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Abstract. Two nanocomposites containing CdS nanoparticles in polymeric matrices were 

studied using the photoluminescence (PL) and optically detected magnetic resonance 

(ODMR) methods. Due to equal sizes of NPs in the composites (~5 nm) but different 

matrices – the oxygen-containing polymer PVA (polyvinyl alcohol) and oxygen-free 

polymer PEI (polyethyleneimine) – differences of nanocomposites properties are 

predominantly caused by different interfacial conditions. ODMR spectra have revealed five 

types of centers related to the PL emission – four centers involved in radiative 

recombination and one center related to non-radiative recombination processes. The 

oxygen-related interfacial center in CdS/PVA (LK1-center) and sulfur vacancy center in 

CdS/PEI (Vs-center) were identified. 
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1. Introduction 

Semiconductor nanoparticles (NPs) have been an object 

of extensive studies during at least four decades. The 

reasons for the acute research interest lie in the 

possibilities to vary the properties of NPs in a very wide 

range and, thus, to engineer the materials with pre-

requisite characteristics suitable for diverse applications 

in numerous fields ranging from industry to medicine and 

from high tech to everyday life [1, 2]. The key sources 

for the tunability of the properties include the 

controllable variation of NPs sizes and adjusting surface 

conditions. The latter provides even wider variety of 

tuning possibilities, however, despite plenty of publica-

tions, the field is far from being well-understood.  

The surface conditions of NPs are determined by 

the presence of dangling bonds, surface defects, local 

lattice distortions, and passivating ligands [3-6]. The 

latter are especially important for colloidal NPs because 

surface termination with various types of capping agents 

is an inherent feature of the colloidal synthesis. By 

incorporating colloidal NPs into various matrices, the 

nanocomposites can be formed. In these systems, it is 

rather the NP/medium interface than the NP surface that 

contributes to the overall properties of a nanocomposite. 

All the above mentioned surface species together with 

the newly formed bonds between NPs and the molecules 

of the matrix can produce trapping states at the interface. 

These traps are critical for photoluminescent (PL) 

properties providing either radiative or non-radiative 

paths for recombination of excited electrons and holes.  

PL spectra of NPs synthesized in aqueous media 

often feature broad band(s) that are highly red-shifted 

from the absorption edge [5, 7-10]. In many cases, the 

broadband PL emission of metal-chalcogenide NPs is 

interpreted in terms of a donor-acceptor pair (DAP) 

model [11]. This model assumes that the PL band width 

originates from a depth distribution  of charge trap states, 
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a size-dependence of the conduction and valence band 

positions in a polydisperse NP ensemble, as well as a 

distribution of distances between the trapped charge 

carriers within each sole NP. The DAP model meets a 

number of inconsistencies when being applied to ultra-

small NPs (< 2 nm). Particularly, studies of single NPs 

revealed that their emission remains as broad as that of 

the ensemble [12, 13], undermining the argument of the 

PL width being determined by size distribution of NP,  

D-A distances and energy depths. Consequently, an 

alternative approach was proposed, based on self-trapped 

exciton model [14]. It assumes that PL originates from 

the vibrational relaxation of the interband excitation 

energy, which results in the broadband emission and 

dependence of the radiative lifetime on the PL energy 

[15], as was originally proposed for Si [16] and AgInS2 

NCs [17, 18] and later applied to doped II-VI NPs  

[14, 19].  

What most of the works on NPs have in common  

is acknowledging the determinant role of the 

surface/interface on the optical properties of NPs, and a 

demand for knowing the exact nature of the 

recombination centers and charge traps in order to 

control these properties. However, establishing the nature 

of these electronic states is hardly possible by purely 

optical techniques. Despite ample spectroscopic optical 

studies, understanding of the direct relation of the 

interface structure and apparent optical properties of NP-

based systems remains a challenge [12, 20, 21].  

