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Abstract PbSeTeO quaternary thin films with different

thickness were grown on Si(100) substrates by magnetron

sputtering. The as-prepared thin films show face centered

cubic crystal structure and the main diffraction peak varied

from PbSe(220) to PbSe(200) with the film thickness due to

the transition between the surface energy and the strain

energy contributions to the growth mechanism. A red shift

of the absorption edge from 2200 cm-1 (4.55 lm) to

1400 cm-1 (7.14 lm) with the film thickness was obtained,

indicating that increasing the thickness is an effective

method to expand the absorption range of the sputtered

PbSeTeO quaternary thin films. The photoelectric sensi-

tivity increased almost linearly with the film thickness.

This is attributed to the decrease of the density of states

(DOS) near the top of the valence band, the increase of

DOS near the conduction band bottom and the narrowing

of the optical band gap calculated by the generalized gra-

dient approximation with the Perdew–Burke–Ernzerhof

exchange correlation functional formalism.

1 Introduction

Lead chalcogenides have been widely used as infrared

detectors [1], laser diodes [2], thermoelectric devices [3],

solar cells [4], etc. The absorption range of these materials

covers 3–30 lm, since the band gaps can be varied from 0

to 0.5 eV by adjusting the film composition and operating

temperature [5]. Among these lead chalcogenides, lead

selenide (PbSe) thin films have attracted wide attention due

to their unique properties. PbSe is a narrow and direct band

gap IV–VI semiconductor, which has ten valence electrons

instead of eight electrons for common III–V (ex. GaAs)

and II–VI (ex. ZnS) compounds [6]. Besides, PbSe has

high carrier mobility and large dielectric constant, leading

to the PbSe devices maintaining superior performance

within a wide working temperature range [7].

Generally, optical and photoelectric properties of the

PbSe thin films can be improved by doped with other

elements, such as Te [8], S [9], Sn [10], Cd [11], Sr [12],

etc., since the band structure, especially the band gap and

the density of states (DOS) of PbSe, can be modified by

these doping elements. Te element has attracted great

attention due to the superior photoelectric and thermo-

electric properties of the PbSeTe materials. Kumar et al.

[13] characterized the optical and electrical properties of

the PbSe1-xTex thin films, and found that the band gap and

conductivity varied dramatically with the composition of

the thin films. Naeemullah et al. [14] studied the structural

and optoelectronic properties of PbSexTe1-x via first prin-

ciples calculations, and suggested that the maximum opti-

cal conductivity of these materials in the 2–4 eV range

makes them usable as solar cells and various detectors. On

the other hand, the maximum reflection of these materials

is above 50 %, allowing high frequency radiation shielding

application. Generally, further sensitizing treatment, also

known as oxidizing treatment, is necessary to improve the

photoelectric properties of the PbSe thin films [15]. Gautier

et al. [16] found that the oxygen-induced sensitization

could alter the microstructure, phase composition, and

consequently optical and photoelectric properties of the

polycrystalline PbSe thin films. Besides, Jung et al. [17]
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demonstrated that the oxidized surface of the PbSe nano-

wires prepared by the radio frequency magnetron sputter-

ing significantly affects their optical properties and creates

strong confined states. However, few of the current litera-

ture reports dealt with the sensitizing treatment during the

deposition process. This can create homogeneous distri-

bution of oxygen atoms in the thin films, requiring further

studies.

Until now, the lead chalcogenides thin films have been

successfully prepared by using chemical bath deposition

[18], electrochemical deposition [19], thermal evaporation

[20] and molecular beam epitaxy [21], etc. Magnetron

sputtering has been widely used to prepare semiconductor

thin films, outperforming other deposition techniques [22].

Jdanov et al. [23] have used magnetron sputtering to

deposit PbTe thin films on Si(111) substrates, and the as-

prepared thin films show high crystallinity. However, these

sputtered thin films were quite thin (80–300 nm) due to the

high stresses developed in the films, inhibiting thicker films

deposition. Hence, it is essential to decrease the film

stresses and increase the film thickness to expand the

application range. On the other hand, the photoelectric and

optical properties of the lead chalcogenides thin films vary

with the film thickness due to the evolution of the

microstructure and lattice constant [24, 25]. However,

the mechanism is unclear, and it is necessary to explain

these results based on the atomic scale.

