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A B S T R A C T

Resistive random access memory (RRAM) has been developed as a next-generation nonvolatile memory because
of its fast operation speed, low power consumption, high density, and simple structure. Non-oxide materials such
as AlN-based RRAM also exhibit low operation energy and large on/off ratios. However, AlN-based RRAM may
deteriorate upon oxidation when exposed to air/moisture. In addition, chemical reactivity between the electrode
and the switching layer material affects device stability. In this study, four kinds of top electrode materials (Al,
Ti, TiN, and Pt) were used in an AlN/TiN stack and a water-resistant encapsulation layer was used to prevent the
degradation of AlN-based RRAM. The electrical properties of the device were measured at weekly intervals for 7
weeks. The devices containing Al and Ti top electrodes showed degradation of resistance states despite being
encapsulated in a thin Al2O3 layer. In contrast, the devices with TiN and Pt electrodes maintained their re-
sistance states and switching properties regardless of the encapsulation layer. These trends in degradation can be
explained by the electrode and AlN reactivity with moisture based on fundamental thermodynamics.

1. Introduction

Resistive random access memory (RRAM) is a non-volatile memory
that stores digital data based on resistive switching phenomena [1,2].
Various materials have been studied for use as resistive switching
layers. In particular, AlN exhibits a wide band gap energy (6.2 eV) and
high thermal conductivity (285W/m·K), which are beneficial for re-
ducing the operating current and local heating [3]. Pt-free Al/AlN/TiN-
based RRAM exhibits a pinched hysteresis loop similar to that of Al/
AlN/Pt devices with low switching currents [4,5]. It has been reported
that the conduction channel composed of nitrogen vacancies (VN

3+) is
responsible for resistive switching in AlN-based systems according to
electrical measurements and transmission electron microscopy (TEM)
observations [5].

Moisture or oxygen-related defects affect RRAM device performance
because they can be reduced at the metal/oxide interface or create
charge-trapping sites [6–10]. In the oxide-based resistive systems,
higher partial pressures of water resulted in lower forming voltages and
higher conductivities [8–10]. Nitride-based resistive switching systems
are also affected by moisture and oxygen. Oxygen ions can be sub-
stituted for nitrogen in the AlN, as predicted by fundamental thermo-
dynamics [11,12]. Moisture can incorporate into the film as an impurity
during the deposition process or experimental measurements [10,13].

Similarly, moisture may form oxides in the nitride film and create an
interfacial layer at the metal/nitride interface. Therefore, AlN-based
RRAM can be easily degraded by moisture or oxygen incorporation. An
effective method for preventing the incorporation of external oxygen
and moisture is encapsulation of the device in a water-resistant layer
such as Al2O3 or TiO2 [14–16]. Using a Pt-dispersed SiO2-based RRAM
device as an example, resistance of the as-fabricated device was in-
creased after operation with darkening the top electrode, whereas the
encapsulated device showed an unchanged resistance without physical
changes [8,16].

The chemical reactivity between the electrode and the resistive
switching material influences the electrical properties of the device
[17–19]. The electronic barrier at the metal/insulator interface is
formed by the presence of high concentrations of interface states.
Therefore, the interfacial states greatly determine device properties.
Furthermore, the resistance of RRAM devices is highly dependent on
the oxygen affinity of the top electrode. Therefore, to assess the stability
of AlN-based RRAM, the effects of moisture/oxygen and electrode
materials must be considered.

In this study, AlN-based RRAM devices were fabricated with various
top electrode materials (such as Al, Ti, TiN, and Pt) and encapsulated in
a thin Al2O3 layer to prevent degradation. Time-dependent changes in
the electrical characteristics of the RRAM devices were observed for 7
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weeks. The effects of moisture and electrode materials with or without
the encapsulation layer were studied.

2. Experimental

To examine the effect of moisture and top electrode materials, de-
vices were fabricated using four different top electrodes (TE; Al, Ti, TiN,
and Pt) with an Al2O3 encapsulation layer. Sputter-grown TiN
(100 nm) was used as the bottom electrode on a thermally grown SiO2
layer on a Si wafer. The AlN film was deposited using thermal atomic
layer deposition (ALD; Atomic Classic, CN-1, Korea). Trimethyl alu-
minum (TMA; UP-Chemical, Korea) and NH3 were used as the pre-
cursors of Al and the reactant, respectively. The substrate temperature
was maintained at 335 °C. Further details regarding the deposition
procedure and film characteristics can be found in the literature [20].
The AlN film was deposited for 38 cycles to a thickness of 7.3 ± 0.5 nm
on TiN (4.4 ± 0.4 nm AlN on Si substrate), as measured by an ellips-
ometer (FS-1, Film-Sense, USA). TEs were grown via physical vapor
deposition using a shadow mask with a diameter of 200 μm on the AlN/
TiN. The Al TE layer was deposited using a thermal evaporator. The Ti,
TiN, and Pt TE layers were deposited via DC magnetron sputtering
using Ti, TiN, and Pt targets, respectively. Half of the devices were
encapsulated with a 2-nm-thick Al2O3 layer via thermal ALD using
TMA and H2O at 250 °C.

