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A B S T R A C T   

The electrochemical fabrication of memristive devices based on Hf is demonstrated. Electrolyte incorporation in 
memristors is confirmed in oxides grown in 0.1, 0.5 and 1 M phosphate buffers. The impact of phosphate species 
on conductive filaments formation is described. The use of 1 M phosphate buffer allows formation of Hf-O-P 
compounds that hinder phosphate incorporation into the bulk of the memristors. Endurance, retention and 
memory characteristics of anodic Hf memristors suggest improved properties, as compared with previous reports, 
especially after mild heat treatments of devices. High resolution atomic imaging of conducting filaments allowed 
further understanding of memristive switching in HfO2.   

1. Introduction 

Memristive characteristics in a metal-insulator-metal (MIM) struc
ture were firstly reported at Pt/TiO2 interface [1]. An applied electric 
field moves the positively charged oxygen vacancies inside an oxide 
layer sandwiched between two electrodes. Enormous scientific effort is 
put in investigation of conductive filaments (CF) formation based on 
local redox reactions within the oxide [2,3]. The CF deletion or forma
tion allows switching between low and high conductance states (OFF 
and ON, respectively), thus defining the operational memory of the 
memristive device. Apart from predominantly vacuum-based fabrica
tion approaches [4,5], new generations of non-volatile memory systems 
based on anodic oxides on valve metals recently emerged [6–10]. These 
anodic memristors make use of an inexpensive fabrication route 
involving electrical field driven oxide growth from a parent metal in 
contact with a liquid electrolyte [11], with accurate nm thickness con
trol [9]. They have low power consumption and capabilities of high 
density data storage and high data endurance and retention for resistive 
random access memories (ReRAMs), neuromorphic computing and 
sensing applications [12–14]. 

Anodic oxidation allows direct oxide growth control via electro
chemical parameters and their manipulation ensure high-quality films 
[15,16]. The replacement of common and often expensive fabrication 
methods for memristive applications (i.e. sputtering [17–19], pulsed 

laser deposition [20,21], atomic layer deposition [22,23] and various 
chemical methods) with the anodization approach is extremely relevant. 
This is due to overall costs reduction in industrial implementation and 
shorter turnover time, required when designing novel materials [24]. 
Tantalum and Ti anodic oxides were reported as noteworthy solid 
electrolytes for memristive switching. However, the use of anodic HfO2 
has been debated only once together with Nb [25]. The HfO2 is already 
used as high dielectric constant material in capacitors or as gate oxide 
for transistors in modern electronics [26,27]. The MIM structures 
necessary for memristive devices are identical to those used for capac
itor applications, thus the know-how and driving force toward appli
cations of HfO2 already exist. Anodization of Hf allows formation of an 
intimate interface between the parent metal and its own oxide, elimi
nating device issues related to interfacially trapped defects or impu
rities. Thus, apart from decreasing device fabrication costs, the use of 
anodic HfO2 is expected to improve memristor stability, lifetime and 
electrical fatigue. Additionally, oxide exposure to a liquid electrolyte 
during anodization may be beneficial to the memristive switching due to 
the additional surface chemistry, otherwise absent when vacuum tech
nology is used for HfO2 deposition. 

In this letter, incorporation of electrolyte species in HfO2 memristors 
during anodization process in neutral phosphate buffers (PB) is 
demonstrated for the first time. Apart from all chemical advantages of 
PB (i.e. nontoxic, easy disposable, low costs components, minimal pH 
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change with temperature), electrolyte species incorporated in the insu
lating oxide layer improved electrical characteristics of memristive 
devices. 

