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Memristive devices for neuromorphic computing have been attracting ever
growing attention over the last couple of years. In neuromorphic elec-
tronics, memristive devices with multi-level resistance states are required

to accurately reproduce synaptic weights. Here, a memristive device based
on a multilayer oxide system (Nb/NbO,/Al,05;/HfO,/Au), which features a
filamentary-free, homogenous interfacial resistive switching mechanism, is
investigated. To gain a deeper insight into the switching mechanism, imped-
ance spectroscopy (ImpSpec), X-ray photoelectron spectroscopy (XPS), and
transmission electron microscopy (TEM) are exploited. While this work
focuses on the analysis of impedance and current-voltage characteristics, XPS
and TEM investigations can be found in a companion paper (Zahari et al.).

In the course of this investigation, potentiodynamic impedance spectroscopy
(PD-ImpSpec) and time resolved impedance spectroscopy (TR-ImpSpec)

in combination with transient analysis are used. Evidence is presented of
switching kinetics at voltages above 2.1V directly related to changes in
Schottky barrier resistance. These switching kinetics can in turn be inter-

1. Introduction

Memristive devices have been attracting
considerable interest for applications in
advanced computing architectures, such
as in-memory computing or neuromor-
phic circuits.' A memristive device,
which is based on resistive switching,
typically consists of a metal-insulator-
metal capacitor-like structure.’! A special
feature of memristive devices is that they
can display several resistance states which
can be adjusted by suitable current or
voltage signals.®! Although at first glance
memristive devices are simple structures,
the underlying elementary physical and
chemical mechanisms leading to resistive
switching are notoriously complicated.
Furthermore, the development of highly

preted by the charging and discharging of double positively charged oxygen
vacancies V3?2 = 0.9 eV. The results of the impedance analysis are translated
into a more general model for memristive devices to map the physical pro-

cesses during switching.

integrated circuits is challenging as many
material systems cannot be technologi-
cally integrated into the prevailing silicon
technology, while the devices exhibit often
high variability.
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To overcome these hurdles, a deep and detailed under-
standing of the underlying resistive switching effects is manda-
tory for the fabrication and integration of memristive devices in
electronic systems.

Impedance spectroscopy (ImpSpec) has proven to be a pow-
erful electrical diagnostic tool to analyze the origin of resis-
tive switching due to its potential for probing the dynamics
of trapped and mobile charges in both bulk and interfacial
regions.”! As a result, it is possible to collect pertinent informa-
tion about redox processes, defect structures, and barrier prop-
erties related to resistive switching by ImpSpec.[®-13]

While ImpSpec can provide insight regarding carrier trans-
port mechanisms, the interpretation of impedance data remains
challenging, particularly in oxide-based memristive devices due
to time-dependent resistance reduction which is often seen as
positive impedance phase shifts.'!l In these devices, the resist-
ance change is usually attributed to the displacement of oxygen
vacancies™! or charging and discharging of traps,'*'8 and
several equivalent circuits®®l have been proposed. Interpreta-
tions for positive impedance phase shifts vary, ranging from
inductancel” to negative RC-elements.l”! To correctly interpret
a system’s ImpSpec response and identify the dominating
physical mechanism, an equivalent circuit (EC) diagram that
accurately represents such a device is mandatory. A thorough
understanding of the physical processes behind the switching
mechanisms is important as it will allow for the efficient tuning
of memristive devices.

This study aims to develop a realistic EC diagram for the haf-
nium oxide-based memristive devices. Starting from a simpli-
fied Randles circuit,?% the model is extended and a complex EC
diagram tailored to the memristive device is proposed. While
potentiodynamic ImpSpec (PD-ImpSpec) is employed to char-
acterize current transport dynamics for different switching
states, time resolved ImpSpec (TR-ImpSpec) is used to access
slower time constants that are outside the used frequency
spectrum via transient analyses in the time domain. In this
context, a positive phase shift, also called “inductive” behavior,
is discussed.

