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Structure and characteristics of ultrathin indium tin oxide films

Er-dia Guo, Haizhong Guo, Huibin Lu,a) Kuijuan Jin, Meng He, and Guozhen Yang
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,
Chinese Academy of Sciences, Beijing 100190, People’s Republic of China

(Received 29 November 2010; accepted 20 December 2010; published online 4 January 2011)

A series of indium tin oxide (ITO) thin-films with various thicknesses from 2 to 200 monolayers
(ML) have been epitaxially grown on LaAlO; substrates by laser molecular-beam epitaxy. The
measurements of x-ray diffraction, atomic force microscopy, four-probe method, and optical
transmittance reveal that the film thickness strongly affects the structural, electrical, and optical
properties of ITO thin-films, and the ITO thin-films exist at a critical thickness of metal-insulator
transition at about 4-5 ML. The electrical transport property has been discussed with the different
conductive models. © 2011 American Institute of Physics. [doi:10.1063/1.3536531]

Transparent conducting oxide films have been exten-
sively studied in recent years because they not only exhibit
high optical transparency in the visible range but also pos-
sess high electrical conductivity.1 They are expected to serve
as the detection windows for the optoelectronic devices. In-
dium tin oxide (ITO) with a wide band gap of ~3.8 eV and
high transparency (>80%) in the visible range2 has attracted
considerable attention due to its great potential applications
for antistatic coatings, flat Panel displays, solar cells, defrost-
ers, and optical coatings.*"5 From the application point of
view, the structure and surface roughness as well as the scale
effect are very important, especially, for the ultrathin oxide
films. However, only a few works focused on the properties
of ultrathin ITO films. Kim ef al.® fabricated ITO films on a
plastic substrate and studied the electrical properties with the
thickness of 40-280 nm, Gao et al” and Hao et al.® studied
the thickness effect on physical properties of ITO films in the
thickness range from 15 to 103 nm and from 72 to 447 nm,
respectively. In this letter, we report the thickness depen-
dence of the structural, electrical, and optical properties of
epitaxial ITO thin-films with a thickness range from 2 to 200
monolayers (ML). The experimental results show that the
structure and the physical properties of ITO thin-films are
strongly dependent on the film thickness.

A series of ITO thin-films with various thicknesses of 2,
4,5, 10, 20, 30, 50, 100, and 200 ML were epitaxially grown
on LaAlO; (LAO) (001) substrates using a sintered ceramic
ITO (In,O3:Sn0,=90:10 wt %) target by laser molecular-
beam epitaxy (MBE).” The preparation conditions are as fol-
lows: the pulsed XeCl excimer laser with a wavelength of
308 nm has a repetition rate of 2 Hz, the energy density was
~1.5 J/cm?, the LAO substrate temperature was kept at
680 °C, and an oxygen pressure of 1.5X 107! Pa with
~20% O was maintained throughout the deposition. After
the deposition, the samples were in sifu annealed under the
growth conditions for 30 min. The thickness of ITO thin-
films was monitored by an in situ reflection high-energy
electron diffraction intensity oscillations, which displayed
the growth rate of about 1 ML ITO per 25 laser pulses, and
further confirmed by an ex situ surface profile measuring
system.
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The structure of ITO thin-films was analyzed by x-ray
diffraction (XRD) 6#-26 scan and ¢ scan. Figure 1(a) shows
typical XRD 6-26 curves of 5, 10, 20, 30, 50, and 200 ML
ITO thin-films grown on LAO substrate. The patterns only
show the peaks corresponding to (00!) reflections of ITO
thin-films and LAO substrates, indicating that the ITO thin-
films were epitaxially grown on LAO substrates. The ITO
(004) diffraction peak gradually becomes broader with the
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FIG. 1. (a) The XRD spectra of 5, 10, 20, 30, 50, and 200 ML ITO thin-

films grown on LAO. (b) ¢ scan of ITO (222) diffraction peak of 200 ML
ITO thin-film.
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decrease of the film thickness, which could be attributed to
the lattice mismatch and size effect. Figure 1(b) is the ¢ scan
of ITO (222) diffraction peak of 200 ML ITO thin-film at a
constant, =55.13°. The 26 angle was fixed for the ITO
(222) diffraction peak, 26=30.562°. Four sharp discrete
peaks reveal that the ITO thin-film is a fourfold rotational
symmetry.

