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Abstract: The morphology and properties of the transpagt:F (FTO) films, deposited by
RF magnetron sputtering at varying oxygen flowsmir6~3sccm, were examined. For FTO films
deposited with O0~1sccm ;0Othe polar unsaturated (101) planes were the mpeefeorientation,
resulting in resistivity values as low as*® cm, and the transparency of 86.5% in the visibge.
The saturated (110) orientation planes associaidd{®01} facets formed knee twin crystallites for
the FTO film prepared at 2sccmy,.CFurther increases of ,@ed to severe mis-orientation of the
crystals. The average transparency in the visidhge increased up to 95%, but these FTO films
were hardly conductive due to the oversupply af The optical band gaps became wide at first and

then narrow again as the increases of the oxygenrfites.
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1. Introduction

Fluorine doped tin oxide (FTO) can be prepared éyeral techniques, such as the pyrosol
proces§ laser ablation depositibf, evaporatiofy magnetron sputteriigand spray pyrolysis.
Semi-conductive transparent FTO coatings can bd asewindow electrodes, and insulating FTO
coatings can form barrier layers in electronic desi . Also, by engineering the nanocrystalline
structure, tin oxide films can effectively emit Uight and used in LED fabrication due to tailingth
band edge state Tin oxide is much cheaper than indium oxide aad lse used in place of it as an
electrodé® It is worth mentioning that chemical vapor defiosi (CVD)" is currently the most
widely used industrial scale technique to produt® fglass’®, but environmental pollution from this
process may threaten its continued use.

Studies of FTO films show that the textures of filbas can be controlled by the preparation
processes, such as the choice of precursors ispttey pyrolysis methdd. As a semi-conductive
oxide, the dopant atom, F, takes the place of thetdins in the SnOlattice, and provides a free
electron. Oxygen content is a critical parametearasversupply of oxygen might force the F atoms
into lattice spaces as an interstitial atom, athe domain boundaries, where the F atom will lése i
role as a donor. In magnetron sputtering, the niese path of ‘light’ O and F atoms is normally
much larger than that of the ‘heavy’ Sn atoms, #rm&/ can be more easily pumped out of the
vacuum chamber. FTO films deposited in a pure Araaphere are likely to be oxygen deficient and
form O vacancies. Also, the ratio of fluorine irethilms might slightly different with that in the
target, which would not affect it, as the donortake over the oxygen position, especially to ogcup
the oxygen vacancy. Such oxygen vacancies wouldecaeformation of the lattice, and if the

deformation was sufficiently severe, this mightueel the mobility of the charge carriers in the FTO



films. Therefore oxygen and fluorine contents & main factors affecting the conductivity of FTO
films. It was found that the morphology of FTO fandeposited by magnetron sputtering is also

influenced by oxygen content, indicating a stroglgtionship between structure and the properties.

2. Experimental

FTO films were prepared from powder targets by R&gnetron sputtering in this study, as
described elsewhere'”. Briefly, 99.99 % Snf powder (Aladdin) was mixed into 99.99 % SnO
powder (Aladdin) to give a target content of 2.%o0dluorine, which kept no change during the
preparation of the films. It is presumed that thgor of fluorine in the films should also be kept
constant. The mixed powders were then spread betodpper backing plate, and slightly tamped by
a stainless steel disc to form a uniform and smeaotface, without further processes. This technique
has been described in more detail by Kelly and Zelsewher¥. The glass slides were cleaned
ultrasonically in alcohol and then deionized watefore drying in pure N The coatings were
deposited at a target power of 300W for 2 hoursjaaying oxygen partial flows, with a 180mm
substrate-target separation; see table 1 for &ilits. Coating composition was determined by X-ray
photoelectron spectroscopy (XPS). Depth profiliffgtlee FTO films was undertaken to 200nm
depths to determinate the Sn/O atomic ratios. Tituetsires of the FTO films were characterized by
field-emission scanning electron microscopy (FEG4$Et 10kV, X-ray diffraction (XRD) ir0~26
mode and high resolution transmission electron esmope (HRTEM). The thicknesses of the films
were measured by an Alpha Step D100 profilometst, the optical and electrical properties were

determined by a spectrophotometer and a Hall Effesisurement system, respectively.



3. Resultsand discussion
3.1 Composition and Sructure

The Q:Sn atomic ratios for the FTO films increased a&s@h partial flow rates increased from
0 to 3sccm in the Ar sputtering atmosphere, chanpfiiom approximately stoichiometric to O-rich.
The composition data are included in table 1 algdtidated in figure 1. Increasing the ow rate
would also be expected to lead to reductions indpettering rate at the target and, therefore,
decreasing deposition rate, which is included gurfé 1 in terms of film thickness. As shown in
figure 2, AFM and SEM analysis indicated distinbnges in surface morphology as a function of
oxygen flow rate, with the stoichiometric FTO filmsvealing polygon-type textured surfaces with
pyramid shape grains, whereas the O-rich films apguk to have twin crystallites, changing to
rod-like prismatic grains at the highest fow rate. Figure 2 also indicates that the gsare tended
to decrease with increasing flow rates, which is comparable due to the samenifiagtion times
of the a~d AFM and SEM images, respectively.

