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Abstract Preparation of PbTe–ZnTe nanocomposite thin

film is investigated by one-step synthesis using hot-wall

deposition with multiple solid-state resources of PbTe and

ZnTe. X-ray diffraction and Raman spectrum indicate that

composite thin films contain PbTe with NaCl structure, and

ZnTe with zinc-blende structure. High-resolution trans-

mission electron microscopy and fast Fourier transform

analysis indicate that isolated PbTe nanocrystalline facets

are dispersed in ZnTe matrix. The two compounds phase-

separate at hetero-interface without forming a ternary solid

solution Zn1-xPbxTe. Therefore, simultaneous evaporation

of the multiple resources provides a phase-separating

nanocomposite with faceted PbTe nanocrystals embedded

in ZnTe matrix. The PbTe crystallizes even at a relatively

low substrate temperature of 274 K.

Keywords One-step physical synthesis � Nanocomposite

thin film � Physical vapor deposition � Simultaneous

evaporation � Insoluble material system � High-resolution

transmission electron microscopy

Introduction

Nanoscale semiconductor embedded in a wide-gap mate-

rial has potential application for quantum dot solar cells

due to tunableness for absorbing effective energy region in

solar radiation spectrum and impact ionization for pro-

ducing multiple electron–hole pairs per photon [1].

Nanocomposites with different combinations in nanocrys-

tal and matrix were proposed using chemical or physical

preparation techniques [2–9].

A combination of lead and zinc chalcogenide system is

valuable for preparing a nanocomposite thin film due to the

reasons as follows: (1) this system phase-separates in

thermal equilibrium without forming a solid solution, (2)

band-gap difference between lead and zinc chalcogenide is

relatively large, capable of exhibiting quantum confine-

ment effects, and (3) vapor pressures of lead and zinc

chalcogenide are similar and relatively large, capable of

simultaneously thermal-evaporating the solid-state sub-

stances. Specifically, a phase separation provides a com-

positional steepness at a hetero-interface between lead and

zinc chalcogenide with a relatively large band-gap differ-

ence. To retain the most important characteristic of phase

separation between lead and zinc chalcogenide, a technique

of hot-wall deposition (HWD) should be employed due to a

state near thermal equilibrium in a deposition atmosphere

[10]. Based on these material designs, we proposed a

composite thin film with PbSe nanocrystals embedded in a

ZnSe matrix by one-step synthesis using HWD with mul-

tiple evaporation sources of PbSe and ZnSe [11]. Further-

more, this material design with theuse of HWD exhibits a

unique characteristic of vapor-phase reaction. Evaporation

sources of PbTe and ZnSe produce a nanocomposite con-

taining ZnSe and nanocrystalline PbSe with slight inclu-

sion of Te (PbSe:Te), transforming from PbTe (evaporation

source) to PbSe:Te (film production) [12]. Different

evaporation sources (PbSe or PbTe), therefore, provide

similar nanocrystalline PbSe, but the XRD peaks of pure

PbSe nanocrystals are weak even at a relatively high sub-

strate temperature of 403 K [13], whereas nanoscale

PbSe:Te crystallizes even at 274 K [12]. These results

suggest that slight inclusion of Te in PbSe nanocrystal
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stabilizes the crystalline phase. Further investigation is

needed whether pure PbTe nanocrystal actually stabilizes

at a relatively low temperature. Moreover, a composite

with PbSe nanocrystals embedded in ZnSe matrix exhib-

ited n-type conductivity in our preliminary experiment,

while compound semiconductor ZnTe tends to exhibit

p-type conductivity [14]. Hence, composites with Pb and

Zn chalcogenide system will possibly provide a p-n junc-

tion. Conductivity type should be investigated on ZnTe

prepared by the HWD thus employed. Therefore, the pre-

sent study employs a nanocomposite thin film with PbTe-

ZnTe system. This system phase-separates at temperatures

below 1160 K in bulk phase diagram [15]. Also, a

nanocomposite thin film of PbTe nanocrystal embedded in

a ZnTe matrix is capable of exhibiting quantum size effects

because of the relatively large exciton Bohr radius of

46 nm in PbTe [16], and the relatively large band-gap

difference between ZnTe (2.25 eV) [17] and PbTe

(0.31 eV) [18] with type-I band offset [19]. Also, vapor

pressure of PbTe [20] is similar to that of ZnTe [21].