In particular, we aim to better understand the complex
physics of Nb/NbO,/Al,0;/HfO,/Au memristive devices,
which show a filament-free interface-type, analog resistive
switching, a high current-voltage (I-V) non-linearity, and a
low power consumption, comparable to other oxide multi-
layer devices.[1618:2122] [y particular, devices based on a similar
material stack but with NbO, instead of HfO, were reported
in the past."®2! The analog switching dynamics and the possi-
bility to emulate the functionality of biological synapses were
investigated in detail on the device level,[??l and the integration
into passive crossbar-arrays together with an experimental
realization of a bio-inspired learning scheme has already been
shown.[?) Furthermore, the switching process was modeled
with kinetic Monte Carlo simulationsi?! and the device-to-
device and cycle-to-cycle variability was modeled with a cloud-
in-a-cell (CIC) scheme.*”] The correspondence between the
memristive behavior of those oxide multi-layer devices can
be concluded from the area-dependent switching (Figure 2b
in Zahari et al.2%), the diode-like I-V characteristics, a high
device resistance (even in the low resistive state (LRS)), and
the analog switching process.
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For homogeneous switching devices, the I — V behavior
and the switching mechanism have been attributed to var-
ious causes. First, a distinction is made between the exist-
ence of one or more potential barriers and their interaction
with charge carrier flow.'#16:27.281 Second, the diffusion of
ions and the change of the charge state of electron traps are
discussed as the cause of the memristive effect.'0:77:27:29:30] [y
this work, clear evidence of the existence of a single poten-
tial barrier and the charging and discharging of electron
traps as the origin of the memristive effect is presented for
the discussed device.

Since multiple spectroscopy characterizations are required
for a comprehensive memristive device analysis, as suggested
by Yang et al.,Y the X-ray photoelectron spectroscopy (XPS)
and electron energy loss spectroscopy (EELS) in the transmis-
sion electron microscopy (TEM) are results presented in detail
in the companion paper Zahari et al.?®l While only a brief sum-
mary is given here, the results of the companion paper will be
discussed in more detail in comparison to the ImpSpec data in
the course of this work. EELS analyses by Zahari et al.2% show
a NDbO, oxidation state from a mixture of Nb,Os and NbO,
with decreasing oxygen content toward the bottom electrode.
Using the hard X-ray photoelectron spectroscopy (HAXPES)
data, a space charge region (SCR) in the HfO, and Al,0; can
be excluded. In addition, core level shifts, which are dependent
on the memristive state of the device, indicate charge and dis-
charge of electron traps as a memristive mechanism. No evi-
dence of ionic drifts is found in the HAXPES data.

2. Material and Methods

2.1. Electrical Measurements

This work aimed to carry out transient analyses of individual
impedance parameters during the switching process of the
memristive devices. A homemade impedance spectrometer
based on the fast Fourier transform (FFT) of time-domain data
was used to obtain the complete impedance spectrum over
all excitation frequencies in a very short time interval, instead
of the commonly used frequency response analysis (FRA).
As sketched in Figure 1, a multi sine perturbation signal was
applied to the sample as perturbation voltage. Both the applied
voltage perturbation and the current response of the sample
were simultaneously recorded and subsequently transformed
into the frequency domain by FFT. This allows the individual
Fourier components to be determined and the impedance of the
sample to be calculated.??) The impedance data experimentally
obtained were validated by comparing the response spectrum to
the perturbation spectrum.B334 An adjustable bias voltage V)i,
in the range of —5 to +5 V could additionally be applied and the
respective DC was measured. The sample holder was tempera-
ture-controlled in the range from -5 to 80 °C. The FFT-imped-
ance spectrometer was designed and built by one of the authors
in our laboratory. A schematic of the experimental setup can
be seen in Figure 1. The perturbation signal used for all meas-
urements in the stationary voltage region had an amplitude of
55 mV, and the frequency range was from 600 mHz to 20 kHz.
Agreement with linear response theory was verified after each
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Figure 1. Principle of the ImpSpec setup which uses a preamplifier and
a FFT.

