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The origin of the high work function of chlorinated

indium tin oxide

Peng-Ru Huang!, Yao He!, Chao Cao? and Zheng-Hong Lu'?

The impact of halogenation, in particular Cl and F, on the work functions of indium tin oxide (ITO) surfaces was studied using
density functional theory calculations. We found that a strong surface dipole layer induced by the halogen, rather than a change
in the electrochemical potential (that is, Fermi level) of the ITO, led to a dramatic increase in the work function. However, the
work function for F-coated ITO was lower than that of Cl-coated ITO. This result contradicts the well-known fact that F is much
more electronegative than Cl. Detailed computations reveal that both electronegativity and atomic size collectively contribute to
the extraordinarily high work function of CI-ITO. Additionally, the work function increases linearly with increasing surface
halogen coverage for both systems, which was consistent with experimental data.
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INTRODUCTION
The physical process involved in charge transfer at an electrode—
molecule interface has a critical role in many electronic devices, such
as dye-sensitized solar cells,"> organic photovoltaic cells,® organic
light-emitting diodes,*® photocatalytic converters’™ and so on. The
energy barrier at this interface dictates the functionality of all
molecule-based devices. It was recently discovered that the surface
work function of metal oxide electrodes is one of the most important
parameters in determining the interfacial barrier. Owing to its unique
combination of good electrical conductivity and excellent optical
transmission properties, tin-doped indium oxide (ITO) has been well
developed. ITO is now a deeply entrenched industrial electrode
material that is widely used in devices ranging from liquid crystal
displays and solar cells to organic light-emitting diodes.!%'* However,
the surface work function of ITO (~4.7¢V) is too low for organic
semiconductor devices, where the highest occupied molecular orbital
of the hole transport host organic semiconductors is typically
~6.0eV. To compensate for this substantial energy difference,
several additional organic semiconductor buffer layers with highest
occupied molecular orbitals between 4.7 and 6.0 eV are inserted into
the devices. These additional layers not only cause increased
complexity in device fabrication, but also lead to an increased
polariton—exciton interaction.!>16

A recent breakthrough in boosting the ITO surface work function
by surface chlorination has been reported by Helander et al'4
Chlorinated ITO (CI-ITO) has become a promising electrode
for many devices.!”2> After experimentally treating with
o-dichlorobenzene, the work function of the CI-ITO surface was
found to increase from 4.7 to 6.1 eV, which directly correlates with the

highest occupied molecular orbital of the hole transport organic
semiconductors. This unprecedentedly high work function enables a
much simpler device structure, yet yields a record current efficiency at
high luminance. Following this work, methods such as chlorine-
plasma treatment,?! Cly-plasma e'[ching,22 indium trichloride
evaporation’® and chloroform treatment?® were developed to
achieve ITO chlorination. These techniques drastically modify the
work function of ITO and enhance device performance. Despite the
progress made in fabricating various types of devices based on Cl-
ITO, a thorough understanding of the unexpectedly high work
function of chlorinated ITO is still needed. Previously, the large
difference in the electronegativity of In and Cl, which results in a
surface dipole layer, was proposed to explain the high work function
of chlorinated ITO."2122 If electronegativity is the only driving
force for work-function modification, ITO modified with more
electronegative species, for example, fluorine, should result in a
larger work function. However, a work function higher than that
observed for chlorinated ITO has never been reported. Thus, in this
study, we used first-principle calculations within density functional
theory to understand the work-function modification by coating ITO
surfaces with two different elements—Cl and F.

MATERIALS AND METHODS

Our density functional theory calculations were performed using the Vienna
ab initio simulation package (VASP: Vienna, Austria) with the projector-
augmented wave pseudopotentials.**>” We used the Perdew—Burke—Ernzerhof
generalized gradient approximation to treat the exchange-correlation energy of
interacting electrons.?® The energy cutoff for the plane-wave basis set was
500eV. A (4 x4x1) Monkhorst—Pack k-point grid was used for the
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calculation of Cl- or F-coated ITO surfaces. All considered structures were fully
optimized with the force on each atom being <0.01 eVA 1.

