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Abstract This work describes the synthesis and study of

two new hybrid (organic–inorganic) three-layered systems

with improved semiconductive behavior. As far as the first

system is concerned, CdSe-Fc-ZnxCd1-xSe, the inner layer

is CdSe, while the outer one is ZnxCd1-xSe, both prepared

by electrodeposition. The partial substitution of Cd by Zn

in the outer layer leads to an environmentally friendlier

product compared with those containing exclusively Cd.

The organic layer of the hybrid system is ferrocene (Fc),

which is enveloped between the two inorganic layers in a

sandwich-like structure. Ferrocene is deposited on CdSe

layer using the spin-coating technique. It was found that

the as-prepared CdSe-Fc-ZnxCd1-xSe system has improved

properties and photoconductivity compared with the Znx-

Cd1-xSe monolayers. In order to further enhance the

photoresponse of the system described above, a second

three-layer hybrid was developed, the CdSe-Fc-ZnxCd1-x-

Se/oxalate. This system was produced with the electrode-

position of the outer layer ZnxCd1-xSe in the presence of

disodium oxalate, a selected organic additive in the bath.

All the products were fully characterized via XRD, SEM–

EDAX, band gap, and photoelectrochemical cell (PEC)

measurements, and the results confirmed the development

of the new hybrid semiconductive systems. The as-de-

scribed CdSe-Fc-ZnxCd1-xSe and CdSe-Fc-ZnxCd1-xSe/

oxalate systems, compared to the pure inorganic CdSe and

ZnxCd1-xSe thin films, present remarkably improved

photoresponse due to the synergetic action of their

components.
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1 Introduction

Binary 12–16 compounds, such as CdSe, CdTe, and ZnSe,

are well-known semiconductive materials that present

particular interest and have found various applications in

the fields of solar energy conversion and electronics.

Possessing direct energy gaps (1.7, 1.5, and 2.7 eV,

respectively), which are more efficient to the absorption of

electromagnetic radiation, they are very promising mate-

rials for thin film solar cell applications, high temperature

electronics and lasers, optoelectronic, luminescent and

light-emitting devices, photoconductors, etc. [1–3].

Recently, semiconductive, substitutional ternary systems

(general formula AxB1-xC), such as ZnxCd1-xSe and Znx-

Cd1-xTe, have also received much attention, because of

their interesting properties of band gap and lattice constant

modulation by composition that can lead to tandem-type

variable band-gap solar cells, fabrication of superlattices,

and various optical device applications [4].

The present study focuses on (Zn,Cd)Se solid solution

aiming to exploit the advantages of both ZnSe and CdSe

precursor binary compounds and partially address the issue

of cadmium toxicity [5–8]. The development and use of

new semiconductive materials with reduced cadmium

content will pose fewer issues, other aspects being equal.

The use of abundant, durable, and low cost materials, such

as zinc, is a key requirement for thin film technology,

alongside high efficiency and non-toxicity. Consequently,

the substitution of Cd with Zn is a step towards the right

direction [9].

Cadmium selenide, thoroughly investigated in previous

reports [10–13], is considered as our starting material,

based on strong indications supporting that Zn is inserted

in a CdSe matrix. During the last decades CdSe has been

applied in thin film solar cells because of its proper band-

gap width (1.7 eV) and large optical absorption. More-

over, it has been found to undergo photocorrosion when it

is used in photoelectrochemical cells. On the other hand,

ZnSe is reported to be more stable though less photoactive

due to its wide band gap (2.7 eV). Using ternary Znx-

Cd1-xSe compounds with gap energies ranging from 1.7

to 2.7 eV (or lower due to non-linear band-gap width

variation from x = 0 to x = 1) [14–16], the exploitation

of a large part of the photons present in the solar spectrum

can be attained. ZnxCd1-xSe can accomplish both tasks of

increased solar spectrum absorption and good stability

with respect to environment [17]. Thin films of
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ZnxCd1-xSe have been prepared by vacuum evaporation,

molecular beam epitaxy, electron beam pumping, chem-

ical bath deposition, and electrodeposition [18]. The latter

is chosen here as a flexible, low cost, and soft growth

technique.

