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Electronic structure of indium-tin-oxide films fabricated by reactive electron-beam deposition
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Thin films of indium tin oxide [(ITO), In,O3:Sn] have been grown by reactive electron beam deposition.
Annealing in ultrahigh vacuum and, subsequently, in situ room temperature scanning tunneling microscopy
(STM) and spectroscopy have been carried out. STM images before annealing show the film composed of
grains with sizes around 30 nm while images of samples annealed at 423 K and 573 K indicate that these
grains coalesce with sizes of 60—80 nm. Scanning tunneling spectroscopy (STS) curves for the samples in the
three different conditions indicate the existence of a small band gap with Fermi level position pinned in the
center of the band gap. Optical reflectance and transmittance measurements have been performed in order to
deduce optical and electronic properties. STS combined with optical data interpreted with Drude theory shows
that the samples have a direct band gap of 3.5 (x0.1) eV and an indirect band gap of 2.1 (x0.2) eV.
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I. INTRODUCTION

In recent years, materials exhibiting high transparency at
visible wavelengths and good electrical conductance, par-
ticularly transparent conducting oxides, have been the sub-
ject of several studies, in view of their use as substrates for
widespread applications, including liquid crystal and field
emission displays, plasma panels, solar cells, organic elec-
troluminescent, and electrochromic devices.'™

These applications require a combination of high transpar-
ency in the visible region (~90% ), with resistivity as low as
~10~* Q) cm, which involves the design and the creation of
electron degeneracy in wide-gap oxides (=3 eV) by intro-
ducing appropriate dopants. Such requirements can be satis-
fied by a large number of conductive oxides of cadmium, tin,
zinc, indium, and their alloys in film form.’ In particular,
indium tin oxide [(ITO), In,O5:Sn] is one of the most widely
used and extensively studied, conductive oxides.*

ITO is a heavily doped, n-type semiconductor, with an
optical band gap of 3—4 eV, whose high transparency and
conductivity strongly depend on the different manufacturing
techniques, and particularly on the substrate temperature dur-
ing growth® and on postdeposition treatments, such as ther-
mal annealing or plasma processes.”?

Because of the broad interest in the technological appli-
cations of ITO, a deeper knowledge of the correlation be-
tween its structural and electronic properties, as well as the
understanding of its surface and interface physics, is required
in order to obtain enhanced performances in optoelectronic
devices. It is well known, indeed, that not only morphologi-
cal variations on the nanoscale range can have a significant
impact on device characteristics, but also changes in the in-
terface properties can lend to irreproducible metal-
semiconductor contacts and/or Schottky barriers limiting the
performances of devices. For these reasons, the surface elec-
tronic structure of ITO needs to be investigated in depth.

Several different techniques have been used to investigate
the properties of ITO, such as ellipsometry,” x-ray photoelec-
tron spectroscopy,'® photoemission spectroscopy,'"!? x-ray
diffraction,'? variable angle reflectance FTIR (Fourier trans-
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form infrared spectroscopy),'* optical transmission, and re-
flectance measurements,* but although it has been widely
studied, its electronic structure is not completely known.

In particular, Hamberg et al.'> analyzed the optical and
transport properties, using a one-dimensional model to de-
duce the electronic band structure, whereas Mryasov ef al. 16
reported first-principles [full potential linear muffin-tin or-
bital (FLMTO)] calculations of the electronic band structure
for In,05 and Sn-doped In,03, and Errico et al.'’considered
pure and Cd-doped In,O5 using full potential and lattice re-
laxations. The main obstacles to theoretical work are the
large unit cell of crystalline In,O3, which consists of 80
atoms,!8 and the complex nature of the conductive mecha-
nism in Sn-doped In,0.3!318

Scanning tunneling microscopy (STM) and scanning tun-
neling spectroscopy (STS) can be powerful tools to obtain
information about surface local electronic structure. Being
sensitive to the electronic states within the energy window
determined by the applied bias voltage, STM is able to ob-
tain both atomic scale resolved topographical images of the
sample surface, and to measure (by positioning the tip over a
selected surface site) the current-voltage (I-V) characteris-
tics, thus providing information about the site-specific local
density of states (LDOS).

