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Grazing-incidence, wide-angle x-ray scattering measurements were conducted on indium oxide thin

films grown on silica substrates via pulsed laser deposition. Growth temperatures (TG) in this study

ranged from �50 �C to 600 �C, in order to investigate the thermal effects on the film structure and its

spatial homogeneity, as well as their relationship to electrical properties. Films grown below room

temperature were amorphous, while films prepared at TG¼ 25 �C and above crystallized in the cubic

bixbyite structure, and their crystalline fraction increased with deposition temperature. The electrical

conductivity (r) and electrical mobility (l) were strongly enhanced at low deposition temperatures.

For TG¼ 25 �C and 50 �C, a strong h100i preferred orientation (texture) occurred, but it decreased as

the deposition temperature, and consequential crystallinity, increased. Higher variations in texture

coefficients and in lattice parameters were measured at the film surface compared to the interior of

the film, indicating strong microstructural gradients. At low crystallinity, the in-plane lattice spacing

expanded, while the out-of-plane spacing contracted, and those values merged at TG¼ 400 �C, where

high l was measured. This directional difference in lattice spacing, or deviatoric strain, was linear as

a function of both deposition temperature and the degree of crystallinity. The crystalline sample with

TG¼ 100 �C had the lowest mobility, as well as film diffraction peaks which split into doublets. The

deviatoric strains from these doublet peaks differ by a factor of four, supporting the presence of both

a microstructure and strain gradient in this film. More isotropic films exhibit larger l values, indicat-

ing that the microstructure directly correlates with electrical properties. These results provide valu-

able insights that can help to improve the desirable properties of indium oxide, as well as other

transparent conducting oxides. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4984054]

I. INTRODUCTION

Transparent conducting oxides (TCOs) are used in a wide

variety of applications due to their high transparency in the

visible region and high electrical conductivity.1 The unique

combination of electrical and optical properties of these mate-

rials is exploited in commercial applications including photo-

voltaics and optoelectronic devices.2–4 Recently, in several

technological applications, such as flat-panel displays, an

increased number of amorphous oxide semiconducting (AOS)

films are being utilized.5 AOSs are deposited at lower temper-

atures,6 and sometimes they can exhibit smoother surfaces7,8

and better mechanical properties9,10 while still maintaining

the optical and electrical properties of crystalline TCOs.11

Synthesis conditions of TCOs affect the structure, microstruc-

ture, and useful properties of the films. The choice of deposi-

tion temperature and degree of crystallinity is based on what

properties need to be optimized for a specific application.

Amorphous and partially crystalline TCO films have been

investigated for flexible organic light-emitting diode applica-

tions where the electrodes are deposited on polymer sub-

strates. While the amorphous films had the highest electrical

conductivities, the optical and mechanical properties of the

partially crystalline films were better.12 Recent experiments

also showed that the thermoelectric conductivity of partially

crystalline TCO films is higher compared to amorphous or

crystalline films.13

Commonly used TCOs and AOSs consist of oxides of

indium, tin, gallium, cadmium, and zinc. Indium-tin oxide

(ITO) is obtained by doping indium oxide (IO) with tin. ITO

has better electrical properties than undoped indium oxide and

is the material of choice for flat-panel displays. The structure

of crystalline IO14 and the defect structure of crystalline

ITO15 have been determined from diffraction experiments.

The bixbyite structure of In2O3 is cubic with a lattice parame-

ter of 10.117 Å and space group Ia�3.14 One unit cell contains

32 indium cations and 48 oxygen anions. Doping IO with tin

increases the lattice parameter as tin substitutes into the

indium sites, and additional oxygen occupies interstitial sites;

however, the cubic bixbyite structure is maintained.15

The deposition temperature, deposition rate, and gas pres-

sure affect the crystallinity of TCO films. For a fixed oxygen

partial pressure (pO2), lower deposition temperatures result in

less crystalline films.16–18 A similar effect is seen while lower-

ing pO2 if TG is constant in ITO films.19,20 The effects of

argon and oxygen partial pressure on crystallinity and on the

electrical and optical properties of indium-zinc oxide (IZO)

grown via pulsed laser deposition (PLD) have also been inves-

tigated.21 The highest mobility (l) was measured on amor-

phous samples, but the highest electron concentrations were
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obtained for crystalline IZO films. Another study on the effect

of oxygen partial pressure revealed that as pO2 increased from

0.13 Pa to 2.7 Pa, the crystallinity of ITO films increased.20

The splitting of diffraction peaks in ITO semi-crystalline films

prepared by magnetron sputtering,22 e-beam evaporation,22

and pulsed-laser deposition19–21,23 has been observed, and this

effect was attributed to the presence of two differently

strained layers in films more than 200 nm thick.