In this paper, three PbSeTeO quaternary thin films with

different thickness were grown on Si(100) by magnetron

sputtering, studying the thickness effects on the crystal

structure, optical properties and photoelectric sensitivity by

field emission scanning electron microscopy (FE-SEM),

X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(XPS) and Fourier transform infrared spectroscopy (FT-

IR). Interestingly enough, the photoelectric sensitivity of

the sputtered PbSeTeO quaternary thin films increased

almost linearly with the film thickness due to the band gap

and DOS variations, confirmed by theoretical calculations

based on the generalized gradient approximation (GGA)

with the Perdew–Burke–Ernzerhof (PBE) exchange corre-

lation functional formalism.

2 Experimental

2.1 Deposition

Three PbSeTeO quaternary thin films with different

thickness were grown on the Si(100) substrates under

5 9 10-3 Pa base pressure by the PM500-S magnetron

sputtering system equipped with the MF-5K medium fre-

quency power source. The PbSeTe ternary alloy targets

used in this research were hot pressed PbSeTe powders

(nPb:nSe:nTe = 47.5:47.5:5) with 99.99 % purity. During

the deposition process, high purity Ar gas (99.99 %) used

as the sputtering ions were introduced into the sputtering

chamber with a constant flux of 30 standard cubic cen-

timeters per second (sccm) controlled by a mass flow

controller. Since oxygen atoms can act as the ‘‘sensitizer’’,

which improves the photoelectric sensitivity of the PbSe

thin films [25], oxygen was introduced into the sputtering

chamber with a constant flux of 1 sccm during the sput-

tering process. The deposition time was set to 120, 180 and

240 min, corresponding to the film thickness of about 420,

650 and 860 nm, respectively.

2.2 Characterization

The surface and cross-section morphology of the sputtered

PbSeTeO quaternary thin films were characterized by the

field emission scanning electron microscopy (FE-SEM,

Zeiss Auriga) with 15 kV operating voltage. The crystal

structure was studied using the rotating anode diffrac-

tometer (Dmax-RB 12 kW, Rigaku) with the Cu radiation

source (k = 1.5406 Å) in the 2h angle ranged from 10� to
65�.

The XPS measurements were conducted on the thin

films surface by using the AXIS ULTRADLD (SHI-

MADZU) X-ray photoelectron spectrometer equipped with

the Al Ka source, hm = 1486.6 eV. Further XPS mea-

surements were performed after the film surface was etched

for 60 s by Ar? with 3000 eV etching energy to study the

oxidation layer and the difference of the chemical states in

the film.

Photoelectric properties of the sputtered PbSeTeO qua-

ternary thin films were characterized by the two-probe

method in a dark chamber equipped with a 275 W infrared

light source and a digital ohmmeter. The charge carriers

concentration and mobility of the PbSeTeO thin films were

measured by the Hall effect measurements performed using

the physical properties measurement system (PPMS) with

7000 Gs magnetic field intensity and 0.7 lA current at

room temperature.

Optical properties of the thin films were studied by the

infrared absorption spectra recorded on the Nicolet Nexus

470 Fourier transform infrared spectrometer (FT-IR)

ranging from 4000 to 400 cm-1 at room temperature.

3 Results and discussion

3.1 Microstructure

It is essential to obtain thin films with high surface quality,

since the performance of the thin film devices, especially

their lifetime, is seriously affected by the surface roughness
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and cracks [26]. As seen in Fig. 1a, the surface of sputtered

PbSeTeO quaternary thin films is quite smooth and crack-

free, indicating the applicability of magnetron sputtering.

