CHEMISTRY OF

MATERIALS

Review

Chem. Mater. 2010, 22, 3569-3579 3569
DOI:10.1021/cm1004592

Transparent Conducting Oxides in the ZnO-In,03-SnO, System

Cathleen A. Hoel,” Thomas O. Mason,* J ean-Frangois Gaillard,® and
Kenneth R. Poeppelmeier*:

"Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 60208-3113,
tDepartment of Materials Science and Engineering, Northwestern University, 2220 Campus Drive, Evanston,
Illinois 60208-3108, and *Department of Civil and Environmental Engineering, Northwestern University,
2145 Sheridan Road, Evanston, Illinois 60208-3113

Received February 12, 2010. Revised Manuscript Received April 22, 2010

Zinc-indium-tin oxide (ZITO) is a potential replacement for the currently used tin-doped indium
oxide (ITO) as a transparent conducting oxide (TCO) for optoelectronic devices. At the present time
ITO is the material of choice for the TCO layer, but the increasing cost of indium metal and the advent
of new technologies will require alternative TCOs. Over the past 15 years, bulk and thin film studies
have been amassed that report the electrical and optical properties of various ZITO compositions.
This review will examine the reported data and demonstrate that the bulk subsolidus phase diagram
can act as a guide to understanding the numerous and varied results reported for thin films.

Introduction

Transparent Conducting Oxides (TCOs). Transparent
conducting oxides are degenerately doped semiconductor
oxides that are transparent to visible light. These simul-
taneous properties enable numerous applications, such
as flat-panel displays, photovoltaic devices, and light-
emitting diodes (LED).' ~* Popular TCOs include In,Os:
Sn (ITO), SnOy:F, and ZnO:Al. ITO dominates the
market in high-end electronics with conductivities reach-
ing 10,000 S/cm.>~7 ITO is the most common usage of
indium, accounting for 82% of indium metal consumed in
the United States.® Indium, however, is a scarce metal.
The worldwide production in the year 2005 was 500 t,
which composes approximately 8% of the total estimated
reserve base. Although there is a general lack of infra-
structure needed to recycle significant quantities of the
metal, recycling indium will become increasingly impor-
tant. The recent increase in demand for indium coupled
with its natural scarcity is reflected in its market value.”'°
The price of indium metal was steady at $72/kg before
1960 when its major usage was in solder alloys. After 1970
the price fluctuated erratically and eventually rose to
$946/kg by 2005 followed by a decline to $685/kg for
2008. Because of the high cost and low supply of indium,
researchers are searching for indium-free TCOs.

For the last 15 years, the cosubstitution chemistry of
ZnO and SnO, (two relatively inexpensive materials) in
In,O5 has been explored.'"!? Great progress has been
made toward understanding the relationship between the
bulk equilibrium structure and the electrical and optical
properties. Most materials, however, are utilized in thin
film form in devices and transparent conductors are no
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exception. Numerous films in the ZnO-In,O5-SnO, (ZITO)
system have been grown and their electronic properties
have been examined as a function of composition and
deposition conditions. This review will organize and sum-
marize the previous work that has been done in the ZITO
system for thin films and compare these results to bulk
studies with the goal to provide clear directions for further
work.

Electronic Properties of TCOs. The unique simultane-
ity of electrical conduction and visible transparency stems
from specific structural motifs. TCOs satisfy three con-
ditions as outlined by Hamberg and Granqvist."?

(1) The oxide must have a band gap of atleast 3.1 eV
to transmit at least 85% visible light in thin film
form.

(2) The metal oxide must be susceptible to degen-
erate doping so that the pure oxide can transi-
tion from a transparent oxide semiconductor
to a metallic conductor. When carrier densities
become greater than 2.6 x 10! cm_3, however,
the TCO exhibits plasma frequencies that move
from absorbing infrared wavelengths to visible
light.'"* These absorptions in the visible range
reduce the transparency of the TCO.

(3) The metal cations typically have an (n — 1)d'’ns”
(n = 4, 95) electronic configuration, such as Zn’t,
Ga*t, Cd**, In*", and Sn**. The carriers reside in
the conduction band bottom, which is composed
of the ns orbitals, and owing to their spherical
symmetry, these diffuse orbitals overlap to create
bands allowing for high electron mobilities. The
filled d levels prevent d-d electronic transitions
from occurring in the visible region of the
spectrum.'® Conditions 1 and 2 have no exceptions
because they define the optical and electrical
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properties of the TCO. Some TCOs, however,
have been found that do not meet condition 3.
For example, mayenite is a TCO which has a
12Ca0-7AL,0; cage structure.'® The Ca®" and
AI*" cations are low Z metals with no d electrons.
Non-d'® cations, including Mo®", Sc**, and
Mg*", canalso be used as dopants'”'® or one com-
ponent of a layered'? or spinel” TCO. It should be
noted that transition metal cations with partially
filled d-orbitals are, in general, avoided to prevent
d-d transitions.

Structures of the End Points: ZnO, In,O3, and SnO,. To
better understand the equilibrium phases that form in the
ZITO multicomponent system, we first briefly review the
three end points. ZnO takes the form of wurtzite, which is a
tetrahedral structure where zinc is coordinated by four
oxygen atoms and oxygen is coordinated by four zinc
atoms.”! The structure consists of a hexagonal close packing
of oxygen anions with zinc cations filling half of the tetra-
hedral holes, all of which exhibit the same orientation.?
In,O5 adopts the bixbyite structure, which is also known as
the C-type modification of the rare-earth sesquioxides.”
Bixbyite is described as a fluorite-type structure with one-
quarter of the anions “missing” in an ordered fashion. The
cations reside at the body-center of a cube with anions
occupying the corners. The two “missing” anions are
located either across the body-diagonal of the cube (b site)
or the face-center of the cube (d site). The designations of the
two cation sites are derived from the Wyckoff positions, 8b
and 24d, respectively. Each oxygen is then coordinated by
four indium cations. SnO, crystallizes in the rutile structure
type where tin is coordinated by six oxygen atoms and
oxygen is coordinated by three tin atoms.** Rutile is de-
scribed by a hexagonal close packing of the anions with half
of the octahedral holes filled by the cations.