Studies of amorphous undoped IO films deposited by

PLD indicate an effect of deposition temperature on the

structure and electrical properties.18 The carrier mobility

decreased with decreasing deposition temperature, as did the

density of the amorphous films. A local maximum in l was

observed at a deposition temperature just below the tempera-

ture at which crystallinity can first be observed by diffraction

and where the density was the same as in a fully crystalline

film.16 The mobility decreased both at lower and higher

deposition temperatures, but once highly crystalline films

were obtained, l again increased.17 EXAFS and molecular

dynamics simulations related the local mobility maxima to

structural factors. The amorphous and highly crystalline

structures of zinc-indium-tin oxide (ZITO) have also been

reported,18,24,25 and a local maximum in l just prior to the

observation of crystallization is also observed.18

The interplay between the structure and properties

revealed by amorphous and crystalline films warrants a

closer look, with the promise of yielding insights that could

be used to further improve and expand the applications of

these films. As mentioned earlier, partially crystalline ITO

films can sometimes have better mechanical, optical, and

thermoelectric properties than fully amorphous films, even

when their electrical conductivity is lower.12 The thermal

conductivity of semi-crystalline indium-gallium zinc oxide

(IGZO) films can also be higher than that of amorphous or

fully crystalline samples.13 A better understanding of the

depth and lateral uniformity of the crystalline films is also

crucial in understanding specific properties. For example, in

materials such as graphene oxide, the in-plane and cross-

plane thermal conductivities can vary by a factor of 675.26

Such high anisotropic thermal conductivity is exploited for

thermal management in electronic applications, wherein

thermal pads effectively remove heat in the large in-plane

area and protect components underneath from heating.26 In

Ge/Si films, electronic transport has also been found to be

anisotropic since the cross-plane electrical conductivity was

measured to be five times lower than in-plane.27 While these

types of experiments have not been reported in TCOs, it is

expected that the microstructural anisotropy of the films

plays a major role in these anisotropic properties.

In the present study, a series of nine thin films of In2O3

were prepared at different deposition temperatures keeping

pO2 constant. The purpose of studying IO is to focus on the

parent undoped bixbyite structure and eliminate the effect of

dopants which add complexity to the defect structure. The

electrical conductivity, mobility, and carrier concentration of

the samples were measured. The degree of crystallinity, lattice

parameters, deviatoric strain, peak broadening, and texture of

the films were determined by analyzing x-ray diffraction data

using grazing incidence geometry. Diffraction data were

collected at two different incident angles to study the depth

uniformity of the films. The lateral homogeneity of the films

was studied by collecting data along the in-plane (IP) and out-

of-plane (OP) directions. These investigations provide an

increased understanding of structural and microstructural

changes during the crystallization process and their effect on

properties. This knowledge can help to improve the desirable

properties of indium-based bixbyite oxides such as ITO, as

well as other TCOs.

II. EXPERIMENTAL PROCEDURE

Nine indium oxide films were prepared using PLD on

amorphous silica substrates at different growth temperatures:

TG¼�50 �C, 0 �C, 25 �C, 50 �C, 75 �C, 100 �C, 200 �C,

400 �C, and 600 �C. The films were grown from a dense hot-

pressed indium oxide target (25 mm diameter). PLD was

accomplished with a 248 nm KrF excimer laser with a pulse

duration of 25 ns and operated at 2 Hz. The 200 mJ/pulse

beam was focused onto a 1 mm� 2 mm spot size. The target

was rotated at 5-rpm about its axis to prevent localized heat-

ing. The target-substrate separation was fixed at 10 cm. The

films were grown on fused-silica substrates in an O2 ambient

of 8 mTorr. The substrates were attached to the substrate hol-

der with silver paint. For films grown above room tempera-

ture, a resistively heated substrate-holder was used; for films

grown below room temperature, the substrate was cooled

using liquid nitrogen. Deposition times were on the order of

2 h. The power to the heaters was turned off, and natural

cooling (or heating) occurred, lasting 2–3 h, to bring the

films to room temperature. The samples were approximately

1 cm� 1 cm.

The sheet resistance (Rs: X/(), carrier type, area

carrier-concentration (na: 1/cm2), and carrier mobility (lH:

cm2/V s) were measured with an Ecopia 3000 Hall measure-

ment system on samples in the van der Pauw geometry. The

carrier density (nv: 1/cm3) and resistivity (q: X cm) were cal-

culated by dividing the area carrier-concentration and sheet

resistance, respectively, by the film thickness. The film thick-

ness was measured using a spectral reflectometer (Filmetrics

F20). The average thickness of the films was 375 nm.

