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Thermal annealing effect and high temperature electrical measurement were studied on a temperature-sensitive FeOx-transition layer
of a TiN/SiO2/FeOx/Fe structure, including bipolar switching behaviors, statistics of set and reset electrical characteristics, endurance
and retention. Increase of the thermal budget on the structure shrinks both the operation voltage and variation as well as improving
the device operation stability and power dissipation. Cross-sectional image, crystallinity and chemical composition analyzes of the
FeOx-transition layer were examined by transmission electron microscope, X-ray diffraction and X-ray photon-emission spectra
depth profiles, respectively. In addition, for the temperature-sensitive FeOx-containing structure, the resistive switching behaviors
and characteristics were also investigated at room temperature and 85◦C. These resistive switching behaviors indicate the possible
resistive switching mechanism and electrical characteristics, providing a better understanding for the temperature-sensitive FeOx-
based memristors.
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Recently, resistance random access memory (RRAM), phase
change memory and discrete nanocrystal memory attract extensive
interest for being promising candidates of next generation nonvolatile
memory devices due to their excellent advantages of high cell den-
sity array, high operation speed, low power consumption, low cost,
and high retention.1–5 For RRAM, several kinds of resistive switch-
ing mechanisms have been reported.6–8 However, the exact switching
mechanisms have not yet been clarified and are still under debate. For
transition metal oxide systems, the resistive switching behaviors be-
tween high-resistance state (HRS) and low-resistance state (LRS) are
strongly associated with the inevitable existence of nonstoichiometric
chemical composition in the resistive switching materials.9–12 There-
fore, it is necessary to examine in detail the relationship between
material’s nonstoichiometric properties and its resistive switching
characteristics, specifically the effect of temperature, which affects
the chemical redox reaction severely. In our previous reports,13,14 we
proposed a method to fabricate a nonstoichiometric FeOx layer by
oxidizing a Fe-containing electrode spontaneously while depositing
a plasma-enhanced TEOS (Tetraethyl Orthosilicate, PE-TEOS) oxide
onto the Fe-containing electrode, i.e. a FeOx-transition layer formed in
a SiO2/FeOx/Fe-containing electrode structure. Interestingly, the non-
stoichiomerty of such the FeOx-containing structures is markedly sen-
sitive to temperature,15,16 causing changes in the physical phase crys-
tallinity, and chemical composition as well as the further diffusion of
Fe atoms from Fe-containing electrode into the SiO2 layer. Therefore,
in this study, we mainly focus on the resistive switching behaviors and
their electrical characteristics in such temperature-sensitive structures
by performing different thermal treatment conditions and testing the
devices under high temperature environment. By detailed analyzes of
the bottom-up electrical statistic characteristics and resistive switch-
ing behavior, we can get more understanding of the FeOx-containing
memristor and its possible resistive switching mechanism. These re-
sults can help us design and optimize the FeOx-based memristor’s
performance for future nonvolatile memory applications.

Experimental

Fabrication of resistive switching device.— The FeOx-containing
memristors were prepared through the following processes, the de-
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tails were shown in our previous reports.13,14 After thermal oxidation
of p-type (100) silicon wafers, a 50-nm-thick Pt layer and then a
50-nm-thick Fe layer were deposited as a bottom electrode by DC
magnetron sputtering of Pt and Fe targets. A 50-nm-thick SiO2 layer
was deposited on the bottom electrode by a plasma enhanced chemi-
cal vapor deposition system with substrate temperature of 350◦C and
a working pressure of (TEOS (50 sccm) + O2 (300 sccm)) gases at
500 mTorr. The top electrode, 50-nm-thick TiN, was sputtered and
patterned in a square area with side length of 100 μm on the SiO2

film. Finally, rapid thermal annealing (RTA) treatments at 600◦C for
different intervals of 30 sec (denoted as “RTA-30 sec sample”), and
60 sec (denoted as “RTA-60 sec sample”), and a furnace annealing
(FA) treatment at 600◦C for 30 min (denoted as FA-30 min sample)
were performed in Argon ambient. For comparison, a control sample
without the annealing treatment (denoted as “as-deposited sample”)
was also prepared under the same process.

