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ABSTRACT: Atomic layer deposition (ALD) has been shown to be an excellent method
for depositing thin films of iron oxide. With limited iron precursors available, the methods
widely used require harsh conditions such as high temperatures and/or the use of oxidants
such as ozone or peroxide. This letter aims to show that bis(N,N′-di-t-butylacetamidinato)
iron(II) (iron bisamidinate or FeAMD) is an ideal ALD precursor because of its reactivity
with water and relative volatility. Using in situ QCM analysis, we show outstanding
conformal self-limiting growth of FeOx using FeAMD and water at temperatures lower
than 200 °C. By annealing thin films of FeOx at 500 °C, we observe the formation of α-
Fe2O3, confirming that we can use FeAMD to fabricate thin films of catalytically promising
iron oxide materials using moderate growth conditions.
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From their natural abundance to low toxicity, iron oxide-
based materials have shown great promise for a variety of

applications including homogeneous catalysis, heterogeneous
photoelectrochemical catalysis, energy storage, and the develop-
ment of magnetic materials.1−3 Nanostructuring has the
potential to increase the performance of materials in all of
these applications by increasing (or stabilizing) the number of
active sites for catalysis for example, or by decreasing the charge
collection length for applications such as photoelectrochemical
oxidation of water.4−8 One way to maximize charge collection
of nanostructured materials is through using a thin film of
active material on high surface area conductive scaffold.7,9,10

Atomic layer deposition (ALD) is a chemical vapor deposition
technique used to grow thin, conformal films of metals, oxides,
nitrides, and sulfides.11,12 These uniform films are grown by
exposing reactive precursors to a substrate containing spatially
separated terminal functional groups (such as hydroxyl or thiol
groups) that promote precursor mixing solely at the surface of
the material. This method allows for films to be grown in a self-
limiting manner that gives rise to atomic level control over both
thickness and composition.11,12 This unique gas phase
mechanism allows for conformal deposition of materials on
highly porous substrates with high aspect ratio. Conventionally,
growth of metal oxides by ALD requires the use of two
precursors: a reactive metal compound and an oxygen source.
By alternating exposure of the substrate to the metal source and
oxygen source, a film of metal-oxide material can be easily

grown layer by layer. Unfortunately, there are limited number
of iron ALD precursors available that can be used at low
temperature, and many require nonideal conditions such as use
of an oxidant. The most ubiquitous recipe currently used for
depositing iron oxide by ALD involves the use of
ferrocene.7,9,13−19 Although fairly low in cost, the high stability
of ferrocene as a precursor requires the use of ozone or high
temperature (350−500 °C) to remove the cyclopentadienyl
ligands for further Fe deposition.12 The drawbacks of the
ferrocene/ozone mixtures are plentiful including reactor
profiling, high temperature for growth, and regular costly
maintenance of the ALD tool and pump because of
condensation of ferrocene; see the Supporting Information.
An intriguing alternative precursor is bis(2,4-methylpentadien-
yl) iron, as shown by Riha and co-workers.20 This precursor has
the benefit of reacting with O2 and H2O2. This Fe complex
shows great promise due to its reactivity at low temperature but
does suffer from degradation at higher temperatures. As a
consequence, vapor boost assistance is required in order to
volatilize the precursor without destroying it, which limits its
use on most commercial systems. To open up the possibility of
growing iron oxide in or around organic materials,11,21,22 a
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water reactive iron compound would be the best candidate for
ALD.
Of the few precursors used to grow iron oxide by ALD, there

