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Tuning the Work Function of Nickel Oxide using Triethoxysilane
Functionalized Monolayers

Gang Chen,a Xinquan Wang,a Yuting Shi,b Jonathan S. Tinkham,b Thomas M. Brenner,a‡

Dana C. Olson,c§ Alan Sellinger,b∗ and Thomas E. Furtaka∗

The work function of nickel oxide (NiOx) electrodes was tuned by the covalent attachment of
commercially available as well as specially synthesized triethoxysilane functionalized molecules with a
range of dipole moments. The presence of the silane molecular layers on the NiOx surface was verified
using Fourier transform infrared (FTIR) spectroscopy and contact angle measurements. While these
tests indicated the surface coverage was incomplete, Kelvin probe measurements showed that the
coverage was sufficient to change the work function of the NiOx across a range of ∼900 meV. Density
functional theory (DFT) calculations of the dipole moments of the isolated molecules correlated well
with the measured work function changes.

1 Introduction
Organic bulk heterojunction (BHJ) photovoltaic devices, and
more recently, organic perovskite solar cells, hold the promise
of low cost solution processing with relatively high energy con-
version efficiencies1–6. The carrier collecting contacts of these
devices typically involve layers with hole and/or electron charge
selective properties in order to minimize the charge recombina-
tion at the electrodes and increase the energy conversion effi-
ciency2,4,7–9. Many BHJ device structures incorporate a layer
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) as the hole transport and electron-blocking layer. Un-
fortunately, the presence of this layer has been linked to device
degradation under air exposure as it absorbs water from the am-
bient environment10,11. Also the acidic nature of PEDOT:PSS lim-
its its use with pH sensitive transparent conducting oxides such as
indium tin oxide (ITO)12,13.

Recent years have witnessed the successful application of
different metal oxides, such as MoO3

14–16, V2O5
14,17–19,

WO3
14,20–23 and NiOx

7,24–28, as alternative hole transport layers
(HTL) in organic photovoltaic (OPV) and perovskite devices. Par-
ticularly, solution processed NiOx has been shown to outperform
PEDOT:PSS in BHJ devices and to improve device stability25,29.
The usefulness of NiOx as an HTL arises from: (i) an alignment
of the NiOx valence band with the highest occupied molecular or-
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bital (HOMO) of several BHJ donor materials; (ii) a large band
gap that places the conduction band closer to the vacuum level
than the lowest unoccupied molecular orbital (LUMO) of typical
fullerene acceptors in BHJ devices (thus blocking electron trans-
port); (iii) higher hole mobility relative to the electron mobility,
(iv) the potential for improved interfacial morphology and (v)
good optical transparency.

Apart from OPV devices, NiOx has been successfully utilized
as an HTL in perovskite solar cells30,31 and heterojunction crys-
talline silicon solar cells32. For many of these device structures,
control of the oxygen defect structure through O2 plasma treat-
ments, UV ozone treatments, or deposition conditions (e.g. oxy-
gen partial pressure during sputtering) was required to improve
device performance. This was often attributed to an increase in
the work function of the NiOx and better alignment of its valence
band with BHJ HOMO levels24–27,33,34. The NiOx work func-
tion change following these treatments was also reported to relax
over time in an inert atmosphere24. However, air-exposed NiOx

is hydroxylated, which emparts sufficient stability to enable re-
producible handling under ambient conditions29,35.

In addition to its role as an HTL in photovoltaics, the work
function of NiOx is relevant in other applications where interfacial
charge transfer is important. Solution processed NiOx has been
employed as a charge-injection layer in organic light-emitting
diodes (OLEDs)36, and as the channel layer in solution-processed
thin film transistors (TFTs)37. Nickel oxide has also been demon-
strated as an efficient (22% incident photon to current) photo-
cathode in photoelectrochemical water splitting38. An under-
standing of the work function of nickel oxide and its sensitivity
to adsorption is also fundamental to its use in gas sensing39. In
these and other applications of NiOx it is important to engineer
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the work function of the material.

