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P
aralleling the trend in electronic de-
vices, high surface area 3D architec-
tures for applications in energy,1,2

catalysis,3,4 and sensors5�7 are exploiting

the benefits found in using nanoscaled

structures with increasingly high aspect ra-

tios. In exploiting these nanostructures, the

3D topography is perhaps even more com-

plex and demanding than in conventional

applications found in ULSI-based applica-

tions, such as those demonstrated in trench

and stacked capacitors in DRAM devices,8

barrier technology for copper metalliza-

tion,9 and gate dielectric deposition on pla-

nar Si10 and Fin-FET geometries.11 For ex-

ample, Banerjee et al. recently

demonstrated a novel

metal�insulator�metal (MIM) nanocapaci-

tor using a combination of self-limiting pro-

cesses to build multilayered functional films

and self-assembled nanotemplates with

nanopores �50 nm wide � 10 �m deep

(aspect ratio � 200).1 In these structures, a

primary performance limitation was set by

the geometry of the nanoporous template

consisting of sharp asperities, leading to en-

hanced local electric fields and low field

breakdown, which would ultimately limit

energy storage density.1 This example em-

phasizes the need for understanding and

optimizing our ability to synthesize com-

plex 3D nanostructures. Complex surface

topographies consisting of high aspect ra-

tios, sharp asperities, and nanoroughness

significantly challenge the ability to confor-

mally coat complex nanostructures using

traditional physical vapor deposition (PVD)

and chemical vapor deposition (CVD)

techniques.6,12,13 However, atomic layer

deposition (ALD) offers high-quality films

with atomic level thickness control and un-

precedented uniformity and conformality in

the most demanding 3D
nanostructures.14�16

In this paper, we explore the evolution
of surface profiles for ALD films deposited
on a prototype of a topographically rough
surface. We utilize highly scalloped Al tem-
plates formed by the removal of porous an-
odic alumina (PAA) membranes. PAA is a
self-assembled, electrochemical templating
technique that results in a highly dense
close-packed hexagonal array of cylindrical
nanopores on the surface of aluminum.17

PAA naturally lends itself to many nano-
technology applications, such as a template
for growing nanowires and nanotubes and
for self-assembling these structures in paral-
lel, periodic arrays used to fabricate cata-
lysts membranes,4,6 dye-sensitized solar
cells,18 batteries,19 and sensors.5,6 When the
PAA film is etched off, a self-ordered, close-
packed hexagonal array of nanodimples is
left imprinted in the underlying aluminum
surface (Figure 1).20 Nearest neighbor
dimples meet at sharp points, and the

*Address correspondence to
rubloff@umd.edu.

Received for review May 7, 2010
and accepted July 09, 2010.

Published online July 14, 2010.
10.1021/nn1009984

© 2010 American Chemical Society

ABSTRACT The self-limiting reactions which distinguish atomic layer deposition (ALD) provide ultrathin film

deposition with superb conformality over the most challenging topography. This work addresses how the shapes

(i.e., surface profiles) of nanostructures are modified by the conformality of ALD. As a nanostructure template, we

employ a highly scalloped surface formed during the first anodization of the porous anodic alumina (PAA) process,

followed by removal of the alumina to expose a scalloped Al surface. SEM and AFM reveal evolution of surface

profiles that change with ALD layer thickness, influenced by the way ALD conformality decorates the underlying

topography. The evolution of surface profiles is modeled using a simple geometric 3D extrusion model, which

replicates the measured complex surface topography. Excellent agreement is obtained between experimental

data and the results from this model, suggesting that for this ALD system conformality is very high even on highly

structured, sharp features of the initial template surface. Through modeling and experimentation, the benefits

of ALD to manipulate complex surface topographies are recognized and will play an important role in the design

and nanofabrication of next generation devices with increasingly high aspect ratios as well as nanoscale features.

KEYWORDS: atomic layer deposition · porous anodic alumina ·
conformality · nanopetunias
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overall surface topography consists of periodic peaks

and valleys (Figure 1b). Due to aluminum’s strong affin-

ity for oxygen, the surface is coated with an amor-

phous native oxide.21 Such surfaces are ideal for test-

ing the influence of film conformality on surface

nanotopography.

