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The optical and electronic properties of aluminum-doped zinc oxide (AZO) thin films on a glass substrate are
investigated experimentally and theoretically. Optical studies with coupling in the Kretschmann configuration reveal
an angle-dependent plasma frequency in the mid-IR for p-polarized radiation, suggestive of the detection of a Drude
plasma frequency. These studies are complemented by oxygen depletion density functional theory studies for the
calculation of the charge carrier concentration and plasma frequency for bulk AZO. In addition, we report on the optical
and physical properties of thin film adlayersshexadecanethiol (HDT) andoctadecanethiol (ODT) self-assembled
monolayers (SAMs) on AZO surfaces using reflectance FTIR spectroscopy, X-ray photoelectron spectroscopy (XPS),
contact angle, and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. Our characterization of the
SAM deposition onto the AZO thin film reveals a range of possible applications for this conducting metal oxide.

Introduction present a number of interesting properties, such as optical
The development of biosensing applications of thin films has fransparency, a wide range of surface-attachment chemistries,

been dependent upon the development of robust self-assembledt@pility at high voltage, and stability in the presence of ions that
monolayers (SAMs) for the attachment of biomolecules to such SOlubilize metals, such as gold. The stability of conducting metal
surfaces. For this reason, there has been enormous interest i9Xide films to dissolution by acid is an important factor that must
SAM technology in the past few yea¥sé The applications of be considered to be a potential disadvantage in some apphcatlo_ns.
SAM technology have focused primarily on gold as the substrate Self-assembled monolayers can serve to protect the metal oxide
using a wide range of techniques, including electrochemistry, Surface from attack by acid. Moreover, a fundamental study of
surface plasmon resonance (SPR), scanning tunneling microstn€ properties of self-assembled monolayers on optically
copy, reflectance Fourier transforminfrared (FTIR) spectroscopy, ransparent substrates is a key step in the development of
and X-ray photoelectron spectroscopy (XPS¥ These studies multlplexmg of sensing techniques, such as optical spectroscppy
have shown that alkane thiolates produce stable reproducible®’ Microscopy coupled to electrochemistry. The potential

monolayers on gold substrate®-16 Conducting metal oxides ~ advantage of dual sensing capabilities and tunability requires the

study of both the SAMs and optical properties of the thin layer
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such as thermographic sensing, photothermal electrochemistry frequency magnetron sputterifgpulsed magnetron sputterifig,
and photoelectrochemistry, which are important in the develop- and pulsed laser depositiéhThe resulting hexagonal close-
ment of biosensing applicatioR%:2* A major limitation of the packed structures are highly oriented withaxis normal to the
development of technology based on ITO is thatindium is found glass substrate with crystalline faces of (002) and ($0%}.

only in minute amounts in the earth’s crust and typically is  As an alternate biosensing substrate, AZO requires further
extracted as a residue of ore processing to produce metalsjnyestigation into the various sensing properties, specifically,
primarily zinc?® Because of the prohibitive cost, availability, spectroscopic qualities and monolayer formation. The optical
and environmental concerns of ITO, other materials with similar properties and electrical conductivity are similar to those of ITO,
properties are being invest_igated _for applications that require thus similar sensing characteristics may be apparent in AZO.
optical transparency combined with moderate conducti¥ity.  opserved reflectivity changes as a result of plasmon oscillations
Zinc oxide (ZnO) is one alternative to ITO for conducting thin - ,5ve been demonstrated in ITO by FTIR and SPR spectros-
film applications. Typical ZnO films are transparent n-type copy 234748 Therefore, similar investigations are warranted in
conducting metal oxides. The useful electro-optical properties, AzQ. |n addition, studies of SAM formation on conducting metal
stability, and band gap of ZnO arise pr|m§rlly .from INrinsIC  gxides have also been previously described in the literature for
defects, such as oxygen vacancies and zinc interstitials. Fortcos suchasITO and CT®*"Herein, we report the deposition
instance, inthe presence of hydrogen plasma, chemisorbed 0xygegy n.hexadecanethiol- anttoctadecanethiol-based SAMs onto
can form a protective layer of surface hydroxyls@H) that the surface of a 2% aluminum-doped zinc oxide thin film.

resists reduction of the thin film surfaée.Because the  pefiectance infrared spectroscopy, X-ray photoelectron spec-

conductivity of the zinc |nters_t|t|als within pure ZnO is not enough troscopy (XPS), contact angle, and near-edge X-ray fine structure

for use as tra_nsparent semiconductors, dopants are added. Th§pectroscopy (NEXAFS) are used to characterize SAM formation.

addition of a higher valence element such as an aluminum dopantrj,qse studies are complemented by density functional theory
— B0, I Vi . . .

