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Temperature dependent thermal 
conductivity and transition 
mechanism in amorphous and 
crystalline Sb2Te3 thin films
Qisong Li1,2,4, Jingsong Wei1, Hao Sun3, Kui Zhang1, Zhengxing Huang3 & Long Zhang2

Sb2Te3 thin films are widely used in high density optical and electronic storage, high-resolution 
greyscale image recording, and laser thermal lithography. Thermal conductivity and its temperature 
dependence are critical factors that affect the application performance of thin films. This work aims to 
evaluate the temperature dependence of thermal conductivity of crystalline and amorphous Sb2Te3 
thin films experimentally and theoretically, and explores into the corresponding mechanism of heat 
transport. For crystalline Sb2Te3 thin films, the thermal conductivity was found to be 0.35 ± 0.035 W 
m−1 K−1 and showed weak temperature dependence. The thermal conductivity of amorphous Sb2Te3 
thin films at temperatures below ~450 K is about 0.23 ± 0.023 W m−1K−1, mainly arising from the lattice 
as the electronic contribution is negligible; at temperatures above 450 K, the thermal conductivity 
experiences an abrupt increase owing to the structural change from amorphous to crystalline state. The 
work can provide an important guide and reference to the real applications of Sb2Te3 thin films.

Chalcogenide thin film materials are very useful for data storage (including optical storage and phase change 
random accessible memory)1–6 and laser thermal lithography4–12, where a laser or electric pulse interacts with 
the chalcogenide thin films and heats them to certain threshold temperature and results in a structural change 
between crystalline and amorphous states. For data storage, the information bits are recorded and read out 
according to the structural change due to contrast of reflectance or resistance between crystalline and amor-
phous states, accordingly13,14. For laser thermal lithography, the patterns can be directly inscribed on the chal-
cogenide thin films due to laser-induced relief structures15, the lithographic patterns can be also etched through 
acid or alkali solutions due to the selective-etching between crystalline and amorphous states16,17. Besides, the 
chalcogenide phase change materials have been explored new functions, such as optically photonic devices, opti-
cal mask layer in reducing the spot and lithographic width18–23, and thermoelectric devices. In these chalco-
genide phase change materials, Ge-Sb-Te family24,25, such as Ge2Sb2Te5

26, Ge1Sb2Te4
27, and Ge1Sb4Te7

28, are the 
most popular chalcogenide phase change materials in actual applications. The typical Ge2Sb2Te5 thin films have 
multi-functions29, such as super-resolution mask30, phase-selective florescence31 and image lithography32.

Actually, the basic elements of the Ge-Sb-Te family are GeTe and Sb2Te3
33,34. The Sb2Te3 is critical for the for-

mation and performances of Ge-Sb-Te alloys. In real application of Ge-Sb-Te alloys, whether data storage or laser 
thermal lithography and other aspects, the physical essence originates from the thermally-induced structural 
transformation, such as crystallization, amorphization, and melting. In the process of thermally-induced struc-
tural transformation, the temperature-dependent thermal conductivity of basic element of Sb2Te3 in Ge-Sb-Te 
alloys is one of the critical factors that determine the performances of related devices. More importantly, among 
chalcogenides, Sb2Te3 itself is also very useful in lots of aspects due to thermally-induced structural transfor-
mation, such as grayscale and pattern lithography35, thermoelectricity36,37, and optical nonlinearity-induced 
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super-resolution and nano-optical information storage38, and topological insulators39,40. These applications neces-
sitate a study of the temperature-dependent thermal properties of Sb2Te3 materials via experimental methods and 
accordingly, the mechanism should also be explored.

In past years, several reports were presented on the thermal properties of Sb2Te3 materials. For example, 
Lan et al. reported the thermal conductivity of solid Sb2Te3 at temperatures above room temperature41. Masashi  
et al. measured the thermal conductivities of crystalline Sb2Te, Sb2Te3, SbTe9, Sb, and Te thin films at room tem-
perature42. Wang et al. studied the thermal conductivity of nitrogen-doped Sb2Te3 thin films as a function of 
temperature43.

However, the temperature dependence of thermal conductivity and its mechanism in case of Sb2Te3 thin films, 
including both its crystalline and amorphous states, and the change of thermal conductivity in the process of 
structural transformation from crystalline to amorphous states still needs to be explored. This work aims to 
experimentally obtain the thermal conductivities, electric conductivities and Hall coefficient of amorphous and 
crystalline Sb2Te3 thin films, especially as a function of temperature. Furthermore, the physical mechanism and 
the contributions from lattice and electron thermal conductivities in the process of thermally-induced structural 
transformation have also been studied.