Molecular dipolar surface modifiers provide an effective ap-
proach to altering the work function of metal oxides and opti-
mizing interfacial energy level alignment, without changing the
bulk properties of the bulk metal oxide. Dipolar molecular layer
modification of ZnO40–47 and ITO48–58 have been studied ex-
tensively. By comparison, fewer studies have been reported on
surface modification of NiOx. Wang et al. demonstrated work
functions changes of ∼100 meV on NiOx nanoparticle films func-
tionalized with benzoic acid derivatives having different dipole
moments59. Cheng et al. argued that n-butylamine treatment of
NiOx can reduce the surface dipole moment of the material60. A
few reports of NiOx surface treatment with phosphonic or benzoic
acids have also been published61–63. However, systematic modi-
fication of the NiOx work function using molecules with different
dipole moments were not explored. In addition, most of these
approaches have involved surface modifiers that are acids, which
can etch metal oxides64.

In this study, a series of organic molecules with triethoxysilane
(TES) attachment groups and different functional end groups
were utilized to form molecular monolayers and modify the NiOx

surface. We used simple TES molecules that are commercially
available, as well as specially synthesized TES materials that in-
volved a carbon-carbon double bond (within a styryl group) in the
link between the TES group and the dipole-adjusting group. The
attachment chemistry in the present study followed an approach
previously demonstrated on ZnO surfaces65. The modified NiOx

samples were characterized by contact angle measurement and
Fourier Transform Infrared Spectroscopy (FTIR). Furthermore,
the work functions of the unmodified and modified nickel oxide
surfaces, determined using a Kelvin probe, were correlated with
the dipole moment of the isolated TES molecules obtained from
density functional theory (DFT) calculations. The work function
control of NiOx that we have demonstrated here will be impor-
tant for organic device development in particular, since better en-
ergy level alignment at the NiOx/organic interface reduces energy
loss during hole extraction/injection and improves device perfor-
mance36,42,43,66.

2 Methods

Some of the surface modifiers used in this study were com-
mercially available (Gelest, PA): triethoxy(octadecyl)silane
(OTES), triethoxy(phenyl)silane (PTES), and (4-
chlorophenyl)triethoxysilane (4CPTES). They are shown in
Fig. 1. The materials with a double-bonded link that were
synthesized for this study are shown in Fig. 2. The synthesis
procedures are described below.

2.1 Specially synthesized materials

Solvents were purchased from Fisher (ACS grade) and Sigma-
Aldrich and used as received. Palladium catalysts were purchased
from Strem, Inc. All other chemicals were acquired from Sigma-
Aldrich and used as received unless otherwise noted.

Si(OCH2CH3)3

triethoxy(phenyl)silane (PTES)

Cl

Si(OCH2CH3)3

(4-chlorophenyl)triethoxysilane (4CPTES)

CH3(CH2)17Si(OCH2CH3)3

triethoxy(octadecyl)silane (OTES)

Fig. 1 Chemical structure of commercially available silanes, designated
as OTES, PTES, and 4CPTES

2.1.1 (E)-triethoxy(4-methylstyryl)silane (ToTES)

In a glovebox, 4-bromotoluene (1.44 mL, 2.0 g, 11.6 mmol),
Pd[P(t-Bu)3]2 (40 mg, 0.078 mmol), vinyl(triethyloxy)silane
(2.5 mL, 2.3 g, 12 mmol), dicyclohexylmethylamine (2.5 mL,
2.28 g, 11.7 mmol, 0.7 mol %), and 20 mL toluene were added
to a clean and dry schlenk flask. The flask was removed from the
glovebox and attached to a schlenk line using argon gas.Using the
Heidolph Heat-On R© accessory, the reaction mixture was stirred
at 85 C overnight, at which point an aliquot was taken for Thin
Layer Chromatography (TLC) to determine reaction progress.
Upon reaction completion the flask was cooled to room tempera-
ture and filtered to remove the dicyclohexylmethylamine hydro-
bromide salt. The filtrate was extracted with ethyl acetate and
cold 5% HCl and then twice with DI water. The organic layer was
dried over anhydrous MgSO4 filtered and washed with additional
ethyl acetate. The solvent was removed via rotavap to obtain the
crude product as an orange oil. The crude product was purified
by column chromatography (hexane:ethyl acetate) to provide a
colorless oil. Yield 2.24 g, 69%.
1H NMR (500 MHz, chloroform-d) δ= 7.39 (d, J = 8.0 Hz, 2H),
7.22 (d, J = 19.3 Hz, 1H), 7.15 (d, J = 7.9 Hz, 2H), 6.14 (d, J =
19.3 Hz, 1H), 3.91 (q, J = 7.0 Hz, 6H), 2.35 (s, 3H), 1.29 (t, J =
7.1 Hz, 9H).
13C NMR (126 MHz, chloroform-D) δ=149.18, 138.82, 135.08,
129.35, 126.83, 116.38, 77.50, 77.25, 76.99, 58.65, 21.33,
18.38.

