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Highly oriented microrods ZnO crystals having a narrow size distribution were successfully crystallized
on Si wafers coated with SiglCH,);;—0—CsH;—COOH. The relationship between surface properties
and the crystallization products was investigated by ellipsometry, wetting measurements, X-ray reflectivity
(XR), and grazing incidence diffraction (GID). The influence of the phenyl ether chromophore and the
carboxylic group were explored by comparing the crystallization products obtained on monolayers made
from SiCb(CHz)ll—O_C5H4_COOC|‘h, S|C|3(CH2)15_COOH, and SICXCHz)lG_COOCFb molecules.

The results demonstrate that the carboxylic acid end group is crucial for achieving a highly oriented
growth.

1. Introduction semiconductor that is environmentally friendly. ZnO has
several fundamental advantages over its competitors (Si,
GaAs, CdS, ZnSe, and GaN): (1) its exciton is bound with
a binding energy of 60 meV, which is much higher than
that of GaN (25 meV) and ZnSe (22 meV). It should be
noted that in order to achieve efficient excitonic laser action
at room temperature, the binding energy of the exciton must
be larger than the thermal energy at room temperature (26
meV); (2) it allows wet chemical processing; and (3) it is
more resistant to radiation damage, and thus should be useful
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the Zn- and O-terminated faces have been reported in theat temperatures below 10C. The feasibility of ZnO crystal

literature, we will briefly describe here some of the phe-

engineering under mild conditions was demonstrated by use

nomena resulting from these differences. Photoluminescenceof surfactant$®4? crystallization additive43 and poly-
(PL) measurements from these two faces reveal a strikingmerg*4>and by crystal growth on Langmuir monolay®rs

difference. Two dominant transitions are observed in PL from
the O face and barely any PL is observed from the Zn face.

and self-assembled monolayers (SANR7
One of the most commonly used methods for growing ZnO

Measurements of cathode luminescence and scanning tunerystals under mild conditions is the hydrolysis of a zinc

neling spectroscopy of ZnO single crystals show that both

nitrate solution. The hydrolysis is typically done at¥5in

surface electrical properties and luminescent characteristicsthe presence of hexamethylene tetra amine (HMT). We have

depend on the face studiédPolar O-terminated surfaces
show an intrinsic conduction behavior with a surface band

used this method for growing ZnO crystals on various
surfaces and particlé$:4° ZnO crystals grown on silicon

gap ranging from 0.4 to 0.8 eV. Zn-terminated surfaces show wafers coated with a monolayer of SiTH;)1;—O—CgHs
mainly n-type conduction. The nonpolar faces present either molecule$’ provided perpendicular, well-formed, organized

intrinsic or p-type behaviot® Feng et al. found that aligned
ZnO nanorod films show reversible behavior from super-
hydrophobicity to super-hydrophilici§. This reversible
behavior can be controlled by alternation of UV illumination

ZnO crystals where the thickness of the ${CH,)1.—0O—
CeHs monolayer was 141.6 nm. This type of surface has
two important properties that are essential for the formation
of oriented ZnO crystals. The first property is related to the

and dark storage. The polar ZnO surfaces constitute a largeorder of SAMs and the second property is related to the
fraction in high surface area powder samples and have beerflexibility of the dipolar functional group. We have proposed

reported to be active crystal planes in methanol synttiésis.

Crystallization of highly aligned ZnO films can be
achieved by vapor-phase transp8ftsol—gel methodg:—2¢
hydrothermal growtd!?® melt growth?® chemical vapor
deposition (MOCVD}P electrochemical depositiof, 3 laser
ablation3® sputtering®® molecular beam epitaXy®¢ and
spraying arc-discharg®. However, large-scale use will

that the mild molecular dipole (12 D) of the phenyl ether
chromophore, when properly organized at the surface of the
monolayer film, is crucial to the formation of preferentially
oriented ZnO crystals.

Having shown that monolayer-covered surfaces can influ-
ence the orientation of ZnO crystal growth, as a function of
the monolayer’s nature and organization, we explore herein

require the development of simple, low-cost approaches. Onethe influence of monolayers incorporation phenyl-ether
such method is to grow ZnO crystals from aqueous solution 9roups bearing other functional groups on the structure of
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the monolayer-nucleated ZnO crystals. This work examined
how this additional parameter can be used to influence both
monolayer packing and crystal growth. We have chosen
functional groups at the para position of the aromatic ring,
which should provide a larger dipole moment relative to the
SiCkL(CH,)1:—0—C¢Hs . We have chosen the carboxylic acid
as the functional group because it was reported in the
literature that—CO,H-rich surfaces interact strongly with
growing Zn0O%° Also, the acid/base properties of siloxane-
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anchored COOH-terminated SAMs have been investigated
both for a carboxylic acid-bearing alkyl chain, Si€l
(CH,)16—COOH and for a carboxylic acid-functionalized
phenolate ring, SiG(CHy)1;—0O—CgHs—COOH. Two pk,
values were observed in both cases {pidlues of 4.9+