Characterization analysis.— A Keithley 4200 semiconductor
characterization system was used to measure the current-voltage (I-V)
characteristics of the fabricated devices. In addition, Auger electron
spectroscopy (AES) and transmission electron microscope (TEM)
were carried out using a VG Microlab 350 and a Philips Tecnai-20
System, respectively. X-ray diffraction (XRD) was carried out using
a PANalytical X’Pert Pro (MRD) with a monochromatized Cu Kα; λ
= 0.154 nm. Furthermore, X-ray photoelectron spectroscopy (XPS)
was also carried out using the Microlab 350 with a monochromatized
Al Kα X-ray source (1486.6 eV; 300 W). In order to gain more insight
during the resistance switching process, electric parameters of critical
switching conditions were extracted for all the samples. The definition
of the “Set Current/Reset Current (Iset)/(Ireset)” and “Set Voltage/Reset
Voltage (Vset)/(Vreset)” are the values of the current and voltage de-
tected at the beginning of the resistance switching from a HRS/LRS to
a LRS/HRS, respectively. The “Set Power/Reset Power (Pset)/(Preset)”
is defined as the product of Iset/Ireset and Vset/Vreset.

Results and Discussion

Material examination and analysis.— Figure 1a and 1b show
cross-sectional TEM image and energy dispersive X-ray (EDX) ana-
lyzes in the as-deposited TiN/SiO2/FeOx/Fe/Pt structure. With the aid
of local EDX analysis, one can study the chemical compositions of
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Figure 1. (a) Cross-sectional TEM of the TiN/SiO2/FeOx/Fe/Pt structure,
(b) EDX analysis for FeOx-transition layer. (c) AES depth profiles of O, Fe,
Si, Pt and Ti on TiN/SiO2/FeOx/Fe/Pt structure.

specific interesting regions with high space resolution. The thickness
of each layer can be confirmed by TEM analysis. It was further ob-
served that there was a thin gray layer of about (or below) 5 nm in
thickness between SiO2 and the bottom Fe layer, associated with the
FeOx-transition region by EDX analysis. The FeOx-transition region
was due to the ease of oxidation of iron atoms under the PE-TEOS
deposition conditions (TEOS and O2 ambient under 350◦C substrate
temperature). Of note, the unexpected Cu and Si contaminations are
regarded as being introduced from the TEM grid and the substrates in
the process of ion-beam thinning, respectively. In order to get more
detailed analysis about the FeOx-transition layer in the device, AES
depth profiles of O, Fe, Si, Pt and Ti in the TiN/SiO2/FeOx/Fe/Pt
stacked layers were performed, as shown in the Fig. 1c. In Fig. 1c,
a non-abrupt transition of both Fe and O elements from high to low
atomic concentrations was distinctly observed. Fe and O overlapped
in the same region, i.e. the transition region, showing the existence
of non-stoichiometric iron oxides. Furthermore, the Si element was
nearly undetectable in the bulk of the Fe electrode, indicating the
absence of silicidation inside the Fe electrode. Of note, the oxygen
penetrated into the Fe electrode would be detected by the AES, which
is due to the single Fe electrode would be easier oxidized in the oxygen
ambient compared to the alloy FePt electrode.13,17

The phase crystallinity and chemical composition of the FeOx-
transition layer due to different thermal treatment conditions were
also examined by using XRD and XPS depth profiles, as shown
in the Figs. 2 and 3. Figure 2 depicts XRD (θ-2θ) data of the as-

Figure 2. XRD θ-2θ scan results of the SiO2/FeOx/Fe/Pt structures without
(as-deposited condition) and with a thermal treatment of RTA-30 sec, RTA-
60 sec and FA-30 min at 600◦C. Symbol (�) indicates the diffraction peaks
appeared for different samples and contributed from the crystallinity of Si, Pt,
Fe and FeOx phases.