Grazing-incidence, wide-angle x-ray scattering (GI-

WAXS) data were measured at room temperature using

70 keV x-rays and a unique multi-panel detector array at the

1-ID beamline of the Advanced Photon Source at the

Argonne National Laboratory. A schematic of the experimen-

tal geometry is shown in Fig. 1. The use of a grazing-

incidence geometry is beneficial when studying thin films

because the x-ray penetration depth can be tuned to be on the

order of the film thickness with a correspondingly high film/

substrate scattering ratio. The incident beam size was 37 lm

� 100 lm wide using vertical focusing and horizontal slits.

Diffraction data up to Q¼ 8.7 Å�1 were collected using four

General Electric (GE) detectors at a nominal distance from

the sample of 1746 mm. Each detector had 2048� 2048 pix-

els, with a pixel size of 200 lm� 200 lm. To explore any

changes in the local structure as a function of distance from

the surface, data were measured from two penetration depths:

near the critical angle (x ¼ 1ac) and at twice the critical
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angle (x ¼ 2ac). The critical angle was experimentally

determined for all films by rocking the sample and observing

the position of the reflected beam on an area detector. These

angles were found to be consistent with the critical angle of

0.042�, calculated using the procedure described in Ref. 28,

and an electron density of 1.0 e/Å3 (Ref. 16) for In2O3. At

this critical angle, the penetration depth is 24 nm. The data

collected with the incident angle set at x¼ 1ac enhanced the

near-surface signal from the films. The entire film thickness

of the samples was measured by setting the incident angle to

x ¼ 2ac since the calculated penetration depth was 510 nm,

which is larger than the thickness of the films. By measuring

at these two angles, the presence of possible thickness gra-

dients in the films was assessed.

The sample geometry (sample-detector distance, detector

tilts, and beam center) was calibrated using powder standards

660a (LaB6) and 674b (CeO2) obtained from NIST. The cali-

brations were performed with Fit2d,29 and subsequent 2D

radial integrations over select orientations were performed

using custom MATLAB scripts.30 The data for each detector

were integrated over an azimuthal range of g ¼ 20�, centered

about the principal orientations (surface normal and in-plane)

in the sample. As shown in Fig. 1, the left and right detectors

collected the in-plane directions, while the top and bottom

detectors measured the out-of-plane orientation. The IP values

reported were obtained from averaging the left and right

detector results. The data obtained from the bottom detector

were not analyzed due to absorption effects.

Ten individual reflections were fitted using pseudo-

Voigt functions in order to obtain the positions and widths

of the peaks, as well as their integrated intensities for the

crystalline samples deposited at TG¼ 50 �C, 75 �C, 100 �C,

200 �C, 400 �C, and 600 �C. The deviatoric strain was cal-

culated using the fitted d-spacing for each reflection along

the in-plane and out-of-plane directions, as shown in the

following equation:

Deviatoric strain ¼ din plane � dout of plane

din plane

: (1)

The texture coefficient (TChkl) along each reflection was

calculated using the integrated intensities and the following

equation:

TChkl ¼
���� Iin plane � Iout of plane

Imax of in plane or out of planeð Þ

����
hkl

: (2)

From the GI-WAXS diffraction patterns, the In2O3 thin

films with sequenced deposition temperatures have presented

an amorphous-to-crystalline transition. Therefore, the quanti-

fication of the film crystallinity has also been conducted to

illustrate the effects induced by initial PLD conditions. The

data were calibrated and integrated using GSAS II31 over an

azimuthal range of 140� using the left, top, and right detec-

tors shown in Fig. 1. The degree of crystallinity vc is usually

defined as the ratio of the areas under the crystalline peaks

over that of under the whole background-subtracted XRD

patterns. However, in our case, some of the films are textured

and anisotropic, and so, the line profiles either along the IP

or OP direction alone would not be sufficient to determine

the degree of crystallinity. Therefore, it is necessary to divide

the diffraction rings of GI-WAXS patterns into individual

segments and calculate them separately. The reflected dif-

fraction rings in the upper half of the 2-D GI-WAXS patterns

were divided into three segments. Three individual 1-D dif-

fraction patterns were extracted and integrated for each seg-

ment, and the degree of crystallinity vc was calculated as

indicated by the following equation:

vc ¼

X3

i¼1

ðQf

Q0

Ic Qð ÞdQ

X3

i¼1

ðQf

Q0

I Qð ÞdQ

; (3)

where Ic(Q) is the crystalline peak intensity and I(Q) is the

intensity of the coherent x-rays scattered from the sample

films (after the subtraction of background and SiO2 substrate

peaks). A pseudo-Voigt function was used to fit each (amor-

phous or crystalline) peak. The uncertainty for vc was

obtained by propagating the error in each peak integrated

intensity. The data analysis focused on GI-WAXS data taken

at 2ac incident conditions for films with TG¼ 25–400 �C.

