton state fine 

structure arising due to structural anisotropy and elec-

tron-hole exchange interaction [26]. An alternative ex-

planation, especially with regard to the PL bandwidth, 

is based on exciton scattering by acoustic phonons [27]. 

The Stokes shift (the energy difference between the 

first confinement-related absorption maximum and the 

near-edge PL peak), typically for II-VI NCs, decreases 

with the NC size down to 0.01-0.02 eV (Fig. 4). Evident-

ly, for NCs grown in borosilicate glass the non-resonant 

component of the Stokes shift related to the NC size 

dispersion is predominant. The number of states in 

NCs, to which charge carriers can be excited by incom-

ing light, the subsequent transition of the excited elec-

trons and holes to the corresponding lowest-energy 

size-quantization levels and the radiative recombi-

nation from these levels are proportional to the NC 

volume while the total oscillator strength for the tran-

sition to these states is practically independent of the 

NC size [28, 29]. Meanwhile, the energy position of the 

first confinement-related maximum in the absorption 

spectrum is to a great extent determined by the NC 

size distribution and corresponds to the NCs of the av-

erage (predominant) size. This fact is actually respon-

sible for the Stokes shift [29]. Resonant Stokes shift, 

explained by the existence of "dark" and "bright" exci-

tons, energy-splitted by electron-hole exchange interac-

tion [28], in this case plays a less prominent role. 

A broader and weaker PL band, observed at lower 

energy as a shoulder for the samples with predominant 

selenium content, is usually related to recombination 

with the participation of surface states, including chal-

cogen traps or anion vacancies [27]. For the samples 

with higher Te content, it becomes less pronounced and 

practically vanishes. This observation is different from 

the case of glass-embedded CdSe1 – xSex NCs where the 

surface-mediated PL is much more pronounced and 

often dominates in the PL spectra [30]. 

It is also worth mentioning that contrary to the 

CdSe1 – xSe, system, the compositional behavior of the 

CdSe1 – xTex band gap is non-monotonous with a mini-

mum near x  0.6 [31]. Therefore, for CdSe1 – xTex NCs 

with noticeable or predominant Te content the spectral 

positions of the PL maxima are much more affected by 

the NC size rather than their composition. 

 

4. CONCLUSIONS 
 

Borosilicate glass-embedded CdSe1 – xTex NCs were 

prepared by diffusion-limited growth at a thermal 

treatment duration  from 2 to 12 h and a temperature 

Ta from 600 to 700 C. Optical absorption, photolumi-

nescence (PL), and Raman spectroscopy were employed 

for the NC characterization. The NC chemical composi-

tion was determined based on the difference of  

CdSe-like and CdTe-like LO phonon frequencies in the 

Raman spectra. Alternative approaches to estimate the 

Se/Te ratio from the corresponding LO phonon peak 

intensities and from the second-order Raman spectra 

were analyzed. Based on the Raman data it was shown 

that for CdSe1 – xTex NCs with roughly equal content of 

substitutive Se and Te atoms (0.4  x  0.6), the Te con-

tent slightly decreases with the thermal treatment 

temperature and duration. This is most likely related 

to elemental tellurium precipitation in the course of the 

thermal treatment. 

Confinement-related maxima in the optical absorp-

tion spectra of glass-embedded CdSe1 – xTex NCs enable 

their average size to be estimated, while their smeared 

appearance reveal a noticeable size dispersion. The PL 

spectra of glass-embedded CdSe1 – xTex NCs are domi-

nated by a rather narrow near band gap peak with a 

small Stokes shift, while a noticeably broader lower-

energy surface-mediated PL band appears only as a 

shoulder and vanishes with increasing Te content. For 

CdSe1 – xTex NCs with noticeable or predominant Te 

content, the PL maximum position is determined by 

the NC size rather than their composition in view of 

the non-monotonous compositional behavior of the 

CdSe1 – xTex band gap. 
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Оптична діагностика нанокристалів CdSe1 – xTex, вирощених у боросилікатному склі 
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Нанокристали (НК) CdSe1 – xTex отримано методом дифузійно обмеженого росту в боросилікатному 

склі і досліджено методами спектроскопії поглинання, фотолюмінесценції (ФЛ) і раманівського розсі-

ювання світла. Проаналізовано кілька підходів до визначення хімічного складу НК за даними рама-

нівської спектроскопії. На основі раманівських даних показано, що для НК CdSe1 – xTex з проміжним x 

(0.4 < x < 0.6) вміст Te дещо понижується зі зростанням температури і тривалості термообробки. Кван-

тово-розмірні максимуми у спектрах оптичного поглинання вкраплених у скло НК CdSe1 – xTex дають 

змогу визначити їх середній розмір, а розмитий характер максимумів свідчить про помітну дисперсію 

розміру. У спектрах ФЛ вкраплених у скло НК CdSe1 – xTex домінує досить вузький пік прикрайової ФЛ з 

малим стоксівським зміщенням. а більш низькоенергетична смуга ФЛ з участю поверхневих станів прояв-

ляється тільки у вигляді плеча і зникає зі зростанням вмісту Te. 
 

Ключові слова: Нанокристали, Дифузійно-лімітований ріст, Фотолюмінесценція, Раманівська  

спектроскопія. 
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