(2-5%) to ZnO increases the conductivity by the replacement (peT) cajculations of the charge carrier concentration and the

o ) 3 " e
of the Zn" ions with A*=.1" Additionally, the conductivity is — 25ma frequency of oxygen-depleted substrates to increase our
highly dependent on the deposition and postdeposition parametersunderstanding of the material properties of the AZO.

which permit either the desorption or absorption of oxygen in

the film; thus, both routes of increasing conductivity are important
areas of researcdi:3! znO films have previously shown
application in the areas of photosens#rsolar cells?®* and Chemicals and Substrates.n-Hexadecanethiol (HDT) and
nanotechnology applicatiod$:36 n-octadecanethiol (ODT) were obtained from Sigma-Aldrich and
The resulting aluminum-doped zinc oxide (AZO) thin films used as received. Absolute ethanol was used as received from Aaper

are wide-band-gap (3.4 eV) transparent conducting metal oxidesAlcohol and Chemical Co. The gold electrodes were obtained from
that present numerous advantages over traditional transparenEvaporated Metal Films, Inc.
conductive oxides (TCOs). Unlike indium tin oxide (ITO) and Aluminum-Doped Zinc Oxide Tin Oxide Film Preparation.
cadmium tin oxide (CTO), AZO is nontoxic, relatively inex- Aluminum-doped zinc oxide (AZO) electrodes were fabricated by
pensive, stable in a hydrogen plasma atmosphere, and requiree National Renewable Energy Laboratory (NREL) at room
lower deposition temperatures. Yet, it still maintains the temperature by rfsputtenng with .the MRC 603 side/vertical sputter
characteristic properties of ITO and CTO thin films by exhibiting system usig a5 in.x 15 in. (nominal) Planar Magnetron ceramic

. ; . . . . target with pure argon flow of 50 sccm. The film thickness was
high optical transparency in the visible region and low electrical

. _ ) -~ determined by a stylus profilometer (Dektak3). The carrier con-
7—40
resistancé’*°AZO films have been prepared by spray pyrolysis - ;antration and electron mobility were measured using Hall effect

(SP)!® a sol-gel method! reactive and nonreactive radio  measurements (van der Pauw technique, BioRad model HL5500).
The composition of the films was analyzed by electron probe

Materials and Methods
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Figure 1. Experimental variable angle reflectance FTIR spectra of
a thin film of AZO (80€2/sq, 4.7x 1020 e/cm) on a glass substrate
relative to a gold surface in the mid-IR region for angles of incidence
ranging from 65 to 80with p-polarized light.

Absorbance Units x107)

Reflectance FTIR SpectroscopyAll reflectance spectra were
collected with a Digilab FTS-3000 Fourier transform infrared (FTIR) \ o "y - L et "|
spectrometer using a Varian Universal variable grazing angle 2820 2840 2860 2880 2900 2920 2940
reflectance attachment. An infrared polarizer was used to obtain a
p-(vertically) polarized light. The infrared light is generated by a Wavenumber (cm )

globar source and is then passed through a potassium bromide (KBr)rigure 2. (A, B) Baseline-corrected reflectance FTIR spectra
beamsplitter and focused onto the photodiode of a liquid-nitrogen- ghtained from a ratio of p-polarized light of 1-hexadecanethiol and
cooled, narrow band mercurgadmium-telluride (MCT/A) linear- 1-octadecanethiol on AZO to s-polarized light of a bare AZO slide.
ized detector with a normal spectral response of-66000 cn™. The spectra shown are for an angle of incidence &f Ve reference
The angle of incidence used was°#ith respect to the surface  AZO (---) was cleaned via 20 min of UVO. The adlayet)deposition
normal for the alkanthiolate thin film reflectance studies. To obtain time was for 30 and 15 min for the hexadecanthiol (A) and
the AZO thin film reflectance spectra at multiple angles of incidence, octadecanethiol (B) solutions, respectively.
a ratio of the single-beam spectra of the metal oxide thin film on
the glass substrate to the single-beam spectra of a gold surface wathe NEXAFS spectra were normalized with the incident beam
used. The IR spectra presented are an average of 32 scans taken #ttensity (o) from the photoyield of a clean in situ gold-coated grid.
a resolution of 2 cmt. The spectra of the thiolated adlayers on the A computer-controlled stepping motor directed the orientation of
AZO electrode were obtained by taking a ratio of the single-beam the sample holder with respect to the polarization vector of the
spectra of the p-polarized spectra of the deposited material (HDT incoming X-ray beam for incident angles between the X-ray beam
or ODT) on AZO to the s-polarized spectra of the same aluminum- and the sample surface ofd@ear glancing geometry) to 9hormal
doped zinc oxide thin film. All SAM IR spectra are an average of geometry). The cartoon in Figure 4A and B depicts the schematic
256 scans at a resolution of 2 chn of the performed NEXAFS experiments. The NEXAFS spectrawere
X-ray Photoelectron SpectroscopyXPS spectrawere recorded ~ collected in the PEY mode for the analysis of Auger electrons with
on a VG CLAM Il surface analysis system (100 mm mean radius) photon energy ranging from 240 to 400 eV. The PEY NEXAFS
with Mg Ko X-rays (w = 1253.6 eV, takeoff angle: 90°) operated spectrawere normalized by adjusting the preedge and postedge signals
at 13 kV and 20 mA emission current. The elemental scans had arespectively to 0 and %.
resolution of 1 eV as determined from the full width at half-maximum  Tilt Angle Calculations. Tilt angle calculations were performed
(fwhm) of a gold 4§, spectral peak with three scans performed for by the method reported by Outka eB&The intensity of the NEXAFS
zinc and seven scans performed for sulfur. spectrum represents a molecular orbital transitioning from the bonding
Contact Angle MeasurementsContact angle experiments were o the antibonding state of a-X¥ o bond (1s— ox-y*) and is
performed using a Rafvidart contact angle goniometer (model 100- expressed by eq’l
00) equipped with a CCD camera and analyzed with Ratae

