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Abstract— The Al-doped HfOy based resistive memory
devices have been fabricated on ITO coated PET flexible
substrate at room temperature. X-ray photoelectron
spectroscopy is used to extract the different doping
percentage of Al which allows optimizing the switching
performance. It improves the cycle-to-cycle and cell-to-cell
uniformity of switching parameters by tuning the oxygen
vacancies in HfO, layers. The 7.5% Al-doped HfO. based
flexible resistive memory device shows excellent switching
characteristics such as resistance ratio (>10%), retention (~10*
s). There is no degradation of memory window under the
mechanical strain with bending radius ranging from 25 mm
to 5 mm. The temperature dependent resistive switching
characteristics have also been studied. There is sufficient
memory window (>10?) till ~10* s at elevated temperature.
The I-V curve fitting shows the ohmic (hopping) conduction
in LRS and the trap-controlled SCLC in HRS, supported by
Arrhenius plot.

Index Terms— Al Doping, HfO,, ReRAM, Flexible

I. INTRODUCTION

Flexible electronics has fascinated much attention for
several applications in flexible displays, touch panel
devices as well as integrated circuits due to its low cost,
low process temperature, light weight, and flexibility [1],
[2]. However, the development of flexible memory is one
of the key issues for data processing and information
storage [3]. The conventional flash memory is hard to be
integrated into flexible substrate because of the degraded
quality of gate oxide fabricated at low temperature [4], [5].
On the other hand, the resistive random-access memory
(ReRAM) [6] has key merits of low process temperature
and a simple Metal-Insulator-Metal (MIM) structure for
flexible electronics application. But the performance
degradation of the flexible substrate-based devices for
future memory applications is a major concern [7].

Recently, various metal oxide materials such as TiO2
[8], ALOs [9], GO [10], HfO2 [3], have been studied for
the application of flexible ReRAM. Although these metal
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oxide-based ReRAMs show resistive switching
characteristics and flexibility, several issues have to be
solved such as low ON/OFF ratio (<10%), variation of
switching parameters [11]. Dispersion in the resistive
switching (RS) parameters like SET/RESET voltages,
current in Low Resistance State (LRS) and High
Resistance state (HRS) is the critical issue of ReRAM.
Similar arguments also exist when it comes to flexible
ReRAM [12].

In the filament-type ReRAM, the stochastic formation
and rupture of the conducting filaments (CFs) causes the
variability in the RS properties during switching cycles.
Thus, it is essential to effectively control the statistical
variation of RS. One of the effective ways is ionic doping
in metal oxides to improve the switching stability of the
resistive switching [13]. The Ag nanoparticles were
embedded in the AlO3/ZnO stack on flexible substrate
[14]. It greatly enhanced the device performance, such as
high yield and uniformity, low operation voltage and
resistance fluctuations. Wang [15] and Zhang et al. [16]
showed multi-level memristors based on Si substrate by
doping HfO> with Cu and Gd, respectively. An
improvement in resistive switching properties has been
reported in Ni-doped HfOx [17], Al-doped HfOx [18]-[20],
HfTiOx [21]. However, most of these traditional ReRAM
devices were fabricated on Si substrate at high temperature
atomic layer deposition (ALD). The low temperature
ALD, plasma enhanced ALD and sputtering techniques
can be used for deposition of metal oxides on flexible
substrates [3], [22], [23]. However, there is still lacking of
reports to study the feasibility and stability of Al-doped
HfOx based ReRAM on flexible substrates. In this work,
we have investigated the effect of aluminum (Al) doping
on performance of HfOx based flexible ReRAMs
fabricated on ITO coated PET substrate by sputtering
system at room temperature. This report is organized as
follows: Section II describes device fabrication and
characterization methods. The resistive switching
characteristics of the fabricated devices including the
effect of Al doping on device performance and conduction
mechanism have been discussed in Section III. Finally, we
conclude the results in Section V.

