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Modification of the Gallium-Doped Zinc Oxide Surface with
Self-Assembled Monolayers of Phosphonic Acids: A Joint
Theoretical and Experimental Study

Hong Li, Erin L. Ratcliff,* Ajaya K. Sigdel, Anthony J. Giordano, Seth R. Marder,

Joseph J. Berry, and Jean-Luc Brédas*

Gallium-doped zinc oxide (GZO) surfaces, both bare and modified with chem-
isorbed phosphonic acid (PA) molecules, are studied using a combination of
density functional theory calculations and ultraviolet and X-ray photoelectron
spectroscopy measurements. Excellent agreement between theory and experi-
ment is obtained, which leads to an understanding of: i) the core-level binding
energy shifts of the various oxygen atoms belonging to different surface sites
and to the phosphonic acid molecules; ii) the GZO work-function change
upon surface modification, and; iii) the energy level alignments of the frontier
molecular orbitals of the PA molecules with respect to the valence band edge
and Fermi level of the GZO surface. Importantly, both density of states calcu-
lations and experimental measurements of the valence band features demon-
strate an increase in the density of states and changes in the characteristics
of the valence band edge of GZO upon deposition of the phosphonic acid
molecules. The new valence band features are associated with contributions
from surface oxygen atoms near a defect site on the oxide surface and from
the highest occupied molecular orbitals of the phosphonic acid molecules.

1. Introduction

N-type transparent conducting oxides (TCOs) have found wide
spread applications in organic optoelectronic devices such as
light-emitting diodes (OLEDs) or solar cells, either as electrodes
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or as electron-selective interlayers. Among
TCOs, indium tin oxide (ITO) is the most
commonly used electrode material due to
its low resistivity (on the order of 107 ~
10 Q cm) and good optical transpar-
ency.l!l However, the high cost and limited
supply of indium have led to the develop-
ment of alternative TCO materials over the
past ten years, such as fluorine-doped tin
oxide (FTO), zinc oxide (ZnO), or indium-,
gallium- or aluminum-doped zinc oxide
(In:Zn0/Ga:ZnO/AL:Zn0).2l  Zinc oxide,
an inexpensive and abundant binary com-
pound, is a transparent semiconductor with
a large band gap (3.3-3.4 eV) but relatively
high resistivity (on the order of 107 Q cm).PI
Its conductivity can be improved via
doping, for instance with gallium; in this
case, conductivities close to that of ITO can
be found for optimized dopant concentra-
tions.*7! In addition, Ga:ZnO (GZO) films
can be fabricated at room temperature 10
and via solution processing,'!l which makes them suitable for
use with flexible substrates for plastic electronic applications.['?!
Incorporation of TCO materials into organic electronic
devices often requires control over the surface work function
of the TCO prior to formation of the oxide/organic interface.
By modulating the work function of the TCO, the rate of charge
injection or extraction to/from the subsequent layer can be con-
trolled. Tuning the work function can also lead to control over
the width of the charge accumulation or depletion layers in the
space charge region of the interface that impact the electric
fields near the interface.'3! In organic photovoltaic devices spe-
cifically, in the case of non-Fermi level pinning of the interface,
the systematic control of work function of the contact can be
used to alter the open-circuit voltage, and hence, the net power
conversion efficiency of the device.'*2% However, modulating
the work function of conducting oxides can be challenging, as
it requires an alteration of the surface chemistry of the oxide,
for instance, of the local hydroxyl coverage. Recent work high-
lighting control of the GZO surface work function used a series
of surface pretreatments, which demonstrated a clear correla-
tion between impact on surface composition, work function
change, and inner and outer sphere electron-transfer rates in
solution.?!] Furthermore, it was found that the work-function
was not stable over time (minutes to hours) for many of the
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pretreatments, which suggests that surface pretreatments are
not an ideal approach to control work function of an oxide
surface.

Surface modification of inorganic electrode materials by
organic molecules forming self-assembled monolayers (SAMs)
has been widely considered to tune the surface and interface
properties in organic electronics applications.[192223] Recently,
phosphonic acids (PA) have been used to modify the work
function of both ITO and ZnO surfaces over a range greater
than 1 eV.?*33] Electro-absorption spectroscopy experiments on
devices where a poly(p-phenylenevinylene) derivative (“super
yellow”) is used as the active layer, have also shown that the
built-in potential (V) between the PA-modified ITO surface
and the active layer scales linearly with the work function of the
PA-modified ITO electrode.l3 In a follow-up work, Ratcliff et al.
demonstrated that systematic variations of the surface work
function of ITO, via a series of phosphonic acid SAMs, cause
a linear change in the open-circuit voltage of polymer-fullerene
devices.”]

