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Atomic layer deposition of Fe,Oj3 is generally performed at temperatures above 350 °C. In this
work, Fe,O; thin films were deposited by remote plasma enhanced atomic layer deposition
using tertiary butyl ferrocene (TBF) and O, plasma in a broad temperature range starting from
150 to 400 °C. A maximum growth rate of 1.2 A/cycle was achieved between 300 and 350 °C.
Below 300 °C, the saturated growth per cycle was found to depend on the temperature of the

sample. All the deposited films were pure with no significant amount of carbon contamination.
Films deposited at 250 °C and above were crystalline with an a-Fe,O3 crystal structure, while
the low temperature films were crystallized by a post-deposition annealing in He. Annealing in
H, induced the formation of metallic iron.

Introduction

Hematite (a-Fe,03) is the most common form of oxide in the
Fe—O, system. Its unique combination of stability, nontoxicity
and exceptionally low material cost makes it an important
candidate for many applications such as magnetic devices'™,
hydrocarbon gas sensors®, photo electrochemical solar cells'*
15, heterogeneous catalysis'®'°, and as electro chromic material
for smart windows>*?!

Fe,Oj3 thin films have been grown for various purposes by a
variety of different methods such as sputtering"?, sol-gel*’,
molecular beam epitaxy (MBE)*2°, metal organic deposition
(MOD)**? spray pyrolysis?®*®, chemical vapor deposition
(CVD)>*'>¥31 and  atomic layer deposition (ALD)33*40,
Amongst these methods, ALD is the most powerful method for
depositing highly uniform and conformal layers, which is an
important requirement for coating nanostructured surfaces.
There exist several ALD processes for depositing iron oxide.
While the first demonstrated tris-(2,2,6,6-tetramethyl-3,5-
heptanedionato)iron(IIT) (Fe(thd);) and ozone process’” suffers
from an exceptionally low growth rate, the processes that use
iron(Ill)tert-butoxide(Fe,(O'Bu)g)*>* and bis(2,4-
methylpentadienyl)iron® are limited by their narrow
temperature window and commercial unavailability of the
precursors. Most of the other methods use ferrocene (Fe(Cp),)
as Fe precursor in combination with either molecular oxygen or
ozone*®*°. These processes generally use high deposition
temperatures>® > (above 350 °C) while also suffering from
extremely low growth rates®’” and narrow temperature windows
for controlled growth. Recently, Martinson et al.* reported an
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ALD process for Fe,O; using Fe(Cp), and O; in a lower
temperature range from 200 to 350 °C with a crystalline phase
starting from 250 °C. However, relatively large exposures of
both Fe(Cp), and O; are required to reach saturated growth
conditions on planar surfaces.

In this article, we report a novel ALD process for Fe,O; that
relies upon sequential pulsing of ter-Butyl ferrocene (TBF) and
O, plasma and allows for the controlled deposition of pure
films in a broad temperature range from 150 to 350 °C. TBF is
a commercially available liquid with a boiling point of 96 °C
(at 1 mmHg) and with sufficient vapor pressure, which makes it
a suitable precursor for ALD applications. In comparison with
most existing ALD processes for Fe,Os, this novel process
enables deposition at temperatures as low as 150 °C, which is
attractive for applications that require the controlled deposition
of iron oxide on temperature sensitive materials. Furthermore,
the formation of metallic iron by a post deposition annealing of
the films in H, is also demonstrated, which makes this novel
process more versatile in view of technological applications
such as data storage®', surface plasmon coupled
chemiluminescence***, and biomedicine and magnetic
devices™.

Experimental details

All the depositions were performed in a home built
experimental cold-wall ALD chamber connected through a gate
valve to a turbo pump backed up by a rotary pump*“*°. A
second gate valve was installed for pre-evacuation of the
chamber via a bypass line to the rotary pump. The liquid TBF
precursor (98%, Strem Chemicals), kept in a stainless steel
container, was heated to 65 °C, and the delivery line to the
chamber was heated to 70 °C. For the remote plasma process
the O, gas flowed through the plasma source at a pressure of
0.03 mbar and the RF plasma power was set at 300 W. The
precursor was injected through a quarter inch stainless steel
tube located at the top of the ALD chamber and a static
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exposure mode was applied*’. Unless stated otherwise, the
pulse time of the TBF precursor was 15s, after which the
valves to the pumping system were kept closed for another 10 s,
resulting in a total exposure time of 25 s at 1 mbar pressure. For
O, plasma, the pulse time was 15 s. No purge gas was used in
the deposition cycle.