ITO Background. It is necessary to be familiar with ITO,
the current benchmark TCO before exploring alternate
systems. At equilibrium and in the bulk the solubility of
SnO, in In,O5 has been reported to be about 6% (cation
basis),”?® but precise synchrotron diffraction studies
revealed a solubility of 1—4% depending on the temp-
erature.”’ Solubility levels of thin films, however, have
reported up to 39% Sn doping In,05.*2° Although pow-
der X-ray diffraction (XRD) did not reveal the presence of
SnO, crystals, the extended X-ray absorption fine structure
(EXAFS) at the Sn K edge showed that Sn was in a similar
coordination environment as in SnO, and demonstrated
the formation of SnO,-type environments at high Sn
concentrations.”®* Reported results of ITO films show
that the highest conductivities occur at 6—9% Sn.>”’

Indium oxide is an n-type semiconductor that is self-
doped by oxygen vacancies, Vo ".3%! The conductivity
of In,O5 ranges from 10~* to 10° S/cm** 3¢ depending on
the oxygen partial pressure such that oxidizing atmo-
spheres yield low conductivities and, conversely, reducing
atmospheres give high conductivities.*>***>37 When
In,03 is doped to make ITO, Sny,” becomes the primary
donor.">* ITO, however, exhibits the same type of
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Figure 1. Subsolidus phase diagram of ZnO-In,05-SnO, at 1275 °C and
1 atm. Reprinted with permission from Harvey et al.'?. Copyright 2008
Wiley-Blackwell. Single phase points are denoted by a square, two phase
points are denoted by a diamond, and three phase points are denoted by a
triangle.

conductivity dependence on oxygen partial pressure as
In,05.°%% Frank and Késtlin® proposed the existence of
a neutral reducible associate between tin donors and
oxygen interstitials now known as a Frank—Kostlin asso-
ciate, (2Sny, O;")*, that is, the SnO, reacts with the In,O3 by
incorporation of the compensating equivalents of oxygen.
This cluster traps Sn donor electrons, but a reducing treat-
ment will remove the oxygen interstitials and release the
carrier. Likewise, an oxidizing anneal will insert oxygen
interstitials and trap the carriers. This associate is consistent
with the conductivity dependence of ITO on the atmospheric
conditions and a variety of conductivity, neutron diffraction,
and theoretical studies support its existence.>>”4%4!

Zn0O-In>03-Sn0O, or ZITO System. ZITO was first
reported in 1995 by Phillips et al.** where thin films were
grown from polycrystalline oxide targets by pulsed laser
deposition. The target compositions were Zn,In,_,Sn,-
O34x105p—06 (14 = x < 4and 0 < y < 0.4). The targets
were single-phase for the compositions ZnsIn, ,Sn O
(0 =y =0.15), which corresponds to Sn-doped Zn;In,Os.
Phillips et al. explored the conductivity dependence of the
[Zn]/[In] ratio for each film. The targets had [Zn]/[In]
ratios ranging from 0.8 to 2.2 while the [Sn]/[In] ratio was
kept in the range 0.05 to 0.18. The composition of the
films contained less zinc than the targets, such that the
[Zn]/[In] ratios ranged from 0.25 to 1.6. The [Sn]/[In] film
ratios were presumed to be similar to the target. Every
film was amorphous, with the exception of the film
corresponding to [Zn]/[In] = 0.25, which showed bixbyite
domains by XRD. The conductivity of the amorphous
films decreased as the [Zn]/[In] ratio increased. The film
conductivity peaked for the composition Znln;;Sng 3-
03.65-[5 at 2600 S/Cm

Bulk Equilibrium ZITO. In 1997, Palmer et al.!'-#344
started to explore the subsolidus phase diagram for the
Zn0O-In,03-SnO, system. The bulk equilibrium ZITO
phase diagram (Figure 1) was completed in 2008 by
Harvey et al.'> The subsolidus phase diagram of ZITO
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Figure 2. Conductivity dependence of In,—,,Sn,Zn,O5 on relative ratio
of [Sn]:[Zn]. Reprinted with permission from Harvey et al.**. Copyright
2008 Wiley-Blackwell. Lines are drawn to guide the eye.

shows no unique ternary compounds, but there are two
solid solutions of interest. One solid solution results from
the cosubstitution of Zn and Sn into In,O3, which gives
the general formula In,_,,Zn,Sn, 03 (x < 0.4).* Pellets
of the bulk powder prepared along this solid solution line
have conductivities close to those of ITO.*~*" Although
the samples were prepared with equivalents of Zn and Sn,
that is, no net doping, n-type conduction persisted. The
doping limits of In,_,,Zn,Sn O3 were explored by pre-
paring pellets with a slight excess of Zn or Sn.** Pellets of
In,_»,7Zn,Sn,O5 with a Sn-excess ([Sn]/[Zn] > 1) showed
n-type conduction reaching up to 4000 S/cm. Specimens
of Iny,_,,Sn,Zn, 03 with a Zn-excess ([Sn]/[Zn] < 1)
showed n-type conduction of ~500 S/cm. The conductivi-
ties as a function of composition are plotted in Figure 2.
Ambrosini et al.* examined Zn as an acceptor for a series
of Zn-excess samples (0 < [Zn] — [Sn] < 4%). In; 64Sng 16
Zny,05_5 (4% Zn excess) was annealed under high oxygen
pressure to trap donor electrons, which caused the carrier
concentration to drop from 10°° cm ™ to 10'® cm 3. The
conductivity temperature dependence indicated a transi-
tion from a degenerate to nondegenerate semiconductor
after the oxygen anneal. The transition from n-type to
p-type conductivity, however, was not observed despite
the electron trapping and excess Zn acceptors. In fact,
p-type conduction has not been observed for an In-based
TCO, with the exception of CulnO,.* Several defects have
been proposed to account for this conduction behavior
including Frank-K 6stlin-type (2Zny,' Vo )" associates*>*®
and an inherent Sn-excess at equilibrium.*

