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A B S T R A C T   

Zn-Sb alloys are potential low-cost and non-toxic p-type thermoelectric materials for applications in the tem-
perature range between 300 and 700 K. In this experiment, Zn-Sb alloy films were prepared by electron beam 
evaporation through an ion beam assisted deposition (IBAD). Our studies have confirmed that the structural 
phase, chemical composition, chemical binding, carrier concentration and microstructures of the film can indeed 
be effectively controlled by the voltage and current of the ion beam. Particularly, the carrier concentration of the 
film will rise along with the increase of the argon ion beam current. When the ion beam currents are set at 
0.2–0.6 A, the carrier concentrations of the films can be controlled at around 1019–1020 cm− 3, which fall within 
the optimal carrier concentration range for Zn-Sb based thermoelectric materials. The temperature dependence 
of Seebeck coefficient and the electrical conductivity of the films were measured to evaluate their thermoelectric 
performance. The results indicate that the film with Zn4Sb3 + ZnSb mixed phase will have better thermoelectric 
properties. A high power factor value of ~1280 μW/m-K2 is obtained in the films assisted by the ion beam 
current of 0.6 A. Our results demonstrate that the IBAD technique is extraordinary promising to fabricate Zn-Sb 
films with excellent thermoelectric performance and can be used to produce other potential thermoelectric 
materials.   

1. Introduction 

Recently, the rising demand for thermoelectric (TE) materials with 
high conversion efficiency have attracted much attention in the fields of 
device applications and materials science [1–3]. While previous re-
searchers focused on bulk materials for high-power applications [4,5], 
researchers in recent years put an emphasis on low-power applications 
of sensors and devices based on the thin film and micro devices tech-
niques [6–8]. However, the main challenge that prevents TE materials 
from being widely used is its relatively low thermoelectric conversion 
efficiency, which is usually evaluated by the figure of merit, ZT = σS2T/ 
κ, where σ is the electrical conductivity, S is the Seebeck coefficient, T is 

the absolute temperature, κ is the thermal conductivity consisting of a 
contribution from the charge carrier κe and the lattice κL. σS2 is known as 
the power factor (PF). Obviously, potential TE materials should have 
both a high Seebeck coefficient and a high σ/κ ratio. Over the past de-
cades, several promising strategies such as thin film engineering [1,9], 
hierarchical structuring [10] and band structure engineering [11] have 
been developed to overcome this challenge by reducing thermal con-
ductivity and/ or enhancing the power factor to increase ZT. 

Owing to the growing interest in self-powered microelectronic sys-
tems, TE films have recently played an important role in the develop-
ment of various miniaturized thermoelectric systems [12,13]. Many 
techniques, including electrochemical deposition, co-evaporation 
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deposition, and sputtering deposition, have been utilized to grow ther-
moelectric thin films such as Bi2Te3, Sb2Te3 and Zinc antimonides 
[14–19]. Zinc antimonide is an alternative to PbTe-based thermoelectric 
materials. Due to its low cost, relatively large abundance, and low 
toxicity of Zn and Sb, it shows an overwhelming advantage in com-
mercial applications in the temperature range (300–700 K) [20–22]. 

In the manufacturing process, most of Zn-Sb films need to be 
annealed to improve their thermoelectric properties. Being able to 
control the phase formation is hugely critical for tuning the TE proper-
ties of zinc antimonide [9,23,24]. After reviewing several literatures, it 
is found that the preparation of Zn-Sb alloy thin films by evaporation is 
seldom reported. In this paper, we applied ion beam assisted deposition 
technique in the e-gun evaporation process to improve the crystallinity, 
compactness and adhesion of the films. It is well known that the e-gun 
evaporator uses high-energy electron beam kinetic energy to convert the 
thermal energy required to melt the evaporation source, thereby heating 
the coating material in the crucible and depositing it smoothly on the 
substrate. 

However, the atoms leaving the electron-beam melt usually only 
have a kinetic energy of 0.1–1 eV, which makes the deposited film 
structure loose, with the adhesion and compactness also poor. To 
improve the above disadvantages, we use an additional ion gun to assist 
in electron beam evaporation. The substrate can be cleaned by ion beam 
before film deposition. During deposition, it can be used to adjust the 
stoichiometry and structure of the films. The compactness of the films 
can also be improved by ion beam bombardment. Furthermore, the 
structure of the film and its corresponding thermoelectric properties will 
be discussed in depth in this article. 