Figures 2(a)-2(c) show three typical atomic force mi-
croscopy (AFM) images of ITO thin-films with thicknesses
of 5, 20, and 200 ML, respectively. The root-mean-square
surface roughnesses are 1.886, 1.651, 0.929, 0.775, and
0.315 nm for 5, 10, 20, 50, and 200 ML ITO thin-films
within a 5X 5 um? area, respectively. There are some hol-
lows in the 5 ML ITO thin-film, and the hollow depth mea-
sured is ~4.09 nm approaching the film thickness of
~5 nm. As shown in Fig. 2(b), 20 ML ITO thin-film pre-
sents a smoother surface compared with 5 ML ITO in Fig.
2(a). With further increasing the film thickness, the surface
of 200 ML ITO thin-film becomes atomically smooth. The
results suggest that the ITO thin-films form three-
dimensional (3D) islands at the early growth, and then the
island diameter turns larger and gradually coalesces with in-
creasing film thickness. Finally, the surface of ITO thin-film
became atomic scale smooth.

The electrical transport properties of the ITO films were
measured by the four-probe method in a temperature range
of 4.2-300 K with a superconducting quantum interference
device. Figures 3(a)-3(e) show the temperature dependence
of the resistivities (p) for the ITO thin-films of 200, 50, 20,
10, and 5 ML, respectively. The p-T curves could not be
measured when the ITO thin-films are below 4 ML due to the
high values of the resistance. From Figs. 3(a)-3(e), we can
see that the ITO thin-films with a thickness above 10 ML
present a metal-insulator (M-I) transition with decreasing the
temperature. The transition temperatures (7), increasing
with the decrease of the film thicknesses, are about 94, 96,
190, and 222 K for 200, 50, 20, and 10 ML ITO thin-films,
respectively. As shown in Fig. 3(e), the 5 ML ITO thin-film
presents a semiconducting property in the temperature range
of 4.2-300 K. Figure 3(f) shows the variation of resistivity
with the ITO film thicknesses measured at 300 K. The resis-
tivities are 8.68 X 107%, 432X 107, 2.75X 1073, 1.16 X 1072,
9.46% 1072, 8.86X 10° and 2.11X 10* Q cm for the ITO
thin-films of 200, 50, 20, 10, 5, 4, and 2 ML at room tem-
perature, respectively. They are the lowest resistivity in the
literature with the similar thickness, attributed to the high-
quality epitaxial ITO thin-films. The electron mobilities are
39.2, 26.5, 2.94, 1.56, and 0.813 cm?/V s for 200, 50, 20,
10, and 5 ML ITO thin-films measured by Hall measure-
ments at 300 K, respectively. In the inset of Fig. 3(f), we
show a phase diagram of 7 with the film thickness. The
variation of 7 with thickness is in agreement with that of
the resistivity. Similar to SrRuO; thin-films,'*"" the resistiv-
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FIG. 2. (Color online) AFM 3D images (5X5 um?):
(a) 5, (b) 20, and (c) 200 ML ITO thin-films grown on
LAO substrates.

ity and T have a rapid enhancement when the ITO thin-film
is below 5 ML, indicating that the critical thickness of ITO
thin-film is about 4-5 ML, and the physical properties are
strongly influenced by the microstructure and the film thick-
ness.