0.4 and 9.3+ 0.2 for the alkyl chain and pkvalues of 4.7

+ 0.3 and 9.0+ 0.3 for the benzoic acid). The percentage
of material ionized at the first pkivas~50% for the alkyl
chain and~70% for the benzoic acid at the pH values that
are relevant to our ZnO crystallization process, i.e-65
We explore the organization and the order of these acid-
functionalized films by X-ray reflectivity (XR) and grazing-
incidence diffraction (GID) measurements using synchrotron
radiation.

Our strategy for exploring the influence of the surface
carboxylic acid moieties on ZnO crystallization involved
comparing results obtained from crystallization of ZnO on
silicon wafers coated with Sig{ICH,);;—0O—CgHs—COOH,
denoted by BA for benzoic acid and those which were coate
with SiC|3(CH2)11—O_CeH4_COOC|'k, denoted by BE for
benzoic ester. Investigation of the influence of the aromatic
ring involved comparing these results with those obtained
from ZnO crystallization on silicon wafers coated with SiCl
(CH)16—COOH, denoted as AA for alkyl acid and with
SiCl3(CH,)16—COOCH;, denoted by AE for alkyl ester.

d

2. Experimental Section

a. Preparation of the Monolayers.Although SAM deposition
and characterization is reported in the literattirere will mention
here briefly some details. SAMs were created using a 0.012 mM
solution of either benzoyl or alkyl ester-trichlorosilane in dicyclo-
hexane, using the reported surface preparation procedures (cleanin
and activation of the silicon wafers) and deposition conditions.
Ester-functionalized SAM-coated wafers were placed in an oven-
dried 150 mL flat-bottom flask, equipped with a small magnetic
stirring bar and a reflux condenser, and maintained under a nitrogen
atmosphere. Dry C¥CN (60 mL) and Al (1 g) was added to the
flask. The reaction was heated at reflux (85) for 2 h with
extensive stirring. After cooling the reaction solution to room
temperature, the substrate was rinsed with fresh@NHand then
with distilled water and placed in 10% HCIrfd h in order to
remove aluminum salts. The resulting modified wafer with acid
surface functional groups was then rinsed with water, sonicated in
ethanol for 10 min, and dried with a stream of nitrogen.

b. Characterization of the Monolayer. (1) Contact Angle and
Ellipsometry Advancing and receding contact angle measurements
of the coated silicon wafers were conducted under ambient

conditions using a Rame-Hart NRL goniometer. All samples were Aqg
measured at least three times. Contact angle measurements werg, o

done before and after the in situ transformation of ester- to
carboxylic acid-functionalized monolayer and showed the expected

decrease in both advancing and receding contact angle upon

conversion of ester into acid. The values were identical to those
reported in ref 51.

The film thickness on the Si wafers was measured by a
spectrometric ellipsometer (Model M44 - J. A WOOLLAM Co.)
using 44 wavelengths between 680 and 1108 nm. Analysis

(50) Wegner, G.; Baum, P.; Muller, M.; Norwig, J.; Landfester, K.
Macromol. Symp2001, 175, 349-355.

(51) Gershevitz, O.; Sukenik. C. N. Am. Chem. So004 126, 482—
483.

Turgeman et al.

employed the VASE software provided with the ellipsometer. The
ellipsometrically determined thickness was compared to a theoretical
thickness value estimated from the length of the fully extended
chain of the SAM-forming molecule, calculated using PCMODEL
(Serena Software).

(2) IR SpectroscopyATR-FTIR data were obtained using a
Bruker Vector 22 spectrometer. Spectra of the as-deposited films
were collected using a 60 20 x 0.45 mm Si parallelogram prism,
prepared in-house by polishing the two short edges of a freshly
cut double-side polished silicon wafer to a°4@ngle. The
background data were collected after the piranha treatment of the
cleaned ATR prism, and the sample data were collected after the
deposition of the monolayer. The background spectrum of the clean
ATR prism was subtracted from each sample spectra. Typically,
44 sample scans were collected, at a nominal resolution of4.cm

(3) Surface Specific X-ray Measuremeifitse synchrotron X-ray
measurements were carried out using a conventional 6-circle
diffractometer at beamline X22A, National Synchrotron Light
Source, Brookhaven National Laboratory, at a wavelength sf
1.155 A. The samples were placed in a sealed cell, having Kapton
X-ray windows. A flow of oxygen-free helium through the cell
reduced parasitic scattering and minimized beam damage to the
sample.