In addition, the preparation of ITO films to achieve the
required optical or electronic properties is still a matter of
study. So far, many different deposition techniques have been
reported in the literature, such as dc (Ref. 13) and rf (Ref.
19) magnetron sputtering, spray pyrolysis,”® thermal
evaporation,?!  chemical vapor,”> and electron-beam
deposition.'® In particular, commercially available conduct-
ing transparent oxides for electroactive devices are usually
deposited by sputtering techniques which, however, produce
films of relatively high roughness on the nanometer scale
(for commercially available ITO typical rms roughness val-
ues are in the range 10—20 nm), which in turn poses many
problems for an effective deposition of the active layers.”
Electron-beam evaporation permits to overcome these prob-
lems, enabling the fabrication of layers of conducting oxide
with very low roughness values.
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In this paper we report a STM analysis of surface mor-
phological and electronic structure of ITO films fabricated by
reactive electron-beam deposition, to which were also ap-
plied annealing treatments in order to investigate possible
changes in ITO structure. With the aim of confirming band
gap information and electronic properties provided by STS
data, we also carried out characterization by optical reflec-
tance and transmission measurements in the visible to
near-IR range, interpreting the results using a Drude free-
electron model.

II. EXPERIMENT

Thin films of ITO were deposited on Corning glass and
n-doped silicon substrates by reactive electron-beam evapo-
ration. The evaporation chamber was evacuated to a base
pressure of 4 X 107 mbar. A controlled oxygen atmosphere
was achieved via a gas inlet through a precision needle
valve. The films were deposited from 99.9% purity In,O3:Sn
(90 and 10 wt %, respectively) pieces [TAM (International
Advanced Materials), NY] at a working pressure of 1.5
X 10~* mbar. During film growth, the chamber temperature
was kept at 530 K by a halogen lamp. The electron-beam
source operated at 9 KV, with a constant deposition rate of
about 1.0 A s~!, monitored by a quartz crystal microbalance.
ITO samples were introduced, via a load lock, in a UHV
chamber (107'° mbar) equipped with an Omicron Variable
Temperature (VT) STM, a sample heating facility and a low-
energy electron diffraction (LEED)/Auger system. The first
sample was measured as- deposited without any modifica-
tion. The other two were annealed, respectively, at nominal
temperatures of 423 K and 573 K; the thermocouple being
located close to, but not in direct contact with, the sample by
passing a current directly through the sample.

The STM and STS measurements were carried out in
UHYV at room temperature, using Pt-Ir tips. During spectros-
copy measurements, the feedback loop was switched off and
the set-point current, which sets the tip-sample distance, was
fixed during the bias voltage (V}y;,s) scan. The spectroscopy
measurements were performed by collecting grids of points
spaced at 2.5 nm after moving the tip to the chosen sites.
Different bias voltages and current set points were used to
carry out spectroscopic measurements on the three different
samples. The STS spectra shown in this paper are averaged
over a set of several I-V curves in a grid over the scanning
area.

Optical measurements were carried out using a Varian
Cary 5 Ultra Violet-Visible-Near-Infra Red (UV-VIS-NIR)
spectrophotometer in the range from 200 to 3100 nm. Specu-
lar reflectance data was acquired using the VW geometry.?*

III. RESULTS AND DISCUSSION

Auger measurements on the as-deposited sample were
carried out in order to determine the In:Sn ratio. Using the In
and Sn MNN Auger peaks we found an In:Sn ratio of 4:1,
rather than the 4.5:1 of the starting material. This suggests
that there is preferential evaporation of the (lighter) Sn.
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FIG. 1. (Color online) STM images of the ITO films: (a) as-
deposited film; (b) annealed at 423 K; (c) annealed at 573 K. Vj,
=1V, Lt poine=50 PA, scan area 1000 nm X 1000 nm. (d), (e), and
(f) show grain size distributions for samples a, b, and c,
respectively.

Figures 1(a)-1(c) show STM images of ITO deposited on
silicon on the as-deposited film and after annealing at 423 K
and 573 K. Figures 1(d)—1(f) show the grain size distribution
for each sample: for as-deposited film [Fig. 1(d)], this distri-
bution is narrow and Gaussian-like, with an average grain
size of about 28 nm; whereas for annealed samples the dis-
tribution cannot be fit using a simple Gaussian distribution;
and the larger size spread is accompanied by somewhat
higher values, about 60—80 nm [Figs. 1(e) and 1(f)], for the
average grain size. Furthermore, from Fig. 1, (rms) values of
5.7 nm, 6.1 nm, and 7.3 nm, respectively, were determined
for the surface roughness of the as-deposited 423 K and
573 K annealed samples. This is due to the aggregation of
the native grains into larger clusters upon annealing.