Experimental Details
Sample Preparation. Amorphous Sb2Te3 thin films with various thicknesses were directly deposited on 
p-type Si (100) wafers at room temperature by radio-frequency (RF) magnetron sputtering using a single alloy 
target of Sb2Te3. The background pressure was approximately 5 × 10−4 Pa and the sputtering pressure of 0.5 Pa was 
obtained by filling Ar gas in the chamber. The sputtering power was set at 40 W and the deposition rate was close 
to 1 nm per second. Five samples with thicknesses from 46.5 nm to 180 nm have been prepared. The crystalline 
Sb2Te3 thin films were obtained by annealing at temperature 520 K under a vacuum atmosphere for 30 min. The 
thicknesses of the thin films before and after annealing are considered to be unchanged. The structures of the 
Sb2Te3 thin films were measured by X-Ray diffraction (XRD) (Fig. 1). XRD results indicate that the as-deposited 
samples were amorphous while the annealed samples were crystalline.

Temperature-dependent thermal conductivity. The variable-temperature thermal conductivity meas-
urements are carried out by using the transient thermoreflectance technique (TTR)44,45. The main advantage of 
this technique is that it is a non-contacting and non-destructive optical method, both for heating a sample under 
test and for probing the variations of its surface temperature. Furthermore, both sample preparation and the 
experimental setup are simple to execute.

Establishment of TTR measurement system. The principle of the TTR setup is shown in Fig. 2. The 
heating laser is an ultra-compact Nd:YAG pulsed laser with a wavelength of 1064 nm, pulse width of 8 ns, single 
pulse energy of 50 mJ, and the repetition rate as 1–20 Hz. The probing laser is a continuous He–Ne laser with 
a wavelength of 632 nm and power 1.8 mW. The heating laser is used to irradiate the surface of the metal layer, 
which induces an increase in its temperature. Subsequently, the surface temperature decreases over time owing 
to the heat diffusing to the thin film layer. Since the reflectivity of metals is sensitive to their temperatures and 
approximately proportional to the temperatures in a wide but limited temperature range46, the normalized tem-
perature profile can be obtained from the normalized reflected light intensity. The reflected probe light from the 
heated metal surface is guided to a fast photodetector and the signal of the photodetector is collected and aver-
aged by an oscilloscope.

Model fitting of thermal conductivity. In the fitting model, the transmission-line theory is utilized to 
establish the theoretical model from the 1-D heat conduction equation and the genetic algorithms (GAs) is used 
to obtain the fitting result47,48. Considering the thickness of thin films as a thermal resistance layer, a theory model 

Figure 1. The XRD results of Sb2Te3 thin films.
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for the double-layer system is used to obtain the thermal conductivity of films through the fitting curve. The tem-
perature expression for the double-layer model in Laplace domain is44:
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The terms k, ρ, c, and d refer to the thermal conductivity, density, specific heat, and the thickness of thin film, 
respectively. rth is the total thermal resistance including the thermal resistance of the sample and the interfacial 
thermal resistance rc between the sample and the metal layer or the substrate. The interfacial thermal resistance 
can be extracted from the total thermal resistance under different thickness using rth = d/k + rc, if thermal con-
ductivity is unity for thin films of different thicknesses. Owing to the complex temperature expression in the fre-
quency domain, it is impossible to directly obtain the temperature-time expression in the time domain. The 
inverse Laplace transform using the Stehfest numerical method is used48. The mathematical expression is:
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where F s( ) is the Laplace transform formula of tf( ) and the bracket of j means an integer. In order to fit the exper-
imental data with the theoretical model, the bulk density and the specific heat (2.49 × 106 J m−3 K−1) of the metal 
layer and the bulk thermal conductivity (148 W m−1 K−1) of the substrate at room temperature are used. In our 
measurement, the metal layer is only used as light absorption layer. The temperature decay curve directly embod-
ies the thermal diffusion process of Sb2Te3 thin film sample. In the fitting, the thermal conductivity of 237 W m−1 
K−1 for Au thin film is used44. Thus, one only needs to fit the rth to extract the thermal conductivity values of 
Sb2Te3 thin films by using the GA. The objective function used for the GA is written as follows49:
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where T i( )e  and T i( )t  are the experimental and theoretical normalized temperatures, respectively, and Nr is the 
number of measurements recorded over time. Finally, the value of the thermal conductivity can be extracted by 
minimizing the objective function.

Results and Discussion
The results of thermal conductivity measurement. In practical applications, the thickness of Sb2Te3 
thin films is usually changed according to different requirements and the thermal conductivity also changes with 
temperature. Thus, the dependence of thermal conductivity on both thin film thickness and temperature were 
measured using the setup shown in Fig. 2. In the thermal conductivity measurements, in order to enhance the 

Figure 2. Illustration of the transient thermoreflectance technique (FPD: fast photodetector).



www.nature.com/scientificreports/

4SCIEntIFIC REPORTS | 7: 13747  | DOI:10.1038/s41598-017-14068-7

heat absorption and become able to detect the variation of temperature, a gold layer of 120 nm thickness was 
deposited on the top of the Sb2Te3 thin films.