According to the cross-section images shown in Fig. 1b,

the film thickness, d, is about 420, 650 and 860 nm for the

PbSeTeO thin films deposit 120, 180 and 240 min,

respectively, as listed in Table 1. The film thickness

increases almost linearly with the deposition time, as

shown in Fig. 1c, and the deposition rate of the sputtered

PbSeTeO quaternary thin films is about 3.6 nm/min.

Generally, the band structure of the semiconductor

materials is severely affected by the crystal structure,

which consequently affects their photoelectric properties

[27].

Figure 2 shows the XRD patterns of the sputtered

PbSeTeO quaternary thin films prepared with different

deposition time. Compared with the JCPDS PDF cards, all

diffraction peaks are attributed exclusively to the PbSe

phase due to low content or crystallinity of other phases.

Diffraction peaks at about 25�, 29�, 41�, 49� and 60� are

attributed to PbSe(111), PbSe(200), PbSe(220), PbSe(311)

and PbSe(400), respectively, indicating the face centered

cubic crystal structure of the sputtered PbSeTeO quater-

nary thin films.

It is interesting to note that the main growth direction

changes from [220] to [200] orientation when the film

thickness exceeds 650 nm, which may be attributed to the

transition of the controlling factor of the film growth.

Generally, the growth mechanism of the sputtered

PbSeTeO quaternary thin films is dominated by the mini-

mization of the free energy, which consists of the surface

energy and strain energy contributions [28]. In the initial

stage, the film growth is controlled by the mismatch

between the substrate and thin film, leading to the [220]

main growth direction due to the lower strain energy

compared with the [200] direction [29]. However, the stain

energy contribution decreases with the film thickness,

leading to the surface energy minimization dominating the

grow mechanism, and consequently the [200] main growth

direction due to the lower surface energy compared with

the [220] direction [30].

The average crystal size, D, the lattice constant, a, and

the average micro-strain, e, of the sputtered thin films were

calculated [31, 32], listed in Table 1.

The average crystal size increases with the film thick-

ness, and reaches 47.4 nm when the film thickness is

860 nm, which is similar to the Bohr radius (48 nm) of the

PbSe material, indicating that the prominent quantum

effect can be obtained in the sputtered PbSeTeO quaternary

thin films with the thickness \860 nm [33]. The lattice

constant of the sputtered thin films decreases from 6.1612

to 6.1504 Å with the film thickness, which is much larger

than the bulk PbSe material (6.124 Å, JCPDS 06-0354) due

to the presence of the micro-strain created by the doping

tellurium and oxygen atoms in the PbSe crystal lattice [34].

Interestingly enough, the average micro-stain decreases

with the film thickness, indicating that growth along the

[200] direction can release the strain developed in the

sputtered thin films. On the other side, the growth of the

crystal size may also release the strain.

3.2 Surface chemistry

Due to the long air exposure, an oxidation layer can be

generated on the surface of the PbSe thin films [35].

Moreover, the oxidation layer can act as a passivation

layer, which inhibits the surface recombination of the

charge carriers, and consequently improves the photo-

electric sensitivity of the PbSe thin films [25]. Within this

research, XPS measurements were performed before and

after the etching treatment to study the chemical states of

the elements of the sputtered PbSeTeO quaternary thin

films to determine the existence and the content of the

oxidation layer, with the results shown in Fig. 3.

The Pb element has two chemical states before and after

the etching treatment, as shown in Fig. 3a. The peaks with

the binding energy of about 137 eV (Pb4f7/2) and 142 eV

(Pb4f5/2) are attributed to the Pb–Se bonds of PbSe, and the
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Fig. 1 FE-SEM images of the sputtered PbSeTeO thin films: a surface, b cross-section, c variation of the film thickness with the deposition time
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peaks at about 138 eV (Pb4f7/2) and 143 eV (Pb4f5/2) are

