Langmuir
Article

pubs.acs.org/Langmuir

©2010 American Chemical Society

Metallophosphazene Precursor Routes to the Solid-State Deposition of
Metallic and Dielectric Microstructures and Nanostructures on Si and SiO,

Carlos Diaz,*" Maria Luisa Valenzuela,* Antomo Laguna,® Vladimir Lavayen ' Josefina Jiménez,®

Lynn A. Power and Colm O’ Dwyer*~

TDepartamenlo de Quimica, Facultad de Ciencias, Universidad de Chile, Las Palmeras 3425, Santiago, Chile,
*Departamento de Ciencias Quzmzca Facultad de Ecologia y Recursos Naturales, Universidad Andres Bello, Av.
Republica 275, Santiago, Chile, *Departamento de Quimica Inorgdnica, Instituto de Ciencia de Materiales de
Aragon, Universidad de Zaragoza-C.S.1.C., 50009 Zaragoza, Spam Departamento de Fisica, Universidad
Técnica Federico Santa Maria, Valparaiso 2390123, Chile, and ~Department of Physics and Materials &
Surface Science Institute, University of Limerick, Limerick, Ireland

Received January 26, 2010. Revised Manuscript Received March 13, 2010

We present a method for the preparation and deposition of metallic microstructures and nanostructures deposited on
silicon and silica surfaces by pyrolysis in air at 800 °C of the corresponding metallophosphazene (cyclic or polymer).
Atomic force microscopy studies reveal that the morphology is dependent on the polymeric or oligomeric nature of the
phosphazene precursor, on the preparation method used, and on the silicon substrate surface (crystalline or amorphous)
and its prior inductively couple plasma etching treatment. Microscale and nanoscale structures and high-surface-area
thin films of gold, palladium, silver, and tin were successfully deposited from their respective newly synthesized
precursors. The characteristic morphology of the deposited nanostructures resulted in varied roughness and increased
surface area and was observed to be dependent on the precursor and the metal center. In contrast to island formation
from noble metal precursors, we also report a coral of SnP,0; growth on Si and SiO, surfaces from the respective Sn
polymer precursor, leaving a self-affine fractal structure with a well-defined roughness exponent that appears to be
independent (within experimental error) of the average size of the islands. The nature of the precursor will be shown to
influence the degree of surface features, and the mechanism of their formation is presented. The method reported here
constitutes a new route to the deposition of single-crystal metallic, oxidic, and phosphate nanostructures and thin films

on technologically relevant substrates.

Introduction

Because of their low resistivity and good corrosion resistance,
noble metal, transition metal, and silicon thin films have a variety
of applications as contacts and conductors in microelectronics
and burgeoning nanoelectronics research and eventual deve-
lopment.'™® The fabrication of metallic microstructures and
nanostructures on dielectric or semiconductor surfaces is a key
technology in nanoelectronic engineering. Two principal methods
are generally used to prepare metallic thin films—vapor-phase
deposition and liquid-based growth—but few thin film methods
utilizing precursors in their solid state have been reported.* To
realize inorganic nanostructured materials,> tedious and some-
times expensive methods such as dip-pen nanolitography,®’
nanosphere lithography,® and ion/electron beam lithography’
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have been primarily used. For gold and other noble metals,
several chemical deposition methods have been reported,>” !
in addition to related electrodeposition techniques.'> A more
sophisticated method using a nanofountain probe to deposit gold
particles directly has been recently described,'* owing to the need
for new strategies for particle and structure deposition, including
catalyst particles for seeding nanowire growth.'* The formation
of structures with either well-defined or new electrical or optical
properties will always be influenced by whether they are formed
top down or bottom up. This organometallic and metallic
pyrolytic approach to metal structure deposition is inherently
bottom up; for certain properties/applications, this is often super-
ior to top-down approaches where feature placement and/or
lithography is not a necessity.

In addition to controlled deposition, gold, silver, and other noble
metal nanostructures and nanostructured thin films are important
in surface-enhanced Raman scattering (SERS), surface-enhanced
infrared absorption (SEIRA), localized surface plasmon polariton-
based sensors, and surface plasmon-mediated nanostructures for
biomolecule detection in the optical near field."”> Although the
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Scheme 1. Schematic Representation of the Preparation Method of Nanoparticles from Polymeric Metallophosphazenes®
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fabrication of porous gold, silver, and copper (and many other
metals) is relatively straightforward, the realization of SERS/
SEIRA deposits on surfaces with other valve and transition metals
via designed organometallic routes offers potentially much more
flexibility in the phase control of the deposited metals and also in
controlled roughness generation and the formation of fractally
rough surfaces.'® This control allows the potential formation of
multicatalytic surfaces using Pt- and V-containing organometallic
and metallic derivatives of phosphazenes and related macromole-
cules, for example.

Surprisingly few methods for depositing nanostructured me-
tallic oxides on surfaces via solid-state chemical routes have been
reported.'” Because the formation of individual metal and metal
oxide nanostructures and nanostructured films is now possible via
this process, metal pyrophosphates are also formed during
pyrolysis."® This is advantageous because metal pyrophos-
phates are noted to be good proton conductors in intermediate-
temperature fuel cells, and new methods of surface coverage with
these compounds are currently being sought.'® The route that is
described here also affords a simple method for positive and
negative thermal expansion materials as individual nanostruc-
tures or as a deposited film. Pyrophosphates A" M,Y0;, where
the AV cation includes Zr, Ti, Mo, Re, W, Th, U, Pu, Ce, Hf, Pb,
Sn, Ge, and Siand MY = P, V, or As, are known for their unusual
high-temperature behavior.?’ Thermal expansion is a necessary
consideration in a number of applications where increases and
decreases in temperature can affect the physical dimensions,
stability, integrity, and mechanical properties of materials; pre-
dictably roughened surfaces are also beneficial in maximizing
cooling.