ALD is a self-limiting process which utilizes sequen-

tial chemisorbed surface reactions of precursor mol-

ecules to achieve deposition one monolayer at a time

and is dependent upon molecule flux, adsorption/de-

sorption probability, and surface diffusion.22 Much work

has focused on analytically understanding the perfor-

mance of ALD conformality, particularly in high aspect

ratio structures where process metrics (i.e., reactant ex-

posures and purge times) must be modified to compen-

sate for the higher surface areas and molecular flow-

type dynamics occurring in 3D nanostructures. This

includes developing simple models for determining

precursor dose for conformal coatings,12 using Monte

Carlo techniques,14 solving simultaneously Boltzmann’s

transport and surface reaction equations23 and correlat-

ing them with experimental results while trying to opti-

mize conformality in ultrahigh aspect ratio structures.

The prevailing message in the above reports is that ALD

yields unparalleled performance when it comes to de-

positing thin films across complex 3D nanostructures

but requires precise process control to ensure complete

surface saturation and avoid excess deposition charac-

teristic of CVD-like behavior.22 On the other hand, the

surface evolution of ALD films across complex surface

topographies, especially with sharp asperities and

nanoroughness, has not been systematically

exploredOexperimentally or theoretically. Such com-

plex topographies are still likely to incur complete satu-

ration reactions and avoid topography-induced nucle-

ation delays that could potentially affect the

conformality of the films and the resulting

topography.22,24 Therefore, this work is aimed at investi-

gating the surface evolution of ALD films in the con-

text of highly scalloped surfaces.

Our test-bed utilizing a combination of a removed

PAA membrane from an Al template and ALD provides

us with the ability to monitor surface evolution of ALD

films as they are deposited on a highly scalloped sur-

face. We use two different templates with different in-

terpore spacings (Dint) to reveal a universal behavior for

the growth of ALD films on such surfaces following

simple scaling laws. Furthermore, a surface extrusion

model is used to verify this behavior and the resulting

surface area as a function of ALD deposition thickness.

This work demonstrates that through modeling and ex-

perimentation the benefits and limitations of ALD can

be realized for complex nanostructures. Understanding

this behavior will play a crucial role in the design and

nanofabrication of next generation energy devices with

increasingly high aspect ratios as well as nanoscale fea-

ture sizes.

RESULTS AND DISCUSSION
The evolution of ALD surface profiles over complex

nanotopography was investigated with particular fo-

cus on how ALD modifies surface topography. PAA

membranes formed in phosphoric acid with a Dint of

450 nm were removed from the underlying aluminum

surface, revealing a highly textured surface of peaks and

valleys that rise above an array of hexagonal dimples

as seen via cross-sectional SEM (Figure 1a,b). Peaks are

seen positioned along the [121] direction of the tem-

plate, whereas valleys are found to traverse the [111] di-

rection. Peak structures are multifaceted in shape due

to the convergence of multiple hexagonal dimples.

Peaks that rise notably above the average peak height

and nonhexagonal dimples are considered defects. De-

fects are preferentially found along domain bound-

aries and are generally created during the anodization

process when starting from a completely disordered

structure, as opposed to a stamped template where the

ordering is considered perfect.25

Templates formed in phosphoric acid were coated

with three consecutive layers of 1000 cycle TiO2 ALD.

Top-down SEM images display surface profiles of TiO2

ALD deposited on the scalloped Al surface after 0, 1000,

2000, and 3000 cycles (Figure 2a�d). Images reveal

that increased ALD deposition results in the formation

Figure 1. Removed PAA template imaged in SEM: (a) top-down view of the hexagonal nanodimple array displaying the [121]
and [111] directions and (b) cross-section view of the scalloped Al surface, emphasizing the peak structure above the
nanodimples.
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of triangular patterns originating from the peak struc-

tures across the surface. In Figure 2b, it appears that

ALD deposition is nucleating at these sharp tips, thus

dominating ALD growth across the surface and creat-

ing areas of higher growth over others, as seen in Fig-

ure 2c. As deposition continues, growth fronts originat-

ing from these peaks start to merge and exhibit

symmetric, repeating patterns of raised triangles deco-

rating the surface with “nanopetunias”, as seen in Fig-

ure 2d.