2.1.2 (E)-triethoxy(4-(trifluoromethyl)styryl)silane
(CF3TES)

Following the procedure described above, with the 4-
bromotoluene replaced by 2 g of 4-bromobenzotrifluoride, a col-
orless oil was obtained. Yield: 71%.
1H NMR (500 MHz, chloroform-d) δ= 7.41 (d, J = 8.6 Hz, 2H),
7.16 (d, J = 19.3 Hz, 1H), 6.85 (d, J = 8.6 Hz, 2H), 6.00 (d, J =
19.3 Hz, 1H), 3.88 (q, J = 7.0 Hz, 6H), 3.78 (s, 3H), 1.26 (t, J =
7.0 Hz, 9H).
13C NMR (126 MHz, chloroform-d) δ=160.25, 148.72, 130.66,
128.22, 114.73, 113.98, 58.63, 55.34, 18.36.
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Si(OCH2CH3)3

(E)-triethoxy(4-methylstyryl)silane (ToTES)

Si(OCH2CH3)3

F3C

(E)-triethoxy(4-(trifluoromethyl)styryl)silane (CF3TES)

Si(OCH2CH3)3

O

(E)-triethoxy(4-methyoxystyryl)silane (AnTES)

Si(OCH2CH3)3

F

F
(2,6-difluorostyryl)triethoxysilane (2FTES)

Si(OCH2CH3)3F

F3C
F

(E)-(3,5-difluro-4-(trifluoromethyl)styryl)triethoxysilane (CF3F2TES)

Fig. 2 Chemical structure of silanes synthesized for this study as de-
scribed in Section 2.1.

2.1.3 (E)-triethoxy(4-methyoxylstyryl)silane (AnTES)

Following the procedure described above, with the 4-
bromotoluene replaced by 2 g of 4-bromoanisole, an off-white
oil was obtained. Yield: 35%.
1H NMR (500 MHz, chloroform-d) δ= 7.41 (d, J = 8.6 Hz, 2H),
7.16 (d, J = 19.3 Hz, 1H), 6.85 (d, J = 8.6 Hz, 2H), 6.00 (d, J =
19.3 Hz, 1H), 3.88 (q, J = 7.0 Hz, 6H), 3.78 (s, 3H), 1.26 (t, J =
7.0 Hz, 9H).
13C NMR (126 MHz, chloroform-d) δ=160.25, 148.72, 130.66,
128.22, 114.73, 113.98, 58.63, 55.34, 18.36.

2.1.4 (2,6-difluorostyryl)triethoxysilane (2FTES)

Following the procedure described above, with the 4-
bromotoluene replaced by 2 g of 2-6-difluorobromobenzene, a
colorless oil was obtained. Yield: 73%.
1H NMR (500 MHz, DMSO-d6) δ= 7.37 (m, 1H), 7.10 (t, 2H),
7.05 (d, 1H), 6.32 (d, 1H), 3.77 (m, 6.4H), 1.14 (t, 9H)

2.1.5 (E)-(3,5-difluoro-4-(trifluoromethyl)styryl)triethoxy-
silane (CF3F2TES)

Following the procedure described above, with the
4-bromotoluene replaced by 2 g of 3,5-difluoro-4-
(trifluoromethyl)bromobenzene, a colorless oil was obtained.
Yield: 73%.
1H NMR (500 MHz, DMSO-d6) δ= 7.65 (d, 2H), 7.10 (d, 1H),
6.61 (d, 1H), 3.78 (q, 6.7H), 1.15 (t, 9H).

