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Abstract This study investigates one-step synthesis of

composite thin film with ZnSe and PbTeSe ternary solid

solution using hot-wall deposition (HWD) with multiple

resources of PbTe and ZnSe. HWD consists of three

electric furnaces, designated as wall, source-1, and source-

2. The PbTe and ZnSe sources were located in the source-2

and source-1 furnaces for simultaneous evaporation to a

glass substrate (Corning Eagle 2000). The substrate tem-

perature was changed by circulating water controlled at

temperatures of 340–274 K. X-ray diffraction indicates

that composite thin films contain ZnSe with zinc-blende

structure and PbTeSe ternary solid solution with NaCl

structure. The Raman spectrum also suggests formation of

ZnSe without alloying with Pb or Te. The lattice constant

of the ternary solid solution gradually increases with

increasing source temperature of PbTe. High-resolution

transmission electron microscopy indicates that the ternary

solid solution forms isolated nanocrystals of 16–30 nm in

the composite thin film. Therefore, composite thin films are

composed of PbTeSe ternary solid solution nanocrystals

embedded in a ZnSe matrix.

Keywords Semiconductor nanocrystal � Hot-wall
deposition � X-ray diffraction � High-resolution TEM

Introduction

Composite thin film with semiconductor nanocrystals

embedded in a matrix has a potential application for

quantum dot solar cells [1]. Semiconductor nanocrystals

provide a shift in optical absorption edge due to quantum

size effects, capable of tuning an optical gap to effective

energy region for absorbing visible and near infrared light

in solar radiation spectrum [2–9].

We proposed a composite thin film with PbSe

nanocrystals embedded in a ZnSe matrix by one-step

synthesis using hot-wall deposition (HWD) with multiple

evaporation sources of PbSe and ZnSe [10]. In the PbSe-

ZnSe system in thermal equilibrium, the mutual solubility

range is quite narrow (less than 1 mol%) at temperatures

below 1283 K [11]. Hence, this system phase-separates in a

composite and provides compositional steepness at the

hetero-interface between PbSe and ZnSe. In addition, a

composite thin film of PbSe nanocrystal embedded in a

ZnSe matrix is capable of exhibiting quantum size effects

because of the relatively large exciton Bohr radius of

46 nm in PbSe [12] and the relatively larger band gap

difference between ZnSe (2.67 eV) [13] and PbSe

(0.27 eV) [14]. Elemental mapping indicated that isolated

PbSe nanocrystals are dispersed in the ZnSe matrix [10].

The optical absorption edge shifts toward the lower-pho-

ton-energy region as PbSe content increases. Thus, the

insoluble material system and HWD enable a one-step

synthesis of PbSe-ZnSe composite thin film. In the next

step, ternary solid solution PbTe1-xSex seems to be effec-

tive for nanocrystal due to potential modifications in the

properties (e.g., energy band gap, carrier concentration, and

low temperature stability) of nanocrystal. In particular,

crystallization of quantum dots at room temperature is

valuable for a low-cost product for such use. In the present
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study, one-step synthesis of composite thin film with ZnSe

and PbTe1-xSex ternary solid solution is investigated.

Experimental

Composite thin film was prepared using HWD. Figure 1 is

a schematic diagram of the HWD apparatus used. It con-

sists of three electric furnaces, designated as wall, source-1,

and source-2. The temperature of each could be controlled

independently. The substrate temperature was changed by

circulating water controlled at temperatures of 340–274 K.

