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ABSTRACT

Transparent conducting oxides are electrically conductive materials with high optical
transmittance in the visible region of the spectrum and are useful in a wide range of applications. In this
study, the optical spectra of a set of single-phase transparent conducting oxides TiO, ZnO, and SnO;
grown by pulse laser deposition are measured by vacuum ultra-violet spectroscopic ellipsometry (SE) and
the optical band gaps are determined to be 3.30 £ 0.05 eV, 3.13 + 0.05 eV, and 3.95 + 0.05 eV,
respectively. Differences between these values and previous measurements are discussed. SnO, and ZnO
optical responses at the band gap reveal that they are a direct band gap while TiO- appears to show an
indirect type. For the interfacial electronic characteristics, internal photoemission (IPE) measurement
shows that the electronic barriers of these naturally n-type doped metal oxides adjacent to an Al,O3 layer
originate from the Fermi level in their conduction bands. The band offset determination shows the barrier
heights are similar and have small internal field dependence. The work functions are then estimated from

the measured barrier heights.
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Transparent conducting oxides (TCOs) used as transparent electrodes are found in many critical
components in modern electronic and optoelectronic devices.* The fast-growing use of TCO and the
associated high cost of fabrication have resulted in a topic of intense research to improve the
performances, to reduce the cost, and to explore many potential opportunities for future applications. As
the name TCO suggests, two intuitively contradictory properties are the high optical transmittance
(insulator-like) in the visible and near-infrared spectral range and the high electrical conductivity (metal-
like).22 These two key properties have generated many application opportunities for novel devices in thin
film solar cells, flat panel displays, light-emitting devices, or heated windows. To be transparent in the
visible spectral range, it is required that TCOs must possess a wide bandgap of greater than 3.0 eV and at
the same time, must have high carrier concentration and high mobility by native or substitutional dopants.
Researchers have been exploring many old and new TCO materials with the aim to achieve critical optical
and electrical properties relevant to some specific application. The realization of a desired material is
contingent on the understanding and knowledge of structural, electronic, and optical properties and their
interfacing characteristics with other materials inside the devices. Despite their appeal and widespread
uses, many fundamental optoelectronic properties of these materials remain currently not well understood.
For instance, material parameters such as optical transmittance and electronic interfacial characteristics
still need to be accurately characterized and determined to optimize the design and performance of a
device. Itis also important to obtain high quality single phase thin films to properly characterize these
material parameters for future TCO device applications.

Currently, the most investigated and technically used TCO materials are indium oxide (10), tin-
doped indium oxide (ITO), zinc oxide (ZnO), tin oxide (Sn0,), and, titanium oxide (TiO2).* In this letter,
we report an investigation on some of the fundamental optoelectronic properties of three different
transparent metal oxides, SnO,, TiO-, and ZnO, fabricated by pulse laser deposition (PLD).®
Spectroscopic ellipsometry (SE) is employed to provide optical properties.® The dielectric functions,
absorptions, and optical band gaps will be determined and examined. The conduction band minimum
(CBM) depth or electron affinity which affects the doping likelihood of TCOs, is also equally important
in determining the conducting properties. A higher value of electron affinity would facilitate the process
of introducing charge carriers.” The energy barriers were examined by using a robust technique of
internal photoemission (IPE)8. This reveals the electronic characteristics at the interface that might
provide some understanding of their optical and electrical interfacial properties.

SnO;, TiOy, and ZnO films were grown on c-plane sapphire (Al,Os) substrate by PLD using KrF
excimer laser (A=248 nm). High-purity (99.9%) ZnO, TiO; and SnO; polycrystalline targets were used to