To explore the impact of phosphonic acids as surface modi-
fiers on TCO materials such as GZO, we have performed a
combined experimental and theoretical study on the modifica-
tion of the GZO (002) surface by a series of five phosphonic
acids. These include phenyl phosphonic acid (PPA), pen-
tafluorophenyl phosphonic acid (FsPPA), benzyl phosphonic
acid (BPA), pentafluorobenzyl phosphonic acid (FsBPA), and
(2,6) difluorobenzyl phosphonic acid (oF,BPA), see Figure 1.
The GZO (002) surface and the binding geometries of the PA
molecules on this surface have been explored at the density
functional theory (DFT) level to gain a basic understanding of
the surface and interface electronic structures. The electronic
properties of the bare and modified GZO surfaces have been
investigated using both X-ray and ultraviolet photoelectron
spectroscopies. Combining the computational results with the
experimental photoelectron spectroscopy data allows us to pro-
vide insight into: (i) the origin of the core-level binding energy
shifts for the oxygen atoms belonging to different surface sites
and to the PA molecules; (ii) the SAM-induced change in GZO
work function; and (iii) the energy level alignments of the fron-
tier molecular orbitals of the PA molecules with respect to the
valence band edge and Fermi level of the GZO surface.

While points (i) and (ii) have been discussed already in
the case of PA-modified ITO and ZnO surfaces in earlier
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theoretical and experimental studies,?426:31:32.3536] determining
the energy-level alignments usually remains very challenging
when dealing with organic/inorganic interface systems. It is
clear that a correct description of the energy level alignments
of the molecular frontier orbitals with respect to the Fermi level
or valence/conduction band edge of the electrode or interlayer
is critical for understanding the charge injection/collection pro-
cesses at these interfaces; however, many calculations based
on density functional theory tend to present results that are
not in good agreement with the experimental results coming,
for instance, from photoelectron spectroscopy measurements.
In the case of physisorbed organic/organic and metal/organic
interfaces, as well as in weakly chemisorbed semiconductor/
organic interfaces, the work of Neaton and co-workers?®’~% has
demonstrated that good agreement can be reached by correc-
tions at different levels within the GW approximation. Similar
observations have also been made by Kronik and co-workers!*!l
and Zojer and co-workers*d for weakly chemisorbed silicon/
alkyl and Au/anthracene selenolate interfaces. Importantly, we
find here that in the case of strongly chemisorbed molecules on
metal oxide surfaces such as PA molecules bound on the GZO
surfaces, density functional theory at the level of generalized-
gradient approximation with on-site Coulomb corrections for
both Zn and Ga (GGA+U) provides an excellent description of
the energy level alignment of the highest occupied molecular
orbitals (HOMOs) of the PA molecules with respect to the
valence band maximum (VBM) or the Fermi level of the metal
oxide surfaces.

2. Experimental and Computational Methods

2.1. Substrate Fabrication

While there are multiple techniques to fabricate GZO thin
films, those examined here were deposited via sputtering onto
50.8 mm x 50.8 mm Corning Eagle 2000 glass substrates. A
single composition ceramic oxide sputter target with the molar
ratio of 97.5% ZnO; 2.5 % Ga,0; (greater than 99.99% pure,
Cerac Inc) was used, with film thicknesses ranging from 300 to
500 nm. GZO films were fabricated using sputtering depositions
that superimposed RF at 13.56 MHz (Dressler Cerac RF power
generator) and DC magnetron sputtering (Advance energy DC

F F
F F F F
F F F F F F
OH JOH OH
P~0H P~0OH P~0oH HO—P—OH HO—P—OH
O O O O
BnPA oF,BnPA FsBnPA Ph-PA Fs-Ph-PA

Figure 1. Molecular structures of the PA molecules investigated in this work: benzyl phosphonic acid (BPA), (2,6) difluorobenzyl phosphonic acid
(oF,BPA), pentafluorobenzyl phosphonic acid (FsBPA), phenyl phosphonic acid (PPA), and pentafluorophenyl phosphonic acid (FsPPA).
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pinnacle plus) with a conventional magnetron sputtering source
(Angstrom Sciences, Inc.) in pure argon (>99.999%) atmo-
sphere. These deposition parameters were optimized to obtain
films with conductivity of 4500 S/cm,*3] optical transparency of
~90% in the visible wavelength region, and atomic ratios veri-
fied by XPS of ~95:5 Zn:Ga prior to any surface pretreatments,
which can alter the near-surface composition in Zn and Ga,
along with surface adsorbed species. Substrates were oriented
parallel to the plane of the target and centered with the race-
track. The films were deposited at a substrate temperature of
250 °C, with a substrate to target distance of 68.5 mm, total
power density of ~2.2 W/cm?, an argon flow into the chamber
of 20 sccm, and a total deposition pressure of 0.60 Pa.*l To
facilitate good thermal contact, the substrates were attached
with silver paint to the stainless steel heater block and the tem-
perature on the front surface of the substrate was measured
in-situ with a physically grounded, unshielded, k-type thermo-
couple to allow accurate temperature measurements during the
deposition. Typically, a temperature rise of approximately 25 °C
was observed over the course of a deposition. The chamber
base pressure prior to backfilling with argon was less than
<1.3 x 10~* Pa. Each deposition began with a 10-min burn-in
period during which the system was allowed to reach steady-
state condition before the film deposition was started. After dep-
osition, the substrates were allowed to cool in vacuum until the
sample surface temperature was below 100 °C before removal
to ambient, in order to minimize strain due to thermal gradient.

