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Printed High-Entropy Prussian Blue Analogs for Advanced

Non-Volatile Memristive Devices

Yueyue He, Yin-Ying Ting, Hongrong Hu, Thomas Diemant, Yuting Dai, Jing Lin,
Simon Schweidler, Gabriel Cadilha Marques, Horst Hahn, Yanjiao Ma,
Torsten Brezesinski, Piotr M. Kowalski, Ben Breitung,* and Jasmin Aghassi-Hagmann*

Non-volatile memristors dynamically switch between high (HRS)

and low resistance states (LRS) in response to electrical stimuli, essential

for electronic memories, neuromorphic computing, and artificial intelligence.
High-entropy Prussian blue analogs (HE-PBAs) are promising insertion-type
battery materials due to their diverse composition, high structural integrity,
and favorable ionic conductivity. This work proposes a non-volatile, bipolar
memristor based on HE-PBA. The device, featuring an active layer of HE-PBA
sandwiched between Ag and ITO electrodes, is fabricated by inkjet printing
and microplotting. The conduction mechanism of the Ag/HE-PBA/ITO

device is systematically investigated. The results indicate that the transition
between HRS and LRS is driven by an insulating-metallic transition, triggered
by extraction/insertion of highly mobile Na* ions upon application of

an electric field. The memristor operates through a low-energy process akin to
Nat shuttling in Na-ion batteries rather than depending on formation/rupture
of Ag filaments. Notably, it showcases promising characteristics,

including non-volatility, self-compliance, and forming-free behavior, and
further exhibits low operation voltage (Vsgr = —0.26 V, Vpeser = 0.36 V), low
power consumption (Psgr = 26 pW, Pgeser = 8.0 uW), and a high Roee/Roy
ratio of 10*. This underscores the potential of high-entropy insertion materials
for developing printed memristors with distinct operation mechanisms.

1. Introduction

The current Big Data era, driven by arti-
ficial intelligence and Internet of Things,
demands processing exponentially increas-
ing amounts of data, sparking tremendous
interest in exploring emerging non-
volatile memory technologies.!] Such
non-volatile memories are represented
by devices known as memristors, which
facilitate resistive switching (RS) between
high (HRS) and low resistance states
(LRS).") This capability enables efficient
information processing for applications
such as computation, data storage, and
vision sensors.>®l Another benefit of
non-volatile memristors is their ability to
retain data during sudden power loss, like
many state-of-the-art computing memory
technologies, improving data safety.[?]
Conventional computing systems are
constrained by the “von Neumann bot-
tleneck”, where memory and processing
units remain separate in digital hardware;
memristors aspire to break through such
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limitations.”] Due to their appealing characteristics such as
fast switching speed, high scalability, and ease of fabrication,!®!
memristors offer many possibilities for the rapid development
of computing architectures, particularly in neuromorphic and
in-memory computing systems.*!% To date, a wide range
of materials demonstrating versatile applicability for mem-
ristors, including metal oxides,""31 chalcogenides,™*] 2D
materials,[*1°l molecular materials,'”] hybrid perovskites,!181]
organic materials,[?] silicon,[?!"22] nitrides,[?*?*] and carbona-
ceous materials,|] have garnered considerable attention.
Nevertheless, to the best of our knowledge, only few studies
have explored insertion materials as potential RS candidates,?!
and there is a lack of investigations into high-entropy materials
(HEMs).

The high-entropy concept delineates a strategic approach in-
volving the incorporation of five or more elements into a uni-
fied phase structure, leveraging their interactions to produce syn-
ergistic effects, commonly referred to as cocktail effects.[2-°]
HEMs are characterized as compounds featuring a minimum of
five distinct elements, with atomic ratios ranging between 5 and
35 at.%.12] Alternatively, they can be defined as materials with
a configurational entropy exceeding 1.5R, where R represents
the ideal gas constant. HEMs present noteworthy capabilities for
compositional and functional tunability, wherein elements can
be systematically replaced, added, or removed.!?] These modifi-
cations inherently lead to altered interactions, thus influencing
the material properties. HEMs feature applications mainly in-
volving thermoelectrics,?%31] catalysis,[*?34] environmental pro-
tection, and energy storage.[?®33] As an example, the burgeoning
applications of high-entropy insertion materials in the realm of
rechargeable batteries®>=# stem from their ability to stabilize re-
versible insertion/extraction of ions into/from the lattice without
altering the original crystal structure.

Prussian blue analogs (PBAs), a prominent family of
metal-organic frameworks (MOFs), exhibit a rigid 3D open
framework with large interstitial sites conducive to high
mobility of Nat*. Characterized by the general formula
Na,M[Fe(CN);],00;_, nH,0 (where 0 <x < 2,0 <y <1, M repre-
sents transition-metal ions, [] signifies [Fe(CN)4] vacancies, and
n is interstitial water content in the crystal framework),3*401 they
offer the flexibility to tailor the M position, and with that also the
composition and properties using the high-entropy approach.
High-entropy PBAs (HE-PBAs) have been demonstrated to be
robust (virtually zero-strain) host materials for sodium-ion bat-
teries (SIBs)!*37] and exhibit great potential in electrochemical
energy storage.”*) These attributes directly lend themselves
to the design of new insertion-type memristors, characterized
by excellent reproducibility and controllability owing to robust
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ion diffusion that can be reversibly controlled by the applied
bias voltage. Given these advantageous characteristics, high Na*
diffusion coefficient (~10~° cm? s71),[#2*3] stable structure, and
favorable ionic conductivity,*] HE-PBAs confer high flexibility
in designing memristive devices with superior performance.
However, the application of HE-PBAs as insertion materials in
memristors is still underexplored, and their resistive switching
mechanisms are not well understood.