Here, we use the optically detected magnetic 

resonance (ODMR) method to identify paramagnetic 

centers that participate in the PL emission of NP-polymer 

nanocomposites. We studied two nanocomposites 

comprising CdS NPs embedded into two polymers – 

polyethylenimine (PEI) and polyvinyl alcohol (PVA). 

Both polymers are inexpensive, stable and readily 

available  materials,  which   makes   them  attractive  for  

 

 

 

 

perspective large-scale nanocomposites production. Their 

transparency in the whole visible range and mechanical 

stability make them promising for optical applications 

[22-26]. Moreover, both polymers are bio-compatible 

and used for development of, e.g., drug-delivery and 

marker nanosystems, including the composites with 

semiconductor NPs [27, 28]. 

 
2. Materials and methods 

2.1. Synthesis of nanocomposites  

Both CdS/PVA and CdS/PEI nanocomposites were 

synthesized by the methods of colloidal chemistry at 

ambient conditions. In both cases, NPs were grown in an 

aqueous solution of the corresponding polymer via the 

reaction between Cd
2+

 and HS
–
. All chemicals were 

analytical-grade (Sigma Aldrich) and were used without 

any additional purification.  

Fabrication of CdS/PVA nanocomposites was made 

in 5 wt.% aqueous solution of PVA. The molecules of the 

basic polymer served as capping molecules that restricted 

sizes of the growing CdS NPs. Pending the growth 

process, the precursors (salts CdCl2 and Na2S) were 

added step-wise to the growth solution thus sustaining 

concentrations of the precursors and pH values in ranges 

that ensured a gradual increase of NPs sizes and, 

simultaneously, eliminated formation of Cd(OH)2. 

Optimal ranges of these parameters were estimated  

by analyzing probabilities of possible chemical reactions 

in the solution as 10
−4

…10
−2

 mol/L for the salts and  

pH = 3…5 [29]. Sulfur excess conditions were 

maintained during the growth.  

The PEI-capped CdS NPS were synthesized  

using the method similar to that reported by us earlier  

[7, 8, 30], but with a new post-synthesis ripening step.  

As we reported [7, 8, 30], interaction between Cd
2+

 and 

HS
–
 ions in aqueous and ethanol solutions in the  

Fig. 1. (a) Absorption spectra of CdS NPs in PVA and PEI films; (b) PL spectra of CdS NPs in PEI (1) and PVA (2) matrices.  

The spectra are corrected to the spectral sensitivity of setup. 

(a) 
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presence of PEI results in very stable and monodisperse 

ultra-small CdS NPs with the average diameter 1.8 nm 

that are very similar to the well-reported magic-size 

(CdS)33 clusters. These CdS-PEI NPs are characterized 

by a very sharp excitonic absorption maximum peaked at 

~370 nm and a broadband PL emission centered around 

500 nm. Here, we have found that addition of a 

combination of mercaptoacetic acid (MAA) and 

hydrazine results in the coarsening of CdS-PEI NPs and 

their gradual transformation into “ordinary” CdS NPs 

characterized by a continuous absorption band with an 

edge at ~470 nm (Fig. 1a) with no distinct absorption 

maxima. The most probable mechanism of this 

coarsening is the well-reported oriented attachment made 

possible, most probably, due to a competition of PEI with 

MAA and N2H4 molecules for the undercoordinated Cd 

atoms on the surface of CdS NPs. We should note that 

detailed investigation of the mechanism of coarsening 

goes beyond the scope of the present paper and will be 

reported elsewhere. 

