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The nanoscale structures of multilayer metal-phosphonate thin films prepared via a layer-by-layer assembly
process using Zr4+ and 1,12-dodecanediylbis(phosphonic acid) (DDBPA) or porphyrin square bis(phosphonic
acid) (PSBPA) were studied using specular X-ray reflectivity (XRR), X-ray fluorescence, and long-period
X-ray standing wave (XSW) analysis. The films were prepared in 1, 2, 3, 4, 6, and 8 layer series on both
Si(001) substrates for XRR and on 18.6 nm period Si/Mo layered-synthetic microstructure X-ray mirrors for
XSW. After functionalizing the SiO2 substrate surfaces with a monolayer film terminated with phosphonate
groups, the organic multilayer films were assembled by alternating immersions in (a) aqueous solutions
containing Zr4+or Hf4+ (final metal layer only) cations and then (b) organic solvent solutions of PO3-R-
PO3

4-, where R was DDBPA or PSBPA spacer molecule. The Hf4+ cation served as the marker for the top
surface of the films, whereas the Zr4+ cation was present in all other layers. The PSBPA also contained Zn
and Re atoms at its midline which served as heavy-atom markers for each layer. The long-period XSW
generated by the 0th- (total external reflection) through 4th-order Bragg diffraction conditions made it possible
to examine the Fourier transforms of the fluorescent atom distributions over a much largerqz range in reciprocal
space which permitted simultaneous analysis of Hf, Zn/Re, and Zr atomic distributions.

Introduction

The design and evaluation of layer-by-layer assembled mono-
and multilayer films critically depends on knowledge of the as-
deposited structural nature of the films. Herein we report a study
using long period X-ray standing wave (XSW) analysis to
determine the structural and chemical properties of two series
of metal-phosphonate films based on 1,12-dodecanediylbis-
(phosphonic acid) (DDBPA) and porphyrin square bis(phos-
phonic acid) (PSBPA). Metal-phosphonate thin-film architec-
tures owe their popularity to the ease of fabrication and the
versatility in choice of both the metallic and phosphonate
components. The layer-by-layer assembly process relies on the
coordination chemistry of phosphonate-terminated molecules
and the various transition metal ions.

Thin-films based on mono- and multilayer metal-phospho-
nate chemistry continue to attract attention in modern materials
chemistry, primarily because the molecular structure of the
phosphonate component can be easily modified to yield stable
functional materials with tunable properties.1,2 Multifunctional,

microporous thin-films with uniform thicknesses and a well-
defined porous structure are desirable from a functional nano-
materials perspective. Microporous thin-film materials can
function as molecular sieves,2-4 frameworks for size-selective
heterogeneous catalysis,5 chemical sensors,6,7 and in liquid-
junction solar cells,8 when an appropriate chromophoric mo-
lecular framework is chosen. Pillared organic microporous films
containing pores that are in the 10-20 Å range were formed9

by cross-linking zirconium phosphate-like layers with several
types of diphosphonic acids. Direct assembly of tetrameric
porphyrin arrays has been studied by drop casting from toluene
solutions of porphyrin square molecules based on Pt and Pd.10

Metal-phosphonate films based on Zr4+ and DDBPA have
been thoroughly characterized,11,12 making this system a good
standard sample in comparative structural studies. Putvinski and
co-workers measured an experimental thickness of 15 Å/layer
for a multilayer film series of Zr4+/DDBPA (expected thickness
is 19.5 Å/layer) deposited on Au substrates that had been primed
with (8-mercaptooctyl)phosphonic acid. Schilling and co-
workers12 found that measured film thickness values were
consistent with expectation when the phosphonate layering
reaction was allowed to incubate for approximately 1-3 days.
In particular, a monolayer of DDBPA only gave a measured
thickness of 13 Å when a 2-h incubation time was used but
reached 21 Å when a 1-day incubation was used. As an example
of the inherent variability of the layer thicknesses of metal-
phosphonate thin films, we cite Zeppenfeld et al.,13 who prepared
multilayers of Hf4+/1,10-decanediylbis(phosphonic acid) (DBPA)
on Hf4+-primed substrates. The preparative conditions for the
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Hf4+ primer layer were varied as well as the deposition times
for the subsequent Hf4+/DBPA layers, which was kept atg4
h. Ellipsometric thickness of the average per-layer thickness
was found to vary from 14.8 to 20.7 Å, whereas the spacing in
the bulk Hf-DBPA solid was reported to be 16.9 Å. This large
variation in range was attributed to the packing density and
conformation of the Hf deposited in the initial primer step which
influences subsequent layer structure. We note that metal
phosphonate films with more well-defined layer structures have
been prepared using a combination of Langmuir-Blodgett
techniques and layer-by-layer assembly.14

The major challenge in the design of functional thin-film
materials is the elucidation of their structure and quality. This
is particularly true in the formation of metal-phosphonate
multilayer assemblies where the phosphonate spacer molecules
have large asymmetric forms. In the present study, we use long-
period X-ray standing waves (XSWs) generated by total external
reflection (TER)15,16 and Bragg diffraction from a layered-
synthetic-microstructure (LSM)17,18to examine the heavy-atom
profiles within the layer-by-layer assembled metal-phosphonate
films that are grown on the SiO2 surface of the LSM. Within
each film, we selectively generate an XSW with a period ranging
from 20.9 to 4.5 nm by using the 0th- (TER) to 4th-order Bragg
diffraction conditions from an underlying Si/Mo LSM which
has an 18.6-nmd spacing. Quantitative structural information
is derived by comparing the measured heavy-atom fluorescence
yield modulations to that predicted by a dynamical X-ray
scattering theory. In addition to measuring the individual heavy
atomF(z) profiles with XSW, we also measure the coverage of
each heavy element by X-ray fluorescence. We also measure
the overall electron density profile of the films with specular
X-ray reflectivity (XRR) performed on a series of related thin-
film samples that were deposited on plain Si substrates with a
SiO2 surface layer, but without the intervening LSM.