The ZITO system exhibits a second solid solution,
In,O5-substituted Zn,SnOy4, which is described by the
general formula Zn,_ Sn;_ In, O4 (x < 0.45).43 Zn,SnOy
is an inverse spinel and two In*" atoms “reverse cosubsti-
tute” for Zn>"/Sn*" pairs. The Zn,SnO, spinel showed
poor electrical conduction and continued to do so upon In
substitution.* The highest measurable conductivity for the
bulk spinel reported is 3 S/cm, and it occurred at the
upper indium substitution limit (x = 0.45) after a strong
reduction treatment.*’ In prior work, one of the authors
showed that as-prepared ZITO spinels had orders of
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magnitude lower conductivity than the corresponding
CITO spinels (Cd-In-Sn-0).% Noting that Zn,SnO, is an
inverse spinel, it was argued that Zn is not an effective TCO
cation neither in octahedral coordination nor in tetrahedral
coordination (vis-a-vis Cd, In, or Sn). In particular, the
tetrahedral Zn—Zn distance (for orbital overlap) is ap-
proximately 20% longer than it is in the well-known zinc
oxide TCO. The precise origin for the low conductivity,
whether attributable to low mobilities, low carrier contents,
or both, remains to be resolved. In addition, the underlying
defect mechanism(s) remain uncertain. Reduction treat-
ments increase the conductivity, which has been attributed
to the contribution of oxygen vacancy donors, but con-
firmation is lacking.

Along the ZnO-In,O3 binary exists the homologous
series (ZnO),In,O5 (k = 2—7,9, 11,13, 15,20). At 1275°C,
the phases at k = 3,4, 5,7,9, and 11 form as evident in
Figure 1. The phases for £ = 2, 6, 8, 15, and 20 form at
temperatures up to 1550 °C.'*>'7>% The first reported
ZITO films, grown by Phillips et al.,** had compositions
that correspond to k = 2, 3. The structure is composed of
alternating octahedral InO,  layers and wurtzite-like
InZn; O ,»" slabs. The indium and zinc were deter-
mined by Reitveld refinement to be disordered in the
InZn,Oy.»" section of Zn5In,04.°* TEM of Zn,sIn,Oys,
however, showed modulation of the In atoms to form a
zigzag pattern in the InZn,Oy,, " layer.”® The degree of
order and modulation between the In and Zn and its
dependence on the synthesis is not known for each
k-phase. Detailed descriptions of the proposed structures
are given in references 51,54—60. The relationship bet-
ween the structure and electronic properties is also not
well understood. The conductivities of bulk (ZnO);In,O3
(k = 3—7, 11) increased as k decreased from 1 S/cm for
Zny1In,O14 to 270 S/cm for Zn3In,04.°" As will be dis-
cussed later, thin film conductivities can be over 1000 S/cm.
Much like the In,—».Sn.Zn, Oz solid solution, the
(Zn0O),In,05 series is conductive without external dopants
such as Sn. Sn-doping marginally increased the conduc-
tivities.®' ~® Because the (ZnO)In,O; structure is com-
posed of distinct layers, the conductivity was presumed to
scale linearly with k, but this behavior was not observed.
The order and disorder exhibited by the indium and zinc
site occupancies in the InZn; Oy, slabs may contribute to
the carrier generation mechanism, but this source has not
been examined thoroughly yet. The conductivities improved
after a reduction treatment, so the source of conductivity
has been attributed to oxygen vacancies in the past, but this
defect is not consistent with the observed relationship
between the conductivity and partial oxygen pressure.’’
The non-linear trend between the carrier concentration
and k value suggests a defect other than oxygen vacancies
plays a significant role for electron generation.’' Owing to
the complexity of the crystal structure and its variations for
each value of k, the carrier source remains elusive. All other
regions in the ZnO-In,O5-SnO, system exhibit mixtures of
the aforementioned phases at bulk equilibrium.

The ZnO-In,03-SnO, subsolidus phase diagram does
not show the known binary phase In4Sn;04,. The ZITO
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Table 1. Highest Performing ZITO Film from Each Study”

Hoel et al.

normalized composition o(S-em™) u(em>vsTh n(x 10%* ecm™) phases (deposition) reference
Zn 33Ing 57Sn 10, 5 2630 NR NR amorphous (a450, s) Phillips et al.'* 1995
71 5110 40S110,0101 25 3333 25 4 NR (aRT, 5) Minami et al.®® 1998
71 35Ing 558001301 4 2222 NR NR NR (aRT, s) Minami’? 1999
Zng 11Ing g0Sng 09O 5 4000 27 7 amorphous (aRT, s) Minami et al.”* 2000
71 15Ing 70810060 s 4350 20 5 amorphous (a150, cs) Moriga et al.” 2000
7123109 44810 3301 2290 NR NR 0,05 (a450, m) Cui et al.”’ 2001
Z11.05Ing 56510 0901 5 2778 NR NR In,0; (4250, s) Chae”’ 2001
Zng.5Ing 45S10.0201 > 2500 30 5 Zn,In>05 (a500, p) Naghavi et al.” 2002
Zng 11Ing g¢Sng 30 5 2083 NR NR amorphous (aRT, s) Sohn et al.®* 2004
71125100 44810 330 s 2890 40 4.6 In,0; (4500, m) Ni et al.®® 2005
Zng5In0.7S10,0501 4 3333 9.5 11.8 amorphous (aRT,cs) Liu et al.* 2006
Zng-Ing 75Sng 0301 4 8333 347 1.6 In,O5 (4325, cs) Mohamed”® 2007
7116100 70500 1401 s 2516 40 3.9 In,O5 (aNR, p) Zhang et al.” 2007
Zng 34In0 5010 0701 3 1526 18 5.3 amorphous (aRT, cs) Liu et al.%* 2008
Zn()_l 111'1()_755[10»1401_5 4000 NR NR Il’l203 (A400, p) Harvey et 31.45 2008
71105109 00510 0501 5 2631 NR NR amorphous (aRT, 5) Bae et al.®! 2008
Zng »5Ing 50810550 5 1316 32 1.9 amorphous (¢300, s) Ow-Yang et al.%? 2008

“The fifth column lists the reported phase and the deposition conditions in parentheses. Abbreviations - NR: not reported, a: as-deposited, 4:

annealed, p: PLD, m: MOCVD, s: sputtered, c¢s: co-sputtered, RT: room temperature, Numbers are temperatures in °C. Example: (a450, s) means as-
deposited at 450 °C by sputtering. The formula stoichiometries are rewritten so that[Zn] + [In] 4 [Sn] = 1.0 to make comparing the relative percentage of
each cation easier.