We measured the STS current-voltage characteristics si-
multaneously with STM images positioning the tip on and
between the grains in order to investigate possible differ-
ences in electronic properties through dark and bright areas
in the STM images. The I-V curves in Fig. 2 were obtained
as an average of several curves acquired in the dark and
bright areas in Fig. 1(a). The two curves show the zero-

FIG. 2. I-V curves on the dark and the bright areas of Fig. 1(a)
acquired at V=1V and Iy poine=50 pA.
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FIG. 3. STS of the as-deposited ITO film. NC was numerically
calculated from STS /-V curves performed with set point of Vy,
=3 V and I poinc=50 pA.

current gap typical of semiconductor behavior. However, we
did not find significant variations in the /-V curves recorded
in different areas, unlike Kasiviswanathan et al.,%> who re-
ported different spectroscopic behaviors at the grain bound-
ary, attributed to the presence of excess impurities creating
defects at interface region. Our finding indicates instead that
the contrasts in the STM image are due to morphological
differences in the ITO surface rather than in their electronic
structure.

Figures 3 and 4 show the normalized conductance (NC)
curves, (dI/dV)/(I/V) vs bias voltage, numerically calcu-
lated from -V curves. The NC curves, which are known to
be proportional to the surface local density of states (LDOS),
were calculated using the method described by Feenstra.?®
The energy positions of the valence and conduction band
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FIG. 4. STS of the ITO film annealed at (a) 423 K and (b)
573 K. NC was numerically calculated from STS /-V curves per-
formed with a set point of (a) V;j,=2 V and I poine=50 pA and (b)
Viip=3 V and I poinc=300 pA.
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onsets can be established in NC spectra using the procedure
shown by Feenstra.?®

Figure 3 shows NC curves for the as-deposited ITO film.
Immediately evident is the absence of a zero conductance
region, while there is a minimum at V};,;=+0.06 V, which
implies the presence of slight band bending at the surface,
since in the absence of band bending the minimum should
appear at V;,,=0 V, corresponding to the Fermi level posi-
tion Ep.

Moreover, the band gap edges (E and Ey) are resolved in
the spectrum at +1.3 V and —1 V, respectively. This provides
a value of the band gap around 2.3 eV, which is quite differ-
ent from the direct bulk optical gap value of 3.7 eV well
known from the literature,” and to the value of 3.56 eV
found for thin films.?” The value of 2.3 eV from our results is
closer to the indirect band gap value (2.8—3.4 eV) and more
consistent with the orange emission of ITO (bulk and film) at
1.9 ev.2021

For bias voltage values lower than —1 V in the spectrum,
we observe a shoulder located at —2.2 V (marked by the
upward pointing arrow in Fig. 3) that could be related to the
valence band edge of ITO, suggesting its direct electronic
band gap value could be set at 3.5 eV.

Beyond the components of the conductance due to the
tunneling through filled and empty states, we observe two
different shoulders in the region of the gap. Similar features
have been seen by Feenstra®® for the clean surfaces of several
III-V semiconductors. This nonzero conductance within the
gap, the so-called dopant-induced component, has been as-
cribed to electrons tunneling through electronic states located
near the band edge, whose contribution to the conductance is
seen throughout the band gap because of the voltage depen-
dence of the tunneling transmission term.

In our case, we found an electronic behavior remarkably
different from that previously described for ITO,?® and gen-
erally expected, from a heavily doped n-type semiconductor,
with the Fermi level energy located close to the center of the
gap. We suggest that Sn-doping impurities introduced in the
In, 05 lattice and the oxygen vacancies derived from the re-
active evaporation method, which determine the ITO elec-
tronic properties, can create a high density of defects, which
induce localized electronic levels in the band gap. These
midgap electronic states can shift the surface Fermi level
towards the middle of the gap, pinning it at the energy level
of the defect.

In the conduction band side of the STS spectrum, small
peaks are observed at 2.1 V and 2.8 V (peaks A and B in Fig.
3); these sharp features could be related to cation-derived
electronic states with significant surface character, essentially
surface resonances, since they lie within the bulk conduction
band.

For ITO annealed at 423 K, whose STS spectrum is
shown in Fig. 4(a), the zero conductance region is still absent
and the NC shows a minimum at V,;,;=+0.03 V, suggesting
a decrease of surface band bending with respect to the as-
deposited sample.