To best utilize XSW techniques, an arrangement of several
heavy atoms that mark different structural features was chosen.
In a previous XSW study19 of similar metal-phosphonate films,
we found that the best metal layer arrangement is to use Zr4+

for all metal atom layers except the last (top), for which Hf4+

was used. In addition to the structural metal atoms Zr4+ and
Hf4+, the PSBPA molecule that we used to form the nanoporous
metal-phosphonate films in this study also contains Zn and
Re atoms that are expected to be located at the midline of the
phosphonate sandwich. This design feature nominally provides
a metal atom distribution that should be identical to the Zr atom
distribution shifted vertically by one-half of a single layer
thickness.

Experimental Section

Substrate Fabrication.The metal-phosphonate films were
grown on SiOx surfaces. The SiOx surfaces were atop of Si-
(001) substrates or atop of the final sputter-deposited Si layer
of Si/Mo LSM mirrors that were deposited on Si(001) substrates
(37.5-mm long by 12.5-mm wide by 2.5-mm thick). The surface
roughness of these pre-polished Si(001) wafers was 2-5 Å rms.
The Si/Mo LSMs were prepared as a single batch by the Optics
Group of the Advanced Photon Source at Argonne National
Laboratory using DC magnetron sputtering at an Ar pressure
of 2.3 mTorr. Each LSM hadN ) 20 Si/Mo bilayers deposited.
The XRR analysis of these LSMs, which will be described
below, determined that the bilayer thickness (period) wasd )
18.6 nm and the Si:Mo thickness ratio was 6.14. The terminating
surface of the LSM was the final Si layer. The actual thickness
of this top Si layer was slightly larger than the other Si layers
due to the SiOx native oxide growth.

Film Preparation. All substrates in this study received an
identical primer treatment prior to subsequent layer deposition.
The primer chemistry was based on the work of Horne et al.,20

with slight modifications. In the first step, the substrates were
placed in piranha solution (2:1, sulfuric acid: hydrogen
peroxide) to remove organic contaminants from the surface and
then rinsed with ultrapure Millipore water and dried under a
stream of N2. (Caution! Piranha solution can react violently
with organics.) Immediately afterward the substrates were
immersed in 2-M HCl for 5 min, rinsed with ultrapure-water,
dried under a stream of dry N2, and oven-dried at 80°C for 15
min. The substrates were placed in an 80°C solution of
anhydrous octanol and (3-aminopropyl)trimethoxysilane
(APTMS) (100:1 v:v) for 10 min; followed by rinsing with
hexanes and ultrapure-water, drying under a stream of dry
N2, and drying in an oven at 80°C for 30 min. Phosphorylation
was followed by placement into a mixture of 0.1-M POCl3

and 0.1-M 2,4,6-collidine in anhydrous acetonitrile (ACN), for
1 h. The samples were then heated in warm, dry ACN for 15
min, followed by rinses with ACN and ultrapure water. The
samples were then dried under a stream of dry N2 and then
placed in an aqueous solution of 5-mM ZrOCl2‚8H2O for 2 h,
rinsed with ultrapure-water, and dried under a stream of
dry N2.

In Figures 1 and 2, we show the schematic structure of the
phosphonate molecules and layer-by-layer films, respectively.
We adopt a sample naming convention defined in Figure 2. As
examples, the 1-layer DDBPA film on an XSW substrate is
denoted DD1X and the 8-layer PSBPA film on a reflectivity

Figure 1. Molecular diagrams of 1,12-dodecanediylbis(phosphonic acid) (DDBPA) and porphyrin square bis(phosphonic acid) (PSBPA) phosphonate
molecules. In the PSBPA molecule, the Zn and Re atoms form a plane that is expected to lie parallel to the sample surface. The four porphyrin
constituents are expected to assemble in the films with the PO3-PO3 axes lying perpendicular to the plane of the Re atoms and thus perpendicular
to the sample surface.
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substrate is denoted PS8R. Figure 1 shows the molecular
structure of DDPBA used in the DDnR and DDnX series and
the PSBPA molecule used for PSnR and PSnX series (n ) 1,
2, 3, 4, 6, and 8). In Figure 2, we show the sequence of assembly
for each sample where each circle or rectangle represents a
single immersion step into an appropriate solution as described
below: (1) DDBPA 1.0-mM 1,12-dodecanediylbis(phosphonic
acid) in 60% ethanolic solution for 2 h. (2) PSBPA: 0.0125-
mM solution of porphyrin square bis(phosphonic acid) in DMSO
for 2 h. (3) Zr: 5-mM ZrOCl2‚8 H2O for 30 min. (4) Hf: 5-mM
HfOCl2‚8 H2O for 30 min. Full details of the synthesis and
characterization of the DDBPA and PSBPA molecules are given
elsewhere.21