Table 2. Conductivities of Selected ITO Films*

nominal composition o(S-em™) u (em*> V7 ls™h n (x10% c¢m™3 phases (deposition) reference
Iny 64Sn( 3603 14,000 20—30 10 1,05 (a370, are) Nath et al.® 1980
In; goSng 1303 7,700 35 15 In,O5 (4500, sp) Frank and Kostlin® 1982
In; 9Sny ;03 22,000 103 13.8 NR (a300, ere) Rauf’ 1993

“The fifth column lists the reported phase and the deposition conditions in parentheses. Abbreviations - a: as-deposited, 4: annealed, are: activated

reactive evaporation, ere: e-beam reactive evaporation, sp: spray pyrolysis. Numbers are temperatures in °C.

phase diagram was constructed at 1275 °C while Inyg-
Sn;0;, does not form until 1345 °C.°*% In,Sn;0,,
however, has been grown as a thin film and conductivities
greater than 1000 S/cm have been reported.®®®” Although
this phase will not be discussed with respect to ZITO
films, it is another alternative for low-indium TCOs.
The cosubstitution of ZnO and SnO, into In,O5 de-
monstrated high conductivities in the bulk form, which
initiated a number of thin-film studies.*>***~7! ZITO films
have also been explored as Sn-doped (ZnO);In,Oy 3
films’*"? as well as codeposited ITO and ZnO.”*~7® Table
1 lists the highest conducting ZITO film reported from
each study up through 2008. Table 2 lists several reported
ITO films for comparison. It should be noted that the
compositions and conductivity values are approximate.
Thin Film ZITO. All of the reported ZITO thin films
have been plotted by composition in Figure 3. Two major
observations can be made from this diagram. First, the
conductivity has a mild sensitivity to the composition.
There are no noticeable boundaries that would define an
optimal composition. These results are promising from a
manufacturing point of view because less indium is needed
in ZITO than in ITO and less control of the composition
is required to get conductive films. The second major
observation, however, is the presence of a general trend
where the conductivity increases with the percent indium.
While many films have conductivities over 1000 S/cm, the
most conductive films were observed in the In,Os-rich
corner of the composition diagram. The percent trans-
mission of the films are not explicitly mentioned or

Iny5,Zn,Sn,0;

(x<0.4)

> 5000 S/cm

4001 - 5000 S/cm

3001 - 4000 S/cm
2001 - 3000 S/cm
1000 - 2000 S/cm

(ZnO),In,0, <1000 S/cm

Homologous

series \

@ Crystalline
X Amorphous
B Not reported

SnO,

Zn0O

Figure 3. Reported ZITO films plotted by composition. Film denoted by
a circle indicates the presence of at least one crystalline phase. Secondary
amorphous phases may also have been present. Films marked with an
“x” did not show a crystalline phase. Points marked with a square
indicate the structure was not reported. The conductivities scale according
to the color. Red, 5001+; orange, 4001—5000; yellow, 3001—4000; green,
2001—3000; blue, 1000—2000; purple, under 1000 S/cm.

discussed because all the films exhibited over 80% trans-
mission for the visible range. The work function and
etching rate can be tuned by adjustment of the composi-
tion (discussed later). The majority of reported thin film
ZITO studies can be classified into three compositional areas:
the In,—»Sn,Zn, Oz solid solution, the layered (ZnO),-
(InyO3):Sn series and (ITO);_(ZnO), tie-line. Close
examination of these results will show how the bulk equilib-
rium phases influence the properties of the thin films.
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The In,—»,Sn,Zn O3 solid solution regime is where the
highest conducting films have been observed. The films
crystallized as the In,O5 structure®*%7%77=7 or were
reported as amorphous.®*~5? The equilibrium cosubstitu-
tion is [Sn] = [Zn], but as seen in Figure 3, many of the
film compositions deviated from this line. The films were
n-type regardless if [Sn]/[Zn] > 1 (excess Sn donors) or if
[Sn]/[Zn] < 1 (excess Zn acceptors), which is the same
behavior that was observed for the bulk. Harvey et al.*’
grew a series of crystalline ZITO films near the In,_,,Zn -
Sn,Oj3 solid solution with different [Sn]/[Zn] ratios. They
observed as-deposited conductivities that ranged from
100—3700 S/cm depending on the composition. The film
composition was controlled by the partial oxygen pressure
(pOy) during the deposition. As the pO, increased, the
[Sn]/[Zn] ratio decreased. The film compositions, which
resulted from each deposition, are shown in Figure 4 with
the conductivity and optical absorption dependence as a
function of pO,. A spike in conductivity and dip in the
absorption coefficient occurred when the [Sn]/[Zn] ratio was
slightly higher than one, which corresponded to Sn-excess
In,_».Zn,Sn,05.* This composition is also where the bulk
In,—»,Sn,Zn,O5 solid solution exhibited the highest con-
ductivities.*> Reduction treatments of ZITO films near the
In,—»,Zn,Sn O3 solid solution improved the conductivity,
but ZITO films exhibited lower sensitivity to reduction
treatments than ITO.**® Harvey et al.** showed that the
dominant defect in bulk In,_>,Sn,Zn, O3 may be an inher-
ent off-stoichiometry of Sn and Zn such that [Sn] > [Zn],
which generates conduction electrons. The conductivity
dependence of In,_»,Zn,Sn, O3 on the pO, may then be
explained by these Sn donors forming Frank—Kostlin
associates.*