measurement. For measurements at a higher voltage bias, or
for TR-ImpSpec measurements, a narrower frequency band
was used to improve the resolution at lower frequencies (2 Hz
- 1 kHz). The design was adapted to the specific properties of
particularly highly resistive memristive devices. Two essential
requirements had to be taken into account: i) high amplifica-
tion for the current response (up to 10°~10'%); ii) matching the
perturbation spectrum to the characteristic slow time constants
of the memristive devices. More detailed information on the
ImpSpec measurement setup can be found in ref. [31#32] by
Popkirov and Schindler.

2.2. Memristive Device

The hafnium oxide-based memristive devices consisted of a par-
tially oxidized (NbO, (5 nm)) Nb back electrode assumed to be
semiconducting (Figure 2a), followed by an insulating double
oxide layer (Al,O3 (2-7 nm)/ HfO, layer (4.5 nm)) and a Au top
electrode. Al and NDb layers were deposited by DC magnetron
sputtering in an inert Ar plasma, before depositing the HfO,
layer using an active O,/Ar plasma. The reactive plasma leads
to an oxidation of Al and partly of Nb, as shown in the com-
panion paper (Zahari et al.)?*! and also for similar devices.>!
For the Al,O; layer, a varying layer thickness and a roughness
in the nano-scale could be observed at the interface with NbO,
(Figure 2a). An explanation of how the roughness at the inter-
face of Al,O; and NbO, was determined can be found in Sup-
porting Information S1. A detailed analysis of the TEM data can
be found in Figure 3 in Zahari et al.(?¢!

The device showed a homogeneous area-dependent
switching behavior, suggesting a non-filamentary switching
mechanism.l?®l Switching from the high resitive state (HRS)
to the LRS could be achieved by applying a positive voltage
to the top electrode with respect to the bottom electrode and
inversely for switching back to HRS (Figure 2b). An illustration
of the [-V characteristics of the memristive device depending
on various voltage ramp speeds to switch the device are shown
in Figure 2b. The corresponding -V curves for reading the
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resistive state are shown in the inset. It can be seen that the
switching dynamics can be manipulated in the millisecond to
second range and that the resistive state is reduced by using
longer switching periods. A variance in memristive behavior
among devices can be taken from Figure 2a in Zahari et al.[?]

3. Results and Discussion

3.1. Steady-State Analysis by PD-ImpSpec

To obtain information about the electronic transport phe-
nomena, an impedance analysis is performed in a steady-state
voltage range where no resistive switching can be induced.
Here, the operating point is systematically varied by adjusting
Viias (PD-ImpSpec). This allows insight into the voltage
dependence of the particular EC elements. For the steady-state
case, a single semicircle can be found in the Nyquist graph
of the recorded impedance spectra with an offset on the real
axis (Figure 3). This hints toward the existence of a single
RC—element for the EC for the stationary voltage region. Since
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Figure 2. a) STEM image showing the cross section of the device. The
roughness at the interface between Al,O; and NbO, is indicated. The
roughness profile was estimated by the intensity of the cross-sectional
scan. b) Characteristic I-V curves of a memristive device switching from
the HRS to the LRS and back. Voltage ramps at three different speeds:
grey—slow—43.6 mV s, blue—medium—480 mV s, orange—fast—
4.8 Vs, Inset: Read-out I-V characteristics of different resistance states
depending on the ramp speed of the switching. A sketch of the layer stack
of the memristive device is given on the right side. All measurements
were performed on the same device.
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Figure 3. a) Nyquist diagram of the PD-ImpSpec of the memristive
device for Vi, ranging from 0.5 to 0.8 V. b) Simulated Nyquist graph for
the simplified Randles circuit.

the Nyquist curves do not pass through the origin, it can be
assumed that the associated EC must be an arrangement of two
resistors and one capacitor.

