
Materials and Design 91 (2016) 132–142

Contents lists available at ScienceDirect

Materials and Design

j ourna l homepage: www.e lsev ie r .com/ locate /matdes
Combinatorial magnetron sputtering of AgFeO2 thin films with the
delafossite structure
Fang Mao a,⁎, Tomas Nyberg b, Thomas Thersleff c, Anna M. Andersson d, Ulf Jansson a

a Department of Chemistry—Ångström Laboratory, Uppsala University, PO Box 538, SE-751 21 Uppsala, Sweden
b Solid State Electronics, Department of Engineering Sciences, Uppsala University, PO Box 534, SE-751 21 Uppsala, Sweden
c Applied Materials Science, Department of Engineering Sciences, Uppsala University, PO Box 534, SE-751 21 Uppsala, Sweden
d Insulation and Materials Technology, ABB AB, Corporate Research, Västerås SE-721 78, Sweden
⁎ Corresponding author.
E-mail address: fang.mao@kemi.uu.se (F. Mao).

http://dx.doi.org/10.1016/j.matdes.2015.11.092
0264-1275/© 2015 The Authors. Published by Elsevier Ltd
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 August 2015
Received in revised form 16 November 2015
Accepted 24 November 2015
Available online 2 December 2015
The main objective of this study is to demonstrate the strength of the combinatorial approach to rapidly and ef-
fectively identify suitable process parameters for the synthesis of AgFeO2 filmswith layered delafossite structure.
(00l)-textured delafossite AgFeO2 thin films have been successfully deposited for the first time without post-
annealing by magnetron sputtering from elemental silver and iron targets in a reactive Ar–O2 atmosphere. Gra-
dient films with awide composition rangewere deposited on single wafers and subsequent screenings of phase-
and chemical compositions were employed to optimize process parameters. The optimum deposition tempera-
ture for single-phase AgFeO2 growth was 450 °C using a Ag target powered at 15Wwith a pulsing frequency of
150 kHz and a Fe target powered at constant 120W at a total pressure of 4mTorr and a O2 partial pressure of 0.8
mTorr. Selected films were studied with scanning electron microcopy (SEM), transmission electron microscopy
(TEM) and Raman spectroscopy. The optical band gap for the indirect transition in the AgFeO2 film was deter-
mined to 1.7 ± 0.1 eV, and the band gap for the direct transition was 2.5 ± 0.1 eV. The film showed insulating
electrical properties.

© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Delafossites are a large family of compounds with a general formula
ABO2. Typically, the monovalent A cation consists of a metal from group
8 or 9 (Pd, Pt, Ag, or Cu), while the trivalent B cation can be metals in
groups 3 and 13 (e.g. Sc, Y, La, Al, Ga, In, and Tl) or transition metals
such as Cr, Mn, Fe, Co, and Ni [1–4]. Many of the interesting properties
of delafossites are related to the crystal structure with alternating planar
layers of A atoms separated by slightly distorted edge-sharing B3+O6 oc-
tahedra. Two different polytypes with a hexagonal or a rhombohedral
structure can be formed depending on the stacking order of the layers.
Consequently, the delafossites can be described as natural nanolaminates
with a large design possibility depending on the choice of A and B atoms.

The delafossites can be divided into two groups depending on the
electronic configuration of the A element. Compounds where the A-
cation have a d10 electronic configuration, such as Cu and Ag, exhibit
semiconducting or insulating electrical behavior [2,3,5], while phases
with A_Pt and Pd, are metallic with high conductivity. PdCoO2 is the
most conductive oxide known so far with an electrical resistivity in the
ab-plane of 4.69 μΩ cm at room temperature, which is less than for
pure Pd [6]. Although delafossite-structured materials have been known
. This is an open access article under
for 140 years, the research interest in this type of materials has increased
after the first report on the preparation of transparent p-type CuAlO2 thin
films by Kawazoe and co-workers in 1997 [7]. This opened up the possi-
bility to use delafossites as transparent conducting oxides (TCOs), since
p-type TCOs are required in many practical applications based on p-n
junctions. Since then, delafossites, especially those based on Cu and Ag,
have received considerable attention owing to their potential applications
as e.g. p-type TCOs [8–11], photocatalysts [12–15], anode material for Li-
batteries [16], thermoelectricalmaterials [17–19], and gas sensor [20]. Re-
cently, high temperature superconductivity was also suggested for doped
members of this type of oxide compounds [21].

The potential use of delafossites as e.g. TCOs requires reproducible
techniques to producewell-defined thinfilms. Copper-based delafossite
thin films have been studied by pulse laser deposition (PLD) [7,22–24],
sol–gel methods [25,26], RF-sputtering using pre-sintered compound
target [8], and in a few cases, reactive sputteringwith high temperature
post-annealing (≥700 °C) [27,28]. To our knowledge, however, no stud-
ies have previously been published on silver-based delafossite films de-
posited directly bymagnetron sputtering. Themain challenge is that the
silver-based delafossites tend to decompose at high temperature
(≥500 °C). Furthermore, the synthesis of Ag-based delafossites by reac-
tive sputtering is also expected to be restricted to a narrow processing
window, making it difficult to optimize the process. This challenge can
be overcome by using an approach based on combinatorial materials
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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science where films with large composition gradients can be deposited
in a few experiments. This enables a rapid discovery and optimization of
new or known materials by creating a “library” of composition-
structure–property relationships. Critical parameters for optimal pro-
cess conditions can then rapidly be established and implemented.

Themain objective of this study is to demonstrate the strength of the
combinatorial approach to rapidly and effectively identify suitable pro-
cess parameters for the synthesis of AgFeO2 films with layered
delafossite structure. The deposited gradient films have been character-
izedwith a set of automatic analysis equipment such asX-ray diffraction
(XRD) and X-ray fluorescence (XRF) to rapidly obtain information on
phase- and chemical composition. The microstructures of the selected
thin films have been studied by scanning electron microcopy (SEM),
transmission electron microscopy (TEM) and Raman spectroscopy.
The optical and electrical properties of the optimal thin film with
AgFeO2 structure have been investigated.

