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Abstract: A transparent conductive oxide (TCO) Pr and F co-doped SnO,
(PFTO) film is prepared by ion-assisted electron beam deposition. An
optimized PFTO film shows a high average visible optical transmittance of
83.6% and a minimum electrical resistivity of 3.7 x 107 Q-cm
corresponding to a carrier density of 1.298 x 10** cm™ and Hall mobility of
12.99 ¢cm?/Vs. This PFTO film shows a high work function of 5.147 eV
and favorable surface morphology with an average roughness of 1.45 nm.
Praseodymium fluoride is found to be an effective material to dope F into
SnO, that can simplify the fabrication process of SnO,-based TCO films.
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1. Introduction

Transparent conductive oxide (TCO) films are important components of photoelectronic
devices, which convert electrons to photons and/or vice versa, such as liquid crystal displays,
organic light-emitting diodes (OLEDs), and organic solar cells (OSCs) [1-4]. Current
commercial TCO thin films include indium tin oxide (ITO) and fluorine-doped tin oxide
(FTO) films. In OLEDs, it is very important to match the energy level of the highest occupied
molecular orbital (HOMO) of the neighboring layer of organic material and the work function
(WF) of the TCO anode to optimize the organic/electrode interface for effective hole injection
[5-7]. As transparent electrodes, most TCOs and emerging metallic nanostructures possess
WFs in the range of 4-5 eV [8,9]. Unfortunately, the common hole transport and injection
materials in OLEDs such as N,N'-bis(naphthyl)-N,N'-diphenyl-1,1'-biphenyl-4,4'-diamine
(HOMO of 5.2 eV), phthalocyanine copper (II) (HOMO of 5.3 eV), 4,4',4”-tris(N-2-naphthyl-
N- phenyl-amino)triphenylamine (HOMO of 5.1 eV) have higher HOMO levels than the WFs
of common TCOs [10,11]. The resulting inevitable barrier at the organic/electrode
heterojunction interface leads to inefficient hole injection, and consequently poor device
performance [12—15].

A universal route to address this issue is to enhance the WF of TCO films, such as post-
processing of ITO anodes. For example, oxidized or chlorinated ITO is well-recognized direct
method to modify the WF of ITO, and involves treatment with ultraviolet/ozone or
oxygen/chlorine plasma [12,16,17]. However, the treatment of ITO can reduce the stability of
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common organic semiconductors [18]. Addition of surface-modified organic or inorganic
layers is an alternative approach to modulate the WF of TCOs [19-22]. However, each
additional layer introduces inevitable defects at the extra heterojunction interface [23]. More
seriously, some surface-modification layers like poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonic acid) can etch the TCO electrode surface to liberate
metal and oxygen ions into the adjacent layer [24]. Overall, enhancing the WF of TCO
electrodes by post-processing is only expedient at present. We have reported a TCO with
inherent enhanced WF, LaTiO;-doped indium oxide (ILTO), which can effectively improve
the performance of OLEDs and OSCs [5]. Unfortunately, the application prospects of ILTO
are restricted by the scarcity of indium because of very large demand, as for other indium-
containing TCOs.

FTO is another commercial TCO that is typically prepared by spray pyrolysis, which
requires a high processing temperature of up to 500 °C [25]. FTO, the cost of which is
comparable to that of ITO, is usually used in dye-sensitized solar cells. Other TCO materials,
for instance, Al:ZnO thin films, are much cheaper than ITO because they do not contain
indium. However, their WFs are still in the range of 4-5 eV [8]. Herein, we develop a TCO
film with high WF that does not contain indium, praseodymium fluoride (PrF;)-doped tin
oxide (PFTO), using ion-assisted electron beam deposition. The PTFO films show good
electrical and optical features. The low processing temperature implies that PrF; can
effectively dope F into SnO, and simplify the fabrication process of SnO,-based TCO films.