Electrical properties were measured at room temperature (∼25 °C)
using a semiconductor parameter analyzer (SPA; HP-4155A, Agilent,
USA). A DC voltage bias was applied to the top electrode, while the
bottom electrode was grounded. A schematic diagram of the AlN-based
RRAM device structure with an Al2O3 encapsulation layer and elec-
trical measurements are shown in Fig. 1 (a). The devices were tested
over time from the as-fabricated state for 7 weeks to examine device
stability. After electrical measurements for 7 weeks, cross-sections of
the devices were prepared using focused ion beam (FIB; Nova 200, FEI,
Netherlands) using Ga + ions, and microscopic imaging and elemental
mapping were subsequently performed by scanning transmission elec-
tron microscopy (STEM; JEM-2100F, JEOL, Japan) and energy dis-
persive X-ray spectroscopy (EDS). Fig. 1 (b) shows a TEM image of a
representative device cross-section composed of a uniformly deposited
AlN film with TiN top and bottom electrodes.

3. Results and discussion

All devices induced the resistive switching phenomena after pre-
conditioning, the so called electroforming (EF) process. The EF process
is a soft breakdown process that is achieved by applying electric stimuli
to form a conducting filament by creating vacancies in the insulting
layer. Generally, EF can occur when oxygen ions escape from the oxide
layer involved in the reduction process at the metal/oxide interface
[3,21]. Similarly, nitrogen ions play the same role in the nitride layer in
nitride-based RRAM devices [3,13]. Once the RRAM devices are elec-
troformed, they show reversible resistive switching phenomena. DC
current-voltage (I–V) switching loops and high-resistance state (HRS)
and low-resistance state (LRS) were traced up to 7 weeks after fabri-
cation by reading the current at +0.2 V.

Fig. 2(a) and (b) show the I–V loops and variation in the resistance
states as a function of time of the device with Al TE without en-
capsulation. The as-fabricated device showed a high resistance ratio
(> 103) at the beginning. However, over time the HRS abruptly de-
creased 2 weeks after fabrication. The device eventually did not per-
form a switching loop, maintaining an LRS-stuck state after 4 weeks.
This dramatic change could be mitigated using a thin Al2O3 en-
capsulation layer, as shown in Fig. 2(c) and (d). The resistive switching
and resistance ratio (∼10) were retained for 7 weeks. However, the

Fig. 1. (a) The schematic diagram of device structure of AlN based RRAM with
Al2O3 encapsulation layer and electrical measurement system, and (b) TEM
image of the cross-section of the device made of uniformly deposited AlN film
with TiN top and bottom electrodes.

Fig. 2. The I–V loops with time and variation in the resistance states of the
device with (a) (b) Al, (c) (d) Al with encapsulation, (e) (f) Ti, (g) (h) TiN, and
(i) (j) Pt TEs.
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encapsulation layer was ineffective because the I–V loops became un-
stable over time and the resistance decreased compared to that of the
initial state. Current compliance was set as low as possible, but a high
compliance current (> 1mA) was required to set the device after 7
weeks. Thus, a high compliance current could be an additional strategy
for lowering device resistance.

I–V switching loops and variation in the resistance states of the
devices composed of Ti, TiN, and Pt TE are shown in Fig. 2(e)–(j) for the
unencapsulated devices. It should be noted that the devices with Ti and
TiN TE were formed and set switching (transitioning from HRS to LRS)
at a positive bias on the TE similar to that of the device with an Al TE,
while the Pt TE device was operated using the opposite bias polarity. In
general, more inert metal/nitride interfaces are responsible for the
switching similar to the inert metal/oxide interface [4,5,17]. Therefore,
AlN/TiN (in case of Al, Ti, and TiN TE) and Pt/AlN interfaces are
considered to be switchable inert interfaces based on their switching
polarity.