In order to find the reason that the grain sizegaeBsed as the increases of the oxygen flow
rates, STEM method was applied onto the O-rich fileposited at 3sccm,@low to analyze the
distributions of F atoms. The components of theamss point in figures 3a and 3b were including
tin and oxide elements (figure 3c). The distribntad fluorine along the orange line in figure 3aswa
shown by the middle orange line in figure 3d. Thpeaks pointed by the blue circles were able to be
observed, which indicated the fluorine fluctuationsstrength. Comparison with the orange line in
figure 3a and the blue circles in figure 3d, it lcbbhe seen these blue circles were corresponded to
the domain boundaries. That is to say, ‘F atomy mparticipate within the domain boundaries,

which blocked the grain growth for the O-rich FTilnk.



Another aspect of the structure of the films infloed by oxygen flow rate was the preferred
orientation, or crystalline texture, which is shommnfigure4. The main preferred orientations were
(101) and (211) when the films were deposited With 1sccm of oxygen in the Ar atmosphere. The
(101) planes contain either tin or oxygen atomsiclwhndicates that (101) planes are polar and
unsaturated. A shift in texture was then obseraedHe higher oxygen flow rate coatings to (110),
with several other peaks, including the (211) &3@il] peaks, also observed. The lattice structure of
rutile SnQ shows that there are two possible positions tat®oxygen atoms: one is (0.306a,
0.306b, Oc), and the other is (0.184a, 0.816b,)ff.5Ehe second position is within the (110) planes,

which contain both oxygen and tin atoms. There{@i®) planes are un-polar and saturated ones.

3.2 Optical Property

The average transmittance of the films increaseth@sncreases of the,(artial flow rates
from O to 3sccm in the Ar sputtering atmospherengmng from approximately 86.5% to 95% within
the visible range (table 1 and figure 5). The apison edges obviously shifted towards large band
gaps as the increases of the oxygen flows up ton2sshowed in the inner graph in figure 5. Then
the band gap of the film decreased again when xlyggem flow rate increased to 3sccm. In optical
theory of thin films, the total incident light teeld, then

T=1-RAS ... 1)

in which, T’ presents transmittanceR’; reflectivity, ‘A’, absorptivity, and S, scattering ratio.
As mentioned in 3.1 section, the:On atomic ratios for the FTO films changed fronpragimately
stoichiometric to O-rich as the increases of thefl@w rates, which would lead to the loss of the

metallic property and the increase of the dieleqiroperty for the semi-conductive oxide films. The



reflectance of the films caused by metallic propesould be reduced. The scattering ratio is
decreased in the case of the film surfaces areedand smooffi. It can be seen in table 1, the
roughnesses, in term of the root mean square r@sgles, reduced abruptly when thep@rtial flow
rate in the sputtering atmosphere raised up to n2soidditionally, the absorptivity of the
semi-conductive films in the visible range maingpended on the absorption by charge caffiers
i.e. the higher the charge carrier concentratiothis more the absorption of the visible lightTike
carrier concentrations of the FTO films dropped ddwy three orders as the oxygen flow partial
increased up to 2sccm, refer to table 1. Thereftire,decreases of th&®, ‘'S and ‘A’ as the

increases of the {low partial rates would lead to the increasetheftransmittance of the films.

3.3 Electrical Property

The resistivities of the films increased as thep@rtial flow rates increased from 0 to 3sccm
in the Ar sputtering atmosphere, changing from agipnately 10°ohm-cm to 1€ohm-cm (table 1
and figure 6).The charge carrier concentrations and mobilitiesased as the@artial flow rates
increased from 0 to 3sccm, varying from*36m® and 14crfyV-s to 10%cm® and 1crV-s,
respectively. The sudden changes of the resigticiharge carrier concentration and mobility
occurred at the point of 2sccn, Qartial flow rate. Just at this point, the comgosi of the FTO
film showed O-rich, the crystalline texture changedm polar unsaturated (101) to un-polar
saturated (110) plane. It is known that the eleatrproperty of the FTO film depended on the free
electron concentration provided by fluorine dopamgl oxygen vacancies, and on the carrier mobility
which affected by lattice deformations and crystallsizes. The ©partial flow in the sputtering

atmosphere was up to 2sccm, the compositions ofF Tl films were O-rich, which resulted in the



loss of oxygen vacancies, and the participatiotheffluorine atoms within the domain boundaries,
and the growth of the crystalline domains blockEde fluorine atoms not only lost their role as a
dopant, but also hindered the combination of thgstat grains. Therefore, the charge carrier
concentrations and mobilities dropped, the cryis&@ltexture changed to unpolar saturated (110)

plane, and the semi-conductive FTO films transfatnméo insulated films.