Here we present an alternative, simple solid-state process for
forming noble metal and pyrophosphate microstructures and
nanostructures on Si and SiO, surfaces by the pyrolysis of cyclic
or polymeric metallophosphazenes requiring neither expensive
clean-room nor vacuum equipment to achieve uniphasic pure
deposition, as summarized in Scheme 1. Considering the interest
in the determinate, controlled assembly of nanoparticles and
nanostructures on surfaces, the approach reported here allows
for a variety of surface coverages with microscale and nanoscale
metals, metal oxides, and metal pyrophosphates. We also report
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the formation of self-affine fractal transition metal-containing
surface films comprising a coral nanostructured SnP,0; layer.

The phosphazenes used in this work as precursors of micro-
structures and nanostructures on Si and SiO, surfaces are shown
in Scheme 2.

Experimental Section

Synthesis of Phosphazenes Used as Precursors. The deri-
vatives containing gold, silver, or tin (1, 2 4 5, and 6) were
prepared according to published procedures.’! Polyphosphazene
3 was synthesized using a similar method to that described for 1
and 2 (Supporting Information).

Preparation and Deposition of the Au, Ag, Pd, and Sn
Structures. Method A. A drop of CH,Cl, solution containing
polymer 1 was drained over either a silicon or oxidized silicon
surface, and the solvent was evaporated The concentratlon of the
precursor suspension was always in the range of 107> to 1072 g
mL~". The Si or SiO, wafer (with 400 nm of thermally grown
oxide) was subsequently pyrolyzed at 800 °C using a predefined
temperature program where the polymer samples were heated at a
rate of 10 °C min~' from room temperature to 800 °C under a
constant air flow of 120 mL min~'. The resulting depositions give
a uniform areal coverage for each precursor.

Method B. The solid polymer was dusted onto the silicon or
oxidized silicon wafer polymer/oligomer and pressed with a flat
polished metallic surface. The prepyrolytic pressing ensured the
best coverage of the solid precursor and minimized locally thicker
deposits from the dusting procedure; the sample was then pyr-
olyzed at 800 °C using the previously described temperature
program, also under air.

Substrate Etching and Cleaning. The (100) silicon wafer was
etched with commercial products SF¢ and C4Hg in an inductively
coupled plasma reactor to a typical etch depth of 50—200 nm. It
was subsequently cleaned by the standard RCA process and
hydrophilized in water.>

Analysis of the Metallic Nanostructured Deposits. The
morphological structure of the metallic structures on silicon and
oxidized silicon surfaces using methods A and B was examined by
atomic force microscopy (AFM) using a Veeco Enviroscope in
contact mode. To analyze the pattern formation, the self-corre-
lated AFM image was processed by the WSxM program. Topo-
logical information was supplemented by lateral force and phase
modulation imaging to determine adhesion force changes and
composition differences in the surfaces examined, respectively.
Soft SizNy-tipped cantilevers with a spring constant of 0.12 nN
nm~ ! were used in contact mode. X-ray diffraction measurements
were conducted on a Siemens D-5000 diffractometer with 6—26
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Scheme 2. Formulas of the Phosphazenes (Cyclic or Polymers) Used in This Work as Precursors
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Scheme 3. Schematics of the two approaches, Methods A and B,” Employed to Created Metallic Nanostructured Surfaces on Si or SiO,
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geometry using Cu Ka radiation (40 kV, 30 mA). Energy-
dispersive X-ray analysis was carried out using a Hitachi SU-70
field-emission scanning electron microscope operating at 10 kV
equipped with an Oxford Instruments X-max 50 mm? solid-state
EDX detector.

Results and Discussion

Structure Deposition from the Pyrolysis of the Respective
Metallophosphazene. Methods A and B (Experimental Section)
were used to deposit the nanostructured products on Si as well as
on Si0, surfaces and also on ICP-etched Si surfaces. Scheme 3
shows a schematic illustration of these methods. Because pre-
cursors were synthesized for Au, Ag, Pd, and Sn, we first describe
the surface morphology and mechanism of deposition of noble
metal, metal oxide, and pyrophosphate microstructures and

Langmuir 2010, 26(12), 10223-10233

Pyrolysis in A|r

Pyrolysis in A|r

800°C

800°C

nanostructures as individual islands and thin films. Figure 1
shows a series of AFM images of the as-deposited structures
after pyrolysis of the metallophosphazene derivative directly on
the surface using method A. On both Si and SiO, surfaces, the
product from the Au-containing (Figure la,e) precursor (1)
always forms islands with sizes in the range of 200 nm to 2 ym
and average heights of 80 nm to 1.6 um. For the more reactive Ag,
the pyrolysis of its precursor (2) results in quasi-film formation on
Si, where the deposit is characterized by a surface coverage
interspersed with characteristic craters with an average diameter
of 1.3 um. Each of these features is located within a grainlike
domain of an Ag deposit. In contrast to Au, the Ag deposit under
identical conditions on thermally grown SiO, in Figure 1f is
markedly different. The surface morphology is characterized a
rough deposit of striated Ag structures interspersed by large