In this study, we present a promising non-volatile, bipolar
memristor based on HE-PBA modulated by Na* ions. The de-
vice consists of a microplotted HE-PBA active layer, specifically
Na, 3sMn 3Fe 3Cog 133N 133 Culg 133[F(CN)glo 54 o 16°0.92H,0,
with a laser-ablated indium tin oxide (ITO) bottom elec-
trode (BE) and an inkjet-printed Ag top electrode (TE). The
Ag/HE-PBA/ITO device exhibits low power consumption, self-
compliance, and a forming-free nature. The underlying resistive
switching mechanism of the memristor was thoroughly inves-
tigated through complementary characterizations and density
functional theory (DFT) calculations. The resistive changes were
effectively controlled by fast sodium migration under an electric
field, resulting in a Na'-deficient layer of high conductivity
with metallic conduction behavior. Furthermore, this work
focuses on fabricating memristors using printed technologies,
including inkjet printing and microplotting. These methods
allow for precise, low-cost, and on-demand fabrication of a large
number of electronic devices.[*>*] By contrast, other advanced
manufacturing methods like atomic layer deposition,*’! spin
coating,[*®] sputtering,[*’! pulsed laser deposition, or photolitho-
graphic techniques/?'*% are inherently complex and costly.
Therefore, the exploration of printed memristors merits further
in-depth study. As a result, the printed Ag/HE-PBA/ITO device
demonstrates several advantages for memristor applications,
including low operation voltage, good retention stability, and
a high Rgp¢/Roy ratio. These characteristics position it as a
promising candidate for non-volatile memory applications with
low power consumption.

2. Results and Discussion

2.1. Printing of HE-PBA Memristor

The printed HE-PBA-based memristor was structured as shown
in Figure 1a. A commercial ITO electrode was patterned using
laser ablation on ITO-coated glass substrates, serving as BE. A
subsequent plasma treatment was conducted to optimize the sur-
face hydrophilicity, resulting in a significantly reduced water con-
tact angle, as shown in Figure S1 (Supporting Information). This
treatment ensured optimal conditions for the subsequent depo-
sition of the ink. The latter ink was composed of pre-synthesized
HE-PBA powder dispersed in a mixture of deionized water (97%
vol.) and dimethyl sulfoxide (DMSO, 3% vol.) to reduce the “cof-
fee ring” effect during printing (Figure S2, Supporting Informa-
tion). In comparison to aqueous inks, DMSO with its higher
boiling point, lower evaporation rate, and greater viscosity, slows
the drying process, reducing particle migration and promoting
a more uniform particle distribution across the substrate. This
helps to prevent the formation of ring-like deposits, ensuring a
more homogeneous printed layer. The HE-PBA ink was printed
onto the ITO electrode by microplotting, using the “U”-shaped
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Figure 1. a) Schematics of the device fabrication process. b) 3D top view of the Ag/HE-PBA/ITO memristor. c) Crystal structure of HE-PBA from Rietveld
refinement analysis and d) composition of the multi-elemental site from ICP-OES and DSC.

structure as positioning reference (Figure 1a). Finally, a commer-
cially available Ag ink was inkjet-printed as TE onto the HE-PBA
layer. Detailed fabrication steps can be found in the experimental
section of the Supporting Information. A 3D topography of the
printed device is shown in Figure 1D, illustrating the architecture
of the three stacked layers. The TE made of Ag was inkjet-printed,
which results in the heightened area in the middle (depicted in
red) of the lower round area (depicted in blue/green), represent-
ing the HE-PBA layer. Regarding the BE, the patterned ITO lies
below the printed materials and can be seen at the sides as indi-
cated.

Earlier studies on HE-PBAs reported a local structure that
shows Fe; atoms at the C-coordinated 4a sites of the PBA
lattice (Na,M[Fe,(CN),]), while the other metal atoms M (M
= Mn, Fe,, Co, Ni, and Cu) occupy the N-coordinated 4b
positions in a random fashion, leading to the formation of
linear chains of Fe;—C=N-Mn/Fe,/Co/Ni/Cu—N=C-Fe,
along the cube edges,*"] as illustrated in Figure lc. In-
ductively coupled plasma-optical emission spectroscopy
(ICP-OES) was used to analyze the chemical composition
of the HE-PBA, and differential scanning calorimetry (DSC;
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Figure S3, Supporting Information) was conducted to esti-
mate the content of crystal water in the sample. As shown
in Figure 1d, the chemical formula was determined to be
Na, 34Mn 3 Feg3Cop 133N 135Cug 135[Fe(CN)g ]y 84Lo 16°0.92H, 0.
Murty et al.>! suggested an empirical classification for such
materials based on the configurational entropy (AS,,¢), which
can be calculated by statistical thermodynamics (see Equations
S1and S2, Supporting Information). Here, the AS_, - of HE-PBA
is 1.53R, which categorizes the compound as a HEM.

The active material was characterized before and after ink
preparation to ensure its purity and stability in the dispersant. X-
ray diffraction (XRD) was performed to analyze the structure of
HE-PBA. Figure 2a shows reflections corresponding to the (200),
(220), (400), (420), and (422) crystal planes, which align well with
a face-centered cubic structure (space group: Fm—3m, ICSD coll.
code 193354),521 as previously reported in the literature for PBA
compounds.[*] No differences in the patterns can be observed
between pristine HE-PBA and the material dispersed in the ink.
Notably, the crystal structure remained stable even after the ink
had been stored for almost four months (Figure 2a), indicating
high ink stability. In addition, selected-area electron diffraction
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Figure 2. Structural and morphological characteristics of the HE-PBA. a) XRD pattern, b) SAED pattern, c) SEM image, and d) STEM-EDS elemental
mapping results. e) Cross-sectional SEM image of the device structure, showing three layers of materials, namely Ag, HE-PBA, and ITO. f) Surface

analysis of the HE-PBA film via AFM.