2.2. Surface Pretreatments
2.2.1. GZO Surface Preparation

Prior to use, GZO electrodes were cut from the center of the
substrate and cleaned in detergent (diluted Triton X-100), fol-
lowed by rinsing with deionized water. The electrodes were
then successively sonicated in acetone for 10 minutes and iso-
propanol for 5 min, followed by drying in a nitrogen stream.
Ideally, a clean surface, free of all carbon, should be used for
the bare GZO surface. A carbon-free surface is obtained by
argon-ion sputtering at ~2.0 x 10~ Pa (1.5 x 107 Torr) for
approximately 5 minutes with an acceleration voltage of 2.0 kV
and a sample current of 1.5 pA, which was sufficient time for
eliminating any detectable C 1s peak in angle-resolved XPS.
However, such a surface is difficult to obtain over a large area
and it is not expected that such a surface would remain free of
contamination during the adsorption of phosphonic acid modi-
fiers from a solvent. Our recent work demonstrated that an
ambient pretreatment of a base rinse resulted in similar surface
chemistry and work function as the Ar-ion sputtered surface
of the GZO electrode.?!! The “KOH etch” pretreatment etched
the electrodes with 6 M aqueous potassium hydroxide solution
(Aldrich) for 15 s, followed by rinsing with filtered water and
drying in a stream of nitrogen.

2.2.2. Phosphonic Acid Modifications

Immediately following the KOH treatment, samples were
immersed in a 10 mM ethanol solution of the phosphonic
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acid, for 2 h, prior to removal from the ethanol solution. Sam-
ples were sonicated in pure ethanol in order to remove any
physisorbed molecules, followed by rinsing with ethanol and
dried in a nitrogen stream. Cyclic voltammetry of a ferrocene
phosphonic acid chemisorbed to the surface yielded a cov-
erage of approximately 1.4 X 10** molecules/cm? (2.4 (£0.3)
x1071% mol/cm? ) as estimated by the Laviron method; these
results are consistent with full monolayer coverage of a carbox-
ylic acid-functionalized ferrocene.[2145-48]

2.3. XPS/UPS

XPS measurements were performed with a Kratos Axis Ultra
X-ray photoelectron spectrometer with a monochromatic Al
Ko source at 1486.6 eV and a He(I) excitation source (21.2 eV)
for UPS measurements. In the UPS experiments, a =9.00 V
bias was applied to the sample to further enhance the collec-
tion of the lowest kinetic energy electrons. A separate UPS
spectrum was measured for a sputter-etched, atomically clean
gold sample before characterization of the GZO electrodes to
ensure accurate values for the low and high kinetic edges rel-
ative to the Fermi edge. For XPS results, the binding energy
calibration of the spectra is corrected following the procedure
outlined by Powell, using the Au 4f;, and Cu 2p;, lines, with
linearity corrected using the Cu L;VV line.l*”] Prior to each pre-
treatment, the work function and XPS peaks were measured
for the “as received” electrodes, in order to ensure that there
were no inconsistencies between samples of GZO that could
be misinterpreted to be due to the pretreatments. In each case,
the “as received” GZO showed the same results as reported in
this work, for both XPS and UPS measurements, within the
10.1 eV resolution.

2.4. Computational Methodology

The systems studied in this work include both bare and SAM-
modified GZO surfaces, with the latter consisting of a layer of
two PA molecules per surface unit cell, chemisorbed on the
GZO surface. Both the bare and SAM-modified surfaces were
evaluated with the repeated-slab approach, with each slab sepa-
rated by a vacuum space larger than 25 A. To cancel out spu-
rious dipole-dipole interactions between repeated asymmetric
slabs along the surface normal direction, a dipole sheet was
introduced in the middle of the vacuum space.

The calculations were carried out at the DFT level with a
plane-wave basis set using the Vienna Ab Initio Simulation
Package (VASP).P%1l The semi-local exchange-correlation
functional PBEPZ within the generalized gradient approxima-
tion and the projector-augmented wave (PAW) method®3! were
adopted. A plane-wave cut-off energy of 300 eV for all elements
and a total energy convergence of 107 eV for the self-consistent
iterations were used. For the geometry optimizations, only the
I'-point was considered for k-point sampling with the Gaussian
smearing method due to the large size of the surface unit cell.
For the total-energy calculations, a I'-centered 2 x 2 x 1 k-point
grid was used with the improved tetrahedron method with
Blochl corrections.’* As detailed in our earlier work on the
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modeling of the ZnO surface,** the on-site Coulomb interac-
tions among the strongly localized 3d electrons of the Zn and
Ga atoms were described by the GGA+U approximation/>®
with an effective Hubbard U-parameter (U.g = 8.5 eV) for both
Zn-3d and Ga-3d electrons.

