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The structural and physical properties of conducting amorphous Zn-doped SnO2 (a-ZTO) films,

prepared by pulsed laser deposition, were investigated as functions of oxygen deposition pressure

(pO2), composition, and thermal annealing. X-ray scattering and X-ray absorption spectroscopy

measurements reveal that at higher pO2, the a-ZTO films are highly transparent and have a

structural framework similar to that found in crystalline (c-), rutile SnO2 in which the Sn4þ ion is

octahedrally coordinated by 6 O2� ions. The Sn4þ ion in these films however has a coordination

number (CN) smaller by 2%–3% than that in c-SnO2, indicating the presence of oxygen vacancies,

which are the likely source of charge carriers. At lower pO2, the a-ZTO films show a brownish tint

and contain some 4-fold coordinated Sn2þ ions. Under no circumstances is the CN around the Zn2þ

ion larger than 4, and the Zn-O bond is shorter than the Sn-O bond by 0.07 Å. The addition of Zn

has no impact on the electroneutrality but improves significantly the thermal stability of the films.

Structural changes due to pO2, composition, and thermal annealing account well for the changes in

the physical properties of a-ZTO films. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4861378]

I. INTRODUCTION

Crystalline transparent conducting oxides (TCOs) have

been widely used as transparent electrodes in flat panel dis-

plays (FPDs), solar cells, light emitting diodes (LEDs),

etc.1,2 There is, however, an increasing interest in amorphous

(a-) TCOs in device applications owing to their advantages

over crystalline TCOs. The achievable compositions of

amorphous films can extend far beyond their crystalline

counterparts, enabling a reduction in the use of expensive

elements like indium. Amorphous films, which can be depos-

ited at low temperature on flexible substrates, have good me-

chanical stabilities under stress3–6 and smoother surface

morphologies.7 They can, therefore, be explored as an ena-

bling technology for flexible electronics.7,8 At the same time,

a-TCOs have comparable electrical and optical properties to

their crystalline counterparts.5,9

Amorphous Zn-Sn-O (a-ZTO) films, besides being

indium-free, have shown superior electrical properties than

crystalline films along the ZnO-SnO2 binary (ZnSnO3,10–12

Zn2SnO4,10,13,14 Zn-doped SnO2,15 or Sn-doped ZnO16–18).

Electrical properties of a-ZTO films deposited by radio fre-

quency (RF) magnetron sputtering have been examined pre-

viously in terms of cation composition and thermal

treatment.12,15,19 It was found that, for a 10% Zn-doped

SnO2 film, conductivity (r) increased to �1000 S/cm after

vacuum annealing at 300 �C from �250 S/cm for the

as-deposited film.15 However, the structural origin of the

changes in physical properties is yet to be clarified. X-ray

absorption spectroscopy techniques20 are well suited for the

structural studies of disordered materials. Prior studies have

used these techniques to probe the local structures of amor-

phous material systems such as Zn-In-Sn-O (ZITO),21

In-Zn-O (IZO),22 and In-Ga-Zn-O (IGZO),23,24 i.e., the

bond distances and coordination numbers, around specific

cations. However, structure-property relationships have yet

to be established. Here, we report a comprehensive study of

the physical and structural properties of a-ZTO thin films

grown by pulsed laser deposition. The local structures of

these films were analyzed using X-ray absorption spectros-

copy and X-ray scattering techniques, including the

changes induced by thermal annealing.

II. EXPERIMENTAL ASPECTS AND METHODS

A. Thin film deposition and property characterization

a-ZTO thin films were deposited on 1� 1 cm2 glass sub-

strates at room temperature by a pulsed laser deposition

(PLD) system employing a 248 nm KrF excimer laser. The

laser beam was focused using a fused silica lens to a 1� 2

mm2 spot size on the targets, which were rotated at a rate of

5 rpm to prevent localized heating. A dual-target deposition

method was employed, where the constituent oxides (ZnO

and SnO2) were used as the targets. The composition of the

film was controlled by the deposition time of each target and

was later confirmed by energy dispersive X-ray analysis

(Hitachi S3400N-II SEM with Oxford INCAx-act Si-drift

detector (SDD) EDX). Films with varying Zn/(Znþ Sn)

ratios (¼0, 0.1, 0.3) were grown under varying oxygen par-

tial pressures (7.5, 10, and 12 mTorr). By controlling the

growth rate and time, film thicknesses of 170–280 nm were
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obtained, which were confirmed by optical ellipsometry

(J. A. Woollam M2000U). Carrier type, concentration, and

mobility of the a-ZTO films were measured by Hall effect

(Ecopia HMS-3000, Korea) in van der Pauw configuration

with a 0.58 T field. Annealing treatments of as-deposited

a-ZTO90 films were carried out in air at 200 �C, 300 �C,

400 �C, and 450 �C for 1 h to examine changes in their elec-

trical properties and thermal stability. Grazing incidence

X-ray diffraction (GIXRD) measurements (Rigaku ATX-G

Workstation) were carried out to verify the phase content of

the films. In these measurements, the sample surface normal,

incident, and scattered wave vectors all lie in the horizontal

plane.