(SAED) was performed to further confirm the crystal structure
(Figure 2b). The diffraction rings with d-spacings of 4.95, 3.64,
2.90, 2.46, and 2.22 A can be associated with the (200), (220),
(222), (400), and (420) planes of the cubic HE-PBA structure.
The results are in agreement with the XRD findings, confirm-
ing the absence of secondary phases in the sample. Scanning
electron microscopy (SEM, Figure 2c) shows that the HE-PBA
particles are cubic in shape with average dimensions of 200-
300 nm. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging, combined with
energy-dispersive X-ray spectroscopy (EDS) mapping (Figure 2d),
confirmed the presence of Na, Mn, Fe, Co, Cu, and Ni at the given
resolution. Some slight Ni enrichment at the grain boundaries
was observed, likely due to diffusion and/or surface energy ef-
fects during the formation of material. The proportions of each
element in HE-PBA obtained by STEM-EDS analysis (Table S1,
Supporting Information) are consistent with the ICP-OES re-
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sults. Additionally, the printed memristor was characterized to
confirm successful structuring. A focused ion beam (FIB) cut of
the printed memristor (Figure 2e) was prepared, showing a sand-
wich structure with ~800 nm thickness of the HE-PBA layer. The
effective area of the Ag/HE-PBA/ITO device, determined by the
overlap between BE and TE, was calculated to be ~#30 x 120 um?.
The surface of the HE-PBA film was further probed using atomic
force microscopy (AFM). As shown in Figure 2f, the surface has
a relatively large root mean square roughness (R,) of 70 nm,
simply because the HE-PBA film is made up of an array of cu-
bic particles in a disordered manner. Micro X-ray fluorescence
(UXRF; Figure S4, Supporting Information) measurements con-
firmed the presence of the aforementioned elements in the active
layer and indicated that no changes in elemental composition oc-
cur during device fabrication.

Fourier transform infrared (FT-IR) spectroscopy was per-
formed to further examine the structure of HE-PBA. Figure 3a

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85UB01 T SUOWIWOD SR 3[dedl|dde ayy Aq peusenob afe saoie O ‘8sn Jo SNl Joj Ariq1T8UlUO 8|1 UO (SUONIPUD-pUE-SWLBIW0D A8 1M Ale.q Ul Uo//:Sdny) SUONIPUOD pue sWe 1 8y} 88S *[7z02/2T/80] U ARiqiTauluo A[IM "4 Imisu| eynsied Aq 0900TyZ0z ewpe/Z00T OT/I0pW00 A8 | Ake.d1jpuluo//sdny woiy papeojumod ‘0 ‘S60rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a b c
) 2098 cm™ 2137 cm™
3552 " A
2 VoH 3620/ 3 o
2 : Vol >
@ | 1619 % G
£[595 & 3
£ [Fe-CN 'OH £ £
2080 o
VCE -

500 1000 1500 2000 2500 3000 3500 4000

Wavenumbers / cm™
d e

1900 2000 2100 2200 2300
Raman shift/ cm™

1400 1200 1000 800 600 400 200 O
Binding Energy / eV

Na 1s Mn 2p

Sat.(+2)

Intensity / a.u.
Intensity / a.u.

Sat.(+2)

Fe 2p

Intensity / a.u.

o M |

1076 1074 1072 1070 1068
Binding Energy / eV

665 660 655 650 645 640 635 725 720 715 710 705
Binding Energy / eV

Binding Energy / eV

g h i
Co 2p Cu 2p 932.9 Ni 2p
= 3 =
«© « ©
~| sat(+2) - -
=y =y 2
g 5 g | sate2) sat(+2)
£ £ Sat.(+2) f £

810 805 800 795 790 785 780 775 945 940
Binding Energy / eV

Binding Energy / eV

935 930 885 880 875 870 865 860 855

Binding Energy / eV

Figure 3. Structural characterization and surface chemical state of the HE-PBA. a) FT-IR spectrum. b) Raman spectrum. c) XPS survey spectrum and
detail spectra of the d) Na Ts, ) Mn 2p, f) Fe 2p, g) Co 2p, h) Cu 2p, and i) Ni 2p regions.

shows absorption bands at 1619 and 3552 cm™!, corresponding to

O-H stretching and H-O-H bending, respectively, corroborating
the presence of crystal water in the material.[>*! The pronounced
broad peak at #2080 cm™! can be attributed to the stretching vi-
bration from C=N, and the sharp peak in the low wavenumber
region at 595 cm™! is closely related to the Fe-CN vibration.[*l In
addition, Raman spectroscopy was used to investigate the inter-
actions between the cyanide and transition-metal ions, since the
frequency of the v(CN) cyanide stretching vibration mode is very
sensitive to the oxidation state of iron and its surrounding coor-
dination environment.>>>’] As shown in Figure 3D, two strong
bands appeared at #2098 and 2137 cm™?, which can be assigned
to Fe?*-CN-M, similar to the v(CN) bands of K, [Fe(CN),] reported

Adv. Mater. 2024, 2410060 2410060 (5 of 14)

by Samain et al.[*®! In contrast, peaks at higher wavenumbers are
expected for the stretching vibration of [Fe(CN)]>~.>>°]