2.2 Preparation of nickel oxide

ITO-coated glass or silicon substrates were cut into 1 × 1 inch
squares. The substrates were cleaned by ultra-sonication in ace-
tone and then in isopropyl alcohol for 15 min each, followed by
ultraviolet-ozone (UVO) cleaning for at least 30 min. The syn-
thesis of NiOx films followed the method of Refs. 24,26, and
67. The deposition solution was prepared by adding 150 mg
of nickel formate dihydrate (Sigma-Aldrich) to 3 ml of ethylene
glycol (Sigma-Aldrich). Then, 150-200 microliters of ethylene-
diamine (Sigma-Aldrich) was added to help the nickel formate
to dissolve. This solution was heated overnight at 50 C with a
magnetic stir bar set to 400 rpm. It was sometimes necessary to
add additional ethylenediamine and/or to increase the tempera-
ture to completely remove visible traces of solid nickel formate.
The resulting solution, which was deep purple in color with the
nickel in a complex as [Ni(H2N(CH2)2NH2)2](HCO2)2, was pu-
rified by filtering it through a 0.45 micrometer nylon filter to re-
move any remaining undissolved material. The films were created
on the substrates by spin-coating a small amount of this solution
at 4000 rpm for 120 s. They were then annealed in air on a hot-
plate at 300 C for 60 min. The hotplate was then turned off and
the film allowed to cool for 30 min before handling. This method
leads to films that are generally ∼10 nm thick24,26.

2.3 Triethoxysilane treatment

Attachment of TES-based molecules to NiOx followed a method
originally developed for attachment to SiO2

68 and ZnO65 sur-
faces. The procedure involves an amine-catalyzed condensation
reaction between the triethoxysilane species and surface hydrox-
yls. This results in a covalently-bonded, surface-attached siloxane
network with non-attached byproduct ethanols. Previous studies
have shown that air-exposed nickel oxide has hydroxyl groups on
the surface29,35, making it a good candidate for this method.

The NiOx samples were first baked in a 400 C oven for 20 min
to remove physisorbed water. Thermal treatment to remove mois-
ture from metal oxide surfaces is well documented in the litera-
ture69,70. It is typically necessary to use temperatures as high as
400 C to remove all forms of adsorbed water, while heating to
the range of 600 C can remove hydroxyl species as well. In the
case of NiOx we know that the surface of the as-prepared mate-
rial is covered with a combination of NiO, Ni(OH)2, NiOOH, and
H2O7. While heating at 400 C removes the water, it also leads to
a reproducible surface that, under ambient conditions, is quickly
covered with surface OH71. It is these hydroxyl species that en-
able the TES attachment mechanism.

After the baking step the samples were allowed to cool in air for
several minutes, and then placed in a solution of TES molecules
at 45 C for 90 min. The TES solution consisted of 0.072 M
n-butylamine and 0.045 M OTES or 0.09 M PTES/4CPTES in
toluene. Liquid OTES, PTES and 4CPTES were used as received
without further purification. Because the specially synthesized
styryl-based TES molecules were available in only small amounts
the concentration of these materials was reduced to ∼10% of
the amounts cited above, while keeping the concentration of
the other two components unchanged. Tests using commercially
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available OTES showed this reduction in concentration did not
have a significant effect on surface coverage. After the 90 min
deposition treatment the samples were rinsed with toluene and
acetone and blown dry with nitrogen. This was followed by heat-
ing in a 110 C oven for 60 min. Finally, the samples were rinsed
again with toluene and acetone and blown dry with nitrogen.

As discussed in Walba et al.68, atmospheric water appears to be
necessary for successful attachment. We have hypothesized that
ethoxy groups hydrolyze prior to the molecule’s interaction with
the surface. A reproducible level of water in the ambient above
the toluene solution was provided by a water bath surrounding
the toluene beaker, which was also employed to ensure a constant
temperature during the deposition.

While surface modification with trichlorosilanes, which hy-
drolyze very rapidly leading to preoligomerization, are notori-
ously difficult to control72 this is not the case with triethoxysi-
lanes, which are much less reactive. The n-butylamine is a very
important component of the process, since it acts as a catalyst
with the ethoxysilanes to promote the condensation reaction at
the surface. The details of the proposed mechanism are exten-
sively discussed in Walba et al.68. In that study we have shown
that the amine-catalyzed ethoxysilane process leads to covalently
attached layers that are no more than one molecule thick, with
no surface-attached oligomers.