Interestingly, time-dependent degradation differed significantly
depending on the device. For devices with a Ti TE (Fig. 2(e) and (f)),
although the resistance ratios were smaller than those of the devices
with an Al TE, their resistance states decreased. After 4 weeks, the
device remained LRS-stuck, whereas a small resistance ratio was
maintained and stable resistive switching loops were observed after 7
weeks in the device with a TiN TE, as shown in Fig. 2(g) and (h). The
LRS resistance decreased slightly after 2 weeks, but the resistance ratio
was maintained for 7 weeks. When a Pt TE was used, reversed I–V
switching loops with high resistance ratios (> 10) were obtained and
the resistance states were maintained after 7 weeks, as shown in
Fig. 2(i) and (j). HRS resistance decreased by approximately 10-fold
after 1 week, but it did not degrade further compared to that of the as-
fabricated state.

The stability of the resistance states was examined in the devices
with various TEs without encapsulation. For this retention test, the as-
fabricated and 7-week-old devices were set to HRS and LRS, respec-
tively. The resistance values of the devices read at +0.2 V are shown in
Fig. 3(a)–(d). These retention characteristics were consistent with the
DC I–V measurement results. For the device with an Al TE, the re-
sistance was maintained in the as-fabricated state, but both LRS and
HRS resistances decreased after 7 weeks. The device with a Ti TE could
not maintain the resistance states observed in the as-fabricated state.
Similar to that of the Al TE, the resistances decreased after 7 weeks.
However, the devices prepared with TiN and Pt TEs showed robust
retention properties even after 7 weeks. For the device containing a TiN
TE, the HRS and LRS resistance values slightly decreased after 7 weeks,
whereas increased resistance values of both states were observed in the
device containing a Pt TE. However, this increased resistance was

induced by the increased reset switching voltage rather than degrada-
tion.

The DC I–V measurements and retention test showed that the device
with an Al TE showed significant degradation over time. Encapsulation
relieved the resistance reduction, but it could not completely prevent
degradation. Meanwhile, inert electrode materials such as TiN and Pt
preserved the switching properties irrespective of encapsulation.
Therefore, moisture did not significantly degrade the properties of the
devices and stability of the nitride/metal interface seemed to be more
important [4,5,17]. Moisture may accelerate degradation at the inter-
face of an active metal (Al or Ti) and nitride.

To further study the stability and physicochemical changes of the
nitride/metal interface, STEM and EDS analyses were performed. Cross-
sections of the devices with Al and TiN TEs were prepared by FIB.
Fig. 4(a) and (b) show cross-sectional images of the device with an Al/
AlN/TiN stack. A 6.8-nm-thick uniform AlN layer was formed on TiN BE
and partially crystallized phases were confirmed by the high-resolution
TEM image and selected area electron diffraction (SAED), as shown in
Fig. 4 (b) and its inset. Fig. 4(c) and (d) show the cross-sectional images
of the device with a TiN/AlN/TiN stack. Similarly, a partially crystal-
lized region was observed in the 7.8-nm-thick AlN layer, as confirmed
by the high-resolution image and SAED. Therefore, microstructural
differences in the film were not observed in TEM analysis.

In contrast, EDS analysis revealed that the oxygen concentrations
significantly differed at the nitride/metal electrode interface.
Significant amounts (≥20 at%) of oxygen were incorporated into both
devices, as shown in Fig. 4(e) and (f). Approximately 16 at% of the
oxygen content was incorporated in the AlN film grown at 335 °C, as
determined by X-ray photoelectron spectroscopy [20]. The elemental
depth profile revealed that the oxygen concentration was lower than
5 at%, as confirmed by Auger electron spectroscopy. Therefore, high
oxygen concentration originated owing to the introduction of external
moisture or collection of internal oxygen during device operation.
Specifically, the oxygen concentration in the Al/AlN/TlN device stack
was highest near the interface of the Al/AlN, reaching almost 40 at%. In
contrast, the oxygen concentration at the top interface of TiN/AlN was
approximately 16 at% in the TiN/AlN/TlN device stack, similar to that
observed in the film itself. Therefore, the high initial oxygen content in
the Al electrode is drawn to the oxygen-deficient Al/AlN interface and
oxidized AlN layer during device operation. However, the TiN/AlN
interface is less oxygen-deficient and less reactive initially, rendering it
more oxidation-resistant. This, it is apparent that the oxygen con-
centration and reactivity of the top electrode and the film affect the
device reliability [19,22,23].