X-ray photoelectron spectroscopy (XPS) measurements were
conducted to investigate the surface chemical state of HE-PBA.
The survey spectrum displayed in Figure 3c confirms the pres-
ence of the expected elements (C, N, Na, Mn, Fe, Co, Cu, and
Ni). In the Na 1s spectrum (Figure 3d), a single peak at 1072.1 eV
was detected corresponding to the Na* ions in the lattice. The
Mn 2p spectrum (Figure 3e) exhibits a primary peak doublet at
641.0 eV (2p;),) and 652.7 eV (2p, ,), together with distinct satel-
lite peaks at 646.2/657.9 eV and a broad Ni Auger line at 644 eV.
The binding energy of the main peak doublet and the presence of
shake-up satellites point to an oxidation state of +2 for Mn.>”>8!
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The Fe 2p spectrum (Figure 3f) shows a single peak doublet at
708.5 and 721.4 eV; these binding energies are typical of Fe?* in
the [Fe(CN)¢]*~ unit (or other Fe?* compounds).36>%5601 The ab-
sence of additional features suggests that the iron coordinated
to nitrogen is also in the +2 oxidation state. Figure 3g shows
the Co 2p spectrum, which is constituted by the main Co 2p
peak doublet (782.0/797.4 eV) and pronounced shake-up satel-
lites (789.5/804.7 eV), together with a broad Fe Auger feature at
~786 eV. Since these satellite peaks are characteristic of Co?*, it
is inferred that Co is present in the 2+ oxidation state.’*3’] The
major peak in the Cu 2p spectrum (Figure 3h) at 932.9 eV (Cu
2p; ;) can be assigned to Cu*.*’] Additionally, another peak is de-
tected at a higher binding energy (935.1 eV), and its correspond-
ing shake-up satellite at %943 eV can be ascribed to the presence
of Cu?*.[6162] The detection of Cu* implies that an internal redox
reaction, involving the reduction of Cu?* to Cu*, occurred during
synthesis—a process previously observed in earlier studies.!>>3!
Finally, the Ni 2p spectrum (Figure 3i) shows major peaks at 856.1
eV (Ni 2p;),) and 873.6 eV (Ni 2p,,), accompanied by another
doublet at slightly higher binding energies of 857.6 and 875.1 eV
as well as satellite peaks at 862.8 and 880.3 eV.3*] The complex
peak splitting makes it complicated to unequivocally determine
the Ni oxidation state; because the Ni 2p;, peak of NiO appears
at ~854 eV and that of Ni(OH), is detected at ~856 eV, close to
the binding energy of Ni, 0,.[*] However, prior results from nor-
malized K-edge X-ray absorption near edge spectroscopy suggest
an oxidation state of +2.35%] Hence, the initial average oxidation
state of both Fe, binding to the carbon atoms and M (Mn, Fe,,
Co, Cu, and Ni) binding to the nitrogen atoms of the C=N" lig-
ands is determined to be +2, as expected for the PBA structure
with linear chains of Fe,—~C=N-Mn/Fe,/Co/Ni/Cu —N=C—Fe,.

2.2. Electrical Properties

The RS behavior of the Ag/HE-PBA/ITO device was analyzed by
current—voltage (I-V) characterization. Figure S5 (Supporting In-
formation) shows the I-V curves for all 800 sweeping cycles while
Figure 4a focuses on selected I-V profiles plotted on a semilog-
arithmic scale. All voltage sweeps were performed at a fixed rate
0f 0.01 V per step. The bias voltage was applied to the Ag TE with
the ITO electrode grounded. As displayed in Figure 4a, the as-
fabricated Ag/HE-PBA/ITO device exhibits a typical bipolar RS
behavior.>13] When a negative voltage sweep (0V — -0.4V —
0V) was applied, the device in a HRS of 2.6 x 107 Q (OFF state)
could be “SET” to a LRS (ON state, 5.3 x 10 Q for the first cycle).
This transition from HRS to LRS is equiv. to a “writing” process
in data-storage devices.[**] In contrast, during a positive voltage
sweep (O0V — 0.9V — 0V), a drastic drop in current at 0.5 V
indicates reversal of the effect (see green line in Figure 4a) that re-
stored the device back to a HRS (2.5 X 10° Q), which is commonly
referred to as “RESET” process. This shift from LRS to HRS cor-
responds to an “erasing” process in digital memory devices.[64%]
The voltage at which the RS occurs during the SET and RESET
process is denoted as Vgpr and Viygopr, respectively. With increas-
ing voltage, the LRS current increased slightly and showed a low
self-compliance of 44.3 uA when exceeding the Vg in the SET
process. This feature highlights a significant advantage of the
device, as a current limitation is usually required to prevent di-
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electric breakdown from high currents.[®®) However, the present

device demonstrates self-limitation, known as self-compliance,
which allows it to operate without the need for an external com-
pliance current (CC).[*”*”] Moreover, the memristor can be cycled
consecutively over 800 times, showing reversible bipolar RS be-
havior, as well as stable self-compliance character, as shown in
Figure S5 (Supporting Information).

