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Nb doped TiO2 (TiO2:Nb) thin films are prepared by direct current magnetron sputtering on glass

substrates followed by different O2 pressure postanneal at 300 �C. The proper postannealing O2

pressure (PO2�anneal) prompts the crystallization of the as-deposited amorphous TiO2:Nb films and

improves the electron mobility. High vacuum postanneal leads to weak crystalline TiO2:Nb films,

while the TiO2:Nb films remain amorphous at high PO2�anneal. The average transmittance in the vis-

ible region increases monotonically with PO2�anneal due to the reduction of oxygen vacancy and

reaches 81% when PO2�anneal is 20 Pa. However, an oxygen interstitial can be formed in O2 rich

annealing atmosphere, which would result in the suppression of carrier concentration. The carrier

concentration maximum (�1.55� 1021 cm�3) of the TiO2:Nb films is obtained when the PO2�anneal

is 0.5 Pa. VC 2016 American Vacuum Society. [http://dx.doi.org/10.1116/1.4961538]

I. INTRODUCTION

Transparent conducting oxide (TCO) films have been

widely applied in various optoelectronic devices such as

solar cells,1 flat panel displays,2 and organic light emitting

devices3 in recent decades. Sn-doped In2O3 (ITO) is the

most widely used TCO material due to its remarkable optical

and electrical properties.4 But the application of ITO will be

limited by the scarcity and toxicity of indium in the future.

Many kinds of TCOs have been explored to replace ITO,

such as Al-doped ZnO,5 F-doped SnO2, etc.6 In addition,

Nb-doped TiO2 (TiO2:Nb) films have been a possible candi-

date for TCO since Furubayashi et al. demonstrated the

low resistivity (2.3� 10�4 X cm) and high internal transmit-

tance (>95%) of epitaxial TiO2:Nb films on SrTiO3 sub-

strate by pulsed laser deposition (PLD) in 2005.7 Even

though the application of polycrystalline TiO2:Nb films are

limited by its high refractive index and relatively large resis-

tivity (�1� 10�3 X cm),8 they are superior to its counter-

partners in some specific fields such as dye-sensitized solar

cells and III–V semiconductor optoelectronic devices.9,10

It is well known that oxygen related point defects play a

significant role in the electrical properties of metal oxide

semiconductors.11 The oxygen interstitial (Oi) and metal

vacancy defects in (n�1)d10ns0 metal oxide semiconductors

(such as ZnO, In2O3, etc.) are considered as electron com-

pensator centers, because they trap two electrons around

O 2p orbit.11 For TiO2:Nb films, the electron compensating

effect of Oi is also significant through first principle calcula-

tions and experiments.12,13 Besides, the oxygen vacancy

(Ov) in TiO2 acts as a donor.14 From Huy’s first principle

study, the Nb-substitution of a Ti-atom (NbTi) is formed eas-

ily in the oxygen-poor case.15 As a comparison, the oxygen-

rich condition leads to the formation of titanium vacancies

or Oi.
15 Therefore, a reducing atmosphere seems to be indis-

pensable for efficient incorporation of dopants. However, in

this case, the Ov is formed as well. The Ov not only deterio-

rates carrier mobility by increasing impurity scattering, but

also lowers the transmittance.16,17 For pulsed laser deposited

TiO2:Nb/TiO2:Ta films, the influences of O2 pressure during

growth have been investigated in previous studies.17,18 The

effect of O2 partial pressure during the postannealing process

have also been studied for the epitaxial Ti0.94Nb0.06O2þd

and polycrystalline TiO2:Ta films.13,19 Nevertheless, the

influences of O2 pressure for the sputtered TiO2:Nb films are

different.

