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ABSTRACT
The HfO2-based resistive random access memory (RRAM) is one of the most promising candidates
for non-volatile memory applications. The detection and examination of the dynamic behavior of
oxygen ions/vacancies are crucial to deeply understand the microscopic physical nature of the
resistive switching (RS) behavior. By using synchrotron radiation based, non-destructive and bulk-
sensitive hard X-ray photoelectron spectroscopy (HAXPES), we demonstrate an operando diagnostic
detection of the oxygen ‘breathing’ behavior at the oxide/metal interface, namely, oxygen migra-
tion between HfO2 and TiN during different RS periods. The results highlight the significance of
oxide/metal interfaces in RRAM, even in filament-type devices.

IMPACT STATEMENT
The oxygen ‘breathing’ behavior at the oxide/metal interface of filament-type resistive random
access memory devices is operandoly detected using hard X-ray photoelectron spectroscopy as a
diagnostic tool.
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1. Introduction

Resistive switching (RS) behavior in a simple metal-
insulator-metal (MIM) structure has attracted inten-
sive interests, initially for the non-volatile memory and
logic applications [1] and has recently been extended
to memristive devices and neuromorphic computing
applications, e.g. synapse emulators [2], to realize logic-
in-memory concepts [3]. Among the resistive random
access memory (RRAM) candidates, valence change
memories (VCMs) show a great potential thanks to
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their virtues such as non-volatile (106 s), fast (<10 ns)
and low-power (1 pJ/bit) operation [4]. Particularly, the
HfO2-based RRAMs possess the compatibility with the
current semiconductor fabrication process, which makes
the large scale, low-cost integrated chips fabrication pos-
sible [5]. It is widely accepted that filament-type VCMs
showing resistive switching (RS)-independence of cell
area are superior for the device scaling [6]. However,
even for the filament-type devices, in-situ TEM observa-
tion and many other studies clearly demonstrate that the
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metal–insulator interfaces play also a key role in impact-
ing the RS behavior [7–10]. For instance,metal electrodes
such as Ti or TiN serve as oxygen reservoirs, which
strongly influence theVo

•• formation and recombination
such that suitable interface tailoring could possibly mod-
ify RS behavior ranging from a clockwise (CW) bipolar
RS (BRS) to a counter-clockwise (CCW) BRS one, or to
even a complementary RS (CRS) [8,11]. Moreover, for
those memristive applications like synapse simulation, it
was suggested that the electrode oxidation/de-oxidation
at the interface is important [9]. In order to better opti-
mize and design HfO2-based RRAM-related devices, it is
of great significance to examine themetal–oxide interface
in a diagnostic way during the RS process and thoroughly
understand the material modification at the interface,
particularly the dynamic behavior of the oxygen ions.

X-ray photoelectron spectroscopy (XPS) has been
proven as a powerful non-destructive tool to study
the physico-chemical properties of material surfaces.
Nonetheless, conventional XPS (hν < 2 keV) is limited
to the probing depth of 1–2 nm. Synchrotron radiation
based hard X-ray photoelectron spectroscopy (HAX-
PES) using high excitation energies thus having larger
inelastic mean free path (IMFP) of the excited elec-
trons and larger probing depth [12], allows bulk sensitive
physico-chemical analysis of the interface details of MIM
or metal–oxide-semiconductor (MOS) structures. Our
group have reported operando HAXPES studies on the
top interface of Ti/HfO2/TiN heterostructure and clar-
ified the gettering role of the Ti top electrode [13–15].
However, although it is widely accepted that the TiN
could also play a role of oxygen reservoir and TiN oxi-
dation could strongly modify the RS behavior of RRAM
devices [8,16], the impact of the bottom TiN electrode is
still not fully clear. Changing the Ti top electrode to Pt
which does not contain Ti as in TiN would permit the
possible detection of HfO2/TiN interface. Moreover, the
Pt/HfO2/TiN heterostructure has been considered as a
prototype RRAM system [8–11,16] thanks to its good RS
properties.

In this work, we present an operando investigation of
the material property modification of the Pt/HfO2/TiN
MIM system at each resistance state during the RS pro-
cess. The bulk sensitive feature of the HAXPES permits
detection passing through all theway down to the bottom
electrode of TiN and therefore allows the clarification
of the migration of oxygen atoms in the whole MIM
heterostructure during RS.