Thin films of Sn-doped (ZnO),In,O3; have been ex-
plored as low-indium TCOs.**" The different (ZnO),-
In,03:Sn studies showed the same trends—the conduc-
tivity decreased as the percentage of indium decreased
and the conductivity was improved when doped with less
than 5% Sn.**”* The films exhibited the same behavior as
bulk (ZnO),In,O5 where the conductivity declined as the
percent indium was lowered®'®> and low levels of Sn
doping improved the conductivity.**% While Sn-doping
raised the conductivity of (ZnO);In,0s3, the improvement
was typically less than a factor of 2 for both bulk and thin
films.*>%%%73 Reducing treatments of (ZnO),(In,O5):Sn
films showed mild sensitivity to pO, compared to ITO
films. Liu et al.** used a reducing anneal to improve a
(Zn0),(Iny0O5):Sn film by less than 50% whereas reduc-
tion of an ITO film, prepared with the same deposition
conditions, improved the conductivity by 1000%. This
conductivity behavior suggests that Sn donors are not the
primary defect by which carriers are generated in the
structure.®> The bulk (Zn0O),In,O5 phases exhibit the
same minor conductivity improvement upon reducing treat-
ments.”! The (Zn0O),In,0; defect chemistry is poorly under-
stood, and a better understanding of these bulk phases
would help elucidate the electrical behavior of the thin films.

The (ITO),—(Zn0O), tie-line is a popular regime to
explore because series of these films can be grown by
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Figure 4. ZITO films prepared by PLD on c-plane sapphire and YSZ-
(111) at a series of partial oxygen pressures. Image on top shows the films
plotted by composition, and the arrow denotes the increase of pO, for
each deposition. Bottom two images show the conductivity from each as-
deposited film as a function of pO, during deposition. Curved arrow
denotes the change of composition with the decreasing [Sn]/[Zn] ratio.
The compositions of the circled points on the top image corresponds to the
conductivity of the circled points on the bottom images. Reprinted and
modified (circles and arrow on top image were drawn in) with permission
from Harvey et al.**. Copyright 2008 Wiley-Blackwell.

codeposition of ITO and ZnO targets.”*”>788485 The
(ITO);-(ZnO), tie-line can be split into three separate
sections: the ITO-rich end, the middle and the ZnO-rich
end. The film conductivities are plotted in Figure 5 as a
function of x along the (ITO),_,(Zn0O), tie-line. The ITO-
rich films (x < 0.2) had nominal compositions near the
In,_»,.Zn Sn, O3 solid solution line and are where the
highest conducting films were observed. Many of the film
compositions were observed on the Zn-excess side of the
solid solution line because the Sn concentration had an
upper limit of 10%. The ITO-rich films exhibited the
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Figure 5. Conductivity of codeposited (ITO),—(ZnO), films. Notice the
non-linear dependence of the conductivity as a function of the nominal

composition between the end points. Data redrawn from references
74,75,78,84,85.

same behavior as the In,_,,Sn,Zn 05 films and, hence,
bulk In,_»,Sn,ZnO5. They had the high n-type conduc-
tivities and crystallized to bixbyite In,05.7+7%78:8586 1¢
was in this regime that the highest ZITO conductivities
were reported by Mohamed.”® ZnO was not observed as a
secondary phase at the ITO-rich regime with one possible
exception,”® which supports the formation of the cosub-
stituted In,_»,.Zn,Sn, O3 phase as opposed to a physical
mixture of ITO and ZnQ."*7>-78:85.86

Films in the middle of the (ITO),_ (ZnO), tie-line (x ~
0.2—0.55) were consistently amorphous.”*”>"%8¢ Liy
et al.’* annealed amorphous (ITO)( ¢¢(Zn0), 34 at 700 °C,
which crystallized to a mixture of In,O; and Zn,In,Os.
Zn,In,05 was not present in the subsolidus phase dia-
gram (Figure 1) because it does not form until 1550 °C,>>
but it has been grown as a thin film.*”%® Liu et al.%
annealed amorphous (ITO)( 4(Zn0O), ¢at 700 °C to form a
mixture of In,O3 and Zn;In,04. According to the sub-
solidus phase diagram, the equilibrium phases for the
given composition are In,O3, Zn3In,0¢, and Zn,Sn0,.'2
The crystalline phases in the film agree with the expected
bulk phases except for the absence of Zn,SnO, in the film.
The Zn,SnO4 may have gone undetected, though, as
broad peaks in the XRD pattern. Another possibility is
that Sn could have doped In,O5 or Zn3In,Og in the film
rather than precipitate out as Zn,SnQOy. It is possible for
the cations to be segregated and for nanosized ordered
regions and crystallites to form. Hwang et al.*> observed
bixbyite In,O; for (ITO),;—(Zn0O), for x = 0—0.45. An
amorphous film was not seen until x = 0.5. The crystal-
linity for x = 0.2—0.45 does not seem consistent with the
other (ITO),-,(ZnO), reports mentioned above. Hwang
et al.® analyzed the composition of the amorphous
(ITO)y5(Zn0O)y 5 film as a function of film depth and
observed a depletion of Zn in the middle of the film with
an excess of Zn near the substrate. The amorphous
(ITO)y.5(Zn0O) 5 film was actually ITO atop a ZnO buffer
layer rather than a homogeneous Ing 45Sn¢ g5sZny 5O type
film.®> Although the composition depth profile of the
crystalline films were not analyzed, it is reasonable to
expect that they would exhibit the same microstructure
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owing to the similar deposition conditions. Therefore,
the crystallinity of the (ITO);—(Zn0O), films grown by
Hwang et al.* was likely due to the formation of separate
ITO and ZnO layers.

