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Abstract 

Studies of Raman scattering spectra and scanning electron microscopy imaging combined with 

energy-dispersive X-ray spectroscopy data of II-VI semiconductor nanocrystals formed in zinc-

containing borosilicate glass matrix are carried out. It is shown that diffusion of zinc from the 

matrix at 625 to 700 C results in the formation of mixed Cd1-yZnyS1-xSex nanocrystals with Zn 

content up to 30 %, as determined from the LO phonon frequencies. An increase of the Zn 

content in the nanocrystals with the thermal treatment temperature and duration is observed. A 

uniform distribution of zinc over the nanocrystal volume is assumed based on the diffusion 

coefficient data. 
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1 Introduction 

Diffusion-limited growth from a supersaturated solution in a silicate glass is a well-known 

technique to obtain dilute semiconductor nanocrystals embedded in a dielectric matrix [1–6]. It 

is well elaborated for fabrication of binary and ternary II-VI cadmium chalcogenide nanocrystals 

in borosilicate glass traditionally used as optical cutoff filters in the spectral range from yellow 

to near infrared and considered as promising materials for non-linear optical applications [4]. 

Diffusion-limited growth takes place at thermal treatment in the range from 500 to 700 C. The 

average size of nanocrystals increases with the thermal treatment temperature and duration. 

Several studies were devoted to the dependence of ternary (mostly CdS1-xSex) nanocrystal 

composition on the thermal treatment parameters [5, 6]. Besides, experimental evidence for zinc 

incorporation from zinc-containing matrices into CdS [7–10] and CdS1-xSex [11, 12] nanocrystals 

was reported. 

Here we report on scanning electron microscopy and Raman scattering studies of thermal 

diffusion of zinc into II-VI nanocrystals in zinc-containing borosilicate glass and formation of 

ternary (Cd1–xZnxS) and quaternary (Cd1–yZnyS1-xSex) nanocrystals. 
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2 Materials and experimental methods 

II-VI nanocrystals were obtained in borosilicate glass by diffusion-limited growth from 

commercially available LZOS or Schott cutoff filters which were heated to 1000 C for 2 h. This 

resulted in the glass melting and decolouring, the existing nanocrystals were thus dissolved in 

the borosilicate glass, providing a random distribution of cadmium and chalcogen atoms over the 

borosilicate glass structural network. After rapid quenching the obtained colourless transparent 

glass samples were cut into pieces and subjected to thermal treatment at controlled temperatures 

within the range from 600 to 700 C. Consequently, batches of samples prepared from the same 

initial mixture at different thermal treatment temperatures and durations were obtained. 

Scanning electron microscopy (SEM) studies combined with energy dispersive X-ray 

spectroscopy (EDX) were performed using a SEM JEOL 7000F microscope. 

Raman spectra were measured using a Dilor XY 800 spectrometer with a CCD camera, the 

excitation was provided by an Ar
+
 laser ( exc = 457.9, 476.5, 488 and 514.5 nm). The 

instrumental width was better than 2.5 cm
–1

. No noticeable differences were revealed between 

the spectra measured in macro-and micro-Raman scattering configurations. In many cases the 

Raman spectra were observed with a background of a broad phtoluminescence band which was 

subsequently subtracted for the analysis of the Raman spectra. Optical absorption spectra were 

measured with a LOMO MDR-23 spectrometer. All measurements were carried out at 293 K. 
 
 

3 Results and discussion 

As can be seen from Fig. 1, SEM studies combined with EDX elemental analysis enabled us to 

choose samples where the glass matrix contained a considerable amount of zinc. Note that no 

traces of cadmium, sulphur, or selenium could be noticed from the EDX data since the cadmium 

chalcogenide fraction in the glass matrix does not exceed 1 % which is below the measurement 

sensitivity level. 