Band gap edges (E. and Ey) are resolved in the spectrum
at +1.1 V and —-0.8 V, and in addition in the valence band
side of the spectrum we observe the same structures seen in
Fig. 3, with a further shoulder at +1.5 V and an onset located
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at +1.9 V in the conduction band side. We suggest that these
additional structures are related to the ITO direct band gap.
The band gap value is 1.9 eV, close to the band gap found
for the as-deposited sample, but also for this sample we find
the Fermi level position pinned close to the center of the gap
and, additionally, we observe the dopant-induced component
less clearly compared to Fig. 3. We assume that the anneal-
ing procedure induces changes, not only morphologically, as
shown in Fig. 1(b), but also in electronic structure. In fact
this dopant-induced component in the conductance spectra is
a very sensitive measure of the surface quality, since a small
shift of Fermi level position, due to any changes on the sur-
face, can cause this component to disappear.?’

Hence, the annealing procedure seems to cause a partial
redistribution of the electronic states, as we can see from Fig.
4(a) where several peaks are present on both the conduction
and valence band sides of the spectrum, with a residual dis-
order which could be responsible for the smaller shift of
Fermi level position and the unpinning of the Fermi level
from the middle of the gap.

The NC curve for ITO sample annealed at 573 K is
shown in Fig. 4(b). The dopant-induced component in the
conductance spectra has completely disappeared, leaving the
typical zero conductance region of semiconducting materials.
Band gap edges (E. and Ey) are resolved in the spectrum at
+1 V and —1.1 V, determining the band gap value as 2.1 eV,
but once again the Fermi level remains pinned close to the
center of the band gap. Small peaks are found in the spectra,
located at different energy position [peaks C—F in Figs. 4(a)
and 4(b)] with respect to resonances A and B in Fig. 3. Given
that peaks A and B are no longer apparent in the spectra in
Figs. 4(a) and 4(b) and the presence of new features, it ap-
pears that the annealing processes cause a change in the sur-
face electronic structure.

Previous studies on semiconductor interfaces’® showed
that annealing procedures enhance surface quality, reducing
the band bending and the pinning position of Fermi level.
For our ITO samples, we observed that the annealing proce-
dure induces a substantial surface rearrangement, causing the
dopant-induced component to disappear, but leaving un-
changed the band gap value, in the range 1.9-2.3 eV, and
the Fermi level pinned close to the midgap. This could sug-
gest that the employed annealing temperature is not high
enough to completely remove the defects inducing localized
electronic levels in the band gap, and thus unpin the Fermi
level position.

Optical measurements were carried out with the aim to
find evidence for the indirect or direct nature of the elec-
tronic band gap of our ITO samples.?! Figure 5 shows the
measured transmission 7(hv) and specular reflection R(hv)
spectra acquired on an as-deposited ITO grown on Corning
glass in the energy range 0.4 to 6.2 eV. We found T(hv)
=80% in a wide spectral range, 1.4-3 eV. T(hv) drops off
steeply for hv<1.4 eV and hv=3 eV. R(hv) shows large
oscillations, probably due to multiple reflections, in the pho-
ton energy range 1.4-5 eV.

The absorption coefficient a(hv) was calculated from
R(hv) and T(hv) from the relationship

PHYSICAL REVIEW B 72, 085437 (2005)

FIG. 5. Transmission T(hv) (dashed line) and specular reflection
R(hv) (solid line) spectra of as-deposited ITO film grown on Corn-
ing glass.

1 -R(hv)

1
a(hv) = 7 In )

, (1)
where [ is the thickness of the film. Figure 6 shows a(hv)
obtained from (1) in the energy range 0.4-4.5 eV. As hv
increases, a decreases down to about 1.7X10° cm™' at
2.4 eV, increases slowly until the photon energy reaches
about 3.5 eV, and then increases quickly to values above
10° cm™!. The absorption in the low photon energy range
(hv < 0.5 eV) has been found to be mainly due to intraband
transitions, i.e., to free electrons in the conduction band.?!

It is well known that for doping levels exceeding the
charge carrier density set by the Mott criterion (n=n,
~10'8 cm™ for indium tin oxide), ITO can be considered as
a semiconductor having a full valence band, with a parabolic
conduction band partially filled by a degenerate free electron
gas.3?