For ceramic target sputtering, the oxygen-deficient

TiO2:Nb targets are generally used to expand the adjustable

range of oxygen partial pressures during sputtering.16,20,21 In

Hoang’s study, the optimal O2 flow ratio is 0.05% during the

growth of TiO2:Nb films, which means the O2 partial pressure

is only 5� 10�4 Pa with a total sputtering pressure of 1.0 Pa.20

Taking this into consideration, the base pressure is required to

be less than 1� 10�4 Pa in order to avoid the effect of residual

O2 or H2O in background. So, this method is difficult to

become realized through the ordinary sputter system (back-

ground vacuum>1� 10�4 Pa).22 Another way to achieve con-

ductive TiO2:Nb films from oxygen-deficient TiO2:Nb targets

is pure Ar atmosphere sputtering followed by postannealing

under low O2 pressure, which has not been investigated for

sputtered polycrystalline TiO2:Nb films until now.

As mentioned above, due to the active ionized O2
þ

plasma, the accurate control of the stoichiometry is difficult

during sputtering. In addition, the stoichiometry changea)Electronic mail: zhangsd@pku.edu.cn

051512-1 J. Vac. Sci. Technol. A 34(5), Sep/Oct 2016 0734-2101/2016/34(5)/051512/8/$30.00 VC 2016 American Vacuum Society 051512-1

http://dx.doi.org/10.1116/1.4961538
http://dx.doi.org/10.1116/1.4961538
http://dx.doi.org/10.1116/1.4961538
http://dx.doi.org/10.1116/1.4961538
http://dx.doi.org/10.1116/1.4961538
mailto:zhangsd@pku.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4961538&domain=pdf&date_stamp=2016-08-24


of the TiO2:Nb films is always unpredictable during the

postanneal as the anneal temperature (300–600 �C) and

atmosphere (H2, vacuum, or N2) vary among the different

groups.10,16,20,21 Thus, in order to precisely control the stoi-

chiometry in the TiO2:Nb films, it is meaningful to investi-

gate the evolution of as-deposited Ti0.94Nb0.06O2�d films

after they are postannealed under different O2 pressure

(PO2�anneal). In this study, the structural, electrical, chemical,

and optical properties of TiO2:Nb films with various

PO2�anneal are characterized to optimize the annealing condi-

tion for TCO application.

II. EXPERIMENT

A. Preparation of samples

We prepared the as-deposited amorphous oxygen-

deficient Ti0.94Nb0.06O2–d films at room temperature and put

them postannealed under different O2 pressures. In order to

expand the tuning range of the stoichiometry, the lowest

crystalline temperature ever reported for sputtered TiO2:Nb

films (300 �C)20 was chosen to lower the chemical potential

of O2 in the anneal atmosphere.23 110 nm Ti0.94Nb0.06O2�d

films were deposited on nonalkali glass (Corning 1737) sub-

strates from an oxygen-deficient Ti0.94Nb0.06O2–x (x � 0.05)

target (99.99%) by DC magnetron sputtering in a 0.4 Pa pure

Ar atmosphere with a sputtering power of 150 W at room

temperature. Copper grids covered with amorphous carbon

thin films were used as substrates to measure transmission

electron microscopy (TEM). The background vacuum of

the depositing process was �5� 10�4 Pa. After deposition,

the as-deposited TiO2:Nb films from the same run were post-

annealed under various O2 pressures of �0.0002 (O2 in the

base background), 0.02, 0.2, 0.5, 2, 5, 20, 200, 2000, and

105 Pa at 300 �C for 1 h. Notably, the background vacuum of

the annealing furnace was 1� 10�3 Pa.

B. Characterizations

The thickness of the TiO2:Nb films was measured by a

Profilometer (Bruker, Dektak XT), while the X-ray diffrac-

tion (XRD, Rigaku, D/MAX 2500 PC) measurement was

carried out at 40 kV, 20 mA using Cu�Ka radiation. TEM

(JEOL, JEM-2100 F) with electron energy of 200 keV was

used to measure the planar morphology, selected-area

electron diffraction (SAED), and high-resolution TEM

(HRTEM). The electrical properties were characterized by a

Hall effect system (Ecopia, HMS3000), and the chemical

composition of the samples was measured by x-ray photo-

electron spectroscopy (Thermofisher Scientific, ESCALAB

250Xi) using 1253.6 eV Mg–Ka radiation. The binding

energy was calibrated with the C 1 s peak at 284.6 eV. The

transmittance was measured from 250 to 800 nm by an ultra-

violet–visible (UV–vis) spectrometer (Shimadzu, UV–2450)

using glass substrate as a reference, and the average trans-

mittance in visible region (400�760 nm) is calculated. The

surface morphology and roughness of the films were charac-

terized by atomic force microscopy (AFM, Angilent 5420 A)

in 1�1 lm2 square.

