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Abstract—Atomic layer deposition (ALD) is a promising technology for fabricating conformal thin films of atom-
level thickness with chemical composition control over a variety of structures. This paper demonstrates the ALD of
iron oxide thin films using a novel iron precursor, namely, bis[bis(trimethylsilyl)amide]iron [Fe(btmsa),] and hydrogen
peroxide as an oxygen source. The growth characteristics of iron oxide were investigated by varying the deposition
temperatures from 100 to 225°C, such that the ALD growth mode was observed at 150 to 175 °C with an average
growth rate of 0.035+0.005 nm/cycle. The films deposited in ALD mode exhibited highly linear film thicknesses with
the number of cycles and excellent conformality over high-aspect-ratio trenches. In addition, the deposited films were
extremely pure and revealed a hematite phase without any subsequent heat treatment, even if the films were deposited

at low temperatures.
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INTRODUCTION

Iron is the fourth most abundant element in the Earth’s crust.
One of its stable natural forms is hematite (c-Fe,O,) which has been
profoundly analyzed and adopted for a diverse range of applica-
tions. Thin films and nanostructures of o-Fe,O; are attracting con-
siderable attention because of their unique intrinsic properties, such
as super magnetism, bio-compatibility, UV absorption, and sensi-
tivity compared to bulk structures. In the last decade, thin-film o~
Fe,O; has been adopted for a variety of applications, including semi-
conductors, sensors, catalysts, and solar water splitting, as well as
energy; electrical, and magnetic devices [1-5]. To further increase
the performance of these devices and commercialize them, it is
essential to ensure the properties of the prepared o-Fe,O; thin
films by selecting the appropriate deposition technique and source
chemicals. Conventionally, o-Fe,O; thin films have being prepared
by commercial techniques like sputtering, sol-gel, chemical bath
deposition, pyrolysis, chemical vapor deposition (CVD), and atomic
layer deposition (ALD) [6-14]. The aforementioned techniques are
unable to provide strict control over the properties of thin films,
which is imperative for the greater integration of devices, exclud-
ing the robust ALD technique [15,16]. ALD is a well-known gas-
phase process for producing pin-hole-free conformal thin films of
pure metals, oxides, nitrides, and sulfides over a variety of struc-
tures [17]. The critical advantages of atom-level thickness, compo-
sition control, and self-limiting sequential reactions make ALD a
promising candidate for new-generation thin-film formation. This
layer-by-layer technique consists of four steps for each ALD cycle:
the high-vacuum pulsing of vapor metal compounds which chemi-
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cally adsorb onto the substrate, the pulsing of a co-reactant known
as the oxygen source, and the purging steps between each pulsing
for removing excess reactants and by-products. The oxygen source
combines with the previously adsorbed metal compound ligands
and forms metal-oxide films [18]. Only a few iron-based metal com-
pounds (hereafter, “precursors”) were reported for the o-Fe,0; ALD
film formation described in Table 1. Ozone (O;) combined with
ferrocene [Fe(cp),] was the most popular commercial precursor
used for o-Fe,0; film formation [19-21]. However, the expense of
maintaining an O; generator and the necessary high deposition
temperatures hinders the wide application of ferrocene. By using
bis(2,4-dimethylpentadienyl)iron [Fe(2,4-C;H,,),], the crystalline
phase of the film can be tuned by altering the oxygen source [22].
Even though it offers the pronounced benefit of a low deposition
temperature and phase tuning, it relies on O; to grow the o-Fe,0O,
phase. As ozone is a strong oxidizer, it can produce the oxygen-rich
o-Fe,0; phase but, as mentioned above, it cannot be economically
scaled up. Subsequently, ferric chloride [FeCly], a highly reactive
water-based iron precursor, was reported as being a suitable alter-
nate to O;. Nevertheless, its application is hampered by its tendency
to lead to inimical corrosion issues in the ALD chamber and pump-
ing units on account their coming into contact with Cl and H,0
[23]. Another water-based precursor, bisamidinates, was developed
by Gordon et al,, and recently the ALD film growth of o-Fe,O,
using bis(N,N “di-t-butylacetamidinato)iron(II) [FeAMD]/H,O at
low temperatures was attempted by Avila et al. [24,25]. The low vapor
pressure of FeAMD gives rise to a need for a sufficiently long inter-
val between each pulse to confirm the uniform precursor delivery
in each cycle. Furthermore, other precursors such as [Fe(thd),] and
[Fe,(O'Bu),] are plagued by a low growth rate and slow nucleation
mechanisms [26-28]. Therefore, to overcome the problems associ-
ated with the aforementioned precursors, the identification of a new
precursor is essential to the preparation of a phase-pure oFe,O,
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Table 1. Iron precursors and ALD conditions for iron oxide film growth (from the literature)
Deposition temperature Growth rate .
S.no Precursor Oxygen source °C) (nm/cycle) Crystalline phase Reference