2. Materials and methods

Films with continuous compositional gradient were deposited in a
custom-built combinatorial magnetron sputtering system integrated
with an ultra-high vacuum chamber (base pressure below 10−8

mTorr). The system has a sputtering-up configuration, with a non-
rotating substrate located above the targets. Ag and Fe were sputtered
from two elemental 3″ targets (claimed purity 99.99%) tilted at 39° rel-
ative to the substrate normal and with a distance of 175 mm from the
substrate center. This design together with a nonrotating substrate al-
lows for the deposition of films with a continuous compositional gradi-
ent. The films were deposited on: 3″ p-doped single-crystal Si (100)
wafers and amorphous quartz. Prior to deposition, the substrates were
degassed for 30 min at 600 °C. No bias was applied on the substrates,
which were kept at floating potential during the synthesis process.
The deposition temperature used for all combinatorial deposition ex-
periments was 450 °C, calibrated by a Mikron M90-0 infrared pyrome-
ter using a Ti thin film (emissivity = 0.19) coated Si wafer. The Ar gas
was inserted into the chamber close to the targets with a flow rate of
10 or 20 sccm. The reactive gas O2 was side-filled into the chamber at
different flow rates (2–7 sccm). The working pressure for deposition
was adjusted using a throttle valve regulator between the chamber
and the turbo pump. A constant DC power supply (Ion 1500, Material
Science Inc.) connected to the water-cooled magnetron was set to
120 W for the Fe target and a pulsed-dc power supply (ENI RPG-50)
with different powers and frequencies was connected to the Ag target.
However, the pulse factor (the length of the pulse on period per cycle)
wasfixed to 1616 ns. After pre-sputtering of the targets for 10min to re-
move contaminants, both target shutters were opened for combinatori-
al deposition during 60 min. A series of conventional reactive
magnetron sputtering experiments were also tested in a commercial
Kurt J Lesker custom-built sputtering system in the temperature range
20–600 °C for a number of different process parameters.

The phase composition of the gradient filmswere investigatedwith θ–
2θ scans of X-ray diffraction (XRD) on a Bruker D8 DISCOVER X-ray Dif-
fractometer using a CuKα radiation (λ = 1.54060 Å). The X-ray beam
was line focused with size of approximately 12–15 mm long and
0.5 mmwide. The Bruker D8 Diffractometer equipped with an automatic
system on the sample holder stage, which enabled it to automatically
scan different positions on the whole wafer. The short side of the X-ray
beam was used to scan the phase along the gradient direction. In order
to obtain an overall view on the peaks distribution on the whole wafer, a
2D map can be constructed easily by the software EVA showing the peak
intensity as a function of 2θ and position on thewafer, where the peak in-
tensity can be labeled by different colors. Using the 2Dmap, the phase dis-
tribution over thewholewaferwith a compositional gradient can be easily
observed. The crystalline phase of the thinfilms deposited by conventional
sputtering was investigated by a grazing incidence XRD (GI-XRD), using a
SiemensD5000with parallel beamgeometry and an incidence angle of 2°.
The composition ratios of Ag/Fe of the samples were examined by X-ray
fluorescence (XRF) in a PANalytical Epsilon5 instrumentwith an automat-
ic system, which enables it to automatically scanmany samples in a single
batch. All the samples were masked to give a diameter of 1 cm of analysis
area. The intensity of the emitted X-ray from the specific element is as-
sumed to be proportional to the number of the specific atom present in
the sample,which can be quantitatively comparedwith reference samples
with known thickness and density. The thickness and the density of the
reference Ag and Fe samples were estimated by X-ray reflectivity (XRR)
measurement, carried out in a Philips MRD X'Pert diffractometer with Cu
Kα radiation. A pole figure measurement was performed in a Philips
MRD X'Pert diffractometer using poly-capillary lens. The 2θ-angle was
set as 34.8201°, which is the desired (101) peak in hexagonal AgFeO2

structure. Microscopy studies were carried out on selected films, using a
Zeiss LEO 1550 scanning electronmicroscope (SEM)with a field emission
gun as the electron source and an acceleration voltage of 10 kV. Raman
spectroscopy was carried out on a selected gradient film deposited on p-
doped Si substrate using a red laser light (λ = 514 nm) in a Renishaw
Invia-Raman spectroscope. The transmission electron microscopy (TEM)
studies were investigated in a Tecnai F30ST TEM from FEI Company oper-
ated at 300 kV on thin samples extracted from the deposited AgFeO2 coat-
ings using the focused ion beam(FIB) in-situ lift-outmethod, followed by a
low-voltage polishing stage at 5 kV using Gallium ions. Energy Filtered
TEM (EFTEM) chemical maps were acquired using a Tridiem Gatan
Image Filter (GIF) byGatan Inc. Compositional EFTEMmapswere generat-
ed using the three-windowmethod on the Ag, O, and Fe energy loss edges
utilizing a 10 eV slit width. An investigation of the Fe ionization edge was
acquired with Electron Energy Loss Spectroscopy (EELS).

The optical properties of a filmwith AgFeO2 structure deposited on a
quartz glass substrate were measured by means of a Lambda 900 UV–
VIS-NIR PerkinElmer spectrophotometer. Electrical resistivity measure-
ments were carried out on films deposited on quartz glass substrate
using a four-point-probe measurement technique with a CMT-
SR2000N equipment from Advanced Instrument Technology (AIT).