III. RESULTS AND DISCUSSION

Figure 2 shows the integrated intensity for the samples

along the IP and OP directions for both depths, as well as the

XRD pattern calculated for cubic bixbyite In2O3. The data at

the critical angle (1ac) probe the surface of the film, while

the data collected at two times the critical angle (2ac) pene-

trate through the entire film thickness. The XRD patterns for

the samples deposited below room temperature only exhibit

broad peaks, indicating that the films are amorphous. Above

room temperature, sharp features in the XRD patterns appear

due to crystallization. These diffraction peak positions corre-

spond to the cubic bixbyite structure for indium oxide. For

TG¼ 25 �C and 50 �C, along the IP direction, the (400)

FIG. 1. Geometry and four-panel detector array used to collect data. The left

and right detectors probe the in-plane (IP) or horizontal direction, while the

top detector measures the out-of-plane (OP) or vertical direction. The azi-

muthal angle is g, and x is the tilt angle relative to the surface normal. The

diffraction data shown in this figure correspond to the indium oxide sample

deposited at 400 �C for x ¼ 2ac.
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diffraction peak has the highest intensity, indicating that the

first grains at low temperatures orient along this crystallo-

graphic direction. These peaks are even more intense along

the OP direction, especially for the 2ac incident angle, show-

ing that in these films, the crystal structure is well-aligned to

the surface normal. As the deposition temperature increases,

other bixbyite diffraction peaks appear, and the (400) pre-

ferred orientation diminishes.

Along the OP direction, the relative intensities of the

XRD patterns deviate the most from the calculated powder

pattern of polycrystalline IO. The relative intensities along the

IP direction match closer the pattern of bixbyite IO, especially

at the highest deposition temperatures. Differences in the data

collected at different incident angles show that the films have

depth gradients as well. The film interior (2ac) patterns resem-

ble more the ideal IO structure, indicating that the last

material that deposits at the top of the film (probed by the 1ac

measurements) is more distorted compared to the bottom

region of the sample. Furthermore, as seen in Fig. 3, there are

shifts in the peak positions between the 1ac and 2ac data, dem-

onstrating that there is some strain gradient in the partially

crystalline films. Smaller lattice parameters are measured at

the surface compared to the bulk of the film, and the shifts are

more pronounced along the out-of-plane direction.

For TG¼ 75 �C and 100 �C, the diffraction peaks are

asymmetric, and there is splitting of the reflections in the

out-of-plane direction. At higher growth temperatures, the

diffraction peaks become more symmetric and the splitting

disappears, as shown in Fig. 3(a). The largest splitting of the

(222) reflection occurs for TG¼ 100 �C. The stronger peak

located at lower angles is labeled Peak 1. The ratios of Peak

1/Peak 2 for 1ac vs 2ac are the following: 2.4 vs 1.8 for

FIG. 2. X-ray diffraction patterns as a

function of deposition temperature: (a)

in-plane direction at 1ac, (b) in-plane

direction at 2ac, (c) out-of-plane direc-

tion at 1ac, and (d) out-of-plane direc-

tion at 2ac. The X-ray diffraction

pattern for the In2O3 cubic bixbyite

structure calculated at 70 keV is also

shown for comparison purposes.
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maximum peak intensities, 1.4 vs 1.1 for integrated intensi-

ties, 0.5 vs 0.6 for FWHM, and 1.024 vs 1.026 for d-spac-

ings. This analysis shows that Peak 1 is enhanced at the

surface of the film compared to the bulk. This splitting is not

observed along the in-plane direction, as seen in Fig. 3(b).