The crystal structure of In,Oj is cubic bixbyite (space group: Ia3, lattice
constant: 10.117 A).2° Indium atoms occupy Wyckoff positions of 86 and 24d,
while oxygen atoms occupy Wyckoff positions of 48e. Our calculated
equilibrium structure keeps the initial symmetry but has a slightly larger
lattice constant of 10.30 A, which is consistent with previous calculations using
the same functional.”

As shown in Figure 1, we chose a slab with nine atomic layers separated by
20A of vacuum to model the ITO surface. The slab was constructed by
cleaving the bulk oxide along the (001) plane and substituting one-eighth of
the In atoms with Sn atoms on the two surfaces. The surface with both 24d
and 8b In atoms exposed was chosen in our calculations for its homogenous
bond breaking. By varying the thickness of the slab and the width of the
vacuum layer separating the periodic images perpendicular to the surface, we
verified that the selected system size provided convergent results.

We studied the adsorption characteristics of Cl or F on an ideal ITO (001)
(1 x 1) surface by placing the adatoms symmetrically on each side of the slab.
Three types of adsorption sites were considered in our calculation: the top site
above a metal atom, the bridge site between two adjacent metal atoms and the
hollow site at the center of the quadrilateral grid (cf., Figure 1b). As a real ITO
(001) surface displays highly complex reconstructions and is computationally
demanding, our discussions are constrained to Cl or F on an ideal ITO (001)
(1 x 1) surface. Our main findings show that the work-function modification
is localized and dependent on induced surface dipole, which is dictated by
coordination and the geometry of the local bonding. From this perspective,
our conclusions could be qualitatively extended to more complex surface
structures.

The work function is the minimum energy needed to remove an electron
from the bulk of a material through the surface to a point outside the material
and is defined as

O =V — Ep (1)

where Ep is the Fermi level and V., is the vacuum level, that is the potential
energy of electrons outside the material. The calculated work function for bare

Figure 1 Side view (a) and top view (b) of metal-terminated ITO (001)
surface. Top view of the adsorption structure of Cl-coated (c) and F-coated
(d) ITO at surface coverage of =1.5. Atomic species are color coded as
follows: In (yellow), O (red), Sn (turquoise), CI (blue), and F (green). Black
lines indicate the unit cell edges.
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ITO surfaces is 4.62 eV, which is close to the experimental value of ~4.7 eV for
untreated ITO surfaces.

RESULTS AND DISCUSSION

We first consider the adsorption characteristics of Cl atoms on the
(001) surface of ITO at different coverage levels. The surface coverage,
0, is defined as the ratio between the number of adatoms and surface
atoms. The stable adsorption geometries of Cl on ITO surfaces were
identified by comparing the adsorption energy at different adsorption
sites, which is defined as