The usual EC, which is most commonly used for such an
impedance spectrum, is the simplified Randles circuit?” and
consists of a serial resistance followed up by an RC element
(Figure 3b). The impedance of such a simplified Randles circuit
in a Voigt configuration” is described by:

Z=RS+; (1)

1 + joC,

RP
with Ry as serial ohmic component, and R, and C, as parallel
RC element. A frequent observation in impedance analyses of
solid electrolytes is a frequency dispersion, which can be repre-
sented by a constant phase element (CPE).** The impedance of
such a CPE is described as:

1

Zepg = W (2)

where Q is related to the electrode capacitance (Fs*' cm™)
and ¢ is the constant phase exponent (0 < ¢ < 1).571 A CPE of
1 reduces Equation (2) to the definition of an ideal capacitor.
Frequency dispersions are often a result of inhomogeneity,
which can originate from both material composition and
layer thickness.[””) Using a CPE instead of a capacitance to fit
the presented data results in a phase exponent ¢ of nearly 1
(>0.99). A CPE was therefore not used for the following data
fits. Furthermore, a linear area dependence for all fitted EC
elements is found (Figure S2, Supporting Information). The
simplicity of the physical EC is surprising for such a complex
stack of conducting, semiconducting, and insulating layers
and suggests current transport is affected by a single bar-
rier. In addition, the accuracy of the fits presented in Figure 3
shows that the proposed EC is an appropriate choice.
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Figure 4. Parameters of the differential RC (R,, C,) element of the PD-
ImpSpec of the memristive device versus applied Vj,. R, (yellow) is
displayed on a semi logarithmic scale on the left axis and C, (green) is
displayed on a linear scale on the right axis. The measurements were
performed for five cycles on a single device.

To assign the discrete circuit elements of the EC to physical
mechanisms within the memristive device that determine the
current transport, it is necessary to take a closer look at func-
tional relations between the elements and the varying param-
eters. For this purpose, the R — Vand C — V curves of the single
EC elements provide insight into the nature of the EC ele-
ments. In Figure 4, such an analysis is presented for each Ran-
dles circuit element in Voigt configuration. The PD-ImpSpec is
performed in a bias voltage range from 200 to 1000 mV. Since
no voltage dependence can be found for the serial resistance
R, it can be described as a strictly real non-differential resistor.
In addition, a serial resistance of R, = 12 kQ is determined,
about two orders of magnitude larger than the expected lead
resistances for the electrode and contact materials. This phe-
nomenon hints at bulk resistances and will be discussed
in more detail in a later part of this study. Moreover, a clear
voltage dependence can be seen for the serial RC elements R,
and C,, as depicted in Figure 4. Here, a diode-like characteristic
is obtained for the parallel differential resistor R,. This expo-
nential voltage dependence can be described by the thermionic
emission model of a Schottky barrier:33

9V

Ip =Is(e™" —1) )

where kg is the Boltzmann factor and T is the temperature.
The elementary charge g is the reverse current Ig described
below, and Vp is the voltage drop across the diode. As most
real Schottky diodes show deviations from the ideal thermionic
emission, a dimensionless correction factor n is inserted. By fit-
ting the slope of the logarithmic current through the parallel
resistor R, the ideality factor can be determined according to:

e 4 av
 ksT d(In)

(4)

The fits of the PD-ImpSpec analysis presented in Figure 4
show a remarkably small deviation from the data, attesting
to the accuracy of the mathematical model employed in this
study. For the parallel resistor R,, an ideality factor of 3.71 is
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determined, which gives insight into the voltage drop across
the depletion region of the diode.