With HWD, deposition and re-evaporation are continu-

ously repeated on the film surface, resulting in a state of

near thermal equilibrium [15]. PbTe and ZnSe were used as

evaporation sources with 5 N purity. The PbTe and ZnSe

sources were located in the source-2 and source-1 furnaces

for simultaneous evaporation to a glass substrate (Corning

Eagle 2000). Here, the temperatures were kept constant at

683 K for the wall, and 843 K for source-1 (ZnSe). The

source-2 (PbTe) temperature was varied from 753 K to

793 K to provide different PbTe concentrations. The

composite thin film was structurally characterized using

X-ray diffraction (XRD) with Cu Ka radiation (Rigaku

RAD-X, Tokyo, Japan). A symmetric 2h-h configuration

was used. The composition of the film was analyzed using

energy dispersive spectroscopy (EDS) (EDAX model,

Phoenix, NJ, USA) operating at 10 kV with standard

samples of PbTe to calibrate the analyzed results for Pb and

Te and with ZnSe for Zn and Se. The film was directly

observed using transmission electron microscopy (TEM)

operating at 300 kV (Hitachi H-9000NAR, Tokyo, Japan).

Ion milling was performed in the sample preparation. The

Raman spectrum of the film was measured using a Raman

spectrometer (JASCO NRS-5000, Tokyo, Japan) with a

pumping semiconductor laser at 532 nm.

Results and discussion

Figure 2 depicts the EDS analysis results of the composite

thin films with respect to the source temperature of PbTe.

The concentration of Pb increases monotonically with

increasing source temperature, while element Te can be

detected at relatively high temperatures (exceeding 788 K).

The EDS apparatus used is capable of detecting Te con-

centrations exceeding 1at.%. Hence, the composite thin

films contain relatively low concentrations of Te, despite

the use of evaporation source PbTe. The composition ratio

of anion with Se and Te to cation with Zn and Pb is

depicted in the inset. The composition ratio is found to be a

slight anion-deficit deviation from stoichiometry, probably

due to the small inclusion of Te.

Figure 3 depicts the XRD pattern of the composite thin

films as a function of the source temperature of PbTe. In

this case, the substrate temperature is kept constant at

340 K. A phase mixture with zinc-blende structure and

NaCl structure (NaCl-I) is first observed at 753 K, and a

different phase with NaCl structure (NaCl-II) appears at

793 K. Hence, the phase with NaCl structure changes from

NaCl-I to a phase mixture of NaCl-I and NaCl-II with

respect to the source temperature, while remaining a phase

with zinc-blende structure regardless of temperature.

Figure 4 depicts the lattice constant of the composite

thin films as a function of the source temperature of PbTe.

The lattice constant is estimated from the XRD peak at

Fig. 1 The HWD apparatus used in the study consists of three

electric furnaces: wall, source-1 for ZnSe, and source-2 for PbTe. The

substrate temperature is changed by circulating water controlled at

temperatures of 340 K to 274 K

Fig. 2 Results of EDS analysis of composite thin films prepared at

the substrate temperature of 340 K as a function of the source

temperature of PbTe. Inset indicates the composition ratio of anion

with Se and Te to cation with Zn and Pb
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(111) Bragg reflection for zinc-blende structure and the

peak at (220) for NaCl-I and NaCl-II with relatively strong

intensity (Fig. 3). The broken lines indicate the lattice

constant of standard ZnSe, PbSe, and PbTe. The lattice

constant for zinc-blende structure is almost the same as that

of ZnSe. If a solid solution is formed in ZnSe with ele-

ments Te and Pb, the lattice constant should increase with

increasing source temperature of PbTe, due to the differ-

ence in radii between Te and Se or Pb and Zn. In addition,

the PbSe-ZnSe system and PbTe-ZnTe system phase-sep-

arate in thermal equilibrium [16]. Furthermore, the inset

depicts the Raman spectrum of the composite at the source

temperature of 753 K. The peaks at 203 and 250 cm-1 are

attributed to transverse optical phonon mode and longitu-

dinal optical phonon mode in ZnSe [17]. Therefore, the

phase with zinc-blende structure is reasonably assigned to

ZnSe, regardless of the source temperature of PbTe. In

NaCl-I, the lattice constant is close to that of PbSe and

gradually increases with increasing source temperature of

PbTe. In NaCl-II, the lattice constant is larger than that of

NaCl-I and tends to increase as the temperature increases.