The X-ray methods are described in detail in the literdffare
and will be described here only briefly. Two types of measurement
were carried out: X-ray reflectivity, (XR), where the fraction of
the incident intensity reflected specularR(q,), is measured as a
function of the surface-normal wave vector transtgr= (47/1)-
sin a,, wherea is the incidence angle. XR yields information on
the surface-normal structure of the monolayer such as the surface-
normal electron density profile, the layer thickness, and the surface
roughness. These quantities can be extracted fR{op) by a
standard procedure where a model is assumed for the density profile,
the corresponding reflectivity is calculated from this model, and
the parameters defining the model are obtained by computer-fitting
the calculated reflectivity curve to the measufd;).

The in-plane order is studied by grazing incidence diffraction
(GID). Here, the incidence angle is keptoat< a., wherea. is the
critical angle for total external reflection, and the diffracted intensity
is measured vs the surface parallel wave vector trampfer (4z/
A)sin(@), where 2 is the surface-parallel angular offset of the
detector from the reflection plane. The angular positions of the
Bragg peaksg, in the GID pattern yield the repeat distances
27/q, for the 2-D lattice structure of the monolayer. For the
hexagonal packing found here, the intermolecular distance is given
by D = d/cos 30, the area per molecule in the surface planA is
=d x D, and the molecular area in the plane perpendicular to the
molecular long axis-An = A x cosfp), whereg is the tilt angle
of the molecule from the vertical in one of the symmetry directions.
The two-dimensional DebyeScherrer equatiorg = (0.9 x 2x)/
allows us to extract the crystalline coherence lerigttithin
e monolayer from the fwhm (full-width at the half-maximum),
Aq), of a GID peak.

c. Crystallization. ZnO crystallization was done by hydrolyzing
zinc nitrate solutions (Zn(Ng),-6H,0, Aldrich) in the presence of
HMT at 95 °C. The high temperature was chosen to prevent the
formation of zinc hydroxide and afford the decomposition of HMT
to ammonia and formaldehyde. This causes a shift of the pH of
the solution from 5 to around 6, which is enough to cause the
solubility product of ZnO to be exceeded. The SAM-coated silicon
wafers were inserted into a Teflon holder. The Teflon holder was
put inside the supersaturated solution on a glass ring with the
wafer’'s coated surface facing downward to avoid ZnO crystals
aggregating adventitiously on the surface. To minimize the effects
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Figure 1. Fresnel-normalized measured (open circles) X-ray reflectivity Figure 2. Surface normal density profiles derived from the 3-box and 4-box
curves for Si wafers coated with the indicated monolayers. Fits to the 3-box model fits to the measured X-ray reflectivity curves shown in Figure 1.
(dashed line) and 4-box (solid line) models, discussed in the text, are also The geometric construction whereby the monolayer’s thickness is derived
shown. The corresponding electron density profiles are shown in Figure 2. from the density profile is shown on the upper curve and is discussed in
Curves are shifted by 2 decades for clarity. the text. Curves are shifted by 0.5 &/fbr clarity.

of local variations in temperature, supersaturation, pH value, and critical wavevector for total external reflection, respectively,
stirring, several wafers were coated simultaneously. Each coatingyyith . = 0.032 A% for all our measurements. This equation
batch contained the four different functionalized alkyl silane — — ; —
SAMs: BE, BA, AE, and AA. To study the importgnce of  Yields for AE, whered' = 0.148 &A™, a thickness of, =

) o : 21.5 A, which as we show below coincides with the value

precomplexation of zinc ions to the carboxylic acid surface, we . .
grew ZnO crystals on SAMs by mixing together equal volumes of dgnved from the fqll-XR—curye mOde“_ng' For BE, where
oy = 0.124 A1, this approximation yield$, = 25.3 A,

0.03 M aqueous solutions of zinc nitrate and HMT in different ] ) g
sequences. One set of experiments (Procedure #1) was done byVhICh overestimates the fu”-CUI'VG-fIt Value by abOUt 7% (See
exposing the surface first to zinc nitrate solution and then to HMT below). One should note, however, that the equation above
solution. A second set of experiments (Procedure #2) was done byfor |, is valid only for a uniform-density layer on top of a
exposing the surface first to HMT and then to zinc nitrate solution. uniform-density substrate. For our samples, the nonuniform
All the solutions were mixed at 9%C. periods of the Kiessig fringes in Figure 1 indicate that the
d. Crystal Characterization Methods. The crystals were density profile cannot be characterized by a single-length
characterized by scanning electron microscope (SEM) measure-g-gje only; i.e., it cannot be described simply by a single-
ments (JEOL-JSM 840 scanning electron microscope) and X-ray 4o nqin monolayer on top of a single-density substrate. Thus
powder diffraction (Bruker AXS D* Advance Powder X-ray the approximation above may not be reliable, and a full—’

diffractometer, using Cu & = 1.5418 A radiation). fit of th d XR . ired btai
Crystal density and orientation were measured at three randomlycurve It of the measure curves is required to obtain

chosen regions for each surface. The area of the SEM-analyzedth€ monolayer's thickness.