are even fewer that have been shown to react with water. FeCl3
is the most likely candidate given that it readily reacts with
water. Indeed, FeCl3 has been shown to possess relatively high
growth rates with water, but it requires high temperatures to
avoid precursor condensation and the incorporation of excess
Cl in the films.23 Additionally, the presence of HCl vapor as a
byproduct of the FeCl3/H2O reaction can have detrimental
effects on the ALD instrument safety seals. Alternatively,
Fe2(OtBu)6 has been proposed as a water reactive ALD
precursor for the formation of iron oxide but in our hands the
precursor requires a synthetic impurity and multiple pulses for
nucleation and growth to be observed.1 This behavior points to
a FeCl3 impurity in the Fe2(OtBu)6, which needs to be present
for ALD growth of iron oxide. As a result, this precursor suffers
from the same limitations as those mentioned previously.
Among the best candidate precursors for water reactive growth
of interesting metal oxides by ALD are the bisamidinate
compounds developed by Gordon and co-workers.24 These
bisamidinate compounds have been shown to make metals and
metal oxides by reacting with H2 and H2O, respectively, and
they have opened up the ability to grow a wide variety of
transition metal oxide films at low temperatures.10,25 Despite
the potential of iron bisamidinate (FeAMD), see Figure 1, for

the growth of iron oxide by ALD, no studies involving the
growth or characterization of iron oxide films using this
precursor at temperatures below 200 °C have been reported.
The goal of this report is to illustrate the benefits of FeAMD
toward the formation of thin-film α-Fe2O3 (hematite), grown at
low temperatures using water as the oxygen source.
ALD of iron oxide (FeO) using FeAMD was implemented

on a Savannah 200 (Ultratech) commercial ALD reactor
modified with a wall mounted quartz crystal microbalance
(QCM) to measure film growth in situ.26 Figure 2 summarizes
the growth rate of the FeAMD precursor on our system
measured by QCM. As shown in Figure 2, we observe an
average growth rate of 0.55 ± 0.05 Å/cycle. This growth rate is
more than 0.2 Å/cycle higher than that reported by Lim and
co-workers24 likely due to the lower reactor temperatures used
here, which has been observed for other ALD processes.21,27,28

Figure 2a also shows the importance of using a long purge time
(30 s) in order to sufficiently clear the reactor of precursor and
to avoid undesirable CVD reactions, with 15 s showing a higher
average growth rate and more variations between runs. In
contrast, variations in pulse time and reactor temperature have
negligible effect on the growth rate with the exception of a
slight profile observed for 0.1 s pulse and 130 °C reactor
temperature as shown in Figure 2b, c. The wall-mounted QCM
used in this study was equipped with 2 ports, one near the

reactor inlet and outlet to observe if any growth profile was
observed during the ALD process. As summarized in Figure S1
in the Supporting Information, there is a minimal growth
difference between the inlet and outlet of the ALD reaction,
with a maximum growth difference of ∼0.1 Å/cycle (conveyed
in the error values used in Figure 2). The source of this growth
profile is attributed to temperature variations in reactor which
would cause small differences in growth rate throughout the
reactor, which is commonly observed in our hands. The
greatest growth profile was observed for the 20 s purge time
which, as previously mentioned, is due to insufficient time to
remove physisorbed FeAMD precursor, causing significant
CVD near the inlet of the reactor. See the Supporting
Information, Figure S1, for further discussion on the minimal
growth profile observed in this study.
The trace in Figure 2d indicates a deposition of

approximately 71 ng/cm2 with the FeAMD (Δm1) pulse and
loss of ∼42 ng/cm2 during water pulsing (Δm2). The observed
58% drop in mass upon exposure to water is in good agreement
with that expected from the loss of the amidinate ligand in
addition together with the acquisition of 2 or 3 aqua and/or
hydroxy groups per iron center (53−63% mass loss). The full
QCM trace corresponding to Figure 2d can be found in the
Supporting Information, Figure S2, and shows a linear growth
rate for all cycles deposited. The self-limiting nature of the
precursor was confirmed by observation of a saturation in mass
gain upon the second FeAMD pulse without using water to
complete the cycle, (Figure S3 in the Supporting Information).
From the information summarized in Figure 2, we can confirm
that the precursor grows consistently in a self-limiting fashion
with a growth rate of 0.55 ± 0.05 Å/cycle. Vapor pressure
regeneration of the precursor is shown to be the sole reason for
any reactor profiling observed (see the Supporting Information,

Figure 1. Bis(N,N′-di-t-butylacetamidinato) iron(II) precursor used
for ALD of FeO, referred to as iron bisamidinate or FeAMD.