XSW Experiments. Long-period X-ray standing wave
(XSW) analysis is generally used for measuring element-specific
atomic distribution profilesF(z) in a surface overlayer structure.
In the present case, the XSW is generated by total external
reflection (TER)16,22 and Bragg diffraction from a periodic
layered-synthetic-microstructure (LSM).17,18 The XSW, which
is produced by the interference between the incident and
reflected X-ray plane waves, has planes of equal intensity (nodes
and antinodes) that are parallel to the LSM interfaces. (We will
choose thez direction to be perpendicular to this set of parallel
interfaces.) In the vacuum (or air) region above the reflecting
surface, the XSW period isD ) λ/2 sinθ ) 2π/q. Even though
the X-ray wavelength,λ, is on the order of angstroms, the XSW
period can be very much longer (varying with angle from a
couple of microns to a couple of nanometers), since TER and
Bragg diffraction from an LSM occur at very small incident
angles,θ, or more generally at small values of scattering vector,
q. The phase (V) of the XSW shifts inward by 180° as the
incident angle (θ) is scanned through the region of TER or
across a Bragg reflection. This induces a modulation in the X-ray
fluorescence yield from a given atom that is characteristic of
the spatial distribution profileF(z) for that atomic species.

The measured atomic fluorescence yieldY(θ) at any incident
angleθ is the integral of the product of the unknown atomic
distributionF(z) and the calculatedE-field intensityI(θ,z). For
cases in which the sample films are very thin (e.g., less than 1
nm) and of much lower density than the substrate, the film will
only have a small effect on theE-field intensity within the film.
This is especially true for angles greater than the critical angle
for the film. However, in this study, we include samples with
an overall film thickness of∼16 nm which have a strong effect
on theE-field intensity in the film at very small angles so we
must include the films in the dynamical model used to compute
the E-field.

In previous long-period XSW studies using LSMs,15,22 the
LSM period was typically in the range of 2.5 to 8 nm and the
XSW analysis only made use of the 0th (TER) and 1st order
Bragg peaks. The higher-order Bragg peaks were typically too
weak (Rpeak< 15%) to generate an XSW with sufficient fringe
visibility. In this study, we use an LSM with a much largerd
spacing to produce a variable period XSW over several orders
of Bragg diffraction peaks. In Figure 3a, we show a typical
measured and calculated X-ray reflectivity from sample PS3X.
Figure 3a also lists the XSW standing wave period (D) in the
vacuum at each Bragg peak position. Note that at very small
incident angles refraction causes an upward shift of the external
Bragg angle and also causes the XSW period outside the LSM
to be significantly smaller than the period (dm) inside the LSM.
This ability to generate a variable period XSW over a large
range from 4 to 21 nm allows us to measure atomic distributions
over these same length scales. In essence, the measured
modulations in the fluorescence yield from an overlayer atom
leads to a measure of the Fourier transformF(q) of the
distributionF(z) of that atom.

XSW measurements of the DDnX and PSnX series were
performed at the European Synchrotron Radiation Facility
(ESRF) ID32 beamline usingEγ ) 18.50 keV (λ ) 0.670 Å)
incident X-rays to excite Zr KR, Zn KR, Re LR, and Hf LR
X-ray fluorescence. The incident beam was conditioned by a
double-crystal Si (111) monochromator followed by a 0.02-
mm-high by 1.0-mm-wide slit. Knife edge scans measured the
actual vertical size fwhm to be 0.015 mm. The reflectivity and
fluorescence data were simultaneously collected in aθ - 2θ

Figure 2. Schematic diagram for the preparation of the layered sample
films. Circles indicate immersion of the samples into aqueous solutions
of the indicated atom. The narrow shaded rectangle indicates immersion
into an ethanolic solution of DDPBA. The square indicates immersion
into a solution of PSBPA in dimethyl sulfoxide. Each pair of substrates
(for example DD1X and DD1R) on the left received an identical
preparation as indicated by the layering sequence on the right.

Figure 3. (a) Typical measured X-ray reflectivity data (filled circles)
taken simultaneously during the XSW scan along with a dynamical
theory fit to the data (solid line) for sample PS3X. (b) The electron
density profile used to model the LSM+ film shown by plotting the
real part of the index of refraction,δ. Only the first 2 of 20 LSM Si/
Mo bilayers are shown.
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scan covering the range of TER through the first four Bragg
peaks of the LSM mirror. The high photon flux (3× 1010 p/s)
at the ID32 beamline permitted fast high-resolution scans to be
taken (600 steps fromq ) 0.0 to 0.2 Å-1 with a 5-s counting
time for a total time of 50 min). Multichannel-analyzer (MCA)
X-ray fluorescence spectra were collected at each angle step of
the scan using a high count-rate RONTEC Si-drift diode
detector. A sinθ geometrical X-ray beam footprint correction
was applied to the dead-time- and efficiency-corrected fluores-
cence data. Finally, the fluorescence yields were normalized to
unity at an angular position where the reflectivity was zero.