Hence, simultaneous evaporation of solid-state sources

(PbTe and ZnTe) is available for preparing a nanocom-

posite thin film with PbTe nanocrystals embedded in ZnTe

matrix using HWD.

Experimental

A nanocomposite thin film was prepared using HWD

described elsewhere [11]. Here, PbTe and ZnTe were used

as evaporation sources with 5N purity (Furuuchi Chemical,

Tokyo, Japan). The two sources were located at different

positions in a quartz liner to simultaneously thermal

evaporate on a glass (Corning Eagle 2000, NY, USA) or Si

substrate. The substrate temperature was changed by cir-

culating water controlled at temperatures from 274 to

350 K. The temperatures were kept constant at 843 K for a

source of ZnTe, and 683 K for the wall, which is located at

another position without any source in the quartz liner. The

temperature for a source of PbTe was varied from 713 to

778 K, to provide different PbTe concentrations. The 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 dis-

persive 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. 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. 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. Current–voltage curve and pho-

tocurrent spectrum of the film were measured using pho-

tocurrent spectrometer (BUNKOUKEIKI, Tokyo, Japan).

Results and discussion

Figure 1 depicts the XRD pattern of the thin films as a

function of the concentration of Pb. In this case, the sub-

strate temperature is kept constant at 350 K. Simultaneous

evaporation enables multiple inclusions of elements (Pb,

Zn, and Te), due to similar vapor pressures in PbTe [20]

[log(p/atm) = -11636T-1 ? 7.946, where T is Kelvin

temperature] and ZnTe [21] [log(p/atm) = -10627T-1 ?

6.771]. The concentration of Pb can be controlled by the

source temperature of PbTe. In the figure, a zinc-blende

structure is first observed at 0.7 at.%Pb with dominantly

[111] orientation despite the use of a glass substrate. A

different phase with NaCl structure appears at 0.8 at.%Pb

and any peak attributing to elements (Zn, Pb, and Te)

cannot be seen in the pattern. Hence, the polycrystalline

films form a phase mixture of zinc-blende structure and

NaCl structure. The composition ratio in cation with Zn

and Pb, and anion with Te tends to deviate Te-excess from

stoichiometry in almost samples. In thermal evaporation of

sources (PbTe and ZnTe), PbTe sublimates as a form of

binary compound with species of 98 % in vapor phase [22]

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

ment [23] [ZnTe(s) = Zn(g) ? 1/2Te2(g)]. Hence, a

deviation from stoichiometry dominantly depends on the

dissociated elements (Zn and Te). The Te-excess tendency

suggests that the condensation coefficient of Te exceeds

that of Zn.

Fig. 1 XRD pattern of thin films with respect to the source

temperature of PbTe. Black dots indicate a phase with NaCl structure

and circles indicate a phase with zinc-blende structure
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Figure 2a depicts the lattice constant of the thin films as

a function of the concentration of Pb. The lattice constant is

estimated from the XRD peak at (111) Bragg reflection for

zinc-blende structure and the peak at (220) for NaCl

structure. The dotted lines indicate the lattice constants of

standard ZnTe and PbTe. The lattice constant of the NaCl

structure is almost the same to that of the standard PbTe

regardless of the concentration of Pb. If a solid solution is

formed in PbTe with element Zn, the lattice constant

should decrease with increasing concentration of Pb, due to

the difference in radii between Pb and Zn. Therefore, the

phase with NaCl structure is reasonably assigned to PbTe.