2. Experiments

The TiN layers were deposited Si (001) as the bottom
electrode. Subsequently, 5 nm-thick HfO2 thin films

were grown by atomic layer deposition (ALD), using
the Hf[N(CH3)(C2H5)]4 precursor at 300°C and ozone
(O3). Then 9 nm-thick Pt films were deposited as the
top electrode. The crystallinity of the films was examined
by transmission electron microscopy (TEM) using a FEI
Tecnai Osiris equipment. For HAXPES experiments, the
Pt/HfO2/TiN/Si (001) samples were firstly cut into small
pieces with an area of 700× 700 μm2. HAXPESmeasure-
ments were performed at the P09 beamline of PETRA III
at DESY. The excitation energy of the photon source was
8 keV. TheX-ray spot size was ∼200 μm in diameter. The
base pressure in the HAXPES chamber was 10−9 mbar.
More experimental details can be found in Supplemental
Information.

3. Results and discussion

Figure 1 shows the Pt/HfO2/TiN heterostructure char-
acterized by TEM and electron dispersive X-ray spec-
troscopy (EDX). Figure 1(a) exhibits a cross-sectional
view of the TEM image for the heterostructure. The
HfO2 film is flat, smooth and mainly amorphous. Pt
forms a complete and flat layer (Supplemental Informa-
tion). This helps avoid any local roughness effect. Figure
1(b) shows a compositional line profile of atomic con-
centrations obtained by EDX scanning along the white
line marked in Figure 1 (a). It can be seen that below
spot 2, the oxygen signal decreases much faster than
the Hf signal, suggesting a rather oxygen deficient 2–3
nm–thick HfOx layer. Further down toward spot 3, both
Ti and N signals strongly augment and the O signal
decreases slowly, indicating the partial oxidation of TiN
surface and an inter-diffusion of HfOx and TiON. It is
noted here that, nitrogen impurities in the HfO2 layer
could possibly impact the reliability (e.g. endurance) and
the working current of RRAM devices due to the pos-
sible interaction of nitrogen atoms and oxygen vacan-
cies in HfO2 [17]. However, the oxygen migration is
till dominating during RS [7,11,18]. It should also be
pointed out that the TiN surface was already partly
oxidized prior to the growth of HfO2 (Supplemental
Information).

A RRAM device with the structure shown in Figure
1(c) was fabricated and characterized byHAXPES. HAX-
PES could largely increase the detection depth down
to the TiN bottom electrode, based on the theoretical
estimation using the TPP-2 equation [19]. Figure 1(d)
indicates the typical current–voltage (I–V) characteris-
tics of the device operating at PETRA III. The inset
demonstrates the forming process of the device with a
forming voltage (VF) of−5.4V. After forming, the device
could be switched properly with a compliance current
Icc of 10−3 A, as shown in Figure 1(d), where the high
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Figure 1. (a) A cross-sectional TEM image on the Pt/HfO2/TiN heterostructure. (b) A compositional line profile by EDX obtained along
the white line in (a). (c) Schematic illustration of the RRAM device structure and HAXPES detection. (d) I–V characteristics of the device
shown in (a); the inset shows the forming process.

resistance state (HRS) and low resistance state (LRS)
processes were marked by blue and red curves, respec-
tively. The ‘Set’ voltage (Vset) and ‘Reset’ voltage (VReset)
are ∼−1.3V and ∼1.2V, respectively. Compared to
the generally reported RS values of HfO2-related devices
with a device area of <100× 100 μm2[20], the VSet and
VReset values are quite similar, indicating that the HfO2
RRAM devices are filament-type and the RS voltages
being related to local CFs are device area independent
[6,20].

Operando HAXPES measurements were then carried
out and the results were shown in Figure 2(a–c), where
four RS states, i.e. Pristine, Formed, HRS and LRS were
shown from the bottom to the top. It should be noted
here that in the survey spectrum (Supplemental Informa-
tion), the Pt peaks originated from the top Pt electrode
are the strongest. And the Ti and N XPS peaks of the bot-
tom TiN also appear thanks to the high detection depth
of the hard X-ray of 8 keV. Both the Pt 4f and the valence
band peaks of the virgin state show no change after the
electroforming and at different RS states (Supplemental
Information), which indicates that Pt remains inert with
no oxidation during the whole RS process. Due to the

impact of strong Pt spectra, all the spectra were analyzed
by subtracting a linear background.