B. Structural characterizations using the
synchrotron-based X-ray techniques

For structural studies, synchrotron-based X-ray absorp-

tion spectroscopy and X-ray scattering measurements were

carried out on the a-ZTO films at the bending magnet 5-BM-

D beamline of the DuPont-Northwestern-Dow-Collaborative

Access Team (DND-CAT) at the Advanced Photon Source

of Argonne National Laboratory. A Si(111) double-crystal

monochromator was used for energy selection with

DE/E¼ 1.4� 10�4. X-ray absorption spectroscopy techni-

ques20 are well suited for the structural studies of disordered

materials. X-ray absorption near edge structure (XANES),

typically up to 30 eV above the absorption edge, can provide

information on the electronic structure and structural geome-

try around the absorbing atoms, and extended X-ray absorp-

tion fine structure (EXAFS), extending beyond 30 eV above

the absorption edge, can reveal coordination number (CN),

bond length, and bond spread related to the absorbing atoms.

1. X-ray scattering experiment and data reduction

X-ray scattering measurements were carried out with

photon energy of 15 keV for a 550 nm-thick a-ZTO90 film

(1� 2 cm2) deposited under a pO2 of 10 mTorr. A

two-mirror (Rh-coated) system vertically focused the X-ray

beam to �200 lm at the sample position. The final X-ray

beam size was defined by a slit system to 0.1� 8 mm2. The

incident intensity was monitored by the X-ray scattered in-

tensity from a thin Kapton foil inserted into the incident

beam. A Huber four-circle diffractometer was used to collect

the data in a grazing incidence geometry with the X-ray

angle of incidence, a, set at 0.5�. Since the critical angle for

SnO2 at 15 keV is 0.2�, we can ignore refraction effects and

characterize the X-ray penetration depth (K) into the SnO2

film by its linear absorption coefficient (l) as

K¼ sina=l¼ 300 nm. This being sufficiently smaller than

the a-ZTO90 film thickness (550 nm) ensures that the scat-

tered X-ray intensity primarily originates from the film. To

double the data collection efficiency, a square-array 4-ele-

ment SDD system (Vortex ME4) was mounted on the 2h
arm of the diffractometer with a double-slit system defining

two separate 2h scattering angles with a pair of detecting ele-

ments behind each slit. A guard slit was placed halfway

between the detectors and the sample to remove stray

scattering. Air scattering was minimized by using evacuated

flight paths for both the incident and scattered beams.

The X-ray pulses from the energy-dispersive SDD system

were analyzed using the digital X-ray processing electronics

(DXP-XMAP, X-ray Instrument Associate, Hayward, CA).

The total count rate was sufficiently low that with the peaking

time set at 1 ls, no dead-time corrections were needed. Two

regions of interest (ROI) were defined: the higher-energy ROI

counted elastic and inelastic scattered photons and a lower-

energy ROI counted Zn Ka fluorescence photons. The latter

was used for a geometrical correction. Processing of the raw

data included background removal, data normalization, and a

correction for detecting angular offset. The scattering data up

to qmax¼ 14.5 Å�1 were used to obtain the pair distribution

function (PDF) using the Rad-Gtkþ package.25 The elastic

and inelastic scattering factors used in the data reduction were

obtained from tabulated values.26,27

2. X-ray absorption spectroscopy and data reduction

For X-ray absorption measurements at the Sn L1 edge,

Sn K edge, and Zn K edge, the 2nd crystal of the

double-crystal X-ray monochromator was detuned to 60% of

its peak intensity to remove higher-order harmonics. The

edge energies were calibrated with Sn or Zn foils.

Commercial ZnO and SnO2 powders were used as reference

materials. The powder samples were uniformly spread onto

Scotch tape, respectively, which was folded a few times to

produce a sufficient absorption change at the edge Dlt. The

reference samples were measured in transmission mode

using ionization chambers (Oxford-Danfysik). The Dlt
employed was �1 for the Zn K edge and �0.5 for the Sn K

edge. Thin film samples were measured in fluorescence

mode, using one or two Vortex ME4 SDD detectors and the

XMAP electronics. The count rate was maintained at

�70 000 cps for each SDD detector element. The peaking

time was set at 0.3 ls. Thin film samples were mounted verti-

cally with their surface normal pointing in the horizontal

plane and bisecting the �90� angle between the incident

beam and detection directions.