Thickness-dependent thermal conductivity. Figure 3a illustrates the experimental and fitting curves of 
the temperature change with time for the 46.5 nm thin film. Figure 3b shows the obtained thermal resistances and 
the thermal conductivities of the thin films. It can be seen that the total thermal resistance increases linearly with 
the increasing thickness and the interfacial thermal resistance is evaluated by linearly fitting the rth-d relation. The 
lumped interfacial thermal resistance including both Au/thin-film and thin-film/Si-substrate interfaces for amor-
phous thin film is ~0.04 × 10−7 m2 K W−1, which can be obtained from the intercept value of the linear fitting in 
the inset of Fig. 3b. By theoretical fitting, the thermal conductivity in Fig. 3a is found to be k = 0.23 ± 0.023 W m−1 
K−1, and the uncertainty of this value is evaluated as 10%, which is mainly from the thickness measurement of 
the thin films. In order to consider the error in experimental data, fitting curves with ±10% error are also shown.

The thermal conductivity of crystalline Sb2Te3 thin films can be obtained from the normalized experimen-
tal data and fitting curves, as shown in Fig. 4. Similar to Fig. 3b, the thermal resistance shows an almost linear 
increase with the thin film thickness. Figure 4a illustrates the experimental and fitting curves of temperature 
change with time for a crystalline Sb2Te3 thin film with a thickness of 47.4 nm. As compared with amorphous 
thin films, the temperature decay time of crystalline thin films is short, which implies that the thermal diffusion 
capacity of the crystalline is larger than that of the amorphous state. The lumped interfacial thermal resistance 
including both Au/thin-film and thin-film/Si-substrate interfaces for crystalline thin films is ~0.6 × 10−7 m2 K 
W−1, which can be obtained from the intercept value of the linear fitting in the inset of Fig. 4b. By theoretical 
fitting, the thermal conductivity in Fig. 4a is found to be k = 0.35 ± 0.035 W m−1 K−1. Comparison of Figs 3 and 
4 indicates that the thermal conductivity of Sb2Te3 thin films, whether the crystalline or amorphous state, does 
not change with thin film thickness. It is noted that the measured values of thermal resistance for amorphous 
and crystalline samples with ~130 nm thickness deviate from linear assumption, which is owning to the sample 
preparation and the measurement error of sample thickness and the measurement error on sample thicknesses 

Figure 3. (a) The temperature delay curve of amorphous Sb2Te3 thin films with the thickness 46.5 nm. 
The experimental and fitting curves of temperature change with time (the value of thermal conductivity is 
0.23 W m−1 K−1. (b) The dependence of thermal resistance and conductivity on the thickness of the thin film 
and the inset is a local amplification, the error bar is set by ±10%.

Figure 4. (a) The temperature delay curve of crystalline Sb2Te3 thin films with the thickness 47.4 nm. The 
experimental and fitting curves of temperature decay with time (the value of thermal conductivity is 0.31 W m−1 
K−1). (b) The dependence of thermal resistivity and conductivity on the thickness of the thin film and the inset 
is a local amplification, the error bar is set by ±10%.
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is ±7% for the amorphous and crystalline thin films. Furthermore, the thermal conductivity of crystalline Sb2Te3 
thin films is larger than that of amorphous state.

Temperature dependence of thermal conductivity. The thermal conductivities of the crystalline and 
amorphous thin film with the thickness of 180 nm were measured as a function of temperature as shown in 
Fig. 5a. For crystalline Sb2Te3 thin films, the thermal conductivity displays very little change between 0.35 ± 0.035 
W m−1 K−1 and . ± .0 38 0 038 W m−1 K−1 in the temperature range from 300 K to 540 K. In the case of amorphous 
Sb2Te3 thin films, the thermal conductivity is about 0.23 ± 0.023 W m−1 K−1 when the temperature is below 450 K. 
Increasing the temperature from 450 K to 540 K increases the thermal conductivity from 0.25 ± 0.025 W m−1 K−1 
to . ± .0 37 0 037 W m−1 K−1, which can be regarded as a result of the phase transition from the amorphous to 
crystalline state and accord with the report in literature50. At 540 K, the thermal conductivity value is nearly equal 
to that of crystalline Sb2Te3 thin films. This indicates that the amorphous Sb2Te3 thin films were completely crys-
tallized by the variable temperature TTR measurement. This result is further confirmed by XRD analysis, as 
shown in Fig. 5b, where the strong crystalline peaks occurs and the crystalline peaks are almost the same as the 
crystalline peaks of the blue XRD curve in Fig. 1. That is, the amorphous Sb2Te3 thin films are transformed into 
the hexagonal crystalline state in the process of variable-temperature TTR measurement. Thus, this measurement 
may be considered as a phase transition (crystallization) process.

Mechanism of temperature-dependent thermal conductivity. Thermal conductivity of semicon-
ductor materials is mainly comprised of electronic thermal conductivity and lattice thermal conductivity. The 
mechanism of temperature-dependent thermal conductivity can also be determined by considering the contri-
butions from electrons and lattices.

Electron contribution to total thermal conductivity. In order to explore the thermal conduction mech-
anism of the phase transition process, the electric resistivity, conductivity, and Hall Coefficient of the amorphous and 
crystalline Sb2Te3 thin films were measured from 300 K to 540 K by using the MMR Hall and Van der Pauw measure-
ment system51. Figure 6 presents the experimental results, where the sample thickness is 180 nm and the 

Figure 5. The measured thermal conductivity of the Sb2Te3 thin film with a thickness of 180 nm by the TTR 
method. (a) Thermal conductivity values of amorphous and crystalline Sb2Te3 thin films as a function of 
temperature, the error bar is set by ±10%. (b) XRD analysis of the sample after the variable temperature thermal 
conductivity measurement.