In the phase with zinc-blende structure, the lattice constant

is slightly smaller than that of standard ZnTe and is almost

unchanged regardless of the concentration of Pb. Figure 2b

indicates the optical absorption spectrum of the thin film

with 0.7 at.%Pb, 47.8 at.%Zn, and 51.5 at.%Te. The

spectrum exhibits an optical absorption edge with an

energy band gap of 2.24 eV, corresponding well to that of

ZnTe (2.25 eV) [17]. Furthermore, Raman spectrum of the

film (Fig. 2c) contains four peaks at 206 cm-1 and its

phonon replica is in good agreement with the Raman

spectrum of ZnTe due to a longitudinal optical phonon

mode (1LO) at 206.5 cm-1 [24]. Hence, the phase with

zinc-blende structure is reasonably assigned to ZnTe

without alloying with Pb. Therefore, the thin films form a

phase mixture of PbTe with NaCl structure and ZnTe with

zinc-blende structure. The two compounds (PbTe and

ZnTe) are therefore found to phase-separate even in the

film production following the bulk phase diagram [15],

during a simultaneous evaporation of solid-state sources

(PbTe and ZnTe). This result also indicates that a deposi-

tion process using HWD provides a state with thermal

equilibrium, since a preparation technique such as

molecular beam epitaxy with thermally non-equilibrium

provides a solid solution with a solubility range beyond

that at thermal equilibrium [25].

Figure 3a presents a TEM plane view image of the thin

film with 3.6 at.%Pb, 44.9 at.%Zn, and 51.5 at.%Te (i.e.,

about 7 at.%PbTe). The morphology is found to form a

nanocomposite with slightly dark isolated nanoparticles

dispersed in a bright matrix. The nanoparticles are well

developed with sizes of 30–100 nm. In particular, it should

be noted that faceted nanoparticles are frequently observed.

The inset in Fig. 3a presents an enlarged image of typical

faceted nanoparticle as denoted by the dotted line in

Fig. 3a. A hetero-interface between the faceted nanocrystal

and a crystalline matrix can be observed. The composite

thin film forms polycrystalline structure (Fig. 1), but the

geometric shape of the facet enables a fine observation of a

lattice alignment at a nanoscale hetero-interface. Figure 3b

represents high-resolution TEM image of the dotted square

area in the inset in Fig. 3a. It is clearly found that the lattice

fringes with plane widths of 0.228 nm at (0-22) in PbTe

and 0.352 nm at (111) in ZnTe are perpendicularly aligned

at the hetero-interface. The clear hetero-interface indicates

that the two compounds phase-separate without forming an

intermediate phase such as ternary solid solution Zn1-x-

PbxTe. The strict change from PbTe to ZnTe at the hetero-

interface (Fig. 3b) is expected to produce a steep energy

potential barrier in PbTe nanocrystal for effectively con-

fining an electron excited by absorbing light. Fast Fourier

transform (FFT) analysis provides the details of the local

alignment in the faceted nanoparticle. Figure 3c, d depicts

the corresponding FFT diffraction pattern of the faceted

nanocrystal and the matrix in Fig. 3b. The diffraction

pattern can be indexed to cubic PbTe and ZnTe. In Fig. 3c,

the diffractions with label-A, B, and C are assigned to

Fig. 2 a Lattice constant of thin films as a function of the source temperature of PbTe. b Optical absorption spectrum and c Raman spectrum of a

thin film with 0.7 at.%Pb
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cubic PbTe with a plane width of 0.326 nm at (200),

0.185 nm at (-22-2), and 0.228 nm at (0-22). The angles

A-O-B, A-O-C, and B-O-C are 126�, 89�, and 145�,
respectively. The lattice alignment of the nanocrystal cor-

responds to that of the standard data (JCPDS 38-1435),

observing along the [011] direction. In Fig. 3d, the spots

are assigned to the cubic ZnTe with a plane width of

0.352 nm at (111) and (-1-1-1), corresponding well to

the standard data in cubic ZnTe (JCPDS 15-0746). The

results indicate that a growth direction of [111] in ZnTe

aligns along that of [100] in PbTe. Furthermore, additional

FFT-analysis (not shown here) also indicates [111] orien-

tation in ZnTe matrix even at a different hetero-interface of

[111] in the PbTe facet. Also, a pure ZnTe polycrystalline

film exhibits a dominant growth orientation of [111]