related to the Pb–O bonds of PbO [36, 37]. Moreover, the

PbO content decreases sharply after the etching treatment,

indicating the existence of the absorbed oxygen atoms on

the surface of the PbSeTeO quaternary thin films. As

shown in Fig. 3b, the Se element also has two chemical

states before the etching treatment, and the peaks at about

53 eV (Se3d5/2) and 54 eV (Se3d3/2) are attributed to the

Pb–Se bond of PbSe, while the peaks with the binding

energy of about 58 eV (Se3d5/2) and 59 eV (Se3d3/2) are

related to the Se–O bond of SeO2. In addition, the SeO2

chemical state vanishes after the etching treatment, indi-

cating that oxygen atoms substitute Se atoms and bond

with Pb atoms [17]. For the Te element, just one chemical

state with the binding energy of 576 eV (Te3d5/2) and

Table 1 Microstructure

parameters of the sputtered

PbSeTeO quaternary thin films

Sample Deposition time (min) d (nm) D (nm) a (Å) e (910-3)

1 120 420 ± 5 16.6 6.1612 5.99

2 180 650 ± 5 19.7 6.1561 5.24

3 240 860 ± 10 47.4 6.1504 3.02
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Fig. 2 XRD results of the sputtered PbSeTeO quaternary thin films
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Fig. 3 XPS results of the sputtered PbSeTeO quaternary thin films obtained before and after 120 s etching treatment: a Pb4f spectra, b Se3d

spectra, c Te3d spectra, d O1s spectra
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586 eV (Te3d3/2), attributed to the Te–O bonds of TeO2

was detected, as seen in Fig. 3c [38]. Moreover, the

intensity of the peaks increases after the etching treatment,

indicating that the Te atoms easily bond with the oxygen

atoms during the deposition process. Before the etching

treatment, the surface of the PbSeTeO quaternary thin films

is covered with absorbed oxygen, which can be removed by

Ar? etching, as shown in Fig. 3d. Moreover, the oxides

after the etching treatment include PbO and SeO2 two

chemical states, in agreement with the above results for the

Pb, Se and Te elements.

In summary, an oxidation layer containing PbSe, PbO,

SeO2 and TeO2 was formed on the sputtered PbSeTeO

quaternary thin film surface. Moreover, the content of PbO

and SeO2 decreases sharply after the etching treatment,

which is opposite to TeO2, indicating that the Te atoms are

more easily bonded with oxygen atoms during the depo-

sition process. In addition, the content of the oxides con-

tained in the sputtered PbSeTeO quaternary thin films is

quite low, leading to the unobservable peaks in the XRD

experiments (Sect. 3.1).

3.3 Optical properties

The optical absorption spectra recorded in the infrared

regions are related to the electronic transitions, which is

useful for understanding the electronic band structure of

semiconducting materials [39]. Within this research, the

optical properties of the sputtered PbSeTeO quaternary thin

films were studied using the infrared absorption spectra

recorded from 4000 to 400 cm-1 at room temperature, as

shown in Fig. 4a. The absorbance of the PbSeTeO qua-

ternary thin films increases with the film thickness. This

may be attributed to the more intense scattering absorption

of the grain boundaries, consequently leading to larger

absorbance of the incident light, confirmed by the XRD

results listed in Table 1. Moreover, the absorption edge of

the thin films showed a red shift of 2200 cm-1 (4.55 lm)

to 1400 cm-1 (7.14 lm) as the thickness increased, indi-

cating that varying the film thickness is an effective way to

change the absorption range of the sputtered PbSeTeO

quaternary thin films.

The optical band gap, Eg, is a useful parameter to

evaluate the optical and photoelectric properties of the

sputtered PbSeTeO quaternary thin films, which can be

calculated as follows [39]:

ðahmÞ2 ¼ Bðhm� EgÞ ð1Þ

where a is the absorption coefficient, calculated as a ¼
1=d lnðI0=IÞ: Here, I0 is the incident intensity and I is the

intensity after traversing a certain thickness d of the tested

thin films. h represents the Planck’s constant, v is the

frequency of the incident beam and B is a constant. The Eg

values of the sputtered PbSeTeO thin films with the

thickness of 420, 650 and 860 nm are 0.29, 0.23 and

0.20 eV, respectively, obtained by extrapolating the linear

part of the curve to the energy axis at (ahv)2 = 0, as shown

in Fig. 4b and Table 2.