3. Results and discussion

3.1. Optimizing the deposition parameters

In a series of initial experiments, attempts were made to deposit
filmswith the delafossite structure in a conventional pulsed DCmagne-
tron sputtering equipment. It was found that many parameters such as
target power, pulse frequency, deposition temperature, total pressure,
O2 partial pressure influenced the deposition process. It is an even
more complex process to do co-sputtering using twomaterials with dif-
ferent reactivity in a reactive atmosphere which should grow single
phase with particular composition and structure. Our initial studies
showed that a pulsed DC process on the Ag target was favorable for
AgFeO2 growth. Almost no AgFeO2 peaks but only a strong background
was observed in XRD when no pulsed power supply was connected to
the targets. Fig. 1 shows the influence of deposition temperature for a
specific set-up of process parameters. Since the thin films deposited
by the conventional sputtering are very thin (≤30 nm), they weremea-
sured by the GI-XRDmethod,which is very typicalmethod to character-
ize thin films with exclusion of substrate information. As can be seen,
the films deposited at low temperatures (≤400 °C) have XRD peaks
matching δ-AgFeO2 with a hexagonal structure (2H-delafossite) [29].
There is also a strong background indicating the formation of an amor-
phous phase. At higher temperatures (≥500 °C), Ag was observed in the
diffractograms. Consequently, it was concluded that 400–500 °C is a
good temperature range for synthesis of crystalline delafossite AgFeO2

thin film. However, it was very challenging to further optimize the pro-
cess using conventional sputtering since also small changes in other pa-
rameters, such as pulsing frequency, target power, and pressures,
dramatically changed the phase composition. In many cases, no
AgFeO2 was observed in XRD.



Fig. 1.GI-XRD for a series of Ag–Fe–O films deposited at different temperatures using con-
ventional reactive sputtering. The sputtering parameters are Ag target: 15W, 250 kHz; Fe
target: 200W, 250 kHz; O2 partial pressure: 4mTorr; total pressure: 10mTorr; deposition
time: 10 min.
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As stated above, the processing window for AgFeO2 growth is very
narrow. We therefore use a combinatorial approach with gradient
films. In such an approach, we obtain a large number of compositions
in a single experiment, thereby reducing the total number of experi-
ments needed to optimize the process. From the results obtained in
the conventional process described above we have identified a few im-
portant process parameters. In the following we will show a systematic
study on the influence of pulsing frequency, Ag target power, total pres-
sure, and O2 pressure. All experimentswere carried out at 450 °C select-
ed from the results in Fig. 1.

The first step in our optimization study was to determine an opti-
mum pulsing frequency. The Fe target is more easily oxidized resulting
in very lowdeposition rate. On the other hand, the sputtering yield of Ag
is generallymuch higher than Fe. In order to get Ag/Fe ratio close to one,
the pulsing was thus only applied to the Ag target to reduce the deposi-
tion rate of Ag. Furthermore, it could bemore strategic to fix some of the
parameters as constant during the optimization process. Therefore, the
power of the Fe target was set to 120Wwithout any pulsing, while the
Ag target was kept at 15W and the pulse frequency was changed from
0 kHz (constant) to 200 kHz. The Ag/Fe content and structure were an-
alyzed with XRF and XRD respectively. As shown in Fig. 2a, without
using a pulsed process (0 kHz), the Ag/Fe ratio on the entire wafer
was much higher than one, making it impossible to form single-phase
films of AgFeO2. The Ag/Fe ratio can be reduced dramatically by increas-
ing the pulse frequency. At 100 kHz, the Ag/Fe ratio varies from about
one to four going from the most Fe-rich part of the wafer to the more
Ag-rich areas. At 150 kHz, the entire wafer gave films with a Ag/Fe
ratio close to one, while all films exhibited a Fe/Ag ratio b1 at
200 kHz. It should be noticed that the Ag/Fe ratios were measured
with XRF using elemental Ag and Fe reference samples, which could
have deviations due to matrix effects in the ZAF calibration. However,
the XRF results provide good estimates as well as trend of Ag/Fe ratios
depending on varied sputtering process parameters. Combined with
the phase analysis from the XRD results, the XRFmeasurements provide
a possibility to study the effect from different processing parameters.

The θ–2θ scan of XRD is an effective method to characterize highly
textured films, which is a feature of the layered delafossite structures
that we are trying to synthesize. The following XRD results are thus
measured by the θ–2θ scans of XRD. Fig. 2b) shows the diffractograms
from films deposited by the combinatorial sputtering method at differ-
ent positions of the wafer deposited at 0 kHz. To get an overview of the
results, a 2D map can be easily constructed by the software EVA show-
ing the intensity as a function of 2θ and position on the wafer, shown in
Fig. 2c–f). The 2D XRDmap from the 0 kHz experiment in Fig. 2c shows
some (00l) peaks of AgFeO2 and two fcc-structured Ag peaks (111) and
(200) on the Fe-rich side. This suggests that a small amount of highly
textured AgFeO2 is formed at the areawith the lowest Ag/Fe ratio. In ad-
dition, several peaks from silver oxides can be observed on the entire
wafer, for example, cubic Ag2O peaks (110), (111), (200), (220) [30]
and a weak hexagonal Ag2O peak (100) [31]. The weak peak at 34.1°
could be assigned to the (002) plane of monoclinic AgO phase [31,32].
Another two weak peaks at 18.8° and 19.3° with unknown structure
can be observed on the entire wafer as well. Moreover, the high back-
ground with pink color indicates the existence of an amorphous phase
with unknown composition. At 100 kHz, the intensity of the Ag and
Ag2O peaks are reduced and the diffractograms are now dominated by
the (00l) peaks of AgFeO2. The intensity of the background originating
from an amorphous phase is also reduced. When the pulsed frequency
is increased to 150 kHz, the AgFeO2 (00l) peaks were observed almost
over the entirewafer, especially at the Ag-rich side, where the strongest
and sharpest peakswere found. NoAg andAg2O peakswere observed at
this pulse frequency and the intensity of the amorphous background
was very low. At 200 kHz, the crystalline quality of the film is strongly
reduced. Compared to 150 kHz, the (00l) peaks of AgFeO2 are much
broader and the intensity of the background increases strongly. This
suggests a large increase in the amount of amorphous phase in the
film. This is most likely because that the too low Ag/Fe ratio b1 at
200 kHz. Consequently, 150 kHz is identified as the optimal pulsing fre-
quency. The information of the peaks in the films is summarized in
Table 1.