1 n
Eags(n) = . Ecr-rro — Erro — EEClz (2)
where Ecyro is the total energy of the Cl-coated ITO, Erq is the
energy of the ITO substrate, 7 is the number of Cl adatoms and E¢y,is
the energy of a chlorine molecule. At a coverage of 0=0.125, the
most stable adsorption geometry is a Cl atom adsorbed on top of an
In atom. The adsorption energy is —1.85eV/ per adatom, and the Cl-
In bond length is 2.37 A. Other adsorption geometries are unstable
because of their adsorption energies. The adsorption energies are
—1.60eV per adatom for the bridge site between two adjacent In
atoms, —0.60eV per adatom on top of Sn atoms and —0.82eV per
adatom for the hollow site at the center of the quadrilateral grid
(Figure 1b). Our results indicate that Cl-Sn bonding was unlikely
given the higher adsorption energy (~ 1.25eV per adatom) on top of
Sn compared to that of In. The high-resolution XPS spectra of the Cl
2p core level on a chlorinated ITO surface have shown that CI
adatoms are chemically bonded to In atoms,'4 which agrees with our
calculations. When the surface coverage, 6, is > 0.5, the interactions
between adjacent Cl adatoms become dominan0t, and the adsorption
geometries are somewhat modified. Cl adatoms moved to the bridge
site, which was only 0.25 eV per adatom higher than the top site at the
low coverage of §=0.125. The highest surface coverage, 6, was 1.5
when surface dangling bonds of the ITO substrate were completely
saturated. At this surface coverage, Cl adatoms formed a close packing
pattern (Figure 1c) and displayed a mixing configuration of adsorp-
tion on top and bridge sites due to the stronger interactions between
Cl adatoms. The adsorption energies were found to be —1.33 eV per
adatom and 0.52 eV per adatom higher than that of 6 =0.125.

To explore the work-function modification of an ITO surface upon
Cl adsorption, we calculated the Fermi level, vacuum level and work
function of a Cl-coated ITO (001) surface as a function of surface
coverage, (. From the results plotted in Figure 2a, we determined that
the position of the Fermi level ( —0.2 £ 0.2 ¢V) remained independent
of Cl coverage, 0. This phenomenon is known as the Fermi-level
pinning and is exhibited by many semiconductor surfaces in which
the Fermi level is fixed at a particular level due to the existence of
surface states that act either as donors or acceptors. This theoretical
calculation is consistent with experimental data and shows no obvious
change of electronic structure for chlorinated ITO."* As the Fermi
level was unaltered, the change in the work function of CI-ITO was
induced by a change in the vacuum level, as shown in Figure 2b.

Figure 2a shows that the vacuum level increased linearly with
surface coverage, 0. Therefore, according to equation 1, there was also
a near-linear increase of the work function, ®, as depicted in
Figure 2a. The experimental work functions extracted from the study
by Helander et al.'* were also plotted in Figure 2c. As shown, the
theoretical results are in agreement with the experimental findings.
The highest work function achieved during the experiments was
6.1 eV, which corresponds to our calculated value at a surface coverage
of ~1.0. It is worth noting that our calculations also predict the
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Figure 2 (a) Fermi level, vacuum level and the work function for Cl-coated ITO vs surface coverage, 6. Black triangles, blue circles and red squares
represent Fermi level, vacuum level and work function, respectively. The break divides the energy axis into [ -0.5, 0.5] and [4.5, 7.0] intervals. (b) Plane-
averaged electrostatic potential energy for ITO (black line) and CI-ITO (red line) (at 6 =1.5) vs the distance from the slab center. The slab center represents
the zero position. The horizontal line represents the Fermi level. Arrows indicate the work function, ®, for ITO (black arrow) and CI-ITO (red arrow). (c) The

experimental work functions of CI-ITO were measured by Helander et al.14

highest value (6.8 V) of the work function when all surface dangling
bonds were saturated by Cl adatoms. Consequently, if experiments
further improve the surface coverage, additional increases in the work
function could be anticipated.

The microscopic origin of work-function modification also needs
to be addressed. It is natural to expect that the adsorption of Cl will
prompt a redistribution of the electron density to accommodate the
adatom and to minimize its impact. Thus, we plotted the plane-
averaged charge density difference of Cl-coated ITO at a coverage of
0=1.5 in Figure 3 (the results for other coverage values are
qualitatively the same), which is calculated using the expression