1 Fe(Cp), 0O, 360-530 0.015 Mixed 19,21

2 Fe(Cp), (0N 170-350 0.14 a-Fe,O, 20

3 FeCly H,O 200-350 0.06 a-Fe,0, 23

4 Fe(2,4-CH,)), H,0, 120 0.06 Fe;O, 22

5 Fe(2,4-CH,)), (0N 120 0.06 a-Fe,O, 22

6 FeAMD H,0 130-200 0.055 a-Fe,0, 25

7 Fe(thd), 0, 160-210 0.01 a-Fe,0, 26

8 Fe,(O'Bu), H,0 130-170 0.026 - 27

9 Fe(acac), 0O, 180 - - 28
film under relatively mild conditions, such as the use of low tem- EXPERIMENT
peratures and smooth oxidizers. From a practical point of view,
low temperature ALD process is desirable because it allows energy 1. Materials

saving as well as a wider choice of substrate materials including
thermally fragile organics and polymers. Any such system should
incorporate clean chemistry, mild deposition conditions, and phase
purity in addition to the advantage of using moderate, cheap oxi-
dizers like H,O or H,O,. In this respect, we are introducing a novel
amide precursor that offers the potential to grow a range of transi-
tion metal-oxide films under mild conditions with clean chemis-
try [29]. We use bis(bis(trimethylsilyl)amide) iron(II) [Fe(btmsa),]
and H,0, to grow a-Fe,O; at relatively low deposition tempera-
tures, which we then go on to compare with other iron precur-
sors. The chemical structure of Fe(btmsa), is shown in Fig. 1. To
the best of our knowledge, there have been no reports published
describing the use of this amide precursor for growing ALD tran-
sition metal-oxide films. In general, the crystallinity of the ALD-
grown films depends on the deposition temperature (relatively high),
subsequent heat treatments, or the oxygen source [23,25,30]. An
intriguing fact regarding [Fe(btmsa),]/H,O, is that the as-depos-
ited films become crystalline once the required thickness is attained
[20,22]. In this study, we set out to elucidate the salient benefits of
the [Fe(btmsa),]/H,0, ALD system for the fabrication of pure o~
Fe, O, thin films.
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Fig. 1. The chemical structure of Fe(btmsa),.

All experiments were carried out in a horizontal-flow reactor,
fabricated in house, with a chamber diameter of 35 mm and a length
of 380 mm, positioned inside a tubular furnace to avoid tempera-
ture profiling. Fe(btmsa), (Hansol Chemical, Korea) and 30-wt%
H,0, (Sigma Aldrich, USA) were alternatively pulsed to form o-
Fe,O; film. We used 99.99% pure compressed argon (Praxair, USA)
as both a carrier (20 sccm) and purge (50 sccm) gas. Single-crys-
talline p-type silica (100) substrates (LG Siltron, Korea) were thor-
oughly dip-cleaned with diluted hydrofluoric acid for 60-120's to
remove the natural SiO, layers. Prior to being blown dry with 99.99%
pure nitrogen (Praxair, USA) the substrates were rinsed first with
acetone, then isopropanol, and finally distilled water for a few min-
utes.

2. Method

The effects of temperature on the growth mechanism were exam-
ined by examining the deposition over a wide range of tempera-
tures from 100 to 225 °C. For every deposition, a base pressure of
800 mTorr was maintained by means of a high-purity Ar flow at a
mass flow rate of 50 sccm. The iron precursor bubbler was main-
tained at 65 °C to create sufficient vapor to uniformly deliver the
precursor, even over a large number of cycles. The H,0, bubbler
and gas/vapor lines were maintained at 35°C and 90 °C, respec-
tively, to prevent condensation of the precursor. The precursor line
consists of a mixing zone and a reservoir. The mixing zone facili-
tates the proper mixing of the carrier gas and precursor vapor cloud
by forcing the carrier gas (20 sccm) into the mixing zone. Arrest-
ing the mixed-vapor phase (carrier gas and precursor vapor) in the
reservoir for a short time prior to pulsing prevents any direct/excess
flow from the bubbler and ensures uniform precursor delivery in
each cycle. The hydrogen peroxide line featured only a reservoir
because no carrier gas was utilized. The ALD cycle sequences are
generally denoted as t1-t2-t3-t4, where t1 is the pulsing time of the
precursor, t2 is the purge-out time for excess precursor, t3 is the
pulsing time of the oxygen source, and t4 is the purge-out time for
any excess oxygen source and by-products. The self-limiting nature
of each half-reaction was examined by altering the pulsing (t1 &
t3) and purging (t2 & t4) times. All the cycle sequence timings
were accurately controlled by pneumatic valves. A distance-inde-
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pendent regime was found between 5 and 22 cm from the precur-
sor inlet [20]. The growth rate starts to fall after 22 cm because of
the concentration gradient. All the experimental data shown here-
after correspond to the distance-independent regime. At the end
of all the experiments, the samples were outgassed with 50 sccm Ar
for 60s. For the chosen samples, annealing in an air atmosphere
was carried out in a box furnace at 550 °C with a heating rate of
5°C/min for 4 h, after which they were allowed to cool naturally.
3. Characterization