For Peak 1, the deviatoric strain, calculated using Eq. (1), is

�0.03 for both depth measurements, which is larger by a fac-

tor of more than four for Peak 2 (deviatoric strain is �0.007

for 2ac and �0.006 for 1ac). Studies on ITO films deposited

by DC magnetron sputtering reported similar splitting of dif-

fraction peaks and attributed this effect to the existence of

two differently strained layers in the films.22 According to

this model, a weakly strained layer crystallizes from the as-

deposited amorphous material near the substrate due to ther-

mal annealing during deposition, while the strongly strained

layer at the top is an as-deposited crystalline layer.22 The

present IO data are consistent with this model: Peak 1 is

associated with the strongly strained, as-deposited top layer,

while Peak 2 corresponds to the weakly strained bottom

layer that crystallizes from the amorphous material deposited

near the substrate. ITO films grown by PLD also report peak

splitting for partially crystalline samples19,20,23 that are

�400 nm thick, but the splitting does not occur for films less

than 200 nm thick.20 Izumi et al. reported that in ITO films

grown at a fixed TG of 200 �C, the largest peak splitting in

the out-of-plane direction occurred at pO2¼ 0.67 Pa; at

lower pO2, the peaks of the less crystalline film were asym-

metric, but at higher pO2 (1.3 Pa and 2.7 Pa), crystallinity

increased while the peaks became more symmetric.20 Figure

3(a) shows a similar relationship between the peak shape and

crystallinity for undoped IO with comparable thicknesses,

except that as seen in Fig. 4, in the present study, the crystal-

linity changes with TG, while pO2 is constant. Increasing

pO2 at a fixed TG in ITO films has the same effect as increas-

ing TG at a fixed pO2 in IO: semi-crystalline films have

asymmetric or even split peaks that evolve into higher peak

symmetry for more crystalline samples. These interesting

structural and microstructural changes correlate well with

measured electrical properties, as will be discussed later.

The behavior of the lattice parameter (a) is presented in

Fig. 5. As the samples become more crystalline, a increases

slightly in the in-plane direction but decreases more signifi-

cantly (approximately three times more) in the out-of-plane

direction. For TG¼ 400 �C, a values of both directions

merge, and in the bulk, they intersect the horizontal red line

that represents the unit cell size of cubic bixbyite

(a¼ 10.117 Å). At the surface, this high lateral isotropy

occurs slightly below the red line, indicating that there is still

some depth gradient in that sample.

The deviatoric strain, calculated using Eq. (1) and

shown in Fig. 6, is linear with deposition temperature and

ranges from �4.0% to 1.5%. For the samples exhibiting

asymmetric or split diffraction peaks, the positions of Peak 1

were used in these calculations. The deviatoric strain is com-

pressive for TG below 200 �C and tensile for TG¼ 400 �C
and 600 �C. The data in Fig. 6 generally fall under the

expected bounding values of h111i and h100i directions. The

differences indicate that the h111i direction is the softest,

while the h100i direction is the stiffest. These results show

that there is elastic anisotropy through the multiple hkl mea-

sured. To the authors’ knowledge, no elastic constant meas-

urements have been reported in the literature for undoped

indium oxide. Guo et al. determined the elastic constants

using coherent acoustic vibrations of uniform tin-doped

indium oxide nano-rod arrays.32 The calculated Young’s

moduli of these ITO nano-rods were E[100]¼ 217.9 GPa,

E[110] ¼ 110.5 GPa, and E[111] ¼ 94.9 GPa. These ITO values

FIG. 3. XRD patterns measured at 1ac and 2ac for TG¼ 75 �C, 100 �C,

200 �C, 400 �C, and 600 �C. (a) The splitting of the (222) peak is enhanced

for TG¼ 100 �C in the out-of-plane direction. (b) splitting and asymmetry

are absent in the in-plane direction.

FIG. 4. Fraction of crystallinity in the samples as a function of deposition

temperature, obtained using Eq. (3). A pseudo-Voigt function was used to fit

each (amorphous or crystalline) peak. The uncertainties were obtained by

propagating the error in each peak integrated intensity.
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agree with the hkl-dependent trends observed for IO in the

present study.

The largest deviation in the lattice parameter occurs for

the least crystalline samples in the out-of-plane direction, con-

sistent with higher lattice distortion. For the most crystalline

samples, the film interior lattice parameters, obtained using a

higher incident angle, are closer to the unit cell size of bixby-

ite indium oxide. Several factors might contribute to the

observed behavior of strain in these films. For the most crys-

talline film, deposited at TG¼ 600 �C, differences in coeffi-

cients of thermal expansion (CTE) between the film values

and the substrate could be the major cause of strain when sam-

ples are quenched to room temperature. Values for CTE of

ITO between 7.2� 10�6 �C�1 and 10.2� 10�6 �C�1 have

been reported in the literature.33,34 The amorphous silica sub-

strate has a CTE of 0.55� 10�6 �C�1;35 therefore, upon cool-

ing, the crystalline IO will contract more than the substrate.

The effect of deposition at an elevated temperature and cool-

ing should result in an in-plane tensile stress on the film that

would yield a larger lattice parameter. For the fully crystalline

film deposited at 600 �C and cooled to room temperature,

there would be a difference of �0.5% (0.05 Å), which is actu-

ally seen for the film bulk in-plane lattice constant. The con-

traction of the out-of-plane lattice parameter could be

attributed to the Poisson effect.