Figure 2. (a) Growth rate as a function of precursor purge time with a
1 s pulse time and reactor temperature of 150 °C. (b) Growth rate as a
function of precursor pulse time with a 60 s precursor purge time and
150 °C reactor temperature. (c) Growth rate as a function of reactor
temperature with a precursor pulse time of 1 s and purge time of 60 s.
(d) Zoom in of QCM trace showing mass change upon FeAMD
precursor pulse (Δm1) and water pulse (Δm2). In all cases, FeAMD
was kept at 120 °C and water was pulsed for 15 ms and purged for 30
s. Growth rates were averaged from traces measured near the inlet and
outlet of the reactor.
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Figure S4, for details), and can be solved with longer purge
times or higher precursor temperatures. We have also observed
a growth rate of 0.12 ± 0.02 Å/cycle with O2 instead of H2O
indicating the faster growth mechanism is one that maximizes
the formation of hydroxo groups over precursor oxidation (see
the Supporting Information, Figure S5, for QCM trace).29

Because of the promising applications2 of α-Fe2O3
(hematite), we annealed thin films (5 to 19 nm) of FeOx,
grown using FeAMD ALD, and found that we can obtain films
with quality and crystalline phase equivalent to that of iron
oxide films grown using other ALD methods. Figure 3 shows

the ellipsometry-determined thickness of α-Fe2O3 films formed
by annealing FeOx ALD films in air at 500 °C demonstrating
that there is an excellent linear correlation between the total
FeAMD-H2O ALD cycles and the thickness of α-Fe2O3
measured. The growth rate of 0.47 ± 0.02 Å/cycle determined
from ellipsometry is close to that estimated by QCM, with the
difference likely arising from the assumed density of FeO used
to calculated the thickness in the QCM measurement (see the
Supporting Information).
In order to confirm the structure of the fabricated iron oxide

films, grazing incidence X-ray diffraction (GIXRD) and X-ray
photoelectron spectroscopy (XPS) measurements were made.
As revealed in Figure 4, the as-synthesized films are amorphous,
whereas the annealed films show the presence of crystalline α-
Fe2O3, regardless of thickness. XPS spectra (Figure S6 in the
Supporting Information)m however, show that the binding
energies of Fe 2p3/2 main line and its satellite peak for the as-
synthesized film are identical to those of the annealed film. In
addition, the satellite peak of Fe 2p3/2 is observed at 719 eV,
indicating the presence of only Fe(III) in both the as-
synthesized and annealed films. This indicates surface oxidation
by atmospheric O2 readily occurs on amorphous FeOx films
grown by ALD using FeAMD-H2O and crystallize into α-Fe2O3
via calcination at 500 °C despite the thinness the films. The
synthesis of crystalline α-Fe2O3 films as thin as 5 nm could be
particularly useful in electrochemical applications, because the

use of a thin film compensates for the poor charge carrier
transport ability of bulk α-Fe2O3 materials. Raman spectrosco-
py corroborated the phase assignment of the annealed film.
Shifts were observed at 225, 293, 299, 407, 617, and 659 cm−1.
In agreement with the characterization based on PXRD
measurements, this set of Raman modes matches well with
those specific to α-Fe2O3

20 and were not observed in the
Raman spectrum of the as-synthesized film (see Figure S7 in
the Supporting Information). UV−vis absorption measure-
ments of the annealed films also indicate the presence of
hematite. Figure 5 shows the absorbance spectrum of a 19 nm
iron oxide film grown by ALD using FeAMD on FTO. A small

Figure 3. Correlation between α-Fe2O3 film thickness and the number
of ALD cycles as monitored by ellipsometry. The films are grown on Si
substrates at 150 °C, and then annealed at 500 °C in air.

