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We investigated the thermal conductivity of 200-nm-thick amorphous indium–gallium–zinc-oxide (a-IGZO) films. Films with a chemical

composition of In : Ga : Zn ¼ 1 : 1 : 0:6 were prepared by dc magnetron sputtering using an IGZO ceramic target and an Ar–O2 sputtering gas.

The carrier density of the films was systematically controlled from 1014 to >1019 cm�3 by varying the O2 flow ratio. Their Hall mobility was slightly

higher than 10 cm2�V�1�s�1. Those films were sandwiched between 100-nm-thick Mo layers; their thermal diffusivity, measured by a pulsed light

heating thermoreflectance technique, was �5:4� 10�7 m2�s�1 and was almost independent of the carrier density. The average thermal

conductivity was 1.4W�m�1�K�1. # 2013 The Japan Society of Applied Physics

A
morphous indium–gallium–zinc oxide (a-IGZO)
has attracted much attention as a high-perfor-
mance channel material for thin-film transistors

(TFTs) because of its large Hall mobility of up to 10
cm2�V�1�s�1.1–7) It is expected that a-IGZO films will be
used as the semiconductor layer in TFTs for applications
such as OLEDs8) and flexible electronic paper.9) Because an
appropriate thermal design of such devices is essential for
preventing them from overheating or forming short circuits,
the thermophysical properties of a-IGZO films is necessary
for an effective thermal design.

We already reported the thermal conductivities of
amorphous transparent conductive oxide (TCO) films such
as amorphous indium–zinc-oxide (a-IZO) films.10) The
thermal conductivity of degenerate a-IZO films is linearly
proportional to the electrical conductivity. Carrier transport
in a-IGZO is governed by percolation conduction via the
overlapping outer s orbitals (i.e., conduction band) of In4þ

and randomly distributed Ga3þ and Zn2þ ions.6) When the
carrier concentration exceeds 3� 1018 cm�3, IGZO is in
the degenerate state. The behavior of the thermophysical
properties of amorphous TCOs near the degenerate state is
not well known because carriers associated with oxygen
vacancies in IZO films are easily produced and, in turn, the
nearly degenerate state becomes unstable. On the other hand,
a-IGZO contains Ga–O bonds, which are stronger than Zn–O
and In–O bonds, improving the controllability of carrier
densities in the nearly degenerate state.

In this study, we measured the thermal diffusivity of a-
IGZO films by a pulsed light heating thermoreflectance
technique11–13) to investigate the thermal conductivity of a-
IGZO films in the nearly degenerate state. A-IGZO films
with a thickness of 200 nm were deposited on unheated syn-
thesized quartz glass substrates by dc magnetron sputtering
using an In2O3–Ga2O3–ZnO ceramic target (Toshima Mfg.)
with a molar ratio of In : Ga : Zn ¼ 1 : 1 : 1. The sputtering
gas was a mixture of Ar and O2 gases, where the O2 flow
ratio was varied from 0 to 2%, and the total gas pressure was
0.5 Pa. All of the deposited films showed an amorphous
structure as examined by X-ray diffraction analysis (XRD)
using Cu K�1 radiation at 40 kV and 20mA (Shimadzu
XRD-6000). The optical transmittance of all the films was
greater than 80% in the visible region. Their chemical com-
positions were determined by electron probe microanalysis

(EPMA; JEOL JXA-8200). The result of the EPMA shows
evidence of re-evaporation of zinc from the films during the
deposition process. The molar ratio of In : Ga : Zn for all the
films was roughly 1 : 1 : 0:6, which slightly shifted from that
of the ceramic target.

Figure 1 shows the electrical properties of the a-IGZO
films as functions of the O2 flow ratio by a four-point probe
method and van der Pauw geometry (Accent HL-5500PC
and Toyo ResiTest8300). When the resistivity of the films
exceeded 1��cm, the applied magnetic field for the Hall
measurement was changed from the dc method to the ac
method, as shown in Fig. 1. The carrier density decreased
from 2� 1019 to 2� 1014 cm�3 with increasing O2 flow
ratio. The resistivity of the films increased from 3� 10�2 to
4� 103 ��cm with increasing O2 flow ratio. Since carrier
generation in a-IGZO is associated with oxygen vacancies,
the increase of the O2 flow ratio leads to the reduction of the
number of oxygen vacancies in the film. The Hall mobility
is, however, always higher than 10 cm2�V�1�s�1.

