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MATERIALS

Controlled Nanoscale Morphology
of Hematite (0001) Surfaces Grown by
Chemical Vapor Transport**

By Mark E. Greene, Ann N. Chiaramonti,
Steven T. Christensen, Lixin Cao, Michael J. Bedzyk,
and Mark C. Hersam*

Hematite (a-Fe,O3) has demonstrated value as an impor-
tant material component in several advanced technological
applications, including heterogeneous catalysis,'! photoelec-
trochemistry,[z’S] dyes and stains, magnetic data storage,[s]
and room-temperature magnetic semiconductors.*” The
structure and properties of hematite also have critical implica-
tions in the fabrication and corrosion of steels, geochemistry,
and planetary science.®! Additionally, novel hematite nano-
structures have been synthesized, including nanoparticles!”’
and porous nanorods,'?! which exhibit interesting magnetic
properties and may find use in emerging technologies.

The origin of the diverse set of applications of hematite can
be traced to its electronic structure. Pure hematite is an anti-
ferromagnetic charge-transfer semiconductor with a bandgap
of approximately 2 eV and a canted structure that leads to net
magnetization.[*!""?! Furthermore, recent calculations suggest
that hematite doped with Ti atoms on alternate Fe sublattice
layers is a ferrimagnetic semiconductor with spin-dependent
transport properties and a magnetic transition temperature of
around 700 °C.["! Bulk hematite adopts the corundum crystal
structure™® (space group R3c), as shown in Figure 1a. The
hematite crystal in the figure is in the basal-plane orientation
with the (0001) surface terminated by an Fe layer (Fe—O;—
Fe—--- termination).

For several potential applications, such as heterogeneous
catalysis, the hematite surface plays a crucial role. Therefore,
a detailed knowledge of the hematite surface structure and
properties is needed to understand and further engineer this
material for applications. For example, in the presence of UV
radiation, hematite promotes the photocatalytic degradation
of SO, and aminophenols,”®! two atmospheric pollutants, at
reactive surface sites created through the excitation of elec-
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Figure 1. a) The hematite (a-Fe,O3) crystal structure with an Fe—Os;—Fe—
.-+ termination. The crystal is tilted slightly to view the (0001) basal plane
at the top more clearly. The distance separating adjacent O planes is indi-
cated. b) Experimental and ideal theoretical (0006) rocking curves for
chemical vapor transport (CVT)-grown hematite (0001).

tron-hole pairs. Since the chemical activity of the surface is
related to the electronic structure and crystal reconstruction
of the termination layers, as well as to the distribution of
defects, atomic steps, impurities, and other features, optimiza-
tion of these chemical processes is linked to controlling the
hematite surface morphology. For these reasons, synthetic
hematite may be more desirable than mineral hematite for
many applications as the purity and doping can be tightly con-
trolled by the precursor gases and growth conditions used for
the crystal synthesis.

Despite avid interest in the development and use of hematite
as a technological material, minimal data concerning the nano-
scale morphological evolution of synthetic hematite surfaces at
elevated temperatures have been presented in the literature. In
perhaps the most extensive study to date, Shaikhutdinov and
Weiss used low-energy electron diffraction and scanning tun-
neling microscopy (STM) to show the variation in surface struc-
tures that result when thin-film hematite is grown on Pt(111)
over a range of O, partial pressures spanning six orders of mag-
nitude, from 1 mbar down to 107 mbar (1 bar=100 kPa) at
temperatures in excess of 800 °C."¥ They observed that hexag-

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

onal corrugations, attributed to the Fe sublattice, increased in
fractional surface coverage as the O, partial pressure was itera-
tively reduced during a sequence of surface preparations.

In this communication, we characterize the nanoscale mor-
phology of the hematite (0001) surface using atomic force mi-
croscopy (AFM). AFM is well-suited for the study of oxide
surfaces as these surfaces are generally not conductive enough
to perform STM on them, unless prepared under special con-
ditions. Following appropriate annealing conditions, we ob-
serve atomically flat domains on hematite (0001) that extend
for tens of micrometers and are bounded by highly stepped
regions. The atomically flat domains possess subnanometer-
deep circular depressions that are qualitatively similar to the
surface morphology of graphite!>"! and SrTiO5."¥! At room
temperature, the observed surface morphology of hematite
(0001) remains invariant following exposure to ambient con-
ditions for time periods on the order of several months.

The hematite crystals were grown via a CVT technique, by
using HCI gas as the transport agent according to the follow-
ing reaction:[*?"!