surfaces was 1@m2. For determining the growth orientation in For the full-curve fits we employ the so-called “box
each picture, we counted the total number of ZnO crystals as well model”, consisting of a numben of slabs, each of a
as the number of crystals with a perpendicular orientation. The (constant) density;, width wi, and interfacial widthoi, to
results are presented as percentage of oriented crystals out of thelescribe the surface-normal electron density profile. As
total number of ZnO crystals. As defined previou$lysamples  discussed in detail in ref 47a and c, the reflectivity curve
exhibiting more than 50% oriented crystals are considered as ca|culated analytically from the model for a chosewas

showing oriented growth. - least-squares-fitted to the measured reflectivity curve, yield-
For measuring crystal width and length, three randomly chosen ing the best-fit values fopi, w;, ando;. These fit-generated

regions for each surface were analyzed. A population of at least arameters are used to plot the densitv profile. The brofiles
25 crystals in each region was used for each surface. SEM picturesp P yp ’ P

were taken while the samples were aligned perpendicular and cgrresponding to the XR curves in Figure 1, are ShO_W” in
parallel to the beam. Figure 2. The smallest number of slabs which provides a

good fit to the measured XR curves over the fyllrange
3. Results and Discussion measured was = 4. As demonstrated by the XR curves in
o Figure 1, the 4-box model provides an excellent fit to both
a. Monolayer Characterization. The measured XR  measured curves. The best 3-box fit deviates significantly
curves, normalized to the Frsenel reflectivity of an ideally fom the measured XR fag, = 0.5 A-1. Nevertheless, the
flat and smooth surface of zero width, are shown in Figure gjectron density profile obtained even from this imperfect
1 for wafers coated by a monolayer of benzoic ester (BE) fit (dashed line in Figure 2) is very close to that derived
and alkyl ester (AE). The sharp dips, particularly for AE, fom the 4-box model, indicating the robustness of the
indicate a densely packed and uniform monolayer. An density profile derived from the fits.
approximate value for the monolayer thicknesscan be The profiles show the high-density Si substrate on the

obtained from, = «/n(q'z“)z—(q()z, whereq)' andq; are the right-hand, positivezside of Figure 2, and the lower-density
g-positions of the first minimum of the XR curve and the monolayer of the left-hand, negativeside of the figure, with
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Figure 3. Molecular configurations for AE (a) and BE (b). In part (a) atom (1) indicates the topmost hydrogen atom of the terminal methyl and atom (2)
indicates the carbon atom of the first methylene. In part (b) atom (1) indicates the topmost hydrogen atom of the terminal methyl ester and atoms (2) and
(3) indicate the €O bond which is bonded to the benzene ring.

a layer of slightly smaller density (presumably a nativespiO  molecule, where the benzene ring resides, as compared to
and a high-slope (rough) transition layer separating the two. the alkane chain part of the molecule. This is consistent with
A small bump, only a few A wide, just below = 0, and the expected higher packing of these individual segments.
having a density slightly higher than that of the alkyl chains The fully optimized BE molecule yield&i = 22.4 A,
of the monolayer, is also observed. This is assigned to thewhich is shorter than the length derived from the XR above.
layer of oxygen and silicon atoms of the silane headgroups, The main reason for this rather short length is a tilt of the
which bind the monolayer’'s molecules to the substrate.  axis of the benzyl-ester moiety away from that of the alkyl
The monolayer thickness$, is derived from the density  chain by 108. Locking the C-O bond angle at 124%4in
profiles by the geometrical construction depicted for the AE the optimization process yields the conformation shown in
curve in Figure 2 and discussed in ref 47a and c. This yields Figure 3b, which has a smaller tilt, and a larger lendth:u
thicknesses of = 21.7 and 23.5 A for the AE and BE, = 23.4 A. This value is within~0.3 A of the value derived
respectively. above from the XR fits. These values seem to indicate that
For the AE, this value coincides with that derived above the conformation of the BE molecules within the close-
from the approximate formula of a simple monolayer, but packed monolayer are probably more linear and extended
for the BE the full-curve fit provides a thicknessl.5 A than the conformation obtained from calculations for a single,
smaller than that of the approximate formula. This is not stand-alone, molecule. Moreover, the molecular tilt for this
surprising in view of the deviation of the complex density layer has to be small as wel,10°, since the layer thickness
profile obtained from the fit from the simple model assumed is so close to the extended length. These conclusions are
in deriving the approximate formula. supported by the GID measurements discussed below. We
The thickness values derived from the XR fits can be better also conducted in situ ATR-IR (attenuated total reflection
understood in the context of the molecular conformation, infrared) measurements on BE, which indicated a tilt angle
shown in Figure 3, as optimized by energy calculations, using of 21 + 1°. Since this tilt angle differs considerably from
the PC-model (Serena Software) program. Figure 3a il- the XR results, additional measurements are needed for an
lustrates the molecular conformation of the AE. The extended exact determination of the tilt angle.
length of the AE molecule, measured from the near-substrate XR and GID measurements were not carried out for the
Si, to the topmost H of the terminal methyl (marked in Figure other two molecules, AA and BA, addressed in this study
3 as atom 1) idsiy = 25.1 A, while that from the carbon by other methods. The reason for this is their high surface