2. Experimental details 

Zn-Sb alloy films all with thickness of 1000 nm were deposited on 
Corning 1737F glass by electron beam evaporation using an argon ion 
beam assisted deposition (IBAD) at room temperature. The base pressure 
was less than 5 × 10− 6 torr and the working pressure was set at 1.5 ×
10− 4 torr with Ar of 5 sccm as the ion source. The Zn4Sb3 slugs served as 
the evaporation source. Fig. 1 shows an illustration of the evaporation 
process. The as-deposited samples were then annealed under argon gas 
atmosphere at 523 K for one hour and then water quenched to room 
temperature. The X-ray diffraction (XRD) patterns of Zn-Sb alloy films 
were collected by using x-ray diffraction diffractometer (PANalytical 
X’Pert Pro) with a Cu Kα X-ray radiation. The microstructures of the 
films were investigated by a scanning electron microscope (SEM, 
HITACHI S-3400N) and a transmission electron microscope (TEM, JEOL 
2100F) with accelerating voltage of 200 kV. The chemical compositions 
of the films were characterized by the electron probe microanalyzer 
(EPMA JXA-8200, JEOL). The carrier concentrations of the films were 
measured by a Hall effect analyzer (AHM-800B, Agilent Technologies) 
with Van der Pauw’s configuration. The Seebeck coefficient and elec-
trical resistivity of films were measured using a commercially available 
instrument (ZEM-3, ULVAC-RIKO, Japan) under a helium atmosphere 
from room temperature to 550 K. The margin of error for the Seebeck 
coefficient and electrical conductivity measurement is 2–4%, while the 
margin of error for the power factor is ~10%. The X-ray photoelectron 
spectroscopic analysis (XPS) was performed using a Model Sigma Probe 
manufactured by Thermo VG-Scientific Company. 

3. Results and discussion 

The prepared Zn-Sb alloy films are usually heat-treated to improve 
their thermoelectric properties. The effects of heat treatment on the 
structural phase and crystallinity of Zn-Sb alloy films were investigated 
[25]. We found that when the annealing temperature is higher than 523 

Fig. 1. The illustration of the evaporation process.  

Fig. 2. XRD patterns of Zn-Sb films prepared by IBAD using (a) constant ion beam current (0.2 A) and varying ion beam voltage, (b) constant ion beam voltage (90 V) 
and varying ion beam current. 
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K, the film has remarkable crystallinity in the mixture of Zn4Sb3 and 
ZnSb phases. In all experiments of varying ion voltages and currents, the 
films’ deposition rate was 6 Å/s and all films were subjected to a heat 
treatment process at 523 K for one hour, and then cooled down to room 
temperature by water quenching. 

It is known that ion source energy can be altered by adjusting the 
anode voltage or current. When the energy of the ion beam is increased; 
namely, when the bombardment energy is increased, the kinetic energy 
of the deposited molecules can be increased. In turn, the generation of 
pores and columnar structures can be reduced. In contrast, if the ion 
energy becomes too high, it will cause the deposited molecules to be 
blown out and collide with other molecules that are being subsequently 
deposited. Thus, the mobility and kinetic energy of the deposited mol-
ecules on the other hand will diminish, which will result in a decrease in 
the bulk density of the film. To optimize the effect of IBAD on the 
structure of Zn-Sb alloy thin films, a systematic study of XRD analysis 

has been carried out. In Fig. 2a, all films were prepared by setting a 
constant ion beam current (0.2 A) and changing the ion beam voltage. It 
can be seen that when the Ar ion beam voltage is set at 90 V, the crys-
talline phase is a mixed phase of Zn4Sb3 + ZnSb, and has good crystal-
linity. When the Ar ion beam voltage is raised to 120 V, the phase 
structure with a mixed phase of ZnSb + Zn4Sb3 still exists, but the ZnSb 
phase becomes the dominant phase. By adjusting the voltage of the Ar 
ion beam we can easily alter the bombardment energy of the ion beam, 
resulting in a significant change in the phase structure of the film layer. 
Excessive Ar ion beam voltage will cause the film’s crystallinity to 
deteriorate due to the bombardment energy being too large. We also 
found that as the ion beam voltage increases, the grain size calculated 
from Scherrer equation will decrease from 20.3 nm to 13.9 nm. When 
the Ar ion beam voltage is set at 90 V, the optimal ion gun bombardment 
energy is obtained. 