DOI: 10.1021/1a100371w 10225
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Figure 1. Contact mode AFM images of the surface morphology of metallic deposits on (a—d) Siand (e—h) SiO, after the pyrolysis of a series
of metallophosphazene precursors using method A: (a, ) Au, (b, f) Ag, (¢, g) Pd, and (d, h) SnP>O;. See Scheme 2 for details.

hillocks of Ag metal. A shaded AFM image highlighting these
features is shown in Supporting Information Figure S1. The
feature sizes of Ag on SiO, by this method are similar to that
of Au under similar conditions (i.e., islands of ~1 um height
and ~3 um diameter are found). In general, the tendency of Ag-
containing precursors such as 2 is to form films. On Si, the film is
incomplete whereas on SiO, the deposition coats the entire
surface but also forms locally higher features in the form of
hillocks. For the Pd pyrolytic product from 3, we observe
uniformly dispersed and definite tear-drop islands of metal Pd
on Si (Figure 1c and inset) and in contrast a very rough thick film
deposit of pure Pd on SiO, (Figure 1g). Evidence for the mor-
phology of the individual pear-shaped Pd islands from higher-
magnification AFM images is given in Supporting Information
Figure S2. As is found by comparing features sizes between Au
and Ag deposits (with Ag structures being on average smaller
than Au structures), the average feature size of the Pd deposits is
0.02 /an2 (Supporting Information Figure S2), which is smaller
than those of Ag and considerably more uniformly dispersed. On
Si, this is a useful finding given the catalytic poignancy of a
dispersed areal population of pure Pd nanostructures.

For the Sn-containing organometallic derivative of phospha-
zene, pyrolysis resulted in depositions on Si and SiO, that are
markedly different than for noble metals. As shown in Figure 1d,h,
the deposition on Si results in a low-roughness film containing a
high density of nanoscale structures (outlined in detail further on).
On SiO,, however, thick film deposits are routinely observed,
where in some instances the uniformity is interrupted by the
presence of localized islands. As with all deposits in this work,
previous studies’’ have conclusively shown that they are pure
metals (except with Ag where some Agy(PO,) phase was also
obtained), whereas the Sn-based surface deposit is uniquely
pyrophosphate SnP,0.

We conducted careful studies of the true surface roughness of
each deposit reported here, and the data is shown in Figure 2,
given by

N

1/2
Rims = |:%Z(yn2):| (1)

n=I

where N is the number of data points of the scan profile and y,
describe the relative vertical height of the surface. Because the
surface comprises several superimposed lateral feature sizes, the
measurements are bandwidth limited to a range of “/y — %/,
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Figure 2. (a) Variation in average rms roughness derived from 15
independent scans of surfaces coated with pyrolytic products from
Au, Ag, Pd, and SnP,0O; on Si and SiO,. (b) Fractional increase in
surface area as measured from the ratio of the total distance
traveled by the tip over the 512 line scans from each image to the
distance the tip would travel over the smooth nominal surface area
of the Si or SiO, surface.

where L is the nominal AFM scan length. The typical scan length
used here is 10 um, and the maximum lateral feature length used
for the rms calculation is ~5 um.

The rms roughness, averaged over 15 scans of different regions
on each sample, is plotted in Figure 2a, from which we observe a
noticeable trend toward lower roughness from the pyrolysis of
precursors 1—4. The highest roughness was observed for Au
structures whose deposition is always islands of varied diameter
and height, and the lower roughness was observed for SnP,0,
deposits, which exhibit an rms roughness that is 2 orders of
magnitude lower in spite of their rough appearance. The effective
increase in surface area was also measured, and the trend, shown
in Figure 2b, follows that of the roughness parameter for the
noble metals but differs markedly for the pyrophosphate (i.e., the
low rms roughness deposits on Si and SiO, of SnP,0O exhibit
effective surface areas greater than for comparatively rougher
noble metal deposits). As will be explained in more detail later, the
regularity and small size of the SnP,O; structures contribute to
this discrepancy where the uniform height of all features con-
tributes to a low rms roughness but AFM tip-radius-corrected
surface areas indicate that the real exposed surface area increases
by a factor of 1.07. Although an admittedly small change in the
effective surface area, it is still greater than the effective surface
area of the Pd deposit on Si, which is composed of a high density
of nanoscale metallic islands. As with all structures discussed thus

Langmuir 2010, 26(12), 10223-10233
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Figure 3. AFM images (10 x 10 um?)in contact mode for gold deposited on Si by (a) method A and (b) method B. Corresponding scans of the
pyrolytic deposition of the Au-containing polymeric precursor (1) on Si after inductively coupled plasma etching by (c) liquid state deposition
and (d) solid state deposition. Each surface was etched to a depth of 100 nm immediately prior to the placement of either a liquid (method A) or

solid (method B) deposit.

far, the predominant trend is for higher roughness and a higher
effective surface area on amorphous substrates (thermally grown
Si0,).