of the first methylene (marked in Figure 3 as atom 4}is, free energy and ease of contamination even at ultrahigh
= 23.6 A. With use of the XR-derived thickness, 21.7 A, vacuum conditions, causing deterioration of the surface
these yield average molecular tilts of°3@nd 23, respec- during the measurement.

tively. We conclude therefore that the XR indicates a tilt of ~ The GID patterns measured for the same monolayer-coated
order (27 + 4)° for the AE molecules comprising the Siwafers used in the XR measurements are shown in Figure
monolayer. We also conducted in situ ATR-IR (attenuated 4. Only a single peak is observed, indicating a hexagonal
total reflection infrared) measurements for AE, indicating a packing of the molecules for both monolayers. The AE
tilt angle of 244+ 1°, in agreement with the XR results. monolayer exhibits a broad peak, while that of BE consists
The density profile in Figure 2 for the BE molecule of a relatively sharp peak on top of a broad one. The peaks
exhibits a slightly higher density toward the end of the were fitted by Gaussians, and the corresponding parameters
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’ T ] BE, 21.2 AR/molecule, is considerably larger. This is,
however, not surprising in view of the bulkier benzyl moiety
© Measured | of the molecule. In fact, théd; = A of BE coincides with
— Sharp i .
..... Broad the 21.2 R/molecule axis-normal molecular area measured
¢ -~~~ Background 4 for liquid-mercury-supported dense Langmuir film of MMB
LR 4 (4'-methyl-4-mercaptobiphenyPand the 21.6 Amolecule
R found for the high-density-phase of self-assembled mono-
Fa layers of the same molecules on a solid Au subsfraide
molecular ordering in these two systems is also hexagonal,
§~§§§}§§§%§%§§ 1 albeit with tilted molecules. Note also that the van der Waals
: : ing | 6
p cross-sectional area of the ring is 21.#Molecule®® The
iﬁﬁﬁ ________________________ 3 _%;, fact that the molecular area of the BE almost coincides with
‘ ‘ ‘ ‘ this value indicates that the ring must be aligned with its
1.0 12 1.4 18 1.8 2.0 plane roughly normal to the surface. Any other orientation
o &) will increase its surface-plane-projected area, and, conse-
Figure 4. Grazing-incidence diffraction patterns for the sample indicated, quently, also the area per molecule. Thus, the BE molecule
e O e I el & he iplane Siuetire o should be extended and close to linear rather than the bent
curves are shifted by 0.4 for clarity. conformation discussed above. This supports the same
conclusion obtained above based on the monolayer thickness
derived from the model fit to the measured XR curve of BE.
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Table 1. Parameters Derived from the Fits of the GID Peaks in

Figure 42
position _ width d d A £ b. Comparison of the Crystallization of ZnO on
sample (A1 (A1 R) A) ) Different Surfaces. Detection of the growth of ZnO crystals
AE 1.494 0218 4206 4857 204 26 with preferred orientation such that a particular crystal plane

BE(sharp) 1466 ~ 0.039 4286 4950 212 145  (hkl)is parallel to the substrate can be accomplished by XRD,

BE(broad) 1466  0.185 4286 4950 212 31  \hep ysed in ther—o. mode. In this mode the angles of
u ad ;027r/qr]is the repeatdt_iistancle givling rise to thedGl%peaﬁ,aD = incidence and detection are equal, both forming an angle
O i cosncas  Wih the Substrate, and thus, also with K] piane of
length derived from the peak width. interest. When crystal growth occurs only with substrate-

parallel ki) planes, the XRD pattern will show all allowed

derived from the peaks’ positions and widths are summarizedorders of the likl) reflections, ki), (2h,2k,2), (3h,3k,3)),
in Table 1. etc. All other reflections, which originate in planes not