2. Experimental 

Metallic Hf thin films, 300 nm thick, were deposited by sputtering 
(Mantis Deposition, United Kingdom) on thermally oxidized Si wafers 
(950 ◦C, 24 h). The base pressure of the sputtering vacuum system was in 
the range of 10-6 Pa. The deposition from a Hf target (99.95% Demaco, 
The Netherlands) was done at room temperature in Ar at 5 ∙ 10− 1 Pa. 
The electrochemical anodization process of Hf films was carried out 
potentiodynamically in 0.1 M, 0.5 M and 1 M PB electrolyte using a 
potential scan rate of 100 mV s− 1 up to 8 V (vs. the standard hydrogen 
electrode - SHE). The 1 M PB buffer was prepared following the standard 
recipe by mixing 1 M Na2HPO4 and 1 M NaH2PO4 solutions [28]. The 
buffer was diluted in order to prepare 0.5 M and 0.1 M PB electrolytes 
using ultrapure water (Millipore). The pH of all solutions was adjusted to 
7.0. All the chemicals were of analytical grade (Merck, Germany). A 
CompactStat potentiostat (Ivium Technologies, The Netherlands) was 
responsible for Hf anodization using a graphite foil as counter electrode 
and Hg/Hg2SO4/sat. K2SO4 electrode (0 V vs. Hg/Hg2SO4 = 0.640 V vs. 
SHE) as reference electrode. The anodic Hf memristor fabrication was 
completed by sputtering Pt top electrodes (200 µm in diameter, 100 nm 
thick) through a Ni shadow mask foil (30 µm thick, Mecachimique, 
France). The sputtering was completed in Ar atmosphere (5 ∙ 10− 1 Pa) 
at room temperature from a high purity target (99.95%, MaTeck, 
Germany). 

Electrical and thermo-electrical measurements were performed on 
independent memristors with a Keithely 2450 source meter by con
tacting top and bottom electrodes. An electrical heater placed under the 
sample allowed temperature control. The Hf bottom electrode was 
biased whereas the Pt top electrodes were grounded. The formation of 
memristors is a critical factor for the proper memristive switching of the 
devices. Each memristor was formed by biasing the electrode in positive 
direction up to 5 V while limiting the current at low values in the nA-µA 
range for avoiding irreversible dielectric breakdown. Once successfully 
formed, the devices were switched in a voltage sweep cycle from 0 V to 
5 V, 5 V to − 5 V and − 5 V to 0 V while constantly monitoring the cur
rent. Endurance and retention measurements were accomplished by 
biasing memristors directly at their switching voltages until their failure. 
The memristive device resistance was read at 0.02 V within 3.8 ms for 
both endurance measurements and retention of ON and OFF states. 

High resolution transmission electron microscopy (TEM - JEOL JEM- 
2200FS) with an acceleration voltage of 200 kV was performed for 

visualizing conducting filaments. The superficial and in-depth chemical 
composition of memristors was analysed by energy dispersive X-ray 
spectroscopy (XPS - ESCALAB Xi+, Thermo SCIENTIFIC Surface Anal
ysis) [29]. Depth profiles were obtained by Ar sputtering of a 2 × 2 mm2 

area at 2 keV ion energy. 

3. Results and discussion 

Representative cross-sectional TEM images of the memristive struc
ture are presented in Fig. 1. Both metallic electrodes have thicknesses of 
approximately 300 nm, while the anodic oxide is about 17 nm thick. In 
Fig. 1a it can be seen that both electrodes are dense and a good adher
ence to the oxide is suggested by the lack of any visible defects. The 
small rectangular region emphasised in Fig. 1a is presented in Fig. 1b 
with atomic resolution. Both metallic electrodes show polycrystalline 
structures, and the Hf/HfO2 interface appears smoother when compared 
to the Pt/HfO2 interface. The smoother appearance of the Hf/HfO2 
interface is related to the growth dynamic of the anodic oxide directly 
from the Hf parent metal under high field conditions [30]. In the case of 
memristive oxides fabricated by deposition techniques (e.g. sputtering), 
deposition of HfO2 will produce a much sharper interface with the 
bottom electrode (similar to the Pt/HfO2 in Fig. 1b). This represents the 
fundamental difference between the present electrochemical fabrication 
route and other deposition techniques. In this study, each Hf atom 
forming oxide molecules originates from the Hf bottom electrode and 
their absolute position does not vary much since Hf4+ has a very low 
ionic transport number as compared to O2– which is much more mobile 
[31]. As a result, the oxide is formed primarily at the metal/oxide 
interface by partly consuming the Hf electrode. Additionally, it was 
demonstrated before that thin anodic oxides grown on Hf are crystalline 
[32]. However, a careful observation of Fig. 1b also allows visualizing 
amorphous regions inside the anodic oxide by localized atomic disarray 
regions. 