The EXAFS data were analyzed using the IFFEFIT soft-

ware package.28 The EXAFS spectra were fitted with the fol-

lowing equation:

vðkÞ ¼
X

i

NiðhÞjfiðkÞjS2
0e�2r2

i k2

kR2
i

� sin 2Rik þ uðkÞ þ 2

3
C3k3

� �
e
�2Ri
kðkÞ : (1)

The passive electron reduction factors S2
0 of 1.02 for the

Sn K-edge and 0.9 for the Zn K-edge were determined from

the reference oxides. Note that S2
0 is used here as a scaling

factor only; it was determined from the data measured on the

reference materials. e�2r2
i k2

is the Debye-Waller factor, where

r is the standard deviation of interatomic distances relative to

their mean values Ri. C3 accounts for the effect of anharmo-

nicity, which is largely absent in the first neighbor interaction

in a-ZTO films. The structural model was a cluster with rutile

structure, centered on the absorbing atom (Sn or Zn).
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XANES simulations were performed on the Sn and Zn

K-edge spectra for an a-ZTO90 film using the FDMNES

code.29 The finite difference method (FDM) calculation,

which utilizes a non-muffin-tin potential set on an equally

spaced 3D-grid with a period of 0.25 Å, is sensitive to struc-

tural variations. The simulation can be carried out in a rea-

sonable time for a small cluster that only includes the nearest

neighbor. In the simulation, neutral O, Zn, and Sn atoms

were assumed.

III. STRUCTURE OF a-ZTO FILMS

As seen in Fig. 1, the GIXRD pattern shows that the a-

ZTO90 film crystallizes into rutile SnO2 after annealing at

450 �C, which is not surprising since 90% of the film consists

of SnO2. Therefore, a direct comparison of the structures of

a-ZTO and rutile SnO2 is in order. Fig. 2 shows the PDF,

G(R), around an averaged atom measured on the a-ZTO90

film and the calculated G(R) of crystalline rutile SnO2.30 It is

seen that the local structure of the a-ZTO90 film (R< 4 Å) is

quite similar to that of c-SnO2. Therefore, c-SnO2 is an

adequate reference for studying the local structures of a-ZTO

films. The averaged bond distance RSn-O in rutile SnO2 (space
group: P42/mnm, a¼ b¼ 4.7380 Å, c¼ 3.1900 Å) is

2.0556 Å with N¼ 6. Two neighbors are at 2.0457 Å and four

are at 2.0606 Å. The first Sn-Sn distance is at 3.1900 Å with

N¼ 2. The averaged first-shell (M-O) bond distance in the

a-ZTO90 film is 2.00 Å; 2.8% smaller than RSn-O in c-SnO2.

The second peak in the a-ZTO90 G(R) is poorly resolved and

locates a smaller distance as well. The X-ray absorption data

will show that this is due in part to a shorter Zn-Sn interac-

tion. The structural differences at large distances may be

attributed to disorder and connectivity in a-ZTO90 films.

A. Local structure of a-ZTO films

Fig. 3 shows the Sn K-edge EXAFS spectra and Fourier

transforms (FTs) for the as-deposited and post-annealed

a-ZTO90 films, as well as that of bulk SnO2. For amorphous

states (curves a-c), the EXAFS signals die off for

k> 12.5 Å�1. After 1 h annealing at 450 �C, crystallization

has occurred as seen in the Sn K-edge EXAFS data (curve d

in Fig. 3), and large changes are also observed in the Zn

FIG. 1. GIXRD patterns collected at Cu Ka ((k¼ 1.541 Å) with a 0.5� inci-

dent angle from ZTO90 films deposited at pO2 of 10 mTorr and air-annealed

at 300 �C, 400 �C, and 450 �C (red). Starting at 2h¼ 26.6�, the (hkl) indices

of the indicated (vertical bars) rutile crystalline SnO2 peaks are (110), (011),

(020), and (121), consecutively.

FIG. 2. The pair distribution function G(R) around an average atom meas-

ured on the a-ZTO90 film. Also shown is the calculated G(R) based on c-

SnO2 (rutile). Note that the amplitude of the c-SnO2 data was reduced by a

factor of 2. The same q range was used to obtain G(R) in both cases

(qmax¼ 14.5 Å�1). The data processing for this PDF analysis is shown in

Figs. S4-S7 of Ref. 31.