2. Experimental methods

Because of the advantages of uniformity and flexibility, electron beam deposition was used
instead spray pyrolysis to prepare films in this work. The melting point of PrF; (1395 °C) is
close to that of SnO, (1630 °C), so PrF; was chosen as the source of fluoride. A mixed
powder of PrF; and SnO, with proportions of PrF;:PrF; + SnO, = 1-6 mol% was processed to
form a target. The PFTO films of sample A, B, C, D, E, F, corresponding to 1-6 mol% of
PrF; in target, were deposited on glass substrates that had been ultrasonically cleaned with
acetone, cthanol and deionized water. Prior to deposition, the background pressure was
evacuated to lower than 3.0 x 10~ Pa and the glass substrate was heated to 300 °C. During
film deposition, the chamber was flushed with O, gas to maintain the working pressure at
2.0 x 107 Pa. An end-Hall ion source was used to assist deposition that operating at an anode
voltage of 160 V, an anode current of 2 A, and a cathode current in the range of 12-15 A. The
rate of deposition, which was monitored in situ using a thin film deposition controller, was
controlled to about 0.4 nm/s until the thickness of the film reached 150 nm. Optical
transmittance spectra were measured with a spectrophotometer (UV-3101PC, Shimadzu,
Japan). The carrier concentration and mobility of samples were measured by a Hall effect
measurement system (HMS-3000, Ecopia, Korea). Film thickness was measured with a
surface profiler (XP-1, Ambios, USA). WFs were investigated with an ambient Kelvin probe
(KP Technology, UK). Atomic force microscope (AFM) examination was carried out with an
AFM (SPA-9700, Shimadzu) in phase mode. X-ray diffraction (XRD) patterns were collected
in a powder diffractometer (D8 Focus, Bruker, Germany). High-resolution TEM (HRTEM)
image was recorded with a FEI-TECNAI G2 transmission electron microscope (TEM)
operating at 200 kV. All measurements were performed in ambient air.

3. Results and discussion

Figure 1 shows the conduction properties of the PFTO films, along with those of a 500 nm-
thick commercial FTO film for comparison. The carrier concentrations are negative values,
which indicate that the PFTO films are n-type semiconductors. As shown in Fig. 1, the carrier
concentrations increase with the content of PrF; until they reach their maximum when the
target contains 3 mol% PrF;. After that the carrier concentrations decrease slightly, and then
become constant. The maximum carrier concentration of the film made using a 3 mol% PrF;
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target is —1.298 x 10 cm™, which is the same order as that of FTO (-2.833 x 10% cm™).
The curve indicates that PrF; is effective for F doping of n-type SnO,.
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Fig. 1. Evolution of the carrier concentration and mobility of PFTO films with respect to the
content of PrF; in the target. The blue and black dash line indicates the mobility and carrier
concentration of FTO.

Figure 1 indicates that the Hall mobility of the PFTO films increases with the content of
PrF; in the target up to 3 mol%, decreases and then remains approximately constant. The Hall
mobility of the PFTO films is consistently lower than that of FTO. The factors that influence
Hall mobility can be expressed as [26]:

i_r. 1.1 1)

T )

where Wi, M, and p are mobilities corresponding to ionized impurities, grain boundary
scattering and lattice vibrations, respectively. The surface morphology of the PFTO films are
presented in Fig. 2. The grain size increases with the content of PrF; in the target, with grain
sizes of 20, 25, 30, 35, 37 and 39 nm observed for the films deposited from targets containing
1, 2,3, 4,5 and 6 mol% PrF;, respectively. The grain size of the FTO film (109 nm) is much
larger than those of all of the PFTO films, and leads to its higher Hall mobility. As grain size
increases, the effect of boundary scattering [26] and Coulomb interaction [27,28] weaken and
lead to improved Hall mobility, as observed for the sample A, B, and C (Fig. 2). Considering
the effects of impurity content, grain size and lattice vibration, it is understandable that the
Hall mobility of the sample D, E, and F made from targets containing 4-6 mol% PrF;
decrease to about 10.5 cm?/V-s. Overall, the optimal conductivity is obtained for the PFTO
film grown from the 3 mol% PrFj; target.

Figure 2 shows that the PFTO films have smaller grain size than the FTO film, but are
quite flat, which is visually displayed in the section image. At the same time, the grain size of
the PFTO films increases with the content of PrF; in the target, which affects the Hall
mobility of the deposited films. The root-mean-square roughness (Rq) of the films is listed in
Table 1. Because the films were deposited by electron beam deposition, the Rq of all PFTO
samples is within the range from 1.1 to 2.2 nm, while that of FTO deposited by spray
pyrolysis is 12.703 nm.
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Fig. 2. Surface topography of PFTO samples in 2 x 2 um? local area. The height of the PETO
and FTO films was aligned to 20 nm and 100 nm, respectively. The bottom right corner shows
the height distribution for each sample. A 2-pm section of each film is shown to reveal its
flatness.
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Fig. 3. (a) XRD patterns of the PFTO sample C and a glass substrate. (b) HTEM image of the
PFTO film.
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Table 1. The root-mean-square roughness (Rq) for different samples

Sample FTO A B C D E F
Rq (nm) 12.703 2.157 1.818 1.450 1.532 1483 1.174

The crystal structure of the PFTO samples was investigated. XRD patterns of all PFTO
samples are quite similar. A typical XRD pattern of the sample C is presented in Fig. 3(a)
with a weak and broad peak at 26.5°, which shows an amorphous characteristic corresponding
to the (110) peak of the tetragonal rutile SnO, structure (JCPDS card No. 41-1445). A
HRTEM image of the PFTO film confirms that the PFTO films are amorphous [Fig. 3(b)].