2.4 Characterization

Normal incidence Fourier Transform Infrared (FTIR) transmission
spectra were obtained using a Nicolet Magna-IR 560 equipped
with a CaF beam splitter and a liquid-nitrogen-cooled mercury-
cadmium-telluride detector. Each spectrum represents the aver-
age of 800 scans collected at 6 cm-1 resolution. The absorbance
spectra were calculated as the negative of the base-10 logarithm
of the transmission of the modified sample divided by the trans-
mission of an unmodified NiOx sample.

Contact angle measurements (CA) were performed using ses-
sile drops of deionized water. A drop volume of approximately
2 µL was back-illuminated and photographed with a digital cam-
era. The contour of the drop outline in the image was fit with a
piecewise polynomial function whose slope at the two interface
points of the silhouette determined the CA73.

Differences in work function caused by different surface treat-
ments were determined by contact potential difference (CPD)
measurement in air using a KP Technology SKP5050 Kelvin Probe.
The CPD of each treatment was measured with respect to a gold
surface that had been exposed to the atmosphere for a long time.
While the absolute work function of this surface was not known,
it still provided a stable reference. The relative work function
change of the modified NiOx sample, ∆φ , was defined in refer-
ence to the unmodified NiOx control surface, which was assigned
a value of ∆φ = 0 meV.

Atomic force microscopy (AFM) was used to characterize the
NiOx surface topography. Imaging of the sample was carried out
in tapping mode (Veeco, Nanoscope III) with high aspect ratio
cantilever tips (Nanoworld, Switzerland). These tips had a radius
of curvature of 2-5 nm with a half-cone angle <10◦ for the last

Fig. 3 AFM height image of control NiOx on a silicon wafer. RMS
roughness = 1.27 nm

20 nm of the tip. The AFM tests were performed to verify that our
films were structurally similar to those produced in Refs. 24,26,
and 67. Additional structural, optical, and electronic properties
of the NiOx material in these films have been reported in those
publications.

2.5 Density Functional Theory (DFT) modeling of dipole mo-
ments

While it would be ideal to theoretically model the entire system
consisting of the head group of the attached molecule and the sur-
face bond involving the siloxane network attached to the nickel
oxide, useful insight can be acquired through calculation of the
molecular dipole of the gas phase species. This approach fol-
lows earlier work of ours55 as well as others49,50,74 where useful
trends were identified. Accordingly, the Vienna Ab Initio Simu-
lation Package (VASP) with B3LYP functional was utilized to cal-
culate the dipole moment of isolated TES molecules. All struc-
tures were optimized with the energy cutoff of 800 eV within the
40 nm×40 nm×40 nm supercell, exploiting chemical constraints
and local-atomic site symmetry, where possible. The results are
expressed as the component of the dipole moment along the body
axis of the molecule (through the 4 and 4’ carbon atoms on the
ring). The sign of the dipole reported here follows the physics
convention (a vector directed from negative charge toward posi-
tive charge).

3 Results and Discussion
Figure 3 presents an AFM topographic image of a typical as-
prepared film which was used as a control in the CPD measure-
ments. Lateral structures (particles or grains) with an average
size of ∼20 nm are observed. The dense NiOx film has a RMS
roughness of 1.27 nm, similar to what has been previously re-
ported (∼1.35 nm) in a study of NiOx prepared in the same way.
As part of that study conductive tip AFM showed good conductiv-
ity at all lateral positions across the film.26 AFM images recorded
from NiOx coated with TES materials were very similar to those
obtained prior to coating, with no significant increase in the rms
roughness beyond sample-to-sample variations. In one set of ex-
periments the uncoated surface had an rms roughness of 1.66 nm.
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After attachment of PTES this changed to 1.23 nm, while with
OTES the rms roughness was smaller, 0.55 nm. A reduction of
the roughness with OTES is not unexpected due to the long alkyl
chain (2̃ nm for an all-trans conformation) in OTES, which could
relax to fill the boundaries between grains.