We described previously® that the work-function change
A® of the modified surface can be decomposed into three
nearly independent components:

AD = AVsppm + AVgeom ret. + A Vit aip. (1)
where AV, is the electrostatic potential energy change across
the isolated SAM when it takes the same geometry as in the
interfacial system; AVgeom ol Tepresents the change in work
function of the bare slab surface due to geometry relaxation
upon deposition of the SAM; and AV, i, denotes the poten-
tial energy step induced by the charge redistribution at the
very interface, related to the formation of an interface bond
dipole. The first two terms can be extracted directly from DFT
calculations on isolated fragments (SAM and bare slab, both at
the geometries adopted in the interfacial system); the latter is
obtained by solving Poisson’s equation for the plane-averaged
electron-density difference Ap(z) between the combined inter-
face and the isolated fragments, along the surface normal direc-
tion z:

d’v(z)
dz*

1
= —gAP(Z) (2a)

Ap(2) = Psam-czo(2) =
| Pozo(2)+ Psaui (2) = Pii (2) = Pra(2) = Pus (2) = praa(2) ]

(2b)

where V(z) is the Ap(z)-induced electrostatic potential energy;

the terms on the right hand side of Equation (2b) represent,

respectively, the plane-averaged electron density of the com-

bined SAM-GZO interface, the bare GZO at the modified

geometry, the isolated SAM consisting of two PA molecules
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per surface unit cell (with the four hydrogen atoms removed
upon surface binding being reattached), and the four isolated
hydrogen atoms at the same positions as in the SAM.

3. Results and Discussion

3.1. Characterization of Unmodified and PA-modified GZO(002)
Surface via DFT Calculations and XPS Experiments

3.1.1. GZO Surface Model

In the theoretical modeling, we consider a Ga doping ratio of
~1.5% (Ga substitutions in a ZnO lattice), which is within the
experimentally realized doping ratios of 1-5% for GZO thin
films. Recent XPS data for the KOH etched-GZO surface indi-
cates a surface gallium concentration of 2% (surface atomic
ratio from XPS) and a statistically similar surface chemistry
profile as for Ar-sputtered films.?!) The GZO bulk crystal is
first modeled by an orthohombic supercell containing 1 Ga,
63 Zn, and 64 O atoms, with lattice parameters a = 13.0004 A,
b =11.2587 A, ¢ = 10.4142 A, along the [1,1,0], [1,-1,0], and
[001] directions, respectively. The supercell lattice parameters
are derived from the experimental primitive lattice param-
eters for the undoped wurtzite ZnO crystal (a = 3.2501 A, ¢ =
5.2071 A).7)

A slab structure modeling the fully-hydroxylated (1/2 OH
group per Zn/Ga atom) GZO(002) surface with an intrinsic
surface defect consisting of a pair of zinc and oxygen vacancies,
has been built based on the optimized crystal structure. The
reason for considering such defect pairs comes from the fact
that the O 1s XPS spectrum (see below) shows a component at
~2 eV higher binding energy than the main peak; in our earlier
modeling of the ZnO surface,” such a component has been
shown to be associated with surface hydroxyl groups filling
the oxygen vacancy site in such defect pairs. The slab contains
six Zn-O double layers within a surface unit cell (see Figure 2)
with the same a and b lattice parameters as for the bulk; the ¢

Figure 2. Structure of the hydroxylated GZO(002) surface model containing one Ga atom and one zinc/oxygen vacancy per unit cell. The dark grey,
black, light grey, and small white spheres represent Zn, O, Ga, and H, respectively. The DFT-calculated O 1s core-level binding energy shifts for each
of the surface oxygen species are given relative to oxygen atoms in the wurtzite GZO crystal, indicated by the values given next to each arrow.
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parameter is set to 50 A, which leads to a vacuum space larger
than 25 A between the repeated slabs. In our earlier work on
the ZnO surface, we have compared several nearest-neighbor
and non-nearest-neighbor configurations for a pair of zinc and
oxygen vacancies (that corresponds to a donor-acceptor pair, or
a Schottky defect); it was found that the nearest-neighbor con-
figuration presents a total energy lower by 2.3 eV than that of
the non-nearest-neighbor configurations.” Here, in order to
evaluate the respective locations of both the Ga dopants and the
surface defect pair, we have considered both nearest-neighbor
and non-nearest-neighbor configurations of a zinc-oxygen
vacancy pair located within the top Zn-O double layer and
moved the Ga atom within the top three Zn-O double layers
in the slab. All Ga, Zn, O, and H atoms within the top four
Zn-0 double layers are fully geometry relaxed while the bottom
two Zn-O double layers remain fixed at their bulk crystal posi-
tions. After structural relaxation, the nearest-neighbor config-
uration has been found to have a lower total energy than the
non-nearest-neighbor configuration, by some 1.73 to 0.45 eV
as the Ga atom is moved from the top layer to the third layer;
this result is consistent with those for the undoped ZnO sur-
face models.°! Also, placing the Ga atom within the top Zn-O
layer provides the energetically most favorable configuration
with a total energy 1.73 eV lower than Ga-location in the third
Zn-O layer. Therefore, we have chosen as our model structure
a GZ0(002) surface with a nearest neighbor configuration for
the Zn- and O-vacancy pairs and with Ga atoms located within
the top Zn-O layer. This is the model surface discussed below.