III. RESULTS AND DISCUSSION

A. Structural property

1. XRD

First, to clarify structural evolution, the XRD of the as-

deposited and postannealed TiO2:Nb films are investigated as

seen from Fig. 1. The as-deposited TiO2:Nb films are amor-

phous, which is consistent with previous reports.20 The

300 �C annealing would cause the TiO2:Nb films weakly crys-

tallizing under high vacuum with PO2�anneal of �0.0002 Pa.

As PO2�anneal increases, the annealing induced crystallization

effect is enhanced until PO2�anneal¼ 2 Pa. And then comes to

a steady transition region without obvious structural change

while PO2�anneal is 2�20 Pa. The 200 Pa O2 annealed TiO2:Nb

film experiences a change of preferred orientations from ana-

tase (101) to anatase (004), followed by totally amorphous

TiO2:Nb films while PO2�anneal� 2000 Pa. It should be

emphasized that a rutile (200) peak is found in the XRD

patterns of 0.02 Pa O2 annealed TiO2:Nb film, which might

be caused by the stress during the crystallization process.

Furthermore, the (101) lattice constant d101 and vertical grain

FIG. 1. (Color online) XRD patterns of TiO2:Nb films by various O2 pressure

anneal; the XRD patterns of the as-deposited TiO2:Nb film are also given.

The diffraction peaks of rutile TiO2 (JCPDS 86-0147) and anatase TiO2

(JCPDS 84-1286) are shown as at the top side and bottom side, respectively.
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size L are estimated by Bragg and Scherrer equation,

respectively,

2d sin h ¼ nk; (1)

L ¼ 0:9k=½Dð2hÞ cos h�; (2)

where d is the lattice constant, h is incident angle of x-ray,

and k is the wavelength of incident x-ray.

The PO2�anneal dependence of d101 and L is shown in Fig. 2.

The d101 of standard TiO2 powder is 3.514 Å (dashed rectan-

gle in Fig. 2).24 The lattice constant of TiO2:Nb films is larger

than that of TiO2 powder, as the radius of Nb5þ is larger than

that of Ti4þ.25 When PO2�anneal < 2 Pa, d101 increases mono-

tonically with PO2�anneal. Moreover, d101 reaches �3.539 Å

when 2 Pa	PO2�anneal	 20 Pa. It is believed that this behav-

ior is induced by the reduction of Ov in the TiO2:Nb films

with PO2�anneal increasing. However, the d101 of 200 Pa O2

annealed TiO2:Nb film further grows to 3.544 Å due to the

formation of excessive Oi,
26 which could be proved by the

carrier concentration measurement below. Furthermore,

the change of the preferred orientation of anatase TiO2:Nb

films from (101) to (004) for 200 Pa O2 annealed TiO2:Nb

film might be related to the excessive Oi as well.

L in the Scherrer equation represents the mean grain size

out-of-plane because the diffraction peaks are induced

by the x-ray interference of different lattice in-plane.27

The mean grain size increases from 27 to 48 nm with

the PO2�anneal ranging from �0.0002 to 20 Pa, and then

decreases for 200 Pa O2 annealed TiO2:Nb film. Thus, the

proper O2 atmosphere contributes to better crystalline.

However, excessive O2 would lead to the formation of con-

siderable concentration of Oi,
23 which would suppress the

crystalline.