Since only (00l) peaks are observed in the diffractograms, it can be
concluded that the deposited AgFeO2 phase is highly textured along
the c-axis. There are two polytypes of the delafossite structure: the
rhombohedral 3R with space group R3m and the hexagonal 2H with
space group P63/mmc, which differs on the stacking order of the alter-
nating layers [29,33,34]. The lattice parameters of the 3R-AgFeO2

phase is, a = b = 3.041 Å, c = 18,550 Å [35], while the 2H phase has
a = b = 3.039 Å and c = 12.395 Å [29]. The (00l) peaks of 3R- and
2H-type overlap and the peaks observed in our diffractograms could
then be attributed as (002), (004), (006), and (008) if they originate
from the 2H phase, or (003), (006), (009), and (0012) if we have the
3R phase, respectively. Since, the two phases cannot be distinguished
in diffractograms showing only (00l) peaks, we cannot specify the struc-
ture of the AgFeO2 phase. As will be shown below, however, a more de-
tailed analysis with a pole figure on a selected sample suggests that
most of the film consists of 2H-AgFeO2.

The decrease in Ag/Fe content in the films with increased pulse fre-
quency is due to the decrease in deposition rate of Ag. A comparison of
films depositedwithout pulsing of the Ag target but with a lower power
resulted in broad AgFeO2 (00l) peaks with much less intensity together
with strong background and Ag peaks. Comparing with the constant DC
sputtering, it has been reported that the pulsing of the sputtering target
increase the number of energetic particles and ion flux at the substrate,
due to the increased plasma density caused by higher current density in
the pulses [36]. This also can be confirmed by the voltage and current
evolution that the voltage of the Ag target decreased and the current
of the Ag target increased with increasing frequency (not shown
here). In non-reactive sputtering, a fixed on-time results in a higher de-
position rate for higher frequency. However, in reactive sputtering, this
may not the case. A higher frequency causes a lower power during each
pulse to ensure constant total power. As a consequence of this, the tar-
get surface may be more metallic at lower frequency, resulting in a
higher deposition rate. By adjusting the pulse frequency, it is conse-
quently possible to change the flux of energetic particles as well as the
deposition rate and thereby change the structure and properties of the
growing film.

The power on the Ag target is another important parameter for
tuning of the Ag deposition rate and thus affecting the composition
and structure of the films. This was investigated by comparing the com-
position ratio of Ag/Fe and the 2D-view XRDmaps of the gradient films



Fig. 2. a) The composition ratio of Ag/Fe as a function of the pulsing frequency of Ag target; b) Anexample of normal XRD pattern scanned at different positions along the gradient direction
of the film; The 2D XRDmaps of gradient films deposited using different pulsing: c) 0 kHz; d) 100 kHz; e) 150 kHz; f) 200 kHz. The other deposition parameters are same: Ag: 15W; Fe:
120 W, 0 kHz; total pressure: 4 mTorr; O2 partial pressure: 0.8 mTorr. The symbols in XRD represent different compositions (★: AgFeO2, ▲: Ag2O,▼: AgO, ■: Ag, ●: Si).
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deposited at varied powers on the Ag target at150 kHz pulsing frequen-
cy under an O2 partial pressure of 0.5 mTorr. The total pressure in these
experiments was 2 mTorr. As can be seen in Fig. 3a, 9 W applied on the
Ag target was too low for deposition of stoichiometric AgFeO2. The Ag/
Fe ratio was only 0.3 at the Ag-rich end and as low as 0.1 at the Fe-
rich end. The 2D-XRD map in Fig. 3b shows only AgFeO2 (00l) peaks
on the Ag-rich part, but a with strong background intensity from an
amorphous phase over the entire wafer at 9 W. When the power on
the Ag target was increased to 15 W, the Ag/Fe ratio on the Ag-rich
end increased to 0.7 but was as low as 0.3 on the Fe-rich end. As
shown in Fig. 3c, AgFeO2 (00l) peaks were observed in the entire 2D-
XRD map with extra peaks from silver oxides and a strong background
intensity from amorphous phases. When the Ag power was increased
to 20W, the Ag/Fe ratio range on the gradientwafer was approximately
0.4–1.3. AgFeO2 (00l) peaks were observed on the Fe-rich part of the
wafer but with an even stronger background and other peaks from sil-
ver oxides (Fig. 3d). Therefore, it could be concluded that the optimal
power on Ag target when using 150 KHz pulsing frequency should be
in the range 10–20 W but that more amorphous phase is formed at
20W. It can be seen obviously that higher power of Ag gives higher de-
position rate of Ag. From the XRD maps shown in Fig. 3b–d, it is seen
that the relative intensity of amorphous phases increases with increas-
ing Ag power. The reason for this is that too high deposition rate does
not provide enough time for the particles to diffuse and find equilibrium
condition to form the crystalline structure. However, too slow deposi-
tion rate is not preferable for time and cost-consuming reasons. There-
fore, from the results shown in Fig. 3, it can be concluded that, a total
pressure of 2mTorr and an O2 partial pressure of 0.5 mTorr is not favor-
able to obtain single phase AgFeO2 thin film.

The composition and phase structure are also sensitive to the total
pressure. This was investigated by increasing the total pressure from
2 mTorr to 4 mTorr. As can be seen in Fig. 4a, the quality of the film is
strongly improved at 4mTorr for a power of 15Won the Ag target com-
pared to a total pressure of 2 mTorr. The 2D diffractograms show only
rather sharp (00l) peaks from the AgFeO2 phase and no background
from amorphous phases. When the Ag target power was increased to
18W, more amorphous material is formed, shown in Fig. 4b. This is be-
cause a too high deposition rate of Ag results in film compositions far

Image of Fig. 2


Table 1
Summary results from XRD peaks shown in the deposited films.