The lattice structure of CdSe and ZnSe exists in the

forms of wurtzite (hexagonal) and zinc blende (cubic), as

well. The former is a meta-stable phase, constituting the

almost exclusive product of an electrochemical formation

process, while the latter is the thermodynamically

stable structure that can be obtained by annealing the cubic

phase [19]. It has been found that samples of the Znx-

Cd1-xSe composition are of sphalerite structure at x[ 0.7

and wurtzite structure at x\ 0.6. Within the interval both

phases are observed [20].

The aim of this work is the development of new three-

layer hybrid (organic–inorganic) semiconductive systems

with improved photoelectrochemical performances, based

on low cost and commercially available organic com-

pounds. As it is demonstrated in some of our previous

studies [21, 22], hybrid semiconductive materials, devel-

oped either by the formation of a sandwich-like structure

with altering inorganic–organic layers or by the application

of one step electro-code position, can possess interesting

new physical and/or chemical properties and functionality.

Indeed, hybrid systems usually present a particular semi-

conductive behavior due to a synergic combination of their

component properties. Moreover, the incorporation of

various functional groups in the organic part of the hybrid

semiconductor could permit a regulation of the final pro-

duct’s properties.

In this paper a combination of previously applied tech-

niques was employed in order to develop hybrid semi-

conductive systems involving two inorganic thin film

layers, a CdSe (inner) layer and a ZnxCd1-xSe (outer)

layer; the latter electrodeposited in the presence or absence

of oxalate additive [23] in the bath, divided by a thin

organic ferrocene film in a sandwich-like structure. The

CdSe-Fc-CdSe system, which has been synthesized and

studied in the past, presents remarkably improved pho-

toresponse [24].

2 Experimental

ZnxCd1-xSe and CdSe thin films were developed poten-

tiostatically, using a potentio-scan system (Metrohm

Autolab PGSTAT302N MBA potentiostat/galvanostat)

with a conventional three-electrode setup. The cathode was

a rotating Ti disk electrode (mean diameter: 12 mm,

cathode’s rotation rate: 500 rpm). The counter electrode

was a large platinum-plated grid. The potential of the

working electrode was monitored against an Hg/HgSO4-

saturated sulfate reference electrode (S.S.E.).

The electrolytic bath was an aqueous solution, contain-

ing typically: 0.2 M CdSO4 (Acros Organics, ACS reagent

98.0–102.0%) and 2 mM SeO2 (Acros Organics, 98%) for

CdSe plating, 0.2 M ZnSO4 (Alfa Aesar, ACS reagent

99.0–103.0%) and equal amounts of CdSO4 and SeO2

(0.10, 0.25 or 0.50 mM) for ZnxCd1-xSe plating, respec-

tively. Bath temperature was kept constant at 85 ± 1 �C.

The concentration of the additive disodium oxalate (Alfa

Aesar, 99%) was set to 2 mM. In all cases the bath pH

value was adjusted to 2.2.

The organic layers were deposited dropwise, from

solutions of commercially available ferrocene, Fc (Acros

Organics, 98%) in toluene, onto the rotating inorganic

electrode (spin-coating technique). In this way, a thin film

of the organic substance was formed. The three-layered

products were prepared by applying a second ZnxCd1-xSe

layer over the organic one to give a sandwich-like struc-

ture. The inner CdSe layer of all specimens was elec-

trodeposited at the potential of -1.0 V versus S.S.E,

whereas the outer one at -1.1 V versus S.S.E.