2. TEM

Since the electrical properties of the TiO2:Nb films are

strongly related to the in-plane crystalline structure, in-plane

electron diffraction with a 10 lm diameter selected area

and in-plane HRTEM images are measured as shown in

Figs. 3(a)�3(h). The as-deposited TiO2:Nb film is amor-

phous due to the dispersed ring of SAED image as repre-

sented in Fig. 3(a). In Fig. 3(b), the as-deposited TiO2:Nb

film gets better short-range order after annealed at high vac-

uum (PO2�anneal¼�0.0002 Pa). Thus, the diffraction rings

become slightly distinct and they are consistent with anatase

structure of TiO2:Nb. In Fig. 3(c), the 0.02 Pa O2 annealed

TiO2:Nb film becomes polycrystalline and the rutile struc-

ture is observed (consistent with XRD result in Fig. 1). The

SAED images of 2 and 20 Pa O2 annealed TiO2:Nb films

with less diffraction dots are shown in Figs. 3(d) and 3(e),

respectively. Only the anatase structure is found in these two

samples. From Figs. 3(b) to 3(e), the diffraction dots become

less and less, which means that the in-plane crystal grains

grow gradually with PO2�anneal increasing from �0.0002 to

20 Pa. The TEM images illustrate that the crystal grains

grow from several nanometers to �500 nm as PO2�anneal

increases from �0.0002 to 20 Pa (the data are not shown

here). Therefore, the order of in-plane grain size is different

from that of out-of-plane grain size in Fig. 2, although

their dependence on PO2�anneal is coherent. In Fig. 3(f), the

2000 Pa O2 annealed TiO2:Nb film exhibits amorphous

state again. To clarify the state of grain boundaries (GBs),

the HRTEM images of �0.0002 and 20 Pa O2 annealed

TiO2:Nb films are shown in Figs. 3(g) and 3(h), respectively.

In Fig. 3(g), nanocrystalline grains are observed. It is also

noted that parts of GB between the adjacent grains are

amorphous. In contrast, the adjacent large grains with sharp

GBs are observed for 20 Pa O2 annealed TiO2:Nb film in

Fig. 3(h).

B. Electrical property

Figure 4 presents the PO2�anneal dependence of electrical

properties for the TiO2:Nb films, and the resistivity of the as-

deposited TiO2:Nb film is also shown (blue and dashed rect-

angle). The resistivity of the as-deposited TiO2:Nb film is as

large as 50 X cm due to the amorphous structure shown in

Figs. 1 and 3(a). In amorphous metal oxides films such as

In2O3 and ZnO, the electron mobility does not degrade too

much when compared with their crystalline films. The con-

duction band minimums (CBM) of In2O3 and ZnO manifest

the features of transition metal ns orbit. These transition met-

als have electron configuration of (n�1)d10ns0. Because the

isotropic property of ns electron orbit results in a good over-

lap between the adjacent metal ions, the metal-oxide semi-

conductors can achieve high electron mobility even in the

amorphous state.28 In contrast, the conducting electron in

TiO2-based semiconductor mainly presents anisotropic Ti

3dxy orbit character, so the electron mobility (l) degradation

of amorphous TiO2:Nb is severe as that of a-Si:H.29 The l of

polycrystalline TiO2:Nb films depends on the scattering

mechanism of carrier. Therefore, l could be written as

ðlph
�1 þ lGB

�1 þ lim
�1Þ�1

, where lph, lGB, and lim repre-

sent the mobility associated with scattering by phonons,

GBs, and impurities (neutral and ionized), respectively.30

According to the SAED patterns in Figs. 3(b)�3(e), the

grain size monotonically increases with PO2�anneal when

FIG. 2. (Color online) d101 and out-of-plane mean grain size extracted from

the diffraction peaks; d101 of standard powder TiO2 is presented as dotted

rectangle as well.
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PO2�anneal	 20 Pa. The l of TiO2:Nb films increases rapidly