2θ(°) Composition Marked symbol h k l Ref

14.3 AgFeO2 ★ 0 0 2 [29]
28.8 AgFeO2 ★ 0 0 4
43.8 AgFeO2 ★ 0 0 6
59.6 AgFeO2 ★ 0 0 8
38.1 Ag ■ 1 1 1 [31]
44.3 Ag ■ 2 0 0
26.7 Ag2O ▲ 1 1 0 [30]
32.9 Ag2O ▲ 1 1 1
37.9 Ag2O ▲ 2 0 0
54.9 Ag2O ▲ 2 2 0
33.8 Ag2O ▲ 1 0 0 [31]
34.1 AgO ▼ 0 0 2 [31–32]
24.2 α-Fe2O3 ♦ 0 1 2 [36]
33.2 α-Fe2O3 ♦ 1 0 4
35.8 α-Fe2O3 ♦ 1 1 0
41.0 α-Fe2O3 ♦ 1 1 3
49.8 α-Fe2O3 ♦ 0 2 4
54.2 α-Fe2O3 ♦ 1 1 6
18.8 ? ? ?
19.3 ? ? ?
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away from the stoichiometric Ag/Fe ratio of one, especially on the Ag
rich side, shown in Fig. 4c. On the Fe-rich side, the Ag/Fe ratio decreased
to 0.7, and the delafossite peaks were much higher and sharper than
that on the Ag-rich side. However, there is strong background, which
is attributed to the residual amorphous iron oxide. Consequently, a
pressure of 4 mTorr using a Ag power of 15 W and a pulse frequency
of 150 kHz gives high quality films. In general, deposition rate and the
portions of high energetic sputtered target particles decrease with in-
creased pressure because of the collisions between the particles and
Ar. Another important influence of total pressurewhen oxygen presents
is that the amount of negative oxygen ions, which are formed at the tar-
get surface and subsequently accelerated with the full target potential
Fig. 3. a) The composition ratio of Ag/Fe as a function of the power of Ag target; The XRDmaps o
other deposition parameters are same: Ag: 150 kHz; Fe: 120 W, 0 kHz; total pressure: 2 mTorr
AgFeO2, ▲: Ag2O,▼: AgO, ■: Ag, ●: Si).
towards the substrate, can be reduced due to themultiple collisions be-
tween the oxygen ions and Ar. However, improved quality observed at
4 mTorr is probably also due to higher O2 partial pressure.

The hysteresis curves of the Fe and Ag target in the specific condi-
tions (Ag:15 W, 150 kHz; Fe: 120 W; total pressure: 4 mTorr) show
that the Fe target was poisoned starting at 0.5 mTorr of the O2 partial
pressures, however, between 0.5–1.0 mTorr, the Ag target was not
completely oxidized. As shown in Fig. 5a, the Ag/Fe ratio increased by
increasing O2 partial pressure, especially on the Ag-rich side. It climbed
rapidly to 3.5 at 1.0 mTorr from 1 at 0.8 mTorr. It was shown that, at
total pressure of 4 mTorr, 0.5 mTorr of O2 partial pressure was not
enough to form AgFeO2, since the Ag/Fe ratio was too low (0.2–0.5).
The peaks observed in the XRD map were only iron oxides and Ag, as
shown in Fig. 5b. When the O2 partial pressure increased to 0.8 mTorr,
only delafossite (00l) peaks were observed in the XRD map, as shown
in Fig. 5c. This 2D XRD plot is identical to Fig. 4a. No peaks from other
phases or any background intensity was observed suggesting that this
is a more or less phase-pure film.When the O2 partial pressure was fur-
ther increased to 1.0 mTorr, the intensity of the delafossite (00l) peaks
decreased and strong background intensity was observed again,
shown in Fig. 5d. This is because that too much Ag particles disturb
the formation of crystalline structure. This can be seen in Fig. 5a that
the Ag/Fe ratio at the Ag-rich side reaches N3. Although the Ag/Fe
ratio at Fe-rich side is close to one, there is strong background indicating
that an amorphous phase exists here. The reason for this is that the
higher partial pressure of O2 (1 mTorr) will result in generation of
more negative oxygen ionswith high kinetic energy, which is detrimen-
tal to the formation of crystalline structure.

In order to form stoichiometric AgFeO2 thin film with delafossite
structure, it is important to balance the deposition rates of the Ag target
and the Fe target to obtain a Ag/Fe ratio of one. However, although the
composition ratio of Ag/Fe in the film is equal to one, other phases can
be formed aswell. This can be seen in Figs. 4c and 5c)where amorphous
phases (pink background intensity) are formed together with the
f the gradient films deposited using different Ag powers: b) 9W; c) 15Wand d) 20W. The
; O2 partial pressure: 0.5 mTorr. The symbols in XRD represent different compositions (★:

Image of Fig. 3


Fig. 4. The XRD maps of the gradient films deposited using different Ag powers: a) 15 W; b) 18 W. c) The composition ratio of Ag/Fe as a function of the power of Ag target. The other
deposition parameters are same Ag: 150 kHz; Fe: 120 W, 0 kHz; total pressure: 4 mTorr; O2 partial pressure: 0.8 mTorr. The symbols in XRD represent different compositions (★:
AgFeO2, ▲: Ag2O,▼: AgO, ■: Ag, ●: Si).

Fig. 5. a) The composition ratio of Ag/Fe and theXRDmaps of the gradientfilms deposited using different O2 partial pressure: b) 0.5mTorr; c) 0.8mTorr; d) 1.0mTorr. The other deposition
parameters are same (Ag: 15 W, 150 kHz; Fe: 120 W, 0 kHz; total pressure: 4 mTorr). The symbols in XRD represent different compositions (★: AgFeO2, ♦: Fe2O3, ■: Ag, ●: Si).