Clearly, the Eg values of the sputtered PbSeTeO qua-

ternary thin films decrease with the film thickness, which

may be attributed to the lattice constant decrease with the

film thickness, leading to weaker bound free electrons. This

speculation can be confirmed by the following band struc-

ture calculation, based on the GGA with the PBE exchange

correlation functional formalism. PbSeTeO supercells with

the lattice constant listed in Table 1 were created for the

band structure calculation, as illustrated in Fig. 5. The

calculated band gap values, E0
g, of the PbSeTeO quaternary

crystal decrease from 0.233 to 0.215 eV as the lattice

constant decreases from 6.1612 to 6.1504 Å, as shown in

Fig. 6 and Table 2. Deviation between the experimental

and calculated values is attributed to the underestimation

(a)

(b)

Fig. 4 Optical properties of the sputtered PbSeTeO quaternary thin

films: a FT-IR absorbance spectra, b relationship between the incident

beam energy hv and (ahv)2
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effect of the GGA ? PBE functional formalism, however,

the varying trend is reliable.

3.4 Photoelectric properties

The difference between the dark and light resistance is a

useful parameter to estimate the photoelectric sensitivity of

the infrared detector materials [40]. Within this research,

the dark and light resistance was obtained using the two-

probe method in a dark chamber equipped with a 275 W

infrared light source and a digital ohmmeter.

As seen in Fig. 7a, three different regions are collected

when the light is turned on and off. The dark resistance

remains almost constant before the illumination treatment.

After the light turns on, the resistance decreases sharply

and reaches saturation after about 40 s of illumination.

Finally, the resistance increases slowly after the illumina-

tion treatment, indicating that the recombination of the free

charge carries is time consuming. Moreover, the dark

resistivity of the sputtered PbSeTeO quaternary thin films

decreases with the film thickness due to the increase of the

free charge carrier concentration and mobility confirmed

by the Hall effect measurements, as shown in Fig. 7a inset

and Table 2.

Generally, the photoelectric sensitivity of the sputtered

PbSeTeO quaternary thin films can be simply represented

using D~Rt ¼ �RD � RL;t

� �
=�RD � 100%, where D~Rt is the

resistance change rate between the dark and light resistance

at illumination time t, �RD is the average value of the dark

resistance between 0 and 300 s and RL;t represents the light

Table 2 Optical and photoelectric properties of the sputtered PbSeTeO

Sample Eg (eV) E0
g (eV) �RD (MX) D ~Rt (%) n (1/cm3) l [cm2/(V s)] RH (cm3/C)

1 0.29 0.233 2.3 72.4 3.98 9 1013 1.13 -1.57 9 105

2 0.23 0.224 0.925 84.3 8.51 9 1013 2.18 -0.73 9 105

3 0.20 0.215 0.145 92.6 1.34 9 1014 3.29 -0.46 9 105

Fig. 5 PbSeTeO supercell. The

dark gray, brown, red and blue

spheres represent Pb, Se, Te and

O atoms, respectively. G (0, 0,

0), Z (0, 0, 0.5), A (0.5, 0.5, 0.5),

M (0.5, 0.5, 0.0), X (0.0, 0.5,

0.0) and R (0.0, 0.5, 0.5) are the

symmetry points of the

Brillouin zone (Color figure

online)
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Fig. 6 Band gap structure of

the sputtered PbSeTeO

quaternary thin films with

different thickness: a 420 nm,

b 650 nm, c 860 nm
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resistance after a certain illumination time, t. The D~Rt

values of the sputtered PbSeTeO quaternary thin films

increase with the illumination time, and reach saturation

after about 20 s, as shown in Fig. 7b and Table 2. More-

over, the saturation values increase almost linearly with the

film thickness, indicating that varying the thickness is an

effective way to improve the photoelectric sensitivity of the

sputtered PbSeTeO quaternary thin films.