Ap(2) = parmo(2) — plC];(—)ITO (z) - pg}—ITO (2) (3)

the three terms on the right-hand side of Equation 3 represent
the plane-averaged charge density for the full CI-ITO system
(pcrimo(2)), the bare ITO surface (p9;5(z)) and the Cl adatoms
layer (pS_ ;1o (2)). The charge densities were averaged in the planes
parallel to the ITO surface. One immediately obvious consequence of
Figure 3 was the substantial depletion of electrons from the ITO
surface and a subsequent accumulation of electrons around Cl
adatoms. This outcome was due to the highly electronegative CI
adatoms possessing a strong attraction for electrons. A net electron
transfer occurred from the ITO surface to the Cl adatoms layer. In
Figure 3, this charge rearrangement appears to have localized around
the immediate bonding region between the Cl adatoms and the
surface metal atoms. It is obvious from this result that a surface dipole

layer was introduced to modify the electrostatic potential energy. The
electrostatic potential energy, V(z) relating to Ap(z), can be evaluated
by integrating the one-dimensional Poisson’s equation

a*v(z)
dz?

= —Ap(2)/e0 (4)

As shown in Figure 3, V(z) converged to a value AV far away from
the surface. This additional potential energy step, AV, across the
bonding region between Cl adatoms and surface In/Sn atoms, pushed
the vacuum level, V,., upward relative to the Fermi level, Er The
surface work function then increased accordingly. As shown in
Figure 2b, the calculated work-function increase, A®, was 2.19¢V,
which was approximately equal to the potential energy step, AV
(2.05¢eV). These results clearly reveal that the major contribution to
the work-function modification of Cl-coated ITO originated from a
surface dipole layer induced by charge rearrangement. This nearly
linear coverage dependence of the work function can be attributed to
the approximate linear dependence between the potential energy step
and surface dipole

av(e) = 2 (5)

with increasing coverage, the potential energy step, AV, increased as
the number of dipoles per unit area increased. Consequently, the work
function increases almost linearly with increasing coverage.
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Figure 3 Plane-averaged charge density difference, Ap(z), and potential
energy change, W2), for Cl-coated (red line) and F-coated (green line) ITO at
surface coverage of 0 =1.5 vs the distance from the slab center. The slab
center represents the zero position. The three vertical lines represent the
position of the surface metal atom layer (dashed), Cl atom layer (red) and F
atom layer (green).

At this point, the following questions arose: to what extent does the
electronegativity of an element affect the work-function modification,
and can we use highly electronegative elements to surpass the work
function achieved by CI? Following the above microscopic descrip-
tion, one might conclude that the work function should be higher for
an F-coated ITO surface, as fluorine is the most electronegative and
reactive element and induces charge rearrangement more significantly.
However, higher work function than chlorinated ITO has never been
observed in experiments using highly electronegative atoms, such as E,
Br and 13173 To decipher this contradiction, we investigated the
work-function modification of the same ITO surface by adsorption of
F, which was the most electronegative and reactive element. From an
instructional perspective, the comparison and discussion of these two
differently treated ITO substrates will help elucidate the role of
different factors governing work-function modification.

The adsorption geometries and energies of F-coated ITO were
investigated in the same manner as CI-ITO. Our results showed that F
adatoms always favored bridge sites and reappeared in the geometry
of the bulk oxygen layer at a surface coverage of 0=1.5 (cf,
Figure 1d). The adsorption energies of F-ITO varied only slightly
(3.3-3.6ev per adatom) with increasing coverage, which differed
from those of CI-ITO. This difference was likely due to the
much smaller atomic size of F, which led to less overlap of charge
density between adatoms. Thus, the interactions between F adatoms
had virtually no effect on the adsorption characteristics of F on the
ITO surface.

The adsorption of F on the ITO surface also resulted in a
charge rearrangement resembling that on CI-ITO, that is, the electron
transfer occurred from the ITO surface to the F adatoms (cf,
Figure 3). At the same time, a surface dipole layer and an additional
potential energy step, AV, built up across the bonding region between
F adatoms and the surface metal atoms. Thus, the vacuum level
shifted upward relative to Fermi level, and the work function
increased almost linearly with increasing coverage (cf., Figure 4).
However, we note from Figure 4 that the slope of the work function
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Figure 4 The calculated work function for Cl-coated (red squares) and
F-coated (green circles) ITO as a function of surface coverage, 6.