software. Advancing contact angles were measured by depositing Iy_y=A[PI '>‘<,Y+ @a-pPi )D(,Y] Q)
8 uL of deionized (DI) water on the sample surface, and receding
angles were measured after removingl4of water from the de-  whereA is a prefactor constank is the polarization factor of the

posited drop. These operations were repeated three times on thre
different repetitions of each thiolated sample, and the results were parallel and perpendicular components of the X-ray bEaractor,

averaged. . . 0 .

Near-Edge X-ray Fine Structure Spectroscopy (NEXAFS). ;sap%(itlvely. The expressions Kz v andl .y are given by eqs 2
The NEXAFS experiments were performed at the NIST/DOW soft
X-ray materials characterization facility located at the U7A beamline 1
at the National Synchrotron Light Source at Brookhaven National I%_y = B|cog() cog(ay_,) + > sinf(6) sinf(ay_y) 2
Laboratory with a resolution 6£0.15 eV at the carbon K edge. The
monochromator energy resolution was calibrated by setting a graphite o B .
carbon K-edge transition of C(1s) 7* equal to 285.35 eV The Ixv=73 Sirf(owy) (3)
partial electron yield (PEY) signal was collected with a channeltron
electron multiplier (S0-mm-diameter entrance cone) with an adjust- \hereB is a prefactor that is a function of the bond absorption cross
able entrance grid bias (EGB) set to EGB-150 V, allowing the section and instrumental parametefisis the angle between the

rejection of low-energy inelastic auger electrons from below the g strate normal and tte (electric field vector) of the polarized
surface. To account for fluctuations in the beamline X-ray intensity,

&-ray beam, andl)_, andl ;_ give the resonance intensities of the

(50) Stohr, INEXAFS Spectroscopgpringer: Berlin, 1992.
(49) Furukawa, M.; Fujisawa, H.; Katano, S.; Ogasawara, H.; Kim, Y.; Komeda, (51) Outka, D. A.; Stohr, J.; Rabe, J. P.; Swalen, JJBChem. Phys1988
T.; Nilsson, A.; Kawai, M.Surf. Sci.2003 532, 261—-266. 88, 4076-4087.
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Figure 3. (A—C) XPS spectra corresponding to an adlayer of
1-hexadecanethioi{) and 1-octadeanethioH) on AZO compared

to a bare reference AZO (---). (A) Zinc 2p12region. (B) Oxygen

1s region. (C) Sulfur 24, 1/, region.

X-ray beam, anduxv is the angle between the surface normal and
the X—Y bond of the antibonding orbital. Equation 4 relates the
combination of eqs 43

Iy = C[P(coﬁ(e) co(oty ) + 3 ir(0) sirf(ax.)| +

(1-P)
2

Sinz(axfy)] (4)

whereC is a constant.

The tilt angle and orientation of the monolayer alkane chain are Information). This Zg,Os, orthorhombic cell ¢ = 6.95

calculated using the “tilted chain” model related by 8tet al>52

Rhodes et al.
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Figure 4. (A, B) lllustration of the relationship between the electric
vector of the X-ray beam and the monolayer orientation on the AZO
thin film. The sample geometry is depicted with photon angles of
incidence of 30 and 90 respectively. (A) The 30geometry. (B)
The 90 geometry. The orientation of the antibonding orbitals
corresponding to the €H and C-C bonds is shown in the inset

the hydroger-carbon-hydrogen sequené@respectively, and is
the tilt angle of the chain with respect to the surface normal.

A comparison of the combination of eqs 4 and 5 of the calculated
lc—c to the experimental data leads to modeling of the tilt angle (
as the value of the consta@tin eq 4 is adjusted until an adequate
fitis obtained. In an analogous fashion, the tilt angle can be calculated
by a comparison of thé-—4 experimental data to the computed
intensities, egs 4 and 6, and adjusting the congZdnt an optimal
fit. The reported tilt angles of the hydrocarbon chains represent an
average over the two tilt chain angles calculated by the different
approaches using a comparison with both tgey and lc—¢
experimental and computed values.