grow thin films for structural determination and optoelectrical measurements. The PLD deposition was
conducted at substrate temperature of 600 °C and O, partial pressure of 1x10 Torr. The targets were
ablated using a laser power density of 3 J/cm? and laser frequency rate of 5 Hz. The structural quality of
the films was examined by X-ray diffraction (XRD) on Bruker D8 diffractometer equipped with Cu Ko
and high-resolution two-dimensional (2D) detector. Fig. 1(a) shows 2D XRD image of the oxide films
measured over 26 = 30° to 60° range. The 2D XRD image shows only strong diffraction from rutile TiO,
(200), rutile SnO- (200) and hexagonal wurtzite ZnO (0002) at 26 = 39.5°, 38.6° and 34,4°, respectively.
XRD measurements detected no secondary crystal phases from the oxide films. This demonstrates all
films were highly-oriented and/or epitaxially grown on Al,Os substrate. Here, it is worth noting that all
the films were unintentionally doped. On the bare surface of these metal oxide films/substrate,
ellipsometry measurements were performed by using a vacuum ultra-violet spectroscopic ellipsometer
with light photon energy range from 1.0 eV to 8.0 eV. A series of metal/high-k dielectric/TCO structures,
schematically displayed in Fig. 1(b), were fabricated for IPE measurements. Briefly, the metal oxide
layer (TiO., ZnO, and SnO;) was deposited on top of a RuO- layer which was alse PLD grown on
sapphire substrate. RuO, was used as an electrical back contact for IPE measurement due to the fact that
it exhibits high electrical conductivity at room temperature and it has a rutile structure that is similar to
TiO2 and SnO; (aruoz = 0.450 nm, arioz = 0.459 nm, and asnoz = 0.474 nm). Additionally, atomic
arrangements of the (010) SnO; plane have very good structural compatibility with that of the (0-110)
Zn0 plane thus enabling the epitaxial and/or lattice-matched growth of TiO,, SnO,and ZnO directly onto
RuO2/Al,O3 substrate for this study. A high-k Al.Os insulator was deposited on top of the metal oxide by
atomic-layer deposition (ALD) to a thickness of 30 nm. A top aluminum (Al) electrode was deposited by
electron evaporation to a thickness of 15 nm, which is thin enough to allow the IPE incident light to
penetrate and reach the underneath metal oxide layer. The photocurrent, I, was measured as a function of
photon energy from 1.5 eV to 5.0 eV with the applied gate bias, Vg, varied from -3.0 to 3.0 V in steps of
0.1 V. The IPE quantum yield (Y) is defined as a ratio of photocurrent and incident photon flux.® The
aim of IPE measurements is to obtain the electronic barrier height at the buried metal oxide / Al,O3

interface.
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Fig. 1: (a) XRD images of ZnO, SnO,, TiO; and, and (b) Schematic structure of the samples and
internal photoemission measurement



From SE measurements, the complex pseudo-dielectric functions, <e> =< g1> + j< £2> = (<n> +
j <k>)? were obtained as shown in Fig. 2 where n and k are the index of refraction and extinction
coefficient. The dielectric function of TiO2 is much higher than those of ZnO and SnO- implying TiO; has
a higher electron affinity and polarizability. There have been many published reports on the experimental
and theoretical studies of optical properties of these materials in the bulk form or thin film grown by a
variety of different techniques. Our PLD films have similar index of refraction compared with those
prepared by other deposition techniques. In general, naturally or intentionally doped metal oxides behave
electrically like metals at room temperature and exhibit a high optical transparency in the visible
spectrum. The dielectric functions displayed in Fig. 2 show that these metal oxides are optically
transparent below ~ 3.0 eV or above ~ 400 nm. There is only one excitonic feature near the absorption
edge (3.3 eV for Zn0O, 4.4 eV for TiO,, and 4.0 eV for SnO,, see <g,> spectra in Fig. 2). These are known
Wannier-Mott-like excitons that have been studied in detail before.'® Outside the visible spectral range
there are a few more spectral features of the optical response that appear in the energy range from 8 eV to

18 eV as reported from a synchrotron-radiation-based variable angle ellipsometry measurement.
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Fig. 2: Real <&> and imaginary <&> parts of the pseudo-dielectric function of ZnO, TiO,, and SnO;

determined by VUV spectroscopic ellipsometry.