A simple scaling law was devised to adequately

compare the ALD surface profiles deposited on tem-

plates formed with different interpore spacing using

either phosphoric or oxalic acid. Using the film’s growth

rate, deposition on one template could be scaled by a

factor of k defined in eq 1 as

where t is the measured film thickness for a set num-

ber of cycles deposited on planar surfaces, in order to

calculate an equivalent film thickness (�) for a template

with a different interpore spacing (Dint
o ). Leaving � �

kDint
o . SEM images display templates produced with dif-

ferent interpore spacings of 450 nm for phosphoric acid

(Figure 2d) and 110 nm for oxalic acid (Figure 2e)

coated with equivalent film thicknesses of 165 nm for

3000 cycles and 40 nm for 733 cycles of TiO2 ALD, re-

spectively. Both samples display the formation of trian-

gular patterns across the surface, revealing a universal

behavior for templates with similar scalloped surfaces

but different dimensions.

TiO2 films were deposited for 733 cycles to a film

thickness of �40 nm on scalloped Al templates formed

in oxalic acid. A tilted top-down SEM image of a thin

delaminated film of TiO2 retaining the original hexago-

nal pattern from the initial scalloped Al surface is shown

in Figure 3a. However, the film’s surface topography

no longer displays the sharp peak structures that ex-

truded from the initial, now-covered surface. A tilted

bottom-up view of the delaminated film suggests the

Figure 2. Progression of TiO2 ALD profiles across a scalloped Al surface formed using phosphoric anodizing acid imaged in
SEM after (a) 0, (b) 1000 (�55 nm), (c) 2000 (�110 nm), and (d) 3000 cycles (�165 nm). (e) SEM image of a scalloped Al sur-
face using oxalic anodizing acid coated with 733 cycles (�40 nm) of TiO2. Top-down images (d,e) display the same formation
of triangular ALD surface profiles for the same ratio of equivalent thickness (t) to interpore spacing distance (Dint) for each an-
odizing acid.

Figure 3. Delaminated conformal TiO2 ALD film imaged in SEM: (a) tilted top-down view of merged growth fronts influ-
enced by the hexagonal pattern of the removed underlying surface and (b) tilted bottom-up view of the film where dashed
arrows in the cross section indicate where growth fronts merged and laterally moved due to film broadening at the peaks
(solid black arrows) and causing the disappearance of the nanodimples (solid white arrows).

k ) t/Dint (1)
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emergence of growth fronts for the evolving ALD film,

where they eventually merged, as indicated by arrows

in Figure 3b. As a TiO2 film is conformally deposited

over the original scalloped template, the ALD film to-

pography changes shape with deposition and displays

substantial smoothing of the original scalloped surface.

This behavior underscores the benefits of conformal

ALD to blunt or smooth sharp asperities and surface

features with increasing film thickness. This is particu-

larly important in some applications, for example, for lo-

cal enhancement of electric fields at asperities and con-

sequent low field breakdown of an MIM nanocapacitor.1

We attribute the display of growth fronts to the di-

rect consequences of ALD conformality over surface to-

pography that includes rounded as well as sloped re-

gions. While other physical or chemical deposition

mechanisms convey some measure of conformality

over topography, ALD’s self-limiting chemistry pro-

vides unprecedented capacity to maintain conformal-

ity even in the most challenging nanotopography. Side

wall deposition (i.e., on the inclined surfaces) is as rapid

as on the rounded surfaces. This causes the rise of direc-

tional growth fronts where there is a significant change

in incline on the surface (i.e., shift from the sloped side

walls to that of the concave valley or dimple). Growth

fronts merge at crossing points between the inclined

and curved regions and move laterally as deposition

proceeds. When the initial surface comprises scalloped

peaks and valleys that rise above lower dimples, the

successive ALD layers exhibit changes in the surface

profile, leading to the lateral growth and rounding of

the peaks and reduction (or ultimately disappearance)

of the valleys and lower dimple areas, as seen in Figure

3b.