The crystallinity of the AE monolayer is rather poor. The parallel to fikl), will be absent from the pattern. When the
coherence length is short;5 molecular distances, only  crystal growth is not exclusively in the preferred orientation,
slightly larger than the 23 molecular distances in an reflections due to nonhkkl)-parallel planes will also show
amorphous solid or a liquid. The strong mutual dipolar up in the patteri’ The effective angular resolution of the
repulsion of the molecules, due to the large dipole moment XRD setup, which is determined by the angular divergence
resulting from the ester moiety, may contribute to the short of the incident beam, and the angular acceptance of the
coherence length. The calculated dipole moments for the detector, determines how large can be the misalignment of
esters are as follows: BE 4.13 D, AE= 4.25 D. We could a particular Bragg plane from the plane of the substrate so
not calculate the dipole moments of AA and BA because of that it is still picked up by the detector as a “surface-parallel”
problems in locking the hydrogen bonds. The BE monolayer plane. This, in turn, will influence the fraction of the
exhibits two different types of ordered domains. One has preferentially aligned crystallites out of the total, which will
roughly the same low crystalline coherence length as thatbe deduced from an XRD pattern. The tighter the resolution,
of the AE film. However, the second component has a much the smaller the fraction. The same fraction can be determined

higher crystallinity, with a coherence length 80 molec- from SEM images, counting the oriented crystals by their
ular distances. apparent morphology. As orientational deviations from
The surface-plane molecular area of AE,= 20.4 A, perfect alignment by up to a few degrees are difficult to

corresponds té\; = 18.8 A in the plane perpendicular to resolve by eye, and since the resolution of an XRD
the long molecular axis for the tilt angle of= 23° deduced instrument is usually significantly lower than this angular
above. Within experimental uncertainties, this coincides with range, the XRD-determined fraction of preferentially oriented
the molecular area of 18.7 2Afound for herringbone-  crystallites in a sample will usually be smaller than the same
structured surface-frozen monolayers aitdo alkané? and quantity determined from SEM images. Indeed, Whitesides
the 18.6 & of bulk alkane® and of Langmuir films of alkyl et al. found that the percentages of oriented calcite crystals
derivatives®* The axis-normal molecular area of the untilted

(55) Tamam, L.; Kraack, H.; Sloutskin, E.; Ulman, A.; Pershan, P. S.; Ocko,

(52) Ocko, B. M.; Wu, X. Z.; Sirota, E. B.; Sinha, S. K.; Gang, O.; Deutsch, B. M. J. Phys. Chem Bin press.
M. Phys Re. E 1997, 55, 3164. (56) (a) Leung, T. Y. B.; Schwartz, P.; Scoles, G.; Schreiber, F.; Uiman,
(53) Kitaigorodskii, A. I.Organic chemical crystallographyConsultants A. Surf. Sci.200Q 458 34. (b) Azzam, W.; Fuxon, C.; Birkner, A.;
Bureau: New York, 1961. Rong, H. T.; Buck, M.; W8, C. Langmuir2003 19, 4958.
(54) Kaganer, V. M.; Mohwald, H.; Dutta, Rev. Mod. Phys1999 71, (57) Klug, H. P.; Alexander, L. EX-ray Diffraction ProceduresWiley-

779. Interscience: New York, 1974.
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Table 2. Observed Percentage of ZnO Crystals Oriented with Their by procedure #2. Crystals prepared by procedure #2 are

{001 Plane Parallel to the Surface, as a Function of the shorter and narrower than those made by procedure #1. Also,
Crystallization Conditions and the Functional Group? . .

the crystals grown on the acid-terminated surfaces are more

sample procedure #1 procedure # 2 monodispersed than those grown on the ester-terminated
QE 8 g;’ gg surfaces. This is manifested by the smaller standard deviation
BE (1) 62 43 of the ZnO crystals grown on BA and AA surfaces as
BE (2) 60 30 compared with those on AE and BE. It should also be noted
228 188 gg that the BA SAMs surfaces provide the highest density of
BA (1) 100 36 ZnO crystals (Figure 5).

BA(2) 100 47 The main results obtained from the above experiments are

aZnO crystallizations were done on two samples for each functional as follows:

i h of the t dures). . . .
group {using each of the two procedures) (1) The best oriented growth is achieved when the SAMs

estimated using morphological analysis was higher than thesurfaces are exposed t(_) the zinc nitrate solution and afterward
values derived from the XRD specfi. exposed to HMT solution.