Density Functional Theory Calculations. The single-point
energy calculation of the molecule was carried out with the use of
quantum chemical software DMol3 (Accelrys, Ing®)Density
functional theory calculations were performed on an aluminum-
doped zinc oxide unit cell containing 32 hexagonal formula units
that comprise a total of 64 atoms with an overall orthorhombic
structure. The unit cell parameters for this orthorhombic @et(
6.50 A,b=11.26 A, andc = 10.41 A) were expanded to find the
unit cell parameters of minimum energy. The equilibrium geometry
was found at 1.04, 1.0%, and 1.0¢ (details in SupAporting

b=
12.05 A, ancc = 11.14 A) was used to study oxygen depletion in

whereoc—c andoc—4 are equated to the tilt angle and bond angles the n-type conduction mechanism as previously described for

of the G-H backbone are assumed as shown in eqs 5 and 6

’_[ \/1 + €oS0c_c_0) cos(2)|
Oc_c = arcsi

5 5)
O_yy = arcsi 1- Lg) (6)
1+ tar12( “‘20‘”)

where dc-c-c and dy—c—p are the assumed bond angle of 115
between neighboring carbon atdthand the bond angle of 110f

(52) Stohr, J.; Outka, D. APhys. Re. B 1987, 36, 7891—7905.

cadmium tin oxide and dopin.Oxygen depletion stoichiometries
ranging from ZR,03, to Znz,0,6 Were studied by random removal

of oxygen atoms from random positions as previously desctibed
for undoped and aluminum-doped (1.6, 3.1, and 4.7%) zinc oxide
structures. Periodic boundary conditions were used to determine the
bulk electronic and optical properties of the metal oxide thin film.
The double numerical plus p-function (DNP) basis set used was
O(1s), 2(2s), 2(2p), 2(3d), Zn(4s),(4p), 2(4d) for the atoms with an
atomic cutoff of 5.5 A. The Perdew and Wang GGA functional was
used for the DFT calculatior?$. The DFT calculations utilized the
grand canonical ensemble approach, which allows for partial electron

(53) Delley, B.J. Chem. Phys199Q 92, 508-517.
(54) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson,
M. R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671-6687.
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occupation needed for charge carrier calculatfsis.all previous the bare aluminum-doped zinc oxide thin film, and the solid line
calculations using this method, an effective electronic temperature reveals the spectra of the AZO with a thiolate adlayer. The
of 0.02 hartree or-6300 K has been sufficient to guarantee self- yiprational symmetric and antisymmetrie-® stretching peaks
consistent field (SCF) convergence. However, AZO thin film 5re centered at 2849 and 2916 Enrespectively. The position
clciation,nwfich  lyer i iln model s used o 6 AZO. G hani s incioate of e ordersd acayer on e surface.
9 Y Additionally, as shown for other CMOs deposited on glass

3)R30° hexagonal lattice, required an electronic temperature of 0.04 b 32584, | isol
hartree. The molecules in the adlayer were found to have a remarkableUbstratess >*these spectra also displayed bands from the glass

resemblance to the adlayer on Au(111) surfaces. In that case as wellSubstrate onto which the aluminum-doped zinc oxide was
the surface can be modeled using an orthorhombic unit cell. deposited with the longitudinal optical (LO) and transverse optical

The number of conduction electrons was determined from the (TO) Si—O—Si stretching modes observed at 1248 and 1064
energy bands above the Fermi eneegyat an electronic temperature  cm~! (data not shown). The FTIR data revealed that both the

of 300 K. The charge carrier concentration value was determined HDT (16 carbons) and ODT (18 carbons) are well suited for the
by summing the electrons in the conduction band of aluminum- deposition of long-chain alkane thiolates.

doped zinc oxide divided by the unit cell volume calculated from Although previous studies with the deposition of HDT on ITO

the lattice constants. The plasma frequency was determined using[hin films?2 revealed analogous peak positions of theHC
eq 76 . : -
q stretching modes, the intensities were lower than those reported
ne for alkanethiolate SAMs on gold, indicative of lower surface
W= (7) coverage for SAMs deposited on ITO than on gold. Specifically,
P mre,

the optical density of a SAM on an ITO substrate is typically

less than 0.001 &&whereas thiolated SAMs on gold range from
,59,60 i

e is the charge of a conduction electrag,is the permittivity of O._OF?Z t0|0.006 ath NEXAES m?asurem((-:'jnts are ConS|stefnt

space, andr* is the effective mass of aluminum-doped zinc oxide W/th @ lower coverage and a lower order parameter for

of approximately 0.287 Thus, the plasma frequency is calculated 2alkanethiolate SAMs on ITO compared to those on géld.
directly from first principles using the Drude free-electron model. However, HDT SAMs on CTO had absorbances ranging from