Figure 6. (a) Electrical conductivity and resistivity measurements and (b) Hall coefficient of amorphous and 
crystalline Sb2Te3 thin films as a function of temperature.
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measurement error is ±10%. Figure 6a illustrates the temperature dependence of electric resistivity ρ of crystalline 
and as-deposited samples. The value of ρ for crystalline Sb2Te3 thin films was determined to be . ± .0 001 0 0001 
Ohm.cm and it was independent of the temperature. For as-deposited Sb2Te3 thin films, ρ was approximately 
. ± .1 2 0 12 Ohm.cm at below 360 K. The ρ value of crystalline films was three orders of magnitude lower than the 

value of the amorphous films. The value of ρ for amorphous films abruptly decreased from . ± .1 2 0 12 to 
. ± .0 001 0 0001 Ohm.cm on increasing the temperature from 360 K to 500 K. According to refs52,53, the change of 

electrical resistivity is regarded as the phase transition process and the fall in electrical resistivity is due to the struc-
tural change from the amorphous to the crystalline. Thus, one can see that it is also indicative of the phase transition 
from the amorphous to crystalline state above ~360 K. The ρ value remains unchanged above 500 K because the 
crystallization is completed above this temperature. The electric conductivity is calculated through σ ρ∝ 1/ , and as 
shown in Fig. 6a, σ is below 100 S/M for the amorphous state and does not change with temperature below ~360 K, 
and then abruptly increases from below 100 S/M to ± . ×(5 0 5) 10 S/M4  as the temperature increases from 
360 K to 500 K. and then remains at ± . ×(5 0 5) 10 S/M4  and unchanged above 500 K due to the complete crys-
tallization. The value of σ for the crystalline state is three orders higher than that of the amorphous state.

In order to better understand the mechanism of electrical conduction, the Hall coefficient was measured as 
a function of temperature, as shown in Fig. 6b. For crystalline Sb2Te3 thin films, the Hall coefficient was always a 
positive value, which indicates that holes are the main charge carriers. For amorphous Sb2Te3 thin films, the Hall 
coefficient was found to be negative for temperatures from 300 K~340 K and close to zero at 360 K, which implies 
that electrons were the primary carriers. At temperatures above 375 K, the Hall coefficient became positive, which 
means that the holes become the charge carriers. The transition of the carrier type from electrons to holes results 
from the structural change in Sb2Te3 from amorphous to crystalline at 375 K. In general, a larger value of the Hall 
coefficient implies a large resistivity of the material. Thus, it may be concluded that the resistivity of amorphous 
Sb2Te3 thin films is larger than that of the crystalline thin films.

Based on Wiedemann–Franz (W-F) law54, the electronic thermal conductivity for both metals and semicon-
ductors is related to their electric conductivity. The W-F law is written as follows:

κ σ
π
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, and kB is the Boltzmann constant. The Sb2Te3 thin films are one of 

compound semiconductor alloys, and their electric conductivity measurements were conducted at temperatures 
that were above the room temperature, and thus above the Debye temperature of 162 K. Thus, the Sb2Te3 thin film 
can be considered as non-degenerate semiconductors. The Lorenz number can be regarded as a constant value of 
1.48 × 10−8 W Ω K−2 for non-degenerate semiconductors in the temperature range from 100 K to 800 K55.

Figure 7 gives the electronic thermal conductivity of Sb2Te3 thin film calculated from the electric conductivity 
results in Fig. 6a. For crystalline Sb2Te3 thin films, the electronic thermal conductivity increases linearly from 
(0.22 ± 0.022) W m−1 K−1 to (0.37 ± 0.037) W m−1 K−1 as the temperature increases from 300 K to 520 K. For 
amorphous Sb2Te3 thin films, the electronic thermal conductivity is very small and can be neglected at below 
450 K. At above 450 K, the electronic thermal conductivity sharply increases and almost becomes equal to the 
value of crystalline Sb2Te3 thin films at 520 K due to crystallization effect. Compared with the results shown 
in Fig. 5 for amorphous Sb2Te3 thin films, the contribution of electronic thermal conductivity to total thermal 
conductivity can be ignored at below 450 K. However, for crystalline Sb2Te3 thin films, the electronic thermal 
conductivity presents large contribution to the total thermal conductivity.