II. EXPERIMENTAL

The Al-doped HfOx based resistive memory devices
were fabricated on 130 nm indium tin oxide (ITO) coated
flexible polyethylene terephthalate (PET) substrate (= 127
pm). The ITO coated PET substrate was first cleaned
ultrasonically in acetone, 2-propanol and deionized water.
The Al-doped HfOx thin films of thickness of ~ 40 nm on
PET substrates were deposited by co-sputtering of Hf and



Al metal targets using RF and DC sputtering at room
temperature varying Ar / Oz flow ratios (Ar : O2 = 9:1,
2:1, and 1:1). Then, Al metal dots of diameter in the range
of 200-2000 pm were deposited via a hard shadow mask
to fabricate Al/Al-doped HfOx/ITO/PET MIM devices.
The schematic and optical image of the final fabricated
device is depicted in Fig. 1. An undoped device,
AI/HfOx/ITO/PET was also fabricated for the comparison
with the Al-doped samples. The thickness of the Al-doped
HfOx layers was calibrated by spectroscopic ellipsometry
measurement of control sample deposited on Si substrate,
using a J. A. Wollam VASE ellipsometer with a spectral
range of 0.7-5.2 eV at 60-70° in 5° steps. The details of the
fabricated MIM devices are given in Table I. The electrical
measurement of the devices was carried out using
Keysight B2912A source measure unit. The voltages were
applied on the top electrode (Al), and the bottom electrode
(ITO) was grounded during the electrical measurements.
The X-Ray Photoelectron Spectroscopy (XPS) were
measured in an ultra-high vacuum system consisting of a
twin anode x-ray source and a Scienta SES200
hemispherical electron energy analyser. The XPS
spectrometer ~ was  calibrated using the Ag
3ds;2 photoelectron line and the Fermi edge from a clean
silver foil first. The spectra were measured in the normal
emission geometry with an overall precision of +0.2
eV. The electron binding energies were corrected using the
C 1s peak at 284.8 eV from adventitious surface carbon
present in the sputtered films [24]. A Shirley-type
background was used for the fitting of all spectra [25]. The
measured core level (CL) line-shapes were fitted using a
Voigt function to determine the BE position and full width
at half maximum (FWHM) of the peaks. The atomic
concentration of Al in the Al-doped HfOx was determined
using core level peak area corrected using appropriate
atomic sensitivity factors [26].

Table 1: Details of fabricated Al/Al-doped HfOx/ITO/PET MIM devices

Fabricated Ar:0: Aluminium
Device Doping (%)
DI 1:1 3.7%
D2 2:1 7.5%
D3 9:1 9.1%

Aluminum Metal Dots
(a)

1TO(Indium Tin Oxide)

PET(Polyethylene terephthalate)

Fig. 1 (a). Schematic diagram of Al/Al-doped HfO,/ITO/PET for
different device sizes. (b) Optical image of Al/ Al-doped HfOx /ITO/PET
fabricated devices with four different device sizes.

[I. RESULT AND DISCUSSION

A. Physical characterization:

The XPS core level (CL) spectra of Hf 4d and Al 2p
core levels for all Al-doped HfOx samples are shown in
Fig. 2.1. The Al content for sample D1 (Ar : O.=1:1), D2
(Ar : O2=2:1) and D3 (Ar : 02=9:1) are found to be 3.7%,
7.5% and 9.1% respectively. Fig. 2.2 shows XPS of Hf 4f
core level (CL) from 3.7% and 7.5% Al-doped
HfOx samples, respectively. The Hf 4f CL has been fitted
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Fig. 2.1 XPS spectra of (a) Hf 4d core level and (b) Al 2p core level for
all Al-doped HfOx samples. Fig 2.2 (a) Hf 4f core level for 7.5% Al-
doped HfOx sample and (b) Hf 4f core level for 3.7% Al-doped HfO»
sample. Fig 2.3 O 1s core level for (a) 9.1% (b) 7.5% and (c) 3.7% Al-
doped HfOx sample.

with two spin orbit doublets attributed to two different sub
oxides. The spin orbit splitting of Hf 4f CL for each sub-
oxide is 1.52 eV with an Hf 4f doublet intensity ratio (Hf
4f5n: Hf4fsn) of 0.75 as expected. Sub-oxide I is
comparatively less stoichiometric than the sub-oxide 1, as
the Hf 4f72CL BE value is less in Sub-Oxide I. This
implies that the oxygen vacancy (less stoichiometric sub-
oxide increasing with increasing Al doping) is also
increasing with increasing Al-doping as we are supplying
less oxygen with respect to the Ar flow into the sputtering
chamber for fabricating higher Al-doped HfOx samples.

The values of binding energy of different peaks are
shown in Table II. With increasing Al doping, the Hf
4finpeak position (binding energy) and Hf 4f;» peak
intensity ratio of sub-oxide I and II increases. Table III
shows the binding energies of Hf 4d and Al 2p core levels.
Generally all the core level peak positions experience shift
to a higher binding energy with the increase of Al doping.
This behavior has been observed before and attributed to
different charge transfer effects [24], [27].