Figure 2(a) exhibits the Hf 4f spectra, which were fit-
ted by two series of doublets, i.e. HfO2 (Hf4+, dark green)
and HfOx (x = 1 or 3/2, corresponding to Hf2+ or Hf3+,
light green). In both series, the distance between Hf 4f
5/2 (at higher binding energy, BE) and Hf 4f 7/2 (at lower
BE) components was set to 1.68 eV [21] and the area ratio
of them was set to 3:4. It can be evidently observed that
theHfOx components appear to be dominant for the four
RS states, even at the Pristine state, which indicates that
the HfO2 film is partly oxygen deficient after the growth.
This result is in line with the observation by TEM-EDX
(Figure 1). Comparing the Formed Hf 4f spectrum with
the Pristine one, it can be seen that the spectrum pro-
file changes, particularly at BE∼19 eV and the relative
height of the peak at BE∼18.2 eV decreases (marked by
arrows in Formed Hf 4f spectrum). Slight variation can
also be observed for the HRS and LRS states. In order to
further understand such variation, the area concentration
of the components was calculated and shown quantita-
tively in Figure 2(d), in which the broken line marks the
HfO2 concentration of Pristine state, ∼30%. Obviously,
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Figure 2. HAXPES results of (a) Hf 4f; (b) Ti 2p; (c) N1s. Figures from the bottom to the top correspond to the RS states of Pristine, Formed,
HRS and LRS, respectively. Black dots are experimental data, the red line indicates the fitting profile and the peaks with different colors
are fitted peaks for ions with different valence states. (d–f) show the comparison of the component area concentrations for Hf, Ti and N,
respectively. (g–j) schematically demonstrate the variation of oxides at the Pristine, Formed, HRS and LRS states, respectively. CFs were
not drawn here.

the HfO2 concentration decreases to ∼22% after form-
ing, then it increases to ∼29% at HRS after Reset, and
then decreases again to ∼20% at LRS after ‘Set’.

Figure 2(b) exhibits the analyzed Ti 2p HAXPES data,
fitted by three series of doublets, i.e. TiOx (dark orange),
TiON (middle orange) and TiN (light orange), respec-
tively. Similarly to all other peaks, the TiOx and TiON
components were fitted by Gaussian–Lorentzian (G–L)
functions, with spin–orbit splitting of 5.7 eV. Neverthe-
less, the TiN components were fitted by Doniach–Sunjic
(D–S) functions with a pair of ‘tails’ at higher BE of the
correspondingD–S lines [22] and the spin–orbit splitting
is 6.0 eV. The D-S functions were commonly used for the
XPS peaks obtained from metals while the satellites at

higher BE are related to unscreened final states of TiN
[22]. Figure 2(e) displays more details about the varia-
tion of the concentrations of the three components. The
light orange and dark orange broken lines mark the lev-
els of the TiN and TiOx components at the Pristine state,
respectively. When the state changes from Pristine to
Formed, to HRS and then to LRS, the TiN concentration
decreases from 20% to 17%, then increases to 21% and
decreases again to 20%, whereas the TiOx concentration
firstly increases from 40% to 48%, then decreases to 40%
and finally increases back to 43%. These results evidently
suggest that the electroforming process drives the oxygen
ions from the HfO2 layer to the TiN bottom electrode.
Thus, the TiN surface was oxidized to TiON and TiOx
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Figure 3. Monte Carlo simulations of the simplified system to show the shift of oxygen ions: (a) Pristine state; (b) a negative bias applied;
(c) the negative bias further increased; (d) Formed state; (e) a positive bias applied; (f ) HRS state; (g) a negative bias applied and (h) LRS
state.

from the Pristine to the Formed state. It is known that the
oxidation of TiN electrode leads firstly to TiON and then
to TiOx under even richer oxygen environment [23]. The
‘Reset’ process promotes the oxygen ions migration from
the oxidizedTiNback toHfO2 layer (HRS state)while the
Set process drives the oxygen ions again from the HfO2
layer back to the TiN oxygen reservoir.

This scenario can be further confirmed by analyzing
N 1s spectra. Figure 2(c) shows the N 1s spectra fitted by
the N-Ti (light blue) and N-O (dark blue) components
and the concentration variation of both components as a
function of RS states was shown in Figure 2(f). The blue
broken line marks the level of N-O at the Pristine state
and apparently N-O increases after forming, decreases
at HRS and then increases again at LRS. It is noted that
O 1s spectra were also collected, which are however,
strongly impacted by organic C–O related bonds thus
cannot be used for analysis (Supplemental Information).
It has to be noted here that the observed changes do
not drive the resistance change because the Pt/HfO2/TiN
RRAM device is filament-type [7,10] and the conduc-
tive filament dominates the resistance changes during the
switching.