The attachment chemistry was optimized using the three com-
mercially available TES molecules and was then applied to the
specially synthesized molecules, as well, because the latter were
available in limited quantities. Figure 4 shows FTIR absorbance
spectra of OTES-treated NiOx surfaces in the spectral region of the
C-H stretching modes. The presence of the symmetric and asym-
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Fig. 4 Infrared absorbance in the C-H stretch region of OTES on NiOx
with (red) or without (blue) n-butylamine added to the deposition solu-
tion. The black trace gives the absorbance of a stearic acid monolayer
on silicon, deposited with LB methods65.

metric methylene stretch peaks at 2852 cm-1 and 2924 cm-1, re-
spectively, which are associated with the OTES alkyl chains, con-
firms the presence of the molecule on the NiOx surface. Also
shown is the spectrum from a mechanically assembled Langmuir-
Blodgett (LB) single monolayer of stearic acid, which has a sim-
ilar length alkyl chain (C17, compared to C18 for OTES). The
integrated intensity of the absorbance of the C-H stretch modes
for the OTES layers is about 70% of that observed for the stearic
acid layer, which suggests incomplete surface coverage. Our ex-
perience is that the OTES intensity is nearly the same for various
samples and with different concentrations of OTES in the depo-
sition solution, indicating that the coverage is self-limiting and
stable. Consequently, we have assumed that a similar coverage
is reached for each type of molecule, since their attachments in-
volve the same surface reaction. The frequencies of the symmet-
ric and asymmetric stretch modes of alkyl chains are known to be
an indicator of the degree of order in the chains75,76. The values
observed here are between those of the LB monolayer, representa-
tive of dense close-packed chains, and values reported for liquid-
like chains at 2856 cm-1 and 2928 cm-1 77. This indicates that
the TES monolayers on NiOx are disordered. Also, n-butylamine
was added to the deposition solution to act as a catalyst for the
attachment chemistry65,68. A comparison of the infrared absorp-
tion spectra with and without n-butylamine in Fig. 4 makes it
clear that including this catalyst in the deposition solution pro-
motes the attachment of OTES to NiOx. This is a strong indicator
that the reaction mechanism involves conversion of surface hy-

droxyl groups and the triethoxysilyl species on the TES molecules
into a covalently bonded Ni-O-Si surface-attached monolayer, as
occurs on SiO2 and ZnO.

Water contact angle (CA) (Table 1) revealed that treated sam-
ples consistently showed larger CAs than the control NiOx sur-
face. This is consistent with successful silane attachment and
demonstrates that the surface modification of NiOx directly af-
fected the surface energy. The CA of the OTES treated surface is
much higher than that of PTES and 4CPTES treated NiOx, which
was expected, since OTES is very hydrophobic. On the other
hand, the CA for OTES on NiOx is smaller than that of OTES
on the native oxide of silicon68, which is commonly greater than
110◦. A high CA is evidence of a densely packed alkyl layer, where
the water drop is interacting primarily with the terminal methyl
groups78. The lower CA value observed here is consistent with
a molecular layer that is disordered and/or has incomplete cov-
erage. While the changes in the CA upon adsorption were small
(except for OTES), the CAs for all three treatments are in good
agreement with what has been previously reported in the litera-
ture or measured in our lab for TES surface modification of ZnO
(i.e. 72.5◦±4.3◦ 65, 97◦±13◦ 79, 62◦±1◦ 79, for PTES, OTES and
4CPTES, respectively). This suggests that the surface coverage of
TES molecules is similar for both NiOx and ZnO.

Table 1 Contact angles (in degrees) of the control NiOx and NiOx treated
with three commercially available TES-molecules. The control sample
was exposed to the same treatment solution but without TES molecules
in the solution

Control PTES OTES 4CPTES
42.5±1.4 65.1±0.8 89.5±1.3 63.6±2.9

The contact angle measurements also reinforced our conclu-
sion about the reaction mechanism of TES attachment and its de-
pendence on surface-attached hydroxyl groups. While the CA of
as-grown NiOx was around 50◦, this dropped to less than 10◦ af-
ter the 400 C annealing step, which was performed just prior to
exposure of the sample to the TES deposition solution.