3.1.2. Adsorption Geometries of Phosphonic Acids on the
GZ0O(002) Surface

The adsorption geometries of the PA molecules are optimized
assuming a molecular packing density of 1.3 x 10** molecules/cm?
(2.2 x 1071% mol/cm?), corresponding to 2 molecules per unit-
cell. Such a coverage is consistent with the experimental sur-
face coverage described above (2.4 (+0.3) x 107'% mol/cm?) and
can (at least partly) take into account the steric interactions
among neighboring molecules. The optimized adsorption
geometries of the five PA molecules are shown in Figure 3.
A tridentate binding mode is obtained for all the molecules,
with the PPA and FsPPA molecules presenting a nearly per-
pendicular configuration on the GZO surface; the three benzyl
PAs display an average tilt angle varying from 56° for the BPA
molecule to 65° for FsBPA (the tilt angle is defined as the angle
between the C1-C4 axis of the benzyl ring and the surface
normal, see Figure 3). The tilt angle difference (9°) between
the non-fluorinated BPA and the fluorinated FsBPA points to
a stronger interaction between the GZO surface and the fluor-
inated PA molecules, which is associated with the change in
charge distribution within the fluorinated benzene rings versus
the non-fluorinated ones. This change has been quantified
by performing Bader charge analyses on the BPA-GZO and
FsBPA-GZO systems; in the non-fluorinated case, the benzene
ring is nearly neutral with a total charge of —0.11|e|, while the
ring carries a total positive charge of 3.22 |e| in the fluorinated
case. It is also interesting to note that the tilt angle for the BPA
molecules on the GZO surface is some 12° larger than the one
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calculated for tridentate-bound BPA on the undoped stoichio-
metric ZnO surface (around 44°);5% this is likely due to the
difference in surface electrostatic potential caused by the Ga
doping.

The average Zn-O bond length between surface Zn atoms
and oxygen atoms belonging to the PO; moiety of the benzyl
PA molecules (1.89 A) is some 0.13 A longer than the Ga-O
bond length between a PA molecule and a surface Ga atom.
For the phenyl PA molecules, the average Zn-O and Ga-O bond
lengths are nearly identical to the benzyl PA instances. Thus,
there is no significant difference in the local binding geome-
tries (from POs to the surface Zn or Ga) between the phenyl
and benzyl PA molecules despite the large differences in the
tilt angles.

3.1.3. O 1s Core-Level Binding Energy Shifts

Based on the theoretical slab model, the relative core-level
binding energies of each of the surface oxygen species of
GZO and the phosphonic acid modifiers can be evaluated
with respect to the binding energy of an oxygen 1s electron in
bulk GZO. The shifts in O 1s core-level binding energies are
calculated within the final-state approximation as developed
by Scheffler and Kresse and implemented in VASP.5%%% With
respect to the bulk oxygens, the core-level binding energy shifts
of the oxygen atoms on the GZO surface are calculated to be
+2.17 eV for the hydroxyls near an oxygen vacancy, +1.46 eV
for the hydroxyls at a bridge site, and -0.40 eV for the oxygen
atoms near a zinc vacancy (see Figure 2). For the oxygen atoms
within the PO; moiety bonded to surface zinc atoms, the cal-
culated average core-level binding energy shifts are +1.07 eV
for PPA, +1.24 eV for FsPPA, +1.09 eV for BPA, and +1.12 eV
for both oF,BPA and FsBPA. The 0.17 eV difference between
PPA and fluorinated FsPPA is likely due to the short distance
between the ortho fluorine atoms and the oxygen atoms of the
PO; moiety (O2 and O3 in Figure 3(e)), 2.8 A. In the case of the
benzyl PAs, the shortest distance between the fluorine atoms
and the oxygen atoms of the PO; moiety is 3.3 A for both the
oF,BPA and FsBPA molecules; accordingly, the core-level shifts
for the two fluorinated benzyl PA molecules are identical and
only 0.03 eV larger than the one for the non-fluorinated BPA
molecules. Therefore, we expect that the fluorine substituents
at the ortho positions would lead to a larger POs-related O 1s
binding energy shift in the XPS spectra for the phenyl PAs than
the benzyl PAs.

3.1.4. XPS Spectra

The XPS spectrum at high surface tilt angle (60°) of the O
1s of the Ar-sputtered GZO electrode is given in Figure 4a.
The calculated binding energy shifts discussed above have
been used to fit the experimental XPS spectra for both bare
and PA-modified GZO surfaces with the wurtzite lattice peak
set at 530.4 eV. For the bare GZO surface, in addition to the
bulk oxygen atoms, three oxygen species have been consid-
ered theoretically: (i) surface hydroxyls bridging two surface
zinc atoms, referred to as Zn-OHI; (ii) surface hydroxyls at
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Figure 3. Adsorption geometries of the BPA (a), oF,BPA (b), FsBPA (c), PPA (d), and FsPPA (e) molecules on the GZO surfaces. The black arrow
represents the lattice ¢ direction (which is coincident with the surface normal direction), and the vertical lines represent the edges of the unit cell. The
small dark grey, small light grey, and medium white spheres represent C, F, and P, respectively.