The corresponding Vpr and Vyggpr values from the 800 write
and erase cycles were extracted and plotted in a histogram in
Figure 4b. A narrow distribution between —0.33 to —0.22 V was
observed for Vg, while Vyppgpr varied between 0.02 and 0.4V,
with minor outliers up to 0.9 V. The inserted box plots yield mean
values for Vpr and Vyppgpr of —0.26 and 0.36'V, respectively, which
are much lower than that of other reported insertion materials
(Table S2, Supporting Information).[®®%! The standard deviation
(o) with distribution width of 0.02 V for Vg suggests a small
cycle-to-cycle variability. Typically, the initial electroforming pro-
cess requires a higher voltage than subsequent SET processes
to induce the formation of a conductive path (e.g., conducting
filament) at the beginning.['>%] However, in the case of Ag/HE-
PBA/ITO device, an excellent consistency in switching voltage
is found right from the start, indicating a forming-free mech-
anism. Figure S6 (Supporting Information) illustrates SET and
RESET power data defined by the product of switching current
and voltage.”%’! The device demonstrates low power consump-
tion during the SET process (Pgr), ranging from 20.6 to 36.9 uW,
with an average of 26.1 uW. For the RESET process (Pgrspr), the
power averages 8.0 uW, slightly extending up to 104.7 uW. This is
considerably lower than that of other reported devices with self-
compliance behavior,!*”¢772] as summarized in Table S3 (Sup-
porting Information). The endurance of the Ag/HE-PBA/ITO de-
vice, demonstrated by the ratio of HRS and LRS values over cy-
cling, is plotted in Figure 4c. The Rypp/Roy ratio remains close
to 10*, with further clarification provided by the corresponding
cumulative probability data in Figure S7 (Supporting Informa-
tion). It is worth noting that there is no obvious degradation af-
ter 800 switching cycles. The variation in conductivity observed
in Figure 4c will be discussed in more detail below (see section
on resistive switching mechanism). Notably, the device features
excellent retention characteristics (see Figure 4d), maintaining a
stable Ropp/Roy ratio of 10% over 4 X 10* s (%107 Q for HRS and
10® Q for LRS), indicating significant potential for non-volatile
memory applications in digital information storage.[>”] Compar-
ing the performance of HE-PBA with previously reported con-
ventional PBAs (single-metal, AS_ ¢ = OR) used as storage layer
in memristors (Table S4, Supporting Information)>#7+7>] high-
lights the significant improvement in endurance and retention
capability achieved with the Ag/HE-PBA/ITO device. This result
underscores the positive effect that an increased AS_, may have
on the performance of memristors.

In addition, I-V data were collected on five different devices to
investigate the device-to-device uniformity. As shown in Figure
S8 (Supporting Information), the bipolar RS behavior with self-
compliance characteristics is visible for all devices. Detailed box
plots of the extracted Vg and Vypger for each device are dis-
played in Figure 4e while Figure S9 (Supporting Information)
shows the corresponding mean values of Vg and Vpggpr- D2,
D3, D4, and D5 show a similar mean value for Vg, (below —0.14
V) while ~#—0.20 V is found for D1. The mean Vi values are
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Figure 4. Electric characterization of the Ag/HE-PBA/ITO memristor. a) Selected I~V curves plotted on a semi-logarithmic scale (1%, 2"d, 314, 100t
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e) Statistical analysis of Vgt and Vgeser from five different devices displayed in box plots. f) Box plots depicting the distribution of HRS and LRS across

the five devices.

0.43, 0.25, 0.43, 0.31, and 0.17 V, respectively, for D1 to D5. The
fluctuation of RESET process is below 0.9 V, which can be ex-
pected to get improved by optimizing the measurement proce-
dure, along with implementing advanced feedback algorithms in
the future.[”®! The small variability of Vg and Vygepr across dif-
ferent devices indicates that the HE-PBA-based memristors are
fully capable of operating at very low SET and RESET voltages
(as low-power memory devices). An Rygr/ Ry ratio of more than
10? is observed for D2, D4, and D5 (Figure 4f). To further exam-

Adv. Mater. 2024, 2410060 2410060 (7 of 14)

ine the dynamic RS behavior of the Ag/HE-PBA/ITO device for
non-volatile memory application, pulsed operations were applied
for SET and RESET over 500 cycles,l’’] as illustrated in Figure
S10 (Supporting Information). “Write” operation was achieved
with a —0.4 V pulse, and “erase” operation with a 0.5 V pulse,
both without CC. The pulse width for both operations was 0.2
s, with resistance measured using a 0.01 V read pulse of equal
duration. The results demonstrate the good performance of the
printed memristor, which can readily switch between HRS and
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schematic representations of the conduction mechanism.

LRS at low applied voltages and without CC over extended cy-
cles. Some studies indicate that the use of insertion materials re-
mains challenging, which is mainly reflected by their often unfa-
vorable operation parameters, i.e., high voltage and current,[®%8
as displayed in Table S2 (Supporting Information). Compared to
these devices, the properties of the Ag/HE-PBA/ITO memristor
in terms of switching endurance, power consumption, and reten-
tion are superior, highlighting the advantage of HEMs for such
devices.