This behavior is evident from AFM maps for ALD

TiO2 film profiles seen in Figure 4. TiO2 films deposited

on templates formed in phosphoric acid for 0 cycles,

1000 (55 nm), 2000 (110 nm), and 3000 cycles (165 nm)

were mapped using AFM in order to monitor the pro-

gression of surface profiles and the decrease in surface

area with increasing ALD film thickness. Figure 4a dis-

plays an AFM contour map for 2000 ALD cycles (110

nm), with the position of underlying peaks (A, B, C, and

D) of the initial scalloped surface denoted along with

the [121] and [111] directions. The map illustrates the

emergence of triangular surface profiles as areas of

higher topography allow growth fronts to extend out

and finally merge along the [111] direction. AFM line

scans taken of increased deposition across the [121] di-

rection were layered and separated by the experimen-

tal growth rate for TiO2, where 0, 1, 2, and 3 indicate the

number of intervals for 1000 cycles, with 0 being the

bare template (Figure 4b).

These results illustrate the broadening of peaks in

the original scalloped surface initiated at positions A,

B, C, and D. As neighboring peaks positioned at A and

B as well as C and D expand, they first cause a sharpen-

ing of the valley between them and then begin to close

and diminish the valley with further ALD coverage. At

the location of the original dimples in the scalloped sur-

face (e.g., between B and C), much less of this effect is

seen due to the lower plateau centered at the dimple

being considerably wider to begin with. Ultimately, this

behavior lends itself to the formation of the triangular

pattern or nanopetunias across the surface. Although

surface features of the samples were smaller than the

AFM tips used, an increase in deposition indicates a de-

crease in surface area as growth fronts merge and the

complex peak structure is rounded. ALD’s ability to con-

formally coat and thereby modify a topographically

rough surface will prove to be of great importance

when engineering detailed geometries sometimes

Figure 4. (a) AFM contour map of a 2000 cycle (�110 nm) TiO2 ALD film on a scalloped Al surface dictating the [111] and
[121] directions with peaks A, B, C, and D (denoted by �) across the template. (b) AFM line scans across the 121 direction
after 0, 1000 (� 55 nm), 2000 (�110 nm), and 3000 cycles (�165 nm) of deposited TiO2 ALD (arrows denote locations of
peaks). The profiles are numbered 0�3 for intervals of 1000 cycles each.
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found in 3D nanostructures. For example, ALD growth
kinetics in high aspect ratio structures become prima-
rily mass-transport-limited via molecule diffusion in and
out of the pores rather than surface-reaction-limited.12

Therefore, as the ALD deposition profile evolves, the en-
trance to a pore potentially found between B and C in
Figure 4 will start to close off, creating an ever decreas-
ing orifice diameter for molecules to diffuse through
with each cycle and increasingly challenging ALD’s abil-
ity to conformally deposit within a high aspect ratio
nanopore.

A simple geometric 3D extrusion model was devel-
oped to demonstrate the influence of a complex sur-
face topography and track the progression of ALD sur-
face profiles. The model replicated the topography
found on a scalloped Al template after removal of the
PAA membrane by using the two key dimensions: inter-
pore spacing, Dint, and the scallop’s equivalent sphere
radius, rs. The interpore spacing of the scalloped array
is a well-known dimension and is related to the anod-
ization potential used for a specific anodization acid.26

For the purpose of this simulation, Dint is taken as 105
nm corresponding to oxalic acid templates. The rs value
is the radius of curvature of the nanodimple imprinted
in the Al surface and was extrapolated from AFM data of
a bare scalloped Al surface. The maximum peak height
was measured as the difference in the z-height between
the bottom of the dimple and the top of the peak,
which for a PAA surface anodized in oxalic acid at 40 V
is approximately 42 nm. Knowing this value allows the
surface to be modeled by adjusting rs until the maxi-
mum ideal peak height is �42 nm, which gives a value
of rs � 65 nm. Therefore, an ideal scalloped surface was
coded in MatLab by spacing hemispheres with radius
rs in a hexagonal array, with intersphere spacing of Dint

in the closed-pack direction and removing all intersect-
ing data.