The sensitivity of the deposited structures’ roughness and
surface area to the method of deposition and the substrate was
also examined. By using method B for deposition (i.e., by directly
placing the solid precursor on Si, followed by pyrolysis, and
skipping the solution-based evaporative step), the morphology on
Si before and after inductively couple plasma (ICP) etching of the
substrate surface was examined. Using the Au-containing poly-
meric precursor (1) as a pertinent example of localized island
growth, we find that on untreated monocrystalline Si surfaces
islands of various sizes are formed, as shown in Figure 3a (cf.
Figure la). After the pyrolysis of the solid precursor, however,
film deposition is observed to comprise a morphology similar to
that of electrodeposited Au (and other metals) with a grainy
appearance. Atop such surfaces, we routinely observe Au rodlike
features that are several micrometers in length. On the basis of the
observations and the mechanism of pyrolysis of organometallic
derivatives of phosphazene (discussed further on), the rodlike
structures are elongated individual grains. AFM measurements
acquired during growth show that these structures form in
tandem with the main surface film, although the exact reason
for their specific high aspect ratio is as yet unclear.

Deposition on ICP-etched surfaces was also examined. Among
the dry etching techniques, ICP is preferable because reactive-ion
etching at high-ion energies increases residual lattice damage in
the semiconductor and on its surface.”> However, ICP provides
the potential to achieve excellent anisotropy, low surface damage,
and smooth surfaces. Figure 3c,d shows the morphology of the
Au deposit on ICP-etched Si using methods A and B, respectively.

Itisimmediately apparent that the shape of the Au islands is more
pronounced. In fact, this typical observation of Au on Si has been
observed many times and is linked to the relationship with the Si
substrate. The Au—Si system has been extensively studied and it
therefore appears to be a model system for addressing the growth
of metallic nanostructures on a semiconductor surface. Several
studies deal with the formation of Auislands on Si.** Whereas the
majority of these studies focus on the submonolayer coverage of
Si with Au and subsequent island growth by the Stranski—
Krastanov mechanism® occurring at Si(111) step edges, the
knowledge is applicable to the present work because the orienta-
tion and shape of the islands formed on ICP-etched Si are
virtually identical. Increased order in the shape and relative
position of the islands was observed after deposition by method
B without evaporation, as shown in Figure 3d. The fully formed
feature heights do not vary considerably, with typical heights of
320 nm and 365 nm for islands on ICP etched Si deposited by
liquid and solid state methods, respectively. No attempt was made
here to control or prevent progressive nucleation, and thus the
ripeness of the island formation rather than the influence of the
substrate and the deposition method on as-pyrolyzed deposits is
assessed. It is clear that the highest density of individual Au
microstructures is obtained using solid precursors deposited on very
smooth ICP-etched Si in spite of the fact that no obvious island
formation (as discussed here) is observed by this route on as-received
Si surfaces. The fundamental reason for this remarkable difference is
related to the surface energy and is currently under study.
Mechanism of Formation of the Deposited Structures. The
mechanism of formation/deposition of the submicrometer struc-
tures on Si and SiO, surfaces by both methods is similar to the
formation of other Ru-, W-, Fe-, and Si-containing nanoparticles
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Figure 4. AFM images showing the morphology and characteristic features observed in the deposits from pyrolysis on Si of (a) the Ag
polymeric precursor (2), (b) Pd from polymeric precursor 3, (¢c) SnP,O on SiO,, and (d) SnP,O- on Si, both from polymeric precursor 4.

from the pyrolysis of their polyphosphazene precursors.?
According to this mechanism, the first step involves the oxidation
of the carbon atoms of the organic matter arising from bispiro
0,C;,Hg and from the organic groups linked to the metal atoms
(i.e., (OCsH4N)). This step produces a mixture of CO and CO,
that form holes in the cyclomatrix, which in turn permits the
agglomeration of the metallic centers. This has been verified by
TGA/DSC analysis.'"® The CO that is produced reduces the
organometallic fragment to the respective metal. The second step
corresponds to the oxidation of the phosphorus atoms of the
polymeric chain that produces phosphorus oxides as well as to the
elimination of fluorine and nitrogen, probably as their respective
oxides. As expected, noble metals are not oxidized and remain
as M". Simultaneously, phosphorus atoms arising from the inor-
ganic PN backbone of the polyphosphazenes are also oxidized,
forming phosphorus oxides that, by reaction with the metal, form
their respective metal pyrophosphates. In this step, P4O7 is formed
and acts as a stabilizer of the metallic nanoparticles, preventing
their agglomeration.

From this mechanism, it is expected that the surface morpho-
logy and uniformity in deposition would be greatly influenced by
the nature of the polymer or trimeric constituent of the precursor.
Itis now well known that the thermal degradation of cyclotripho-
sphazenes often produces cyclolinear and cyclomatrix materials®’
influencing the spreading and shape of the pyrolyzed structures.

In Figure 4, we present AFM images of the characteristic
features of Ag- and Pd-containing products on Si. In Figure 4a,
typical crater formation is observed (cf. Figure 1) and these
appear as voids in the pure Ag film. Figure 4b shows the tear-drop
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L.; ODwyer, C. J. Inorg. Organomet. Polym. Mater. 2009, 19, 507.