Strain associated with CTE differences between the sub-

strate and the film would be smaller at lower deposition tem-

peratures since the difference between TG and room

temperature is smaller. Furthermore, at lower deposition tem-

peratures, the films are a mixture of amorphous and crystalline

materials. For the semi-crystalline films near TG¼ 100 �C, the

model with two different strained layers was consistent with

diffraction peak splitting. PLD provides directed energy to the

species that impinge on the substrate causing strain. However,

when the substrate is heated, lateral diffusion relieves some of

the strain in the films. This is consistent with the low devia-

toric strain measured for Peak 2 corresponding to the layer

near the substrate. Peak 1, attributed mainly to the surface

layer, exhibited higher deviatoric strain (4–5 times higher).

This top layer is further away from the heated substrate and

has less time to diffuse since it is the last material to be depos-

ited. Using literature values (1� 10�15 cm2/s, at 200 �C) of

oxygen diffusion in ITO films deposited from an ion sputtered

In target in an oxygen gas background,36 the diffusion time

for 400 nm thick films would correspond to 106 s, which is

two orders of magnitude longer than the deposition and

quenching times of the IO films. However, one needs to take

into account that the IO films from PLD were ablated from an

IO target in an oxygen gas medium layer by layer at a very

FIG. 5. Lattice parameters as a func-

tion of growth temperature: (a) surface

and (b) film bulk. The horizontal red

line corresponds to 10.117 Å, the lat-

tice parameter of polycrystalline cubic

bixbyite IO. The dashed lines corre-

spond to the out-of-plane and in-plane

averages of all hkl reflections.

Uncertainties from the fits were on the

order of (a� 2� 10�4) Å, which are

smaller than the symbol size.

FIG. 6. Deviatoric strain, calculated using Eq. (1), as a function of deposi-

tion temperature measured at (a) 1ac and (b) 2ac. Propagated uncertainties

from the fits are smaller than the symbol size and were on the order of

0.0003.
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slow rate of �0.07 nm/s. This might greatly reduce the diffu-

sion time. The deviatoric strain in the films decreased as TG

was further increased, consistent with slower diffusion at

lower temperatures.

The film density and significant changes in stoichiome-

try are not expected to play a major role in the strain of crys-

talline IO films. In thinner PLD IO films (�60 nm thick), the

density of amorphous films grown at �50 �C decreased by

�15% compared to films grown atþ50 �C.16 In that study,

the first crystalline films occurred at TG¼ 75 �C, which is

50 �C higher than in the present study with 400 nm films. For

thicker films, there might be similar trends in density for

amorphous films; however, it is expected that thicker IO

films that show any crystallinity are as dense as the fully

crystalline ones. XPS measurements on the thinner IO films

showed that all the samples had the same In/O ratio with-

in 65%, and there was no observable trend as a function of

deposition temperature.16 Therefore, it is expected that the

present films do not have significant changes in composition

either.

The depth gradient in the partially crystalline films can

be evaluated from Figs. 3, 5, and 6. Smaller lattice parame-

ters are measured for the surface compared to the bulk of the

film, and the shifts are more pronounced along the out-of-

plane direction. The lattice parameter differences in the out-

of-plane direction between the surface and film interior for

TG¼ 75 �C, 100 �C, 200 �C, 400 �C, and 600 �C are 0.141%,

0.149%, 0.106%, �0.029%, and �0.090%. The correspond-

ing differences for the in-plane direction are �0.062%,

�0.007%, �0.005%, �0.002%, and �0.004%, which are

much smaller. The most crystalline samples have higher

depth isotropy, which is not surprising, since at higher tem-

peratures, the diffusion of atoms is enhanced, allowing them

to arrange themselves in a more orderly manner throughout

the film.

As previously mentioned, the IO crystals in the films

deposited at the onset temperature showed a strong (400)

preferred orientation, which was more pronounced in the

out-of-plane direction. As crystallization progressed at

higher temperatures, this preferred orientation decreased.

Figure 1 shows the 2D diffraction images for TG¼ 400 �C,

where it is evident that texture was present since the intensi-

ties of the diffraction rings were not uniform. TC222 and

TC332, calculated using Eq. (2), increased with deposition

temperature and plateaued at 400 �C at the film surface, as

seen in Fig. 7(a). On the other hand, TC440 decreased with

deposition temperature. In the film interior, the texture dif-

ferences were less pronounced but followed similar trends as

at the surface. TChkl values for the other reflections that were

analyzed were, within experimental error, essentially random

and showed no deposition temperature dependence.