The thickness of the growing Fe,O3 films was monitored in
situ using spectroscopic ellipsometry (SE, J. A. Woollam M-
2000). Based on SE measurements performed on several Fe,0;
layers with a known thickness, the optical constants of the films
were found to be appropriately described by a Tauc-Lorentz
oscillator model in the wavelength range of 600 to 1000 nm.
Good quality fits to the ellipsometric data were obtained, even
during the start of the film growth. The determination of film
thickness by in situ SE was complemented by ex situ X-ray
reflectivity (XRR) and X-ray fluorescence measurements. XRR
was carried out using a Bruker D8 Discover system with Cu Ka
radiation, while XRF was performed using a Mo x-ray source
(at an angle of 45° with sample surface) and a silicon drift
detector placed at an angle of 52° with the sample surface. The
fluorescence signal was integrated over a period of 100s. Film
thicknesses were extracted as explained in the Supporting
Information.

The chemical composition of the deposited films was
determined by X-ray photoelectron spectroscopy (XPS) using a
Thermo VG Scientific ESCALAB 220i-XL with a
monochromatic Al Ka x-ray source. The reported Binding
Energy values (BE) were corrected for charging effects by
assigning a BE of 284.6 eV to the Cls signal. The film
crystallinity was investigated by X-ray diffraction (Bruker D8
Discover, Cu Ka radiation) using a point sensitive detector. The
diffraction patterns were analyzed with the Scherrer equation to
derive the size of the crystallites in the deposited films. The
surface roughness of the films was determined by atomic force
microscopy (AFM) on a Bruker Dimension Edge system
operating in tapping mode in air. The Root Mean Square
(RMS) roughness values were calculated on 5 pm x 5 pm
micrographs.

The ALD process was characterized by in situ mass
spectrometry (Hiden Analytical) using the spectrometer in Bar
Scan mode with the Faraday detector (source voltage 70 V).

Finally, post-annealing of the deposited films in He and 5%
H,/He was performed in a home-built heating chamber

mounted on a Bruker D8 diffractometer*®* to enable in situ

XRD characterization. A linear detector was used to collect the
diffracted X-rays at 2 s time intervals.

Results and discussion
Characteristics of the Iron Oxide ALD process

The temperature window of the ALD process was investigated
on Si substrates covered with 100 nm thermally grown SiO,.
Figure 1 shows the variation in growth per cycle (GPC) with
the temperature of the substrate. The substrate temperature was
varied between 150 and 400 °C. The GPC has both temperature
dependent and temperature independent regions. In the
temperature range of 300 to 350 °C the GPC is temperature
independent with a value of 1.2 A/cycle. Below 300 °C the
growth rate was found to decrease with decreasing temperature.
Above 350 °C, the growth rate increased significantly, likely
due to thermal decomposition of the TBF precursor. The
thickness of the films deposited at and above 350 °C was
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Figure 1. Growth rate as a function of deposition temperature.

Saturation of the ALD process was studied at different
deposition temperatures. While both ALD half reactions
saturate in the range of 150°C to 350 °C, no saturated growth
was found at 400 °C, indicating thermal decomposition of the
precursor at this temperature. Figures 2 (a) and (b) show the
150 and 300 °C saturation curves for the TBF precursor and O,
plasma half cycles respectively. The pulse time of the TBF
precursor was followed by an additional 10 s static exposure.
At 300 and 350 °C a 7 s TBF pulse, resulting in a pressure of
7x10"! mbar in the chamber, was sufficient to have saturated
growth. However, at low temperatures, long pulse times were
needed to ensure saturation. At the lowest deposition
temperature of 150 °C a 15 s TBF pulse, resulting in a pressure
of 1 mbar, was required for saturated growth. In the case of O,
plasma, a 6 s exposure resulted in saturated growth at 300 °C,
while 15 s were needed at 150 °C.