Optical absorption spectra of samples obtained from the same batch of the zinc-containing glass 

doped with Cd, S, and Se at various thermal treatment durations and temperatures are shown in 

Fig. 2. A sharp edge observed in the absorption spectrum is evidence for the formation of II-VI 

semiconductor nanocrystals in the glass matrix. If the average nanocrystal radius is below the 

Bohr exciton radius for the given compound one can observe characteristic confinement-related 

maxima at the absorption edge at the energies given by [13] 
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where Eb is the energy gap for the bulk material, r is the nanocrystal radius, n,l  are spherical 

Bessel function roots for the corresponding quantum numbers, me
*
 and mh

*
 are effective masses 

of electrons and holes, respectively. One can estimate the average nanocrystal radius from the 

most pronounced first confinement-related maximum energy position E1 ( n,l=1). Besides, since 

the II-VI nanocrystals undergo a considerable (near 0.5 GPa) pressure from the glass matrix (due 

to the difference in thermal expansion coefficients of the semiconductor nanocrystals and the  

matrix), one should take into account the pressure-related energy gap variation p

gE : 
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Fig.1 SEM images of two zinc-containing borosilicate glass samples as well as their EDX 

spectra with the corresponding elemental composition determined from the EDX data. 
 
 

 
Fig.2 Optical absorption spectra of zinc-containing borosilicate glass doped with Cd, S, 

and Se, after heat treatment. 
 
 

As can be seen from Fig. 2, a considerable red shift of the optical absorption edge and the 

confinement-related maxima with the thermal treatment duration  and temperature Ta is the 

evidence for the increase in average nanocrystal size. 

The most efficient and reliable technique to determine the composition of mixed II-VI 

semiconductor nanocrystals grown in a glass matrix is Raman spectroscopy which is especially 

well elaborated for CdS1-xSex nanocrystals [14–17]. The CdS1-xSex mixed crystal system exhibits 

two-mode compositional behaviour of the phonon spectrum containing CdSe-like TO1 and LO1 

as well as CdS-like TO2 and LO2 phonon modes [14–17]. Meanwhile, Cd1-yZnyS [7–10] and 

Cd1-yZnySe [18–20] ternary systems reveal a one-mode behaviour with only one pair of TO and 

LO phonons for each intermediate composition, both frequencies gradually increasing with y. 
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Fig.3 Raman spectra of Cd1-yZnyS nanocrystals formed in zinc-containing borosilicate glass 

doped with Cd and S, under thermal treatment (a) and compositional dependence of LO 

(solid line) and TO (dashed line) phonon frequencies in Cd1-yZnyS (b). The spectra were 

measured using excitation with exc = 457.9 nm. 
 
 

The fraction of the semiconductor phase in II-VI nanocrystal-doped borosilicate glass is usually 

very small (below 1 %), hence resonance Raman scattering conditions are important in order to 

obtain a reliably detectable Raman signal. Therefore, only LO phonon maxima are observed in 

their Raman spectra since the resonance Raman enhancement is much more pronounced for LO 

phonons [17]. In the two-mode systems, like CdS1-xSex, the nanocrystal composition can be 

determined from the LO phonon peak frequency in the Raman spectra, or, more exactly, from 

the difference of frequencies of the two LO phonon peaks [14]. In this case the specific effects 

of phonon confinement [16, 17], surface phonon scattering [15, 16], and glass matrix pressure 

[21] are better taken into account. With regard to one-mode systems, the nanocrystal 

composition can be estimated from the frequency of the sole LO phonon in the Raman spectrum. 

Fig. 3 a illustrates the experimental first-order Raman spectra of Cd- and S-doped zinc-

containing borosilicate glass subjected to intense thermal treatment. The least intense thermal 

treatment results in the appearance of a Raman peak at 305 cm
–1

 which corresponds to the LO 

phonon of CdS nanocrystals. The increase of the thermal treatment duration and temperature 

results in an increase of the LO phonon peak frequency. This can be explained by annealing-

induced partial substitution of one of the nanocrystal lattice components by lighter atoms. This 

cannot be attributed to partial replacement of sulphur in the nanocrystals by oxygen from the 

glass matrix. Such anion substitution should also have been observed for nanocrystals grown in 

zinc-free borosilicate matrix while neither our earlier experiments for such systems [6, 22], nor 

studies performed by other groups [5, 23] have revealed any evidence for annealing-induced 