Figure 8 shows the behavior of the peak broadening as a

function of deposition temperature for the measurements per-

formed at 2ac, corresponding to the entire film thickness. As

expected, the peaks became narrower at higher deposition tem-

peratures, indicating that grain growth occurred. At low tem-

peratures, the IP direction has broader peaks compared to the

film growth direction. At the highest deposition temperatures,

both FWHM values merge, indicating that the grains become

more isotropic.

The carrier concentration, electrical mobility, and con-

ductivity of these films are shown in Fig. 9. The Hall meas-

urements represent average values of these electrical

properties in the bulk of the film. The carrier concentration

of films below TG¼ 100 �C was nearly constant, and it

decreased for the most crystalline samples. At low tempera-

tures, the films are more amorphous and more defective. The

interface between the crystallites and the amorphous phase

could act as a source of ionized oxygen defects. In IO, ion-

ized oxygen vacancies are charge-compensated with free

electrons, resulting in a higher carrier concentration.

However, at higher temperatures, as the samples are becom-

ing more ordered and more crystalline, the defects decrease,

lowering the carrier concentration.

FIG. 7. Texture coefficient (TChkl), calculated using Eq. (2), as a function of

deposition temperature at (a) 1ac and (b) 2ac. TChkl¼ 0 corresponds to no

texture, while TChkl¼ 1 corresponds to fully textured. Propagated uncertain-

ties from the fitted integrated intensities are smaller than the symbol size and

ranged from 0.001 to 0.002.

FIG. 8. Average full width at half maximum (FWHM) of the hkl reflections

measured at 2ac, as a function of growth temperature. Propagated uncertain-

ties in the FWHM obtained from the fitted peaks were on the order of 2%,

which are smaller than the symbol size.
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A local maximum in electrical mobility and the best elec-

trical conductivity were obtained for the least crystalline films.

High mobility in amorphous materials can be attributed to the

lack of grain boundaries. At small fractions of the crystalline

material, if conduction is predominately through the amor-

phous phase, the presence of crystallites can decrease the

mean-free path of electrons. This effect could explain the

decrease in mobility for TG< 100 �C in the semi-crystalline

films. As the fraction of crystallinity increases, so does the

grain size (inferred from Fig. 8). The increase in mobility for

TG> 200 �C could then be attributed to larger grains and less

grain boundaries. Furthermore, as mentioned earlier, another

interesting correlation between the mobility and peak shape

exits. As shown in Fig. 3, for 75 �C� TG� 200 �C, along the

out-of-plane direction, the diffraction peaks are asymmetric,

and there is splitting of the (222) reflection, but at higher

growth temperatures, the diffraction peaks become more sym-

metric and the splitting disappears. The splitting correlates

well with low mobility of the crystalline films. The lowest l is

measured for TG¼ 100 �C, which corresponds to the largest

splitting of the diffraction peaks and to a factor of 4 to 5 dif-

ference in deviatoric strain between these two lattices. The

presence of two differently strained layers in the TG¼ 100 �C
sample is also consistent with a low electric mobility, as the

mean-free path of electrons can be greatly decreased if they

travel in such an anisotropic environment. The diffraction

peaks for samples grown at higher temperatures are more

symmetric while the mobility increases. The cross-over of the

in-plane and out-of-plane lattice parameters at TG¼ 400 �C
represents zero deviatoric strain in the film as the interior of

the film becomes more isotropic in the lateral direction.

Furthermore, for this sample, the depth isotropy is also maxi-

mized since the in-plane lattice parameters for the interior and

top of the film only vary by 0.002%, while the out-plane

parameters differ by 0.029%. This combination of lateral and

depth isotropy correlates with high electron mobility values.

The work by Izumi et al. also reports similar trends in ITO:

when the out-of-plane and in-plane parameters crossed over

(corresponding to zero deviatoric strain), their lowest resistiv-

ity film was obtained.20 For TG¼ 600 �C, the in-plane lattice

parameters differ by 0.004%, while the out-of-plane variation

is 0.090%. The deviatoric strain increases to 0.8% for 2ac and

1.5% for 1ac. While this sample is slightly more anisotropic,

the slight increase in mobility can be attributed to larger grain

sizes where the number of scattering events with grain bound-

aries decreases.

The overall electrical conductivity obtained from Hall

measurements for the films deposited above room temperature

decreases as the deposition temperature increases. Since con-

ductivity includes the effects of both the electron mobility and

carrier concentration, the increase in mobility at higher depo-

sition temperatures is overcome by the decrease in the carrier

concentration. Figure 10 shows that the conductivity follows a

decreasing trend similar to the behavior of the average of the

in-plane and out-of-plane lattice parameters in the bulk of the

film. As the deposition temperature is lowered, the average

lattice parameter deviates more from the ideal IO value,

resulting in a more conductive material, where a higher popu-

lation of defects exist in a medium that allows them to be

more mobile.