To get more insights in the mechanisms driving the
temperature dependent saturation of the growth rate in the
TBF/O, plasma process, in situ mass spectrometry was used to
analyze the reaction products formed during both ALD half
cycles. As also reported for the ferrocene/O, process by J.R.
Scheffe et al.*’, CO, and H,O were detected during both the
precursor and reactant pulse. The formation of CO, and H,O
during the first half reaction indicates the presence of
chemisorbed oxygen on the surface that reacts with the TBF
ligands upon precursor adsorption. In the subsequent exposure
to O, plasma, the remaining ligands of the adsorbed precursor
molecules are oxidized*>** %, Mass spectrometry revealed no
difference in reaction products for the processes at 150 °C and
300 °C respectively, suggesting that similar ligand combustion
reactions occur at both temperatures. The reduced growth rate
at low temperatures could possibly be due to competing site
blocking reactions by organic precursor groups during the TBF
pulse. Surface poisoning by precursor fragments followed by
removal of the surface carbon during the O, reactant step has
earlier been proposed to occur during Pt and Ru ALD processes
using Cp-based precursors™.

The linearity of the ALD process was studied on 100 nm
SiO, films thermally grown on Si substrates. The thickness
after each ALD cycle was followed with in-situ spectroscopic
ellipsometry measurements. Independent of the deposition
temperature, there was a delay in the nucleation of the Fe,O3
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film. The growth was limited up to about 30 cycles after which
the film thickness increased linearly with the number of ALD
cycles (Figure 3). The final thickness of the film was measured
ex-situ with  XRR and was in close agreement with the
ellipsometric measurement.
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Figure 2. (a) Growth rate against the TBF pulse time, using a
fixed O, plasma exposure of 15 s. (b) Growth rate against the
O, plasma exposure time, using a fixed TBF total exposure of
25 s. The black squares were obtained at 300 °C (left Y-axis)
and the blue circles at 150 °C (right Y-axis).
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Figure 3. Thickness of the Fe,O; films deposited at 200 and
300 °C on SiO, substrates against the number of ALD cycles.
Ellipsometric measurements at certain intervals only are shown
for clarity.
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Properties of the Iron Oxide Films

Iron oxide films were deposited on 100 nm SiO,/ Si substrates
using the conditions described in the experimental section. All
the deposited films were continuous and the thickness
uniformity was excellent, with a typical deviation in thickness
of less than 2% across a two-inch area. Phase identification of
ca. 27 nm thick films was performed using XRD
measurements. All the films deposited at and above 250 °C
were crystalline and the XRD peaks correspond to an a-Fe,O;
(Hematite) phase (Figure 4). Analysis of the (104) peak with
the Scherrer equation yielded crystallite sizes of 16 and 45 nm
for the as deposited films at 250 °C and 350 °C respectively.
The 3+ oxidation state of iron (Fe’") was also confirmed by
XPS measurements. Figure 5 shows the XPS spectra of as-
deposited films at 150 and 350 °C. The maximum of the Fe
2p3 peak is at 711 eV and the satellite peak between the 2p;,,
and 2py,, peaks is clearly visible. To verify the stoichiometry of
the films, the O 1s peaks were studied in detail. Irrespetive of
the deposition temperature, the Ols spectrum was characterized
by the presence of two contributing bands.While the band at BE
= 530.2 eV( species I, black, 74% of total oxygen content)
could be ascribed to lattice oxygen in Fe,Oj;, the band at 532.2
eV (species II, gray) could be related to the presence of surface
hydroxyl groups along with coordinatively unsaturated oxygen
species®"**. Taking only the lattice oxygen species in to account
the Fe/O ratio was found to be 0.62, in agreement with the
stoichiometry  expected for Fe,O;. Comparing these
observations with those reported in literature®*'*"-3*3 it can be
concluded that the iron in the ALD films is in the Fe’* state.
XPS also showed a negligible amount of carbon (< 5%) in the
deposited films.