2.3. Resistive Switching Mechanism

In the next step, we attempted to understand the conduction
mechanism by linear fitting of selected double-logarithmic -V
curves based on the SET and RESET process. For the SET process
(Figure 5a,b), after reaching the LRS of device, the linear fitting

Adv. Mater. 2024, 2410060 2410060 (8 of 14)

with a slope close to 1 reveals an ohmic conduction mechanism,
which is in line with the study of Chiu et al.l”® For the RESET
process, the high degree of noise present after linear reduction
of the current in the OFF state (Figure 5c,d) renders it challeng-
ing to identify the conduction mechanism. Therefore, the resis-
tive switching mechanism was further investigated by conduct-
ing -V measurements in the initial state, LRS, and HRS, with
the maximum applied voltage being well below V¢.r and Vigepr
to prevent resistive switching. The curved profiles delineating the
evolution of current in the initial state and HRS (Figure 5e,i)
were comparable, as neither crossed the origin. In contrast, af-
ter the SET process, the device exhibited a notable change, dis-
tinctly crossing the origin with a much higher slope, as shown in
Figure 5g. The distinct I-V characteristics in the LRS point to a
highly conductive nature of the device. The temperature depen-
dence of the resistivity in the LRS (Figure S11, Supporting Infor-
mation) also indicates a more “metallic” type of conduction, i.e.,
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an increase in resistivity with increasing temperature. While for
most metals a linear dependency of resistivity with temperature
is observed, here we assume that the Ag/HE-PBA and ITO/HE-
PBA contacts affect the behavior. Lee et al.’?! reported that an
internal ohmic resistance can play a critical role with regard to
self-compliance behavior, since such an internal resistance would
limit the current flow in the LRS."!]

To determine whether the self-compliance originates from the
ITO or HE-PBA, commercial Au as BE was tested in place of ITO
(Figure S12, Supporting Information). Laser ablation was em-
ployed to pattern the Au electrode, following the same procedure
as for ITO. The results show that the self-compliance behavior
is indeed due to the internal ohmic resistance of the HE-PBA,
as self-compliance persists even without the use of ITO. Addi-
tionally, I-V measurements were conducted in the LRS, keeping
the applied voltage well below V. to avoid triggering resistive
switching. The resulting curve (Figure S12, Supporting Informa-
tion) crosses the origin and shows a steeper slope, indicating
lower resistivity and more metallic-like conduction, consistent
with previous discussions. However, it was also observed that the
self-compliance current in the Ag/HE-PBA/Au configuration is
relatively large, and in some cases, an external CC is necessary
to reduce power consumption and protect the device, especially
in consecutive cycles. This suggests that the role of ITO in the
self-compliance mechanism cannot be fully ruled out, likely due
to higher conductivity of Au, which increases the need for a CC.
Nevertheless, it remains clear that the internal ohmic resistance
of the HE-PBA significantly contributes to the self-compliance
behavior, particularly in the Ag/HE-PBA/ITO configuration.

Typically, internal ohmic conduction occurs due to movement
of mobile electrons in the conduction band and holes in the
valence band.”8l RS devices utilizing insertion materials often
rely on ion-modulated electronic conductivity.l26%] This is be-
cause the extraction/insertion of mobile ions induces (nearly)
free electrons/holes in the conduction/valence bands.># To
understand the working mechanism of the bipolar memristor
(Ag/HE-PBA/ITO), it is essential to investigate the sodium trans-
port processes within the device. In fact, the transport processes
in PBA have been thoroughly studied and reported for advanced
SIBs.133740] Ag illustrated in Figure 5f, the open 3D framework
structure of HE-PBAs provides large interstitial sites (~4.6 A in
diameter) that can accommodate alkali ions (ry,. ~ 1.0 A), as well
as spacious channels,[*>*%! enabling rapid solid-state diffusion of
various carrier ions. It is expected that the application of a neg-
ative voltage to the Ag TE will drive positively charged Na* ions
toward that electrode under the electric field (Figure 5h), leading
to oxidation of low-valence metal ions (Mn?*, Fe**, Co?*, etc.) for
maintaining charge neutrality.

Ag-based electrodes have been intensely investigated for
rechargeable lithium or sodium batteries due to their high
conductivity, good mechanical flexibility, and intrinsic lithio-
philic/sodiophilic nature.®1-8] We assume that similar proper-
ties are fundamentally important for driving the resistive switch-
ing mechanism. The possible interactions between Na* and Ag
differ from those between Na* and ITO, and most likely support
the stability of the respective state. On the one hand, this could
explain the excellent retention of over 4 X 10* s (Figure 4d) while
it also provides an explanation for the asymmetric behavior in
the I-V curves when the polarity is switched. During sweeping
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Table 1. Reaction enthalpies computed using DFT. AH; and AH, repre-
sent the reaction enthalpies calculated using Equations 1and 2. The mean

voltage is calculated by V = %, where F is the Faraday constant.
170

X X AH, [k]/mol] ViV AH, [k]/mol] v,V

1.3750 1.3125 13.17 2.18 3.29 0.54

1.3125 1.2500 14.12 2.34 4.24 0.70

1.2500 1.0000 57.47 2.38 17.95 0.74

to negative potentials (with ITO grounded), the Na* ions diffuse
toward the Ag electrode. It has been reported that sodium dif-
fusion, which results in Na* deficiency in the HE-PBA, and an
applied potential, leading to an electric field over the device, can
result in a change of conductivity, which hints at a bulk reaction
of the HE-PBA layer rather than formation of conducting fila-
ments (as is the case for many filamentary memristive devices).!
When sweeping back to positive potentials, the Na* ions reinsert
into the HE-PBA, which is reflected in a similar I-V curve to the
initial state (Figure 5Se,i).