To investigate the relationship between degradation and reactivity
with oxygen, the resistance ratio (RHRS/RLRS) and oxide formation
energy were considered. Fig. 5 (a) shows the variation in the resistance
ratio of devices fabricated with various electrode materials. The re-
sistance ratio changed in the devices with Al and Ti TEs. In contrast, the
resistance was largely unchanged in the devices fabricated with TiN and
Pt TEs. Assuming that the degradation level (Rdegra) is directly related
to the degree of resistance ratio change, it can be expressed as the
following equation:

=
−

×R
log(R ) log(R )

log(R )
100(%)degra

ratio,0 ratio,7

ratio,0

where Rratio,0 and Rratio,7 represent the resistance ratio of the as-
fabricated and 7-week-old devices, respectively, and Rdegra is de-
termined by comparison with the Gibbs free energy of oxide formation
in Fig. 5 (b) [24]. Larger free energies of oxide formation result in in-
creased degradation of the resistance ratio.

Valov et al. reported the effects of oxygen and moisture in Ta2O5-
and HfO2-based systems, as determined by electrical and cyclic vol-
tammetry measurements under controlled oxygen partial pressure and
humidity [10]. Moisture was incorporated at the metal/oxide interface

Fig. 3. The resistance values of as-fabricated and 7-week-passed devices read at
+0.2V with (a) Al, (b) Ti, (c) TiN, and (d) Pt TEs for retention test.
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Fig. 4. The cross-sectional TEM images of the device with (a) (b) Al/AlN/TiN and (c) (d) TiN/AlN/TiN stacks, respectively. Inset figures of (b) and (d) are the SAED
showing partially crystallized phases. Elemental line profiles of (e) Al/AlN/TiN and (f) TiN/AlN/TiN stack by EDS analysis.
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by the reduction reaction, which results in easier EF with lower voltages
and increased total conductivity owing to the formation of charged
ionic species (e.g., OH-). The authors also showed that oxygen affects
neither the electrochemical reactions nor the EF/switching processes.
However, this is not exactly the same for the nitride system used in this
work.

Moisture can be incorporated at the metal/nitride interface by re-
duction to form hydrogen gas and hydroxyl (OH-) ions, similar to the
process that occurs at the metal/oxide interface. In addition, oxygen
incorporation into the AlN film is also expected since the bond dis-
sociation energy of Al–O (481 ± 21 kJ/mol at 0 K) is much higher than
that of Al–N (297 kJ/mol at 0 K) or Al–Al (188 ± 42 kJ/mol at 0 K)
[5]. Oxygen-related defects such as neutral ON or positively charged
ON

+ in AlN do not lead to enhanced electrical conduction because of
their deep energy levels. However, incorporated oxygen that replaces
nitrogen can provide additional mobile nitrogen ions, which may en-
hance ionic motion, facilitating the EF process. Therefore, nitrogen
vacancies are readily generated by removing N from AlN via oxygen
incorporation and transporting it to the reactive metal electrode at the
metal/nitride interface.

In contrast, water molecule incorporation may lead to the hydro-
lysis of the AlN layer [25,26], resulting in the formation of Al(OH)3 and
charged ions (NH4

+ and OH−) locally around the conducting filament
at elevated temperatures during the switching process. Thereby,
moisture could oxidize the AlN layer and provide charged ions to fur-
ther react with the reactive metal layer. Because of the high reactivity
of the electrode materials used herein, rejuvenation of nitrogen va-
cancies does not occur even when a high voltage is applied. Conversely,
more inert electrode materials such as TiN and Pt do not readily react
with the charged ions and instead act as an ionic reservoir, facilitating
maintenance of the resistance and switching properties of the device.

4. Conclusion

AlN-based RRAM devices were fabricated, and their degradation
properties were examined for 7 weeks. To prevent degradation of the
resistance and resistive switching of the Al/AlN/TiN stack, encapsula-
tion in a 2-nm-thick Al2O3 layer and various top electrode materials
(Ti, TiN, and Pt) were tested. Encapsulation slowed the degradation of
the device, while the top electrode metal more significantly affected the
degradation properties regardless of the encapsulation status. With
inert electrode materials such as TiN and Pt, the device retained re-
sistance values and switching properties compared to devices with Al
and Ti TEs. Oxygen and moisture could be incorporated at the interface
of metal/nitride and the reaction of moisture with AlN could result in
AlN film hydrolysis during operation. Charged ions (OH- and NH4+)
react with the metal layer, degrading the resistance and resistive
switching properties of the device. The degradation mechanism and its
prevention using certain electrode materials and encapsulation will be
practically useful for the realization of RRAM and associated deriva-
tives for embedded memory, logic-in-memory, and synaptic devices in
neuromorphic computing.
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