137F. Mao et al. / Materials and Design 91 (2016) 132–142

Image of Fig. 4
Image of Fig. 5


Table 2
The sputtering parameters for the samples selected for microstructure characterizations.

Sample Location
(mm)

Power
(W)

Frequency
(kHz)

Pressure
(mTorr)

Ar flow
rate
(sccm)

Temperature
(°C)

Ag Fe Ag Fe total O2

A −20 9 120 150 0 2 0.5 10 450
B −20 15 120 150 0 4 0.8 20 450
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delafossite phase. It is likely that the amorphous phases consist of iron
oxides and/or silver oxides. This indicates that the formation of crystal-
line AgFeO2 structure is a complex process. The arriving atoms of Ag, Fe
and O on the substrate should find the proper condition to form a thin
film with a particular composition and crystalline structure. First, the
numbers of the Ag and Fe particles should be same. The correct compo-
sition ratio of Ag/Fe is necessary to form stoichiometric AgFeO2 but it is
not sufficient. Even if the Ag/Fe ratio is close to one, the materials could
consist of silver oxide and iron oxide in crystalline or amorphous phases.
It is therefore equally important that the energy is appropriate for the
particles to diffuse on the substrate and have enough time allowing
them to settle down in the correct position to form the rather complex
crystalline structure of the delafossites. The energy that provides the
particles necessary' mobility to form crystalline structure is the temper-
ature of the substrate and/or the kinetic energy of the incoming parti-
cles. High substrate temperature is favorable for the surface mobility
of the particles, which may be beneficial to form crystalline structure
in an optimal temperature range. However, too high temperature
could result in decomposition of Ag-based oxides. Another part of the
energy is related to the incoming kinetic energy of the arriving particles.
Too high kinetic energymaydamage the growing filmwhile too low en-
ergywill not promote the surfacemobility necessary for crystalline film
growth. Both the deposition rate and energy of arriving particles are
strongly dependent on the sputtering process parameters. From the re-
sults in Figs. 1–5, it can be concluded, that the optimum condition for
the formation of single-phase and textured AgFeO2 films in our deposi-
tion systemwas a deposition temperature of 450 °C, 15 W power using
a pulse frequency of 150 kHz on the Ag target and a constant power of
120 W on the target Fe and 4 mTorr of total pressure and O2 pressure
of 0.8mTorr. It is obvious that these conditionsmaybe somewhat differ-
ent in another deposition system but the results shown here illustrate
the strength and time-reducing effect of a combinatorial approach to
optimize a complex sputtering process.

3.2. Structural characterization of the AgFeO2 films

From the XRD results, two films were selected for further examina-
tion with SEM and TEM. The two films were located on the position of
−20 mm on the wafers shown in Fig. 4a) and d), respectively. The de-
position parameters of these two samples are summarized in Table 2.
Sample A was prepared using lower Ag power (9 W), lower total
Fig. 6. SEM images of a) sample A, and b) sample B. Th
pressure (2 mTorr) and O2 partial pressure (0.5 mTorr), while sample
B was prepared using 15 W of Ag power, 4 mTorr of total pressure
and 0.8 mTorr of O2 partial pressure. Sample A represents a film with
clear (00l) peaks from the AgFeO2 phase but also a strong amorphous
background. In contrast, sample B represents a film with sharp (00l)
peaks and no background intensity from an amorphous phase. The
SEM images shown in Fig. 6 illustrate the morphology of the two best
AgFeO2 films. The XRD diffractograms of these two samples showing
the (00l) peaks are inserted, respectively. Poor crystalline morphology
was found on the surface of sample A in the SEM image as shown in
Fig. 6a, although the XRD result indicated the existence of the crystalline
AgFeO2 phase but also together with a small amount of amorphous
phase of unknown composition. In contrast, well-crystallized flaky fea-
tures with size of approximately 200 nm can be seen clearly on the sur-
face of sample B, as shown in Fig. 6b. Comparing with the XRD result of
sample A, the delafossite AgFeO2 peaks from sample B were much
sharper and stronger. The intensity of the strongest peak (004) was ap-
proximately 25 times higher and the FWHM was reduced by approxi-
mately 3 times from 0.6° in sample A to 0.2° in sample B.
Furthermore, no background intensity was observed in sample B. An
important observationwas that theAgFeO2filmswere very sensitive to-
wards radiation damage when imaged in SEM at high magnifications.
After prolonged exposure of the electron beam small particles starts to
appear on the surface. Most likely, these particles are Ag nanocrystals
formed by O-Ag–O bond breaking during electron beam exposure.

The energy filtered TEMmapping, shown in Fig. 7a) confirmed that
sample A consisted of two phases. A crystalline phase colored with
olive green in Fig. 7a) which was identified as c-axis oriented AgFeO2

and an amorphous phase colored with magenta. The EELS analysis of
this phase showed that it consisted of Fe3+ and O. In the following
this phase will be described as amorphous Fe2O3. The high resolution
TEM image of sample A, shown in Fig. 7b), illustrates the (00l) texture
of AgFeO2 structure but rotated in-plane. Since the AgFeO2 peaks from
2H- and 3R-phase overlap, it is difficult to confirm our c-axis oriented
thin film in sample A to be 2H- or 3R-phase from TEM results. The
(004) signals showed highest intensity both in TEM diffraction and X-
ray diffraction, therefore the layers shown in the HR-TEM image should
be (004) plan. The plane spacing was 0.314 nm, which is in agreement
with the previously reported d-spacing as 0.3100 nm of the (004)
plane of 2H-AgFeO2 [29]. A surprising observation in Fig. 7a) is that
the amorphous phase exhibits a spider web-like distribution separated
by c-axis oriented AgFeO2. The AgFeO2 phase growswith a strong c-axis
orientation on top of the amorphous phase but the growth is
interrupted by formation of amorphous Fe2O3. After a while, the
delafossite phase renucleates on the amorphous phase again giving
rise to the special microstructure observed in Fig. 7a). The result sug-
gests that c-axis oriented deposition of AgFeO2 is not controlled by epi-
taxial relationships towards the substrate butmore likely due to growth
conditions on the film surface. Hence, it is expected that c–axis oriented
films also can be deposited on a wide range of crystalline and amor-
phous substrates.
e XRD diffractograms were inserted respectively.