Allof the DFT calculations were performed at the high-performance 0.002t00.0037For the HDT SAM on AZO, the total absorbance

wherew,is the plasma frequenayis the charge carrier concentration,

computing Linux cluster at North Carolina State University. was in the range of 0.003 to 0.004 whereas for the ODT SAM
) . the absorbance ranged from 0.0015 to 0.0025. In addition, the
Results and Discussion stability of the AZO thin films was tested by acquiring FTIR

The reflectivity of aluminum-doped zinc oxide (AZO) thin  Spectra 1 year after preparation. The thiolate SAMs appear to be
films was measured experimentally by variable-angle Fourier stable after 1 year as evidenced by the presence of distinket C
transform infrared (FTIR) reflectance spectroscopy. Figure 1 stretching modes although the intensity is diminished by 25
reveals an angle-dependent reflectance change observeBGd 50%. Extended washing with an aqueous solvent such as ethanol
cm L. At wavenumbers below 8500 ct the reflectance of the ~ for several minutes also does not destroy the SAMs as shown
thin film varies between-55 and 65% reflectance depending on by the presence of the CH stretching modes in an FTIR spectrum
the angle of incidence, whereas above 8500%ime reflectance  although a slight reduction of the peak intensity occurs as well
drops to~30% for data obtained at an angle of incidence of asan observed smallshiftin the stretching peaks (data not shown).
<70°. The reduction in reflectance for incidence at 75 anti 80 The FTIR spectra provide qualitative data that suggest that well-
is substantially less (Figure 1). The reduction in reflectivity ordered monolayers are formed on AZO. Although a comparison
coincides with the plasmon resonance frequency, which is the of intensities is not quantitative because of the absence of
resonant absorption frequency for the conduction electrons asinformation ontiltangle and surface roughness, these data suggest
described in the Drude model. Below the plasma frequency of that SAMs on AZO are more robust than SAMs on ITO.

AZO at 8500 cnt?, the conduction electrons oscillate in phase X-ray photoelectron spectroscopy (XPS) was also used to
with the incident radiation, which leads to reflection. When the confirm the presence of the thiolated adlayers. Figure 3A shows
incident radiation is matched to the resonant plasma frequency,the XPS spectra of zinc 2pof bare aluminum-doped zinc oxide
the resonance condition leads to a sharp decrease in the reflectivitf{dashes), an adlayer of HDT (dotted), and an adlayer of ODT
of the film. Above the plasma frequency, the AZO conduction (solid line) on AZO at a peak position of 1022 eV originating
electrons can no longer be driven in phase by the incident radiation,from the Zn? atoms in the exposed substrate. The HDT and
and electromagnetic radiation is transmitted. In sp-type conductorsODT SAMs demonstrate attenuations of the zing2pand of
such as AZO, there is an increase in the optical transparency of97 and 50%, respectively, which are attributable to differences
the film at wavenumbers higher than the plasma frequency, which in surface coverage. Figure 3B reveals the XPS spectra of oxygen
is due to the absence of absorption bands in this region. for the same substrate thin films. A similar attenuation of the 1s

Alkane thiolate SAMs on AZO films were prepared by peak of oxygen (532 eV) provides additional evidence for the
deposition for 15 and 30 min for hexadecane thiol (HDT) and formation of an adlayer on AZO and follows a similar trend with
octadecane thiol (ODT), respectively. This is in contrast to the attenuations of 75 and 30% observed for the HDT and the ODT
neat thiol solution and overnight deposition required to create monolayer, respectively. Figure 3C reveals the sulfuy,2p
SAMs on ITO. It is noteworthy that the conditions for the XPS spectra of an adlayer of both HDT and ODT on AZO using
formation of SAMs on AZO are similar to those on gold surfaces. base AZO as a reference. These peaks, occurring at 162 and
Figure 2A,B shows experimental FTIR reflectance spectra for
a bare AZO thin film and an AZO thin film with a thiolate (58) Brewer, S. H.; Wicaksana, D.; Maria, J. P.; Kingon, A. I.; Franzen, S.

. : - Chem. Phys2005 313 25-31.
adlayer of either HDT (A) or ODT (B). The dashed line displays (59) Inman, C. E. Reed, S. M.; Hutchison, J LBngmuir2004 20, 9144

9150.
(55) Mermin, N. D.Phys. Re. A 1965 137, 1441-1443. (60) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y. T.; Parikh, A.
(56) Wooten, F.Optical Properties of SolidsAcademic Press: San Diego, N.; Nuzzo, R. GJ. Am. Chem. Sod.991 113 7152-7167.
CA, 1972. (61) Cerruti, M. R., C.; Losego, M.; Efremenko, A.; Maria, J. P.; Fischer, D.;
(57) Coutts, T. J.; Wu, X.; Mulligan, W. P.; Webb, J. Nl.Electron. Mater. Feldheim, D.; Franzen, S.; Genzer,JJPhys. D: Appl. Phy2007, 40, 4212

1996 25, 935-943. 4221.
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Table 1. Advancing, Receding, and Difference Contact Angles
(+£SD) Measured Using Deionized Water on AZO with
Hexadecanethiol (HDT) and Octadecanethiol (ODT)

SAM advancing CA  receding CA  difference
hexadecanethiol 84412.1 73.7£ 8.9 104
octadecanethiol 924 13.0 80.8+ 8.2 11.6

a2 Denotes the average of three samples, each with three sampling

regions.