despite the use of a glass substrate in our preliminary

experiment. Therefore, the ZnTe matrix at the hetero-in-

terface (Fig. 3b) is reasonably considered to be an adhesive

growth on the PbTe facet. It is considered as a kinetics of

producing such alignment that a faceted PbTe nanocrystal

is first developed on a film surface, and vaporized elements

(Zn and Te) are subsequently deposited on the faceted

PbTe [e.g., at (200)] for constructing a ZnTe compound

(i.e., the facet just plays a role like a nanoscale substrate),

since the solid-state sources dominantly evaporate as a

form of binary compound in PbTe [22] and dissociate to

each element in ZnTe [23]. The Te-excess tendency

(Fig. 1) suggests that an element Te [i.e., (111)B] tends to

first deposited on the PbTe facet prior to an element Zn

[i.e., (111)A]. The faceted PbTe (inset in Fig. 3a) forms

polyhedron shape. A nanocrystalline shape depends on a

ratio of growth rate in [100] direction to that in [111]

direction, forming cubic shape with a ratio of 0.58, and

octahedron shape with a ratio of 1.73 [26]. The size of

{200} facet in the inset in Fig. 3a exceeds that of {-22-2}

facet. This result suggests that the ratio of growth rate in

the faceted PbTe nanocrystal is less than 1 during the

simultaneous evaporation with PbTe and ZnTe. A ratio of

growth rate in ZnTe to that in PbTe will also affect the

shape of faceted PbTe nanocrystal, while the present study

employs relatively low inclusion (i.e., low growth rate) of

PbTe (Fig. 1). It is, therefore, found that one-step synthesis

provides a nanocomposite thin film with faceted PbTe

nanocrystals embedded in ZnTe matrix, with clear phase

separation at hetero-interface.

In our previous study, a composite with PbSe

nanocrystals embedded in ZnSe matrix exhibited n-type

conductivity, whereas a compound semiconductor ZnTe

tends to exhibit p-type conductivity [24]. Hence, compos-

ites with Pb and Zn chalcogenide system will possibly

provide a p–n junction. Conductivity type is next investi-

gated on ZnTe employed as the matrix in the nanocom-

posite thin film. Figure 4a depicts current–voltage curves

of ZnTe thin films prepared on Si substrate with n-type and

p-type conductivity using HWD with an evaporation source

of ZnTe without PbTe. ITO electrode with 20 nm-thick is

deposited on the ZnTe thin films and In-electrode is con-

tacted to Si substrate as indicated in the inset. The ZnTe

thin film on p-type Si exhibits rectifying behavior in the

dark and photovoltaic characteristic with an open circuit

voltage of 0.12 V under irradiation of solar simulator

(AM1.5), whereas the ZnTe thin film on n-type Si provides

a weak behavior in the dark. This result suggests that the

ZnTe thin film has n-type conductivity. Hence, p-type Si is

employed as a substrate for preparing the nanocomposite

thin films to investigate photocurrent spectrum. Figure 4b

depicts typical normalized photocurrent spectra of the

nanocomposite thin films prepared at a substrate

Fig. 3 Direct observation of a

thin film with 3.6 at.%Pb.

a Plane view TEM image. Inset

indicates an enlarged image of

the dotted area. b High-

resolution TEM image of the

selected area denoted by square

in the inset in a. c FFT

diffraction pattern of the slightly

dark nanocrystalline facet in

b. d FFT diffraction pattern of

the bright area in b
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temperature of 350 K. The broad spectra can be observed

in the wavelength range. The photocurrent generates at

wavelengths exceeding 549 nm as indicated by dotted line

(energy band gap of ZnTe) and wavelengths below

1200 nm that is considerably apart from the energy band

gap of PbTe (4000 nm). The PbTe nanocrystals exhibit no

obvious quantum size effects due to their relatively large

size (Fig. 3). Hence, the photocurrent reasonably depends

on Si substrate. The normalized photocurrent decreases in

visible wavelength range with increasing Pb concentration.

This result indicates that an increase of PbTe nanocrystals

with relatively large size in the nanocomposite reduces a

photoresponse in visible range. Doping impurity will be

needed to prepare p-type ZnTe.