Image of Fig. 6


Fig. 7. a) The energyfiltered TEMmapping image and b)high resolution TEM imageof sampleA; c) the energyfiltered TEMmapping image and b)high resolution STEM imageof sample B.
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Sample B is expected to be a more or less single-phase AgFeO2 film.
This was confirmed by the energy filtered TEM mapping which shows
that the oriented AgFeO2 phase appears throughout the entire film, as
shown in Fig. 7c). No large amorphous regions were observed but a
very thin iron oxide layer can be seen between Si substrate and
AgFeO2 film. A high resolution STEM image with Z-contrast clearly
shows the layered structure of the AgFeO2-phase, shown in Fig. 7d).
The spacing between two neighbored Ag layers was measured as
0.61 nm. This is almost double size of d-spacing of (004) plane with
2H hexagonal structure, which is logical since the d-spacing of (004) is
a distance between a Ag and Fe layer. Small precipitates of Ag nanopar-
ticles can be seen inside the film. They increase in amount and sizewith
timebut are not observed in theXRDandwe therefore attribute them to
preparation damage and electron beam damage during the TEM analy-
sis. This is similar to the Ag particle formation observed during SEM and
Fig. 8. An example of pole figure of sample B. The center is (101) plane of 2H-AgFeO2 and
the angle of the ring is 78°, suggesting a (00l) texture.
illustrates the sensitivity of the AgFeO2 delafossite phase to electron
beams.

To determine the phase structure of the highly c-axis oriented
AgFeO2 thin film, a pole figure measurement was carried out on sample
B. The pole figure in Fig. 8 shows a ring located at around 78° from the
center, although the ring is not perfectly symmetric but has a shift
around 4° in one direction. This is due to the cut-off angle of the Si sub-
strate surface. The 2θwasfixed as 34.8°, which corresponds to the (101)
peak in the 2H-AgFeO2 phase. It should be noted that the (101) peak in
the 3R-phase is located at 34.4°, which is very close to the one in 2H-
phase. The plane angle between the (101) plane and (00l) plane in
2H-phase is around 78°, while, it is around 82° in the 3R-phase. The
highest intensity of the ring locates at 78° indicates that the 2H-phase
dominates in the AgFeO2 thin film. Since the peaks overlap in the two
phases and the plane angles are also very close, we cannot exclude the
possibility of the presence of a minor amount of the 3R-AgFeO2 phase.
Furthermore, the presence of a ring without clear point reflections sug-
gests a rather random orientation in-plane of c-axis oriented AgFeO2

domains.
To the best of our knowledge, there is no published Raman spectrum

on 2H-AgFeO2 materials. Fig. 9 shows the Raman spectra of the sample,
which was characterized by XRD map in Fig. 5c.The wafer from this ex-
periment has very strong and sharp diffraction peaks at the more Ag-
rich part up to about 0 mm and identified as mainly c-axis oriented
2H-AgFeO2 using TEM and XRD. In the Fe-rich part, the peaks become
broader and less intense suggesting a less good quality of the delafossite
film. The Raman spectra in Fig. 9 show three clear peaks at 350 cm−1,
642 cm−1, and 704 cm−1 in theAg-rich part of thewafer. The intensities
of these peaks are reduced in the more Fe-rich part of the wafer. By
comparing the XRD and Raman results we conclude that the three
peaks Raman peaks in Fig. 9 can be attributed to the AgFeO2 phase. To
the best of our knowledge, there is no published Raman investigation
on 2H-AgFeO2 but a Raman study on 3R-AgFeO2 powder showed two
peaks at ~345 cm−1 (Eg) and ~638 cm−1 (A1g), respectively [37]. The
Eg mode corresponds to vibrations in the perpendicular direction to
the c-axis, whereas the movement in the direction along the c-axis is

Image of Fig. 7
Image of Fig. 8


Fig. 9. Raman spectra of a selected gradient sample. The deposited parameters are Ag:
15 W, 150 kHz; Fe: 120 W, constant; O2 partial pressure: 0.8 mTorr; total pressure: 4
mTorr.
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represented by A1g mode. According to theoretical factor-group analy-
sis, instead of only two Raman active modes (Eg and A1g) in R3m
space group, more Raman active modes can be presented in space
group of P63/mmc, e.g. E1g, E2g, and A1g [38,39]. Therefore, the observed
peaks at 350 cm−1, 642 cm−1, and 704 cm−1 are classified as E1g, E2g,
and A1g modes, respectively. Since a Raman spectra acquired from an
amorphous iron oxide film (not shown here) was total different com-
pared to the Raman spectra from the AgFeO2 film, we can exclude that
the peaks shown in Fig. 9 originated from the thin layer of iron oxide
at the film/substrate interface. Finally, it should be noted that the
sharp peak at 521 cm−1, which can be observed on the entire wafer,
originates from the Si substrate.