XRR Experiments. X-ray reflectivity (XRR) was performed
at the Northwestern University X-ray Facility using Cu KR (8.04
keV) X-rays from a rotating anode vertical line source coupled
to a parabolic, gradedd spacing, collimating, multilayer mirror,
followed by a 2-circle diffractometer. The beam size was 0.10-
mm-wide by 10-mm-high. The instrumental resolution was∆q
) 5 × 10-3 Å-1. The XRR data from the NaI detector was
dead-time corrected and background subtracted.

XRF Coverage Measurement.The absolute coverage of
each of the heavy atoms within each film was measured by an
X-ray fluorescence (XRF) comparison to an arsenic-implanted
standard that had an effective coverage of 1.04× 1015 As/cm2

that was calibrated by Rutherford backscattering (RBS). MCA
spectra were collected from the standard and all samples using
identical incident beam and fluorescence detector collection
geometry. AtEγ ) 18.5 keV, the sensitivity factors23 for Hf
LR, Zn KR, Re LR, and Zr KR relative to As KR are 0.663,
0.623, 0.939, and 2.33, respectively.

Results

XSW Measurements.The sample reflectivity for each film
of the DDnX and PSnX series was modeled from reflectivity
data collected simultaneously during the XSW scans by applying
Parratt’s recursion formulation24 to a layered model consisting
of a series of layers (slabs), each layer having a constant index
of refraction (nj ) 1-δj-iâj), thickness (tj), and interfacial width
(σj). The LSM portion of the model included a detailed treatment
of the Si/Mo interfacial structure and accounted for bilayer
thickness variation. An example of the measured and calculated
reflectivity is shown in Figure 3a for sample PS3X. The electron
density profile is shown in Figure 3b for the first two periods
of the LSM. Full details of the LSM reflectivity modeling were
reported previously.19 The metal-phosphonate multilayer film
was included by adding a single layer to the model.

An X-ray fluorescence emission spectrum typical of PSnX
series samples is shown in Figure 4 for sample PS8X. The
displayed spectrum is the angle-integrated spectrum (summation
of 601 individual X-ray spectra) from the XSW scan. With the
exception of the Fe and Br peaks, all labeled X-ray lines were
analyzed and showed fluorescence yield curves that were
characteristic of atoms in the LSM or sample films. Since we
are interested here in the properties of the metal-phosphonate
films, we present only the XSW yield data for those metals
found in the films, namely, Hf, Zn, Re, and Zr. The X-ray
spectra for samples in the DDnX series are similar to those for
the PSnX series after the Zn and Re lines are removed.

To calculate the XSW yield, we first calculate theE-field
intensity I(θ,z) at any point in the sample film layer using an
extension of Parratt’s recursion formulation.25,26 The fluores-
cence yield is then calculated according to the integralY(θ) )
∫F(z)I(θ,z) dz for various models,F(z), of the unknown atomic
distribution of the metal atom layers. The measured and
calculated Hf and Zr yields for all samples in the DDnX series
are shown in Figures 5 and 6, respectively. The models for the
ø2 fits used a Gaussian profile,FG(z), for the Hf and a rectangular
profile, FR(z), for the Zr as shown in the insets in Figures 5 and
6. The free fitting parameters for the Hf distribution were the
mean positionz0 and widthσ of the Gaussian distribution. The
free fitting parameters for the Zr distribution were the mid-
height,z0, and width,∆z, of the rectangular distribution. Also
included in each model was an extended uniform distribution,
FE(z), to account for atoms not contained in the assumed profiles.
The final distribution wasF(z) ) C FM(z) + (1 - C)FE(z), where
C is the partition fraction andFM(z) is either the Gaussian or
rectangular profile. A fixed value ofC ) 0.85 was used for all
of the distributions in this study. The effect of including an
extended uniform distribution is to allow for a component of
fluorescence yield that is proportional to 1+ R. Referring to
Figure 2, the PSnX films were assembled in the same manner
as the DDnX films, except using PSBPA in place of DDBPA.
Consequently, we expect the same structure with the addition
of Zn and Re. The Zn and Re are expected to be located at the
mid-plane of the ideally configured porphyrin square molecule
or equidistant from adjacent Zr or Hf metal atom layers. The
strong fluorescence lines from Zn and Re are the Zn KR and
Re LR X-ray lines which are separated by only 20 eV and thus
were analyzed together as a single fluorescence. Although we
also see Zn Kâ and Re LR peaks in our spectra, these peaks
were too weak to be analyzed over the full angular range. At
low angles where the fluorescence intensity is highest, fluores-

Figure 4. Typical PSnX series X-ray fluorescence spectrum showing the angle-integrated spectrum from the XSW scan of sample PS8X. All
labeled lines (except Fe and Br lines) give characteristic film or LSM XSW fluorescence yield curves. The DDBPA series samples give similar
spectra with the Zn and Re lines absent.
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cence yields from the Zn KR and Re LR peaks (results not
shown) were very similar to the Zn+ Re yield, indicating that
both atoms were equally represented by the combined Zn KR
+Re LR peak.