locations near oxygen vacancies (Zn-OH2); and (iii) oxygen ratios for the unmodified and modified Ar-sputtered GZO sur-
atoms near zinc vacancies (O-Zny). For the PA-modified GZO  faces are given in Table 1. The fitting is based on the DFT-
surface, an additional oxygen peak is also considered (POs;-  calculated relative binding energy shifts, which provides very
Zn), corresponding to oxygen atoms belonging to the PO;  good agreement with the experimental data (see Figure 4a).
moieties. The peak assignments, binding energies, and atomic ~ There is a higher contribution from the OH group bridging

(A) (B) (C)

‘ ZnO

POs'Zn

Zn-OH1 0-Zn, Zn-OH1 % } O-zn,
Zn-OH2 X '

535 530 525 535 530 525 535 530 525
Binding Energy / eV Binding Energy / eV Binding Energy / eV

Figure 4. XPS spectra of the O 1s core level fit (total fit given by black lines) using the DFT calculated core-level binding energy shifts (labeled in figure)
given in Table 1 for (a) Ar-sputtered GZO; (b) BPA on GZO; and (c) PPA on GZO. The raw data are given by (O) symbols.
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Table 1. Peak assignments, binding energies, and atomic ratios for the
fits in Figure 4.

Peak assignment Binding Energy Atomic Ratio

[eV] [%]

Sputtered GZO ZnO 530.4 65
Zn-OH1 531.9 21

Zn-OH2 532.6 5

o-zny 530 9

BPA-GZO ZnO 530.2 53
Zn-OH1 531.7 8

Zn-OH2 532.4 5

O-Zny 529.8 7

PO3-Zn 531.2 27

PhPA-GZO ZnO 530.2 56
Zn-OH1 531.7 4

Zn-OH2 532.4 3

O-Zny 529.8 7

PO3-Zn 531.2 30

two surface Zn atoms (~21% relative composition) versus
hydroxyls near an oxygen-vacancy site (5%). Comparison of
the O 1s spectrum with no tilt to the sample (less surface
sensitive, not shown) suggests that both sets of hydroxyls are
predominantly confined to the surface. Figure 4b and ¢ show
high-tilt angle O (1s) spectra for the BPA and PPA modified
GZO surfaces, respectively, with corresponding parameters
given in Table 1. There is a slightly higher relative composition
of phosphorus for PPA vs. BPA, as expected given the smaller
molecular footprint of the PPA molecule. The increased
spacing between BPA molecules is expected to yield a slightly
higher surface hydroxyl coverage for BPA on GZO relative to
the PPA modified surface, which is observed in the higher
Zn-OH1 (green) and Zn-OH2 (pink) peaks in Figure 4b, rela-
tive to Figure 4c. For both modifiers, there is a decrease in the
atomic percentage of both the stoichiometric oxide component
(ZnO, blue peak) and the OH bridge site between two surface
Zn atoms, suggesting the phosphonic acid is binding through
these sites.

3.2. Work Function of the GZO(002) Surface Before and After
Modification with SAMs

3.2.1. UPS Spectra

The UPS spectra for the sputtered GZO substrate and the five
phosphonic acid-modified GZO substrates are shown in Figure 5.
Work functions are measured as the energetic difference between
the Fermi level (Ep) and the vacuum level above the surface,
derived from the secondary edge on the left side of the spectra.
For the unmodified GZO surface, the work function is meas-
ured to be 3.3 eV, which is consistent with a highly doped ZnO
surface and in excellent agreement with the calculated result
(3.28 eV, see below). No carbon contamination on the surface
is observed with XPS. The onset of the valence band density of
states at ~3 eV below the Fermi level, and the corresponding
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Figure 5. UPS spectra of the sputtered GZO surface (top spectrum) and
the phosphonic acid-modified GZO surfaces.

features at 3-5 eV below the Fermi level, are attributed to
non-bonding O 2p orbitals, while the states at 5 to 8 eV below
the Fermi level have contributions from the O 2p and Zn 4s
orbitals.[®l The peak at approximately 12 eV below the Fermi is
associated with the filled Zn 3d band.

Modification of the GZO surface with the phosphonic acids
shows two distinct changes. The first is a shift in the vacuum
level (left side of the spectra) with each of the modifiers. The
second one is a change in the valence structure due to contri-
butions from the phosphonic acids, represented by a shoulder
near 4 eV below the Fermi level. Specifically, the change in
the valence structure is most clear in the non-fluorinated BPA
modified surfaces, indicating a dependence on the head group
of the surface modifiers.

3.2.2. Work-Function Calculations

The slab surface work function is extracted as the energy differ-
ence between the plane-averaged electrostatic potential energy
of an electron in the vacuum space above the surface at a dis-
tance where the potential energy becomes flat, and the Fermi
energy (Ep) of the system. For the GZO(002) surface model, the
calculated work function is 3.28 eV.

The calculated and experimental work-function changes
for the PA-modified GZO surface are summarized in Table 2.
Excellent agreement is found between the theoretical results
and the experimental values, with the largest difference on the
order of ~0.1 eV, which corresponds to the experimental reso-
lution. The PA surface modifiers all increase the work func-
tion of the GZO surface, with the largest change [(+1.58 eV
(theoretical); 1.57 eV (experimental)] induced by FsPPA and the
smallest change [(+0.42 eV (theoretical); 0.48 eV (experimental)]
by oF,BPA.

