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ABSTRACT

The effect of deposition temperature on the microstructures and resistive switching properties of Fe-doped SrTiO3 (Fe-STO) films deposited
via magnetron sputtering has been investigated. The as-deposited Fe-STO films change from amorphous to polycrystalline when the deposi-
tion temperature increases to 600 �C, but 800 �C-deposited Fe-STO films exhibit cracked surface morphologies with Sr-rich nanosheet
segregation. Fe-STO films deposited at �600 �C exhibit reversible bipolar resistive switching behaviors with ultra-low switching voltages of
<60.6V, while 450 �C-deposited Fe-STO films retain an ON/OFF resistance ratio of �105 after more than 2500 endurance cycles
and 600 �C-deposited Fe-STO films exhibit three different resistive switching patterns in sequence. Fe-assisted oxygen-vacancy conductive
filaments are responsible for the ultra-low voltage resistive switching behaviors of Fe-STO films.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123254

Under an external electric field, the resistances of some transition
metal oxides (TMOs) can reversibly transition between two or more
resistance states. This gives TMOs promising potential for applications
in next-generation resistive switching random access memory
(RRAM).1 RRAM offers a simple metal-oxide-metal sandwich struc-
ture, low power consumption, and multi-level storage capacity. In
addition, RRAM can emulate synapse behavior and therefore be used
to implement neuromorphic computing and neural networks.2–4

SrTiO3 (STO) is a well-studied dielectric oxide whose electrical proper-
ties can vary systematically depending on its oxidation state and
doping.5 Thus, STO is an ideal system for investigating resistive
switching phenomena. However, stoichiometric STO films are highly
insulating and typically require an electroforming process to enable
resistive switching behavior. Typical STO-based RRAM switching vol-
tages exceed 1V,6–14 but Yan et al.15 have reported reproducible Ag/
STO/Pt memory cell resistive switching behavior at voltages lower
than 0.5V. They attribute this low-voltage resistive behavior to Ag+

ion conductive filaments (CFs). Dopant metal ions,16–32 such as Bi,
Nb, Cr, Nd, La, and Fe, organic molecules,33 thermal treatment,34,35

and ultraviolet irradiation36 can introduce various point defects into
STO films. These defects can significantly improve ON/OFF ratios,

but have little effect on the endurance and retention properties.
Inserting metal/oxide buffer layers such as Ti,37 Ta,38 and NiO39

between the STO film and electrodes can improve endurance and
retention properties, but typically increases the switching voltage.

In this paper, Fe-STO films with an Fe concentration of 3 at.
% were deposited on Pt-covered Si(100) wafers at various deposi-
tion temperatures (Td) via magnetron sputtering. Ag/Fe-STO/Pt
memory cells made using 450 �C-deposited amorphous Fe-STO
films exhibit excellent bipolar resistive switching characteristics. A
device with an ON/OFF ratio of �105 can exceed 2500 cycles with
a switching voltage of less than 60.6 V. This is substantially better
than that has been reported for Fe-STO films in previous literature
studies27–32 and indicates potential amorphous Fe-STO film appli-
cations in low-operating voltage RRAM and artificial neuron syn-
apses. Moreover, 600 �C-deposited polycrystalline Fe-STO films
exhibit unique cycling-dependent resistive switching patterns.
These give us a new way to understand resistive switching degrada-
tion mechanisms. In contrast to the report by Yan et al.,15 our
micro-structural investigation results reveal that this low voltage,
high ratio resistive switching behavior is driven by Fe-assisted
oxygen vacancy (V ��

o ) CFs rather than Ag+ ion CFs.
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Fabrication details and characterization studies of the Ag/
Fe-STO/Pt memory cell illustrated in Fig. 1(a) are presented in the sup-
plementary material. Figure 1(b) shows a cross-sectional SEM image of
an Fe-STO film deposited on a Pt-covered Si substrate. The Fe-STO
film is �80nm thick and exhibits a clear Fe-STO/Pt interface. Figures
2(a)–2(d) show the top-view SEM images of Fe-STO films deposited at
different Td values. The films deposited at 250 �C and 450 �C exhibit
similar dense, smooth surface morphologies, while the film deposited
at 600 �C exhibits a nano-scale cracked surface with an average grain
diameter of�50nm [Figs. 2(a)–2(c)]. When the Td increases to 800 �C
because of thermal stress during the deposition and annealing process,
the 800 �C-deposited Fe-STO film is fragmented with some nano-
sheets segregated on the surface [Fig. 2(d)]. This implies possible Fe-
STO film phase separation at 800 �C. We subsequently investigated the
elemental composition and distribution of the 800 �C-deposited Fe-
STO film via EDS and selected area studies. Sr, Ti, and Fe elemental
maps [Figs. 2(e)–2(g)] exhibit similar uniform distributions, but the
energy dispersive spectrometer (EDS) spectra of the selected areas with
and without nano-sheets (areas A and B) are quite different. The nor-
malized Sr at. % is significantly higher in area A than in area B while
the situation for Ti is inverted [Fig. 2(h)]. This implies that nano-
sheets segregated on the 800 �C-deposited Fe-STO film surface are Sr-
rich. Similar Sr segregation phenomena have been observed on STO
film surfaces during electroforming.31 There is no obvious difference
between the normalized Fe at. % data in areas A and B, which indicates
uniform Fe atom distributions in STO films, even at 800 �C.