Figure 7. Electronic thermal conductivity values of amorphous and crystalline Sb2Te3 thin films as a function 
of temperature, which are calculated by W-F law and electrical conductivity data of Fig. 6(a), the error bar is set 
by ±10%.
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It should be noted that, in Fig. 5a, the total thermal conductivity of amorphous sample (red symbol) experi-
ences an abrupt change in the temperature range from 450 K to 520 K, resulting from the structural change from 
amorphous to crystalline state. Comparing Figs 5a and 7, one can note that, during the structural change of amor-
phous sample, the total thermal conductivity is close to the electronic thermal conductivity in the range of error. 
For example, the total thermal conductivity value is about . ± .0 31 0 031 W m−1 K−1 at 520 K, which is very close 
to the calculated electronic thermal conductivity value of about . ± .0 35 0 035 W m−1 K−1. Generally speaking, 
the calculated electronic thermal conductivity should be a little smaller than the total thermal conductivity due to 
the contribution from phonon part. However, there appears to be a little contradiction between the calculated 
electronic thermal conductivity and the total thermal conductivity. The little discrepancy may be because the W-F 
model is an ideal model, only suitable for ideal materials, and not completely suitable for the materials with 
defects and mixture/compound materials, as pointed out in refs55,56. In the temperature range from about 450 K 
to 520 K, on the one hand, the amorphous sample is actually a mixture/compound material of amorphous and 
crystalline states, and that is, the sample is in the transition state from amorphous state to crystalline. On the 
other hand, there are also some defects with the concentration 28% of the total volume in the crystalline part, the 
defects can be considered as cavities, which is a discrete phase in the matrix.

Actually, the discrepancies have been reported in other literatures. For example, in ref.55, the electronic ther-
mal conductivities calculated by W-F law are higher than the total thermal conductivities below 500 K. The 
authors thought that the use of the theoretical value of the Lorentz number is not suitable for the calculation of 
all alloys, since its absolute value changes depending upon the type of material and the temperature. In ref.56, the 
electronic thermal conductivities are also higher than the measured total thermal conductivities below 600 K, 
which maybe result from the sample itself and the different measurement methods. In our work, to give a refer-
ence for the thermal conductivity contribution of electronic part, thus, we are reluctant to use the W-F model to 
roughly estimate the electronic thermal conductivity. Therefore, a little discrepancy between the calculated elec-
tronic thermal conductivity and the total thermal conductivity occurs. That is, although the electronic component 
could not be precisely estimated, one can still deduce that, in the transition state from amorphous to crystalline 
state of Sb2Te3 thin films, the electronic thermal conductivity dominates the total thermal conduction, and the 
lattice component can be neglected.

Lattice contribution to total thermal conductivity. The lattice thermal conductivity is attributed to the 
heat conduction of the phonon gas enclosed in the crystal, and can be obtained from the kinetic theory57:

κ ν=ι C l1
3 (5)V mfp

where CV, ν, and lmfp refer to the heat capacity at constant volume, average phonon velocity, and mean free path of 
phonons, respectively. The temperature dependence of lattice thermal conductivity is normally treated within the 
Debye approximation model. In this model, ν  is assumed to be independent of temperature and the relationship 
between κι and temperature is determined by evaluating the variation of CV  and lmfp with temperature. The aver-
age energy of lattice vibrations can be expressed as follows:
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Formula (8) is called as Debye T3 law. At high temperatures, Θ>T D, Formula (7) can be written as:

=C Nk3 (9)V B

Formula (9) indicates that the lattice heat capacity CV  is independent of temperature. This is also called as the 
Dulong-Petit law.

Given that the speed of sound traveling speed in Sb2Te3 is 2300 m s−1 58, the Debye temperature ΘD is calculated 
to be 162 K. Figure 8a shows the lattice heat capacity CV  as a function of temperature. It is evident that in the tem-
perature range from 300 K to 520 K, the lattice heat capacity CV  increase very little with the rise in temperature 
(Fig. 8a, inset).
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The mean free path of phonons is determined by the phonon collisions, impurities, and defects. At T > ΘD, the 
average number of phonons ωn( ) is written as59:
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ω ω
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Formula (10) indicates that the phonon number is positively proportional to temperature. It is known that the 
mean free path of phonons is inversely proportional to phonon number, thus the mean free path of phonons is 
also inversely proportional to temperature, i.e. ≈l A T/mfp , where A is the constant. Based on Eq. (7), the lattice 
thermal conductivity is also inversely proportional to temperature and written as:
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According to the known parameters of Sb2Te3 at room temperature, namely, Cv = 206 J kg−1 K−1 60, ν  = 
2300 m s−1 58, and lmfp = 2.2 Å for thin films61, the lattice thermal conductivity is theoretically calculated to be 
~0.24 W m−1 K−1, which is consistent with the reported values61,62. Therefore, the coefficient of the lattice thermal 
conductivity equation can be fixed. The relation between lattice thermal conductivity and temperature can be 
obtained by fitting the Eq. (11).

Figure 8b shows the lattice thermal conductivity of the crystalline thin films as a function of temperature. The 
inset is an amplification of the temperature range from 300 K to 520 K, and it can be seen that the lattice thermal 
conductivity is 0.24 W m−1 K−1 at 300 K, and then gradually decreases to 0.14 W m−1 K−1 at 520 K. By comparing, 
one can see that the lattice thermal conductivities of crystalline state are approximately to those of amorphous 
state calculated from Figs 5a and 7. This may be because the pair-correlation functions, phonon density of states 
and electronic density of states in amorphous Sb2Te3 are approximately to those of crystalline Sb2Te3

63. For crys-
talline Sb2Te3 thin films, both the lattice thermal conductivity and electronic thermal conductivity make impor-
tant contributions to the total thermal conductivity. The temperature coefficients of lattice and electronic thermal 
conductivity are positive and negative, respectively, which leads to the weak temperature dependence of total 
thermal conductivity of crystalline Sb2Te3 thin films.