FIG. 3. The k3-weighted EXAFS spectra (left panel) and their Fourier trans-

forms (right panel) of Sn K-edges of the ZTO90 film deposited at 10 mTorr

(a) and air-annealed at 300 �C (b), 400 �C (c), 450 �C (d), along with that of

bulk SnO2 (e).
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K-edge EXAFS data (see curve d of Fig. S1).31 Annealing at

300 �C and 400 �C also induces changes in the local struc-

tures around Sn in a-ZTO90 films, as indicated by the slight

increase in the magnitudes of both the first and second peaks

in the FTs (curves b and c in Fig. 3).

1. First neighbor structure around Sn

Table I summarizes the bond distances (R), coordination

numbers (N), and Debye-Waller factors of the first coordina-

tion shells determined from the EXAFS analyses. The results

from the Sn K-edge EXAFS data were obtained with k range

from 2.4 to 9.5 Å�1, while the Zn K edge EXAFS data were

analyzed up to 11.6 Å�1. The rationale for using the short

data range in the case of the Sn K edge is discussed in detail

below. From Table I, the coordination numbers around Sn

are smaller in a-SnO2 and a-ZTO films than that in bulk

SnO2. This is particularly evident in the case of the a-ZTO70

film, which exhibited a light brown hue. Once crystallized,

both N and R around Sn in the 450 �C-annealed ZTO90 film

becomes indistinguishable from those in bulk SnO2. The

only difference is a larger r2 value. The Sn-O bonds in

a-ZTO films are consistently shorter than that of the crystal-

line phase, albeit within the margin of error (60.01 Å). The

r2 values for both the Sn-O and Zn-O bonds are nearly twice

as large as those in the crystalline phases, indicating a disor-

dered first coordination shell in the a-ZTO films. The small

increases in the FT magnitudes (Fig. 3) induced by annealing

at 300 �C and 400 �C appear to be accounted for by the

reduction in r2, likely suggesting occurrence of ordering.

There is also evidence, although subtle, that r2 is not the

only structural parameter that is affected by annealing at

300 �C and 400 �C. It was observed that in the cases of 300 �C-

and 400 �C-annealed ZTO90 films as well as the a-SnO2 film,

N around Sn decreased monotonically by as much as 5% when

increasing the EXAFS data range or increasing the upper limit

(kmax) from 9.5 to 12.4 Å�1 used in the analyses. Meanwhile,

the figure of merit for the fittings deteriorates by nearly 4-fold.

In contrast, such a relation is much weaker, if any, for the

as-prepared ZTO film (see Fig. S2 in Ref. 31). It has been

recently shown that in the case of a-SnO2 films, such a peculiar

behavior is caused by the existence of two Sn-O bond distan-

ces in the first coordination shell.32 The kmax-dependence is

removed when the data are modeled by a double-shell

model (i.e., two bond lengths). Fig. 4 displays as an example

of the fittings obtained under various conditions for the

300 �C-annealed ZTO90 film. For a single shell model with

kmax¼ 12.4 Å�1, the fitting is poor in the high k range but is

much improved by the double-shell model. The

weight-averaged R¼ (N1R1þN2R2)/(N1þN2)¼ 2.05 Å and

N¼ (N1þN2)¼ 5.9 are similar to the values obtained using

kmax¼ 9.5 Å�1 (Table I). Therefore, a single-shell model may

adequately reveal the local structures around Sn when the

EXAFS data are analyzed over a short k range, say

2.5–9.5 Å�1.

A direct comparison of the experimental data is given in

Fig. 5 to further illustrate this point, where the first shell

EXAFS spectra of the Sn K edge are presented. The lower

graph in Fig. 5 shows the difference EXAFS spectra obtained

by subtracting the data of the as-deposited film from those of

the 300 �C- and 400 �C-annealed films, respectively. It is

seen that upon 300 �C annealing, a beating node develops

around 9 Å�1 due to the development of two Sn-O bond dis-

tances in the first shell around Sn, which requires the

double-shell modeling as described above. Yet, the effect is

weak and can be approximated by a reduction in r2 for the

short data range (kmax¼ 9.5 Å�1).

As pointed out previously, upon annealing at 400 �C, the

FT magnitude further increased (see Fig. 3). The change can

also be seen in the first shell EXAFS data when compared to

the 300 �C-annealed data (the upper graph of Fig. 5).

However, this change is opposite to that seen when going

from the as-deposited film to the 300 �C-annealed film.