3.2.3. Decomposition of the Work-Function Change

The three components contributing to the total work-func-
tion changes are given in Table 2. When we compare the
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Table 2. DFT-calculated and UPS-measured work function and work-function change for each PA-modified GZO surface, the calculated components
contributing to the total work-function change, and the calculated dipole moment of each PA-SAM along the surface normal direction.

Dyl AD, Deyp AD,,, AVsam AVgeom.rel AVint dip. ADgy, Hz

[eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV] [D]
PPA 3.7 +0.43 3.83 +0.53 -0.23 -0.14 0.78 0.41 0.92
FsPPA 4.86 +1.58 4.87 +1.57 0.69 -0.25 1.08 1.52 -2.75
BPA 3.91 +0.63 4.03 +0.73 -0.05 -0.13 0.78 0.60 0.21
FsBPA 4.41 +1.03 4.43 +1.13 0.46 -0.15 0.80 111 -1.85
oF,BPA 3.70 +0.42 3.78 +0.48 -0.32 -0.12 0.84 0.40 1.27

work-function change obtained directly from the DFT slab cal-
culations with the work-function change derived by summing
up the three components (AVgay + AVgeomrel, + AVineaip), the
largest difference is about 0.12~0.13 eV, which is typical of what
we have found earlier on the ITO and ZnO surfaces >°8 and
confirms the reliability of the decomposition scheme.

Figure 6 shows the correlation between the total work-func-
tion change and its components vs. the dipole moment of the
PA-SAM layer per surface unit cell (containing two PA mole-
cules) projected along the surface normal, p,. Clearly, the vari-
ation in total work-function change for the five PA molecules
is dominated by the contribution from the molecular SAM
(AVsan), which fully correlates with p,. This is expected since
the binding modes on the surface are nearly identical for all
PA molecules. We note that, with the exception of FsPPA, the
AVgeom rel, Values are in the range ~0.12~0.15 eV and the AV, gip,
values, in the range +0.78 ~ 0.84 eV. In the case of FsPPA, the
corresponding values are -0.25 eV and +1.08 eV, respectively,
which points to stronger interactions between these molecules
and the surface, as already discussed in Section 3.1.4. Overall,

2
-0 AVSAM
- AVgeo.rel
1.5 AVint.dip
AD
1
R Y
g = &
T 05|
=
D
2
[~
0
TSy X
e,
°
-0.5
1 ‘
-3.0 -2.4 -1.8 -1.2 -0.6 0.0 0.6 1.2

R sam) (Debye)

Figure 6. Correlation between the work-function change and its three
components and the dipole moment of the molecular SAM along the
surface normal ().
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these stronger interactions contribute to further increase the
work function by some 0.2 eV.

It is also useful to compare the AVyeomre, and AViygip.
values for the GZO surface to those obtained at a similar level
of theory for the stoichiometric ZnO surface (without charge
carriers in the model systems).’®! In such a case, for a triden-
tate binding of PA surface modifiers, the magnitudes of the
two components are much larger, on the order of 0.8 ~ 0.9 eV
for AVgeomyrel, and +2.1 ~ 2.5 eV for AVj, 4. These results
underline the major differences that occur when considering
a surface without charge carriers (corresponding to a large-gap
intrinsic semiconductor) and a degenerate n-doped surface as
we do in the present work.

3.2.4. Charge Transfer at the PA-GZO Interfaces

The plane-averaged electron charge density difference Ap, the
total charge difference AQ, and the AVj, 4;, values obtained
by solving Poisson's Equation have been calculated for the
five PA modifiers; the results for BPA and FsPPA are shown
in Figure 7. In both cases, the Ap evolution points to a signifi-
cant charge redistribution within the top part of the slab. The
AQ evolution is indicative of a small to intermediate amount
of electron transfer (~0.15 e for BPA and ~0.33 e for FsPPA)
from the GZO surface to the PA-SAM, mainly localized in the
bonding area between the top layer Zn/Ga and the PO; moiety.
The increased amount of charge transfer in the case of FsPPA is
also consistent with the observation that there exists a stronger
interaction between these molecules and the GZO surface.