Fe;03(s) + 6 HCl(g) =2 FeCl5(g) + 3 H,O(g) (1)

The growing hematite crystal was held in one zone at
~850°C, while the source material was kept in a different
zone at ~1000 °C. The crystals resulting from this treatment
are termed “as-grown” in the remainder of this paper. Back-
reflection Laue measurements confirmed that the as-grown
CVT hematite crystals possess a (0001) orientation. In addi-
tion, X-ray rocking curves were gathered to assess crystal
quality, as shown in Figure 1b. The dynamical diffraction the-
ory simulated curve that is overlaid on the data in Figure 1b is
a convolution of the ideal Si(111) monochromator reflectivity
curve with the ideal hematite (0006). The fact that the experi-
mental reflectivity curve is almost as narrow as the ideal theo-
retical curve characterizes the nearly perfect crystal quality
of the CVT-grown hematite (0001) samples over the 4 mm?
footprint of the incident beam.

The as-grown hematite (0001) crystals were subsequently
annealed at 900 °C in air under atmospheric pressure, in pure
oxygen, or in pure argon for 2 h using a tube furnace. The
resulting surfaces following annealing in air or pure oxygen
were the same, thus suggesting that oxygen (as opposed to
another constituent of air) is critical to the evolution of the ob-
served surface morphology. Figure 2 shows the intermittent
contact mode AFM topography of the CVT hematite (0001)
surface before and after annealing in an oxygen-rich environ-
ment. The as-grown surface in Figure 2a is relatively feature-
less with a root mean square roughness of 0.4 A. After anneal-
ing in an oxygen-rich environment, the surface has undergone
a transition to an atomically flat morphology with circular de-
pressions, as seen in Figure 2b. It should be noted that the sur-
face morphology following annealing in pure argon appeared
the same as the as-grown surface, thus confirming the critical
role of oxygen in the evolution of atomically flat circular do-
mains on the CVT hematite (0001) surface.

www.advmat.de Adv. Mater. 2005, 17, 1765-1768



Figure 2. AFM images of CVT-grown hematite (0001) surfaces a) before
and b) after annealing at 900°C for 2 h in air, under atmospheric pres-
sure. Image sizes are a) 3 umx3 pum and b) 3.77 umx3.77 um. The
root mean square roughness is 0.4 A in (a), whereas the atomic step
height is 2.2+0.2 Ain (b).

The formation of an atomically flat surface morphology with
circular features was observed on multiple CVT hematite
(0001) samples. For example, Figure 3a illustrates a second
CVT hematite (0001) surface following annealing in an oxy-
gen-rich environment. In this case, the circular features have
apparently coalesced to form a more complicated morphology.
The atomically flat domains possess a broad spatial extent over
distances of the order of tens of micrometers. Repeated AFM
imaging has shown that this morphology is found on at least
90 % of the sample surface. At the boundary between atomical-
ly flat domains, step-bunching is observed, as shown in Fig-
ure 3b. The subtle differences between the surfaces in Fig-
ure 2b and Figure 3a may result from minor differences in the
initial CVT-grown hematite (0001) samples (e.g., differences in
miscut angle or impurity content). It should be noted that ener-
gy dispersive X-ray analysis did not indicate the presence of im-
purity segregation at the terraces, circular depressions, or step
edges. Furthermore, images of the same surface following sev-
eral months of storage in air at room temperature did not show
any detectable change in the observed surface morphology.

The surface normal axis (z) of the AFM was calibrated
using the known atomic step height of hydrogen-passivated
Si(111). Following this calibration, a mean step height on the
annealed hematite (0001) surface of 2.2+0.2 A was obtained
by subtracting the average z position of the top terrace from
the average z position of the bottom terrace, with the error
determined by the root mean square roughness on each ter-
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Figure 3. AFM images of CVT-grown hematite (0001) surfaces after
annealing at 900°C for 2 h in air, under atmospheric pressure.
a) 20 um x 20 um image of an atomically flat domain where the circular
features have apparently coalesced. b) 10 umx 10 um image of a highly
stepped region that borders two atomically flat domains. In this case, the
image flattening was chosen to accentuate the bunched steps, which
leads to an artificial contrast variation along the atomically flat domains.
The atomic step height in both images is 2.2+0.2 A.

race. Since the root mean square roughness of each terrace
(0.1 A) matched the noise floor of the AFM, the terraces
were interpreted to be atomically flat.