ZnO-rich films (x > 0.55) crystallized as (ZnO),In,O;
and Zn0.”>*¢ ZnO was not observed until the end of the
(ITO),_(ZnO), tie-line (x > 0.7).”>%¢ The reports did
not mention a shift of the ZnO XRD peaks to indicate In
doping. The crystalline k-phases, which were seen in the
films, corresponded to the equilibrium phases for the
same compositions. Liu et al.®® observed (Zn0O);In,04
but was not able to determine which k-phases were present.
Moriga et al.”® observed the phase Zn;In,Og for a (ITO)g 43-
(Zn0O), 57 film and ZnsIn,Og for a (ITO)y34(Zn0)g ¢ film.
At equilibrium the nominal composition (ITO)g 43(Zn0O)g 57
will form Zn3In,Og, In,O3, and Zn,SnOy4. The composition
(ITO)y34(Zn0)ggs will form ZnsIn,Og, Znyln,O; and
Zn,SnOQy,. Films at the ZnO-rich end of the (ITO);_(Zn0O),
tie-line had lower conductivities than films deposited at the
ITO-rich end.”™ This conductivity trend is the same for bulk
equilibria—the In,_,.Sn,Zn O; solid solution is more con-
ductive than (ZnO),(In,O3):Sn, and the conductivity of each
k-phase decreases with increasing k (less In).*>162

Characterization. Structural characterization of the
films is necessary to understand the electrical and optical
properties. Although many of the crystalline films de-
noted in Figure 3 are reported to be single-phase, most of
them do not appear on single-phase lines. Film micro-
structures were determined most commonly by XRD.
Crystalline phases are apparent, but nanosized crystal-
lites or amorphous regimes may go undetected. Films that
are oriented will only diffract the favored lattice planes.
As a result the XRD patterns of thin films may only show
a few peaks, which makes the phase identification less
certain. If the film is on a crystalline substrate, glancing
angle X-ray diffraction may be necessary to avoid satura-
tion of the detector by the substrate peaks. Synchrotron
facilities offer high flux beams and are equipped with areca
plate detectors for transmission XRD. Synchrotrons also
offer the ability to do microdiffraction and X-ray absorp-
tion spectroscopy. Other techniques such as electron
microscopy and electron diffraction can be used to ex-
amine the film quality and probe the homogeneity of the
microstructure.

ZITO films have been deposited both in the crystalline
and amorphous state. The degree of crystallinity can be
controlled with the substrate temperature, substrate crys-
tallinity, post-deposition annealing temperature, and
composition. Films deposited at room temperature on
glass tend to be amorphous,***!%¢ whereas films depos-
ited on sapphire heated to 500 °C will be crystalline.*>”*-%
Undoped In,Oj films easily crystallize; addition of the
smaller Zn and Sn cations stabilize amorphous films and
increase the temperature of crystallization.®'** Amor-
phous films pose an extra challenge for characterization.
As a result, the homogeneity and local structure of
amorphous films are poorly understood. “Amorphous”
films are assumed to be glass-like with a uniform compo-
sition, but this assumption has not been verified. It is
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Figure 6. Cartoon of OLED schematic. The relative energy levels are
plotted below the corresponding component. The approximate location
of LUMO/HOMO energy levels are redrawn from Cui et al.®®.

possible for the cations to be segregated and for nanosized
crystallites and phases to exist. The structure type affects
how the material generates and conducts electrons, so it is
critical to investigate and understand these oxides that do
not exhibit long-range order.

The relative ratios between the cations in the films are
difficult to control with deposition techniques, especially
for ternary systems and multiple-target depositions. The
composition is commonly determined by energy disper-
sive spectrometry (EDS) that is commonly attached to
scanning electron microscopes (SEM). The elemental
composition of the sample probed by the electron beam
can then be determined by standard-less analysis, but
external standards should be used to obtain a composi-
tion within a 10% uncertainty.”® A single EDS measure-
ment will not necessarily reflect the average film
composition because it will be limited to the sampling
volume probed by the beam. This site-specific measure-
ment, however, can be used to assess the homogeneity of
the film composition. Hwang et al.*> measured the com-
position of an amorphous (ITO) 5(Zn0O), 5 cosputtered
film and observed a significant Zn gradient that was
concentrated near the substrate. Homogeneity of the
Zn:In:Sn ratios should be examined, especially for code-
positions and amorphous films, because the composition
will influence the phase formation.

Work Function and Etching Rate. If TCOs are to be
applicable they must satisfy the electronic requirements
of the device. The work function of an LED should match
the highest occupied molecular orbital (HOMO) of the
hole-transport layer to achieve maximum efficiency of
hole transport to the emission layer. A schematic of an
organic LED (OLED) over the relative HOMO and
lowest unoccupied molecular orbital (LUMO) energy
levels is shown in Figure 6. ITO has a work function
around 4.7 eV,”! which is not necessarily aligned with the
HOMO of the hole transport layer. The reported work
function of ZITO changes as a function of composi-
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Figure 7. Work function of films with composition (100 — x)ZnSnO; —
(x)IngSn30; (squares) and (100 — x)Zn,In,O5 — (x)InySn30;, (circles)
by percent weight. Data are from Minami.” The resistivity corresponding
to each composition was not reported.

tion ranging from 4.9 to 6.1 eV, the latter being for
the composition Zn,In3Sn O 44 (2Zn0O-In;Sn40,).7%7
Figure 7 plots the work functions of two series of ZITO
films as a function of composition. The films composed
along the ZnSnO5;—1In4Sn301, tie-line had work functions
that ranged from 4.9 to 5.35 eV whereas films composed
along the Zn,In,05—InySn3;0,, tie-line had a constant
work function at 4.95 eV. It should be noted that the
compositions are nominal, and the phases for each film
were not reported. Cui et al.”’ fabricated two OLEDs, one
with an ITO anode and another with a Zng4sIng gg-
Sng.6603—s anode. The HOMO of the hole injection layer
was 6.0 eV and was aligned closer to ZITO at 6.1 eV than
ITOat4.7eV. The OLED with the ZITO anode generated
more than twice the maximum forward light output than
the OLED with ITO. The tunable work function of ZITO
is advantageous for device integration because it can be
tailored to a specific interfaced layer.%%70%1