In a typical synthesis of CdS-PEI NPs, 0.02 M 

CdCl2 reacts with 0.01 M Na2S in aqueous 0.25 wt.% 

solution of PEI, as was described in detail in Refs. [7, 8, 

30]. However, in the presence of 0.01 M MAA and 

1.0 M hydrazine, the latter is introduced as hydrazine 

hydrate. The solution was kept in the dark at room 

temperature for 20 days to complete the coarsening of 

CdS NPs. After the coarsening, 2 wt.% gelatin was 

introduced into the solution acting as a film-forming 

agent. The gel obtained after gelatin introduction was 

poured onto a glass substrate cooled down to 5…7 °C 

and subjected to the dialysis against distilled water at this 

temperature for 30 min to remove the water-soluble 

residual salts. Then the gel was dried for 48 h at ambient 

conditions and natural air.  

In synthesis of both CdS/PEI and CdS/PVA 

composites, the ratios of precursor concentrations and 

polymer content were adjusted to achieve almost equal 

size of CdS NPs grown in different matrices. 

The films of CdS/PVA and CdS/PEI nano-

composites were obtained by depositing as-grown NP-

containing polymeric solutions onto glass substrates with 

consequent drying at room temperature. The dried films 

were peeled off the substrates, and the free-standing 

films were used as samples for optical and ODMR 

measurements. 

 

2.2. Experimental methods  

PL emission of nanocomposites was excited using laser 

radiation (Coherent Verdi 2 W laser) with the wave-

lengths 266 or 390 nm and was detected by a 0.5-m 

Acton SpectraPro 2500i monochromator equipped with a 

CCD camera or Perkin-Elmer LS55 luminescence 

spectrometer. The PL spectra were measured at 5 K.  

For ODMR measurements, a modified X band 

(microwave frequency ~9 GHz) EPR spectrometer was 

used. The PL signal was excited with a modulated 

351 nm laser beam. ODMR signals were detected as 

changes in the PL intensity induced by modulating the 

microwave power. Typically, the microwave power was 

200 mW. The lock-in technique was used for signal 

registration. The measurements were performed with a 

silicon detector at 5 K in a liquid helium flow cryostat. 

To analyze characteristics of ODMR signals, both 

spectrally-integrated measurements (by non-selective 

acquisition of the PL signal in the whole visible spectral 

range) and spectrally-selective measurements were made 

(the necessary spectral range was selected using suitable 

optical filters). The chosen spectral ranges are specified 

in the corresponding figures. 

 
3. Results 

Fig. 1 shows absorption (a) and PL (b) spectra of 

CdS/PEI and CdS/PVA nanocomposites. It is seen from 

Fig. 1a that the absorption edges of both nanocomposites 

are blue-shifted as compared to the band-to-band 

transitions in bulk CdS. This behavior results from the 

confinement of carriers in nanocrystals. The absorption 

spectrum of CdS/PEI exhibits a distinct absorption 

feature at about 450 nm corresponding to the lowest 

energy transitions between the levels of confined carriers. 

Using the energy position of this feature, the average size 

of NPs in CdS/PEI was calculated [30]. It was found to 

be approximately 5.0 nm. The corresponding feature is 

not clearly defined in the absorption spectrum of 

CdS/PVA, probably, due to larger distribution of NPs 

sizes. However, the sizes of NPs in these samples were 

previously determined using TEM in [31]. They are 

5.4 nm. Thus, both types of nanocomposites under study 

contain NPs of approximately equal sizes. 

As seen from Fig. 1b, both PL spectra demonstrate 

rather wide bands, which is typical for NPs synthesized 

in aqueous solutions [30, 32, 33]. It is seen that surface 

termination with different polymer molecules leads to 

drastically different emission properties of the 

composites, despite almost equal sizes of the embedded 

NPs. The CdS/PEI PL spectrum consists of a single 

broad and structureless band that covers the whole visible 

range (Fig. 1b). Correspondingly, the emission of 

CdS/PEI samples is seen by the naked eye as almost 

“white”. In the spectra of CdS/PVA samples, only a 

weak “green” band is observed, while a red-infrared band 

dominates the spectra. The resulting PL emission of the 

CdS/PVA samples is thus perceived by the naked eye as 

“yellowish-orange”. Thus, keeping in mind close sizes of 

NPs in both composites, the observed differences in the 

PL spectra evidence that the emission of NPs embedded 

into different matrices is strongly affected by matrix 

material and/or interfacial conditions. A common feature 

of the PL spectra of both composites is the large Stokes 

shift, which indicates that in both cases we are dealing 

with the recombination via deep levels. 