We further investigated the effect of Ar ion beam current on the film 

Fig. 3. Elemental composition, XPS analysis and carrier concentrations of Zn-Sb films: (a) fixed Ar ion beam current at 0.2 A, varying Ar ion beam voltage, (b) fixed 
Ar ion beam voltage at 90 V , varying Ar ion beam current, (c) XPS spectra of Zn 2p core level of Zn-Sb films, (d) XPS spectra of Sb 3d core level of Zn-Sb films, (e) the 
relationship between carrier concentration and ion beam voltage, (f) the relationship between carrier concentration and ion beam current. 
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structure. Fig. 2b is the XRD graph of fixed Ar ion beam voltage (90 V) 
and varying Ar ion beam current in the range of 0–0.6 A. When the ion 
beam current is set at 0.2 A, the film shows a mixed phase of Zn4Sb3 +

ZnSb. As the ion beam current rises to 0.6 A, a new crystalline phase of 
Zn peak (101) appears. It can be seen that as the Ar ion beam current 
increases, the crystalline phase will gradually change from the original 
ZnSb + Sb mixed phase to the Zn4Sb3 + ZnSb + Zn mixed phase. We 
believe that because the melting point and boiling point of Zn are 
relatively lower than Sb, it is easy to vaporize Zn at low pressures. 
Therefore, the increase of the current through the Ar ion beam will 
greatly increase the probability of bombardment, which will cause Zn to 
be more easily deposited on the substrate. 

Fig. 3 shows the detailed analysis of elemental composition, chemi-
cal binding environment and carrier concentrations of Zn-Sb films 
deposited by electron beam evaporation through IBAD technology under 
different conditions. Fig. 3a is the composition diagram of when the Ar 
ion beam current was fixed at 0.2 A and the Ar ion beam voltage is 
changed from 0 to 150 V. We can see that as the voltage of the argon ion 
beam increases, the content of Zn gradually increases, while the content 
of Sb decreases. This is because the energy of the ion beam bombard-
ment in the film rises, which then introduces more Zn to change the 
phase structure. Fig. 3b is a composition diagram of when the Ar ion 
beam voltage is fixed at 90 V and the Ar ion beam current is varied from 
0 to 0.6 A. It can be observed that with the increase of the Ar ion beam 
current, the content of Zn also rises, while the content of Sb decreases. 
Due to the increase of Zn content, the phase structure gradually changes 
from ZnSb + Sb mixed phase to form Zn4Sb3 + ZnSb + Zn mixed phase. 
Our results indicate that ion beam currents of 0.2 and 0.6 A can provide 
a suitable condition for the preparation of mixed phase films with more 
uniform and dense grain distribution. According to previous reports 
[23], a more dense and uniform thin film formed from the Zn4Sb3 phase 
will have better thermoelectric properties. Therefore, from the above 
composition analysis results, we have proved that both the voltage and 
current of the Ar ion beam will affect the film’s structure phase and 
composition. In addition, the binding energies of Zn 2p and Sb 3d core 
levels of a series of Zn-Sb films are presented in Fig. 3c and d. It can be 
seen that the peak intensity of Zn 2p becomes stronger, and the binding 
energy of 3d5/2 shifts to a lower value upon increasing the ion beam 
current. In other words, when there is a higher ion beam current assisted 
deposition, more Zn content and more negatively charged Sb will exist 
in the film [26]. This also explains how Zn4Sb3 gradually transforms in 
the main crystalline phase in the film as the ion beam current increases. 
Overall, these results have confirmed that the structural phase and 
composition of the film can indeed be effectively controlled by the 

voltage and current of the ion beam. As a result, the carrier transport 
characteristics of the films should have also been regulated. Fig. 3e and f 
present the relationship between carrier concentration and ion beam 
parameters. On the whole, suitable ion beam parameters can adjust the 
carrier concentration of the film to the range of about 1019–1020 cm− 3 to 
ensure the best thermoelectric properties. 