increase of LO phonon frequency for glass-embedded II-VI nanocrystals which could be related 

to substitution of sulphur by oxygen from the glass matrix. Hence, we conclude that the thermal 

treatment results in a partial substitution of Cd in the nanocrystals by Zn from the matrix and 

formation of Cd1-yZnyS nanocrystals. Knowing the compositional dependence of the LO phonon 
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frequency in Cd1-yZnyS (Fig. 3, b) based on the known Raman data for CdS [24] and ZnS [25] as 

well as for the mixed crystals [7], one can evaluate the nanocrystal composition. The values 

corresponding to the experimental data are shown by circles in Fig. 3, b and given explicitly in 

the spectra of Fig. 3a. It should be noted that in our earlier paper [10] the concentration of zinc 

in Cd1-yZnyS nanocrystals was noticeably underestimated due to a computational error. 

A similar behaviour of Raman spectra is observed for zinc-containing borosilicate glass doped 

with Cd, S, and Se where two LO phonon peaks are observed in the first-order Raman scattering 

spectra. It can be seen from Fig. 4a that for the least intensely annealed sample (625 C, 2 h), 

CdSe-like LO1 and CdS-like LO2 phonon peaks are observed at 194 and 287.5 cm
–1

. As follows 

from the comparison with the known data for CdS1-xSex nanocrystals grown in a glass matrix 

[14, 26], the difference of these frequencies, as the most reliable measure of the chemical 

composition of glass-embedded ternary nanocrystals with a two-mode behaviour [14, 16, 26], 

corresponds to a selenium content of x=0.38 0.03. The corresponding composisional 

dependence of the LO1 and LO2 phonon frequencies in CdS1-xSex nanocrystals is shown by solid 

lines in Fig. 4 b, and the open circles (denoting the experimentally observed LO1 and LO2 

phonon frequencies for the least intensely annealed sample) show a good agreement with it. 

 

 
Fig.4 Raman spectra of Cd1-yZnyS0.62Se0.38 nanocrystals formed in borosilicate glass under 

thermal treatment (a) and compositional dependence of LO (solid lines) and TO 

(dashed lines) phonon frequencies in CdS1-xSex and the data obtained for the 

Cd1-yZnyS0.62Se0.38 nanocrystals (b). The spectra were measured using excitation with 

exc = 488 nm. 
 
 

With increasing thermal treatment duration  or temperature Ta, both peaks shift towards higher 

frequencies, indicating partial substitution of atoms in CdS1-xSex nanocrystals by lighter species 

which, in view of the above discussed reasons, is evidently zinc. Thus, due to the diffusion of 

zinc from the matrix, quaternary Cd1-yZnyS1-xSex nanocrystals are formed. Zn content in the 

nanocrystals can be evaluated from the LO phonon frequencies in the Raman spectra. The 

phonon frequencies in the spectra increase with  and Ta, being evidence for the increase of zinc 

concentration y in the nanocrystals. Since the difference between the LO2 and LO1 phonon 
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frequencies remains practically unchanged, one can assume that the S/Se concentration ratio in 

the nanocrystals remains constant with  and Ta. This is apparent from the experimental points in 

Fig. 4,b while moving from open circles to dark circles and further to open and dark triangles. 

Based on the two-mode behaviour of CdS1-xSex and ZnS1-xSex as well as on the one-mode 

behaviour of Cd1-yZnyS and Cd1-yZnySe systems, one can reasonably assume that the quaternary 

Cd1-yZnyS1-xSex system possesses two-mode compositional behaviour with respect to x with 

selenide-like (LO1) and sulphide-like (LO2) phonons, each of them exhibiting one-mode-like 

frequency shift with y. For one-mode Cd1-yZnyS and Cd1-yZnySe ternary systems the 

compositional shift of the LO phonon frequencies is monotonous and the zinc-induced 

increment is given by 
 

 = 91.4y–44.2y
2
 (cm

–1
)  (for Cd1-yZnyS [9]),                (3.) 

 

 = 51y–9y
2
 (cm

–1
)  (for Cd1-yZnySe [18]).                      (4.) 

