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Several authors have studied the crystallization of amor-

phous In2O3 films in order to investigate the application of

the films as transparent conductors and to elucidate the

kinetics of the crystal growth of the films in general [1–4].

At substrate temperatures of 150–250 �C, the films initially

grow in an amorphous form and later crystallize as the film

thickness increases [1]. This thickness-induced crystalli-

zation of the amorphous films is of interest from the

viewpoint of the nucleation and growth of thin films, but

little has been reported on the details of the film structure.

In this study we applied transmission electron microscopy

to investigate the effect of the film thickness on the

crystallization of In2O3 deposits [5]. The results are sum-

marized as follows. When films are deposited at a

temperature of 200 �C and rate of 0.10 nm/s, those of a

very thin thickness of about 1.0 nm are interspersed with

amorphous grains, and the amorphous islands gradually

expand as the films thicken. Once the film thickness

reaches about 5.0 nm, the amorphous region becomes

almost continuous and the film is crystallized from the

existing crystallites. This type of crystallization at an

increased film thickness has been reported for Sb [6–9]. In

this paper we begin to collect information on this issue by

investigating how the deposition rate influences the crys-

tallization thickness of In2O3 films.

The films were reactively deposited using facility and

procedure described in ref. [5]. The film deposition rates

were 0.02 and 0.22 nm/s, and the oxygen pressure during

deposition was about 0.27 Pa. The substrate temperature

was kept at about 200 �C. A SiO-coated Cu grid was used

as the substrate for the study of the film structure. Films of

eight different thicknesses within a range from 1.0 to

7.0 nm were deposited in a single experimental run. The

thickness dependence of the film structure was investigated

by transmission electron microscopy using JEM 100CX.

For the in situ measurements of the electrical resistivity of

the films, SiO-coated NaCl crystals were used as substrates.

The NaCl crystals were freshly cleaved and optically pol-

ished prior to the SiO deposition. The film resistance was

determined by the voltage drop between two gold elec-

trodes (about 7 mm wide and 8 mm apart) that had been

pre-deposited onto the substrate. The electrical current

flowing through the films was below 100 nA.

Figure 1 shows the electron micrographs and electron

diffraction patterns of the typical films of four different

thicknesses (1.0–4.3 nm) deposited at the rate of 0.02 nm/s.

Halo diffraction patterns indicated that the very thin films

of about 1.0 nm in thickness were amorphous (Fig. 1a).

Specifically, islands of amorphous grains of about 4.0 nm in

size were dispersed discontinuously on the substrate. As the

film thickened to about 3.0 nm, the amorphous grains

gradually grew to a mean size of about 6.0 nm and nearly

coalesced. A few of the grains in the 2.0-nm-thick films

were crystallized (Fig. 1b: see the arrow in the photograph),

and the crystallites grew slightly larger as the films thick-

ened to 3.0 nm.

The diffraction patterns of the 3.8-nm-thick films

included both sharp lines and diffuse lines, reflecting an

increase in the crystallized regions relative to the amor-

phous regions (Fig. 1c). Overall, however, the amorphous

regions still made up most of the films. The crystallized

grains grew to about 20 nm in size, and the number of

grains was slightly increased. The dark field images dem-

onstrate that the crystallized grains grew at the expense of
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the surrounding amorphous grains. This crystallization

process is very similar to that of films deposited at a rate of

0.10 nm/s [5]. The films were packed densely with the

amorphous and crystallized grains, acquiring an almost

continuous structure.

Finally, the 4.3-nm-thick films were perfectly crystal-

lized, as indicated by the sharp diffraction lines (Fig. 1d).

These films were composed of large crystallized grains

grown to a mean size of about 70 nm. Thus, much of the

film crystallization took place between the film thicknesses

of 3.8 and 4.3 nm, i.e., when the grains coalesced com-

pletely, forming an almost continuous structure. Below the

film thickness of 3.8 nm, the films only partially crystal-

lized as they thickened.

Figure 2 shows electron micrographs and electron dif-

fraction patterns of typical films deposited at 0.22 nm/s up

to films of three different thicknesses, from 2.0 to 7.0 nm.

The 2.0-nm-thick films were a mixture of amorphous and

crystallized phases, as indicated by the diffuse lines and

sharp lines in diffraction patterns (Fig. 2a). The films

consisted of islands of amorphous grains of about 7.0 nm,

and larger crystallized grains with a mean size of about

12.0 nm. These films were more extensively crystallized

than the corresponding films deposited at the lower

Fig. 1 Electron micrographs

and electron diffraction patterns

for In2O3 films of four different

film thicknesses deposited at

0.02 nm/s: a 1.0 nm, b 2.0 nm,

c 3.8 nm, d 4.3 nm

Fig. 2 Electron micrographs

and electron diffraction patterns

for In2O3 films of three different

film thicknesses deposited at

0.22 nm/s: a 2.0 nm, b 6.0 nm,

c 7.0 nm
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deposition rate. That is, the crystallized grains were larger

and more numerous, while the amorphous grains were less

numerous (see Fig. 1b). At the higher deposition rate, the

surface migration of energetic particles increases the sta-

tistical probability of crystalline nucleation, resulting in

partially crystallized films at the initial stage.