Hence, the two phases NaCl-I and NaCl-II seem to form a

solid solution of PbTe1-xSex with different compositions x.

Here, we investigate precisely why the lattice constant

of NaCl-I is close to that of PbSe despite the use of an

evaporation-source PbTe. In thermal equilibrium between

the solid state and the vapor state, PbTe forms dominantly

a binary compound in vapor state with species of 98 % [18]

[PbTe(s) = PbTe(g)], while ZnSe dissociates to each ele-

ment [19] [ZnSe(s) = Zn(g) ? 1/2Se2(g)]. Hence, the

vapor phase contains mainly three species (PbTe, Zn, and

Se) in which PbTe and Se are chemically in equilibrium

with PbSe and Te [20]: PbTe gð Þþ
1=2Se2 gð Þ ¼ PbSe gð Þ þ 1=2Te2 gð Þ. This reaction results

in ternary solid solution PbTe1-xSex in solid state [20].

Evaporation sources PbTe and ZnSe may produce ZnSe

and PbTe1-xSex in solid state and residual Te in the vapor

state as PbTe gð Þ þ Zn gð Þ þ ð1þ xÞ=2Se2 gð Þ
! ZnSe sð Þ þ PbTe1�xSex sð Þ þ x=2Te2 gð Þ. Most of the

residual Te in the vapor state is probably exhausted, since

composition analysis indicates a small inclusion of Te with

anion-deficit deviation from stoichiometry (Fig. 2).

Therefore, evaporation sources PbTe and ZnSe should

produce dominantly a phase mixture of ZnSe and solid

solution PbTe1-xSex, in which composition x is controlled

by the partial pressure of Se dissociated from evaporation

source ZnSe. NaCl-I is expected to have a composition

close to x = 1 at relatively low temperatures (below

788 K), since their lattice constants are close to that of

standard PbSe (Fig. 4). This composition indicates that a

sublimated amount of Se is almost twice as large as that of

PbTe, according to the above reaction. In this case, the

reaction process should be limited by sublimation of the

ZnSe source.

In quantitative evaluation, composition x in PbTe1-xSex
can be expressed by partial pressures of PbTe (PPbTe) and

PbSe (PPbSe) as [20] x = PPbSe/(PPbTe ? PPbSe). Partial

pressure P can also be expressed using the Clausius–

Clapeyron equation [20] P = P0exp (DHs/RT), where P0 is

the saturation vapor pressure, DHs is the heat of sublima-

tion, R is a gas constant, and T is the temperature. The

following equation can be derived from the above

equation:

Fig. 3 XRD pattern of composite thin films prepared at the substrate

temperature of 340 K with respect to the source temperature of PbTe.

Black circle indicates a phase with NaCl structure (NaCl-I), red

circles indicate a different phase with NaCl structure (NaCl-II), and

circles indicate a phase with zinc-blende structure

Fig. 4 Lattice constant of composite thin films prepared at the

substrate temperature of 340 K as a function of the source temper-

ature of PbTe. Inset indicates the Raman spectrum of composite thin

film at the source temperature of 753 K
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log 1�x
x

� �
¼ log

P0 PbTeð Þ
P0 PbSeð Þ

þ DHS PbSeð Þ
RTPbSe

� DHs PbTeð Þ
RTPbTe

.

In this equation, the parameter related to Se (TPbSe) is

limited by the source temperature of ZnSe, kept constant at

843 K. Hence, concentration x can be changed only with

respect to the source temperature of PbTe (TPbTe).