Describing our system by a Drude free-electron model,
the real and the imaginary parts of dielectric function e=¢;
+ie, are given by

2 2
Ay 1 oyt
E1=€p——— 55, Er=—" 5, 2
: 1+ o?7? 2T 0l + P )

where w%,:nez/ som*,m* is the free-electron effective mass,
7 is the electron scattering time, n is the charge carrier den-
sity, and g and &, are the permittivity of free space and the
high frequency relative permittivity of ITO lattice, respec-
tively. We assume 7 is approximately constant in the spectral

100

o (10° em™

“hy o)’

FIG. 6. Calculated absorption coefficient as function of photon
energy for the sample of Fig. 5; the dotted line is the fitted Drude
model curve.
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range of our measurements, and electron scattering in the
ITO film is essentially due to doping impurity ions acting as
scattering centres.

We fit the experimental data for hv<2.5 eV using the
absorption coefficient a obtained from Eq. (2). The best fit
gives for &,, wy, and 7 values of 4, 1.57 X 10 57!, and
1.61 X105 s, respectively, which can be used to determine
the charge carrier density and the plasma frequency using the
expression

wy=ne*legm”, w, = wyl\e.,. (3)
Using an effective mass m" ~0.35m,,’> we found a charge
carrier density n=2.7 X 10*° cm™3, as we expected for in-
dium tin oxide and a plasma frequency ®,=0.8
X 10" s7!. Because of the high value of n, we can consider
the ITO samples as highly degenerate semiconductors with
the electron mobility due only to the contribution of ionized
impurity scattering. The electron mobility and resistivity
were found to be ©,=23 cm?/V s and p=9.8 X 107* Q) cm.

As we have already mentioned, absorption in the low pho-
ton energy range should be mainly due to intraband transi-
tions, which can be dealt with using the Drude model. We
subtracted the Drude absorption «;, (gray line in Fig. 6) from
the measured absorption « (black line in Fig. 6) to obtain
information about interband transitions and the possible in-
direct band gap. The difference between « and «p is in fact
related to absorption due to interband transitions. We plot the
square root of the difference a— ), which is expected to be
linearly dependent on the photon energy for an indirect tran-
sition, vs photon energy in Fig. 7. \/(a—ap) shows a linear
trend at high photon energy with an onset around 3.4 eV and
a further trend with photon energies decreasing from 2.8 eV
indicating an indirect transition. Extrapolation to zero inten-
sity gives a value of about 2.4 eV.

To understand if the onset at high photon energy corre-
sponds to the direct band gap we plotted (ahv)? vs hv (inset
Fig. 7). This quantity shows a linear trend with a threshold
around 3.6 eV, indicative of a direct transition.3-3¢

The obtained threshold value for the direct and indirect
transitions (3.6 eV and 2.4 eV, respectively) are consistent
with the band gap values obtained from STS measurements.
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FIG. 7. Square root of (a— ap) as function of photon energy and
corresponding (a@hv)? vs hv for the sample of Fig. 5.

IV. CONCLUSIONS

In this work, we have performed a combined STM-optical
study on indium tin oxide thin films deposited on silicon
substrates by reactive electron-beam deposition. ITO films
were studied by STM in ultrahigh vacuum after an annealing
in situ at different temperatures in order to investigate the
deviations induced on surface morphological and electronic
structure by such procedure. Room temperature STM images
on the as-deposited film show the surface composed of small
grains with sizes of 30 nm, while STM images of annealed
samples at 423 K and 573 K indicate that these grains coa-
lesce into clusters with sizes of 60—80 nm upon increasing
temperature, while the surface roughness values are in the
range between 5—7 nm. STS analysis on the different areas
of the surface suggests that the contrasts in STM images are
mainly due to the sample morphologies. Furthermore, the
normalized conductance spectra show a change in ITO
LDOS of the annealed sample compared to the as-deposited
ones. Significant variations in the dopant-induced component
and zero conductance region can be observed, nevertheless
the electronic band gap does not change. We suggest that the
annealing procedure modifies the surface LDOS of ITO, but
the process temperature is not high enough to unpin the
Fermi level. Finally, optical absorption data obtained from
reflectance and transmittance measurements has indicated an
indirect transition around 2.4 eV. The combination of this
result with STS measurements indicates an indirect band gap
at 2.4 eV and a direct band gap at 3.6 eV.
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