The measured and calculated Hf, Zn/Re, and Zr yields are
shown for each sample in the PSnX series in Figures 7-9,
respectively. The theoretical fits were obtained using an identical
procedure as for the DDnX series using a Gaussian atomic
distribution for Hf and rectangular distributions for Zn+ Re
and Zr. However, for the rectangular distributions for Zn+ Re
and Zr, we observed a coupling between the mid-height,z0,
and width,∆z, in several of the PSnX series samples that we
did not see in the DDnX series. We obtained much better results
by fixing ∆z using a constraint based on the Hf fit result. For
each sample in the series, the width of the rectangular distribu-
tion for both the Zr and Zn+ Re was set to∆z ) z0,Hf - 1.3
nm. This relation was deduced from the values observed when
∆z was left to be a free fitting parameter in those samples in
the PSnX series that did not show the coupling between
parameters. All of the model parameters for the atomic
distributions of Hf, Zn+ Re, and Zr are summarized in Table
1 and are plotted in Figure 10. In Figure 10, we have plotted
the mean position of the Gaussian profile and the bottom, mid-
height, and top of the rectangular profiles where the top and
bottom are calculated from the mid-height and width. The XRF
coverage results for the PSBPA series samples are given in
Table 1 and plotted in Figure 11. The atomic coverages of the
DDnR, DDnX, and PSnR series samples were measured using
18.5 keV X-rays at the 5BM-D beamline at the Advanced
Photon Source, Argonne National Laboratory and are listed in
Tables 1 and 2 and plotted in Figure 11.

XRR Measurements.The DDnR and PSnR sample series
were prepared identically to series DDnX and PSnX, respec-
tively, but on Si(001) substrates in order to provide suitable
samples for XRR measurement. The experimental reflectivity
data were fit by using the same dynamical scattering theory
based on Parratt’s recursive formulation22 as was used for
modeling the LSMs of this study. A Nevot-Croce graded-layer
treatment of the interfaces was required due to the large
roughness. The layered model consisted of layers for the Si
substrate, SiO2 surface oxide, and sample film with 10 additional
layers to approximate the error function profile for the Nevot-
Croce treatment of each interface. The sample film was treated
as a single layer of uniform electron density. The fit parameters
were the electron density of the film, film thickness, surface
roughness, and interface roughness. Figure 12 shows the
measured and calculated X-ray reflectivity for DDnR series
samples with the inset showing the electron density profile for
sample DD8R. Not shown are similar fits for the PSnR series.
The XRR thicknesses, electron density and interface roughness
are listed in Table 2 along with the XRF determined Hf, Zr,
and Zn+ Re coverage for the DDnR and PSnR series. In Figure
13, the XRR determined thicknesses withø2 fits are plotted for
the DDnR and PSnR series as well as the Hf mean position,
z0,Hf , for the companion DDnX and PSnX series.

Discussion

We now use the foregoing analyses to discuss various aspects
of the sample film structure. Our XSW analysis provides the
atomic distribution profiles for each heavy atom contained
within the sample films, and the XRF analysis provides the

Figure 5. DDnX series XSW results showing the measured X-ray
fluorescence yields for Hf (open circles) andø2 fits (solid lines). For
each sample, the inset shows the atomic distribution used for Hf (solid
line) along with the atomic distribution used for Zr (dashed line). The
atomic distributions are scaled vertically for clarity and are not
proportional to the atomic coverages.

Figure 6. DDnX series XSW results showing the measured X-ray
fluorescence yields for Zr (open circles) andø2 fits (solid lines). For
each sample, the inset shows the atomic distribution used for Zr (solid
line) along with the atomic distribution used for Hf (dashed line). The
atomic distributions are scaled vertically for clarity and are not
proportional to the atomic coverages.
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projected area density of each heavy atom. We can compare
the atomic profiles and number density to the expected structure
based on chemistry principles to check our assumption. The
evolution of roughness as the number of layers increases gives
an indication of the uniformity of tilt conformations. The film
thickness as determined by XRR can be compared to the XSW
measured mean position of the Hf top metal layer. Finally, we
can compare the XRR determined electron density to that which
is implied by the atomic coverages. The latter is particularly
effective in the PSnX series for which metal atom coverages
for each component in the system should give us the exact
electron density in principle.

The DDBPA layer series (DDnX and DDnR) were chosen
to provide a control with previous published structure data to
compare to the previously unreported layer series based on the
porphyrin square. The XSW determined structural properties
of the DDnX series are shown Figure 10a, where we have
plotted the Hf mean position,z0,Hf, together with the position
of the top (ztop ) z0 + ∆z/2), middle (z0) and bottom (zbot ) z0

- ∆z/2) of the rectangular profiles used to model the Zr. Also
shown areø2 fits of each parameter. Theø2 fit of the Hf mean
position givesz0,Hf ) 1.69N + 1.58 (nm). The per-layer increase
in thickness of 1.69 nm is in good agreement with previously
published values for this same system.12 The offset value of
1.58 represents the expected Hf mean position if it were used
in place of Zr at the primer step. This value is higher than
expected based on the length of a single APTMS/DDBPA/Zr
moiety that was deposited as the primer layer and may be due
to polymerization of the APTMS. The larger than expected

offset is present in each of the four series in this study. For
each sample in the DDnX series, the top of the Zr atomic
distribution is found to be very close to the Hf mean position.
The deviations of the Hf mean position from the linear trend
are closely followed by the top of the Zr rectangular profile.
This is compelling evidence that these deviations represent true
variation in sample structure. The average value of the bottom
of the Zr atomic profiles is 1.49 nm, which is close to the offset
value of 1.58 nm of the Hf mean position.