In previous studies, O vacancies and cations were reported to accu
mulate in trapezoidal shapes close to the top Pt electrode during the CF 
formation [33]. Fig. 1b shows two such regions (marked with red dotted 
lines) at the Pt interface and a partially formed CF is highlighted (be
tween blue dotted lines). The alignment between one accumulation re
gion and the CF indicates its growth dynamics. Randomly positioned 
accumulation regions are the starting point for the redox reactions 
leading to CF formation [3]. The redox process occurring during OFF/ 
ON transition affects the crystallinity in the CF vicinity producing its 
disordered appearance. The size and position of CF may depend on the 
metal cations and, particularly in this work, on electrolyte species 
trapped inside during anodic formation. The anodic memristor 

Fig. 1. TEM imaging of HfO2 memristive devices: Cross section analysis indicating the thickness of the metallic electrodes in relation to the active oxide layer (a) and 
atomic resolution image visualizing a conducting filament and two accumulation zones responsible for the memristive effect (b). 
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illustrated in Fig. 1b was switched in OFF state before analysis, thus the 
CF is partially oxidized or deleted. 

The chemical composition of oxides electrochemically grown in 
different dilutions of PB was studied by XPS and representative results 
are collected in Fig. 2. Generally, electrolyte incorporation in anodic 
oxides was reported [34,35] but its influence on memristive behaviour 
remains grossly unevaluated. Additionally, most of previous studies 
refer to much thicker oxides than requested for memristive applications 
according to modern devices power requirements. The electrochemical 
parameters used here were optimized for producing a thin and dense 
HfO2 [36]. Control of chemical processes in various applications require 
the use of different buffers and their conductivity variability is noted 
[37]. An XPS surface survey is presented in Fig. 2b. For all analysed 
oxides, the presence of Hf and O was the most evident, but also P, C, Zr 
and Na peaks are always found for oxides formed in PB. The presence of 
P, C and Na is attributed to incorporation of phosphates during oxide 
growth. For clarifying this aspect, high resolution XPS of Na 1s and P 2p 
peaks (highlighted in the survey) are additionally presented in Fig. 2a 
and c, respectively. Deconvolution of both peaks allowed identification 
of NaH2PO4 and Na2HPO4 in all cases. 

Depth profiles XPS were obtained at different depths of anodic oxide. 
In Fig. 2d the profiles corresponding to Hf and O are presented and for 
each electrolyte dilution the concentrations are given as measured on 
the surface (0 nm depth) and after removal of 2, 6 and 12 nm of oxide. 
Observing the uniformity of Hf/O ratio in-depth and across different 
electrolyte dilutions it may be concluded that the composition of HfO2 
was invariable. However, the O/Hf ratio is larger than 2 indicating the 
presence of electrolyte species inside the anodic oxide. High resolution 
XPS peaks of Hf 4f are presented in Fig. 2e as measured on oxides grown 
in different concentrations. Lower PB dilutions resulted in clearly 
distinguishable HfO2 peaks as observed by comparing experimental data 
and the 5/2 and 7/2 database peaks. However, in case of 1 M electrolyte, 
a clear chemical shift is observed for the Hf 4f doublet. This is attributed 
to the presence of Hf-O-P bonds as indicated by the corresponding 
reference. In Fig. 2f the depth profiles of P and Na can be followed for 

different PBs. The Na amount decreased with the depth and increased 
with the electrolyte concentration, reaching 1.5 at.% for 1 M PB. The P 
amount showed a similar trend, its surface concentration reaching 
7.5 at.% for 1 M PB. Based on these observations, it can be inferred that 
overall the concentration of phosphates decreased with the depth in
dependent on PBs. The highest phosphates concertation was confirmed 
for the 1 M PB but no electrolyte species could be found deep inside 
HfO2. This could be linked to the formation of Hf-O-P bonds at and close 
to the surface that are impeding electrolyte incorporation for thicker 
oxides. Bonding of phosphate species with Hf may suggest a strong 
electrolyte incorporation effect with direct influences on CF localization 
within the oxide and electric performance of memristors. 