3.2.5. Energy Level Alignment

The electronic structures of the bare GZO surface and the
PA-GZO interface have been analyzed on the basis of calculated
densities of states (DOS) and their projections onto different
atoms (PDOS). The results for the bare GZO surface and the
BPA-GZO interface are given in Figure 8. Figure 8a indicates
that the Fermi level of the bare GZO slab is located ~0.6 eV
above the conduction band minimum (CBM), which underlines
that even a very low doping ratio of gallium (Ga:Zn ~ 1.5%) can
lead to a degenerately n-doped system. The DOS for the GZO
surface shows that the valence band maximum (VBM) lies ~2 eV
below the Fermi level; we note that this is some 2 eV higher
in energy than the result observed in the UPS measurements
(see Figure 5), which is related to the overall underestimation
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Figure 7. Charge density difference, accumulated charge difference, and the interface dipole for (a) the BPA-GZO and (b) the FsPPA-GZO interfaces.
The two vertical lines describe the average positions of the Zn(Ga) atoms at the top of the GZO surface and of the oxygen atoms of the PO; moiety.
The z = 0 point is set at the bottom of the supercell, which is 1.45 A below the bottom layer hydrogen atoms saturating the oxygen dangling bonds.

of the band gaps in DFT-GGA calculations. The DOS for the
BPA-GZO interface shows a significant increase in the inten-
sity of the states near the valence band edge upon deposition
of the BPA molecules, which are related to the carbon and
oxygen atoms of the BPA molecules and the zinc and oxygen
atoms of the GZO slab (see inset of Figure 8b). This is further
confirmed by the electron charge distribution (Figure 8c) asso-
ciated with the VBM of the BPA-GZO interface, which corre-
sponds to a combination of the BPA HOMO and contributions
from the interface (surface oxygen atoms near a zinc vacancy
and bonding of the PO; moiety with surface zinc atoms). This
is fully consistent with the UPS measurements that display
a clear change in the features around the valence band edge
(Figure 5) upon surface modification with phosphonic acids.
The DOS and PDOS for the other four PA-GZO interfaces
(Figure 9) qualitatively show a similar increase in DOS inten-
sity at the VBM. However, in these cases, the intensity increase
is less strong and is found to be associated primarily with the
interfacial bonding between the PO; moiety and the surface
zinc atoms; here, the HOMO of the PA molecules (represented
by the highest energetic location of the carbon atoms below the
Eg, see the insets in Figures 9a—d), is found to distribute in an

energy range ~0.2-0.4 eV below the VBM. This can explain the
slightly higher valence band edge for the BPA-modified GZO
surface observed in the UPS experiments in comparison to the
other cases.

Finally, it is important to note the agreement that we obtain
here in terms of energy-level alignment between experiment
and the GGA-DFT results. This contrasts with the many
instances where there occurs an overestimation of the energetic
positions of the HOMO and LUMO levels with respect to the
Fermi level of metal surfaces, which is attributed to the lack of
consideration of surface polarization in standard DFT calcula-
tions.’”~*l However, in these cases, the interaction between the
organic layer and the surface is either physisorption or weak
chemisorption, indicating in general a relatively weak cou-
pling between the organic layer and the surface. Here, there
is a strong interfacial bonding between the PO; moiety and
the surface zinc atoms; this strong coupling appears to dictate
the energetic alignment of the frontier molecular orbitals with
respect to the VBM of the GZO surface, which is dominated
by the contributions from surface oxygen atoms near a zinc
vacancy and from surface zinc atoms. Nevertheless, it should
also be noted that in weakly coupled metal/organic systems, a
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Figure 8. DOS and PDOS for: (a) the bare GZO surface; and (b) the BPA-GZO interface. Panel (c) illustrates the charge distribution corresponding

to states associated with BPA HOMO aligned with the VBM of the GZO surface. For clarity, the contribution of zinc atoms is removed in the inset of

(b). The black arrows mark the VBM in (a) and (b).
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partial cancellation due to an underestimation of the molecular
gap and a lack of consideration of surface polarization could
contribute to the calculated energy level alignments.®” Such
effects should be further evaluated for the strongly coupled
organic/metal-oxide interfaces studied here.

4, Conclusions

Our combined theoretical and experimental study based on
DFT calculations and UPS and XPS measurements, provides
a comprehensive understanding of the GZO surface and its
interface with phosphonic acid surface modifiers. Excellent
agreement between theoretical and experimental results has
been obtained regarding the surface work function, the work-
function change induced by surface modifications, and the
O 1s core-level binding energy shifts for various oxygen spe-
cies. The experimental and theoretical data both underline a
change in the features of the density of states at the valence
band edge of GZO upon deposition of PA molecules, associ-
ated with contributions from surface oxygen atoms near a zinc
vacancy site and the HOMO of the phosphonic acid molecules.
The presence of these new interfacial states upon surface modi-
fication can impact charge injection or extraction when inter-
faced with active organic layers, which is critical to improving
device performance in organic optoelectronic applications.
Similar impact has been observed in recent experimental appli-
cations using phosphonic acids as surface modifiers on ITO
electrodes.[19:32-3463]

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

That a very good agreement is found here between the DFT-
calculated energy level alignments and the UPS measurements
in terms of the increased intensity of the states near the valence
band edge is rather unusual. We attribute it to the strong inter-
facial bonding between the PA molecules and the GZO surface,
which dictates the energy level alignment at such interfaces. It
would thus be of interest to investigate other strongly coupled
organic/metal-oxide interface systems, such as carboxylic acids
chemisorbed on ITO or ZnO surfaces, to evaluate whether a
similar agreement is reached regarding the energy level align-
ment at these interfaces. This would confirm the reliability
of standard DFT calculations for energy level alignments at
valence band or conduction band edges in the case of strongly
coupled organic/metal-oxide interfaces.
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