All deposits were examined by X-ray diffraction (XRD;

Bruker D8 Advance with a CuKa X-ray source) and

scanning electron microscopy (SEM; FEI-Quanta 200)

techniques. Compositional data were obtained using

energy-dispersive X-ray (EDAX) analysis. The band-gap

widths were valued by spectrophotometry of the reflected

light (V-770 Jasco Spectrophotometer, equipped with an

integrating sphere ISV-922/ISN-901i 60 mm) [25]. Pho-

toresponse studies were performed in a photoelectro-

chemical cell (PEC) with a three-electrode configuration

comprising platinum wire rods as counter and reference

electrodes. An alkaline sulfide–polysulfide solution [Sx
2-;

1 M NaOH (Lach-Ner, 99.6%), 1 M Na2S (Alfa Aesar,

C60%), 1 M S (Fluka, C99.5%) solution] was used as the

working redox electrolyte. The PEC measurements were

conducted under a white illumination generated by a

halogen lamp and focused in front of the quartz window of

the cell. Illumination intensity was 1000 W m-2.

3 Results and discussion

ZnxCd1-xSe thin films have been developed as described

above. The electrodeposition process from acidic aqueous

solutions underlies the general principal, outlined by Krö-

ger [26], for the deposition of 12–16 compounds, pro-

ceeding through the following simplified reduction

scheme:

SeðIVþÞO2 � H2O þ 4e� þ 4Hþ ! Se
ð0Þ
ðadsÞ þ 3H2O ð1Þ
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M2þ
ðadsÞ þ SeðadsÞ þ 2e� ! MSeðsÞ where M : metalð Þ

ð2aÞ
xZnSeðsÞ þ 1 � xð ÞCdSeðsÞ ! ZnxCd1�xSe ð2bÞ

The chemical similarity between CdSe and ZnSe allows

the formation of ZnSe–CdSe solid solutions; however, the

direct formation of the alloy is not plain, basically due to

the difference in the redox potentials of Zn2? and Cd2?

ions. That is why a large excess of Zn ions (0.2 M) must be

employed. Equal concentrations of cadmium and selenium

precursor compounds were used: 0.10, 0.25, and 0.50 mM,

depending on sample, to differentiate Zn/Cd ratio in the

final products. A deposition potential of -1.1 V versus

SSE is chosen in order to avoid the formation of elemental

Cd phase, often observed in more negative potentials and

limit the elemental Se content of the deposits at the same

time. All electrodeposited CdSe and ZnxCd1-xSe

monolayers, as well as inner CdSe thin films of the hybrid

samples, are approximately 3–4 lm thick. All external

ZxCd1-xSe layers are approximately 1–2 lm thick.

A direct determination of the absorption edge and band-

gap energies of these new materials was attempted, by

analyzing the data provided by their diffuse reflectance

spectrums. Regarding the hybrid samples, it was observed

that a secondary transition occurs in lower wavelengths, in

addition to the main transition attributed to the inorganic

semiconductor (Fig. 1). This may indicate the development

of a new semiconductive compound formed between fer-

rocene and the outer inorganic layer, in the three-layered

samples. It can also be attributed to the introduction of

crystal defects, due to the presence of oxalate additive dur-

ing electrodeposition that affects the photon absorption

mechanism. The occurrence and the exact spectral position

of this secondary edge (approx. 2.0–2.4 eV, in all cases)

seems to depend on Zn/Cd ratio of the outer layer, as well as

the organic compounds that participate in the hybrid system.

Ferrocene and oxalate species directly contribute to the

secondary edge observed in the hybrid samples’ reflectance

spectrums, as described above. However, their presence

also, indirectly, affects the main transition corresponding to

the inorganic part of the systems. Zinc content seems to be

bFig. 1 Band-gap width (Eg) measurements taken by spectrophotom-

etry of the reflected light for the (Cd, Zn)Se-based semiconductive

thin films prepared by electrodeposition at -1.1 V versus SSE from a

bath containing 0.2 M ZnSO4 as well as 0.10 (a), 0.25 (b), or 0.50

(c) mM SeO2 and CdSO4

Fig. 1 continued
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Fig. 2 EDAX diagrams and

SEM micrographs of (Cd,

Zn)Se-based semiconductive

thin films prepared by

electrodeposition at -1.1 V

versus SSE from a bath

containing 0.2 M ZnSO4 as well

as 0.10 (a), 0.25 (b), or 0.50

(c) mM H2SeO3 and CdSO4
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reduced in three-layered samples compared to the corre-

sponding monolayers, as confirmed from the SEM–EDAX

analysis data, leading to a shift towards higher wave-

lengths. As already mentioned, gap width variation with

composition in ternary ZnxCd1-xSe systems is not linear,

so the main transition in most cases occurs in wavelengths

higher than 730 nm (1.7 eV).