Figure 5 depicts the temperature dependence of com-

position x in NaCl-I and NaCl-II. Composition x is esti-

mated from the lattice constants of NaCl-I and NaCl-II at

(220) reflection (Fig. 2), assuming linear variation of the

lattice constant between PbTe and PbSe following

Vegard’s law. Here, the smallest lattice constant at 758 K

for NaCl-I should be regarded as that of PbSe (Fig. 4) to

avoid a numerically negative composition x. The compo-

sition 1-x/x in NaCl-I exhibits linear variation with respect

to the inverse temperature of the PbTe source, indicating

that NaCl-I forms a solid solution of PbTe1-xSex even at

relatively low temperatures below 788 K, with no detection

of Te in EDS analysis (Fig. 2). The activation energy is

estimated to be 404 kJ/mol, which is close to that of the

heat of sublimation in ZnSe (392 kJ/mol) [21]. Therefore,

sublimation in ZnSe source actually dominates the reaction

in the vapor state to produce PbTe1-xSex ternary solid

solution with relatively high composition x. In NaCl-II,

experiment results at a different substrate temperature

(330 K) are added to estimate activation energy, due to

difficulty in estimation with only two plots at 340 K

(Fig. 4). Activation energy in NaCl-II is also estimated to

be 263 kJ/mol, which is near that of the heat of sublimation

in PbTe (224 kJ/mol) [22]. Hence, sublimation in PbTe

source nearly dominates the reaction to produce a solid

solution with relatively small composition x. Consequently,

evaporation sources PbTe and ZnSe provide a phase mix-

ture of ZnSe and ternary solid solution PbTe1-xSex.

Next, temperature dependence of the substrate is

investigated for NaCl-I to clarify whether a slight inclusion

of Te modifies low temperature stability in the crystalline

state of PbSe. Figure 6a depicts the XRD pattern of com-

posite thin films with respect to substrate temperature. In

this case, Pb concentration in the composite film is kept

constant at 3.5 ± 0.5at.%. Hence, the films are expected to

contain 7at.%PbTe1-xSex ternary solid solution with rela-

tively large composition x. For example, composition x is

estimated to be 0.968 at 340 K from the diffraction peak.

The diffraction peak in ZnSe with zinc-blende structure

clearly crystallizes even at a substrate temperature of

274 K. The dotted area is enlarged in Fig. 6b for easier

viewing. The dotted line indicates the peak position of the

standard PbSe. The diffraction peak of NaCl-I is also close

to that of PbSe and becomes weak as the substrate tem-

perature decreases. Typical mean grain size is estimated to

be 22 nm at 340 K from the full width at half maximum of

the diffraction peak, according to Scherrer’s formula [23].

Fig. 6 XRD pattern of

composite thin films with

respect to substrate temperature.

a 2h range from 20 to 60 deg.

Black circles denote NaCl-I,

and white circles denote ZnSe

with zinc-blende structure.

b Enlarged image for easier

viewing. The dotted line

indicates the peak position of

standard PbSe

Fig. 5 Temperature dependence of composition x in NaCl-I and

NaCl-II
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It is unclear whether the phase crystallizes at 274 K, due to

a weak diffraction peak. TEM observation of the composite

film at 274 K is performed next.

Figure 7a presents a TEM image of the composite thin

film at a substrate temperature of 274 K. Slightly dark

isolated particles of 15–30 nm are dispersed in the sample.

Figures 7b and c present at high-resolution TEM image of

the two typical dotted areas in Fig. 7a. A lattice fringe is

clearly observed in the two sphere-like particles in Figs. 7b

and c. Fast Fourier transform (FFT) analysis determines the

details of the local structure in the nanocrystals. Figure 7d

and e depicts the corresponding FFT diffraction patterns of

the nanocrystal, denoted by circles in Figs. 7b, c. Both

diffraction patterns can be indexed to cubic PbSe. In

Fig. 7d, the spots labeled A, B, and C correspond to crystal

faces of (200), (220), and (020) in the cubic PbSe, with

plane widths of 0.309, 0.219, and 0.307 nm. The angles

labeled A-O-B, A-O-C, and B-O-C are 45�, 90�, and 45�.
The standard data indicate a plane width of 0.306 nm at

both (200) and (020), and 0.217 nm at (220), with an angle

of 45 deg for both A-O-B and B-O-C and 90 deg for A-O-

C. The lattice alignment of the nanocrystal is close to that

of bulk PbSe observed along the [111] direction In Fig. 7e,

the spots labeled A, B, and C correspond to crystal faces of

(02-2), (20-2), and (2-20) in the cubic PbSe, with plane

widths of 0.221, 0.220, and 0.220 nm. The angles labeled

A-O-B, A-O-C, and B-O-C are 59�, 119�, and 60�. The
standard data (JCPDS 06-0354) indicate a plane width of