The optical absorption, o = 4ntk/A, was calculated as a function of photon wavelength A. From
linear fitting to o near the absorption edge,* we obtained the optical bandgaps E4 of ZnO, TiO,, and SnO;
to be 3.13+£0.05eV, 3.30 £ 0.05 eV, and 3.95 + 0.05 eV, respectively, as shown in Fig. 3. The optical
band gap of ZnO films has been reported to vary from ~ 3.0 eV to ~ 3.3 eV depending on preparation
methods and film morphology.* In our PLD films growth, the optical band gap is found at 3.13 eV with
the appearance of a relatively sharp absorption edge indicating that our PLD ZnO film has a high
crystalline quality and is a direct bandgap type. For comparison, in an earlier study,*? three different
values of ~3.1 eV, 3.2 eV, and 3.3 eV have been reported for the optical band gap of zinc oxide single
crystals at room temperature. Bulk TiO, with the principal polymorphs have band gaps in the range of
3.05 - 3.18 eV. Our PLD TiO; epitaxial film that might contain different crystal phases (anatase, brookite
and rutile) of bulk TiO; has a slightly larger bandgap of 3.3 eV and a long band-edge tail that suggests an
indirect gap. The assignment of whether TiO; is a direct or indirect gap appears to depend on crystal
structures and the theoretical predictions seem to divert with different conclusions. Reported
experimental and theoretical studies show the feature found at 3.14 eV corresponds with an indirect
transition most probably associated with a crystal field or spin-orbit structure of the valence band.*® It is
worth to point out that the absorption band edge of TiO, nanostructures has been found at 3.34 eV and
shown to blue-shift from the bulk band edge of 3.19 eV, and the presence of point defects or the
simultaneous absorption of a photon and scattering with a phonon can significantly affect the optical
properties of TiO2.%® In rutile, detailed investigations of the optical absorption edge reveal an indirect
transition induced by phonon—exciton interactions.*® In another theoretical consideration, it showed that
rutile TiO, form has an indirect band gap of 3.23 eV with the valence band maximum (VBM) at T" point
and the conduction band minimum (CBM) at R point in momentum space. However, in a different study
that applies GW approximation, TiO, was reported to have an indirect band gap at 3.34 eV and a direct
band gap at 3.38 eV.Y" It is worth making a notice that the broad peak at about 5 eV in the TiO;
absorption (Fig. 2) has been observed in bulk anatase but not in rutile.’® For SnO,, the film is highly
transparent in the visible spectral range. First principles calculations reveal that the bottom most
conduction bands are highly dispersive for SnO, polymorphs, which explains their small effective
electron masses and the weak optical absorption near the band gap as seen in our PLD SnO; absorption
(Fig. 3).1® Our SnO; epitaxial film band gap value of 3.95 eV appears to be an average of varied band
gaps of single crystal SnO; optical anisotropy if we take into account of the direct transitions in undoped
or lowly doped SnO; crystals which have a band gap of 3.57 eV (3.7 eV) and 3.93 eV (4.1 eV) for light

polarized perpendicular (parallel) to the c-axis due to optical uniaxial nature of the crystal.?



1-2)(106 T T T T T T T T T T T T

1.0x10° i

8.0x10° | -

6.0x10°

Eg(ZnO) =313eV

a(cm?)

40x10° f- E (Ti0)=330eV

* E(SnO)) =395¢eV
2.0x10° |

00 . [ . Jy '. M M M
1 2 3 4 5 6 7 8
Photon Energy (eV)

Fig. 3. Absorption calculated from the dielectric functions (Fig. 2) measured by spectroscopic