Although the overall trends indicated by the Hf mean posi-
tion and Zr rectangular profile parameters are in excellent
agreement with the expected layer structure, individual samples
in the series exhibit significant variation from the trends. Let
us consider the simplest case of the one layer sample, DD1X.
From Table 1, we see that the mean position of the Hf layer
is z0 ) 2.8 nm compared toz0 ) 2.1 nm for the middle of the
Zr distribution giving a separation between the Hf and Zr
layers of 0.7 nm which is less than half of the per-layer thickness
of 1.69 nm. The largest deviation from the trend is sample
DD2X whose Hf mean position is 5.81 nm. From this value,
we calculate a per-layer thickness of (5.81- 1.58)/2) 2.12
nm that suggests that the DDBPA molecules are nearly
perpendicular to the surface. This in turn implies a higher
packing density in sample DD2X which is supported by the
higher than average Zr and Hf atomic coverage for this sample
(see Table 1 and Figure 11). Our general observation is that,
although the overall trends suggested by both the Hf and Zr
atomic profiles are in excellent agreement with the expected
structure, there is significant variation of structure in individual
samples.

Figure 7. PSnX series XSW results showing the measured X-ray
fluorescence yields for Hf (open circles) andø2 fits (solid lines). For
each sample, the inset shows the atomic distribution used for Hf (solid
line) along with the atomic distribution used for Zr (dashed line). The
atomic distributions are scaled vertically for clarity and are not
proportional to the atomic coverages.

Figure 8. PSnX series XSW results showing the measured X-ray
fluorescence yields for Zn+ Re (open circles) andø2 fits (solid lines).
For each sample, the inset shows the atomic distribution used for Zn
+ Re (solid line) along with the atomic distribution used for Hf (dashed
line). The atomic distributions are scaled vertically for clarity and are
not proportional to the atomic coverages.
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The PSnX series is based on the porphyrin square molecule
whose PO3-to-PO3 axial length allows a maximum metal-to-
metal layer spacing of 2.5 nm as compared to 2.1 for the
DDBPA in the DDnX series. In Figure 10b, we plot the Hf
mean position along with the top, middle, and bottom of the
rectangular profiles for both the Zr and Zn+ Re atoms. Theø2

fit of the Hf mean position givesz0,Hf ) 1.20N + 1.36 (nm).
The 1.20-nm per-layer slope is considerably lower than the
maximum value of 2.5 nm permitted by the porphyrin square
in a perpendicular conformation and is lower than what we
observed in similar films in our previous study.19 This indicates
a large tilting of the walls of the porphyrin square. The deviation
of the Hf mean position for any given sample in the PSnX series
is considerably less than in the DDnX series indicating that this

seems to be a preferred conformation for the porphyrin square.
In Figure 10b, the mid-height of the Zr and Zn+ Re is given
by the filled diamonds and filled squares, respectively. The Zn
+ Re mid-height is vertically offset from the Zr mid-height by
an average value of 0.59 nm which is half of the per layer
spacing of 1.2 nm. Our analysis shows that we can measure
the offset between the rectangular distributions of Zr and Zn+
Re in each sample in the series. This is a powerful confirmation
that the ordering of Zr, Zn+ Re, and Hf in the PSnX series is
precisely as we expect and is an excellent demonstration of the
XSW method.

TABLE 1: XSW and XRF Results for the DDnX and PSnX Series Films

Hf Zr Zn + Re

sample z0
a (nm) σa (nm) Θc (nm-2) z0

b (nm) ∆zb (nm) Θc (nm-2) z0
b (nm) ∆zb (nm) Θc (nm-2)

DD1X 2.76(3) 1.05(4) 5.7(6) 2.20(2) 1.50(1) 4.3(4)
DD2X 5.81(3) 1.42(2) 7.7 (12) 3.66(3) 4.16(5) 14(2)
DD3X 6.63(2) 1.07(2) 6.1(6) 3.80(4) 5.3(1) 13(1)
DD4X 8.30(4) 1.30(4) 4.9(5) 4.78(5) 6.9(1) 19(2)
DD6X 11.17(4) 1.27(4) 5.1(5) 6.41(9) 9.2(1) 23(2
DD8X 15.23(5) 2.30(4) 5.3(5) 8.68(2) 14.1(1) 33(3)
PS1X 2.72(2) 0.88(3) 2.3(2) 1.72(3) 1.5 2.9(3) 2.04(3) 1.5 0.37(3)
PS2X 3.68(2) 1.16(2) 2.1(2) 2.08(2) 2.4 4.9(5) 2.66(2) 2.4 0.43(4)
PS3X 4.70(3) 1.04(3) 2.5(3) 2.65(1) 3.4 7.8(8) 3.08(2) 3.4 0.66(5)
PS4X 6.23(2) 1.25(2) 2.5(3) 3.25(3) 4.9 10(1) 3.94(4) 4.9 0.93(6)
PS6X 8.79(2) 1.42(2) 3.1(3) 4.69(3) 7.5 16(1) 5.23(4) 7.5 1.48(9)
PS8X 10.9(1) 1.88(4) 2.8(3) 5.47(6) 9.3 20(2) 6.49(4) 9.3 1.62(9)

a XSW-determined mean position,z0, and width,σ, of the Gaussian distribution for Hf.b XSW-determined mid-height,z0, and width,∆z, of the
rectangular distribution for Zr and Zn+Re. c XRF-determined atomic coverage.