The crystal structures and chemical compositions of Fe-STO
films deposited at various Td values were investigated via XRD and
XPS, respectively. As shown in Fig. 3(a), only Pt(111), Pt(222), and Si
(400) plane peaks and diffraction peaks from impurities (marked with
asterisks) in the Pt-covered Si substrate are observed in the 250 �C and
450 �C-deposited Fe-STO films. No other diffraction peaks are noted
from STO. The diffraction peak from the STO(311) plane (PDF
#35–0734) is first observed in the 600 �C-deposited Fe-STO film, while
that corresponding to the STO(200) plane is first observed in the
800 �C-deposited Fe-STO film. XRD analyses reveal that Fe-STO films
deposited at �600 �C are polycrystalline. No Fe signal is observed in
any XRD spectrum. This may be because very few Fe atoms are doped
into the STO film (�3 at. %).

Fe-STO films deposited at different Td values were analyzed via
XPS to identify the chemical valences of the doped-Fe atoms. As
shown in Fig. 3(b), the Fe2p3/2 core level is fixed at 710.7 eV and does
not shift when Td increases. This indicates that the Fe atoms doped
onto the STO film surface are Fe3+ ions.40 Ti2p3/2 core levels remain at
457.7 eV without any shift as Td increases [Fig. 3(c)]. This binding
energy is consistent with Ti4+ ions in perovskite STO films.41,42

However, the Sr3d5/2 core level exhibits a slight red shift from 132.9 eV
to 132.7 eV when the Td increases from 450 �C to 600 �C, as shown in

FIG. 1. (a) Schematic diagram of the Ag/Fe-STO/Pt memory cell and (b) cross-
sectional SEM image of an Fe-STO film deposited on a Pt-covered Si substrate.

FIG. 2. Top-view SEM images of Fe-STO films deposited at (a) 250 �C, (b) 450 �C, (c) 600 �C, and (d) 800 �C, respectively. (e) Sr, (f) Ti, and (g) Fe EDS maps of the
800 �C-deposited Fe-STO film. (h) EDS spectra of areas A and B [marked with squares in (d)]. The inset in (h) shows Fe, Sr, Ti, and O at. % data normalized by using the
strongest Pt peak as the reference.

FIG. 3. (a) XRD and XPS spectra of (b) Fe2p, (c) Ti2p, and (d) Sr3d core levels
for Fe-STO films deposited at 250 �C, 450 �C, 600 �C, and 800 �C, respectively.
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Fig. 3(d). This further confirms surface segregation of Sr in Fe-STO
films deposited at Td � 600 �C. Therefore, we subsequently measured
the XPS depth profiles of 450 �C- and 600 �C-deposited Fe-STO films.
As shown in Figs. S1(a), S1(b), S2(a), and S2(b) in the supplementary
material, no Ag ions diffuse into either the Fe-STO film and Ti2p core
levels do not change with the etch depth. However, the Sr3d5/2 core
level in the 600 �C-deposited Fe-STO film shifts slightly from 132.7 eV
to 132.9 eV when the film is etched to a depth of �40nm [Fig. S2(c),
supplementary material]. This implies that the Sr shift depth is about
40 nm. Similar Sr shift phenomena have also been observed in Fe-STO
films deposited at 700 �C via pulsed laser deposition.43 On the other
hand, both the 450 �C- and 600 �C-deposited Fe-STO films are heavily
oxygen deficient since the Fe0 and Fe2+ peaks at 706.3 eV and
708.7 eV, respectively40 are observed in their Fe2p core-level XPS
depth profiles [Figs. S1(d) and S2(d), supplementary material].