According to our recent PL study of the CdS/PVA 

system, its emission spectrum contains four overlapping 

components: the blue band corresponding to residual 

emission from the polymeric matrix and three NP-related 

bands, one in the green region and two others in red and 

near IR ranges [34]. Even though no contribution of the 

PEI matrix to the PL spectrum of the CdS/PEI nanocom-

posite was  established [7, 8, 30],  the  wide structureless 
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Fig. 2. ODMR spectra of CdS NPs in PEI and PVA matrices. 
 

 

 

PL lineshape (Fig. 1b) prevents an unambiguous 

deconvolution of the monitored spectrum into several PL 

components solely based on optical measurements [7, 8, 

30]. Therefore, the insight into the nature of PL emission 

is especially critical for this system. 

Fig. 2 shows ODMR spectra of the CdS/PEI and 

CdS/PVA nanocomposites. In view of the fact that 

neither of polymeric matrices demonstrates ODMR 

signals, all the observed signals are only related to the 

paramagnetic centers located either inside NPs or at the 

NP/polymer interface. The spectra of both composites are 

complex, with three strongly overlapping components. In 

the case of CdS/PVA, these are the LK1, LK2, and LK3 

signals already reported by us earlier [34]. All of them 

are positive. In the spectrum of CdS/PEI, two positive 

signals at higher fields resemble LK2 and LK3, while the 

signal at low magnetic field is specific for this system 

and is negative.   

It should be noted that the amplitude of the ODMR 

signals in the CdS/PEI samples, 0.01%, is much smaller 

than that in CdS/PVA, ~ 1.0%. The latter value is rather 

high as compared to ODMR signals typically observed in 

bulk semiconductors and related nanostructures [35-39].  

Notably, the ODMR signals in both types of 
nanocomposites are practically independent of the 
spectral range of optical detection. Fig. 3 shows the 
ODMR spectra of CdS/PVA (a) and CdS/PEI (b) 
measured within the spectral ranges labeled by the 
corresponding colors in the inserts. It is seen that the 
shapes of the ODMR spectra registered in different 
spectral ranges (Figs. 3a, 3b) as well as in the whole 
spectral range (Fig. 2) are almost the same. 

 
4. Discussion 

Both studied nanocomposites contain NPs of almost 

equal sizes (≈5 nm) made of the same CdS semi-

conductor. However, PL and ODMR spectra of these 

samples are different, which implies that the state of the 

interface and growth conditions play the crucial role in 

formation of nanocomposites properties. 

Fig. 3. ODMR spectra of CdS NPs in PVA (a) and PEI (b) 

matrices detected in the spectral ranges that are indicated with 

different colors on the corresponding PL spectra shown in the 

inserts. 
 

 

The capping-dependent emission of CdS/PVA and 

CdS/PEI (Fig. 1) extends to energies well below the band 

edge, thus, it must be caused by defect-related 

recombination. In Ref. [34], it was suggested that at least 

two PL bands of CdS/PVA composite originate from the 

surface states. Therefore, the differences between 

CdS/PVA and CdS/PEI spectra should be analyzed with 

account of different matrices. Indeed, the structure of the 

nanoparticle/matrix interface obviously depends on the 

type of polymer. Polyvinyl alcohol, PVA, has the 

chemical formula (C2H4O)n. Polyethyleneimine, PEI, has 

the chemical formula (C2H5N)n. Thus, the nanocomposite 

CdS/PVA is an oxygen-containing substance, while in 

CdS/PEI nanocomposite oxygen can be present only as 

an uncontrolled impurity. Vice versa, there is plenty of 

nitrogen in CdS/PEI and, possibly, only traces of N in 

CdS/PVA. Both nitrogen and oxygen have unbound 

electron pairs, but N is a much stronger nucleophil and 

prone to form much stronger complexes with Cd
2+

. 