As the film thickened up to about 6.0 nm, the sharp lines

in the diffraction patterns became stronger while the dif-

fuse lines weakened, indicating an increase in the

crystallized regions relative to the amorphous regions

(Fig. 2b). The amorphous grains grew slightly larger, to a

mean size about 9.0 nm, in the films of approximately

3.5 nm in thickness, and at higher thicknesses they were

almost saturated in size and nearly coalesced. The crys-

tallized grains grew much larger. In the films with

thicknesses of 3.5 nm and 6.0 nm; some of the grains grew

to about 20 and 40 nm, respectively. Dark field images of

the films indicated that the growth of the crystallized grains

was similarly induced by the crystallization of neighboring

amorphous grains. Finally, the 7.0-nm-thick films were

crystallized perfectly, as indicated by the sharp diffraction

lines (Fig. 2c). These films consisted of large crystallized

grains grown to a mean size of about 120 nm. Thus, the

amorphous regions in the films deposited at 0.22 nm/s

crystallized at film thicknesses from about 6.0 to 7.0 nm,

after the films became almost continuous.

Figure 3 shows the variation of the electrical resistivity

at different film thicknesses for films deposited at rates of

0.02 and 0.22 nm/s. The resistance for films deposited at

0.10 nm/s is also presented. The films thinner than 2.0 nm

had very high resistivity, above 2 Xcm, because of their

discontinuous structures. As the films thickened, the

resistivity of the films deposited at 0.02 nm/s rapidly

decreased within the thickness range from about 2.0 to

4.5 nm. In contrast, the resistivities of the films deposited

at rates of 0.10 and 0.22 nm/s decreased at the thicker stage

from about 3.0 to 5.0 nm and 3.5 to 7.0 nm, respectively.

Beyond the critical film thicknesses of 4.5, 5.0, and 7.0 nm

for the films deposited at rates of 0.02, 0.10, and 0.22 nm,

respectively, the resistivity of each film remained almost

steadily unchanged. The initial decrease in the film resis-

tivity was induced by the formation of the network of

grains for the electro-conductive paths in the films, as

indicated by electron microscopy observation (see Fig. 1b,

Fig. 2c in ref. [7], and Fig. 2b). The film thicknesses for the

initial decrease in resistivity agreed well with those of

the films reported by other authors (1.5–4.0 nm) [10, 11].

The steady resistivity beyond the critical film thicknesses

indicated that the films were entirely continuous. These

film thicknesses in the resistivity curves corresponded

closely with the crystallization thicknesses of the films

determined from observations by transmission electron

microscopy. Thus, the films were completely crystallized

as they became entirely continuous.

The results of our experiments indicate that the films

were initially amorphous or quasi-amorphous, with islands

of grains, and collectively crystallized at the film-growth

stage as they became almost continuous. The disordered

structure of a film at the initial stage results from the

quenching of the particles deposited on the substrate or

from the drastically reduced surface migration of adatoms

[12]. In the subsequent stage of the film growth, the

amorphous state is maintained by the interaction with the

substrate based on the van der Waals forces. The film

surface of the vacuum side or the grain surface also tends to

prevent the films from crystallizing [6, 7]. This surface

effect is weakened as the film thickens, because the volume

fraction near the film surface is lower than that inside the

film. At the critical film thickness in our experiments,

the grains coalesced into an almost continuous film. In the

films composed of connected grains with adequate thick-

ness, the heat released from the local crystallization of the

amorphous grains is presumably transferred effectively to

the neighboring grains, inducing them to crystallize. This

process advances grain by grain, propagating through the

film and culminating in a collective crystallization. This

mechanism of crystallization via heat transfer has also been

proposed by Kaiser in a study on Sb films [8].

The crystallization of the films occurred at the thicker

stage as the deposition rate increased. This was probably

the result of the active surface-migration of the particles

deposited at the higher deposition rate. The active migra-

tion of adatoms increases the likelihood that particles will

stick to stable sites, that is, to crystallized grains, while the

Fig. 3 Variation of electrical resistivity with film thickness for three

kinds of films. The films were deposited at rates of (a) 0.02 nm/s, (b)

0.10 nm/s, and (c) 0.22 nm/s
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growth of the amorphous grains remains relatively retar-

ded. The slow growth of the amorphous grains results in

the formation of the grains network at the higher film

thicknesses, and correspondingly to the crystallization at

the thicker stages.
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