As mentioned in the Introduction, in-plane and cross-

plane measurements of electrical23,24 and thermal24 conduc-

tivities on other materials show that electronic transport and

thermal conductivity are highly anisotropic. The in-plane vs
cross-plane electrical conductivity of Ge/Si films can vary by

a factor of five, while the in-plane vs cross-plane thermal

conductivities can differ significantly, by a factor of 675 in

graphene oxide. Similar measurements on TCO materials

have not been conducted, but as shown in the present study,

the anisotropy of the structure and microstructure of PLD IO

thin films varies widely, and one would expect that this

anisotropy plays a major role in the properties of these and

other transparent conducting oxides. A better understanding

of these effects can help optimize the structure and micro-

structure of TCO films to enhance the desired properties for

specific applications.

FIG. 9. (a) Carrier concentration, (b)

electrical mobility, and (c) electrical

conductivity, as a function of deposi-

tion temperature. The uncertainties

correspond to the standard deviation of

measurements on multiple samples

prepared in a single deposition, as well

as several measurements on the same

sample.

FIG. 10. Average lattice parameters and electrical conductivity as a func-

tion of deposition temperature for 2ac. The uncertainties in the conductiv-

ity correspond to the standard deviation of measurements on multiple

samples prepared in a single deposition, as well as several measurements

on the same sample. The uncertainty in the lattice parameter was smaller

than the symbol size.
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IV. CONCLUSIONS

Indium oxide thin films grown via PLD at room temper-

ature and above crystallized in the cubic bixbyite structure.

The samples corresponding to early stages of crystallization

showed a strong (400) preferred orientation which was more

pronounced in the out-of-plane direction. As the deposition

temperature increased, other IO bixbyite peaks appeared and

the (400) preferred orientation decreased. The films exhib-

ited both lateral anisotropy and depth anisotropy. Both at the

surface and deeper in the films, higher distortions were

observed in the out-of-plane than in the in-plane direction.

Along the (222) and (332) reflections, the texture coefficient

increased with deposition temperature and reached a maxi-

mum at 400 �C, while for the (440) reflection, it decreased.

Higher texture coefficient differences were measured at the

film surface compared to the interior of the film, indicating

depth anisotropy. The lattice parameter increased in the in-

plane direction but decreased in the out-of-plane direction as

higher degrees of crystallinity were achieved. The deviatoric

strain was linear both as a function of deposition temperature

and the degree of crystallinity. The increased strain in films

grown at higher temperatures could be attributed to differ-

ences in thermal expansion coefficients between the sub-

strate and the films, while strain at lower temperatures can

be due to the directional energy of the PLD species as they

impinge on the substrate and to a double-layer structure that

forms in semi-crystalline films. The low mobility values and

asymmetric diffraction peaks along the out-of-plane direc-

tion were found to be correlated in semi-crystalline films.

The minimum in the electrical mobility corresponded to the

largest splitting of diffraction peaks for TG¼ 100 �C, which

could be attributed to a double-layer structure with different

deviatoric strain values, as well as to a film where small crys-

tallites act as scattering centers for electrons. A weakly

strained bottom layer could crystallize due to substrate

annealing, while a highly strained layer with more disorder

crystallizes at the top of the film. This depth and lateral

anisotropy hinders the movement of electrons and correlates

well with poor electron mobility. A further increase in depo-

sition temperature resulted in samples that exhibited more

symmetric diffraction peaks, less strain, higher crystallinity,

and sharper peaks consistent with larger grain sizes where

the electrons’ mean-free path is expected to be longer, result-

ing in higher mobility. Higher temperatures of the substrate

relax strain as the atoms can diffuse in all directions and

become more ordered resulting in more isotropic films. The

sample deposited at 400 �C exhibited the minimum devia-

toric strain and the lowest depth anisotropy. This high lateral

and depth isotropy correlated with high electron mobility, as

the electrons can travel longer distances without being scat-

tered by microstructural defects.

The lateral anisotropy and depth anisotropy results of

the present study provide an increased understanding on the

relationship between electrical properties and the changes in

the structure and microstructure during the crystallization

process. This knowledge not only can help improve the elec-

trical performance of materials but also can be extended to

optimizing thermal, mechanical, and optical properties of

indium-based oxides, as well as other TCOs. A better under-

standing between the effects of the structure and microstruc-

ture on desirable properties is crucial in current applications

and can open up future applications where mechanical flexi-

bility, as well as high electrical and thermal conductivity, are

desired.
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