As mentioned above, it is assumed that upon applying a bias
voltage of —0.4 V, the Na* ions migrate toward the Ag electrode
and the system becomes conductive. For more detailed insights
into the mechanism, DFT calculations of the HE-PBA with differ-
ent sodium concentrations were performed. By using DFT to de-
termine the reaction enthalpy (A H) associated with the changes
of HE-PBA during the SET and RESET process, the Na content
(x) at the given potentials was found to be between 1.375 and 1.0.
This was computed based on the following chemical reaction:

N?"x1 Mn, ;Fe, 3Co4 133 Nig 133Cug 135 [Fe(CN)(,] -
Naxz Mn, ;Fe, 3Co 133 Nig 133Cug 135 [Fe(CN)e] + (%, — x;)Na (1)

In this equation, x, represents the initial number of sodium
ions within the lattice, while x, denotes that remaining in the lat-
tice after the reaction. The difference (x,—x,) corresponds to the
number of ions released from the lattice forming sodium metal.
The results shown in Table 1 reveal that the reaction enthalpies
(AH,) for the complete Na removal process are significant across
all examined concentrations, yielding a mean voltage V, (2.3 V)
much higher than the experimental average resistive switching
voltage of Vg (—0.26 V) and Vet (0.36 V). Nevertheless, the
considered reaction represents an extreme scenario, in which
Na is fully removed from the HE-PBA and forms sodium metal.
The smaller obtained Vg compared to the mean voltage derived
from the DFT calculations suggests that sodium is not entirely
extracted from the HE-PBA during the experiment. Rather, we
hypothesize that they begin diffusing toward the Ag electrode un-
der the influence of applied electric field, adsorbing at the Ag|HE-
PBA interface. The reaction enthalpy (A H,) for such a process is
calculated considering the following reaction:

Naxl Mn, ;Fe; 3C0g 133 Nig 133Cug 133 [Fe(CN)G] +Ag —

NaxzMno.zFeo.zC00.133Ni0.1sscu0.133 [Fe(CN)(,] + (x; — x,)Na|Ag (2)

where an Ag metal surface was used and reaction between Na
and Ag was allowed (denoted as Na|Ag). Employing a suitable
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methodology,!®] we calculated the Na adsorption onto the (100),
(110), and (111) crystal planes of silver metal, taking the aver-
age binding energies into account. As indicated in Table 1, after
accounting for the binding, the reaction enthalpy significantly
decreased, with the average voltage V, (0.66 V) aligning more
closely with the experimental Vgpr and Vipopr values. The slight
discrepancy between the theoretical predictions and the experi-
mental results may be attributed to the limitations of the simpli-
fied model. Although the model attempts to represent Na adsorp-
tion onto the Ag electrode, it inherently simplifies the structure
and interactions. Specifically, the model does not fully account
for the complex and potentially infinite nature of the Ag crystal
planes, nor does it comprehensively represent the complex Na-
Ag interactions. These simplifications could be one of the main
factors contributing to the observed differences.!®}! Yet, the DFT
results demonstrate that Na is not fully extracted from HE-PBA to
form sodium metal. Instead, they likely bind at the interface with
the Ag electrode, causing a bulk change in the HE-PBA. This in
turn gives rise to low energy consumption and the non-volatile
device character. Furthermore, the formation of a complex Na-
Ag network at the interface has been demonstrated previously by
molecular dynamics simulations.®*] In comparison to the find-
ings by Nguyen et al.|*l who demonstrated lithium migration
from Li CoO, films into a silicon electrode in an RS device, our
study provides an alternative mechanism, where sodium atoms
are not fully extracted but rather diffuse and adsorb onto the Ag
electrode.

Further DFT calculations were conducted to investigate the
transition between the insulating and conducting states in the
HE-PBA concentration range between 1.375 and 1.0. This partic-
ular region was chosen based on prior observations that Li,CoO,
undergoes a transition from ceramic to metallic state with a mi-
nor compositional change from x = 1 to 0.94.3* In analogy,
we hypothesized that HE-PBA would exhibit a similar behavior.
Therefore, we focused on concentrations proximate to the com-
pound’s concentration, starting at x(Na) = 1.375 and extending
toward lower concentrations. Figure S13 (Supporting Informa-
tion) illustrates the respective crystal structures with x = 1.375,
1.3125, 1.25, and 1.0 in Na, M[Fe(CN),]. Considering that varia-
tions in sodium content directly affect the electronic conductivity
of the Ag/HE-PBA/ITO device, we examined the electronic struc-
ture of HE-PBA by calculating the total and projected density of
states (pDOS).

The results are shown in Figure 6a—d. At x(Na) = 1.3125, mi-
nor states associated with Co and C-coordinated Fe (Fe,) begin to
overlap with the Fermi energy level, as detailed in the zoomed-in
view of Figure 6b. This overlap increases the density of states at
the Fermi level, enhancing the number of available charge car-
riers. As electrons can be readily excited to these states at room
temperature, they behave as free electrons that can move within
the material, thus increasing the electrical conductivity. The gen-
eral electronic system and the density of states that are assigned
to each element in Figure 6b are a result of the interactions of
the different elements incorporated in the HEM. These so-called
cocktail effects seem to have a big influence on the electronic
band structure, enabling the superposition of the Fe, and Co
states to render the material conductive. This effect is more pro-
nounced at x(Na) = 1.25, where the density of states increases
more at and around the Fermi level, indicating a transition to
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a metallic-like state. Consequently, an enhancement in electri-
cal conductivity is anticipated. With further decrease in sodium
content, the DOS at the Fermi energy level increases rapidly,
indicating a stronger metallic character. This slight change in
sodium concentration appears to be sufficient to alter the elec-
trical properties.[* The same phenomenon has been observed,
for example in Li CoO,, where studies show a nonmetal-metal
transition with decreasing lithium content.[8-8¢]

In short, the DFT results indicate that the Ag/HE-PBA/ITO
device utilizes the low energy process of sodium extrac-
tion/insertion coordinated with the Ag electrode while maintain-
ing non-volatile resistance switching caused by an insulating-
metallic transition with decreasing sodium concentration, which
agrees reasonably well with the experimental data presented
here.