(27) Gleria, M.; Jaeger, R. D. Applicative Aspects of Cyclophosphazenes: Nova
Science Publishers: New York, 2004.Allcock, H. R.; McDonnell, G. S.; Riding, G. H.;
Manners, I. Chem. Mater. 1990, 2, 425. Brown, D. E.; Ramachandra, K.; Carter, K. R.;
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Pd nanostructures. These two depositions are the morphological
limits of the precursors investigated: films with voids and the
opposite case of individual nanostructures on the bare substrate.
For the SnP,05 structures (Figure 4c,d) formed by this approach,
donut-shaped metal features are observed. These were also
observable under SEM (Supporting Information Figure S3).
These are similar to the tear-drop Pd structures whose morpho-
logy indicates that they are donut-shaped feature without central
voids. Thus, once the metal centers agglomerate and pin to the
surface, the resulting structural shape or morphology is thus
determined by the pyrolytic combustion/decomposition mecha-
nism of the polymer or trimer, as outlined earlier, and the
agglomeration of the metal centers.

The influence of the polymeric or cyclic phosphazene precursor
on the mechanism of deposit spreading was examined using
AFM-based surface morphological measurements of the pyroly-
tic product from 5 and 6, which are trimer-based precursors.
Figure 5 shows typical AFM images of the Ag and Au surfaces
from the pyrolysis of their respective trimeric precursor. The as-
deposited Au from trimer precursor 5 shown in Figure Sa exhibits
a more irregular deposit with localized Au island formation
within a thin film (on both Si and SiO,). This morphology is in
contrast to what is found using polymeric precursors (cf.
Figures la,e and 4a) where larger islands of greater density are
formed. For the Ag deposit, an appreciable difference is observed
using derivatives of phosphazenes with a trimeric constituent.
Figure 5c,d shows unique morphological features comprising
donut-shaped Ag deposits on Si and localized smooth island
deposits on SiO,. By comparison with the deposit from the
polymeric precursor (cf. Figure 1b,f and Scheme 2), Ag structure
deposition on Si from trimeric precursors is characterized by high-
density island formation as opposed to cratered thin film forma-
tion; evidence of craterlike features is found in some cases
(Figure 5¢). These structures (from 6) are directly due to the cross
linking of the trimer by metal coordination, producing cycloma-
trix structures as shown in Figure 5c.
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Figure 5. AFM images (5 x 5um?) of the deposit morphology from the pyrolysis of trimer-based organometallics containing Au on (a) Si and
(b) SiO, and also Ag on (c) Si and (d) SiO,. (Right) Schematic representation of the cyclomatrix formed during the pyrolysis of

metallophosphazene derivatives of a phosphazene trimer.

High-Areal-Density Pyrophosphate Nanostructure For-
mation as Self-Affine Fractal Surfaces. A detailed study of the
surface-area coverage of the Sn-based organometallic derivative
of phosphazene on Si and SiO, was performed to assess the
prospect of creating surfaces functionalized with metal networks,
which are useful in nanoelectronics and SERS/SEIRA for en-
hanced adsorbent detection sensitivity as pertinent examples.
Normally, noble metal-patterned substrates are studied for SERS
and SEIRA effects in addition to catalysis, as principal applica-
tions. The goal here is to compare surface deposition character-
istics and to draw conclusions regarding the dependence of the
surface structure on the preparation procedure. The emphasis is
placed on the surface coverage characteristics of the new SnP,0-
deposit. Although the new precursors reported here result in
noble metal film and nanostructure deposition on Si and SiO»,
their complete coverage and grainy films have been studied for
decades.

The deposits on Si and SiO, are shown in the AFM images of
the respective surfaces (Figure 6a—f) using method A. Increasing
the resolution of the imaging highlights the high-surface-area
labyrinthine nature of the SnP,O5 surface film. XRD studies of
the deposit, shown in Figure 6g, indicate single-crystal SnP,O,
formation, and HRSEM investigations summarized in Figure 6h
confirm the coral-like nature of the deposit. Details of the
morphology were outlined earlier, and higher-magnification
AFM images show that this deposit forms as an independent
film comprising a nanostructured network of SnP,O; (Suppor-
ting Information Figure S4). Although the long-range similarity
in the features is lower for the deposit on SiO, possibly because of
the amorphous nature of the substrate, the SnP,O, deposit still
forms a quasi-continuous nanostructured film over areas where
surface coverage is typically lowest. The detailed fundamental
spreading mechanism, to be reported elsewhere, is based on the
differences in Hamaker constants®® for the metals and dielectrics

(28) Israelachvili, J. N. Intermolecular and Surface Forces; Academic Press:
London, 1992.

Langmuir 2010, 26(12), 10223-10233

and their variation as the organic matter carbonizes under
thermal excitation on different substrates. This controls the
formation of these structures during pyrolysis, but these measure-
ments also show it to be sensitive to the crystallinity of the
substrate. The poorest degree of coverage is always found on
SiO, substrates, which was overcome in our experiments by
varying the initial concentration of precursor on that surface.
The influence of temperature during pyrolysis must be con-
sidered because it is close to the oxidation temperature of Si
(900—1200 °C). The growth rate of thermal SiO, is typically
diffusion-limited and generally follows the Deal—Grove model,
which is suitable for thick oxides on single-crystal silicon.”” At the
pyrolysis temperature of 800 °C, insufficient SiO, formation
occurs (even when pyrolysis is conducted in air and water vapor
initially) to vary the substrate morphology sufficiently and
influence or impede the spreading of the organometallic precursor
significantly because of continued oxide thickening. In that case,
Si atoms would need to diffuse through the thickening oxide and
oxygen atoms would need to diffuse through the growing SnP,0,
deposit, both at a temperature lower than that needed for
continued diffusion-limited silicon oxidation. Thus, the differ-
ences in coverage, which are not completely understood, are
related to the carbonization, polymeric dewetting, and metal
clustering mechanisms involved during pyrolysis primarily, with
little or no oxide thickening (or influence of that thickening).
Figure 7a shows the measured surface profile for SnP,O; on
Si and SiO,, averaged over 512 line profiles from several 0.5 x
0.5 um> AFM images in contact mode. It is apparent that the
deposits on both Si and SiO, are characterized by similar features
with average widths of ~25 nm. The corresponding average
feature area determined from histogram profiles (Figure 7b) of
the areal variation in the feature surface coverage is ~100 nm?.
Although the average feature sizes are comparable, it is noted that
the uppermost surface profile of the deposit on SiO, exhibits
greater surface relief between structures than that on Si, in