The etching rate is an important, yet overlooked,
property in TCOs. Some device applications prefer a fast
etching rate to quickly clean the surface. Other device
applications, however, use corrosive active-layers, so the
TCO must be robust to prevent early degradation.
Minami’? showed how a series of ZITO films were tuned
to have a fast etching rate or minimal etching by adjust-
ment of the composition (Figure 8). The conductivity of
these films stayed within the range 140—750 S/cm. Ni
etal.®® tested two OLEDs, one with a ZnIn,Sn; sO, anode
and the other with an ITO anode. The anodes were spin-
cast with a common hole-injection layer known as PEDOT-
PSS, poly(3.4-cthylenedioxythiophene) poly(styrene-
sulfonate). Approximately 1% of the ITO anode was
dissolved by the PEDOT-PSS, but less than 0.05% of
the ZITO anode was dissolved by the PEDOT-PSS. The
Z1TO-based OLED had a higher light output than the
ITO-based OLED, which was attributed to the chemical
robustness of ZITO over ITO.*® Although ZITO may be
less conductive than ITO, the tunability of the work
function and etching rate makes ZITO a strong contender
against ITO for device optimization and sustainability.
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ZITO as a Transparent Semiconductor. There is now
interest in the development of devices where every com-
ponent is transparent.”>~** Electrically active transparent
oxides can be utilized in a new manner, specifically, as
amorphous transparent oxide semiconductors (a-TOS). An
a-TOS would be used as a channel layer for thin film
transistors (TFT), replacing the currently used amorphous
hydrogenated silicon (a-Si:H). Replacing the remaining com-
ponents of the transistor with transparent materials will lead
to fully transparent electronics. The benefits and develop-
ment of transparent electronics and their technological
implications has been reviewed thoroughly.”

The distinguishing difference between a TCO and an
a-TOS is the carrier density. A TCO should have carrier
densities on the order of 10*' cm™> to exhibit high
conductivities for improved device efficiency. An a-TOS
carrier density is limited to 10'7 cm > to prevent charge
leakage and enable high on-to-off ratios in TFTs. With
such low carrier densities the tunneling current drops and
grain boundaries become a significant source of electron
traps. It has been suggested that growing films in an
amorphous state eliminates grain boundaries. The crys-
talline structure of a TOS is known, but the local structure
of an amorphous TOS and its relationship to the crystal-
line structure has not been extensively investigated.”® It
has been shown by experiment®’~*° and theory'® that the
carrier mobilities are the same between the amorphous
and crystalline states of an a-TOS, which is not the case for
the semiconductor Si.'”! The spherical geometry of the ns
conduction orbitals in the a-TOS overlap regardless of the
bond orientation, so electrons have the same mobility for
the crystalline and amorphous state. The sp® orbitals in Si,
on the other hand, are highly directed and lose significant
overlap when the crystal structure loses order. As a result,
the mobilities of an a-TOS (10—20 cm?/(V s)) are higher
than a-Si:H (~1 cm?/(V s)). Because the target electronic
properties for an ¢-TOS differ from a TCO, new composi-
tions and structures need to be explored.

Grover et al.'® made a TFT with the channel
layer Ing,0Sng 75Zn¢ 050,. The transistor was not fully
transparent and had a large negative turn-on voltage, which
indicated that the transistor operated in depletion mode.
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The ZITO channel did have, however, an effective mobility
of 15 cm?/(V s) and an on-to-off ratio of 10”. Buchholz
et al.'% fabricated a TFT with an In; 4Sng »7Zn0 3303—s
channel that had a field effect mobility « = 10 cm?/(V's), on-
to-off ratio of 10°, and a positive threshold voltage indicating
that the transistor operated in enhancement mode. The
channel layer was tuned by the pO, deposition to be either
a degenerate or nondegenerate semiconductor. The high pO,
during film deposition trapped the free electrons and lowered
the carrier concentration to an appropriate level for a
TFT channel layer.'%® This same conduction behavior
was mentioned previously in the bulk ZITO section
where Ambrosini et al.*® observed a transition from degen-
erate to nondegenerate conductivity for bulk In,_,,Sn,Zn O3
after subjecting the powder to oxidative annealing. Successful
transparent TFTs with other a-TOS channel layers, such as
Zn,Sn0, and InGaZnO, have been fabricated.*>'*!% Trans-
parent TFTs have also been fabricated with crystalline un-
doped In,O; and ZnO channel layers,>>%>%31%471% yhich
demonstrates that the amorphous structure is not necessarily
required. If the channel layer contains large grains, then there
will be few grain boundaries to trap the carriers. The field of
a-TOSs and transparent transistors is still emerging and
ZITO will play an integral role in the development of
transparent electronics.

Zn0-Sn0O; or ZTO System. One goal of TCO research
is to develop low-cost TCOs with conductivities and
transparencies as high as ITO. An attractive system to
study is ZnO-SnO, (ZTO). ZTO currently is used as a
resistive component in a variety of applications, such as
varistors, 1% gas sensors,'” " and CdTe solar cell
buffer layers.''? ZTO has recently been examined quite
extensively as an inexpensive TCO.''*~'?% ZTO has been
the subject of numerous high-throughput combinatorial
film growth studies.'"*~'"!*® Owing to the development
of multitarget vapor deposition film growth techniques, a
series of films that vary in composition can be grown
during a single deposition. These combinatorial film
growth techniques can also investigate how a series of
films is affected by substrate temperature, atmosphere, or
post-deposition annealing.