Conclusion
In this work, the changes in thermal conductivity of crystalline and amorphous Sb2Te3 thin films have been inves-
tigated both experimentally and theoretically. For crystalline Sb2Te3 thin films, the thermal conductivity was 
found to be . ± .0 35 0 035 W m−1 K−1 and it slowly increases with temperature rising. Both the lattice and elec-
tronic thermal conductivities make important contributions to the total thermal conductivity. The temperature 
coefficients of lattice and electronic thermal conductivity were positive and negative, respectively. This is the ori-
gin of the weak temperature dependence of total thermal conductivity in the case of crystalline Sb2Te3 thin films. 
At temperatures below ~450 K, the thermal conductivity of amorphous Sb2Te3 thin films was found to be 
0.23 ± 0.023 W m−1 K−1 and showed little temperature dependence, with the main contribution arising from the 
lattice and that of the electrons being ignorable. At temperatures above 450 K, the thermal conductivity experi-
enced an abrupt increase as a result of the structural change from amorphous to crystalline state.

References
 1. Hamann, H. et al. Ultra-high-density phase-change storage and memory. Nat. Mater. 5, 383–387 (2006).
 2. Jedema., F. Phase-change materials: Designing optical media of the future. Nat. Mater. 6, 90–91 (2007).
 3. Lencer, D., Salinga, M. & Wuttig, M. Design rules for phase-change materials in data storage applications. Adv. Mater. 23(18), 

2030–2058 (2011).
 4. Redaelli, A. et al. Electronic switching effect and phase-change transition in chalcogenide materials. IEEE Elec. Dev. Lett. 25(10), 

684–686 (2004).

Figure 8. Thermal properties of Sb2Te3 thin films as a function of temperature, where the insets are 
amplification. (a) Lattice heat capacity calculated from the Debye model, (b) thermal conductivity calculated 
from the Debye model and kinetic theory.



www.nature.com/scientificreports/

9SCIEntIFIC REPORTS | 7: 13747  | DOI:10.1038/s41598-017-14068-7

 5. Rao, F. et al. Multi-level data storage characteristics of phase change memory cell with louble layer chalcogenide films (Ge2Sb2Te5 
and Sb2Te3). Jpn. J. Appl. Phys. 46, L25 (2007).

 6. Chong, T. et al. Phase change random access memory cell with superlattice-like structure. Appl. Phys. Lett. 88(12), 122114 (2006).
 7. Wei, J. et al. High-speed maskless nanolithography with visible light based on photothermal localization. Sci. Rep. 7, 43892 (2017).
 8. Li, J. et al. Study on inorganic phase-change resist Ge2Sb2(1−x)Bi2xTe5 and its mechanism. Phys. Chem. Chem. Phys. 16(40), 22281 

(2014).
 9. Chen, J. et al. Optimization of Ge-Sb-Sn-O films for thermal lithography of submicron structures. Jpn. J. Appl. Phys. 51(6), 06FC03 

(2012).
 10. Kuwahara, M. et al. Thermal lithography for 100-nm dimensions using a nano-heat spot of a visible laser beam. Jpn. J. Appl. Phys. 

41(9A-B), L1022 (2002).
 11. Kuwahara, M. et al. Thermal lithography for 0.1 μm pattern fabrication. Microelectron. Engineering. 61–62, 415 (2002).
 12. Lee, Y., Chao, S., Huang, C. & Cheng, K. A compact optical pickup head in blue wavelength with high horizontal stability for laser 

thermal lithography. Opt. Express. 21(20), 23556 (2013).
 13. Wełnic, W. et al. Origin of the optical contrast in phase-change materials. Phys. Rev. Lett. 98(23), 236403 (2007).
 14. Zhang, T. et al. Ge1Sb2Te4 based chalcogenide random access memory array fabricated by 0.18-μm CMOS technology. Chin. Phys. 

Lett. 24(3), 790–792 (2007).
 15. Wei, J., Wang, Y. & Wu, Y. Manipulation of heat-diffusion channel in laser thermal lithography. Opt. Express. 22(26), 32470–32481 

(2014).
 16. Ito, E. et al. TeOx-based film for heat-mode inorganic photoresist mastering. Jpn. J. Appl. Phys. 44(5B), 3574 (2005).
 17. Dun, A., Wei, J. & Gan, F. Laser direct writing pattern structures on AgInSbTe phase change thin film. Chin. Opt. Lett. 9(8), 082101 

(2011).
 18. Wei. J. Nonlinear Super-Resolution Nano-Optics and Applications. Springer (Heidelberg), 2015.
 19. Wang, Q. et al. Optically reconfigurable metasurfaces and photonic devices based on phase change materials. Nat. Photon. 10(1), 