The thicknesses of the ALD-grown films were measured using
an LSE Stokes ellipsometer (Gaertner Scientific, USA) using a low-
power HeNe (632.8-nm) measurement laser beam. The crystallin-
ity of the films was observed by means of grazing incidence X-ray
diffraction (GIXRD) using an Empyrean diffractometer (PANalyti-
cal, the Netherlands) using a Cu Ker radiation and a pixcel3D detec-
tor with a prefix interface. The incident angle used was 1° and the
260 range was 20 to 80°. In addition, X-ray photoelectron spectros-
copy (XPS) was performed using a VG Multilab 2000 (Hosmed, Fin-
land) with a 7-channeltron detector was used to analyze the film
composition and chemical oxidation states of the elements pres-
ent in the film. Atomic force microscopy (XE-100) was employed
in noncontact mode for the surface roughness measurements. The
surface morphologies of the silica substrates were examined through
field emission scanning electron microscopy (FE-SEM) using an
S-4700 microscope (Hitachi, Japan).

RESULTS AND DISCUSSION

First, films were grown on flat Si(100) substrates by using alter-
nating pulses of Fe(btmsa), and H,O, vapors at 100°C. In each
cycle, the H,O, reacted with the chemisorbed Fe(btmsa), species.
The deposition temperature is paramount for achieving true ALD
behavior since the adsorption and kinetics of the reactions rely greatly
on the vapor phase and substrate temperature. The ALD window,
a brief temperature range in which self-limiting half-cycle reac-
tions occur without any CVD component, is essential to the defi-
nition of any ALD system [15]. We carried out the deposition be-
tween 100 °C over 300 cycles and a cycle sequence of 1.55-20s-
0.55-55s to define the ALD window for an Fe(btmsa),/H,O, sys-
tem. Fig. 2(a) shows the growth rate as a function of temperature.
As shown in Fig. 2, the growth rate of Fe,O; ALD is slower than
those of other metal oxides ALD such as TiO, and ZnO [15]. In
general, chemisorbed precursors should react rapidly with a counter
reactant to obtain a high growth rate and thus, it can be presumed
that the slow growth rate of the Fe,O; ALD is caused by the absent
of the aggressive reactions between Fe(btmsa), and H,0,. Never-
theless we can see the true ALD behavior at a significantly low
temperature range of 150 to 175 °C. The slight slope indicates that
the film growth is affected by the substrate temperature within the
ALD window. The higher growth rate observed below 150 °C is
ascribed to the Fe(btmsa), condensations on the substrates. On
the other hand, the film growth rate is decreased with increased
deposition temperatures above 175 °C, due to the enhanced de-
sorption of the adsorbed precursors from the surfaces [15]. Attempts
to form films at a higher temperature of around 225 °C generate
rough films in contradiction to the ALD window. Through AFM
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Fig. 2. (a) Growth rate as a function of deposition temperature, (b)
Film thickness measured by ellipsometry (solid square) ver-
sus number of ALD cycles.

analysis (not described in this paper), the roughness was found to
be 1.74 and 4.90nm for the films grown at 175°C and 225°C
respectively, with the same cycle sequence (1.5 s-205-0.4 5-60 s) and
number of cycles. The size of the crystals at high deposition tem-
peratures was relatively large, which gives rise to the relatively rough
surface [31]. The uncontrolled and rapid decomposition of the pre-
cursor might be the reason for this phenomenon. From these fea-
tures, we can conclude that 150-175 °C is the optimum ALD window
for an Fe(btmsa),/H,O, system. Fig. 2(b) shows the linear relation-
ship between the film thickness and number of cycles at 150 °C
for a cycle sequence of 1.5s-205-0.4 s-60 s. There was no evidence
of nucleation delay. The positive intercept of the linear fitting curve
(0.9) is caused by the presence of an unsteady state in the initial
cycles. A higher growth rate was witnessed in the initial cycles (up
to 50) which can be neglected as an instrumentation error. In
every experiment, the precursor delivery reached the steady state
after 50 cycles and did not have any noticeable effect on the
growth mechanism for a high number of cycles. After defining the
ALD window, the self-limiting kinetics were verified with differ-
ent pulse and purge sequences. The individual half-reaction satu-
ration is essential to a true ALD process. If the purging is not
adequate, then the ALD system will fail in terms of either the mul-
tilayer formation or CVD components. Identifying the optimum
self-limiting cycle sequence is essential to the fabrication of confor-
mal smooth films. We started to investigate the pulsing steps (t1 &
t3) while t3 and t4 were held constant to prevent any intrusion.
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on film growth rate at 150 °C.