Rhodes et al.

having no intensity. As the cartoon in Figure 4A,B depicts, for
a well-ordered hydrocarbon backbone, the-KC o bond is
perpendicular to the €C bond, and thus the ts ¢* transition
for each of the bonds is inversely related. As the intensity of the
C—H bond increases, the-€C bond decreases; the process
reverses once the incident angle of the X-ray beam changes from
glancing to normal incidence as shown.

NEXAFS spectra were collected @ranging from 30 to 99
in 10° increments, wheré@ is the angle of incidence between the

163.7 eV, appear to coalesce into one indistinct peak centeredsample normal and the electric vector of the X-ray beam. The
at 164 eV. This position corresponds to a sulfur signal that is Partial electron yield (PEY) NEXAFS spectra were normalized
intermediate for thiolates and oxidized sulfur spe€feshich Py setting the preedge and postedge signals equal to 0 and 1,
is not surprising considering the possibilities for partial sulfur respectively, as described previoughFigure 5A,B reveals the
oxidation on a metal oxide surface. The intensity of the sulfur carbon K-edge PEY NEXAFS spectra collected from HDT and
peak is similar to those previously reported for SAMs on cadmium ODT SAM samples, respectively, deposited on 2% aluminum-
tin oxide and ITC?247 The intensity of the sulfur 2 1, XPS doped zinc oxide thin films. The vertical dashed lines in Figure
peak for HDT is twice as large as that for ODT, which can be 5A.B correspond to the positions of the two primary peaks

attributed to the difference in coverage indicated by the FTIR Observedinthe spectra. Apeak observee28.2 eV is attributed
data in Figure 2. The difference in the Zns2p,,and O 1s XPS

to the 1s— o* transition to the Rydberg states of the-& bond

signals is also consistent with better coverage for the HDT layer in @ saturated alkane chefihA second peak located a291—

as considered previously on gold surfaée®.

Contact angle measurements reveal information about the

293 eV is ascribed to the ts ¢* excitation of the C-C bond
in a saturated alkane chéif.

degree of packing of the monolayers on the surface. Ideally, a The orientation of the SAM is inferred from the angle
physically smooth homogeneous sample would require only a dependence of these bonds. ABcreases, the intensity of the

single contact angle measureméfito account for chemical or

peak corresponding to the s o* C—H transition increases

physical inhomogeneties, advancing and receding contact angledvhereas the intensity of the peak indicative of the-is* C—C
are measured. The difference between these two contact angldransition decreases. This indicates that both of the thiolated

information about any imperfection (physical and/or chemical)
inthe monolayef3Table 1 reveals the resultsstandard deviation

ordering between the HDT and ODT SAMs is not considerable,
as shown by the NEXAFS difference spectra (calculated from

of the advancing and receding contact angles measured usinghe subtraction of thé = 30° spectra from thé = 90° spectra)
deionized water on both hexadecanethiol (HDT) and octade- N Figure 5C.

canethiol (ODT) SAMs deposited on aluminum-doped zinc oxide
(AZO). The average contact angle wa84° for HDT and~92°

The magnitude of the difference intensity provides a qualitative
measure of ordering in the two SAMs. The greater the peak

for ODT, indicating that the surfaces are not as well packed as height of the G-H and C-C peaks on the difference intensity

commonly reported for an aliphatic SAM on a CM©11(°).64
The CAH ranged from 8 to Xfor both types of thiols, indicating

scale, the more closely the SAM molecules are oriented toward
the surface normal in the SAM. Thus relative to the HDT SAM,

an inhomogeneous surface. Previous studies on ITO revealed 4he molecules in ODT SAM appear to have a smaller tilt angle.

CAH of 15-20° with SAMs of thiols and carboxylic acids

The robustness of the films was examined by SAM reproduction

indicative of the greater inhomogeneity of ITO surfaces compared as Well as the reanalysis of samples (data not shown). Both the

with that of AZOS?
The HDT and ODT adlayers on AZO were also investigated

HDT and the ODT were exceptionally reproducible, regardless
of humidity or environmental temperature. Additionally, samples

using near-edge X-ray absorption fine structure spectroscopy@nalyzed 3 months after deposition showed nearly identical
(NEXAFS), which is a surface-sensitive technique that s capable NEXAFS spectra (data not shown). Thus, this evidence reveals

of examining the molecular organization of SAMs on substrates.
In NEXAFS, core electrons from the K or L shell ground state
of the SAM are excited to their corresponding antibonding
molecular orbitalsg* or 7*) as a result of the interaction with
incoming X-rays. The energy required for excitation from the
carbon K shell is~290 eV55 Bonding differences are detectable
as well; for instance, a€H 1s— o* transition occurs at-287

eV whereas a €EC 1s— ¢* transition takes place at294 eV>0

that long-chain thiolated SAMs on AZO thin films form both
well-organized and robust SAMs.