The different states of the Pt/HfO2/TiN heterostruc-
ture was schematically illustrated in Figure 2(g–j) for
different RS states. At the Pristine state (g), the surface
of the TiN bottom electrode was partially oxidized to
TiOx and TiON and there were some oxygen vacancies
Vo

•• existing in the HfO2−δ film. At the Formed state
(h), numerous Vo

•• were created due to the migration
of oxygen ions to the TiN electrode, where a thicker oxi-
dized (TiON+TiOx) layer was formed. At the HRS state
after ‘Reset’ (i), the oxygen ions with negative charges
were absorbed back into the HfOx layer to form the
HfO2−δ layer. At the LRS state after ‘Set’ (j), the negatively

charged oxygen ions were pushed back again into the TiN
reservoir layer and Vo

•• was formed in the HfOx layer. It
is noted that the CFs dominating the RS process, were
not described in the model because HAXPES does only
globally detect interface chemistry phenomena and spa-
tially resolved spectro-microscopy HAXPES studies for
HfO2-based RRAM are still beyond the state-of-the-art,
despite a recent report visualizing the switching filament
in a SrTiO3-based RRAM system using hard X-ray [24].

In order to clarify the oxygen ‘breathing’ behavior at
the HfO2/TiN interface by considering the RS mecha-
nism in the context of the CF mechanism of the HfO2-
based RRAM, the RS process was analyzed by Monte
Carlo simulations based on a physical model[7,25] (more
details in Supplemental Information). Since HAXPES
cannot examine the local materials modification in the
nm-sized CFs, but rather globally the whole area under
the X-ray spot with a diameter of ∼200 μm, our simu-
lation was mainly focused on the materials modification
at the interfaces. The simulated device structure was set
to be exactly the same as the examined device with a
Pt/HfO2/TiN structure, as shown in Figure 3(a).With the
increase of the negative bias during the forming process,
Vo

•• as generated and the oxygen ions shifted into TiN
and stored in the form of TiON. It is worth noting here
that evidently the whole surface of the TiN layer was oxi-
dized to TiON and the TiON thickness increased with
the augmentation of the applied bias, which is in line with
the HAXPES observation. (TiOx was not considered here
for simplification.) Then, gradually a CF started forming
to connect both electrodes (Figure 3(b)). The CF broad-
ened and more and more TiON was formed due to the
migration of the oxygen anions into the TiN layer, with
the further increase of forming voltage (Figure 3(c)) till
the ‘Formed’ state (Figure 3(d)). In Figure 3(e), a positive
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bias was applied and the Reset was carried out, the TiON
in the TiN layer commenced releasing oxygen ions into
the HfOx layer and the rupture of CF began. At the HRS
state (Figure 3(f)), the CF was broken and oxygen ions
majorly moved back into the HfO2 layer. With the ongo-
ing of ‘Set’ process under the negative bias, the CF was
built up again and the amount of oxygen ions in the TiN
largely augmented till the device reached the LRS state
(Figure 3(h)). Here, both CF shape and its rupture loca-
tion were not considered. The simulations based on the
physical model describe only the movement of oxygen
ions, which confirms well the HAXPES results.

4. Conclusion

In conclusion, synchrotron radiation based, bulk sensi-
tive HAXPES method was used to operando evaluate the
Pt/HfO2/TiN RRAM device and it has been shown to be
a strong diagnostic tool to clarify the physico-chemical
properties of the materials in the device at different oper-
ating RS states. Although the RS of HfO2 RRAM devices
are dominated by the formation and rupture of CFs, it
is revealed that the RS process is accompanied with the
‘breathing’ behavior of oxygen at the HfO2/TiN inter-
face. Compared to the Pt electrode, the TiN electrode
plays a more dominating role in RS by ‘inhaling’ oxy-
gen during the Forming and Set states, and ‘exhaling’
oxygen during ‘Reset’ process. The HAXPES diagnostic
method demonstrated in this work enriches the micro-
scopic physical understanding of the RS mechanism of
theRRAMdevices, which certainly facilitates the possible
regulation of RSmodes and thus the further optimization
of device performances.
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