Fe(btmsa), pulsing (t1-20 s-0.4 s-60 s) was varied from 1 to 2.25s.
Surprisingly, not even a very slight slope was observed with the
relation fit. Briefly, a surface that has been saturated with 1-s and
longer pulses has no effect on the monolayer formation, as shown
in Fig. 3(a). Fe(btmsa), appears to be superior to ferrocene since a
pulse of at least 30 s and a long purge were needed to attain satu-
ration and true ALD [20]. Saturation was also observed beyond
the bounds of the ALD window; even though the growth rate varied,
as shown in Fig. 2(a). A significant advantage of an Fe(btmsa),/
H,0, system is that the ALD window can be drawn out to lower
temperatures for certain applications. An examination of H,O, puls-
ing (1.5s-20s-t3-60s) revealed surface saturation at 0.4s. There
was a gradual increase in the growth rate from 0.2 to 0.4s, after
which the growth rate was independent of the pulse time, as de-
picted in Fig. 3(b). H,0O, is a stronger oxidizer than molecular water
and very comparable to an O,/O, mixture, making its use prefera-
ble to O; when scaling-up the process. In the case of purging, a
sufficiently long purge-out duration is essential to avoid the incor-
poration of CVD components into the films. Doing so also helps
to ensure the surface saturation. Using the cycle sequence 1.5 s-12-
0.4 s-4, the purging effects of both half-cycles were examined, and
it was found that 20's for t2 and 55s for t4 was sufficient to con-
firm the monolayer formation, as shown in Fig. 3(c) and 3(d). A
duration in excess of this does not have any noticeable effect on

the growth rate. Even very long purge times, such as 50s for t2
and 120s for t4, could not resolve the multilayer formation near the
inlet portion (0-5cm) of the tubular ALD reactor. This may be
due to either of two causes: (1) vapor turbulence or hindrance near
the inlet, or (2) the concentration gradient of the precursor in the
chamber. Finally, the growth rate was found to be 0.035+0.005
nm/cycle, using the ellipsometry thickness data in the true ALD
distance-independent regime without any nucleation delay:.

For phase identification, chosen samples coated under different
deposition conditions were subjected to grazing-incidence XRD
analysis. The diffraction patterns were compared with the standard
patterns to confirm the phase purity and crystallinity of the formed
films. Those films with a thickness of less than 25 nm did not exhibit
any diffraction peaks, thus confirming that the films were amor-
phous regardless of the deposition temperature (blue spectra in
Fig. 4). No crystallinity could be observed in the same samples, even
after air annealing at 550 °C. The diffraction peaks of the films de-
posited at 150 °C, about 30 nm thicker, exhibit a pure o-Fe,O; phase
without any additional phases (black spectra in Fig. 4). This is in
contrast to the FeCly/H,O and Fe(cp),/O, systems where they exhibit
a mixture of oFe,0; and Fe;O, at relatively higher deposition
temperatures [21,23]. The green spectral line in Fig. 4 indicates the
diffraction peaks of the annealed samples, revealing a very high
crystallinity and phase purity where the high-intensity peaks per-
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Fig. 4. GIXRD data for films grown on Si(100) at 150°C. (a) 10 nm,
(b) 30 nm (c) 30 nm film annealed at 550 °C.

fectly match the reference pattern (JCPDS 033-0664). In normal
cases, the deposition temperature, post treatments, and choice of
oxygen source are crucial to the determination of the phase and
chemical composition of an ALD film. For example, the use of
Fe(2,4-C,H,)), prevents the mixing of Fe;O, and pure o-Fe,O;, while
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using H,O, and O; as the oxygen source, respectively [22]. When
deriving o+Fe,0;, highly oxidative sources like O, or high-tempera-
ture post treatments are essential when using known precursors.
Nevertheless, in the case of Fe(btmsa),, the use of H,O, is sufficient
to produce phase-pure o-Fe,O; thin films even at low deposition
temperatures in the absence of post heat treatments.