Figure 6A,B relates the intensity of the NEXAFS spectra for
the two specific peaks of €H (~288 eV, square symbol) and
C—C (~294 eV, triangle symbol) to strd. This type of plot is
another qualitative indicator of the ordering of the thiolated
monolayers. A steady decrease in the intensity of th€@eaks
in relation to the steady increase shown in the intensity of the

As shown in the scheme in Figure 4A,B, orientation information C—H peaksis indicative of ordering of the SAMs. More detailed
is obtained from the angular dependence of the antibonding orbitalinformation about chain tilt can be obtained by performing an
to the polarization vector of the X-ray beam. For a well-ordered analysis using the method described previously by Outkatal.,
SAM, selective excitation of bonds occurs, with those bonds aS detailed in the Materials and Methods section. The tilt angle
parallel to the electric vector of the X-ray beam displaying the Values were determined from a comparison of the experimental

highestintensity and those perpendicular to the beam polarizationand calculated intensities of the-® and C-C peaks at different

(62) Petrovykh, D. Y.; KimuraSuda, H.; Opdahl, A.; Richter, L. J.; Tarlov,
M. J.; Whitman, L. JLangmuir2006 22, 2578-2587.

(63) Fadeev, A. Y.; McCarthy, T. Langmuir1999 15, 3759-3766.

(64) Yan, C.; Zharnikov, M.; Golzhauser, A.; Grunze, Mingmuir200Q 16,
6208-6215.

(65) Ade, H. U. S. GChemical Applications of Synchrotron Radiatidorld
Scientific Publishing: Singapore, 2002; Vol. 12, pp 2&55.

angles of incidence. Table 2 details the tilt angle values defined

(66) Fischer, D.; Efimenko, K.; Bhat, R.; Sambasivan, S.; Genzdiadromol.
Rapid Commun2004 25, 141-149.

(67) Bagus, P. S.; Weiss, K.; Schertel, A.; Woll, C.; Braun, W.; Hellwig, C.;
Jung, C.Chem. Phys. Lett1996 248 129-135.

(68) Stohr, J.; Outka, D. A.; Baberschke, K.; Arvanitis, D.; Horsley, J. A.
Phys. Re. B 1987, 36, 2976-2979.
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Photon Energy (eV) Table 2. Calculated Tilt Angles from the NEXAFS Spectra for
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& 15 c.H . the AZO Thin Films
> Octadecanethiol -
= tilt angle
g monolayer bond (deg}
= hexadecanethiol €H 50
g c-C 30
c average tilt 40+ 10
g octadecanethiol €H 45
£ R c-C 25
o 280 290 300 310 320 average tilt 35+ 10

Photon Energy (eV) a2 Thetiltangle is defined as the angle formed between the alkyl chain
Figure 5. (A—C) Normalized carbon K-edge PEY NEXAFS spectra of the SAMs and the normal to the ITO surface.
of a monolayer of 1-hexadecanethiol (A) and 1-octadeanethiol (B)

on AZO collected at from 30 to 90 in increments of 1®where . -
0 is the angle of incidence between the sample and X-ray beam. Theangle values for the different types of SAMs indicates that the

vertical dashed lines denote the 4 o* transition for C—H and SAMs that formed differ structurally. Thus, although both long-
C—Cat288and 291 eV, respectively. (C) Difference spectra obtained chain thiolates form relatively well-organized, ordered SAMs
by subtracting the intensity of the 3@ngle PEY NEXAFS spectrum  on AZO, the molecular organization in the two SAMs is different.
from the PEY NEXAFS spectrum taken at®90 The experimental results were complemented by density
. ._functional theory (DFT) calculations. These calculations provide
as the angle between the surface normal and the alkyl chain in . . -

. a survey of different levels of Al doping and oxygen depletion
the SAM. As shown, the average tilt angle wag0° for HDT - : . - .

to estimate the charge carrier density for comparison with the

and~35° for ODT. These values are in close agreement with ;
. . . observed plasma frequency (eq 7). As stated earlier, the effect
the reported tilt angle of 35or thiolates deposited on clean gold S . ;
of Al doping is due to the fact that the increased aluminum

surfaced’which is indicative of well-organized thiolated SAMs electron count results in the donation of electron density to the

formed on AZO that are similar to those found on gold. The . -
L . . conduction band. Experimentally, Hall effect measurements
individual tilt angles of each of the bonds werd 0° different. . : .

determined the charge carrier concentration value to be<4.7

We attribute this behavior to the approximations invoked in the : . . o

X ; ) ; . 10?0 e/cn® for a 2% aluminum-doped zinc oxide thin film. The
I ” 50,51

titted chain” model°~! The slight difference between the tilt calculated charge carrier density is &QL0 e/cn? for 9% Al