Various explanations for the ideality factor can be found
in the literature. One possibility is the partitioning of the
current transport into different paths, for example, a super-
position of thermionic emission and thermionic-field emis-
sion where n describes the partitioning ratio between the
different paths.*! Assuming a single current transport mech-
anism associated with a SCR, n can be used to describe the
position of the mean generation of charge carriers within
the SCR. For n = 2, the average generation of charge car-
riers in the center of the SCR is derived.™! Lateral fluctua-
tions in barrier height and inhomogeneities in the depletion
layer are possible causes for ideality factors much larger than
unity.#?=l An alternative cause of an ideality factor greater
than 1 may be a superposition of recombination currents via
thermionic emission, or the presence of an interfacial layer
together with surface states.[* 48]

The reverse current I mentioned in Equation (3) is given by

—0B.efq

Iy=A'AT% =7 (5)

where @5 .5 is the effective barrier height, A the contact area,
and A* is the Richardson constant (usually approximated with
1.20173 x 10 Am—2K2*). The occurrence of excess currents
indicated by the high ideality factor, whether due to inhomo-
geneities or superposition of other charge transport processes,
impedes accurate barrier height determination. For this reason,
the barrier height determined here is referred to as the effec-
tive barrier height. Van Otterloo and Gerritsen suggest that the
total barrier height ¢p , can be defined as the product of n and
¢B, eff* (50]

The equation for calculating the effective barrier height can
be derived from the reverse current definition in Equation (5):

kB] A*A] 2
=B 2 6
Prer q ”( Is ) ©

For the PD-ImpSpec shown in Figure 4, we find an effective
barrier height of 0.84 eV for the HRS of the device. An eval-
uation of impedance data is more suitable for determining a
barrier height than quasi-static I — V curves, since series resist-
ances and other artifacts do not have to be taken into account.

The analysis of the R, for the steady-state case together with
the rectifying behavior of the static I-V curve (Figure 2b) shows
a clear indication of the presence of a SCR in the memristive
device, which affects the charge carrier flow in the measured
voltage range. Operation of the diode in the forward direction
when a positive voltage is applied to the top electrode, together
with the high gold work function, suggests the formation of an
SCR with an n -type semiconductor.

For the C — V analysis of the memristive device, we find that
the capacitance increases with V};,, indicating a reduction in
the SCR width due to the applied field. However, no typical
asymptotic dependence of the measured capacitance is found
in the voltage range investigated here which suggests that not
all potential charges have been accumulated in the capacitance
at this point. Instead, an exponential relationship extended by
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a dimensionless divisor between voltage and measured capaci-

tance is found, described as:

\4

C,(V)=C;(0)+Cr )

with an offset Cj(0) = 1.92. 10" F, the initial capacitance
C;=2.66-10"F, and the dimensionless parameter mps = 0.247
and mypg = 0.221. This observation together with the voltage
independence of C, for negative voltage range implies a
superposition of the SCR capacitance with another geometric
capacitance. The latter is shown by the added offset, which is
additionally influenced by the double oxide layer and arranged
parallel to the SCR capacitance. The voltage dependence of the
capacitance of an SCR can be expressed by the solution of Pois-
son’s equation for a defined distribution of space charges:

Ix dx =£0£S - £0E, ®)

Here, ¢ describes the electrostatic potential, E the electric
field, p the total electric spatial charge density, N(x) the doping
concentration, x the position relative to the SCR transition, and
€o and €, the permittivity of the vacuum and the relative static
permittivity, respectively. A derivation of the solution for an
arbitrary doping profile yields:*!

C;(0
CS(V)=7’( ) ©)
(1-V [vy)?

where v, is the built-in potential and p is the grading coefhi-
cient of the doping profile. Finally N(x) is given by:

1

N(x)= Np(g)E (10)

with Np as donor doping concentration and d as length scale
for donors.>2

Therefore, in the conventional representation of the SCR
capacitance, a plot of the reciprocal of C, versus applied voltage
is used. However, this ideal model assumes a charge distribu-
tion in the SCR as described in Equation (10), which is often
disturbed by the presence of serial resistors or oxide interlayers
between the semiconductor and the metal, which lead to charge
reversal phenomena at the interfaces due to surface states.[>3>4
In addition, the high roughness at the interface with Al,0;
(Figure 2a) leads to a superposition of both geometric and space
charge capacitances. Due to these factors, capacitance-voltage
plots often deviate from the given expectation.