Table II: Peak position of Hf 4f7» and Hf 4f5, for 3.75% and 7.5% Al-
doped HfOx samples

Sample Hf 4172 Hf 4fs;2 Hf 4f7 Hf 4fs5;>
Sub-Oxide Sub- Sub- Sub-
I(eV) Oxide I Oxide II Oxide II
(eV) (eV) (eV)
3.7% Al- 16.65 18.17 17.24 18.80
doped HfOx
7.5% Al- 16.95 18.47 17.57 19.13
doped HfOx




Table III: Peak position of Hf 4ds»and Al 2p for 3.7%, 7.5% and 9.1%
Al-doped HfOx samples

Sample Hf 4ds;2 Al 2p

(eV) (eV)

3.7% Al- 212.95 74.01
doped HfOx

7.5% Al- 213.17 74.04
doped HfOx

9.1% Al- 213.32 74.20
doped HfOx

Fig. 2.3 shows the O 1s core level for all Al-doped
HfOx samples. The O 1s core levels are deconvoluted into
two components. The components with lower binding
energies (530 eV-530.55 eV) are attributed to the Hf
bonded with O whereas the higher binding energy (531.61
eV-531.98 eV) components are attributed to the Al bonded
with O. The oxide due to Al appears higher in BE because
Al is slightly more electronegative than Hf. The BE values
reported are in agreement with literature values [27].

B. DC characterization:

Fig. 3 shows current-voltage (I-V) characteristics of Al-
doped HfOx ReRAM devices of diameter of 200 pm with
9.7%, 7.5% and 3.7% Al doping. In DC voltage sweeping
mode, the sequence of bias voltages applied was 0 V > 2
V> 0V->-5V->0V,and a compliance current of 2
mA was set to safeguard the devices from the hard
breakdown of the dielectric. All the devices exhibit typical
Bipolar Resistive Switching (BRS) characteristics where
the current jumps from high resistance state (HRS) to low
resistance state (LRS) in the positive SET voltage and the
it reverts back from LRS to HRS at negative RESET
voltage. Generally, a higher voltage as compared to
SET/RESET voltages is applied to the pristine devices to
initiate the switching cycle. Here, no initial separate
electroforming process is required to initiate the switching
cycle, which could have been due to the pre-existing
oxygen vacancies in the Al-doped HfOx oxides, as
observed in XPS analysis.
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Fig. 3 Current vs. voltage (I-V) characteristics of Al/Al-doped
HfO/ITO ReRAM with Al doping of 9.1%, 7.5%, and 3.7%. The
arrows in the graphs indicate the switching direction.

Fig. 4 presents three box plot distribution of cell-to-cell
variation of the SET and RESET voltages (Vser and
Vreser), the HRS and LRS currents at 0.1 V (Iurs and
ILrs), and the resistance ratio Rursirs at 0.1 V of twenty
ReRAMs with different Al doping percentage,
respectively. The mean Vser voltages are found to be 1.07
V, 1.40 V, 1.74 V and the mean Vreser voltages are -3.45,
-2.85 V and -3.50 V for 3.7%, 7.5% and 9.1% Al doped
HfOx, respectively. However, the 7.5% Al-doped HfOx
shows the minimum cell-to-cell variation of SET and
RESET voltages. There is no significant cell-to-cell
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variation of LRS currents of all devices and the variation
of HRS current is less for 7.5% Al-doped HfOx as shown
Fig 4(b). The minimum variation of resistance ratio is
observed in 7.5% Al-doped HfOx with the mean value of
3495. The improved resistance ratio has been obtained for
Al-doped HfOx based devices as compared to the extracted
value of = 200 [from Fig 5(b)] for undoped HfOx« flexible
ReRAM.

Fig 5 represents the cycle-to-cycle cumulative
distribution probability of the switching voltages (Vser
and Vreser) and HRS and LRS current (Inrs and ILrs) of
the device for 7.5% Al-doped HfOx and undoped HfOx at
room temperature. The Inrs and ILrs currents were
measured at 0.1 V. The coefficients of variations of the
Vser and Vreser are = 11.60% and =~ 2.6% for Al-doped
HfOx based devices and the Vser and Vreser for undoped
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HfOx based devices are = 21% and = 30% respectively,
which indicates that the devices with Al doping (7.5%)
maintains excellent uniformity for the reset voltages as
well as for set voltages as compared to the undoped HfOx
based devices of 50 repetitive dc sweeps. Similarly, the
coefficients of variations of the ILrs and Inrs for 7.5% Al-
doped HfOx are = 33.6% and ~ 18.7% where as these are
increased to =~ 58% and = 132% for undoped HfOx devices,
respectively.