with PO2�anneal (from �0.0002 to 0.5 Pa), as the grain size is

relatively small in this PO2�anneal range and the l is domi-

nated by lGB. Then, the l increases gently to 3 cm2/(V s) in

the PO2�anneal range of 0.5–20 Pa, indicating that the grain

size is large enough and the dominated scattering mechanism

is changing. The carrier concentration (N) of the TiO2:Nb

films is less than 1� 1021 cm�3 while PO2�anneal¼�0.0002

and 0.02 Pa. In the case of �0.0002 Pa O2 annealed TiO2:Nb

film, the low N is caused by the localization of carriers due

to the amorphous state among the grain boundaries as seen

in Fig. 3(g). For 0.02 Pa O2 annealed TiO2:Nb film, the rutile

TiO2:Nb is formed coexisting with anatase TiO2:Nb as seen

in Figs. 1 and 3(b). Because the doped Nb in rutile TiO2:Nb

acts as a deep state,12,31 N is smaller than 1� 1021 cm�3 in

this case. N reaches a maximum of 1.55� 1021 cm�3 with

PO2�anneal increasing, which means a carrier activation ratio

(N=NNb) of 88% (NNb is Nb concentration). Moreover, N

FIG. 3. (Color online) SAED patterns of (a) as-deposited and (b) �0.0002, (c) 0.02, (d) 2, (e) 20, and (f) 2000 Pa O2 annealed TiO2:Nb films; HRTEM images

of (g) �0.0002 and (h) 20 Pa O2 annealed TiO2:Nb films.
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decreases constantly due to the formation of excessive donor

compensator Oi when PO2�anneal� 0.5 Pa. It should be

emphasized that the TCO window (<1� 10�2 X cm) of

PO2�anneal for 110 nm TiO2:Nb films is 0.02–20 Pa, and

the lowest resistivity is obtained when PO2�anneal¼ 5 Pa.

Furthermore, the 105 Pa O2 annealed TiO2:Nb film turns into

insulator.

C. Chemical property

Binding energy shifts for O 1s, Ti 2p3/2, and Nb 3d5/2 are

observed apparently from Figs. 5(a)�5(c), except for C 1s (cal-

ibrated at 284.6 eV for all the samples) in Fig. 5(d). In addition,

small shoulders beside the main peaks could be observed for

most samples. The deconvolutions of O 1s for 0.02 and 105 Pa

FIG. 4. (Color online) Mobility l, carrier concentration N, and resistivity q
as functions of PO2�anneal; the resistivity of the as-deposited TiO2:Nb film is

given as dotted rectangle as well.
FIG. 5. (Color online) Core-level spectra of (a) O 1s, (b) Ti 2p, (c) Nb 3d,

and (d) C 1s for as-prepared and �0.0002, 0.02, 2, and 105 Pa O2 annealed

TiO2:Nb films.

FIG. 6. (Color online) Devonvolutions of O 1s for (a) 0.02 Pa and (b) 105 Pa, Ti 2p3/2 for (c) 0.02 Pa and (d) 105 Pa, Nb 3 d for (e) 0.02 Pa and (f) 105 Pa O2

annealed TiO2:Nb films; (g) normalized valence band spectra of as-deposited and �0.0002, 0.02, 2, and 105 Pa O2 annealed TiO2:Nb films.
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O2 annealed TiO2:Nb films are shown in Figs. 6(a) and 6(b),