Figs. 4 and 5 show the surface morphology of the Zn-Sb alloy thin 
films produced under various deposition conditions. Fig. 4 is the SEM 
image of varying the Ar ion beam voltage from 0 to 150 V. We can see 
that as the voltage of the ion beam increases, the surface particles 
become uniform and dense, which is caused by the ions bombarding the 
film layer to achieve an annealing-like effect. Fig. 5 shows the SEM 
image of varying Ar ion beam current from 0 to 0.6 A. It can be found 
that as the ion beam current rises, the surface morphology and particles 
gradually become more dense and larger. It is worth noting that when 
the ion beam current is set at 0.2 A, a mixed phase film that is more 
uniform and dense is achieved. The higher ion beam current leads to the 
formation of the metal phase Zn. Generally, the films that form Zn4Sb3 
phase with more dense and uniform particles possess better electrical 
conductivity. 

We measured the temperature dependence of Seebeck coefficient 
and electrical conductivity of films to study their thermoelectric prop-
erties, as shown in Fig. 6 (a) and (b). All the films show p-type charac-
teristics (Fig. 6a). Generally speaking, materials with lower carrier 
concentrations will have larger Seebeck coefficients. For the Zn-Sb film 
without ion-beam assisted deposition in this work, having a higher 
Seebeck coefficient is consistent with the result of carrier concentration 
measurement presented in Fig. 3f. The electrical conductivity of all films 
increased with increasing temperature, indicating their semiconducting 
properties (Fig. 6b). In particular, the thin film with Zn4Sb3 + ZnSb 
mixed phase exhibits a higher electrical conductivity and a better See-
beck coefficient in higher temperature regions. The simultaneous in-
crease in electrical conductivity and Seebeck coefficient actually 
contribute to a significant increase in power factor. For the films made 
with 0.6 A ion beam current, a relatively high power factor was ob-
tained. The maximum power factor at 550 K can be as high as ~1280 
μW/m-K2 (Fig. 6c), which is almost comparable to the recently pub-
lished record [24,27,28]. It is generally known that ZnSb phase has a 
high Seebeck coefficient and electrical conductivity with high thermal 
conductivity, whereas Zn4Sb3 phase has a low thermal conductivity and 
a small Seebeck coefficient and electrical conductivity. A material with 
both ZnSb and Zn4Sb3 mixed phases might exhibit the advantages of 
both phases, which could result in enhanced thermoelectric properties. 
The results therefore clearly indicate that as long as a film has a mixed 

Fig. 4. SEM images of varying Ar ion beam voltage with the Ar ion beam current fixed at 0.2 A.  
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phase of ZnSb and Zn4Sb3, it will have better thermoelectric properties 
than a film with only Zn4Sb3 single phase (IAr = 0.4 A) or ZnSb + Sb 
mixed phase (IAr = 0 A). In addition, we also observed in detail the 
microstructure of the best film (IAr = 0.6 A) by high-resolution trans-
mission electron microscopy (HRTEM) to understand the factors that 
may affect its thermoelectric transporting properties. From the HRTEM 

images presented in Fig. 7, we can clearly observe the grain and phase 
boundaries, and the distribution of Zn nano-inclusion in the ZnSb ma-
trix. Generally speaking, these unique nanostructures and interfaces will 
help to significantly reduce the thermal conductivity of the film and 
further enhance its TE performance. 

Fig. 5. SEM images of varying Ar ion beam current with the Ar ion beam voltage fixed at 90 V.  

Fig. 6. Temperature dependence of (a) Seebeck coefficient, (b) electrical conductivity, and (c) power factor for the Zn-Sb films prepared by IBAD by varying the ion 
beam current and fixing the ion beam voltage at 90 V. 
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4. Conclusion 

In summary, we have demonstrated that Zn-Sb alloy films can suc-
cessfully be prepared by electron beam evaporation through an ion 
beam assisted deposition. From the analysis of XRD and XPS and the 
results of thermoelectric measurements, it can be seen that when the ion 
beam voltage is set at 90 V and the current is set at 0.2 or 0.6 A, a film 
with a mixed phase of Zn4Sb3 + ZnSb and excellent thermoelectric 
properties will be produced. A high power factor value of  ~1280 μW/m- 
K2 is obtained in the films assisted by an ion beam current of 0.6 A, 
showing a greater improvement than that of the single phase. Control-
ling the structural phase and crystallinity is an effective strategy to 
improve the thermoelectric properties in zinc antimonide films. 
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