Figure 3. XPS depth profiles of Fe-2p on the SiO2/FeOx/Fe/Pt structures
without (as-deposited condition) and with a thermal treatment of RTA-60 sec
and FA-30 min at 600◦C. The depth profiles are obtained by an Ar sputter
etching in the SiO2 layer, collecting the XPS data at various depths. The
etching times of the spectra are from bottom to top 300, 330, 360, and 400 sec.

deposited, RTA-30 sec, RTA-60 sec and FA-30 min samples for the
SiO2/FeOx/Fe/Pt stacked structure. It is observed that there is a dis-
tinct enhancement of Pt (111) peak intensities and also the appearance
of additional Fe2O3 (222), Fe2O3 (012), Fe2O3 (111) and FeO (111)
peaks after the annealing treatments.18 It indicates that crystallinity
ordering of the FeOx-transition layer has been formed and changed
during the thermal annealing, resulting in the partial transformation
of the metastable iron oxide (FeO) into the thermodynamically sta-
ble phases (Fe2O3).15,16 Similarly, Fig. 3 shows the FeOx chemical
states by analyzing XPS depth profiles of Fe-2p on the as-deposited,
RTA-60 sec and FA-30 min samples (The XPS results of RTA-30 sec
sample are similar to the RTA-60 sec sample, therefore, its data are
not shown here). Ar ions were used for sputter etching into the SiO2

layer to collect the XPS data at various depths and the corresponding
etching times of the spectra as shown in Fig. 3 are in series of 300,
330, 360, and 400 sec from bottom to top. Of note, besides the ex-
istence of the nonstoichiometric iron oxides, FeO (709.8 eV), Fe2O3

(711.4 eV), and Fe3O4 (710.4 eV),13 are detected the corresponding
binding energy in all the samples, higher Fe-O bond intensities as well
as Fe-Fe (707.3 eV) bond intensities in the thermal-treated samples
are clearly detected at shorter Ar sputter etching times as compared to
the similar depth in the as-deposited sample. This observation related
to a deeper diffusion of Fe atoms into SiO2 layer under post-thermal
treatment process and resulted in early collecting the Fe-related sig-
nals. Also, for all the samples, it is noted that detection of relatively
higher binding intensities and areas of FeOx phases (FeO, Fe2O3,
and Fe3O4) compared to the Fe-Fe phase is obtained, which means
that a higher intensity ratio of Fe-O bindings to Fe-Fe bindings was
formed in the FeOx-transition layer. The reason is that the diffusion
of Fe atoms could ease formation the oxidation states of Fe-O bonds
rather than remained Fe atoms during the post-thermal treatment or
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Figure 4. 50-cycle bipolar switching behaviors of the (a) as-deposited,
(b) RTA-30 sec, (c) RTA-60 sec and (d) FA-30 min at 600◦C thermal-treated
samples. The arrows indicate the voltage sweeping directions and variations
of set and reset voltage value.

PE-TEOS deposited processes. These XPS results are also consistent
with the higher peak ratio between FeOx and Fe in XRD results under
post-thermal treatment process.

Resistance switching behavior in post-thermal treatment effect.—
Figure 4 shows the I-V electrical characteristics of the as-deposited,
RTA-30 sec, RTA-60 sec and FA-30 min samples for 50 cycles of re-
peating switching measurements. The driving voltage was biased on
the bottom electrode while the top electrode was ground in 3 samples
which always obtained consistent results, and also, the compliance
current was limited to 5 mA to prevent the hard breakdown during
sweeping voltage. Bipolar switching is observed for all the samples on
sweeping the voltage from 0 V to positive values, the current begins to
decrease gradually or dramatically at a reset voltage (Vreset) and finally
reaches a HRS. On the other hand, the current increases suddenly at
a set voltage (Vset) and returns to a LRS while sweeping the voltage
to negative values. In addition, besides a reduction in operation volt-
ages (Vset and Vreset), the variances of Vset (�Vset) and Vreset (�Vreset)
were also improved as the annealing time increased. According to the
proposed switching mechanism of iron oxides explained by a chem-
ical redox reaction of FeOx

16 between the Fe3O4 phase (with lower
resistance19) and Fe2O3 phase (with higher resistance20), we suggest
that the improved crystallinity of the FeOx film, i.e. been already ex-
isted crystalline phases of Fe2O3 structure in the annealed sample,
could cause the ease of such iron oxide phase transformation between

Fe3O4 and Fe2O3 so as to reduce the operation voltages as well as
their variations.14 The other possible explanation for the improvement
of these resistive switching characteristics is that: it may result from
the severe Fe ions diffusion effect, which means that these diffused
Fe ions in the SiO2 may form an impurity band in the insulator then
take an interaction with the metal electrode, causing an ohmic-like
insulator property in the SiO2.21 Hence, the voltage bias and power
could effectively be applied to the FeOx-transition layer and further
reduce the operation voltages and variations. Of note, in Fig. 4c, the
RTA-60 sec sample has the largest LRS/HRS current ratio because of
the lowest HRS current. It is indicated that after the thermal treatment
at 600◦C for 60 sec, the trade-off between the diffusion effect of Fe
atoms and the thickness of FeOx-transition layer can be optimized.