60–65 (2016).
 20. Tian, X. & Li, Z. Visible-near infrared ultra-broadband polarization-independent metamaterial perfect absorber involving phase-

change materials. Photon. Res. 4(4), 146–152 (2016).
 21. Wei, T. et al. Image lithography in telluride suboxide thin film through controlling virtual band gap. Photon. Res. 5(1), 22–26 (2017).
 22. Lin, Y. et al. Ultrafast-laser induced parallel phase-change nanolithography. Appl. Phys. Lett. 89(4), 0411081–0411083 (2006).
 23. Yan, Y. et al. Microstructures and thermoelectric properties of GeSbTe based layered compounds. Appl. Phys. A. 88(2), 425–428 

(2007).
 24. M. Iovu, E. et al. Characterzation of Ge-Sb-Te phase-change memory materials. Proc. SPIE. 8411, 841103 (2012).
 25. Deringer, V. & Dronskowski, R. DFT studies of pristine hexagonal Ge1Sb2Te4 (0001), Ge2Sb2Te5 (0001), and Ge1Sb4Te7 (0001) 

surfaces. J. Phys. Chem. C. 117(29), 15075–15089 (2013).
 26. Wei, J. & Gan, F. Theoretical explanation of different crystallization processes between as-deposited and melted-quenched 

amorphous Ge2Sb2Te5 thin films. Thin Solid Films. 441(1-2), 292–297 (2003).
 27. Longo, M. et al. Metal organic chemical vapor deposition of phase change Ge1Sb2Te4 nanowires. Nano Lett. 12(3), 1509–1515 (2012).
 28. Zhai, F. et al. Optical–electrical hybrid operation with amorphous Ge1Sb4Te7 phase change thin films. Appl. Phys. A. 98(4), 795–800 

(2010).
 29. Chu, C. H. et al. Laser-induced phase transitions of Ge2Sb2Te5 thin films used in optical and electronic data storage and in thermal 

lithography. Opt. Express. 18(17), 18383–18393 (2010).
 30. Zhang, X. & Wei, J. Direct detection of transient super-resolution effect of nonlinear saturation absorption thin films. Photon. Res. 

3(4), 100–105 (2015).
 31. Zhang, K., Lin, J. & Wang, Y. Phase-selective fluorescence of doped Ge2Sb2Te5 phase-change memory thin films. Chin. Opt. Lett. 

13(12), 121601 (2015).
 32. Wei, T. et al. Grayscale image recording on Ge2Sb2Te5 thin films through laser-induced structural evolution. Sci. Rep. 7, 442712 

(2017).
 33. Matsunaga, T. et al. Structural features of Ge1Sb4Te7, an intermetallic compound in the GeTe-Sb2Te3 homologous series. Chem. 

Mater. 20(18), 5750–5755 (2008).
 34. Fan, Z., Wang, L. & Laughlin, D. Modeling of crystallization activation energy for GeTe-Sb2Te3-based phase change materials. Proc. 

SPIE. 5380, 493–499 (2004).
 35. Pleasants, S. Lithography: Chalcogenide promise. Nature Photonics 8, 253 (2014).
 36. Venkatasubramanian, R. at al. MOCVD of Bi2Te3, Sb2Te3 and their superlattice structures for thin-film thermoelectric applications. 

J. Cry. Growth. 170(1–4), 817–821 (1997).
 37. Ikeda, T. et al. Self-assembled nanometer lamellae of thermoelectric PbTe and Sb2Te3 with epitaxy-like interfaces. Chem. Mater. 

19(4), 763–767 (2007).
 38. Wei, J. et al. Nano-optical information storage induced by the nonlinear saturable absorption effect. Nanoscale. 3(8), 3233–3237 

(2011).
 39. Hsieh, D. et al. Observation of time-reversal-protected single-dirac-cone topological-insulator states in Bi2Te3 and Sb2Te3. Phys. Rev. 

Lett. 103(14), 146401 (2009).
 40. Zhang, H. et al. Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3 with a single Dirac cone on the surface. Nat. Phys. 5, 438–442 

(2009).
 41. Lan, R. et al. Thermal conductivities and conduction mechanisms of Sb-Te Alloys at high temperatures. J. Appl. Phys. 110(2), 023701 

(2011).
 42. Kuwahara, M. et al. Thermal conductivity measurements of Sb–Te alloy thin films using a nanosecond thermoreflectance 

measurement system. Jpn. J. Appl. Phys. 46(10A), 6863–6864 (2007).
 43. Wang, C. et al. Phase transition behaviors and thermal conductivity measurements of nitrogen-doped Sb2Te3 thin films. Mater. Lett. 

64(21), 2314–2316 (2010).
 44. Bai, S. et al. Thermal characterization of Si3N4 thin films using transient thermoreflectance technique. IEEE Trans. on Indus. Electro. 