Fig. 3 is a summary of the electrical behavior of memristors in the 
line with ReRAMs memory characteristics and device performance 
(lifetime and loses). The switching behavior of memristors grown in 
different PB dilutions are shown in Fig. 3a, b, and c where both current- 
voltage (I-U) and conductance-voltage (G-U) sweeps are presented. A 
slightly asymmetric bipolar switching is detected, in agreement with 
Zaffora et al [25]. In addition, the switching is successfully done up to 5 
V in each case, the conductance is in the nS range and current compli
ance was never reached. Although very small current compliances 
(down to nA) were tried to be employed during the measurements, the 
memristive switching always fell into voltage limitation, pointing out 
that only few CFs may be formed. It is likely that the conductance ap
pears in a low range due to the insulating properties of Hf, but still the 
difference between ON and OFF states is noticeable [27]. This difference 
often expressed as the ON/OFF ratio is a general and important property 
of memristive devices. In this study its value is higher than 10, and 
comparable to previous findings [24,38]. The consistency of the ON/ 
OFF ratio values can be recognized within the context of retention and 
endurance measurements as well. 

The retention or reading test is probing the long-term memory of ON 
or OFF states by successive readings for a high number of cycles. The 
applied voltage is kept at low levels (0.02 V) for ensuring that the cur
rent state is not changed/switched. Generally, the retention attained at 

Fig. 2. Chemical analysis of anodic Hf memristors: Surface XPS survey (b) with high resolution analysis of Na (a), P (c) and Hf (e) peaks and quantitative analysis by 
depth profiling of Hf and O (d) and electrolyte species (f). 
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least 106 cycles for all anodic memristors investigated here, and their 
OFF state remained rather constant during testing (see Fig. 3d-f). The 
memristors fabricated in 0.1 M PB increased their conductivity slightly 
before the 106 cycle. This may be related to the CFs formation which is 
mainly based on the oxygen vacancies movement in case of the HfO2 
memristors [39]. The size and shape of the CF is established during 
filament formation defining the performance of the memristive device 
[33,39]. The conductive filament is known to be thermodynamically 
unstable and prone to thermal disturbances, thus a sudden diffusion of 
oxygen vacancies into the CF-ruptured region may occur during the 
retention period. In this way, the increase of oxygen vacancies concen
tration within the CF region and whole memory cell may cause a 
strengthening of the CF or reconnection of the broken filament leading 
to an increase of the ON state conductance and retention failure [39]. 

The endurance, often described as the writing procedure, provides 
the maximum possible number of switching cycles between OFF and ON 
states. The results for the different concentrations of PB varied. Devices 
formed in 1 M PB achieved fatigue up to 105 cycles, whereas for 0.1 M 
PB and 0.5 M PB, the devices failed earlier at 104 cycles. The conduc
tance of OFF and ON states fluctuated with increasing cycles for the 
middle concentration of PB. However, the conductance for ON state 
increased with the cycle number and the conductance of the OFF state 
decreased for 1 M and 0.1 M PB. This may be directly linked to the CF 
formation. The bonding between Hf and P (via O) determined for the 

most concentrated PB may benefit the constant positioning of CF 
resulting in a spatial pining. The formation of such stronger CF leads to a 
longer life time and lower fluctuations of the device. 

Until now, the influence of electrolyte selection on the behavior of Hf 
anodic memristors was not reported. However, Ti anodic memristors 
fabricated using different sodium and phosphoric electrolytes were re
ported as insensitive to incorporated electrolyte species. Still, the 
incorporation of phosphorus may inhibit the crystallization of TiO2, thus 
forming amorphous oxide allowing lower cycle-to-cycle variability of 
memristors [40]. Similarities may be found in the present work, but the 
electrolyte incorporation into HfO2 did not completely disturb the 
crystalline nature of the oxide in order to improve variability, as in the 
case of Ti. This is suggested by the rather noisy endurance curves 
observed during the use of PB with high concentrations (Fig. 3h and i). 
Other studies on Hf, Nb and Ta anodic memristors are mostly based on 
anodization in borate buffer electrolyte due to clearly identified multi 
-level switching, which is not very clear for PB formed devices (even 
though is not impossible). [6,9,25] However, the retention and endur
ance of PB formed devices presented in the current study are superior to 
those corresponding to borate electrolytes. Beside the chemical advan
tages of using PB, the incorporation the phosphorous species inside the 
active oxide layer has promoted the electrical properties of anodic 
memristors, especially from the endurance and retention point of view. 