After applying a gate voltage (Vg) to the Ag top electrode, Ag/
Fe-STO/Pt memory cell current–voltage (I–V) curves were character-
ized by sweeping the Vg in a 0 ! +Vg ! 0 ! −Vg ! 0 sequence
(denoted by numbered arrows). All of the Fe-STO films deposited at
various Td values exhibit stable, reversible bipolar resistive switching
behaviors with set/reset voltages (VSet/VReset) lower than 60.6V. As
shown in Figs. 4(a) and 4(b), 250 �C and 450 �C-deposited Fe-STO
films exhibit similar I–V loops with a steep set/reset process. At a read-
ing voltage (Vr) of 0.2V, the 250 �C-deposited film achieves an ON/
OFF ratio of 104–105 for �390 cycles, while the 450 �C-deposited film
achieves a higher ON/OFF ratio of 105 for more than 2500 cycles. The
600 �C-deposited polycrystalline Fe-STO film exhibits three different
“set” patterns in sequence in the positive voltage region. As shown in
Fig. 4(c), this starts with a “one step set pattern” (Pattern P1) with an
initial ON/OFF ratio of >104 at Vr ¼ 0.1V. After �1100 cycles,
Pattern P1 changes to the “two step set pattern” (Pattern P2) for a fur-
ther 1000 cycles. Finally, Pattern P2 degrades to another “one step set
pattern” (Pattern P3) with a lower ON/OFF ratio of �102 for �700
cycles until the memory cell ceases to exhibit resistive switching behav-
ior. We think that these cycling-dependent resistive switching patterns
can be attributed to decreased oxygen vacancy concentrations caused

by further oxidization of doped Fe atoms during the I–V measure-
ment. XPS depth profiles of Fe2p core levels (Fig. S3, supplementary
material) for the 600 �C-deposited Fe-STO film before and after 2800
I–V cycles clearly demonstrate this. A detailed discussion is given in
the supplementary material. The I–V loops of the 800 �C-deposited
Fe-STO film exhibit an ON/OFF ratio of <5 at Vr ¼ 0.2V and a poor
endurance of�50 cycles [Fig. 4(d)]. Upon combining this information
with the SEM images and the EDS spectra shown in Fig. 2, we deter-
mined that the cracked film and Sr-rich nano-sheet surface segregation
decrease the resistance of the 800 �C-deposited Fe-STO film, resulting
in a disastrous degradation of the resistive switching properties. Thus,
we subsequently discuss only the resistive switching characteristics of
Fe-STO films deposited at Td� 600 �C.

To characterize Ag/Fe-STO/Pt memory cell stability, we investi-
gated the variation in the high/low resistive state (RH/RL) resistances
with cycle numbers, and VSet/VReset distributions using Fe-STO
films deposited at Td � 600 �C. As shown in Figs. 5(a) and 5(b), the
250 �C-deposited film can retain an ON/OFF ratio of 104–105 after
�390 endurance cycles, while the 450 �C-deposited film retains a
higher ON/OFF ratio of 105 after more than 2500 endurance cycles,
which indicates better cycling endurance properties. For the 600 �C-
deposited polycrystalline film, the P1 and P2 patterns maintain an
ON/OFF ratio of 104–105 for more than 2100 cycles, while the P3 pat-
tern continues for only �700 cycles and has a lower ON/OFF ratio
of �102 before the memory cell fails to perform resistive switching
[Fig. 5(c)]. Figures 5(d)–5(f) show VSet/VReset cumulative probability
distributions for Fe-STO films deposited at Td � 600 �C. The ampli-
tudes of VSet and VReset gradually decrease as Td increases. We think
that the Fe-STO film crystallinity improvement that occurs when Td

increases is responsible for the decrease in VSet/VReset.
In order to characterize memory cell reliability, we also investi-

gated the ON/OFF ratio, VSet, and VReset error distributions using five
different cells (C1–C5) made from Fe-STO films deposited at different
Td values. The data were extracted from 100 I–V cycles per memory
cell. Figure 6 compares the Fe-STO films deposited at 250 �C–600 �C.
Those deposited at 450 �C exhibit higher ON/OFF ratios and narrower
VSet/VReset fluctuations, indicating better reliability. One possible rea-
son for this is that the 450 �C-deposited film is denser than the

FIG. 4. Consecutive I–V curves for Fe-STO films deposited at (a) 250 �C, (b)
450 �C, (c) 600 �C, and (d) 800 �C, respectively.

FIG. 5. (a)–(c) Variation in RH/RL with cycle number and (d)–(f) VSet/VReset cumula-
tive probability distributions for Fe-STO films deposited at 250 �C, 450 �C, and
600 �C, respectively.
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250 �C-deposited film but more homogenous than the 600 �C-
deposited film.

Table I shows the key resistive switching performance results for
Fe-STO films deposited at various Td values. The 450 �C -deposited
Fe-STO films exhibit the best resistive switching properties: a high
ON/OFF ratio of 105 at a Vr of 0.2V, a good endurance of �2500
cycles, and VSet/VReset voltages lower than 60.6V. Compared to devi-
ces from previous reports on various STO-based memory cells6–32 that
are summarized in Table SI in the supplementary material, our device
offers a higher ON/OFF ratio but lower VSet/VReset voltages, which
indicates potential for ultra-low operating voltage resistive switching
device applications.