Table 2 gives a comparison of crystallographic orientation ~ (2) Growing ZnO crystal on acid-terminated SAMs
of ZnO crystals, determined from SEM measurements, on surfaces induces 100% oriented crystal growth.
four different surfaces when the nitrate solution is added first ~ (3) Crystals grown on BA are 100% oriented and are very
(procedure #1) and when the HMT is added first (procedure dense and monodisperse.
#2). The values in this table present the percentage of crystals |1 is worth mentioning that in our previous pafiéwe
oriented with their{ 001} plane parallel to the surface so reported on the size and orientation growth of ZnO grown
that the long axis of these rod-shped crystallites is perpen-fom a supersaturated solution without a SAM. The ZnO

dicular to the substrate. To minimize the effects of local ¢rystals of 3um length and 0.5m width did not show any
variations in temperature, supersaturation, pH value, andgriented growth (see Figure 7a in ref 47a).

stirring, ZnO crystallization was done on all four different

. Our explanations for the absence of preferred orientation
surfaces (AA, AE, BA, BE) simultaneously. P P

Th tall hic orientati £ 710 al | when the SAMs are exposed first to the HMT solution is
€ crystaliographic orientation of Zn© Crystals was also qa1a to the importance of zinc ion complexation controlling

investigated for the ester-terminated samples (AE and BE) the face-selective nucleation. In accordance with thgqfK

that were prepared for the synchrotron X-ray measurementSy, o 4cjq surfaces, it is expected that with the addition of the
reported above. The ZnO crystals were grown on these

. HMT solution before the zinc nitrate solution the percentage
surfaces using procedure #1. It should be noted that the P d

| ted Si waf din th hrot of ionized material will increase. This will lead to a more
mono ay«;:r-cosilj Et}h i w? _Ie_rsblusg In the sync (;0 ron mfa:- olar surface and will be reflected in the density as well as
surements and those ol 1able = Were prepared separatelyy, . jantation of the Zno crystals. In fact, we indeed obtain

The observed percentages of oriented crystals was 65% for
AE and 61% for BE, both of which are in reasonable more ZnO crystals on the SAM surface, but these crystals

© with th t val red for th are less well-oriented. The importance of zinc ion complex-
agreement with the range ot values reported for the Com- 444, for inducing ZnO crystallization is reported by O’Brien
parable experiments in Table 2.

It is clear that a bett onted th of ZnO als i et al. in discussing the oriented growth of ZnO crystals grown
IS clear that a better-oriented growth ot Zn® Crystals 1S ¢,y agueous solutions containing zinc acetate and HMT

achieved using procedure #1. This is true both for the ester j ' - jisie TO-glass surfac&&®The procedure for grow-
surfaces and for the acid-terminated surfaces (AA and BA) ing perpendicularly orientated ZnO rods involves two
where we always see 100% growth of crystals oriented along steps: modification of the TO-glass surfaces by CBD
the ZnOc-axis under these conditions. Interestingly, samples (cherﬁical bath deposition) of a ZnO template layeB00

of ZnO prepared using procedure #2 always she80% nm), followed by subsequent growth of acicular rods on these

gr'?ntedd crystal groﬂ’_ri reSltJrI]t that we had fprewouslty templates. The role of acetate ions is 2-fold: (1) maintaining
elined as unorieniet. 1hus, he -sequence of reagen optimum solution pH and (2) serving as counterions by

addition and the acid groups on the SAM surface emerge alschemisorption to the Zn@-planes. The choice of acetate

the most Important factors in orienting the ZnO growth. jonq a5 oriented growth promoters is based on recent reports
. Inspectm_g the ZnO structure shows that {881} plane by O’Brien suggesting adsorption of carboxylate ions on the
is perpendicular to the-axis so that the preferred growth polar planes of ZnO crystals. O'Brien concluded that a
will proceed along the-axis. It is expected, therefore, that successful oriented growth of ZnO rods can be achieved by
growth along the-axis will increase the length of the crystal ) oo mpination of two factors: substrate effect and presence
fgster than its width. This is indeed.observed in_ the crystal ¢ o nterions. We adopted O'Brien’s approach in an
dlmgn.smns and .densny of nucleauon, as obtained from aopposite way. In his studies, the ZnO crystals were examined
statistical analysis on SEM images. These are summarizedi,, iy adsorption of ions while in our case the ZnO grew

in Table 3. . . on SAMs terminated by a carboxylate group. The results
Table 3 shows a general trend regarding the crystal size

resulting from procedurél as compared with those grown

(59) Boyle, D. S.; Govender, K.; O'Brien, Ehem. CommurR2002 80—
82

(58) Aizenberg, J.; Black, A. J.; Whitesides, G. MAm. Chem. So2999 (60) deender, K.; Boyle, D. S.; O'Brien, P.; Binks, D.; West, D.; Coleman,
121, 4500-4509. D. Adv. Mater. 2002 14, 1221~
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() (b)