Although the detailed mechanism of resistive switching
in ReRAM remains ambiguous, it is widely accepted that
the migration of oxygen vacancies under an applied
electrical field plays an important role for the switching
behavior [28]. The improved uniform and stable resistive
switching behavior in Al-doped HfOx may be due to Hf-
Al-O bonding as observed in XPS analysis. The doping of
Al in HfOx decreases the formation of energy of oxygen
vacancies and oxygen vacancies are easily formed near the
dopants to improve the switching parameters [19]. The
XPS spectra of Hf 4f core levels in Al-doped HfOx thin
films (Fig. 2.2) further confirms the presence of non-
stoichiometric sub-oxides, which signifies the importance
of oxygen vacancies in the resistance switching of
ReRAM. However, the different doping percentage of Al
modulates the formation of oxygen vacancies and
optimizes the switching performance. Similar results have
been reported in other study [29].
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Fig. 6 (a)-(c) Retention characteristic of Al-doped HfOx ReRAM in LRS
and HRS at different Al doping concentration at room temperature. (d)
Retention characteristic of 7.5% Al-doped HfOx ReRAM in LRS and
HRS at 100 °C temperature. All the currents are measured at 0.1 V.

Fig. 6 shows the retention characteristics of Al-doped
HfOx flexible ReRAM devices at room temperature and
higher temperature. There is no degradation of resistance
ratio between LRS and HRS till 10* s for all Al-doped
devices at room temperature. At the elevated temperature
(100 °C), the current level in HRS is slightly increased, as
shown in Fig. 6 (d). The increased oxygen vacancy related
trap density at higher temperature may enhance the
temperature-dependent  current transport in  HRS.
However, the sufficient memory margin of ~ 100 still
exists till 10* s at higher temperature. The excellent
retention of the Al-doped HfOx device is attributed to the
presence of Al in constraining the outward diffusion of
oxygen vacancies [20].

The flexibility is the key parameter for flexible
electronic device applications. The performance of the

7.5% Al-doped HfOx device under the flexible condition
has been investigated for its flexible applications. The
resistance of Al/Al-doped HfOx/ITO/PET device in
LRS/HRS devices has been measured at the read voltage
of 0.1 V with different bending radii starting from the flat
condition (20 mm) to the bending condition (5 mm), as
shown in Fig. 7. Though, the memory window is slightly
decreasing as function of the bending radius, the device
shows a stable and sufficient LRS/HRS ratio till the
bending up to 5 mm. The decrease of the memory window
may be due to the cracks developed in the ITO bottom
electrode under extremely flexed condition [3], [30].
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Fig. 7 HRS and LRS resistance plot of Al/Al-doped HfO/ITO/PET
ReRAM under various bending curvature.

Furthermore, we have investigated the conduction
mechanism of Al-doped HfOx devices with different Al

percentage. In general, the BRS is likely to be facilitated
by electrochemical redox reactions [31]. To understand the
conduction and switching mechanisms of the memory