Indications of coordination of PEI to Cd on NP surface 

were reported by us earlier [30]. Thus, NP surrounded by 

PEI should “feel” stronger negative charge pumped into 

NPs as compared to PVA. This may result in more 

efficient electron confinement in CdS-PEI NPs than in 

the same size NPs in PVA, thus reducing trapping of the 

confined electrons by the surface states. 

Thus, two interfaces undoubtedly differ by the 

presence/absence of oxygen and nitrogen. Keeping in 

mind that both types of nanocomposites demonstrate 

similar “green” PL bands, though of dramatically 

different intensity (Fig. 1b), most probably the 

corresponding light-emitting centers are not related to 

either oxygen or nitrogen (note that “green” band in 

CdS/PVA was ascribed to surface in [34]). On the 

contrary, the emission in red and near-IR ranges, which 

dominates in CdS/PVA, may involve oxygen-containing 

interfacial centers. 
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Additional information on the role of matrix 

composition can be obtained from the ODMR studies. 

For the detailed analysis of ODMR spectra of CdS NPs 

in PEI and PVA matrices, we have made fitting of  

the corresponding spectra by using the spin Hamiltonian 

H = µB B·g·S with the effective electron spin S = 1/2. 

Here, µB is the Bohr magneton, B is the external 

magnetic field, g denotes the g-tensor. The fitting was 

performed for a powder system due to random 

orientations of NPs within the matrices. To model the 

ODMR spectra of CdS NPs in PVA, we used the LK1, 

LK2, and LK3 signals, as it was proposed in [34]. LK1 

signal has the powder-like shape and corresponds to the 

anisotropic oxygen-related center, whereas LK2 and LK3 

signals are caused by isotropic centers. LK1 and LK3 

centers were interpreted as interface-related centers.  

The fitting parameters of the signals in Fig. 4 are as 

follows. LK1 signal was described using the g-values 

g|| ~ 2.075, g⊥ ∼ 1.945 and linewidth ∆H = 4 mT. LK2 

and LK3 signals are isotropic with g ~ 1.93, and ~1.85, 

respectively. As can be seen from Fig. 4a, the results of 

fitting are in excellent agreement with the experimental 

data. 

A similar fitting procedure was applied to the 

spectra of CdS/PEI. The results of the deconvolution are 

shown in Fig. 4b. To fit the ODMR spectra of CdS NPs 

in PEI, we omitted LK1, because no positive signal was 

observed in this range of magnetic fields. Instead, the 

negative signal labeled as VS with the parameters 

g ~ 2.004 and ∆H = 1 mT was used. A similar signal was 

previously observed in Ref. [40] and attributed to the 

sulfur vacancy in CdS. The appearance of this signal in 

the studied CdS/PEI nanocomposite is quite plausible, 

since  the composite  was synthesized  under Cd-enriched 

 

 

 
conditions, which may lead to formation of sulfur 

vacancies in NPs. To model the most intense signal in the 

spectrum of CdS/PEI, the same parameters as for LK2 

center in Fig. 4a were used. However, the parameters of 

the third fitting component, which resembles the signal 

LK3 in the spectrum of CdS/PVA, were different from 

the LK3 parameters. Therefore, the third fitting 

component was described using the parameters 

g ~ 1.825, ∆H = 6 mT and labeled as LK3'. It is seen that, 

similarly to the case of CdS/PVA, the fitted curve for 

CdS/PEI reasonably coincides with the experimental 

spectrum. 