 

By weighing Eqs. (3) and (4) by compositional factors (1–x) and x, respectively, the 

dependences of the selenide-like LO1 and sulphide-like LO2 phonon frequencies on the Zn 

content y for Cd1-yZnyS1-xSex nanocrystals were obtained [12]. The corresponding values for the 

samples under investigation are shown in Fig. 4. 

However, a parallel upward shift of both LO1 and LO2 phonon peaks with heat treatment, 

consistent with the Cd Zn substitution in the nanocrystals, is observed only for the samples 

with comparable content of S and Se (in our case, x=0.38). For the samples with strong 

predominance of sulphur over selenium or vice versa a clear shift with Zn content increase is 

observed only for the LO phonon which corresponds to the predominant chalcogen (CdS-like or 

CdSe-like, respectively). Meanwhile, the "minority" LO phonon maximum (CdSe-like for S-rich 

and CdS-like for Se-rich Cd1-yZnyS1-xSex nanocrystals) exhibits a much smaller shift with heat 

treatment or sometimes even does not shift in frequency at all. Such situation is illustrated by 

Fig. 5 where the Raman spectra of a series of samples prepared from the same Cd-, Se-, and S-

doped borosilicate glass (with Se content strongly prevailing over S) at different thermal 

treatment parameters  and Ta are shown. It is obvious that the frequency of LO1 phonon 

corresponding to the predominant Se chalcogen, shifts with annealing from 203 to 220 cm
–1

 

while the overall variation of the frequency of LO2 phonon corresponding to the minority 

chalcogen (sulphur) varies only within 2–3 cm
–1

. 

A reasonable explanation of such behaviour can be proposed in view of our recent results 

showing that the composition of CdS1-xSex nanocrystals prepared from the same initial mixture 

depends on the thermal treatment parameters (  and Ta) and on the ratio of S and Se content in 

the initial mixture [6]. Namely, with increasing  and Ta the content of the predominant 

chalcogen in the nanocrystals increases while the minority chalcogen is pushed out into the 

matrix. Hence, the increase of the predominant chalcogen (in this case – Se) concentration in the 

nanocrystals with  and Ta results in the LO1 and LO2 phonon band convergence, as follows 

from the two-mode behaviour, while a simultaneous effect of increasing zinc diffusion with  

and Ta leads to the upward shift of both LO phonon peaks. This finally results in the observed 

considerable shift of the selenide-like LO1 phonon band and the tiny variation of the LO2 phonon 

frequency. Taking into account the two effects enabled us to estimate sulphur and selenium 

content for the nanocrystals of each sample from the LO2 and LO1 phonon frequency difference 

while zinc content y was evaluated from Eqs. (3) and (4) weighed by the corresponding (1–x) 

and x factors. The points in Fig. 5, b clearly show the increase of the Zn-induced increment of 

the LO1 and LO2 phonon frequencies over the corresponding values for CdS1-xSex nanocrystals 

with  and Ta (from open circles to dark circles, triangles and squares). 
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Fig.5 Raman spectra of Se-rich Cd1-yZnyS1-xSex nanocrystals formed in zinc-containing 

borosilicate glass doped with Cd, S, and Se, under thermal treatment (a) and 

compositional dependence of LO (solid lines) and TO (dashed lines) phonon 

frequencies in CdS1-xSex along with the experimental data for the Cd1-yZnyS1-xSex 

nanocrystals (b). The spectra were measured using excitation with exc = 488.0 nm. 
 
 

The increase of zinc amount in the nanocrystals is not linear with the heat treatment duration  

(Fig. 6). At Ta = 625 C the limiting Zn concentration y = 0.19 is reached at   8 h. At higher 

temperatures the trend is similar, however, higher limiting Zn content values can be reached. 
 

 
Fig.6 Dependence of Zn content in Se-rich Cd1-yZnyS1-xSex nanocrystals on the heat treatment 

duration (Ta = 625 C). 
 