(69) Yan, C. Golzhauser, A.; Grunze, M. Woll, Gangmuirl999 15, 2414 doping and 18% oxygen depletion, which corresponds to a plasma
2419. frequency of 14 700 cri (Supporting Information). The screened




440 Langmuir, Vol. 24, No. 2, 2008 Rhodes et al.

T T T T T T ] stability of the films are characteristic of alkane thiolate SAMs
0 -~ on gold much more than SAMs on ITO. XPS spectra of both ITO
and AZO confirmed the presence of a thiolated adlayer through
-100 = the appearance of a sulfur peak. The contact angle revealed a

slightly better packing density on AZO while confirming the
inhomogeneity of both surfaces. Further characterization by
NEXAFS spectroscopy confirmed the existence of the adlayer
and also provided information about the organization and
-300 - . molecular tilt angle of the constructed SAM on the surface. The
ordering and tilt angle of the thiolated monolayers on AZO
determined from the NEXAFS data are similar to those reported
for gold®® These results illustrate the diversity of conducting
L L . . . metal oxides with substrates ranging from those, such as AZO,
2 3 4 5 6 7 8 exhibiting properties similar to those of metals to those whose
Zn-S Distance (A) properties more closely resemble those of semiconductors, such

Figure 7. DFT-calculated potential energy curve foraZnO substrate as ITO*
for the binding of an ethane thiolate SAM using periodic boundary A possible explanation for this diversity is the strength of the

-200 -

Binding Energy (kJ/mol)

400} -

conditions. substrate-sulfur bond, which attaches the thiolated adlayer to
the surface. The zinesulfur bond in zinc sulfide is related to

surface plasmon frequenayps = wp/v/(1+e.), is 7100 cm?, the indium-sulfur bond’273In fact, the strength of the interaction

given thate, has a value of 3.24. The calculated value should of the zinc oxide-sulfur bond is such that immobilized ZnO has

be compared to an experimentally measured valaggf 8500 been used to scavenge hydrogen sulfide at concentrations ranging

cml. As observed in previous calculations for jQ@nd from 50 to 20 000 ppmv (parts per million by volunt@).

CdSn0,,*"*8 the resulting plasma frequencies reveal a strong Hydrothermal vent worms have evolved to use zinc ions to
dependence on the oxygen depletion level in which increasedchealate the sulfide ions from hydrogen sulfide in these harsh
oxygen depletion levels lead to higher-energy plasma frequencies.environments® However, the indiumsulfur bond has been
In AZO, the charge carrier density passes through a maximum shown to be very weak.”> Experimental evidence has shown
as a function of oxygen depletion. The dependence on the Al that the ITO sulfur bond is extremely dependent on both film
doping level is not as strong.. thickness and annealing conditions. Moverover, deposition in
DFT investigations of the strength of the zinsulfur bond neat alkane thiolates is required for film reproducibifyDFT
provide further insight into the experimental observations of calculations of the potential energy curve for the-Zbond
high surface density and the order of alkane thiolate SAMs. substantiated that the bond strength is not only stronger than
Figure 7 shows the DFT-calculated potential energy curve for In—S but also stronger than AtS. The stability of the well-
a ZnO substrate for the binding of an ethane thiolate SAM using ordered SAMs formed on the AZO is a key advance in efforts
periodic boundary conditions. The ethane thiolate molecules wereto stabilize AZO for electronics and sensing applications.
placed in a {3 x 3)R3(° lattice superimposed on the
orthorhombic unit cell of the ZnO substrate. As shown in the ~ Acknowledgment. We thank Accelrys, Inc. for access to
Figure, the maximum binding energy is reached at an atomic DFT computing program DMol3. The NEXAFS experiments
distance of 2.2 A, at which point a binding energy of nearly 430 were performed at the National Synchrotron Light Source at
kJ/molis calculated. For comparison, a comparable ethane alkanddrookhaven National Laboratory, which is funded by the U.S.
thiol layer on gold(111) has been calculated to have a maximum Department of Energy, Division of Materials Sciences and
binding energy of~160 kJ/mol® whereas a hexadecanethiol Division of Chemical Sciences. The AZO thin films were
monolayer on ITO was estimated to have a maximum binding graciougly provided by the National Center for Photovoltaics at
energy of~30 kJ/mol22 As stated above, the thiolated monolayers the National Renewable Energy Laboratory.
appear to be both robust and ordered, thus this calculation provides

a possible explanation for some of these observed properties. SUPPOrting Information Available: - Modeling of the experi-

mental data by the Drude free-electron model and results from density
functional theory calculations completed for the AZO thin films. This
material is available free of charge via the Internet at http://pubs.acs.org.
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Conclusions

This study explores the capacity of aluminum-doped zinc oxide
to formwell-ordered, reproducible, robust thiolate SAMs as well
as an optical response of thin films of AZO. The four methods (71) Brewer, S.. Franzen, S. Alloys Compds2002 343 244244
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