The appearance of a secondary absorption edge at

approximately 2.4 eV, that seems to be possible only at

small x fractions, coincides with a different type of surface

morphology observed by SEM (Fig. 2). These three-layered

hybrid samples do not exhibit cauliflower-like surface

growth, common for all the other deposits, but a grass-like

one. The properties of such systems depend on the interface

formed between the semiconductor and the electrolyte and

this structure is possible to affect PEC performance [27–30].

SEM–EDAX investigation (Fig. 2) confirmed the pres-

ence of carbon due to ferrocene and oxalate moieties and

consequently the formation of a hybrid system.

Figure 3 summarizes the XRD diagrams of the as-pre-

pared CdSe-Fc-ZnxCd1-xSe (abbrev. CdSe-Fc-(Cd, Zn)Se)

and CdSe-Fc-ZnxCd1-xSe/oxalate (abbrev. CdSe-Fc-(Cd,

Zn)Se/oxalate) hybrid semiconductors. Diagrams corre-

sponding to pure (Cd, Zn)Se samples prepared under the

same conditions, in the absence or presence of oxalate, are

also included for comparison. All deposits exhibit a cubic

zinc blende structure with a predominating [111] crys-

talline orientation with the exception of Cd-rich CdSe-Fc-

ZnxCd1-xSe/oxalate samples where a clear CdSe hexago-

nal wurtzite structure coexists. Low Zn content is observed

when hexagonal CdSe is formed. In consequence, it is

assumed that the incorporation of zinc in a wurtzite matrix

lattice is not promoted, which complies with the fact that

ZnSe is mostly obtained as zinc blende. Peaks corre-

sponding to the cubic structure that are observed in all

cases have 2h values between those corresponding to pure

CdSe and ZnSe. As CdSe content increases, the above-

mentioned peaks shift towards CdSe side and vice versa.

Table 1 summarizes the values of four characteristic

parameters (Jsc short circuit current density, VOC open

circuit potential, FF fill factor, and g photo electrochemical

efficiency). These parameters were calculated according to

the photoconversion curves, received for all the above-

mentioned semiconductive thin films, used directly as

absorbed electrodes in conventional PEC.

Zinc concentration in ZnxCd1-xSe thin films seems to

play an important role for their performance in photoelec-

trochemical solar cells and properties. Cadmium concen-

tration increasing, the deposits become more photoactive,

presenting much larger photocurrent densities. In the outer

Fig. 2 continued
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Fig. 3 XRD diagrams of (Cd, Zn)Se-based thin films taken by electrodeposition at -1.1 V versus SSE from a bath containing 0.2 M ZnSO4 as

well as 0.10 (a), 0.25 (b), or 0.50 (c) mM H2SeO3 and CdSO4

Table 1 Composition and photoelectrochemical parameters of the obtained semiconductive thin films

Bath concentration in CdSO4 and H2SeO3 (mM) X JSC (lA cm-2) VOC (mV) FF g (%)