200"|C. 26nm m , ' l” \ ”

250°C, 26n

XRD intensity (a. u.)

Figure 4. XRD patterns of the Fe,O; films deposited at
different temperatures on SiO, substrates.

All the films deposited below 250 °C were amorphous, but
could be converted into the hematite phase with (104)
preferential orientation by annealing in He. Figure 6 (bottom)
shows the XRD patterns for the as-deposited film at 200 °C and
for the same film annealed in He to 600 °C at a heating rate of
0.2 °C/s. The Figure 6 (top) shows the evolution of the XRD
pattern during this thermal treatment. Crystallization of the film
started at 350 °C, as revealed by the intensification of the peak
corresponding to a-Fe,O; (104). The Scherrer equation revealed
an average crystallite size of 35 nm.
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Figure 5. XPS spectra of Fe 2p (left) from the surface of Fe,O;
films deposited at 150 and 350 °C and O 1s (right) from the
surface of Fe,03 films deposited at 150 °C on SiO, substrates.

All the deposited Fe,O; films can be reduced to metallic Fe
by annealing in H, atmosphere. Upon annealing from room
temperature to 650 °C at a heating rate of 0.2 °C/s, the Fe,0;
first reduces to Fe;O4 at 385 °C and then suddenly reduces to
metallic Fe at 430 °C (Figure 7). This reduction process could
be of interest for applications of metallic ferromagnetic iron in
in data storage*!, biomedicine and magnetic devices**.

Finally, the morphology of the films was studied using
atomic force microscopy (AFM). As also reported for the
iron(IIT) chloride and water process*’, the surface roughness of
the Fe,O; films was found to increase with increasing
deposition temperature (Figure 8). This increase in surface rou-
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oo MMt e
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20(7)
Figure 6. XRD patterns of a 26 nm thick Fe,O; film deposited
at 200°C on a SiO, substrate and of the same film after
annealing in He to 600 °C at a heating rate of 0.2 °C/s. The top
figure shows the evolution of the XRD pattern during this
thermal treatment.
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Figure 7. XRD patterns of a 28 nm thick Fe,O; film deposited
at 350 °C on a SiO, substrate and of the same film after
annealing in H, to 650 °C at a heating rate of 0.2 °C/s. The top
figure shows the evolution of the XRD pattern during this
thermal treatment.
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Figure 8. Atomic force micrographs of 13 nm thick Fe,O3
films (a) deposited at 200 °C, (b) the same annealed in He and
(c) deposited at 350 °C on SiO, substrates.

ghness is related to the higher crystallinity of the films with
increasing temperature. The rms roughness of the film
deposited at 200 °C, which was measured from a 5 pum x 5 um
scan area, increased from 0.32 to 0.81 nm after annealing in He.

This journal is © The Royal Society of Chemistry 2012
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Increase in the rms roughness value after annealing can be
attributed to the formation of grains upon crystallization.

Conclusions

A new ALD process for the growth of uniform and pure o-
Fe,03 (hematite) thin films has been developed using t-
butylferrocene as precursor and O, plasma as reactant. Both
ALD half reactions are self-saturating in a broad temperature
window ranging from 150 to 350 °C. Remarkably, the saturated
growth rate increases with increasing temperature. Films
deposited at 250 °C and higher temperatures are crystalline as-
deposited, while the low temperature films can be crystallized
by post-deposition annealing in He. Annealing in H, induces
the formation of metallic iron. In comparison with most
existing ALD processes for Fe,O;, this novel process enables
deposition at temperatures as low as 150 °C, which is attractive
for applications that require the controlled deposition of iron
oxide on temperature sensitive materials. In future work, a
detailed study of the growth behaviour on different substrates
will be investigated.
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We demonstrate an ALD process for Fe,O; that relies upon sequential pulsing of ter-Butyl ferrocene
(TBF) and O, plasma and enables the deposition from temperatures as low as 150 °C.