To rule out any influence of Ag metal filaments on the RS
behavior of the HE-PBA-based memristor, alternative inert TEs
such as Pt and Au were tested as replacements for Ag. However,
using deionized water-based Pt ink caused solvent incompatibil-
ity, leading to a hole in the HE-PBA film (Figure S14, Supporting
Information).®”] Additionally, Au ink requires a curing tempera-
ture above 200 °C, causing structural degradation of HE-PBA.[38]
To address this, ~#100 nm of Au was sputtered onto the surface of
the HE-PBA layer (Figure 7a). Due to difficulties in precisely con-
trolling the sputtering area, a large HE-PBA film was prepared
and tape was used to isolate the Au deposition. Despite these
challenges, the device exhibits self-compliance behavior, regard-
less of whether positive or negative voltages are applied to the Au
electrode (Figure 7b). Given the relatively high self-compliance
of ~4 mA observed with the sputtered TE, an external CC of 0.3
mA was applied to minimize power consumption and protect the
device. The Au/HE-PBA/ITO device exhibited a switching volt-
age of ~1.5 V, with continuous switching behavior over 30 cy-
cles and an Rqe/R,y ratio exceeding 10? (Figure 7c,d). These
results indicate that Ag metal filaments are less likely respon-
sible for the memristive behavior, as the device functions effec-
tively without using Ag as TE (Figure 7e); the negative voltage
applied in the case of Ag/HE-PBA/ITO device does not result in
the formation of Ag filaments, as the electric field is directed from
the ITO to the Ag electrode. While it cannot be completely ruled
out that the Ag filaments might accumulate during the RESET
process when a positive voltage is applied, which may impact
device performance, this risk even persists at low applied volt-
ages (0.5 V) during pulsed operation. However, the formation
of conducting filaments, growing from the ITO to the Ag elec-
trode, is unlikely at such a low positive voltage, as this process
typically requires much higher electroforming voltages, often ex-
ceeding 1V or even several volts.!®] This is further supported by
Table S5 (Supporting Information), which provides a compari-
son of electroforming voltages for various memristors. Addition-
ally, the movement of vacancies in MOFs is either not feasible
or can be considered equiv. to the proposed mechanism, since
either ions or vacancies/holes are involved. This mechanism is
also supported by literature studies,[®#] where insertion mate-
rials were used to fabricate memristors with a mechanism simi-
lar to the one presented here. The high-entropy MOF employed
in the present work can function as an insertion-type electrode
(facilitating Na* transport), making the mechanism likely analo-
gous to the one previously reported.
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Overall, the device shows promising non-volatile resistive
switching performance. However, further improvements are nec-
essary, as discussed here. Based on the endurance (Figure S10,
Supporting Information; Figure 4a), it is evident that the LRS is
more stable with less fluctuation, suggesting that Na* extraction
is relatively easier while the insertion process is more difficult.
Several factors can influence this, including the structural prop-
erties of active layer (thickness, morphology, intrinsic defects),
ion mobility (kinetics), or potential accumulation of Ag metal fil-
aments. The thickness and quality of the active layer are critical
for ensuring stable HRS and LRS, as noted in other studies.””] In
the current work, the HE-PBA particle size, ranging from 100 to
300 nm, presents challenges in forming dense films and achiev-
ing precise control over layer thickness. A thicker film may hin-

Adv. Mater. 2024, 2410060 2410060 (11 of 14)

der ion transport, leading to fluctuations in the HRS and LRS.
Improving the HE-PBA-based device’s performance by reducing
fluctuations between HRS and LRS while maintaining low power
consumption through optimized applied voltages and active layer
thickness is feasible, as shown in Figure S15 (Supporting Infor-
mation). Yet, further improvements in cycling stability are re-
quired for practical applications. In-depth exploration of alterna-
tive electrodes may provide opportunities to increase the device’s
long-term stability.

In summary, this work proposes that Na* ion transport
drives the resistive switching—rather than relying on the forma-
tion/rupture of Ag conducting filaments—making the HE-PBA-
based device a promising candidate for low-power, non-volatile
memory applications.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 7. a) Schematic and elemental distribution of the Au/HE-PBA/ITO device with sputtered Au as TE. Electric characterization of the device:
b) Self-compliance behavior, c) initial I-V curves, and d) endurance over 30 sweeping cycles. e) Corresponding schematic representations of the re-

sistive switching mechanism.

3. Conclusions

In this study, we introduce a Na'-modulated, non-volatile,
printed memristor of structure/composition Ag/Na,;sMn,,
Fe 3 Nig133Ctg133C00 133[Fe(CN)glo 84[Jo.16°0.92H,0  (HE-PBA)/
ITO. This memristor demonstrates major advantages such as
low power consumption, self-compliance, and forming-free
behavior in memory applications. Also, the Ag/HE-PBA/ITO
device exhibits metallic behavior in the low resistance state and
insulating behavior in the high resistance state. Through com-
prehensive experiments and simulation studies, we elucidate
that the insulating-metallic transition arises from the extrac-
tion/insertion of Na* ions, rather than the formation/rupture
of Ag conducting filaments. Leveraging the low-energy pro-
cess of ion (de)insertion coupled with the Ag electrode, the
Ag/HE-PBA/ITO device displays robust retention stability and
high Rype/Roy ratio as a non-volatile memristor. Notably, the
ion-driven resistive switching strategy presented in our study

Adv. Mater. 2024, 2410060 2410060 (12 of 14)

may provide new insights for addressing the high power con-
sumption and volatile storage problems encountered in other
insertion-type memristors.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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