TABLE I. EXAFS-determined structural parameters of the first coordination

shells for a-ZTO films deposited at pO2¼ 10 mTorr. Note: Error bar is

60.01 Å for R and 60.1 for N obtained at the Sn K edge. Error bar is

60.01 Å for R and 60.2 for N obtained at the Zn K edge. The film data

from k ¼ 2.45 to 9.46 Å�1 for Sn K edge and from k¼ 2.45 to 11.61 Å�1 for

Zn K edge were used, respectively. For the Sn K edge data, the error bar for

N is 60.2 up to 11.6 Å�1 and is 60.3 at k¼ 12.4 Å�1.

R (Å) N r2(� 10�3 Å2)

Samples Sn-O Zn-O OSn OZn Sn-O Zn-O

c-SnO2/ZnO 2.06 1.96 6 4 2.9 4.3

a-SnO2 2.05 … 5.8 … 6.2 …

a-ZnO … 1.97 … 3.7 … 5.2

a-ZTO70 2.04 1.98 5.4 2.9 5.8 6.5

a-ZTO90 2.05 1.98 5.7 3.7 6.1 7.8

(300 �C) 2.05 1.98 5.8 3.7 5.9 7.3

(400 �C) 2.05 1.97 5.8 3.6 5.8 7.2

(450 �C) 2.06 1.94 6.0 2.9 3.8 7.3

FIG. 4. Fitting results obtained of the first coordination shell v1(k) for the

300 �C-annealed a-ZTO90 film. The data were fitted with single or double

shells for which k¼ 2.45–12.4 Å�1 and on the top, a single-shell fitting for

which k¼ 2.45-9.46 Å�1 (indicated by the window function) is shown as

well. A fitting result obtained assuming a single shell for c-SnO2 is also pre-

sented on the bottom as a bench mark.
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When compared against the as-deposited film, the beating

node around 9 Å�1 is much less prominent after annealing at

400 �C (the lower graph of Fig. 5). In order to better under-

stand this change, the c-SnO2 data are multiplied by a

reduced Debye-Waller factor, e�2Dr2k2

, and are overlaid on

the 450 �C-annealed data, as shown in the upper graph of

Fig. 5. Interestingly, the differences seen in this comparison

are very similar to those seen in the comparison between the

300 �C and 400 �C annealed data. It seems that the change

from 300 �C annealing to 400 �C annealing is in the same

direction as from 450 �C annealed to c-SnO2. With further

annealing, the two well separated Sn-O bonds in the first

shell, developed by 300 �C annealing, start to merge; the

film structure evolves in the direction of crystallization.

2. First neighbor structure around Zn

A single shell model appears to be adequate for the first

coordination around Zn in a-ZTO films. As seen in Table I,

RZn-O¼ 1.98 Å and N� 4. Similar values were reported for

ZITO,21 IZO,22 and IGZO.23,24 After annealing at 450 �C,

the film crystallized, and both R and N decreased.

In order to better understand the geometry around Zn,

XANES calculations were carried out and the results are

shown in Fig. 6 together with reference spectra. It can be

seen in Fig. 6(b) that the Sn K-edge XANES of the a-ZTO90

film is similar to that of a-SnO2 or c-SnO2, and can be well

reproduced by assuming a simple octahedral unit derived

from c-SnO2 (Fig. 6(c)). Therefore, the Sn K-edge XANES

is dominated by the first neighbor interaction. For the Zn

K-edge, however, the XANES spectrum deviates markedly

from that of wurtzite ZnO or a-ZnO (Fig. 6(a)). It in fact

bears resemblance to that of a-SnO2, indicating that Zn

likely resides in a rutile-like environment. Therefore, the

octahedral model was used as well for the Zn K-edge

XANES calculations. However, [ZnO6]rutile does not match

the experimental data (Fig. 6(a)). To obtain a better match,

both a reduction in the CN and a lower symmetry are

required. In addition, some disorder was artificially created.

The [ZnO4]rutile model that provides the best match is a com-

bination of disordered planar (with 1a, 1b removed) and tri-

angle pyramidal (with 1a, 2a removed) structures. This

exercise implies that local structures around Zn in a-ZTO90

films are dominated by large distortion.

B. Second neighbor structures around Zn and Sn

As seen in Fig. 2, the second peak of the a-ZTO PDF is

poorly resolved. In order to gain the element-specific infor-

mation under the peak, the EXAFS data analyses including

the second shells (Fig. S3 in Ref. 31) were carried out.

Assuming no phase separation in a-ZTO films, the Zn-Sn

interaction should dominate the second shell around Zn.