Thermo-electrical measurements were performed by heating the 

Fig. 3. Memristive characteristics for anodic Hf memristors grown in different concentration of phosphate buffer electrolytes: Memristive switching characteristics 
(a-c), retention (d-f) and endurance (g-i) testing. 
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anodic memristors formed at room temperature up to 80 ◦C for assessing 
the maximum operating temperature of memristors. This is relevant in 
particular to ReRAMs since most motherboards function only up to 
temperatures in the range of 80 ◦C [39]. The significant effect of oxygen 
and moisture on the switching features was previously discussed and 
mild heat treatments may influence the electric behaviour [41]. In Fig. 4 
a summary of the thermo-electrical measurements is provided. The 
conductance increased to S range due to the heat treatment for all PBs as 
seen in parts a-c of the figure. Generally, the ON state of memristors 
became highly conductive (10-1S). The OFF state conductance increased 
at least three orders of magnitude and the difference between the ON 
and OFF states was higher in case of 0.1 M and 1 M, as compared to the 
same memristors operating at room temperature (Fig. 4a and c). As it 
can be seen in Fig. 4b, the middle concentration (0.5 M) provides irre
producible devices with hardly distinguishable conductance levels (ON/ 
OFF ratio), whereas the 1 M PB shows a maximum value of the ratio at 
50 ◦C. For that reason, the endurance and retention testing (Fig. 4d, f) 
was performed at 50 ◦C for 1 M devices resulting in cycling up to 
105 cycles before failure. The values of the ON state remained stable 
after each cycle, but the OFF values slightly increased. This is also 
observable in Fig. 4e where exemplary I-U curves are presented as 
recorded after different cycles. In summary, the memristors anodized in 
0.1 M and 1 M PB have significantly improved their electrical perfor
mance while operating at temperatures around 50 ◦C. With this regard, 
even at temperatures up to 80 ◦C, the devices did not prematurely fail 
during retention or endurance testing. When the memristors were 
cooled down to room temperature, their ON/OFF ratios and state con
ductivities also dropped back to their initial values measured immedi
ately after formation. Therefore, the heat treatment applied in this work 
allows identifying the best device operating temperatures and cannot be 
used as a post-fabrication treatment aimed to increase device stability. 
The improvement achieved by memristive switching at higher temper
ature should be related to redox reactions based on moisture incorpo
ration providing additional O vacancies inside the oxide and affecting its 
memristive switching [41]. Therefore, the anodic HfO2 memristors are 
simple and cheap candidates for ReRAMs in electronic systems operating 

at temperatures up to 80 ◦C. 

4. Conclusions 

The incorporation of electrolyte species in anodic Hf memristors was 
demonstrated for the first time. Phosphate species have a significant 
impact on the CFs formation inside the insulating HfO2 layer, as 
demonstrated by chemical analysis of oxides grown in different PB 
concentrations. The use of 1 M PB was found to promote formation of Hf- 
O-P compounds that likely form a barrier impeding further phosphate 
incorporation into the bulk of the memristor. Endurance, retention and 
memory characteristics of Hf memristors are analysed and their 
improved properties and simplified fabrication is concluded by com
parison with literature reports. 

Impact statement 

Understanding the phosphate concentration role in growth of anodic 
hafnia memristors allows a proper electrolyte selection for applications. 
Phosphates incorporation enhance memristive characteristics, while no 
additional fabrication requirements are necessary. 
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W. Hassel, Anodization behavior of glassy metallic hafnium thin films, 
J. Electrochem. Soc. 162 (2015) E30–E36, https://doi.org/10.1149/2.0021504jes. 

[37] K. Thomsen, R. Gani, P. Rasmussen, Synthesis and analysis of processes with 
electrolyte mixtures, Comput. Chem. Eng. 19 (1995) 27–32, https://doi.org/ 
10.1016/0098-1354(95)87010-5. 

[38] H. García, L.A. Domínguez, H. Castán, S. Dueñas, Control of the set and reset 
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