CdSe 200 – 4205.75 -344.09 0.3229 0.4673

CdSe/oxalate 200 – 6813.79 -387.73 0.3458 0.9137

0.10 0.22 1574.61 -502.62 0.3911 0.3095

ZnxCd1-xSe 0.25 0.24 2601.56 -493.93 0.3272 0.4204

0.50 0.16 3672.96 -514.53 0.3063 0.5788

0.10 0.19 1868.32 -495.91 0.3258 0.3019

ZnxCd1-xSe/oxalate 0.25 0.16 3455.51 -482.48 0.3231 0.5388

0.50 0.14 4437.20 -438.54 0.3613 0.7031

0.10 0.18 2023.88 -405.27 0.3367 0.2761

CdSe-Fc-ZnxCd1-xSe 0.25 0.15 3790.93 -376.28 0.3791 0.5407

0.50 0.06 5379.74 -356.75 0.3510 0.6737

0.10 0.17 2569.15 -426.18 0.3190 0.3493

CdSe-Fc-ZnxCd1-xSe/oxalate 0.25 0.07 6505.92 -327.91 0.3653 0.7793

0.50 0.06 13519,56 -419.31 0.3454 1.9579

J Appl Electrochem

123



Fig. 4 Current density versus

electrochemical potential given

by (Cd,Zn)Se-based

semiconductive thin films

prepared by electrodeposition at

-1.1 V versus SSE from a bath

containing 0.2 M ZnSO4 as well

as 0.10 (a), 0.25 (b) or 0.50

(c) mM SeO2 and CdSO4, used

directly as absorbed electrodes

in a conventional PEC in the

dark and under illumination of

1000 W m-2
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layer of the three-layered hybrid samples with low zinc

content, a pure hexagonal CdSe crystal phase, which is

associated with better photoresponses, coexisting with the

ZnxCd1-xSe cubic one, often appears. At the same time, the

introduction of Zn in the CdSe lattice increases the energetic

gap leading to higher open circuit potentials. The incorpo-

ration of Zn induces a Fermi level shift of the n-CdSe in the

direction of enhancing the barrier height, while stabilizing

the semiconductor surface against dissolution.

Figure 4 illustrates the respective current–potential pho-

toresponse curves. It is observed that all photocurrents are

anodic, characteristic of an n-type semiconducting behavior.

ZnxCd1-xSe/oxalate deposits present improved properties,

such as better short circuit current and photoelectrochemical

efficiency values, compared with ZnxCd1-xSe ones, prepared

in the absence of disodium oxalate in the electrolytic bath. The

three-layered specimens, CdSe-Fc-ZnxCd1-xSe and CdSe-

Fc-ZnxCd1-xSe/oxalate, also exhibit remarkably improved

semiconductive behavior regarding short circuit currents and

photoconversion efficiencies compared with the ZnxCd1-xSe

and ZnxCd1-xSe/oxalate layers, respectively. This improve-

ment is more pronounced in the case of CdSe-Fc-ZnxCd1-x-

Se/oxalate products and is attributed to the synergetic action

of the hexagonal structure phase of the outer inorganic film,

the incorporation of the additive into the semiconductor lat-

tice, and the formation of the new semiconductive compound

CdSe-Fc-ZnxCd1-xSe/oxalate as well.

4 Conclusions

Two new three-layered systems, the CdSe-Fc-ZnxCd1-xSe

and CdSe-Fc-ZnxCd1-xSe/oxalate, belonging to the cate-

gory of hybrid (organic–inorganic) semiconductors, were

prepared. They were developed with a simple and flexible

experimental procedure using low cost starting materials.

The hybrid products were friendlier for humans and the

environment compared with the widely used semiconduc-

tors based exclusively on Cd and presented remarkably

improved photoconductivity. The ZnxCd1-xSe layers

electrodeposited using the disodium oxalate additive

exhibit enhanced photoconductive character compared to

the ZnxCd1-xSe ones, prepared in its absence. The syner-

getic action of oxalate and ferrocene compounds leads to

semiconductive materials with modified crystal structure

and particularly improved photoelectrochemical efficien-

cies reaching up to a fivefold increase compared to pure

electrodeposited CdSe thin films. It is supposed that a new

chemical semiconductive compound tends to be formed

between the organic and the inorganic part of the hybrid

system (CdSe/ZnxCd1-xSe and ferrocene, respectively) as

indicated by SEM/EDAX and spectrophotometric data.
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