Given the low Zn content, the Sn-Sn interaction should dom-

inate the second shell around Sn. The fitting results (Table

FIG. 5. Upper: comparison of the first shell oscillations v(k) and amplitudes

f(k) extracted from the EXAFS spectra measured on as-deposited a-ZTO

films and films annealed for 1-h at various temperatures in air. Also shown

for comparison are the c-SnO2 data multiplied by exp(�2Dr2k2) with

Dr2 ¼ r2
c�SnO2 � r2

450 �C¼ 0.0009 Å2 (see Table I). For clarity, only the

amplitudes are shown in certain cases. Lower: differences Dv(k) of the first

shell oscillations; (a) 300 �C—as deposited and (b) 400 �C—as deposited.

FIG. 6. (a) Comparisons of two FDM computing results based on rutile

[ZnO6] and [ZnO4] with the Zn K-edge XANES of a-ZTO90 film, a-ZnO,

and c-ZnO. The result for the [ZnO4] best fit is a combination of disordered

planar and triangle pyramidal structures (see text). (b) Comparisons of a

FDM calculation result [SnO6] with the Sn K-edge XANES of a-ZTO90

film, a-SnO2, and c-SnO2. (c) The local structure model found in rutile SnO2

used in the FDM calculations for both Sn and Zn K-edges. The metal atom

(Zn or Sn) was placed in the center (grey ball), and oxygen atoms (red sym-

bols) are labeled to facilitate the discussion; see the main text.
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S1 in Ref. 31) show that the Zn-Sn interaction is at 3.08 Å

and that the Sn-Sn interaction is at 3.26 Å for a-ZTO90

films.

For the 450 �C-annealed ZTO film, the local structure

around Sn is similar to that in c-SnO2, while the local struc-

ture around Zn undergoes a large change (Table I). The

Zn-Sn distance is 3.12 Å, which is longer by 0.04 Å than that

in a-ZTO90 and is closer to the first Sn-Sn distance in

c-SnO2. It is speculated that crystallization asserts a long

range force that displaces Sn away from Zn and that in the

course of such a structural rearrangement, Zn loses oxygen

(N¼ 3). The oxygen gain around Sn may be at the expense

of the oxygen loss around Zn, suggesting oxygen vacancy

migration from Sn to Zn. This may be understood in terms of

the relative bond strength: the Sn-O bond is stronger than

that of the Zn-O bond.33

IV. STRUCTURE-PROPERTY RELATIONSHIPS
IN a-ZTO FILMS

From the results presented above, it is clear that the local

structures around Sn in the a-ZTO film (10 mTorr) resemble

that of c-SnO2 and are very similar to that of a-SnO2. The

smaller coordination number around Sn suggests that the oxy-

gen vacancies (VO) are present in a-ZTO films, on the order

of 1021 cm�3, and are likely the source of carriers. The differ-

ence between this estimate and the much smaller carrier con-

centration of �1019–1020 cm�3, as measured by Hall effect

measurements, indicates the prevalence of neutral oxygen

vacancies ðV�O ) over charged vacancies ðV��O).

Despite of large distortion in the local structure around

Zn, Zn ions behave as if they are “substitutional” in the 10-

mTorr a-ZTO90 films. The distortion is likely attributable to

the substitution of a large Sn ion with a small Zn ion and to

the fact that the Zn ion has a much smaller coordination

number. Unlike a-SnO2 films deposited under similar condi-

tions, in which the first shell consists of two distinguishable

bond distances,32 the first shell in the as-prepared a-ZTO90

film is better described by a single bond distance. Therefore,

doping of Zn in SnO2 induces bond disorder. Thermal

annealing experiments show that a-ZTO90 crystallized

between 400 �C and 450 �C (Fig. 1), whereas the a-ZTO70

films annealed at 600 �C were still amorphous (not shown).

In comparison, the a-SnO2 film crystallizes at approximately

300 �C.15 Therefore, the addition of Zn significantly

improves the thermal stability of the films by increasing the

crystallization temperature (Tcryst). Such enhancement in

Tcryst, a macroscopic property, also suggests no phase separa-

tion in these a-ZTO films. Given the differences in the bond

distances between the Zn-O bond or the Sn-O bond, there

exists strain e (¼DR/R) in a-ZTO films that is compressive

in nature globally by �0.5%34 and tensile locally around Zn

ions by 3.4%. The strain may reduce the lattice thermal

vibrations and increase the energy barrier towards crystalli-

zation (e�DE/kT, DE¼DEa-SnO2þDEstrain).