Figure 5. (a) and (b) are SEM images of ZnO crystals grown on silicon wafers coated with BAy(G#3)11.—O—CgHs—COOH. (c) and (d) are SEM
images of ZnO crystals grown on silicon wafers coated with AA, $iQCH,);,—COOH. (a) and (d) were taken with the samples perpendicular to SEM
beam. (c) and (d) are top side views taken while the samples were located parallel to the SEM beam. The crystals were grown using procedure #1.

Table 3. General Results of ZnO Crystallization on Acid- and Ester-Terminated SAMs Obtained from SEM

length gm) width (um) density of nucleation (crystaim?)
sample procedure #1 procedure #2 procedure #1 procedure #2 procedure #1 procedure #2
AE (1) 1.03+0.35 0.57+ 0.07 0.42+ 0.06 0.15+ 0.03 1.89+ 0.26 2,72+ 0.82
AE (2) 1.12+0.43 0.51+0.12 0.32+ 0.06 0.19+ 0.03 2.12+0.38 2.98+ 0.36
BE (1) 1.77+ 0.44 0.44+ 0.08 0.28+ 0.06 0.16+ 0.03 1.08+ 0.46 9.96+ 2.12
BE (2) 2.26+0.32 0.51+0.12 0.27+ 0.08 0.14+ 0.04 0.67+ 0.22 3.26+ 1.78
AA (1) 1.57+0.24 0.45+ 0.09 0.22+ 0.04 0.15+ 0.04 2.0+ 0.7 12.09+ 1.34
AA (2) 155+ 0.21 0.45+ 0.08 0.29+ 0.06 0.14+ 0.02 1.16+0.22 3.39+ 0.62
BA (1) 1.31+0.10 0.47+0.12 0.11+ 0.02 0.16+ 0.03 20.60+ 2.71 6.56+ 2.23
BA (2) 1.45+0.13 0.41+ 0.09 0.29+ 0.04 0.12+ 0.03 447+ 1.47 11.02+ 3.99

were similar in that the carboxylate accelerated the growth XR and GID measurements show that the benzyl-ester ring
along thec-axis while avoiding the lateral growth. must be aligned with its plane roughly normal to the surface.

The surface properties of the SAM are determined by a It seems that the benzene moiety does contribute to the
combination of its chain structure, the terminating functional increase in surface crystallinity and determines the molecular
group, and its dipole moment, and the packing and confor- conformation. Combining the surface specific X-ray results,
mation of the monolayer. Obtaining 100% oriented crystals the calculated dipole moment values, with the crystallization
for BA and AA SAMs indicates the major role of the results lead to the conclusion that the phenyl ether chro-
carboxylic acid and the minor effect of the other structural Mmophore helps to align the dipole moments on the surface
features in promoting oriented crystal growth. We attributed and create surfaces having a dense dipole moment profile.
this result to the enhanced complexation of the zinc ions to Thus, the function of the phenyl ether chromophore in the
terminal acid group. This would be expected to be greater WOrk reported herein is significantly different from the
than the complexation of the corresponding ester-terminatedfunction attributed to it previousl. For SAMs of SiCi-
groups and would not be expected to vary much between (CHz211~O—CqHs the phenyl ether is the origin of the dipole
the alkyl and benzoic acid surfaces. It is believed that the moment, for the monolayers SYICH;),,—O—CeHs—COOH
exposure of the SAM to the 2hions enhances ordering of ~ the phenyl ether is the agent directing the order and packing
the surface, thus enabling a better oriented crystallization. ©f the monolayer.

XR measurements which yield information about the
surface-normal structure show that in the case of AE the tilt
angle is 27+ 4°, whereas the tilt angle for the benzyl-ester ~ The paper demonstrates that a denser and more uniformly
moiety is less than T0 These findings concur with the GID  oriented growth of ZnO crystals is achieved on films when
measurements showing that the crystallinity of AE SAMs is the crystallization occurs on a carboxylic acid-bearing
relatively very poor as compared to the crystallinity of BE. monolayer surface. The oriented growth is attributed to the

Conclusion
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specific interaction that the carboxylate ions show toward DLR and from the GIF (German Israel Research Foundation)
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crystals obtained. Supporting Information Available: The XRD diffraction

patterns of ZnO crystals grown on BA monolayers. This material
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