Further surface-oriented X-ray photoelectron spectroscopy was
applied to further confirm the chemical composition of o-Fe,O,
films. A 30-nm sample, deposited at 150 °C with a cycle sequence
of 1.55-205-0.55-60s was analyzed and no trace elements other
than Fe, O, and C were observed in the full XPS analysis function,
as illustrated in Fig. 5(a). Fig. 5(b) indicates that the Cls profile con-
tains a highly intense (284.9 V) and two less-intense (2874 eV, 289.7
eV) peaks that can be attributed to the C-C, C-OH, and C=0 (hy-
drocarbons) structures, respectively [32,33]. The quantitative car-
bon content is 0.059 at% in a 30-nm film, which may result from
the presence of undesirable precursor decomposition products.
Post thermal or plasma treatment may further reduce the level of
the carbon impurities in the films [34].

As shown in Fig. 5(c) the Ols also contains three peaks. Among
these, the higher, most-intense peak (530.4 €V) corresponds to the
fundamental metal-oxygen (Fe-O) bonding. Among the two less-
intense peaks, the first (531.8 V) corresponds to the oxygen-con-
taining hydrocarbons and general defects, while the second (532.7
eV) stems from the natural SiO, layers formed over the Si(100)
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Fig. 5. XPS spectra of film deposited at 150 °C. (a) Wide spectra, (b) Cls, (c) Ols, and (d) Fe2p.
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0.5 ym

Fig. 6. (a) Cross section SEM micrograph of film deposited on patterned Si(100) substrate at 150 °C, (b) enlarged view of marked portion in
(a), (c) top view of film deposited on flat Si(100) substrate at 175 °C, (d) at 225 °C.

substrates [33]. Fig. 5(d) shows the detailed spectrum of the Fe2p
regime with two spin-orbit-coupling energy states 2p;, and 2p,,,
with a splitting energy of 13.45 eV. The corresponding energy lev-
els of the 2p;, and 2p,;, peaks are 710.5 and 723.9 eV, respectively.
Furthermore, two satellite peaks were located around 718.2 and
728.8 eV, corresponding to the 2p,;, and 2p,,, main peaks. The spec-
tral data and peak positions are identical to the previously reported
XPS spectra of pure orFe,0; [35,36]. Both X-ray analysis tech-
niques confirmed that only the o-Fe,O, phase is present in the
film, rather than a missed phase.

The ability to fabricate conformal films over high-aspect-ratio
structures is vital to the commercialization of ALD systems. There-
fore, the conformality of the films grown with the Fe(btmsa),/H,O,
system was examined using patterned Si(100) substrates with an
aspect ratio of 10. The substrates were coated over 300 cycles with
a 1.55-205-0.4 s-60 s sequence at 150 °C. The SEM micrograph of
the cross-section, shown in Fig. 6(a), and the magnified edge por-
tion, shown in Fig. 6(b), evidence a continuous uniform film over
all the intricate surfaces of the substrate. From the AFM analysis, it
was acknowledged that the roughness increases with the deposi-
tion temperatures. The SEM micrographs shown in Fig. 6(c) and
(d) support this statement. Larger crystals/particles are visible on
the substrate coated at 250 °C. In contrast, the substrate coated at
175 °C has a smooth surface. This paper thus explains the intrigu-
ing and appreciable advantages of an Fe(btmsa),/H,O, system
over other available iron precursors in terms of growth conditions,
clean chemistry, and film quality. Further investigation of the o~
Fe,O; thin film for application as a light-harvesting photo anode
for solar water splitting is ongoing.

CONCLUSION
The self-limiting ALD of pure o-Fe,O; has been demonstrated

using a novel metal precursor, namely; bis[bis(trimethylsilyl)amide]
iron, under undemanding conditions. Alternate pulsing of Fe(btmsa),

and H,O, resulted in a normalized growth rate of 0.035+0.005
nm/cycle. The as-deposited films exhibit satisfactory crystallinity
regardless of the post treatment, deposition temperature, and extreme
oxidizers. Despite being cheap and only a moderate oxidizer, H,0,
is ample for deriving phase-pure o-Fe,O; without any other phases
through an Fe(btmsa),/H,0, system. The phase purity is estab-
lished through GIXRD and XPS analyses. The dynamic capability
to fabricate crystalline thin films under relatively undemanding
growth conditions, the clean surface chemistry, and potential make
the Fe(btmsa),/H,0, ALD system a promising candidate for the
fabrication of phase-pure a-Fe,O; thin films.
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