The photoelectric sensitivity of the semiconductor thin

films is mainly affected by the concentration and mobility

of the photo-generated free charge carriers [41]. However,

the mobility of carriers is almost unchanged before and

during the illumination, which consequently leads to the

photoelectric sensitivity dominated by the concentration

contribution [42].

Moreover, the concentration is the dominating factor

since the mobility of the free charge carriers is similar for

the sputtered thin films. Hence, the PbSeTeO sample with

the thickness of 860 nm has higher photo-generated free

charge carrier concentration compared with the other two

samples, which can be clarified by the calculation results of

the DOS, shown in Fig. 8.

The total density of states (TDOS) and the partial den-

sity of states (PDOS) provide information about the band

(a)

(b)

Fig. 7 Photoelectric properties of the sputtered PbSeTeO quaternary

thin films: a variation of the film resistance in the dark and under

certain illumination, b resistance change rate under illumination as a

function of the illumination time. The insets in a and b show the

variation of the dark resistivity and average resistance change rate

with the film thickness, respectively

(a)

(b)

Fig. 8 Density of states of the PbSeTeO quaternary crystal: a partial

density of states (PDOS) of the PbSeTeO quaternary crystal, b density

of states of PbSeTeO quaternary crystal with different lattice constant

shown in Table 1. The insets in b show the magnified view of the

DOS plots labeled by the circles, and the shift in the right inset is in

meV
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structure and the carrier density distribution of the semi-

conductor materials [14]. As shown in Fig. 8a, the TDOS

of the PbSeTeO quaternary thin films is mainly affected by

the Pb-6s, Pb-6p, Se-4s, Se-4p, Te-5p, O-2s and O-2p states

in the -10 to 5 eV energy range. It is interesting to note

that the lower valence band (-9 to -6 eV) is dominated by

the Pb-6s states, while the upper valence band (-5 to 0 eV)

is mainly occupied by the Se-4p, Te-5p and O-2p states.

Moreover, the conduction band is mainly composed of the

Pb-6p state and partially occupied by the Se-4s and O-2s

states.

The DOS of the PbSeTeO quaternary crystals changes

with the lattice constant, as shown in Fig. 8b. The DOS

near the top of the valence band decreases with the lattice

constant, leading to the decrease of the recombination rate

of the photo-generated free charge carriers (electrons and

holes). On the other hand, the bottom of the conduction

band shifts to lower energy as the lattice constant decreases

from 6.1612 to 6.1504 Å, indicating the decrease of the

activation energy of the free charge carriers from the

valence band to the conduction band, i.e., the increase of

the photo-activated charge carrier concentration and con-

sequently the lower photoelectric sensitivity. Besides, the

DOS near the bottom of the conduction band increases as

the lattice constant decreases from 6.1612 to 6.1504 Å,

leading to the increase of the photo-activated charge carrier

concentration [43]. The photoelectric sensitivity of the

PbSeTeO quaternary thin films increases with the films

thickness due to these three reasons, which is in agreement

with the resistance change rate results.

4 Conclusions

Three sputtered PbSeTeO quaternary thin films with dif-

ferent thickness were successfully grown on the Si(100)

substrates by magnetron sputtering. The main growth

direction of the sputtered thin films changes from [220] to

[200] as the thickness exceeds 650 nm due to the transition

between the surface and strain energy contributions to the

total free energy. An oxidation layer, which contains PbSe,

PbO, SeO2 and TeO2, is formed on the film surface due to

the exposure to oxygen. However, the content of the oxides

contained in the thin films is low.

The absorption edge of the thin films shows a prominent

red shift of 2200 cm-1 (4.55 lm) to 1400 cm-1 (7.14 lm)

as the thickness increases from 420 to 860 nm, corre-

sponding to the optical band gap of 0.29 and 0.2 eV. The

photoelectric sensitivity of the sputtered PbSeTeO quater-

nary thin films increases almost linearly with the film

thickness due to the decrease of DOS at the top of the

valence band, the narrowing of the optical band and the

increase of DOS at the bottom of the conduction band with

the film thickness.
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