The comparison between the revealed ODMR 

centers in two types of structure shows that LK1 signal is 

present only in CdS/PVA nanocomposite. Previously, 

being based on anisotropy and values of spectroscopic 

parameters, we have suggested that this signal 

corresponds to the surface oxygen-related center similar 

to that discussed in Ref. [41]. Present observation 

additionally supports this suggestion, because LK1 signal 

is not seen in the spectrum of nanoparticles embedded 

into the polymer with no oxygen in its chemical formula. 

The parameters of LK1 differ from the parameters of the 

centers observed in [40], which is, probably, caused by 

different surroundings of these centers. This behavior 

resembles the strong dependence of oxygen centers 

parameters on local surrounding observed previously in 

[42-44]. 

Presence of identical LK2 signals in the ODMR 

spectra of both types of samples points to the occurrence 

of the same type of defects in these composites; they can 

occur either on the interface or inside NPs. The 

parameters of the high-field centers LK3 and LK3', 

despite being close, differ in two types of nano-

composites.  Keeping  in  mind,  that  the g-factor of LK3 

Fig. 4. Deconvolution of ODMR spectra of CdS NPs in PVA (a) and PEI (b) matrices. The fitting components are labeled as LK1, 

LK2, LK3 and LK3', the sum of all components is shown by the curve “Fitting”, and the experimentally observed curve is labeled as 

“Exper”. 
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changed under the variation of surface conditions in [34], 

and is also affected by the nature of polymer capping in 

this work, we can tentatively suggest that LK3 and LK3' 

signals correspond to closely related centers or the same 

centers with slightly different surrounding. The g-factors 

of LK2, LK3 and LK3' are less than g-factor of the free 

electron, which points to the donor-like nature of these 

paramagnetic centers. However, at present we still have 

not enough data to propose possible models of the 

centers related to these signals. 

We now discuss the role of the revealed defect 

centers in carrier recombination. The negative sign of the 

VS-signal suggests that sulfur vacancies participate in 

recombination processes (either radative or non-

radiative) that compete with the visible emission. On the 

other hand, LK1, LK2 and LK3 signals in CdS/PVA, as 

well as LK2 and LK3' signals in CDS/PEI are positive. 

This means that all the corresponding paramagnetic 

centers are involved in the monitored radiative processes. 

However, the absence of the spectral dependence of these 

signals (Figs. 3a and 3b) implies that the corresponding 

paramagnetic centers are not the light-emitting ones. 

Thus, we suggest that these centers are involved at some 

intermediate stages preceding the radiative recom-

bination, e.g., they can introduce intermediate energy 

states within the band gap providing the path for a 

gradual loss of energy by carriers before being captured 

by light-emitting centers.  

 
5. Conclusions 

Two nanocomposites comprising CdS NPs in different 

polymeric matrices were studied using the photo-

luminescence and ODMR methods. The sizes of NPs in 

both composites were about 5 nm, the matrices were  

the oxygen-containing PVA (polyvinyl alcohol) and 

oxygen-free PEI (polyethyleneimine) polymers. Both 

nanocomposites exhibit wide-band defect-related 

luminescence, which is typical for NPs grown in water 

by using the colloidal methods. CdS/PEI has only one 

wide PL band that covers the whole visible range, 

whereas CdS/PVA has additional emissions in the near 

infrared range. Due to equal sizes of NPs in two 

composites, the differences in the properties were 

ascribed to different interfacial conditions. 

ODMR study revealed the presence of three (two) 

paramagnetic centers in CdS/PVA (CdS/PEI) that 

participate in the processes leading to the monitored 

radiative recombination. Based on invariability of the 

ODMR spectra detected within different (green and red) 

spectral regions, the related paramagnetic centers were 

suggested to participate in energy relaxation processes 

preceding the emission rather than in light emission. One 

of these centers, LK1, was attributed to oxygen-related 

interfacial center in CdS/PVA. In addition, we have also 

showed that VS-center is formed in CdS/PEI, and it is 

involved in carrier recombination processes competing 

with the visible emission in this material.  
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