To measure the thermal diffusivity of the a-IGZO films,
we deposited Mo/a-IGZO/Mo layered samples on synthe-
sized quartz glass substrates, where the deposition condi-
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Fig. 1. Carrier density (n), Hall mobility (�) and resistivity (�) of a-IGZO

films as functions of O2 flow ratio during deposition. The applied magnetic

field for the Hall measurement was changed from the dc method to the ac

method when the resistivity exceeded 1��cm.
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tions of the a-IGZO layer such as the mixture gas, thickness
and total gas pressure were those mentioned above. The top
and bottom Mo layers were each 100 nm thick. We irradiated
the samples with a pump laser beam having a wavelength of
1064 nm, a pulse duration of 0.5 ns, a spot size of 300 �m,
and a pulse energy of 0.1 �J at the bottom Mo layer (i.e.,
Mo/substrate interface) to yield one-dimensional heat flow
across the layered sample. Then, the temperature at the
surface of the top Mo layer was detected using a probe laser
beam with a wavelength of 782 nm, a pulse duration of
0.5 ns, a spot size of 100 �m, and a pulse energy of 2 nJ. The
reflected probe beam was detected by a silicon photodiode.
The details of the measurement techniques can be found in
previous reports.11,14)

Figure 2 shows typical transient temperatures of the
Mo/a-IGZO/Mo films, where the a-IGZO layers were
deposited at the O2 flow ratios of 0 and 2%. There is no
significant difference between the two transient temperature
curves. As seen in Fig. 1, those two films have very different
electrical properties. For example, the carrier density and
resistivity of the films deposited at an O2 flow ratio of
0% are >1019 cm�3 and 3� 10�2 ��cm, while those of the
film deposited at an O2 flow ratio of 2% are 1014 cm�3 and
>103 ��cm, respectively. The speed of the temperature
increase corresponds to the thermophysical properties of
the constituent layers. Therefore, it can be considered
that the electrical properties of the films do not signifi-
cantly influence the thermophysical properties. The thermal
diffusivities of the a-IGZO films were analyzed by the
areal heat diffusion time method.11) The thermal boundary
resistance (TBR) between the a-IGZO and Mo layers can be
negligible in this study because the TBR value is considered
to be sufficiently small in comparison with the total thermal
resistance.13,15) The thermal diffusivity of the a-IGZO films
was 5:4� 10�7 m2�s�1, which was almost constant against
the O2 flow ratio, i.e., independent of the carrier density and
the resistivity.

The thermal conductivity of the a-IGZO films was calcu-
lated from their measured thermal diffusivity and density as
well as their estimated specific heat capacity. The density
of the a-IGZO film was determined to be 6.0 g�cm�3 by
X-ray reflection analysis.16) The specific heat capacity was
426 J�kg�1�K�1, which was deduced from the weighted

average of the specific heat capacities17,18) of In2O3, Ga2O3,
and ZnO according to the chemical composition of the films
analyzed by EPMA. Figure 3 shows the thermal conductiv-
ity (�) of the a-IGZO films as a function of the carrier
density. The data for a-IZO films reported by Ashida et al.
are also plotted in this figure.10) As the carrier density
becomes smaller than 1018 cm�3, TCO films become from a
nearly degenerate state to a non-degenerate state. In this
region, the thermal conductivities of the a-IGZO films show
a constant value of 1.4W�m�1�K�1. For the a-IZO films, the
thermal conductivities spread from 2 to 3.5W�m�1�K�1,
when the carrier density is larger than 1020 cm�3. Those
a-IZO films are in the degenerate state and free electrons
carry heat conduction. However, below the carrier density of
1019 cm�3, the a-IZO films also show a constant thermal
conductivity. Thus, the carrier density of around 1019–1020

cm�3 is considered to be a threshold of heat conduction by
free electrons. A red dashed curve in Fig. 3 represents an
estimated thermal conductivity derived from sum of the
contributions of phonons (�ph) and electrons (�el). �el

is calculated using Wiedemann–Franz law, where Lorenz
number and Hall mobility are 2:45� 10�8 W���K�2 and
10.9 cm2�V�1�s�1, respectively. Furthermore, in the non-
degenerate state (<3� 1018 cm�3 in carrier density), the
thermal conductivity of the a-IGZO films is clearly smaller
than that of the a-IZO films. This fact implies that both
amorphous TCO films have different �ph magnitudes.