ellipsometry



Within 1.0 eV of the threshold, in general, IPE yield can be approximately expressed in the form
of Y = A (hv - @&)?, where hv and @k are the photon energy and the barrier height, respectively, and A is a
constant. The exponent £is a phenomenological parameter with a value depending on the density of
states at the interface. S was found to commonly equal to 1/2 for photo-injection from a metal and 1/3
from a semiconductor.® In the analysis of IPE data for electron photoemitted from the medal oxide layer,
we have considered two scenarios of whether to assign the photoelectron transition from the valence band
maximum (VBM) or the unintentionally-n doped Fermi level (Er) of the metal oxide to the conduction
band minimum (CBM) of Al;Os. As it turned out, the analysis using VBM of the metal oxides to CBM of
Al,Os results in the work function of the metal oxides in the range of 2.0 — 3.0 eV which is unreasonable
and much lower than the known values between 5-7 eV. Therefore, the band offsets between our metal
oxide films and Al,Os were determined based on the assumption that the electron photoemission injected
from the Fermi level inside the naturally doped metal oxide conduction band to the conduction band
minimum of Al,Os. Fig. 4 displays the square root of the IPE yield, Y2, as a function of photon energy,
measured at different negative bias, Vg, applied to the back side (RuO) of sample ZnO. The
photoemission barrier heights, @k [znos aiz03), Were determined by linear fitting of YY2 to photon energy
(hv) near the photoemission threshold. The determined @r at different biases (Vg) or internal electric
field (F), are seen to have a small difference thus suggesting there is a small field dependence. Similar
spectra were obtained for sample SnO- and TiO; (not shown). The zero-field barrier heights, @, or
barrier heights at zero-field were deduced from the Schottky plots by linear fitting the barrier heights to
the square root of internal electric field. As a result, Fig. 5 shows @ snozaizo3= 4.31 €V, @ zno/azoz) =
4.57 eV, and @ [rio2iaizo3 = 4.61 eV being zero-field barrier heights, @, of SnO., ZnO, and TiOx,
respectively. Only by doping, either by intrinsic defects or by adding dopants, these oxides become
conductive. The natural n-type conductivity in ZnO thin films mainly controlled by electrons generated
by oxygen vacancies and charge donation gives rise to the Fermi level in the conduction band. In SnOa,
the conductivity is attributed to oxygen vacancies acting as doubly ionized donors or tin interstitials.
Similarly, the formations of intrinsic n-type defects, that is, oxygen vacancies and titanium interstitials,
are found in TiO..2* Therefore, we assume that our naturally doped PLD films are n-type and doped by
the defect formed by oxygen and metal element vacancies. As a result, the electron concentration at the
Fermi levels in their conduction bands is responsible for the photoemission. With respect to Al,Os
electron affinity of ~ 1.8 eV, the work functions of these PLD metal oxides were estimated to be ~ 6.1 eV,
6.4 eV, and 6.4 eV for SnO,, Zn0O, and TiOy, respectively (see the band diagram in Fig. 5). These
estimates appear to be feasible when considering there is broad inconsistency in the work function values

reported for many transition metal oxides. The large variation is mainly due to the many different sample



preparation methods.?? For the electron photoemission from Al top contact, the field (F)- dependent
barrier heights, @ (aiarzos;, from the Fermi level of Al to the bottom of Al>Os conduction band at the
interface of Al/Al,Ozin three samples were obtained from linear fitting of Y2to photon energy (eV) for
each spectrum taken at each different bias (V) or internal field (F). @y (aiaro3), the zero-field barrier
height, is extracted by linear fitting of the field-dependent barrier heights @r [anaiz03 to the internal
electrical field (F) using Schottky plots in Fig. 5 for all three samples. As a result, @, (auaizo3 was found
to be 3.07 eV, 3.05 eV, and 2.95 eV for the case of ZnO, TiO,, and SnO,, each underneath Al,O3 layer,

respectively, and averaged to 3.02 eV which is in a good agreement with the published values.®?
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Fig. 4. Square root of yield Y at various negative biases Vq applied between the top contact Al and the
back contact RuO.. Linear fits to Y2 near the spectral thresholds determine the barrier heights at the metal
oxide / Al;Oz interface, shown here for ZnO.
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Figure 5. Schottky plots used to determine the barrier height at the zero-field (@) or the flat band
condition. Inset is the band diagram (not to scale) showing the work functions (WF’s) which are the sum
of electron affinity (1.8 eV) of Al.O; and the zero-field barrier heights of the metal oxides determined by

internal photoemission (see text).



In summary, using vacuum ultra-violet spectroscopic ellipsometry we investigated the optical
properties of TiOz, ZnO, and SnO;, deposited by pulse laser deposition and determined the optical band
gapsto be 3.30 £ 0.05 eV, 3.13 £ 0.05 eV, and 3.95 £ 0.05 eV, respectively. SnO, and ZnO spectral
optical responses near the band gap reveal that they are a direct optical band gap, and on the other hand,
TiO, appears to be indirect. For the interfacial electronic characteristics, internal photoemission
measurements show that, at the interface of naturally doped (unintentionally doped) metal oxide and
Al,Os3, the electron photoemission originates from the Fermi level in the conduction band of the metal
oxide to the conduction band of Al.Os. From the measured energy barrier heights, the work functions of
these metal oxides were estimated and found to be consistent with reported values. Furthermore, this
study demonstrates that internal photoemission spectroscopy can be extended to characterize electronic

interfacial properties of other transparent conducting oxide materials.
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