As mentioned earlier, much work already exists in
the literature covering the strict theoretical modeling
of ALD in terms of thickness as a function of cycles,27

nucleation and growth kinetics,28 and Monte Carlo
simulations in ultrahigh aspect ratio nanopores.14 For
the purpose of our simulation, “ideal” ALD is assumed,
where one monolayer of film is conformally deposited

per cycle and ignores nucleation delays potentially
present during the initial cycles of TiO2 ALD on a re-
moved PAA surface.29 Instead, it uses experimentally
determined growth rates and assumes that for each
cycle the entire surface will be conformally coated with
a specific amount of material given by the growth rate
for the specified ALD process. The 2D cross-section
schematic in Figure 5 depicts the step-by-step simula-
tion sequence for a single ALD cycle. Starting with five
equally spaced points on the initial surface (Figure 5a),
surface normals were determined (Figure 5b). New data
points were placed along each surface normal at a dis-
tance specified by the growth rate of the ALD process
being simulated (Figure 5b). The new data points were
no longer equally spaced along the x-axis; therefore,
they were best fit with a new line (Figure 5c). A new set
of equally spaced data points was created and placed
along the best fit line, ultimately creating the new sur-
face (Figure 5d).

The model described above used an initial surface
prepared using oxalic acid and, therefore, cannot be di-
rectly compared with experimental results on a tem-
plate prepared using phosphoric acid at 160 V. How-
ever, a similar scaling factor, k, used to compare film
thicknesses from different templates can be used to
compare the experimental results with the simulation,
where Dint is 450 nm and Dint

o � Dsim � 105 nm. Top-
view SEM images (Figure 6a�d) and top-view simula-
tion results (Figure 6e�h) were compared, illustrating
that the surface evolution of ALD on a scalloped Al sur-
face mirrors what is seen in the extruded surface
simulation.

Figure 5. Geometric 3D extrusion model: (a) five equally spaced
data points on the surface of a sharp peak. (b) Surface nor-
mals are projected out, and the data points for the new sur-
face are placed along them using the prescribed growth rate;
(c) the new data are fit with a “best fit” line; (d) the “best fit”
line is used to generate more data, which are equally spaced
in the x-direction.

Figure 6. (a�d) Scalloped Al surface imaged in SEM after TiO2 ALD deposition of 0, 1000 (�55 nm), 2000 (�110 nm), 3000
cycles (�165 nm); (e�h) simulation of surface evolution by extruding a model of the initial surface at the same rate as the
deposition per cycle for ALD TiO2.
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Cross-sectional view SEM images along the [111] di-

rection of a scalloped Al surface show three discrete

1000 cycle TiO2 ALD films deposited one on top of an-

other (Figure 7a). Each film set displays a distinct inter-

face where the surface was exposed to air for ex situ

characterization and indicates the presence of surface

contamination. As deposition continued, films took on

the form of the underlying film’s surface, eventually cre-

ating a rounded knoll atop the initial peak in the Al tem-

plate’s surface, signifying there was no substantial

topography-induced nucleation. Top-down and cross-

sectional profiles along the [111] and [121] directions of

the 3D model (Figure 7b) re-emphasize that ALD depos-

its in a conformal manner and that the formation of tri-

angular islands seen in both SEM images and the 3D

model is an artifact of the underlying surface and not

due to nucleation and growth resonating from the tips

of the sharp peaks. Raman data, to be published else-

where, further revealed that films were amorphous.

Surface area plays an integral part in the design and

nanofabrication of next generation energy devices,

such as MIM nanocapacitors. Matlab simulations were

used to estimate the change in surface area as a func-

tion of film thickness. The surface area was estimated by

summing the areas of all the quadrilaterals that com-

prise the modeled surface as defined by the X, Y, Z co-

ordinate data. The planar equivalent area is the 2D sur-

face equivalence to the area projected onto the XY

plane from the 3D model. From these estimations, the

initial surface of a template formed in oxalic acid was es-

timated to have a 30% larger area than its planar

equivalent. Templates formed in phosphoric acid would

have smaller surface areas due to larger interpore spac-

ings, meaning there are fewer peaks for the same pla-

nar area used above. Starting with the initial surface of

the scalloped Al template, an ALD simulation was per-

formed for 1000 cycles with a growth rate of 0.1 nm/

cycle. The normalized surface area (the estimated sur-

face area divided by the planar equivalent surface area)