We conjecture that the amorphous PFTO films have a similar carrier transport mechanism
to the case of amorphous oxide semiconductor InGaZnO, thin films, in which electron
transport paths are made of spherical extended s orbitals [28]. Detailed conductive
mechanism will be subject to further study. The WF of the PFTO films was investigated using
a Kelvin probe; the results are shown in Fig. 4. Before obtaining measurements, the WF of
the gold tip was calibrated with a standard gold sample with a WF of 5.15 eV. The WF of
FTO films was then determined to be about 4.573 eV (average of 21 tests), which agrees with
the reference values of 4.4 to 4.84 eV [29]. The same procedure was followed to investigate
the WF of the PFTO films. The relationship between the WF of the film and the content of
PrF; in the target can be fitted to a first-order curve. The negative slope shows that WF
decreases with the content of PrF;. In many cases, the work function decreases when the
carrier concentration increases. While, work function is very sensitive to a number of factors
such as surface roughness, exposed crystal face, surface adsorbate, the presence of impurities
and the stoichiometry of a material [30]. The change in work function of different PFTO
samples should be a result of the joint action of many factors.
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Fig. 4. (a) Dependence of the WF of PFTO films on the content of PrF; in the target. This
relationship was fitted to a first-order curve (blue dotted line): y = 5.27662-0.04008*x, where
x and y are the mole percent of PrF; in the target and WF, respectively. (b) An energy band
model for E ok function- WF was defined as the energy difference between the Fermi level of the
film and vacuum level.
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Fig. 5. Transmittance of PFTO samples and FTO. The inset shows the absorption edge.

Transmittance spectra of the PFTO samples are shown in Fig. 5. All of the PFTO films
have higher average transmittance in the visible region (380—-780 nm) than that of an FTO
film (about 81.3%), with values ranging from 82.7% to 85.1%. All of the PFTO films show
higher transmittance than that of an FTO film in the wavelength region from 480 to 1100 nm,
and exhibit a peak at about 560 nm. The host material SnO, has a wide intrinsic band gap of
3.6 eV, and its intrinsic optical absorption edge is at about 344 nm. We determined the
transmittance of the films from long to short wavelength. The transmittance suddenly drops to
zero at about 314 nm for the FTO film and 260 nm for the PFTO films. That is, the optical
transparency window of the PFTO films is broader than that of the FTO film, which
originates from the Burstein-Moss shift effect [31, 32]. The optical band gap properties of
samples were analyzed by the relation between the incident of photon energy and absorption
coefficient for direct band gap semiconductor:

ahv = A(hv-E,)’ )

where A is a constant and a is the optical absorption coefficient, E, is the optical bandgap
energy. The inset of Fig. 5 shows that the absorption edge energy is about 3.95 eV and 4.6 eV
for FTO and PFTO, respectively.

4. Conclusion

In summary, transparent conductive PFTO films were prepared by ion-assisted electron beam
deposition at a low processing temperature. The PFTO films exhibited good electrical
conductivity and transparency, enhanced WF and low surface roughness, suggesting that
doping with PrF; is an effective way to dope F into SnO, to simplify the fabrication process
of SnO,-based TCO films. An improvement in the electrical and optical characteristics of the
PFTO films might be expected by optimizing deposition parameters, annealing, and even
employing other coating technologies such as magnetron sputtering, which is more suitable
for mass production. Taking into account the cost of Praseodymium, PrF; should be replaced
by a low cost fluoride in the long run.

Acknowledgments

This work was supported by the CAS Innovation Program, and the National Science
Foundation of China (grant no. 61106057).

#200209 - $15.00 USD Received 25 Oct 2013; revised 1 Feb 2014; accepted 16 Feb 2014; published 21 Feb 2014
(C) 2014 OSA 24 February 2014 | Vol. 22, No. 4 | DOI:10.1364/0E.22.004731 | OPTICS EXPRESS 4737