respectively. The O 1s spectra could be deconvoluted into

three components: (1) the lattice oxygen (OI), (2) the nearest

neighbor oxygen around the Ov (OII), and (3) the impurity oxy-

gen (OIII) such as OH� and chemically absorbed O2, H2O. The

binding energy peaks of OI range from 530.1 to 530.5 eV in

this study. Due to the electrical screening effect of additional

electrons in the Ov region, the binding energy peaks of OII rise

to 531.0�531.5 eV. Because of more intense screening effect

of covalent bond, the binding energy peaks of OIII shift to

532.1�532.6 eV, which is consistent with previous reports.32,33

The deconvolutions of Ti 2p3/2 for 0.02 and 105 Pa O2 annealed

TiO2:Nb films are represented in Figs. 6(c) and 6(d), respec-

tively. In the conductive TiO2:Nb films, the donor Nb replaces

original Ti and contributes a free electron conducting among

Ti4þ and Nb5þ. Therefore, the valence states of Ti include

Ti4þ and Ti3þ. The binding energy peaks of Ti4þ 3p3/2 and

Ti3þ 3p3/2 are 458.6�459.2 eV and 456.8�457.4 eV, respec-

tively. Because the spectra of Nb5þ 3d5/2 and Nb4þ 3d3/2 are

overlapped, both spin�orbit doublets of Nb 3 d are deconvo-

luted for 0.02 and 105 Pa O2 annealed TiO2:Nb films as seen

in Figs. 6(e) and 6(f), respectively. The binding energy

peaks of Nb5þ 3d5/2 and Nb4þ 3d5/2 are 207.1�207.7 eV and

205.9�206.5 eV, respectively. Figure 6(g) shows the normal-

ized valence band spectra of as-deposited and �0.0002, 0.02,

2, and 105 Pa O2 annealed TiO2:Nb films. Each of the valence

band spectra clearly exhibits a band in the gap, except for the

105 Pa annealed TiO2:Nb film. Furthermore, the intensity of

the bands in the gap decreases with PO2�anneal increasing, indi-

cating that these bands are induced by Ov.

Table I shows the relative peak shifts (O 1s, Ti4þ 2p3/2, and

Nb5þ 3d5/2) and deconvolution results (O 1s, Ti 2p3/2, and Nb

3d5/2). The relative peak shifts show a similar trend for O 1s,

Ti4þ 2p3/2, and Nb5þ 3d5/2. The conductive TiO2:Nb films

exhibit larger binding energy shifts. From the O 1s deconvolu-

tion results in Table I, the amorphous TiO2:Nb films (as-

deposited and 105 Pa O2 annealed) have better anti-H2O and

anti-O2 properties as the OI occupies �83% and the OIII only

<10%. On the contrary, the OIII in poly-crystalline TiO2:Nb

films (PO2�anneal¼�0.0002, 0.02 and 2 Pa) is �20%. In stoi-

chiometric crystalline Ti0.94Nb0.06O2 films, the percentage of

Ti3þ should be �5% as reported by Nogawa et al.13 For poor

crystalline TiO2:Nb film (PO2�anneal¼�0.0002 Pa), the Ti3þ

and Nb4þ occupies 8.5% and 10.4% respectively, because

excessive Ov contributes additional electrons (proved by the

large OII occupation of 11.1%). On the contrary, the Nb4þ

component is abnormally high (11.8%) in anatase-rutile

TiO2:Nb film (PO2�anneal¼ 0.02 Pa), because the NbTi in rutile

TiO2:Nb acts as a deep state which traps an electron.12 The

TiO2:Nb film with pure anatase structure (PO2�anneal¼ 2 Pa)

shows that both proportions of Ti3þ and Nb4þ are �4.5%.

Although the �95.5% of dopant Nb is activated for 2 Pa O2

annealed TiO2:Nb film, N is less than 1.5� 1021 cm�3 due to

the electron compensation effect of Oi. For 105 Pa O2 annealed

TiO2:Nb film, the OII reaches a minimum value of 7.2%.

Otherwise, both the deconvoluted spectra of Ti3þ and Nb4þ

disappear, indicating the formation of TiO2-Nb2O5.

D. Optical property

The PO2�anneal dependence of transmittance is shown in

Fig. 7(a). Similar to structural and electrical properties,

the optical properties of TiO2:Nb films are strongly correlated

with PO2�anneal. The optical interference peaks of 110 nm

TiO2:Nb films are located in 500�550 nm (the center of visi-

ble region). The transmittance value of interference peaks

increases with PO2�anneal, and reaches �100% for 105 Pa

annealed TiO2:Nb film. Because the band-gap of anatase TiO2

is as large as �3.2 eV (387.5 nm),7 the absorption of the

TiO2:Nb films in the visible region must be caused by the

TABLE I. Relative peak shifts (referencing to the peaks of as-deposited

TiO2:Nb film) and deconvolution results of as-deposited and �0.0002, 0.02,

2, and 105 Pa O2 annealed TiO2:Nb films.