Fig. 7 shows the electrical properties of the a-ZTO films

as functions of (a) composition, (b) oxygen deposition pres-

sure (pO2), and (c) thermal annealing. With pO2� 10 mTorr

(Figs. 7(a) and 7(b)), the carrier concentrations of the a-ZTO

films are in the range of �1019–1020 cm�3, and the mobility

varies from 12 to 22 cm2/Vs, which are comparable to the

values of polycrystalline SnO2 films.35

A. Composition effect on the electrical properties

The data in Fig. 7(a) (all films grown at pO2¼ 10 mTorr)

provide important information about the role of Zn in carrier

generation and transport. At 10% doping, for example, the Zn

cation concentration would be on the order of 3 � 1021/cm3,

which is an order of magnitude larger than the carrier content

FIG. 7. (a) Changes of conductivity r
(S/cm), carrier concentration n (cm�3),

and Hall mobility l (cm2/Vs) of a)

a-ZTO films as a function of Zn con-

tent (all deposited at 10 mTorr); (b)

a-ZTO90 films as a function of deposi-

tion pO2; (c) a-ZTO90 films as a func-

tion of air-annealing temperature. The

film annealed at 450 �C was com-

pletely insulating and is not shown.
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of �1020/cm3. Furthermore, the decrease in carrier content

from undoped a-SnO2 to a-ZTO90 is relatively modest, i.e.,

�50%. If Zn were acting as an unbound acceptor dopant (i.e.,

Zn00Sn) at such a large concentration, as proposed by Liu

et al.36 for Zn-doped SnO2 nanorods, the electron population

should be decreased by orders of magnitude. Instead there is

a much less dramatic, and monotonic, decrease in carrier con-

tent and conductivity with increasing Zn-level in Fig. 7(a).

This requires that the Zn-dopant is accommodated by

self-compensating defects such as ðZn00SnV��OÞ
x

or in

charge-neutral structural units (e.g., distorted [ZnO4]0).

Either case implies negligible contribution from Zn doping to

the overall electroneutrality. With 30% Zn doping, the film

showed a light brown hue (likely due to the formation of

Sn2þ, as described below in Sec. IV B). With [ZnO4] and/or

[SnO4] formation in place of the “host” [SnO6], disorder

(structural and/or compositional) may be expected in a-ZTO

films. The disorder may increase localization, leading to an

increase in neutral V�O at the expense of V��O donors. The same

disorder most likely accounts for the ultimate decrease in mo-

bility (between 10% and 30% Zn substitution). Robertson37

found that similar localization/compositional disorder was re-

sponsible for diminishing the transport properties of several

In2O3-based amorphous systems.

The initial increase in mobility with doping between

undoped a-SnO2 and 10% doped a-ZTO in Fig. 7(a), which

is also seen for similar carrier concentrations in the report

(Fig. 4) on a-ZTO films prepared by RF sputtering by Ko

et al.,15 may be unique amongst a-TCOs. One explanation is

an increase in ns-orbital overlap owing to the smaller Zn-Sn

distance vs. that of the Sn-Sn distance (see Sec. III B).38

Another explanation is our finding that Zn addition dimin-

ishes the anisotropy observed in the a-SnO2 film (see Sec.

III A 1) and increases thermal stability. At higher Zn-doping

levels, however, compositional disorder dominates (as in

most a-TCOs), and the mobility declines.

B. Effect of oxygen partial pressure on the electrical
properties

The deposition oxygen pressure is a crucial factor affect-

ing the electrical properties of a-ZTO films, as seen in Fig.

7(b). At a pO2 of 10 mTorr, optimal carrier concentration n,

mobility l, and electrical conductivity r were obtained.

These decreased slightly at a pO2 of 12 mTorr, which is

likely caused by a reduction in the oxygen vacancy content

at the higher pO2. The film deposited at pO2 of 7.5 mTorr,

however, behaved quite differently and exhibited a brownish

hue. Moreover, the electrical properties deteriorated signifi-

cantly, which is believed to be due to the reduction from

Sn4þ to Sn2þ, as suggested for a-ZITO films.21

Fig. 8 compares the first derivatives of the Sn L1 edge

XANES measured on the a-ZTO90 films, deposited at 10

mTorr and 7.5 mTorr, and bulk SnO2. Main peaks corre-

sponding to Sn4þ were observed in both films and bulk

SnO2. However, for the 7.5-mTorr a-ZTO90 films, a separate

peak appeared at �3.2 eV to the absorption edge for Sn4þ.

This energy difference is comparable to that of the Sn L1

absorption edges reported for SnO and SnO2.39 This supports

the conclusion that the brownish tint observed in this film is

due to the formation of Sn2þ (up to 30%, as estimated from

the peak ratio). In bulk SnO, Sn is coordinated by 4 oxy-

gen,40 and is likely to be the same for the Sn2þ ions in this

a-ZTO film; the small coordination number around Sn

obtained for the a-ZTO70 film (Table I), which was similarly

brownish in color, substantiates this conclusion. The drop in

n to �1019 cm�3 (low carrier concentration regime) may be

attributable to the considerable replacement of host Sn4þ

species (and associated V��O donors) The presence of a large

amount of Sn2þ, regardless of its local environment, indi-

cates that the structure has departed drastically from that of

a-SnO2; the resulting disorder (structural, compositional)

accounts for the parallel dramatic drop in mobility.