as a function of ALD film thickness was plotted with cor-

responding 3D representations of the evolving surface

profile (Figure 8). As the deposition proceeds, the

Figure 7. Cross-sectional surface profiles as a function of film thickness: (a) SEM image of three discontinuous 1000 cycle
TiO2 ALD films along the 111 direction of a scalloped Al surface and (b) modeled profiles of TiO2 ALD films along the 111
and 121 directions of a scalloped Al surface.
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normalized surface does not change appreciably until
after �45 nm. After 45 nm of film growth, the normal-
ized surface area asymptotically decays toward a limit-
ing value of 1, implying that the surface has been effec-
tively “planarized”. The shoulder at 45 nm seems to
coincide with the appearance of lines in the film where
film growth fronts have started to merge along the
[111] direction of the hexagonal scalloped cell (see Fig-
ure 8). This is the moment at which the curvature of
the saddle points between the peaks in the scalloped
surface is completely inverted by the continued extru-
sion of the ALD deposition over the sharp peaks. Fur-
ther deposition results in the extension of these lines to-
ward the center of the scallops further unifying the
surface.

CONCLUSIONS
TiO2 ALD films were deposited on a highly scal-

loped Al surface to demonstrate the ability of ALD to
provide exceedingly conformal films over a complex to-
pography of a template’s initial surface. SEM images
and AFM scans reveal the progression of triangular sur-
face profiles that change with ALD layer thickness, influ-
enced by the way ALD conformally coats the underly-
ing topography, and further emphasizing that ALD
nucleation is rather insensitive to the surface topogra-
phy at least for the experimental process chemistry in-
vestigated here.

We demonstrated the usefulness of a simple geo-
metric 3D extrusion model to simulate the evolution
of ALD films’ surface profiles as they conformally coat
the complex surface topography of a modeled scal-
loped Al surface. The scalloped Al surface was mod-
eled and calibrated using dimensions extracted from
SEM and AFM scans. The surface was then extruded in

a stepwise manner using experimentally obtained

growth rates of the particular ALD chemistry being

simulated. The model illustrates how conformal ALD

films cause the surface topography to change with each

deposited layer, ultimately leading to a decrease in sur-

face area as a function of film thickness. Results from

this model and experimental data are in excellent

agreement, leading to the conclusion that no

nucleation-related effects were observed and the re-

sulting triangular pattern is an artifact of the underly-

ing textured Al surface.

This work illustrates the benefits of ALD to confor-

mally coat and manipulate surface topographies in

which sharp asperities or nanoroughness could poten-

tially limit device performance. Ultimately this work will

play an important role in the design and nanofabrica-

tion of devices which exploit nanoprocesses such as

PAA and ALD.

MATERIALS AND METHODS
Scalloped aluminum templates were synthesized by the re-

moval of PAA membranes formed during a one-step anodiza-
tion method.30 High purity 200 �m thick aluminum foils (99.99%,
Alfa Aesar) were electropolished in a 1:5 perchloric acid/ethanol
bath held at �3 °C in order to remove microroughness from the
surface, which influences the quality of the pores. The electropol-
ished aluminum was then anodized at (1) 40 V and 10 °C in an
electrolytic bath of 0.3 M oxalic acid to achieve an interpore spac-
ing, Dint, of 110 nm or (2) 160 V and 4 °C in an electrolytic bath
of 10 wt % phosphoric acid to achieve Dint of 450 nm. Foils were
anodized for �7 h so PAA pores would self-organize and align
orthogonally with respect to the underlying Al substrate. After
anodization, the PAA film produced was removed in an aqueous
solution of phosphoric acid (6 wt %) and chromic acid (1.8 wt
%) at 60 °C, leaving a hexagonally organized nanodimple array
with a highly scalloped surface imprinted in the remaining
aluminum.

Titanium dioxide (TiO2) ALD thin films were thermally depos-
ited at 150 °C in a Beneq TFS-500 cross-flow ALD reactor using
tetrakis(dimethylamido)titanium (TDMAT) and water. Pulses and
purges of 500 ms for both precursors resulted in atomic thick-
ness control with a growth rate of 0.055 nm/cycle as a submono-
layer of film was consistently deposited for each cycle. Three
samples were loaded during the first run, and deposition was

carried out in three intervals of a fixed number of cycles (i.e.,
244 or 1000 for templates anodized in oxalic or phosphoric acid,
respectively). After each interval, one sample was removed from
the reactor and characterized via high-resolution scanning elec-
tron microscopy (SEM, Hitachi SU-70) and atomic force micro-
scopy (AFM, MFP-3D Asylum Research) in tapping mode. Film
growth rates were determined using a spectroscopic ellipsome-
ter (Sopra GES5) on planar Si samples.
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