Next, temperature dependence of substrate is investi-

gated to clarify temperature stability of PbTe nanocrystals

embedded in ZnTe matrix. Figure 5a depicts the XRD

pattern of nanocomposite thin films with respect to sub-

strate temperature. In this case, Pb concentration is kept

constant at 5.3 ± 0.5 at.% (except the sample at 274 K

with 1.4 at.%Pb), since mean grain size of PbTe minimizes

at 5.3 at%Pb with respect to Pb concentration in the range

from 1.7 to 6.1 at.% in our preliminary experiment. Hence,

most of the nanocomposite thin films are expected to

contain about 10 at.%PbTe. The dotted line indicates the

peak position of standard PbTe and ZnTe. The diffraction

peaks in PbTe with NaCl structure and ZnTe with zinc-

blende structure are clearly observed at 274 K. Hence, the

composite film with PbTe nanocrystals embedded in ZnTe

matrix is crystallized even at a relatively low temperature

of 274 K. In our previous study, the XRD peak of PbSe in

the PbSe–ZnSe composite thin films is weak even at the

relatively high temperature of 403 K [13]. Furthermore,

nanoscale PbTeSe ternary solid solution crystallizes at a

substrate temperature of 274 K in a composite film with

ZnSe matrix [12]. The present result (Fig. 5a) strongly

suggests that an inclusion of Te in PbSe stabilizes a

nanocrystalline state embedded in ZnSe matrix at relatively

low temperature. The mean grain size of PbTe is depicted

in Fig. 5b. The mean grain size is estimated from the full

width at half maximum of the diffraction peak, according

to Scherrer’s formula [27]. The size varies from 22 to

13 nm with respect to the substrate temperature, but there

is no obvious tendency. It is, therefore, found in the PbTe–

ZnTe nanocomposite thin films that both the compounds

crystallize even at a substrate temperature of room tem-

perature without any post-annealing.

One-step synthesis provides a nanocomposite thin film

with faceted PbTe nanocrystals embedded in ZnTe matrix

during simultaneous evaporation of solid sources (PbTe

and ZnTe) with similar vapor pressures. The composite has

a strict hetero-interface between PbTe and ZnTe, without

forming a ternary solid solution such as Zn1–xPbxTe.

Hence, PbTe nanocrystal is expected to form a steep

energy potential barrier with type-I band offset [19].

According to Brus model [28], the ground state transition

of electron–hole pairs in PbTe nanocrystal is calculated to

be 0.38 eV with a mean grain size of 13 nm at 290 K,

which is the smallest size thus obtained in the present

study. The estimated band gap is close to that of bulk PbTe

(0.31 eV). The nanocomposite thin film actually exhibits

broad optical absorption toward infrared range. This broad

absorption suggests that quantum size effects are weak in

the PbTe nanocrystals. Further decrease in grain size of

PbTe nanocrystals is therefore needed to enhance quantum

size effects.

Conclusion

We investigated one-step synthesis of a nanocomposite

thin film with faceted PbTe nanocrystals embedded in

ZnTe matrix using HWD with solid-state sources (PbTe

and ZnTe). Similar vapor pressures in the two compounds

Fig. 4 a Current–voltage curve of ZnTe thin films and b normalized photocurrent spectrum of nanocomposite thin films
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enable simultaneous evaporation in addition to a compo-

sitional control of PbTe. The compounds phase-separate at

the hetero-interface without forming an intermediate phase

such as ternary solid solution Zn1–xPbxTe. Also, a faceted

PbTe nanocrystal forms polyhedron shape in ZnTe matrix.

The ZnTe tends to grow [111] direction at the hetero-in-

terface. The nanocomposite crystallizes even at 274 K (i.e.,

enabling a preparation at room temperature without post-

annealing), exhibiting temperature stability at relatively

low substrate temperature. Current–voltage curve suggests

that the ZnTe thin film prepared by the HWD apparatus

exhibits n-type conductivity. Doping impurity will be

needed for preparing p–n junction using lead and zinc

chalcogenide system.
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