C. Effect of thermal annealing on the electrical
properties

The effect of annealing on the electrical properties of

the a-ZTO90 films deposited under pO2 of 10 mTorr is

shown in Fig. 7(c) as a function of temperature. It is seen

that r increases with annealing temperature up to 300 �C by

�46% to 510 S/cm, after which r decreases dramatically.

The changes in the carrier concentration are primarily re-

sponsible for the changes in r, since l varies within 10%

(the error bar is 64%). After annealing at 400 �C, both n and

r decreased. Crystalline SnO2 peaks were identified in the

film annealed at 450 �C (Fig. 1), which was so resistive that

conductivities could not be reliably measured.

For the 450 �C-annealed film, the first shell around Sn is

identical to that in c-SnO2 in terms of the bond distance and

coordination number (Table I), while the r2 value is still

30% larger than that in c-SnO2. As shown in Fig. 3, the crys-

tallinity is likely poor and significant disorder remains in this

film. Moreover, the N around Zn decreased (�3) and so does

the Zn-O bond distance. Therefore, the insulating behavior

of this film is a direct consequence of the loss of carrier con-

centration and its poor crystallinity.

FIG. 8. Comparison of the first derivatives of the Sn L1 edges measured on

the a-ZTO90 films, deposited at 10 mTorr and 7.5 mTorr, and bulk SnO2.
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Upon annealing at 300 �C, the first coordination shell

around Sn separates more prominently into two subshells. This

is indicative of structural relaxation from a state strained by

Zn doping to a state similar to that in a-SnO2, at least around

Sn cations. This is consistent with the fact that undoped

a-SnO2 has higher carrier (donor) content than Zn-doped films

(Fig. 7(a)). It seems reasonable that V��O donors are formed at

the expense of V�O due to the structural relaxation.

With further annealing at 400 �C, the higher EXAFS

magnitude suggests that the local structure of the 400 �C film

is evolving in the direction of crystallization, in spite of

being “X-ray amorphous” (Fig. 1). The “incipient” stage of

crystallization at this annealing temperature is believed to be

responsible for the relatively steep reduction in carrier con-

centration and electrical conductivity (Fig. 7(c)).

V. CONCLUSIONS

The structural and physical properties of conducting

amorphous Zn-doped SnO2 (a-ZTO) films, prepared by

pulsed laser deposition, were investigated as functions of ox-

ygen deposition pressure (pO2), composition, and thermal

annealing. The results reveal that at higher pO2, the a-ZTO

films are highly transparent and have a structural framework

similar to that found in crystalline (c-), rutile SnO2 in which

the Sn4þ ion is octahedrally coordinated by 6 O2� ions. The

Sn4þ ion in these films however has a CN smaller by 2%-3%

than that in c-SnO2, indicating the presence of oxygen vacan-

cies, which are the likely source of charge carriers. At lower

pO2, the a-ZTO films show a brownish tint and contain some

Sn2þ ions that are likely 4-fold coordinated. Zn ions appear

to be “substitutional” (i.e., they are in a rutile-like cation

environment). However, the Zn-O bond is shorter than the

Sn-O bond by 0.07 Å and under no circumstances the CN

around the Zn2þ ion is larger than 4. The addition of Zn has

no impact on the electroneutrality but significantly improves

the thermal stability of the a-ZTO films, likely due to the

strained structure as a result of the Zn doping.

Except for the initial increase in mobility with 10% Zn

doping, attributed to improved structural homogeneity vis-�a-

vis undoped a-SnO2, the electrical properties of a-ZTO films

tend to decrease with increasing Zn content and/or formation

of the Sn2þ ions due to formation of [ZnO4] and/or [SnO4],

leading to disorder, structural, and/or compositional. Upon

thermal annealing, changes in the local structures are

observed. The change in electrical conductivity, which

improves noticeably when annealed at � 300 �C, can be

explained by structural relaxation (more V��O formed at the

expense of V�O ). The EXAFS results for the crystallized, insu-

lating film suggest oxygen vacancy transfer from Sn to Zn,

with a concomitant loss of V��O donors. Upon annealing at

400 �C, it is speculated that the film, although amorphous by

X-ray diffraction, shows evidence for incipient crystallization,

which adversely affects the transport properties of the film.
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