One prominent feature of the combinatorial studies
was the non-linear conductivity dependence on composi-
tion. The relative percentage of Zn and Sn affected the
electrical properties, but there was not a well-defined
relationship between the conductivity of the unary oxide
end-members and the binary films. Furthermore, not every
film study observed the same conductivity versus composi-
tion trend. Minami et al.''"* 'S and Moriga et al.'"
observed a spike in conductivity at [Zn]:[Sn] = 40:60. This
Zn:Sn ratio does not correspond with a known zinc tin
oxide phase. Conversely, Perkins et al.''®!" observed
spikes in the conductivity for [Zn]:[Sn] = 60:40 and
[Zn]:[Sn] = 50:50. These compositions correspond to the
known Zn,>SnQy spinel and the metastable ZnSnO;. Bulk
powder conductivity measurements of Zn,SnO, reveal a
high resistivity.** ZnSnOj; is metastable with two reported
polymorphs: ilmenite'® and LiNbO;-type.'** Both poly-
morphs have been synthesized as a bulk powder, but the
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Table 3. Conductivities of Top-Performing ZTO Films*

nominal composition o(S-em™) u(em>vsTh n( x 10% ecm™) phases (deposition) reference
Sng 73Zn9.2701 5 250 15 1 amorphous (¢RT, s) Minami et al.''* 1994
Sng sZng 5O s 240 30 0.5 NR (4400, p) Perkins et al.''® 2002
Sng.0§Zn.0205 200 4 8 SnO» (4250, ¢s) Moriga et al.''’, Hayashi et al.''® 2004
Sng ¢Zng 40 » 250 18 0.8 amorphous (a300, v) Minami et al.''® 2005
Sng 9>Zng 0301 o 1000 25 Sn0, (4300, cs) Ko et al.'* 2006
Sng.g9Zng 11019 526 25 1.5 amorphous (4450, cs) Ko et al.'?® 2007

“The fifth column lists the reported phase and the deposition conditions in parentheses. Abbreviations — NR: not reported, a: as-deposited,
A: annealed, v: vacuum arc plasma evaporation, s: sputtering, ¢s: co-sputtering, p: pulsed laser deposition. Numbers are temperatures in °C.

conductivity was not measured because sintering a dense
pellet requires temperatures beyond the stability threshold
of ZnSnOj;. An epitaxial film of ZnSnO; was grown, but the
conductivity was not measured.'*! ZTO films tend to be
amorphous when there is more than 20% of each metal
present.''*~ 17128 When the amorphous films are annealed
to the point of crystallization, mixtures of ZnO, SnO,, and
Zn,Sn0, are seen.''®!?® The intermediary binary phases
influence the electrical properties of ZTO films, as seen by
the fluctuations of ZTO films as a function of composi-
tion.!3~!"” But, the trends observed from the various
reports' 377119 are not consistent with one another,
so the influence of the bulk phases is unclear. To improve
ZTO films to compete with ITO and ZITO, the conduction
behavior must be better understood.

Of all the film studies, the highest reported conductivity
of a ZTO film has been 1,000 S/cm."** The conductivities
of ZTO films are an order of magnitude less than ITO and
ZITO. The highest reported ZTO films are listed in Table
3. It can be seen that both the mobilities and carrier
concentrations of ZTO films are lower than those listed
for ITO and ZITO. An understanding of the defect
chemistry can offer insight as to effective dopants, which
can improve the electron concentration and make ZTO a
competitor to ITO. Although ZTO may not replace ITO
in high-end electronics, ZTO can be a low-cost TCO layer
for applications that do not require high conductivities.

ZTO has also been examined as an ¢-TOS and imple-
mented into transistors.'** 713 ZTO has shown excellent
performance as a channel layer for transparent TFTs
owing to its tendency to be amorphous with high optical
transparency and high electron mobilities. Chiang et al.'**
fabricated transparent TFTs using an amorphous ZTO
channel layer and observed a field effect mobility
u = 25 cm?/(V s), on-to-off ratio of 10" and a positive
threshold voltage. ZTO films have been fabricated using
the physical vapor deposition techniques mentioned ear-
lier and solution processing techniques such as sol—gel
spin-coating.!**13137 7TQ will likely become a popular
channel layer for TFTs owing to its low cost, ease of thin
film fabrication, and promising device performance.

Conclusion

ZITO (Zn-In-Sn-O) materials are promising replace-
ments for ITO as the TCO layer in many opto-electronic
applications. ZITO contains less indium than ITO,
which lowers the cost, and it has a broad window of
compositions that allow the TCO layer to be tuned

(conductivity, work function, etc.) for each application.
The bulk equilibrium phases of ZITO have been well-
defined and exhibit two transparent and conductive
regions: the In,_».Zn,Sn,O; solid solution and the
(Zn0),In>O5 homologous series. ZITO thin films, how-
ever, have been grown across a vast array of compositions
by a variety of deposition methods. Nevertheless, the thin
films can be classified into the same two categories: the
In,—»,Zn,Sn O3 solid solution and (ZnO),In,O5:Sn homo-
logous series. The thin film studies defined a third regime: the
(ITO),—(ZnO), binary. It was shown that the films grown
along this binary can also be described by the In,_,,Zn,-
Sn, O3 and (ZnO),In,05:Sn regimes. Although select films
were deposited in states of non-equilibrium, the films exhib-
ited conduction behavior that was similar to the bulk phases.
Knowledge of the carrier generation mechanisms in the bulk
phases is important for understanding the electrical behavior
of these thin films. The bulk phase diagram can be a guide for
identifying highly conductive regimes, and the thin film
diagram reveals which regions have already been explored.
As an example, few thin films have been grown on the Sn-
excess side of the In,—»,Zn ,Sn O3 solid solution, but the bulk
equilibrium behavior predicts modest conductivities. Current
knowledge of the electrical behavior of ZITO has led to a
controlled lowering of the carrier content to semiconducting
levels for utilization as amorphous oxide semiconductors
(a-TOS). The application of ZITO in electronic devices can
then expand to transistors and transparent electronics. A
likely candidate material for a TCO is ZTO (Zn-Sn-O),
owing to its inexpensive raw materials and ease of manufac-
turing. Although ZTO has not been able to replicate the high
conductivities demonstrated by ITO and ZITO, further
research on the carrier generation mechanisms and electrical
behavior is warranted. ZTO is a suitable alternative for
applications that do not demand high conductivities. ZTO
has also shown to be an effective ¢-TOS and is being
developed for transparent electronics (e.g., transparent tran-
sistor applications).
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