Kelvin probe contact potential difference (CPD) measurements
of control and treated NiOx were used to determine the change
in the work function (∆φ) caused by various TES-molecular treat-
ments. This is defined as the work function of treated NiOx minus
the work function of the control NiOx. As shown in Table 2, NiOx

surfaces treated with all three commercial TES attachments had
larger work functions, compared to the control surface. This is
an indication that the dipoles resulting from these TES modifiers
have their positive ends closer to the surface and their negative
ends farther from the surface. With our convention this means
that the dipole vector is pointing toward the surface. Also shown
in Table 2 are the ∆φ values for the same molecular treatments on
ZnO, measured on films that were fabricated following the proce-
dure described in Ref. 65. The purpose of this comparison is not
to demonstrate quantitative agreement between the work func-
tion changes on the two oxides, but to show that the influences of
the three surface modifiers follow the same general trends. The
integrated FTIR intensity of the C-H modes for OTES on NiOx,
shown in Fig. 4, is approximately 10% smaller than that observed
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for OTES on ZnO65, indicating that the surface coverages for TES
attachment on ZnO is similar to, and slightly larger than is ob-
served with NiOx. For both NiOx and ZnO the work function of
the 4CPTES-treated surface is larger than what results from PTES
treatment. This is expected, due to the large electronegativity of
chlorine. The relative order of ∆φ values on NiOx for the three
molecules is the same as what has been observed on ZnO. How-
ever, there are differences. The overall range of the work function
change is larger for ZnO, compared to NiOx. It is also noteworthy
that all three molecules increased the NiOx work function relative
to the control while for ZnO, PTES reduced the ZnO work func-
tion with OTES and 4CPTES increasing it. In a simple view, the
dipole introduced by molecular attachment can be considered to
arise from two contributions. The first is the dipole moment of
the exposed end group. The second is the dipole introduced by
bonding of the TES molecules to the metal oxide surface. This
difference between ZnO and NiOx may arise from a difference in
the bonding-related dipole, which would introduce a systematic
change in ∆φ .

Table 2 Change in the work function (in meV) of TES-treated NiOx,
relative to the control NiOx sample, and of TES-treated ZnO relative to
a similar control ZnO sample. A higher ∆φ value means the Fermi level
of the treated sample is lower in absolute energy, relative to the vacuum
energy, due to the TES treatment. The ZnO values were obtained from
films produced with methods described in Ref. 65. The experimental
uncertainty in these measurements was typically ∼±30 meV.

PTES OTES 4CPTES
NiOx 242 302 450
ZnO -75 225 375

These results with commercially available TES-based molecules
demonstrate successful attachment as well as the ability to change
the NiOx work function with different choices of the terminal
group. Depending upon the application, larger changes may be
important, especially for different active layer materials in BHJ
devices where LUMO energy levels can vary by as much as 2.6
eV80. For this reason several alternative TES molecules with
the potential for larger dipole moments were synthesized. Un-
like commercially available PTES, OTES and 4CPTES, the new
molecules have an extra conjugated bond connecting the func-
tional group to the TES attachment group. In previous work with
phosphonic acid-based molecular modifiers on the ZnO surface,
the addition of a double bond at this location was shown to lead
to larger dipole moments and work function changes than the un-
conjugated version of the same molecule. This was attributed to
greater delocalization of charge across the entire molecule81.

Figure 5 shows FTIR absorbance spectra for two of the styryl-
based TES molecules in this study, AnTES and CF3TES, attached
to NiOx.

The ring breathing modes are clearly visible at ∼ 1100 cm-1 in-
dicating the presence of these molecules on the surface. Other
significant features include modes at 1037 cm-1 (O-CH3) and
1256 cm-1 (aryl-O), in the AnTES spectrum, and modes at
1068 cm-1 (aryl-C) and 1328 cm-1 (CF3) in the CF3TES spec-
trum82.

The work function change caused by TES molecule attach-
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Fig. 5 Infrared absorbance associated with AnTES (red) and CF3TES
(blue) on NiOx.

Fig. 6 Work function change of NiOx after different treatment with
triethoxysilanes as a function of partial dipole moment along the body
axis of the free molecules. Typical measurement uncertainty in ∆φ was
∼±30 meV. The line is a linear least-squares fit to all data points except
CF3F2TES. The dashed lines identify the 95% confidence interval for
the prediction of ∆φ versus the dipole moment along the X-axis of the
molecule.

ment to NiOx was evaluated (by means of the Kelvin probe CPD
method) for five newly synthesized molecules. These results were
compared to the PTES, OTES and 4CPTES measurements dis-
cussed above. The results, shown in Fig. 6 are plotted as a func-
tion of the calculated component of the dipole moment along the
body axis (partial dipole moment) of the isolated molecules as
defined in Fig. 7.