Figure 9. PSnX series XSW results showing the measured X-ray
fluorescence yields for Zr (open circles) andø2 fits (solid lines). For
each sample, the inset shows the atomic distribution used for Zr (solid
line) along with the atomic distribution used for Hf (dashed line). The
atomic distributions are scaled vertically for clarity and are not
proportional to the atomic coverages.

Figure 10. Atomic heights for the (a) DDnX and (b) PSnX series
films. The rectangular profiles for Zr and Zn/Re are shown by plotting
the mid-height (filled diamonds for Zr, filled squares for Zn+ Re),
top, and bottom (open diamonds for Zr and open squares for Zn+
Re). The Gaussian profile for Hf is shown by plotting the mean position,
z0 (closed circles). Theø2 fits for all are shown (solid lines).
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In Figure 11, we have plotted the measured atomic coverage
for the all of the samples in this study. The Hf coverage is
essentially constant in any given series and is very close to the
Zr coverage in the one layer samples. The average value of the
Hf coverage in the DDnR and DDnX series is 4.9 and 5.4 nm-2,
respectively, whereas in the PSnR and PSnX series, it is 3.7
and 2.6 nm-2, respectively. The greater capacity of the DDBPA
based films compared to PSBPA films is expected since the
larger molecular footprint of the PSBPA will have a much lower
PO3 surface density than the DDBPA. Since we have both Zn
and Re atoms on the PSBPA molecules, the Zn or Re coverage
gives us a measure of the coverage of the PSBPA. From Figure
11, we see from the slope of theø2 fit of the measured coverage
that the per-layer coverage of PSBPA is 0.10 nm-2/layer which
in turn gives an average area per porphyrin square molecule of
40 nm2 (given 4 Zn or Re per square). Each molecule would
thus occupy a 6.3 nm× 6.3 nm area. From the measured per
layer thickness of 1.20 nm, we can calculate a tilt angle of 60°
(where we have assumed a 2.5 nm for the Zr-to-Zr distance
based in Figure 1). The projected width of the tilted porphyrin
square molecule would then be a 2.4+ 2.5 sin(60°) ) 4.6 nm
assuming 2.4 nm is the distance between opposing zinc centers
(i.e., neglecting any inward or outward bowing of the pyridyl-
(ethynyl)porphyrins and neglecting the van der Waals thick-

nesses of the porphyrin planes) (see Figure 1). Thus, the
measured coverage agrees reasonably well with the footprint
implied by the measured per-layer thickness. In a previous
study, we measured an identically prepared film as PS8X
(see sample D8 in ref 19) and found that the per-layer thickness
was 1.61 nm and area per porphyrin square molecule was 12
nm2 which is a substantially different surface density but
reasonably consistent with the measured tilt angle of the
porphyrin square. From Table 1, we see that the Zr or Hf
coverage is nearly 30 times greater than the Zn or Re coverage
implying that there must be alternate modes of incorporation
in these films. One possible mode is an extended 2D sheet of
ZrO2 or HfO2 where a fraction of the O atoms are from the
phosphonate groups and the remainder comes from the water
in the solution used for the deposition of the Hf or Zr. Since
there is no heavy atom in the DDBPA molecule, we were not
able to measure the coverage of this molecule with our present
methods.

TABLE 2: XRR and XRF Results for the DDnR and PSnR Series Films

sample tFa (nm) (FF/FSi)meas σint (nm) σsurf(nm) ΘHf
b(nm-2) ΘRe (nm-2) ΘZr (nm-2) (FF/FSi)calc

c

DD1R 3.74(4) 0.75(2) 0.28(5) 0.77(3) 5.1(5) 3.9(4)
DD2R 5.6(1) 0.72(3) 0.34(1) 0.49(3) 4.6(5) 8.3(8)
DD3R 7.6(2) 0.72(3) 0.45(4) 0.97(6) 4.3(5) 11(1)
DD4R 9.2(1) 0.71(1) 0.40(4) 0.86(2) 5.9(6) 15(2)
DD6R 11.9(2) 0.74(1) 0.40(4) 1.02(4) 4.6(5) 21(2)
DD8R 14.6(2) 0.72(1) 0.40(4) 1.4(1) 4.7(5) 30(3)
PS1R 4.39(3) 0.72(1) 0.1(1) 0.83(2) 4.2(5) 0.12(2) 4.0(4) 0.24
PS2R 4.7(1) 0.75(1) 0.05(5) 0.98(2) 3.3(4) 0.39(7) 7.6(8) 0.43
PS3R 5.8(1) 0.68(3) 0.12(8) 0.78(1) 3.4(4) 0.18(3) 10(1) 0.26
PS4R 6.1(1) 0.71(4) 0.3(1) 1.1(1) 3.3(4) 0.24(4) 10(1) 0.28
PS6R 9.1(1) 0.70(1) 0.4(1) 1.1(4) 3.8(4) 0.34(6) 18(2) 0.28
PS8R 12.3(2) 0.61(3) 0.5(1) 1.6(2) 4.4(5) 0.48(9) 24(2) 0.28

a XRR model parameters; film thickness,tF, electron density ratio, (FF/FSi), film/substrate interface roughness,σint, film surface roughness,σsurf.
b XRF determined atomic coverage.c Electron density ratio calculated based on measured atomic coverage.