3.3. Optical and electrical properties of the AgFeO2 films

The optical and electrical properties were investigated on the films
deposited on quartz glass substrate, which XRD results showed similar
c-axis oriented AgFeO2 structure as the thin film deposited on Si sub-
strate, shown in Fig. 6b. The optical absorbance of the AgFeO2 thin
film in the range of 0.5–4.2 eV is shown in Fig. 10a), which is calculated
from the measured transmittance and reflectance spectra in the visible
and near-infrared region, shown as inset. The wavelength (nm) can
transfer to energy with unit of eV using the following relation: Eg =
1240/λ (wavelength in nm). It can be seen that the AgFeO2 thin film
Fig. 10. a) Optical absorbance of the AgFeO2 thin film calculated from themeasured optical tran
and direct transition determined by extrapolating down the linear regions of the plot: (αhv)n v
starts to absorb lights at around 1.7 eV, and above that, the absorbance
starts to increase sharply to higher than 50%. This indicates an optical
band gap near the region of 1.7 eV. The band gap of the indirect or direct
transition can bedetermined by a plot of (αhv)n versus hv if extrapolated
down the linear portion of the plot to zero,where n=1/2 for an indirect
allowed transition, and n = 2 for an direct allowed transition. The ab-
sorption coefficient (α) can be determined according to transmittance
(T) and reflectance (R) measurement [3]:

α ¼ 1
d
ln

1� R
T

� �
ð1Þ

where d is the film thickness with unit nm. Here, the quartz substrate
showed negligible low absorbance from the measurement. It should
be noted that the band gap deduced by optical properties is very depen-
dent on the scaling. The obtained band gap could have deviations. It can
be seen from Fig. 10b) that the indirect band gap was approximately
1.7 ± 0.1 eV, which is similar as the calculated data (1.9 eV) reported
by Ong et al. [40]. There is a discontinuous region for the indirect plot
around 1.4 eV, which is due to changing grating during the optical mea-
surements. This is also can be observed in the optical properties shown
in Fig. 10a). A band gap of direct transition can be obtained at 2.5 eV, as
shown in the plot of (αhv)2 versus hv. However, the value can deviate
from 2.4 to 2.6 depending on how to choose the linear region of the
plot. Since there is no report on the band gap of direct transition of
AgFeO2 by neither theoretical nor experimental approach, it is only pos-
sible to compare our results with CuFeO2. The experimental optical
band gaps for CuFeO2 are 1.15 eV (indirect band gap), 2.03 eV (direct
band gap). The optical band gaps of AgFeO2 are larger than those of
CuFeO2, which is consistence with the data reported by Ong et al. [40,
41].

The electrical resistivity of the AgFeO2 film deposited on a quartz
substrate was too high to measure by our four-point probe equipment.
The theoretical study on the electric structure of AgFeO2 by Ong et al.
also revealed it is insulator [40]. Rogers et al. reported a high anisotropy
in electrical conductivity for most delafossites [5]. For AgFeO2, the room
temperature parallel resistivity ρs∥cwas 2 × 108Ω-cm, which suggests a
sheet resistance of approximately 2 × 1015 Ω/sq. The perpendicular re-
sistivity ρs⊥cwas 3 × 107 Ω-cm, suggesting a sheet resistance of
3 × 1012 Ω/sq. Both of the values are out of the measuring range of
our four-point probe equipment.

4. Conclusion

In this work, we demonstrate the combinatorial deposition of
delafossite AgFeO2 thin films by magnetron sputtering from elemental
smittance and reflectance spectra, which is shown as inset; b) the band gaps of the indirect
s hv, where n = ½ for indirect transition and n = 2 for direct transition.

Image of Fig. 9
Image of Fig. 10
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silver and iron targets in reactive Ar-O2mixture atmosphere,where gra-
dient films with a wide composition range are deposited on single wa-
fers. Rapid screenings of XRD and XRF were employed to determine
the phase- and chemical composition of the thin films. The most inter-
esting parts of thematerials were studied by TEM, SEM and Raman. Op-
tical and electrical properties of the optimal AgFeO2 thin film have also
been investigated.

The results showed that the AgFeO2 thin film has been successfully
deposited by the combinatorial reactive sputtering without post-
annealing. However, process window for the growth of single-phase
AgFeO2 thin film with delafossite structure is very narrow and strongly
dependent on deposition temperature, pulse frequency, sputtering
power, O2 partial pressure, total pressure, etc. Inmany cases, amorphous
phases and Ag particles are easily formed. The optimum condition for
the formation of single-phase AgFeO2 films in our deposition system
was a deposition temperature of 450 °C and a total pressure of 4
mTorr, O2 pressure of 0.8 mTorr, Ag power of 15 W using a pulsing fre-
quency of 150 kHz, Fe power of 120Wand no pulsing. Comparisonwith
samples prepared without pulsing on the Ag target showed a less good
quality. It is clear that the optimum process condition for AgFeO2

growth is slightly dependent on the deposition system. The major ob-
jective with our study, however, is to demonstrate the strength of a
combinatorial approach to rapidly and efficiently identify suitable pro-
cess parameters for a compound with narrow deposition window. The
XRD and TEM results show (00l) texture of the AgFeO2 thin films. The
SEM image of the best AgFeO2 film shows well-crystallized flaky fea-
tures. Three Raman modes in the AgFeO2 thin film were observed at
350 cm−1, 642 cm−1, and 704 cm−1. The pole figure measurement in-
dicates that our best films mainly consists of 2H-AgFeO2 but the possi-
bility of mixture of small amounts of the 3R-phase cannot be
excluded. A problem with the characterization of the films was their
sensitivity towards electron beam irradiation. Prolonged SEM and TEM
analysis clearly showed an increase formation of Ag nanoparticles
which can be assigned to O-Ag-O bond breaking and illustrates the
low stability of the AgFeO2 phase. The optical band gap for the indirect
transition in the AgFeO2 film is estimated at 1.7 ± 0.1 eV, and the
band gap for the direct transition is 2.5 ± 0.1 eV. The film was an elec-
trical insulator but it can, most likely, easily be doped to increase the
conductivity. We propose that the combinatorial approach demonstrat-
ed in this study can be used on wide range of delafossite phases to opti-
mize process conditions for various applications.
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