0.217 nm at (02-2), (20-2), and (2-20), with an angle of 60�
for both A-O-B and B-O-C and 120� for A-O-C. The lattice

alignment of the nanocrystal corresponds to that of bulk

PbSe observed along the [100] direction. These analysis

results are close to the standard PbSe. Furthermore, all the

plane widths estimated from FFT analysis are slightly

larger than those in standard PbSe, suggesting a slight

inclusion of Te in PbSe, with no detection in our EDS

analysis. The observed nanocrystal is thus found to be the

ternary solid solution NaCl-I. It should be noted that the

PbTe1-xSex thus observed crystallizes even at 274 K, while

the XRD peak of PbSe in the PbSe-ZnSe composite thin

films is weak even at the relatively high temperature of

403 K [24]. In contrast, PbTe crystallizes even at 274 K in

PbTe-ZnTe composite thin films in our preliminary

experiment. These results suggest that the slight inclusion

of Te in PbSe stabilizes a crystalline state at a relatively

low substrate temperature. Figure 8 depicts the optical

absorption spectrum of the composite thin film prepared at

274 K. For comparison, the optical absorption spectrum of

pure ZnSe thin film is also presented. The absorption edge

in pure ZnSe appears at relatively high photon energy

(2.65 eV), while the composite film exhibits broad

absorption with onset absorption at 1 eV, due to the pres-

ence of PbTeSe nanocrystals embedded in the ZnSe matrix.

One-step synthesis provides a nanocomposite thin film

with PbTe1-xSex nanocrystals embedded in the ZnSe

matrix during phase transformation from PbTe to ternary

solid solution with a slight inclusion of Te (NaCl-I). In the

composite, ZnSe is the most thermodynamically

stable among lead- and zinc-chalcogenides with he lowest

free energy of reaction [25]. Hence, it is reasonable for

Fig. 7 Direct observation of

composite thin film prepared at

the substrate temperature of

274 K. a TEM image. b and

c High-resolution EM images of

the dotted areas in Fig. 7a.

d and e FFT diffraction patterns

of the selected areas denoted by

circles in Fig. 7b, c
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ZnSe to appear in the production, regardless of the source

temperature of PbTe. Thus, the composition in PbTe1-xSex
nanocrystal can be controlled independently, while the

ZnSe matrix remains unchanged. The present result of

producing PbTe1-xSex additionally suggests similar phase

transformation from PbS, which is also in the lead-

chalcogenide family, to ternary solid solution PbS1-xSex.

In our preliminary experiment, evaporation sources with

PbS and ZnSe provide a composite film with PbSe1-xSx
and ZnSe, indicating that PbS also phase transforms to

ternary solid solution PbS1-xSex in one-step synthesis.

Conclusions

We investigated one-step synthesis of a composite thin film

with PbTe1-xSex nanocrystals embedded in a ZnSe matrix

during HWD with evaporation sources ZnSe and PbTe.

Crystallized ZnSe appears regardless of temperature in the

PbTe-source and substrate. Evaporated PbTe transforms to

PbTe1-xSex ternary solid solution during the reaction

between the two sublimated species PbTe and Se, which is

dissociated from ZnSe. Se concentration x decreases with

increasing source temperature of PbTe. The PbTe1-xSex
thus obtained crystallizes even at a relatively low substrate

temperature of 274 K and disperses in the film as a

nanoparticle of 15–30 nm. The ternary solid solution is

expected to modify various properties (e.g., energy band

gap and carrier concentration). Further investigation is

therefore needed on the composite thin film with ZnSe and

PbTe1-xSex ternary solid solution.
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