3.4 Discussion

The changes in microstructure and texture can éarlgl observed in figures 2 and 4, which
related to the significant changes of the optical alectrical properties of the FTO films, refer to
figures 5 and 6 and table 1.

In figure 7, the TEM images detailed the changethefcrystalline and the nano-domain sizes
to clearly explain and accurately predict the props. As shown in figure 7, the domain sizes of al
the films were less than 20nm, and the mis-oriedtalomains were only about 5nm for the oxygen
rich film deposited at 3sccm of oxygen. In Figuresand 7b, the selected area electron diffraction
(SAED) spots showed that the crystals had strofd)(drientations which are in accordance with
the XRD patterns. The crystalline grain sizes Far film deposited without additional oxygen in the
sputtering atmosphere were larger than those vaitierh Q flow, which may account for the lower
charge carrier mobility. The fact was the chargeiea mobility decreased from 14éf-s to
3.4cnf/V-s.

The typical rutile Sn@knee twin crystal, which is a naturally existingCs crystal type, can be
seen in figure 7c, the FTO film deposited with 28c©, flow. The parallel (110) planes were

perpendicular to the (101) twin planes, indicatethe figure by the red lines with 120° anglesam t



planes, which is why the resistivity of the filmcieased dramatically from T0to 1G Q-cm. The
{101} plane group made a (110) orientation, whichswonsistent with the results in the references
of 13, 21 and 22.

The O-rich nature of the FTO film deposited witlt@s G might lead to the participation of
fluorine atoms within the domain boundaries or é&arinto interstitial lattice spaces. Further growth
of the domains was then blocked. Also, the cryigtaliwere tilted and mis-orientated, refer to fegur
7d. A study by F.A. GarcéSshowed that the mis-orientation or tilting wouédiuce the conductivity
of the film. Correspondingly, the O-rich films (and 7d), with un-polar saturated (110) preferred
orientations and small tilting grains, showed Viery conductivity.

In general, the polygon-type pyramid shape grairtb (@01) preferred orientation would lead
to high conductivity and relatively low transmittanof the FTO films because the oxygen vacancies
existed and fluorine atoms acted as donors. The kmim crystal shape indicated the O-rich in the
FTO films and the un-polar saturation (110) oriéota and therefore, resulted in the low
conductivity and high transmittance. The rod-likesmatic grain with very fine domain sizes would
further decrease the conductivity, increase thesfrarency and narrow the optical band gap because

the movements of the charge carriers were limitethb increasing domain boundaries.

4. Conclusions

The morphological and micro-structures of the FTilind changed as a function of the
oxygen:tin atomic ratio in the films, which coul@ lzontrolled by additional oxygen flow in the
sputtering atmosphere. The polar unsaturated (f@hes were the mainly preferred orientation at

low additional oxygen flow rates, and polygon gsaioould be identified. These films were



conductive, but relatively low transmittance. Higlexygen in the sputtering atmosphere led to a
shift in the main orientation to un-polar satura(@tl0) planes, and mis-orientation or titling oéth

grains. These FTO films were almost insulating wigmsmittance up to 95% in the visible range.
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Figure caption

Figurel: Variation with oxygen flow rate of coatiagpichiometry and thickness for FTO thin films.
Figure 2: AFM and SEM morphologies of the FTO filma various oxygen flows: a) 0, b) 1, ¢) 2
and d) 3sccm.

Figure 3: The distribution of fluorine across sal@rystal domains: a) drift corrected spectrum
profile scanning image; b) STEM HAADF detect imageEDX drift corrected spectrum profile and
d) line scanning profiles of Sn-L (in green), FiK ¢range) and O-K (in red)

Figure 4: XRD patterns of the FTO films

Figure 5: Optical spectra of the FTO films

Figure 6: Electrical properties of the FTO films

Figure 7: TEM images of the FTO films via varioug/gen flows: a) 0, b) 1, ¢) 2 and d) 3sccm.

Table caption

Table 1 The Sn/O and properties of the FTO filmhwhe variations of @partial flows
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Tablel The Sn/O and properties of the FTO films with the variations of O, partial flows

No. O,  Sn/O d p n u T 5
scem nm  ohm-cm  /ecm®  cm®V-s % nm
a 0 33.42 827 54E-3 8.4E+19 1.4E+1 86.5 2.16
/66.58
b 1 33.11 680 8.1E-2 23E+19 34E+0 88.7 2.73
/66.89
c 2 32.53 430 1.8E+2 3.0E+16 1.1E+0 93 0.65
167.47
d 3 31.61 310 21E+1 29E+16 1.0E+0 95 1.27
/68.93

Note: Sn/O--Sn/O Atomic ratio; d--Thickness; p--Resistivity; n--Carrier concentration;
u--Carrier mobility; T-- Transmittance; Sg--Root mean square
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Figure 7



The FTO structures could be controlled by O- flow in the sputtering atmosphere.

The properties of the FTO films could be customerized by combination Sn with F/O.

The dightly O-deficient FTO films were with polar structure and low resistivity.

The O-rich FTO films were with un-polar structure and high transparency.