The measured step height of 2.2+0.2 A agrees well with
bulk values of the hematite crystal structure. The distance
along the ¢ axis between two adjacent equivalent layers (e.g.,
oXygen—-oxygen or iron—iron layers) in the bulk is 2.29 A, as
indicated in Figure 1a. However, previous reports have sug-
gested that hematite (0001) surfaces can concurrently possess
Oz-Fe-Fe—--- terminations and Fe-Oz-Fe—--- terminations.?!]
In this case, differing surface relaxations for the two termina-
tions would lead to deviations in the step height from bulk
values.”'??! For example, Eggleston et al. reported STM data
and calculated step heights of 2.3 A for nonequivalently ter-
minated terraces on the hematite (0001) surface.’®! Using
crystal truncation rod diffraction and density functional theo-
ry, Trainor et al. have also concluded that mixed domains of
Os-Fe-Fe—--- and Fe-Os—Fe—--- terminations exist on the he-
matite (0001) surface, following surface preparation in oxy-
gen-rich conditions.””! Consequently, a measured step height
of 22402 A is also consistent with adjacent atomically flat
domains of nonequivalent surface structure.

Nonequivalent surface domains on hematite (0001) are like-
ly to experience relatively long-range dipolar interactions in

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1767



1768

_ ADVANCED

MATERIALS

two dimensions. In this case, Ng and Vanderbilt have shown
theoretically that circular (also known as, “droplet”) domains
are expected to form./” Furthermore, this model predicts the
possibility of striped domains and even transitions between
the striped and droplet domains based upon the details of the
surface structure. Previous low-energy electron microscopy
(LEEM) data for metal® and semiconductor?”! surfaces
have confirmed the validity of this theoretical model when
non-equivalent surface domains are present. The close simi-
larity of our observed hematite (0001) surface morphologies
to these previously reported LEEM data, coupled with the
distinct possibility of non-equivalent domains on the hematite
(0001) surface, strongly suggests the applicability of the two-
dimensional dipolar model to our experimental results.

In conclusion, we have characterized the surface morphol-
ogy of CVT-grown hematite (0001) at the nanometer scale
using AFM. Following annealing under atmospheric pressure
in an oxygen-rich environment at 900 °C for 2 h, the surface
evolved from a featureless morphology to atomically flat
domains that contained 2.2+0.2 A deep and several hundred
nanometer wide circular depressions. The atomically flat
domains extend for tens of micrometers and are bound by
highly stepped regions. These experimental results are consis-
tent with a two-dimensional dipolar theoretical model for a
surface that contains domains of nonequivalent structure.
Given the unique electronic and magnetic properties of hema-
tite, the controlled nanoscale surface morphology presented
here may be useful for a number of technological applications
including catalysis, photoelectrochemistry, magnetic data stor-
age, and spintronics. Furthermore, the long-term air stability
of these surfaces suggests that they may serve as effective
templates for the growth, patterning, and embossing of nano-
structures.

Experimental

Annealing Treatments: As-grown crystals were annealed in a Carbo-
lite single-zone tube furnace (Model STF 15/51/180) equipped with a
99.8 % pure Al,Oj tube which was open on both ends. The samples
were introduced to the furnace using an unglazed 99.8 % pure AlL,O3
combustion boat, which was cleaned thoroughly beforehand in aqua
regia solution and rinsed in deionized water. The cleaned boat
was then dried in a stream of N, gas. The samples were heated at
5°Cmin™" to 900°C, held for 2 h, and then cooled at approximately
8 °Cmin' to room temperature. During the oxygen or argon flow
experiments, the annealing tube was sealed on both ends, and
approximately 100 sccm of research-grade O, or Ar gas, respectively,
flowed through the tube continuously. For the ambient pressure
experiments in air, the tube furnace was left unsealed and exposed to
the atmosphere.

X-Ray Rocking Curves: As-grown crystal quality was assessed using
high-resolution X-ray diffraction (HRXD) at the Northwestern Uni-
versity X-ray Facility. A double crystal spectrometer (Blake Indus-
tries) with an angular resolution of 50.0 microradians (urad) was used
to measure the rocking curve for the (0006) Bragg reflection. CuKoy
radiation (1.541 A) was selected using a dispersive Si(111) 4-bounce
monochromator in a +—/—+ geometry.

Atomic Force Microscopy: A ThermoMicroscopes CP Research
AFM was used to map the topography of the surface before and after

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

annealing. V-shaped Si cantilevers (Ultralevers, ThermoMicroscopes),
with a spring constant of 3.2 Nm™ and a probe tip with a nominal
radius of curvature of 10 nm, were used in intermittent contact mode.
Unless otherwise stated, the only image processing performed was a
third-order background subtraction to account for nonlinearity in the
piezotube scanner.
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