An electroforming process was required for all the samples before
repeating switching measurements. The forming voltage decreases
markedly when the annealing time increases. After a 600◦C annealing
for 60 sec, the forming electric field of the as-deposited sample was
reduced from 5.74 MV/cm to 0.13 MV/cm and further to 0.08 MV/cm
when the annealing time increased to 30 min, resulting in a nearly
formless requirement. It could be associated with an extensive Fe
diffusion into the SiO2 layer, which acted as impurities for the insulator
and caused the soft-breakdown electric field to drop.21

For detailed analysis the devices’ resistive witching behaviors and
their electrical characteristics, Fig. 5 shows the statistical comparisons
of set and reset electrical parameters for the different thermal treatment
conditions. For the set process region, not only the mean value of Vset

but also the variance of Vset becomes smaller with longer annealing
time. Also, the set current increases and the set power maintains
nearly constant while the annealing time increases except for the
RTA-60 sec sample. Based on the recently studies, the set power at
the initial current change point can be regarded as the beginning of
chemical reduction reaction, which means that the resistance state
is beginning to transfer from HRS to LRS.22,23 Therefore, the same
transformation energy of redox reaction from Fe2O3 phase to Fe3O4

phase in the FeOx-transition layer can be predicted for all the samples,
and the applied set power should be approximate constant when we
exclude the power consumption within the ohmic-like SiOx layer. On
the other hand, for the reset process, it is also observed that both
the mean value of Vreset and its variance become smaller with longer
annealing time. However, the reset current remains constant in spite
of the annealing treatments, and the reset power decreases with the
increase of annealing time. According to the results of constant reset
current, the reset process of the device is regarded as the chemical
oxidation reaction with a necessary of sufficient Joule heat energy
by localized current flow,24,25 which would help the chemical redox
reaction activate and transfer the chemical states from Fe3O4 phase to
Fe2O3 phase. However, for the reset power decrease with the increase
of the thermal annealing time, that is dominated by the reset voltage
due the severe Fe diffusion effect, which results in ohmic-like insulator

Figure 5. Statistical comparisons of set/reset
voltage, set/reset current and set/reset power
without (as-deposited condition) and with a ther-
mal treatment of RTA-30 sec, RTA-60 sec and
FA-30 min at 600◦C samples.
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Figure 6. 50-cycle bipolar switching behaviors of the RTA-60 sec at (a) room
temperature (RT) and (b) 85◦C. The arrows indicate the voltage sweeping
directions and variations of set and reset voltage value.

property in the SiO2 layer. Hence, the voltage bias and power could
effectively be applied to the FeOx-transition layer and further reduce
the variation of the electrical operation.21

Resistance switching behavior in high temperature environment.—
The effect of measurement temperature during the repeating switch-
ing measurements at the same device is shown in the Figure 6a and
6b. Fig. 6a and 6b show the I-V electrical resistive switching behav-
iors of the RTA-60 sec samples for 50 cycles of switching at room
temperature (RT) and at 85◦C, respectively. The driving voltage was
fixed at +/−3V on the bottom electrode while the top electrode was
ground. The compliance current was fixed at 5 mA in the set pro-
cess. There are several distinct differences: (1) For the set process,
the switching current in the RT measurement is changed much more
dramatically than at 85◦C measurement. The set voltage for 85◦C
measurement condition as well as its variation is reduced, and its
corresponding HRS current is increased compared to the RT testing
condition. (2) For the reset process, the resistive switching behaviors
at 85◦C are gradually changed the transition current rather than dras-
tically dropped at RT. Similarly, the statistic electrical parameters,
such as LRS/HRS current and set/reset power, are also extracted to
investigate and compare in detail between measurements at RT and
85◦C, as shown in the Figure 7a and 7b, respectively. In Fig. 7a,
the HRS current at 85◦C is higher than at RT; meanwhile, the LRS
current has the opposite trend, lower at 85◦C. These results are consis-
tent with our previous analyzes, which indicate that the HRS current

Figure 7. Statistical comparisons of (a) HRS/LRS current (b) set/reset power
between the room temperature (RT) and 85◦C in the TiN/SiO2/FeOx/Fe/Pt
structure with a thermal treatment of RTA-60 sec.