The metal ion-CF mechanism13–15 is commonly referenced to
explain STO-based memory cells with active metal electrodes such
as Ag, Cu, and Al. Interfacial mechanisms16–22 attribute the resis-
tive switching behavior to Schottky-barrier changes (SBCs) or
space-charge limited current (SCLC) induced by an applied electric
field. In contrast, vacancy or defect-CF mechanisms23–31 attribute
it to CFs composed of various point defects, such as Sr (V

00
Sr) or

oxygen (V ��
o ) vacancies, Sr antisite defects with associated oxygen

vacancies (Sr
00
Ti � V ��

o ), and screw dislocations. Both CF and
interface-type mechanisms can coexist.6,7,32 Experimental results
and theoretical calculations27 have shown that V ��

o vacancies are
the dominant defect in Fe-doped STO, and that they prefer to clus-
ter in the first coordination shell around Fe atoms.28 The Fe-STO
films in our work contain no Ag ions, but substantial oxygen-
deficiencies are present. Thus, we hypothesize the presence of con-
centrated V ��

o vacancies around Fe atoms in initial Fe-STO films, as
shown in Fig. 7(a). When a positive bias is applied to the Ag top
electrode, oxygen ions drift from the Fe-STO film to the Ag elec-
trode and react with Ag to form AgOx. Simultaneously, new V ��

o

vacancies emerge in the Fe-STO film. These new V ��
o vacancies

combine with the preexisting V ��
o vacancies around Fe atoms to

form CFs that bridge the top and bottom electrodes. As a result,
the memory cell transitions to a low resistance state (LRS), as
shown in Fig. 7(b). In contrast, applying a negative bias to the Ag
electrode causes oxygen ions to drift back into the film, where they
recombine with V ��

o vacancies near the Ag electrode. This results in
CF rupture near the Ag electrode and the memory cell transitions
to a high resistance state (HRS) [Fig. 7(c)]. Due to the large LRS
leakage current, the joule heat effect accelerates the rupture of V ��

o
vacancy CFs, consequently decreasing the VReset voltage. On the
other hand, increasing the Td produces as-deposited Fe-STO films
that are polycrystalline (�600 �C) instead of amorphous. Increased
grain boundary defects enhance V ��

o vacancy CF formation and
thus the VSet voltage decreases as Td increases.

In summary, we investigated the microstructures and resistive
switching behaviors of Fe-STO films deposited at various tempera-
tures. Films deposited at 250 �C and 450 �C were amorphous
Fe-STO films with smooth, dense surfaces, while 600 �C-deposited
Fe-STO films were polycrystalline with an average grain size of
50 nm and 800 �C-deposited Fe-STO films exhibited cracked mor-
phologies and surface segregation of Sr-rich nano-sheets.
Amorphous, 450 �C-deposited Fe-STO films exhibited the best
bipolar resistive switching characteristics: an ultra-low switching
voltage of <60.6 V, a high ON/OFF ratio of �105, and a good
endurance of more than 2500 cycles. Polycrystalline Fe-STO films
deposited at 600 �C exhibited cycling-dependent resistive switch-
ing patterns. Doped Fe atoms enhanced oxygen vacancy CF forma-
tion in STO films, thus significantly decreasing switching voltages.
This indicates potential applications in low-voltage resistive
switching memory devices.

FIG. 6. ON/OFF ratio, VSet, and VReset error distributions for five different memory
cells (C1–C5) with Fe-STO films deposited at (a) 250 �C, (b) 450 �C, and (c)
600 �C, respectively.

TABLE I. Resistive switching properties of Fe-STO films deposited at various Td values.

Td (�C) VSet (V) VReset (V) ON/OFF ratio at Vr Endurance (cycle)

250 0.28–0.67 –0.18 to –0.56 104–105 at 0.2 V 390
450 0.28–0.6 –0.34 to –0.52 105 at 0.2 V 2500
600 P1: 0.12–0.48 –0.09 to –0.36 104–105 at 0.1 V 1100

P2: 0.16–0.46 –0.1 to –0.34 104–105 at 0.1 V 1000
P3: 0.2–0.3 –0.1 to –0.34 102 at 0.1 V 700

800 >0.4 �–1 <5 at 0.2 V �50

FIG. 7. Schematic diagrams of O2− ion and V ��
o vacancy distributions in Ag/Fe-

STO/Pt memory cells in their (a) initial, (b) LRS, and (c) HRS states.
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See the supplementary material for the details of film deposition,
memory cell fabrication, micro-structural characterization, and I–V
measurement. A discussion of the XPS depth profiles of the 450 �C-
and 600 �C-deposited Fe-STO films before and after the I–V cycle
measurement is also provided. Comparisons of resistive switching
characteristics and mechanisms for various STO-based memory cells
are presented in Table SI.
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