device, the I-V characteristics have been replotted in
double logarithmic scale of positive as well as negative
bias voltages, as shown in Fig. 8. It clearly exhibits that
LRS is dominated by ohmic conduction behavior for all
Al-doped HfOx devices with slope ~ 1. The ohmic
behaviour in the LRS state has been usually attributed to
the formation of CFs in switching oxide layers during the
SET process [32]. When a positive voltage is applied to
the TE, the oxygen ions (O?") migrate to the TE, leaving
oxygen vacancies. Additionally, the TE Al as an oxygen
scavenging layer may enhance the oxygen vacancies in the
metal oxide layer [10]. Oxygen vacancies are gathered to
form the CFs and the device switches to the LRS. The
formation of conductive filament is associated with the
presence of oxygen vacancies in switching oxide layers, as
observed by the XPS analysis earlier.
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However, the conduction mechanism in HRS is much
more complicated. The fitted results of I-V curves for HRS
in SET cycle consists of an Ohmic region (I<V) with
slope ranging from 1.39 to 1.59 and Child’s law region
(IcV?) with slope ranging from 2.1 to 3.36 for the
variation of Al doping from 3.7% to 9.1%, respectively.
The slope values in lower voltage region are slightly
higher than unity. This may due to the presence of defect
related traps in the oxides. This conduction mechanism
can be explained in terms of trap-controlled space charge
limited conduction (SCLC) [33], where oxygen vacancies
present in the Al-doped HfOx act as traps for the electrons.
The variation of slopes with Al doping percentage
attributes to the presence of different level of oxygen
vacancies created by Al doping. Similarly, fitted I-V
curves for HRS in the RESET cycle follows the trap
controlled SCLC mechanism.
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Fig. 9 (a) Box plot distribution of switching voltages with temperature.
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To gain a better understanding of the conduction
mechanism, the influence of temperature of resistive
switching characteristics has been investigated further.
Fig. 9 (a) shows the variation of SET and RESET voltages
of 7.5% Al-doped HfOx devices with variation of
temperature. The RESET voltages are significantly
affected by temperature. It decreases from -3.32 V to -1.74
V with increase of temperature from room temperature to
100 °C. However, there is lesser increment of SET
voltages from 091 V to 1.54 V with increase of
temperature. Similar observation has been reported in
different device structures [32], [34]. The asymmetrical
variations of Vser and Vreser with temperature could be
attributed to the different temperature dependencies of the
SET and RESET processes, which involves oxygen
vacancy migration and redox mechanisms [35]. The
RESET process is described as a field assisted and
temperature activated diffusion process of oxygen ions and
vacancies, leading to the rupture of the conducting
filament [35], [36]. Therefore, the lower RESET voltage is
required at higher temperature to trigger the ionic
migration. However, the SET voltage is less dependent on
temperature. The effect of temperature is not dominating
to form the conductive filament; rather the electric field
assists to form the filament by migration of oxygen
vacancies. When the temperature increases, there might be
a small increase of a parasitic current during the SET
process. As a result, a slightly higher SET voltage is
required to migrate the oxygen vacancy to form a filament
at higher temperature.

The temperature dependence of HRS and LRS
resistance is shown in Fig, 9(b). The HRS resistance
decreases with increasing in temperature, suggesting a
semiconductor like behaviour [37]. As discussed earlier,
the carrier transport of the LRS current is followed by
ohmic conduction. However, the decrease of LRS

N
°
a

s L(b) Al Doping % = 7.5%
D100} 2
> !
Does \
< 95 [ Q
< 20
= 090
=- =090 |
E .9 %,
=
o © 0. -
.2085 \o
ki So—,
0.80 |- ( P
Il Il Il 1 1 1 1 1 < I.I.I.I.I.I.I?I?I

26 27 28 29 3.0 31 3.2 33 34 0.0 02 04 06 08 1.0 1.2 1.4 16
1000/T(1/K) Voltage (V)

Fig. 10 (a) The In(I) vs 1000/T curve (Arrhenius plot) of the Al/Al-
doped HfOx/ITO memory devices in HRS at the given voltages with

step size 0.2 V. (b) Activation energy as a function of voltage plot for
Al/Al-doped HfO+/ITO devices at HRS.

resistance with increased temperature does not show a
clear metallic behavior of the conducting filament. It
suggests that the electron transport in LRS may be
attributed to electrons hopping among oxygen vacancies
which form the conducting filament [38], [39]. This may
also suggest the increase of a small parasitic current at
higher temperature. Fig. 10(a) demonstrates the Arrhenius
plot of HRS current for different bias voltages of the
Al/Al-doped HfOW/ITO/PET device. The Activation
Energy (Ea) has been extracted from the slop of the fitted
curves. The voltage dependence E. values are shown in
Fig. 10(b). The Ea value is relatively high at low voltage
region and it decreases with increase in voltage, which is
the characteristic feature of SCLC [37], [40]. Therefore,
these temperature-dependent I-V analyses clearly support
the SCLC mechanism in HRS.

IV. CONCLUSION

In this article, the switching -characteristics and
improved uniformity of Al-doped HfOx based resistive
memory devices fabricated at room temperature on
flexible substrate have been investigated. The doping of Al
in HfOx tunes the oxygen vacancies which optimize the
cycle-to-cycle and cell-to-cell uniformity of switching
parameters. The 7.5% Al-doped HfOx exhibits improved
switching characteristics such as resistance ratio (>10%),
retention (~10* s). It also maintains the stable resistance
ratio under the bending stress for flexible application. The
current conduction mechanism is dominated by ohmic
(hopping) conduction in LRS and trap-controlled SCLC in
HRS.
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