Figure 4. Grazing incidence XRD patterns of a 5 (blue) and 19 (red)
nm thick films deposited on Si and annealed at 500 °C. Thicker lines
show slow scan diffraction patterns in the range of 30−37. All of the
peaks are assigned to a single phase of α-Fe2O3.

Figure 5. Optical absorption spectrum of 19 nm thick iron oxide thin
film grown on FTO glass as-deposited (dashed blue) and after
annealing at 500 °C in air (solid red). Gray-dashed line is a 20 nm
thick hematite film grown using ferrocene-ozone ALD.
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shoulder characteristic of an α-Fe2O3 absorption is observed in
the as-deposited film. When annealed, however, there is an
increase in this absorption, and the shape becomes more
characteristic of an α-Fe2O3 crystalline phase. Comparisons of
films grown using the FeAMD precursor to α-Fe2O3 films
grown using a standard ferrocene-ozone ALD route (Figure 5),
reveal closely similar shapes for absorption spectra. Refer to
Figure S8 for more detailed GIXRD of 19 nm films of α-Fe2O3
in the Supporting Information. Figure 6 shows photocurrent

density−potential curves of the annealed films. For 19 nm thick
film, the water oxidation photocurrent begins at about 1.2 V vs
RHE and reaches 0.1 mA/cm2 at 1.75 V vs RHE, and this
confirms the photoelectrochemical activity for water oxidation
reaction. However, 5 and 14 nm thick films exhibit almost no
photocurrent response, which is hypothesized to be due to the
low crystallinity of the very thin films.30 From Figure 6, we can
confirm the water oxidation activity of films grown using the
FeAMD precursor resembles those grown using the ubiquitous
ferrocene-ozone procedure,13,14 but there is a lower hematite
thickness limit for achieving photoelectrochemical activity.
Further evaluation of the photoelectrochemical activity of thin
films of hematite are ongoing.
In conclusion, we find that conformal and self-limiting films

of FeOx can be reliably grown using the FeAMD ALD
precursor and water at moderately temperatures. Films
prepared in this way can be converted to hematite by annealing
in air, where evidence for conversion is provided by XRD, XPS,
Raman, and electronic absorption spectroscopy measurements.
FeAMD appears to be an excellent alternative to the formation
of catalytically promising iron oxide materials due to its ease of
use in commercial ALD systems, and its reliance upon
thermally and chemically moderate conditions. While not
explored here, the latter holds particular promise for integration

of iron-oxide films and clusters with organic components in
hybrid nanostructured materials.22 We intend to report shortly
on the synthesis and functional behavior of a few examples of
such materials.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, in situ QCM study of reactor profile,
supporting QCM, XPS, Raman spectrum, and XRD of this
films. The Supporting Information is available free of charge on
the ACS Publications website at DOI: 10.1021/acsa-
mi.5b04043.

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: o-farha@northwestern.edu.
*E-mail: j-hupp@northwestern.edu.
Author Contributions
All authors have given approval to the final version of the
manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported as part of the ANSER Center, an
Energy Frontier Research Center funded by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Award DE-SC0001059. Ellipsometry,
XPS, and Raman spectroscopy was performed in KECK II
facilities of the NUANCE Center at Northwestern University.
The NUANCE center is supported by NSF-NSEC, NSF-
MRSEC, the KECK Foundation, the State of Illinois, and
Northwestern University. This work made use of the J.B.Cohen
X-ray Diffraction Facility supported by the MRSEC program of
the National Science Foundation (DMR-1121262) at the
Materials Research Center of Northwestern University. M.R.
was supported by the Swiss National Science Foundation with
an Early Postdoc Mobility Fellowship.

■ REFERENCES
(1) Bachmann, J.; Jing, J.; Knez, M.; Barth, S.; Shen, H.; Mathur, S.;
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