Table 1 Potential energy step, AV: charge-transfer distance, d; and
calculated charge transfer, AQ for Cl and F-coated ITO at surface
coverage of 0=1.5

Potential ~ Distance Atomic Charge transfer
Adatom  step (eV) (A) radius (A) (e per atom)  Electronegativity
Cl 2.05 1.71 0.79 0.51 3.16
F 1.34 1.07 0.42 0.71 3.98

Atomic radius, r, and electronegativity (Pauling), z, for Cl and F.

was not as steep as that seen with CI-ITO, with the highest work
function recorded at 5.8 eV, which was much less than that of CI-ITO
(6.8eV).

This behavior was then analyzed using a simple electrostatic model.
It is well known that dipole moment can be defined as the product of
the magnitude of charge and the distance between the charges. In
other words, two factors, the amount of charge transfer and the
distance of charge transfer, determine the magnitude of the surface
dipole on Cl- or F-coated ITO. The amount of charge transfer
depends on the electronegativity difference between the adatom and
the surface metal atom, while the distance is related to the bond
length between them, that is, the size of the adatom and the surface
metal atom. In Table 1, we present the atomic radius and electro-
negativity of Cl and F, potential energy step, charge-transfer distance
and calculated charge transfer with Bader analysis®® for Cl- and
F-coated ITO surfaces. In this study, we approximated the charge-
transfer distance by adatom-substrate spacing, d, which was calculated
as the difference between the average z coordinates of the adatoms
and the surface metal atoms. The amount of charge transfer was 0.71
e per adatom and 0.51 e per adatom from ITO to F and to Cl,
respectively. The charge transfer values for ITO to F were ~28%
greater than that of ITO to Cl, as F was ~21% more electronegative
than Cl In the case of charge-transfer distance, the situation was
completely opposite. The distance was 1.07A for F-ITO, ~60%
smaller than the 1.71A for CI-ITO, which is consistent with the
~88% smaller atomic radius of E

Based on the above discussion, the dominating factor in determining
the surface dipole is clearly the charge-transfer distance, which is
related to the bond length. According to equation 5, the potential
energy step, AV, is proportional to the magnitude of the surface
dipole and will be higher for CI-ITO. We obtained a ~53% higher



potential energy step, AV, for CI-ITO than for F-ITO (Table 1).
A combination of the aspects described above was responsible for the
work function being much higher for Cl-coated ITO. Therefore, the
combination of high electronegativity and large atomic size explains
the extraordinarily high work function of CI-ITO.

Summary

To summarize, we performed density functional theory calculations to
investigate work-function modifications by coating ITO with Cl or E
In particular, we studied and visualized the charge rearrangement and
variation of electrostatic potential energy. Our results show that the
work function increased linearly with increasing coverage for both
systems. The same trends were also observed in the behavior of
vacuum level and potential energy step. The surface dipole induced by
charge rearrangement was responsible for the upward shift of vacuum
level and the subsequent increase in the work function. However, the
work-function increase for F-ITO was not as high as that for CI-ITO;
the highest work functions of F-ITO and CI-ITO were 5.8 and 6.8 ¢V,
respectively. Detailed theoretical analyses identified two major factors
contributing to a drastic increase in the ITO work function: charge
transfer to the halogen and adsorption bond length. As the atomic
size was inversely proportional to the value of electronegativity, a
balance between ionic radii and electronegativity is essential for
reaching a high work function. The Cl-coated ITO system reaches an
optimal balance between the two competing factors, ultimately
resulting in an extremely high work function. Furthermore, our
calculations also predicted that the work function of Cl-coated ITO
could extend as high as 6.8eV. The current analysis provides a
theoretical framework for experimental efforts to engineer work
functions of various material systems.
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