Relative peak

shifts (eV)

O 1s

(%)

Ti 2p3/2

(%)

Nb 3d5/2

(%)

PO2�anneal O 1s Ti 2p Nb 3d OI OII OIII Ti4þ Ti3þ Nb5þ Nb4þ

As-deposited 0.0 0.0 0.0 83.2 9.2 7.6 94.7 5.3 95.5 4.5

�0.0002 Pa 0.2 0.4 0.4 69.6 11.1 19.3 91.5 8.5 89.6 10.4

0.02 Pa 0.4 0.5 0.5 70.6 9.1 20.4 93.2 6.8 88.2 11.8

2 Pa 0.5 0.7 0.6 69.4 8.9 21.7 95.6 4.4 95.7 4.5

105 Pa 0.1 0.1 0.1 83.5 7.2 9.2 100.0 0.0 100.0 0.0

FIG. 7. (Color online) (a) Transmittance of as-deposited and �0.0002, 0.2, 2,

20, 2000, and 105 Pa O2 annealed TiO2:Nb films; (b) PO2�anneal dependence

of average transmittance, average transmittance of as-deposited is also given

as dashed rectangle.
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bands between CBM and valence band maximum (VBM)

such as the band induced by Ov shown in Fig. 6(g). The aver-

age transmittance in the visible region (400�760 nm) of

TiO2:Nb films is extracted and shown in Fig. 7(b). The aver-

age transmittance increases monotonically with PO2�anneal

probably due to the decrease of Ov. Therefore, we can obtain

the TiO2:Nb film with q¼�1.5� 10�3 X cm and average

transmittance over 80% (PO2�anneal¼ 5 Pa).

E. Surface morphology

The local surface morphology (with a small area

1�1 lm2) is measured by AFM for the as-deposited amor-

phous and 20 Pa O2 annealed crystalline TiO2:Nb films, as

seen in Fig. 8. The similar particle size (�40 nm) for both

samples demonstrates that the local surface morphology is

not influenced by postanneal. It should be emphasized that

the particles (�40 nm) obtained by small scale AFM images

are different from crystalline grains (�500 nm) obtained by

large scale TEM images for 20 Pa O2 annealed TiO2:Nb

films. Furthermore, the surface root-mean-square deviation

(Sq) of both the TiO2:Nb films is less than 1 nm.

IV. SUMMARY AND CONCLUSIONS

In summary, PO2�anneal dependence of crystal structure

and stoichiometry for TiO2:Nb films is investigated system-

atically. PO2�anneal is essential for crystallization and stoichi-

ometry of the TiO2:Nb films, since the as-deposited TiO2:Nb

film generally lacks oxygen. Appropriate PO2�anneal prompts

the formation of crystal grains, which determine the carrier

scattering mechanism. However, the excessive Oi would be

formed by postanneal in O2 rich atmosphere. The critical

PO2�anneal for conductive TiO2:Nb films is 20 Pa in this

study, beyond which the resistivity undergoes a sudden rise.

Therefore, the influence of O2 pressure should be taken into

consideration in the postannealing process. This work is

meaningful for the large area fabrication of polycrystalline

TiO2:Nb films as the process performed in this study is

industrially favorable. Furthermore, the structural and stoi-

chiometric influence on the electrical and optical properties

of TiO2:Nb films is emphasized and analyzed. It might be

helpful for the deep understanding of TiO2:Nb films with

good TCO properties.

ACKNOWLEDGMENTS

This work was conducted in Shenzhen TFT and Advanced

Display Lab and supported financially by NSFC under

Project No. 61574003 and in part by Shenzhen Municipal

Scientific Program under Grant No. JCYJ20140417144423195

and Guangdong Scientific Program under Grant No.

2014B050505005.

1M. M. Lee, J. Teuscher, T. Miyasaka, T. N. Murakami, and H. J. Snaith,

Science 338, 643 (2012).
2J. F. Wager, Science 300, 1245 (2003).
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