Figure 11. Plots of the measured atomic coverage of Hf (filled circles),
Zr (filled diamonds), and Zn+ Re or Re (filled squares) andø2 fits
(solid lines).

Figure 12. Typical measured (open circles) and calculated (solid lines)
XRR results for the DDnR series samples. The inset shows the electron
density profile of the layered model by plotting the real part of the
index of refraction,δ.
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In Table 2, we give the results of the XRR analysis of the
DDnR and PSnR series samples. In Figure 13, we plot the XRR
measured andø2 fit film thickness along with theø2 fit of the
Hf mean position for the XSW series. We see that the XRR
determined film thickness tends to be slightly larger than the
XSW measured Hf mean position. This is to be expected since
the XRR method is sensitive to the maximum in the electron
density gradient, which does not coincide with the Hf mean
position. We can estimate the location of the maximum of the
electron density gradient from the Hf atomic profile to be atz0

+ σ, which falls close to the XRR measured film height. The
per-layer increases in film thickness indicated by the slopes of
the Hf mean position and XRR determined film heights are in
general agreement but it is important to note that the measure-
ments come from separate sample series using different initial
surfaces, i.e., sputter deposited Si for the XSW substrates versus
single crystal Si for the XRR series. The XRR determined
surface roughness in Table 2 follows the same trend as the width
of the Gaussian profiles for the Hf, whereas the interface
roughness is consistently in the 0.2-0.5 nm range for the initial
substrate roughness. For both the XRR and XSW series, the
very rapid roughening of the surface implies a large variability
in tilt conformation of the phosphonate components.

Even though we did not observe Bragg diffraction peaks in
our XRR measurements of the films (Figure 12), we still can
conclude from our XSW analysis that our films are layered along
the surface normal direction. Namely, the XSW determined
atomic distribution profilesF(z) that are averaged over a few
mm2 lateral area of the X-ray footprint show that (a) in the one-
layer samples DD1X and PS1X, the Zr and Hf have spatially
separated distributions, (b) each sample in the DDnX and PSnX
series has a Hf distribution that appears on top of the Zr slab,
and (c) in the PSnX series, the Zn/Re set of atomic layers are
clearly offset from the Zr set of layers.

The XRR analysis also provides the overall electron density
of films, which is given in Table 2. The average electron density
is 0.73FSi and 0.69FSi for the DDnR and PSnR series, respec-
tively. The slightly lower electron density for the PSnR series
is consistent with the more porous structure expected for these
samples but far higher than expected based on the measured
atomic coverage of Zr, Hf, and Zn+ Re in the PSnX series. In

Table 2, we show the relative electron density of the film
calculated according to (FF /FSi)calc ) (72ΘHf + 40ΘZr +
2284ΘPS)/699/tF (72, 40, and 2284 are the number of electrons
in the Hf, Zr, and porphyrin square components, respectively,
andFSi ) 699 nm-3 is the electron density of Si). The value of
the electron density based on the measured atomic coverage is
only one-third of that measured by XRR. This is consistent with
our previous finding19 that there must be additional material
such as solvent molecules present in these films. We cannot
comment on an excess electron density in the case of the
DDBPA series since we do not have a measure of the coverage
for this component.

Conclusions

In this study, we have shown that long-period XSW is a very
useful probe of the structure of layer-by-layer assembled metal
phosphonate films, providing a simultaneous measurement from
multiple atomic distribution profiles of various shapes and sizes
over length scales of 1-20 nm. When combined with XRF and
XRR, we have the ability to directly evaluate important
assumptions about film chemistry and quality. In the layer series
based on 1,12-dodecanediylbis(phosphonic acid), we found that
the per-layer thickness agrees with previously published values
and observed metal layer atom densities of∼5 nm-2. The Hf
metal atom distributions showed that the surface roughness
increases rapidly with layer number and individual samples
showed large variations from the general trends but stayed within
the constraints imposed by molecule length or maximum layer
spacing. In the porphyrin square layer series, we observed a
1.2 nm per layer spacing indicating a 60° tilt angle of the walls
of the porphyrin square away from the surface normal. The
coverage of porphyrin square molecules was found to be
consistent with the area occupied by the tilted square. The layer
density of Hf and Zr in the porphyrin square layer series was
∼30 times higher than of the PO3 group density so that the
primary mode of incorporation of the metals Hf and Zr is one
other than attachment to the PO3 groups and is probably a 2-d
sheet incorporating the O atoms of the PO3 groups as anchor
points. The XRR measured film thickness was found to be
consistent with the XSW determined film thickness, but the
XRR measured electron density indicated the presence of
additional components in the films not accounted for by the
deposited metal or organophosphate components. The larged
spacing LSM X-ray mirrors used in this study have been shown
to be excellent probes of nanoscale structure.
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Figure 13. Results of XRR analysis for (a) DDnR series and (b) PSnR
series. Film thicknesses (closed circles),tF, and ø2 fits (solid lines).
Also shown for comparison are theø2 fits (dashed line) of the Hf mean
position,z0, from the companion DDnX and PSnX series.
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