Figure 8. Reliability of (a) endurance test at 85◦C and (b) retention test at
room-temperature (RT) and 85◦C for TiN/SiO2/FeOx/Fe/Pt structures with a
thermal treatment of RTA-60 sec.

transport behavior is dominated by the Poole–Frenkel emission, the
current increases with the temperature, and the LRS current transport
behavior follows the metal-type Ohm’s law, the current decreases with
the temperature increasing.13 Most importantly, in Fig. 7b, the mean
value of set and reset power as well as its variation increase in the
85◦C measurements compared to in RT measurements. The possible
explanation is that: for the reset process at high temperature, thermal
fluctuations and chemical reaction activities would be much higher
than at RT, even the compliance current limitation is clamped at fixed
value during the set process. In other words, at 85◦C, the chemical
reduction activities during the set process would be much higher than
at RT, which means that the FeOx-transition layer at 85◦C would be
transformed more phases from Fe2O3 to Fe3O4 during the set process.
Therefore, the formed conductive path would be much stronger and
wider, to require higher or “overshooting” reset power to rupture the
conductive filaments, as shown in Fig. 7b.23 On the other hand, for the
set process, as we mentioned previously, is the beginning of chemical
reduction reaction, which means that the resistance state transfer from
HRS to LRS at critical point. Therefore, for the set power charac-
teristics, the parasitic power consumption at 85◦C should be further
considered due to the lower HRS resistance, which means that the
applied set power could not be effectively supplied the transformation
energy to the FeOx-transition layer.23 Although it seems contradic-
tory with the thermodynamical process, the set power should reduce
at high temperature, however, the effectively applied power for the
FeOx-transition layer should be considered, specifically in the high
leaky device, a severe effect of divided power in the equivalent se-
ries circuit, causing the set power should be applied more at high
temperature.

Finally, Figure 8a and 8b show the endurance reliability test at
85◦C and retention performance for the RTA-60 sec sample at RT and
85◦C, respectively. The readout of LRS and HRS is performed after
applied −3 V / 3 V, and then, the current of LRSs or HRSs is recorded
by a nondestructive process under 0.2 V reading voltage with a time
interval. Under endurance reliability test at 85◦C, the LRS and HRS of
RTA-60 sec sample are able to bear at least 250 switching cycles and
maintain two order resistance ratios without degradation, as shown
in Fig. 8a. Also, for the retention reliability test at RT and 85◦C,
both of the measurement conditions are kept stable for more than
6 × 104 sec, and 10-years lifetime can be expected and confirm the
nonvolatile nature of the device, as shown in Fig. 8b. However, under
retention test at 85◦C, it is observed that the data retention becomes
unstable with a time interval, which indicates that a high chemical
activity happens and further results in its chemical states of Fe3O4

and Fe2O3 exchanging slightly at high temperature.

Conclusions

Thermal treatment effect and high temperature testing be-
haviors on reproducible resistance switching characteristics of a
TiN/SiO2/FeOx/Fe structure were investigated. The thermal annealing
results demonstrate the improvements of the switching parameters,
such as forming voltage, Vset, Vreset, �Vset and �Vreset. According
to the XRD and XPS depth profiles analyzes, exhibition of better
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crystallinity of the FeOx-transition layer with a wider Fe-diffused
region would provide an effective iron oxide phase transformation
region for resistance switching, and also, further reduce the switching
power consumption. For detailed comparison the electrical charac-
teristics between RT and 85◦C measurement environment, the results
show that the temperature-sensitive FeOx-based memristor would be
strongly affected by the temperature-dependent chemical redox reac-
tion, which indicated possible resistive switching characteristics and
mechanism. Moreover, high temperature reliability tests show that
the FeOx-containing memristor could be a possible future nonvolatile
memory application.
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