Table I shows the �ph values of In2O3-based TCO films.
Ashida et al. reported the �ph values of crystal ITO
(c-ITO)19) and a-IZO films.10) The �ph of an amorphous
ITO (a-ITO) film is obtained from Ref. 13. The �ph values of
amorphous films are less than half of that of the c-ITO film,
which is caused by an increase in phonon scattering due
to their anharmonic structure. Among the amorphous TCO
films, the a-IGZO film exhibits the smallest �ph. There can
be two reasons for the a-IGZO films to show a minimum
value of �ph. One is that the number of constituent cations in
the a-IGZO films, such as In, Ga, and Zn ions, is larger than
that in the a-ITO and a-IZO films. For example, Andrews
et al.20) reported that nanowires of crystal IGZO exhibit the
thermal conductivity of 3.3W�m�1�K�1, which is slightly
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Fig. 2. Normalized transient temperatures of Mo/a-IGZO/Mo three-

layered films, where the a-IGZO was deposited at the O2 flow ratios of 0 and

2%, obtained by the pulsed light heating thermoreflectance technique.
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Fig. 3. Thermal conductivities of a-IGZO and a-IZO10) films as a function

of carrier density. A red dashed curve represents estimated thermal
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lower than that of crystal IZO, 3.5W�m�1�K�1 measured by
Kaga et al.21) The other is that our a-IGZO films heavily
contain Ga and Zn ions. Eguchi et al.22) explained that Zn
ions in a-IZO films improve the stability of amorphous
structure because existence of Zn ions prevents In ions from
being ordered as in a bixbyite In2O3 crystal.

To classify the amorphous TCO films in terms of phonon
heat conduction, we estimated the mean free path of phonons
(lph) for the a-IGZO films by the following equation:

�ph ¼ 1

3
Cvlph; ð1Þ

where C is heat capacity per unit volume and v is the
average phonon velocity. In this study, we assume that v is
the sound velocity calculated from Young’s modulus E and
the density �d by the following equation:

v ¼ E

�d

� �1=2

: ð2Þ

Figure 4 shows nanoindentation measurements
(Nanoindenter DCM, Agilent-MTS) on two a-IGZO films
with thicknesses of 200 and 1000 nm. The measured
Young’s modulus decreased with increasing indentation
depth in both measurements. That is affected by the soft
glass substrate under the hard film. The Young’s modulus of
the a-IGZO films is determined as about 130GPa using very
narrow plateau around indentation depth of 20 and 40 nm
for the 200 and 1000-nm-thick films, respectively. Using
this Young’s modulus, Eqs. (1) and (2), lph was calculated
as shown in Table II. The lph value of the a-IGZO film
is 0.35 nm, which is comparable to the nearest neighbor
distance of In–In, 0.33 nm.2) In addition, the lph value is
slightly smaller than the reported lph value of the a-IZO
films, 0.40 nm.10) Consequently, the lph value of the a-IGZO
film is strongly dominated by a very short range order such
as interatomic distance. The �ph value of the a-IGZO film is
smaller than that of the a-IZO film, which is attributed to the
lph magnitude of both TCOs.

In summary, the thermal diffusivity and conductivity
of 200-nm-thick a-IGZO films are 5:4� 10�7 m2�s�1 and

1.4W�m�1�K�1, respectively, which are constant against
a wide carrier density range from 1014 to >1019 cm�3. Heat
in the a-IGZO films is conducted mainly by phonons, and
heat conduction carried by electrons is negligible. The
thermal conductivity carried by phonons in the a-IGZO films
is the smallest among amorphous In2O3-based TCOs such as
a-ITO and a-IZO films.
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Table I. Thermal conductivities carried by phonons (�ph) for In2O3-based TCO films. Chemical compositions except for the a-IGZO film were those of the

sputtering target estimated from Refs. 10, 13, and 19.

TCOs c-ITO19) a-ITO13) a-IZO10) a-IGZO

�ph (W�m�1�K�1) 3.95 2.2–1.8 1.85 1.4

Chemical composition In : Sn ¼ 1 : 0:1 In : Sn ¼ 1 : 0:1 In : Zn ¼ 1 : 0:2 In : Ga : Zn ¼ 1 : 1 : 0:6
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Table II. Young’s modulus (E), sound velocity (v) and phonon mean free

path (lph) values of a-IGZO and a-IZO films.

Material
�ph

(W�m�1�K�1)

E

(GPa)

v

(m�s�1)

lph
(nm)

a-IGZO 1.4 130 4700 0.35

a-IZO10) 1.85 141 4430 0.40
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