The electronic transport property is related to the struc-
ture, especially for the ultrathin films. We study the mecha-
nism of the transport property of ITO films with the conduc-
tive model of two dimensions and three dimensions. For the
ITO thin-films with a thickness above 5 ML, we consider
that the electric transport properties are much close to the 3D
weak localization model, and the temg)erature dependence of
the resistivity can be described by

B N
p(T)  po

where p, is the residual resistivity due to impurity scattering,
e is the charge of one electron, 7 is the Planck constant, a is
the coefficient, and 7 is the measuring temperature. Figure
4(a) presents the relationship between 1/p and T"? for the
ITO thin-films of 200, 50, 20, and 10 ML. The solid lines in
Fig. 4(a) are simulated from Eq. (1). The well linear relation
between 1/p and T'? can be obtained at temperature range
from about 5 to 100 K, suggesting that the mechanism of
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FIG. 3. (Color online) The temperature dependence of resistivity (p) for the
ITO thin-films with various thicknesses: (a) 200, (b) 50, (c) 20, (d) 10, and
(e) 5 ML. The film thickness dependence of the resistivity of ITO films at
300 K is shown in (f). Inset in (f) is a phase diagram of ITO thin-films
showing the relationship between transition temperature 7¢ and the film
thickness. The red hatched areas in (f) represent the insulator states of ITO
films with thickness below 5 ML.
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FIG. 4. (Color online) (a) The relationship between 1/p and T for the ITO
thin-films of 200, 50, 20, and 10 ML. (b) The relationship between 1/p and
In T for the 5 ML ITO thin-film. The solid lines in (a) and (b) are simulated
from Egs. (1) and (2), respectively.

electronic transport for ITO thin-films with thicknesses
above 5 ML obeys 3D weak localization model.

For the ITO films with 5 ML, two-dimensional (2D) lo-
calization model can be used to explain the transport prop-
erty, and the resistivity can be described as follows: '

1 = s +alnT, (2)

p(T)  po
where py is the residual resistivity due to impurity scattering,
a is the coefficient, and T is the measuring temperature. Fig-
ure 4(b) shows the relationship between 1/p and In T for the
5 ML ITO thin-film. The experimental data of the 5 ML ITO
film show a good linear fitting with the solid line simulated
from Eq. (2), suggesting that the ITO thin-films with below 5
ML will result in a very large resistivity, and the transport
behavior follows the 2D localization model. The results can
be also confirmed by the AFM images in Fig. 2. The 2D
conduction model plays a major role in the transport mecha-
nism because the ultrathin ITO films exhibit 3D islands and
deep trenches. When the film thickness increases, the islands
and trenches gradually coalesced, and the film surface be-
comes smooth, the role of size effect becomes weak, and 3D
localization dominates in the transport properties.

Figure 5 presents the optical transmittances of ITO films.
The transmittances are about 9%, 63%, and 76% in 280 nm
wavelength for the 100, 20, and 5 ML ITO films, respec-
tively. The 100 ML ITO thin-film shows a sharp cutoff wave-
length at about 320 nm, agreeing well with the ITO band gap
of 3.8 eV.> With the decrease of the thickness of ITO film,
the absorption of deep-ultraviolet (DUV) light in ITO film
decreased. From Figs. 3 and 5, we can see that the ITO
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FIG. 5. (Color online) Optical transmittances of ITO thin-films with thick-
nesses of 5, 20, and 100 ML.

thin-films with 5-10 ML have not only a well conductive
property but also a high transmittance of DUV light. We
have fabricated low-noise solar-blind photodetectors with
LAO single crystal using 5 ML ITO as the electrode and
detection window.

In conclusion, the high-quality ultrathin ITO thin-films
with a thickness ranging from 2 to 200 ML have epitaxially
grown on LAO substrates by laser MBE. The studies prove
that the film thickness strongly affects the structural, electri-
cal, and optical properties of ITO thin-films. The ITO thin-
films exist at a critical thickness of M-I transition at about
4-5 ML and show quite well conductive property at room
temperature when the thickness is more than 4 ML. The ITO
thin-films with 5-10 ML have a well conductive property
and high transmittance of DUV light. The results suggest that
the ultrathin ITO films as transparent electrodes and win-
dows have potential applications in the optoelectronic de-
vices.
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