(29) Deal, B. E.; Grove, A. S. J. Appl. Phys. 1965, 36, 3770.
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Figure 6. Morphological scans of the SnP,O; product on (a—c) Si and (d—f) SiO, at several magnifications. The labyrinthine arrangement of
the dielectric SnP,O; materials is apparent, with greater surface uniformity routinely observed for deposition on Si and a higher density of
areal defects (vacancies in coverage) in depositions on SiO,. (g) XRD pattern of the pyrolytic SnP,O- product from 4 displaying only peaks
corresponding to tin diphosphate, SnP,O; (JCPDS card no. 00-029 1352); no peaks for SnO, were observed. (h) EDX spectrum acquired from
localized regions of the SnP,O deposit as shown in the inset: atom % Si Ka (85.32); P Ka (9.84); and Sn La (4.84).

agreement with the overall rms roughness of similar deposits
summarized in Figure 2 and the morphology in Figure 6c,f. This
difference is analogous to the resolution of the feature heights (for
a given width) in Figure 7a.

Because AFM scans are a collection of parallel line scans across
two dimensions, the resulting line scans that can be analyzed
collectively in terms of fractional dimensionality are related to
the surface coverage characteristics. Instead of histogram- and
counting-based methods, the nanostructured texture of the SnP,0-,
deposit over many length scales is analyzed in the frame-
work of a power law dependency where the fitted exponent is
related to the surface fractal dimension. The variation of height
fluctuations of the structures can be represented through the power
spectral density (PSD) where singularities such as peaks can be
used to characterize the surface, and thus the deposition, by the use
of a spectrum of singularities. This allows us to treat the entire
surface deposit as a self-affine fractal structure. The PSD quantity
is calculated by performing a Fourier transform of the 2D height
data.* The Fourier conjugate variable is the spatial frequency that
corresponds to the lateral feature sizes, and the strength of the
distribution at each spatial frequency corresponds to the average
height information for those feature sizes. The PSD is given by”'

2
PSD(/) = flL[fyneHﬂif"/M} @
s n=1

Measurements are made over a limited range and with finite
resolution, and the PSD is bandwidth-limited with L being the

(30) Lita, A. E.; Sanchez, J. E. J. Appl. Phys. 1999, 85, 876.
(31) Elson, J. M.; Bennett, J. M. J. Appl. Opt. 1995, 34, 201.
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total length of the scan and /being the frequency from '/, to /s;.
/s 1s the sampling frequency N/L. Thus, the PSD provides
information across the entire frequency range of the scanned
surface from midfrequency jaggedness to lower-frequency form.

The power spectrum for real materials generally obeys a power
law and can be characterized by its slope, as is the case for rough
surfaces in general.*> The PSD analysis of the SnP,O; deposit is
given in Figure 7c,d and is described by eq 2. Examples of the
areas examined for each substrate in this analysis are shown in
Supporting Information Figure S5. The data show linear beha-
vior on a log—log scale, characteristics of a surface exhibiting
fractional dimensionality. Repeated measurements on various
areas of the surface and corresponding PSD analysis give mean
power law exponents of —1.78 = 0.13 on Siand —1.54 £ 0.17 on
SiO,. These values are clear indications of fractal dimensionality
in the morphology of the deposit. Because the rms roughness is
the square root of the area under the PSD curve, higher slopes in
the power spectrum will result in a lower rms roughness.

In AFM, the analysis of the height—height correlation and the
height-difference functions of surface morphologies® provides
the lateral correlation length of the roughness as well as the
roughness exponent /, which gives information on the localized

jaggedness of a surface for a known rms roughness.>* For such
roughness, the height—height correlation function
C(x) =([z(x0 +x) = (2[z(x0) =) (3)

(32) Angelsky, O. V.; Burkovets, D. N.; Kovalchuk, A. V.; Hanson, S. G. 4ppl.
Opt. 2002, 41, 4620.

(33) Yoshinobu, T.; Iwamoto, A.; Iwasaki, H. Jpn. J. Appl. Phys. 1994, 33, 383.