56(8), 3238–3243 (2009).
 45. Kading, O., Skurk, H. & Goodson, K. Thermal conduction in metallized silicon-dioxide layers on silicon. Appl. Phys. Lett. 65(13), 

1629–1631 (1994).
 46. Ujihara, K. Reflectivity of metals at high temperatures. J. Appl. Phys. 43(5), 2376–2383 (1972).
 47. Chen, G. & Hui, P. Pulsed photothermal modeling of composite samples based on transmission-line theory of heat conduction. Thin 

Solid Films. 339(1-2), 58–67 (1999).
 48. Man, K. F., Tang, K. S. & Kwong, S. Genetic algorithms: Concepts and applications. IEEE Trans. Ind. Electron. 43(5), 519–534 (1996).
 49. Stehfest, H. Algorithm 368 numerical inversion of Laplace transforms. Commun. ACM. 13(1), 47–49 (1970).
 50. Yoo, I. J. at al. Thermoelectric characteristics of Sb2Te3 thin films formed via surfactant-assisted electrodeposition. J. Mater. Chem. 

A. 1, 5430–5435 (2013).
 51. Van Der Pauw, L. J. A method of measuring the resistivity and Hall coefficient on lamellae of arbitrary shape. Phi. Tech. Rev. 20, 

220–224 (1958).



www.nature.com/scientificreports/

1 0SCIEntIFIC REPORTS | 7: 13747  | DOI:10.1038/s41598-017-14068-7

 52. Risk, W. P., Rettner, C. T. & Raoux, S. Thermal conductivities and phase transition temperatures of various phase-change materials 
measured by the 3ω method. Appl. Phys. Lett. 94, 101906 (2009).

 53. Das, V. D., Soundararajan, N. & Pattabi, M. Electrical conductivity and thermoelectric power of amorphous Sb2Te3 thin films and 
amorphous-crystalline transition. J. Mater. Sci. 22(10), 3522–3528 (1987).

 54. Tritt, T. Thermal Conductivity: Theory, Properties, and Applications. Kluwer Academic/Plenum Publisher (New York), 2004.
 55. Lan, R. et al. Thermal and Electrical Conductivity of Ge1Sb4Te7 Chalcogenide Alloy. J. Electron. Mater. 46(2), 955–960 (2017).
 56. Lan, R. et al. Thermal conductivity measurements of solid Sb2Te3 by hot-strip method. Jpn. J. Appl. Phys. 49(7), 078003 (2010).
 57. Kittel, C. Introduction to Solid State Physics. Wiley (New York), 1976.
 58. Yang, F. at al. Effective thermal conductivity of polycrystalline materials with randomly oriented superlattice grains. J. Appl. Phys. 

108(3), 034310 (2010).
 59. Cai, X. & Wei, J. Temperature dependence of the thermal properties of InSb materials used in data storage. J. Appl. Phys. 114(8), 

083507 (2013).
 60. Madelung, O. Semiconductors: Data Handbook. 3rd ed. Springer (Berlin), 2004.
 61. Venkatasubramanian, R. Lattice thermal conductivity reduction and phonon localizationlike behavior in superlattice structures. 

Phys Rev. B. 61(4), 3091–3097 (2000).
 62. Scherrer, H. & Scherrer, S. Handbook of Thermoelectrics. CRC Press, 1995.
 63. Caravati, S., Bernasconi, M. & Parrinello, M. First-principles study of liquid and amorphous Sb2Te3. Phys Rev. B. 81(1), 014201 

(2010).

Acknowledgements
This work was partially supported by the National Natural Science Foundation of China (No. 51672292 and 
61627826).

Author Contributions
Q.S.L. and J.S.W. wrote the manuscript. Q.S.L. and H.S. were responsible for the experiments. Z.X.H., K.Z. and 
L.Z. checked up and gave some valuable suggestions. All authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Temperature dependent thermal conductivity and transition mechanism in amorphous and crystalline Sb2Te3 thin films
	Experimental Details
	Sample Preparation. 
	Temperature-dependent thermal conductivity. 
	Establishment of TTR measurement system. 
	Model fitting of thermal conductivity. 

	Results and Discussion
	The results of thermal conductivity measurement. 
	Thickness-dependent thermal conductivity. 
	Temperature dependence of thermal conductivity. 
	Mechanism of temperature-dependent thermal conductivity. 
	Electron contribution to total thermal conductivity. 
	Lattice contribution to total thermal conductivity. 

	Conclusion
	Acknowledgements
	Figure 1 The XRD results of Sb2Te3 thin films.
	Figure 2 Illustration of the transient thermoreflectance technique (FPD: fast photodetector).
	Figure 3 (a) The temperature delay curve of amorphous Sb2Te3 thin films with the thickness 46.
	Figure 4 (a) The temperature delay curve of crystalline Sb2Te3 thin films with the thickness 47.
	Figure 5 The measured thermal conductivity of the Sb2Te3 thin film with a thickness of 180 nm by the TTR method.
	Figure 6 (a) Electrical conductivity and resistivity measurements and (b) Hall coefficient of amorphous and crystalline Sb2Te3 thin films as a function of temperature.
	Figure 7 Electronic thermal conductivity values of amorphous and crystalline Sb2Te3 thin films as a function of temperature, which are calculated by W-F law and electrical conductivity data of Fig.
	Figure 8 Thermal properties of Sb2Te3 thin films as a function of temperature, where the insets are amplification.