Si(OCH2CH3)3
R

- +
X

Fig. 7 Chemical structure of the synthesized materials showing the body
axis (X-axis) definition and the direction of the calculated dipole moment,
defined as positive for the horizontal axis of the graph in Fig. 6.

To demonstrate the reproducibility of the measurements, sam-
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ples treated with AnTES and CF3TES were prepared and mea-
sured several times to establish an uncertainty range of ±30 meV.

By changing the end group of molecules attached to NiOx

through a TES condensation reaction, the work function of NiOx

can be changed by as much as 900 meV. More importantly, for
all the conjugated and non-conjugated TES molecules except
CF3F2TES, ∆φ correlated well with the calculated magnitude of
the partial dipole moment of the isolated molecules. We note that
while there was also correlation with the full dipole moment, cor-
relation with the partial moment was much stronger. The calcu-
lated moments of many of these molecules had components both
along and perpendicular to the X-axis in Fig.7. This suggests the
body-axis dipole components primarily contributed to the work
function change, which might be expected if the molecules were
oriented primarily perpendicular to the surface. The linear fit
in Fig. 6 has a slope of 228 meV/D, with an R2 value of 0.95.
This trend is similar to work function changes observed on ZnO
and ITO that were treated with conjugated and non-conjugated
phosphonic acids.55 Our molecules accomplish this range of work
function changes with stable covalent Ni-O-Si bonds.

The deviation of the work function change for the molecule
CF3F2TES from the linear fit in Fig. 6 is interesting. This re-
sult was quite reproducible across numerous experimental trials.
It could be explained as the result of a less orderly layer with
lower coverage or a layer with molecules that were more disor-
dered. However, there is no reason to expect that this molecule
would attach with significantly different conditions, compared to
the other styryl materials. Since this molecule has the largest
dipole moment in the group, a more intriguing speculation is that
the molecule more strongly influences the bond with the metal
oxide surface. We have previously shown that the conjugated
bonds in the styryl group of molecules similar to those used in this
study, except with phosphate attachment, allow communication
between the terminal species and the surface bond, thereby mod-
ifying the surface dipole.81 The extent of this influence would be
strongest with CF3F2TES, leading to a deviation from the system-
atic relationship demonstrated by the other molecules between
the partial dipole moments of the isolated molecules and the re-
spective values of ∆φ .

The stability of treatments which change the work function of
metal oxides for device applications are also of importance. For
example, increases in the work function of NiOx after oxygen
plasma treatments have been found to decrease by ∼100 meV af-
ter just two hours in an inert atmosphere.25 This was attributed
to a possible change in the density of oxygen vacancies or the
oxidation state of the Ni in the NiOx. While an exhaustive long
term stability study was beyond the scope of this work, tests were
done to check the short term stability of CF3F2TES treatments.
Immediately after the CF3F2TES surface treatment, ∆φ was mea-
sured to be ∼350 meV. After resting in an ambient environment
for 90 min, ∆φ dropped to only 310 meV. Ninety minutes is a
sufficiently long working time to allow additional layers to be
deposited or additional processing to be completed before the
work function changes through exposure to the ambient envi-
ronment. This indicates that TES surface modification provides a
stable method for controlling the work function of NiOx and, con-

sequently, the energy level alignments between NiOx and active
layer materials in BHJ, perovskite or even heterojunction-with-
intrinsic-thin-layer (HIT) solar cells cell devices.

4 Conclusions
We have successfully attached monolayers of covalently bonded
TES-molecules with different molecular dipoles to NiOx, as ver-
ified by CA and FTIR measurements. The TES modifiers ex-
hibit sub-monolayer coverage and evidence of disorder. Using
TES molecules with a conjugated linkage between the attach-
ment group and the functional end group, we have demonstrated
∼ 900 meV changes of the work function of NiOx. This illustrates
the viability of using these molecules to tune the NiOx work func-
tion for better energy level alignment in organic electronic de-
vices. Comparison of DFT calculations of the body axis partial
molecular dipole moments and measured work function changes
reveal that the two are linearly related. These results underscore
the potential of this family of molecules for controlling NiOx prop-
erties in applications where interfacial energetics are critical, and
also suggest the benefit of computational prediction in the design
of such surfaces for device applications.
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We have synthesized a family of styryl-based molecules that have been attached to nickel oxide 
films using a novel ethoxysilane chemistry to modify the work function over a range of 900 
meV.
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