(34) Mandelbrodt, B. B. The Fractal Geometry of Nature; Freeman: New York,
1982. Sinha, S. K.; Sirota, E. B.; Garoff, S.; Stanley, H. B. Phys. Rev. B 1988, 38, 2297.
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Figure 7. (a) Measured surface profile for SnP,0- on Si and SiO,, averaged over 512 line profiles from multiple 0.5 x 0.5 um* AFM scans in
contact mode. (b) Histogram of the average surface area of the nanostructured features from the SnP,O deposit on Si. Power spectral density
analysis of the self-affine fractal surface feature length scale on (c) Si and (d) SiO,. Only the Sn-based deposits in this work resulted in fitted
exponents in the range of 1.54—1.89 over length scales of 50 nm to 10 um. The dashed lines indicate the limits of measured slopes for different

surface areas in each case.

where z(xo) is the height at point xq and x is the lateral separa-
tion between two surface points, can be written in terms of
0, & and h as

C(x) = o exp| = (|x]/&)"] )

where o is the rms roughness and & is the lateral correlation length
given by the value of x at which the function decays to 1/e. This
correlation function also treats the surface as a self-affine fractal®®
on a short length scale and as a smooth surface on a long length
scale; the data can then be compared to the roughness and PSD
analysis. In this approach, the amount of the diffuse component is
determined by the rms roughness. The width of this component
and its detailed shape give the lateral correlation length and the
roughness parameter, respectively. This approach was success-
fully applied by Bachelet et al. to show how the intermediate
chemically organized surfaces occurring during progressive SrO
enrichment of high-« SrTiO; can be used as a template for the
fabrication of ferromagnetic oxides by chemically driven selective
nucleation.*® In addition, recent studies by AFM of nanostruc-
tured carbon films grown by supersonic cluster beam deposition
(SCBD)" indicate a self-affine fractal structure. This and
many other approaches to the fractal description of surfaces are

(35) Yang, H.-N.; Wang, G.-C.; Lu, T.-M. Diffraction from Rough Surfaces and
Dynamic Growth Fronts; World Scientific: Singapore, 1993.

(36) Bachelet, R.; Sanchez, F.; Santiso, J.; Munuera, C.; Ocal, C.; Fontcuberta,
J. Chem. Mater. 2009, 21, 2494.

(37) Buzio, R.; Gnecco, E.; Boragno, C.; Valbusa, U.; Piseri, P.; Barborini, E.;
Milani, P. Surf. Sci. 2000, 444, L1.
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available, but it is important to point out that most morphological
measurements do not give an indication of the scale or correlation
of inhomogeneities, which is very beneficial in large-area deposi-
tion and self-assembly and aggregation or clustering mechanisms
of materials on surfaces. The technique also aids in the roughness
analysis of depositions in general by considering all length scales.
For the SnP,O; nanostructured films reported here, we have
measured a well-defined roughness exponent of 7 = 0.5 £ 0.11
(on Si) and 0.75 £ 0.13 (on SiO,) using AFM, which was found to
be independent (within the experimental error associated with
multiple plots from a range of scan areas on the surface) of the
average size of the features. A larger value of roughness parameter
h means more gradual height changes, which verifies the AFM
line-scan profiles for the respective surfaces in Figure 7a. In these
measurements, the self-affinity has been tested with high-aspect-
ratio AFM tips with nominal average radii of 8—10 nm. The
roughness exponent of a self-affine film should be independent of
the tip radius, provided that the surface correlation and scan
lengths are much larger than the tip radius itself. Thus for the
present work, no deconvolution of tip radius effects on measured
roughness values and surface feature variations is needed.

In addition to studies of the surface fractal dimensions,
correlation studies as a function of the length scale were also
investigated. Length scales were varied by simply altering the scan
lengths for each measurement to probe the self-similarity and
long-range order in the deposits expected from power law
analysis. Figure 8 shows typical AFM scans of the surface at
two length scales together with corresponding self-correlation
maps for deposits on Si and SiO,. What is observed is that the

DOI: 10.1021/1a100371w 10231
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330 nm

Figure 8. (a) 1.5 x 1.5 um? and (b) 0.5 x 0.5 um?> AFM images of the SnP,0; deposit on Si with corresponding correlation length maps.
(Inset) Two-dimensional profile corresponding to the dashed line in the correlation map of the AFM image (b, ¢) 1.5 x 1.5 um? and (d) 0.5 x
0.5 um> AFM images of the SnP,O; deposit on Si with corresponding correlation length maps. (¢) SEM images at successively higher
magnifications of a single area of the deposit on Si. The white feature serves as a comparative position marker and also a nucleation point for

cyclic SnP,O,. The dashed arc delineates cyclic structures.

SnP,0- on Si exhibits two principal spatial correlations: one with
a frustrated hexagonal order for longer length scales (Figure 8a)
and the second comprising ripples in the self-correlation
(Figure 8b). The wavelength of these ripples, shown by the 2D
section profile extracted from the self-correlated image in
Figure 8b, is A = 326 £ 9 nm. It must be stated that the scan
areas for these measurements were much smaller than for the
computed lateral correlation lengths in order to achieve maximal
AFM resolution. On slightly longer length scales, we observe both
correlations superimposed (Supporting Information Figure S6)
where the ripple wavelengthis A = 296 & 17 nm, similar to what is
measured when analyzing short length scales only, as would be
expected for a self-affine fractal structure. Direct imaging of the
self-affine structure by SEM gives a direct indication of the coral-
like deposit. Figure 8e shows the expected self-similar morpho-
logy. At lower magnification, the deposit is characterized by
varying heights (brighter is higher because of dielectric charging
of the surface with impinging electron flux). This is identical to the
observations by AFM in Figure 6a. At higher magnification, the
features show the finer structure comprising the wavy labyr-
inthine arrangement of the SnP,O; clusters, as was observed by
AFM. At higher magnification, it is clear that the deposit is
dominated by the presence of cyclic structures within the material
network. This self-affine spinodal-type organometallic decomposi-
tion can be seen specifically in Figure 8e where surrounding the
white particle, which acts as a nucleation point during pyrolysis,
only cyclic structures are observed. Overall, the deposition is that
of a self-affine arrangement of wavy and cyclic SnP,O; nanos-
tructures in a self-assembled network.