 

Formation of II–VI nanocrystals in silicate glasses is generally known to comprise three stages – 

nucleation, diffusion-limited growth and coalescence (competitive growth, or Ostwald ripening) 

[2–4]. The mechanisms of nucleation and growth for Cd1–yZnyS and CdS1-xSex nanocrystals in 

glass matrices are stated to be quite different. Namely, in Cd1–yZnyS a stage of homogeneous 

nucleation is followed by a rapid transition to ripening while CdS1-xSex nanocrystals undergo 

nucleation and growth simultaneously with a gradual transition into the ripening stage [5]. One 

can expect the growth pattern for quaternary Cd1-yZnyS1-xSex nanocrystals to be somewhat 

intermediate, possessing features of both types. In our opinion, fruitful discussion on the 

competing mechanisms of Cd1-yZnyS1-xSex nanocrystals growth requires further studies with an 

extended set of techniques as well as for a variety of samples with a wider range of x and y. 
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Substitution of Cd by Zn due to thermal diffusion was also reported for CdSe/ZnSe quantum 

structures grown by molecular-beam epitaxy [27] as well as in CdSe/ZnSe [28] and CdSe/ZnS 

[29] core/shell nanostructures where Zn atoms from the shell partly replace Cd in the core. An 

important issue for the discussion of our results is whether within a glass-embedded nanocrystal 

the distribution of zinc is homogeneous or does it concentrate mostly at the surface. Such effect 

is not untypical for diffusion of ions from the matrix or substrate into nanocrystals. For example, 

interdiffusion-related inhomogeneous distribution of atoms in Si1–xGex nanoislands grown by 

molecular beam epitaxy on Si substrate was reported [30]. Therefore, following Ref. 9, we tried 

to estimate the duration of cation mixing within a particle at the growth temperature. We did not 

manage to find the explicit value for zinc diffusion coefficient D in CdS or CdSe, hence we tried 

to make some estimations using the known expressions for cation self-diffusion in ZnS 

D = 4.5 10
–3

 exp[–(0.69 eV/kT)] cm
2
s

–1
 (below 850 C) [31]. The estimated D for our data 

ranged from 1.2 10
–8

 cm
2
s

–1 
(625 C) to 4.8 10

–8
 cm

2
s

–1 
(700 C). Hence, in assumption of the 

diffusion process uniformity over the crystallite volume, for the growth duration  and 

temperature Ta employed, the diffusion length L=(D )
1/2

 ranged from 1.2 10
–4

 cm (625 C, 2 h) 

to 7.6 10
–4

 cm (700 C, 12 h). As the average nanocrystal diameter ranged from 4 10
–7

 cm (the 

lowest Ta and the shortest ) to 9 10
–7

 cm (the most intense heat treatment, 700 C, 12 h), the 

duration of Zn cation diffusion through a nanocrystal is less than 1 min. Hence, the duration for 

the complete mixing of cations in the nanocrystals is much shorter than the heat treatment 

duration. Therefore, homogeneous distribution of zinc within a nanocrystal can be assumed. 

However, specific features of the nanocrystal/matrix interface can generally favour near-

interface location of one sort of cations. This issue requires more detailed studies, especially by 

X-ray absorption spectroscopy. It is also the question of further studies whether the limit of zinc 

content in the nanocrystals is determined only by the glass matrix composition and ratio of Cd 

and Zn concentrations in the initial mixture, or whether it is restricted by any other effect. 
 
 

4 Conclusions 

The performed Raman scattering studies and SEM imaging data combined with EDX analysis 

have shown that diffusion of zinc from borosilicate glass matrix to CdS1-xSex nanocrystals being 

formed in the course of diffusion-limited growth at 625–700 C results in the formation of 

mixed Cd1-yZnyS1-xSex nanocrystals with zinc content up to 30 %. The latter can be efficiently 

evaluated from the LO phonon frequencies in the Raman spectra. An increase of Zn content in 

the nanocrystals with the thermal treatment temperature and duration is observed. A uniform 

distribution of zinc over the nanocrystal volume is assumed based on the diffusion coefficient 

data. More detailed studies are required to find out whether the growth mechanism for these 

quaternary nanocrystals is predominantly homogeneous or heteogeneous. 
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