For deposits on SiO,, the nanostructured deposit is more
irregular (even from the AFM topography images) and does
not show any periodic alignment at longer length scales, as judged

10232 DOI: 10.1021/1a10037 1w

by its diffuse self-correlated image in Figure 8c. For short scales,
some ordering is apparent and, like the deposit on Si, is repre-
sented by a quasi-hexagonal form. The deposit on SiO, has less
correlated spatial ordering compared to that on Si, but we
acknowledge that the more nonuniform deposit over SiO, influ-
ences the correlation mapping. The stronger self-correlation of
the deposit on Si is thus not believed to be linked to the surface
crystallinity influence on the deposit morphology per se but is due
to the reduced coverage uniformity caused by the noncrystalline,
rougher SiO, surface.

Thus, from the four individual metals deposited, pyrophos-
phate exhibits a self-affine fractal surface comprising a laby-
rinthine arrangement of SnP-O; on Si and SiO, with surface
roughness and morphology amenable to several applications
requiring high-areal-density nanostructures or deposits. Of
course, significant further work beyond the scope of this report
is required to state the true fractal nature of the deposit conclu-
sively through multifractal analysis and spectral analysis of the
fractal exponents, but it is clear that the deposit exhibits self-affine
scaling and is related to the decomposition mechanism of the
precursor during pyrolysis.

Because the pyrolysis was conducted in air, the presence of O,
promotes the spreading of the product.®® The formation of islands
and craters in pyrolyzed precursor-functionalized surfaces is
reminiscent of the ramified cluster diffusion mechanism,* which
can explain the process of spreading on the nanoscale in most
studies thus far (i.e., a bulk deposit spread in a ramified manner
in the form of agglomerated cluster islands). If this and the

(38) Mestl, G.; Verbruggen, N. F. D.; Lange, F. C.; Tesche, B.; Knozinger, H.
Langmuir 1996, 12, 1817.

(39) Song, Z.; Cai, T.; Chang, Z.; Rodriguez, G. L. A.; Hrbek, J. J. Am. Chem.
Soc. 2003, 125, 8059.
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concentration of metal centers play significant roles, as is expected
on the basis of the decomposition mechanism outlined earlier, then
complete, smooth films could be possible with further study of
these precursors as well as the well-defined fractal grain deposition
of other metals, oxides, and phosphates on Si and SiO,.

Conclusions

We have demonstrated the fabrication of self-assembled sur-
face deposits of microscale and nanoscale thin films and nano-
structured materials of Au, Ag, Pd, and Sn on silicon and silicon
dioxide surfaces. The method involves the pyrolysis in air at
800 °C of the respective cyclophosphazene and polyphosphazene
containing the metallic derivative. To generate the depositions,
liquid-state and solid-state approaches have been used. The
morphology of the as-deposited structures depends on the metal
used, on the nature of the surface, and on the deposition method.

Noble metals Au and Pd typically form high-areal-density surface
deposits of metallic nanostructures, whereas Ag-based precursors
form incomplete thin films. The investigation of the precursors by
various methods showed the eventual deposition and nanostructure
morphology to be influenced by the nature of the polymer or the
trimeric constituent of the precursor. In addition, a detailed analysis
of the Sn-based deposit showed a well-defined self-affine grainy
deposit on Si and SiO,, with a characteristics labyrinthine morphol-
ogy that was shown to have fractional dimensionality and long-
range order over many length scales. Method A affords the most
uniform coverage for each type of structure, with less control over
the resulting morphology coming from method B.

The methods provide the ability to fabricate metallic micro-
structures and nanostructures and nanostructured thin films on
dielectric and semiconductor surfaces, a key technology in nano-
electronic engineering and functionalized surfaces. This solid-
state method has potential applications in solid-state devices and
for realizing surfaces for SERS, where the fine tuning of the
chemistry would allow the rational deposition of controlled
shapes and sizes of noble metal microparticles and nanoparticles
on technologically relevant substrates with variable smoothness,
film thickness, and crystal grain density.
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The advantage of this approach over lithographic and physical
deposition methods is the site-specific coverage of a surface with
nanostructures of a given phase in a simple, cheap manner with
clear control over the resulting phase of the deposit. Obviously,
for controlled array formation, some lithographic masking must
be performed. In comparison to chemical methods, most of which
are restricted to Au, the advantage is the versatility. It is sufficient
to choose an adequate metallic/organometallic fragment linked
to the polymer/oligomer. Pyrolysis will then give the required
phase.

The excellent agreement of the AFM-based roughness and
PSD analysis data demonstrates the advantage of understand-
ing the deposition of metal oxides and phosphates on Si and
SiO, by AFM and associated fractal-based analysis. Because
depositions of new materials require characterization, metal
clusters formed by the approach detailed here are inherently
self-assembling and the fractal approach is a useful tool in
comparing depositions when the metal center type and con-
centration are varied to control the morphology for a variety of
applications.
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