A visualization of the arrangement of the capacitors
and the other EC elements, which summarizes the find-
ings of this work and the companion paper Zahari et al.l%l
can be seen in Figure 12. This geometric capacitance is
largely determined by the Al,O; layer due to its geometry
(d = 2-7 nm) and permittivity (= 9.1) and can be estimated
to be Cayo, = 1.26 X 107 F. A higher capacitance is obtained
for the HfO, layer (Cyp, = 4 x 1071 F, with &g, = 25 and
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dypo, = 4.5 nm), suggesting that the capacitance of the Al,O;
layer in a series interconnection is dominant. An increased
capacitance value compared to the estimated one as well as
the parallel arrangement of the capacities can be explained by
the roughness at the NbO,/Al,O; interface. Together with the
roughness seen in TEM analyses (Figure 2a) and by using spa-
tial averaging,” an excess capacitance of Coeo = 1.6 X Copoorn
can be computed. The roughness determined from the cross-
sectional TEM analysis may differ from the actual roughness,
due to the thickness of the lamella (approximately 30-60 nm).
While the capacitances comprised in Cj(0) cannot be accurately
deconvoluted, it can be assumed that the largest fraction is
given by the Al,O; layer and smaller fractions are due to HfO,,
the SCR in NbO,, and possible surface states.

The lack of insight regarding time constants associated with
the double oxide layer in this analysis may be due to the spec-
trum of the signal being limited to 20 kHz. Therefore, it is not
possible to resolve smaller time constants (with R,, < 10° Q,
Co = 10 F — 7, < 100 ns) that would possibly describe the
RC elements of the double oxide layer. Since the current flow is
dominated by only one barrier, which has already been defined
as the Schottky barrier inside the NbO,, there must be a suf-
ficiently small resistance in the following double oxide layer to
limit the current to high field strengths only. From the TEM
results (Figure 2a) and the previously mentioned high serial
ohmic ratio, we can assume that there is a high spatial den-
sity of current paths (shunt resistors) in the oxide double layer
(Figure 12).

To further understand the dependence of circuit parameters
on the memristive switching mechanisms of the device, steady-
state PD-ImpSpec is performed for the HRS and LRS of the
device. For this purpose, a positive voltage ramp (V,,,, = 3.2 V)
is applied to set the device from HRS to LRS between the PD-
ImpSpec measurements. For both states, the same symmetry
in the Nyquist graphs of the impedance could be observed,
revealing that the EC describing the measured data is not
affected by changing the state. Thus, the charge carrier trans-
port appears to quantitatively vary due to the change in state
but continues to be described qualitatively by the same physical
process, which is further confirmed by the accuracy of the fits
seen in Figure 5. Both R, and C, are significantly affected by
switching from HRS to LRS. In particular, a change in R, of
up to two orders of magnitude can be observed for low voltage
ranges. Thus, we can conclude that the diode interface is sensi-
tive to the memristive state of the device. The parameters for
the HRS and LRS states determined using Equations (4), (6),
and (7) and their percentage change between the states are
given in Table 1.

For the resistive part of the diode interface, represented
by the differential R,, there is a significant reduction in the
effective barrier height of around 17%, and the accompanying
increase in n of about 13% which suggests a low variation in
total barrier height compared to the effective barrier height.
The aforementioned changes lead to the drop in total resistance
shown in Figure 5b) on a semi-logarithmic scale for R,. The
increase in total capacity obtained when switching from HRS to
LRS, together with the reduction in effective barrier height, can
be explained by a reduction in the SCR width. According to the
simulations on metal-insulator-semiconductor diodes by Green
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Figure 5. HRS (blue) versus LRS (red) analysis of fitted circuit param-
eters C, (a) and R, (b). C, is shown on an linear scale in the upper graph
and R, is displayed on an semi logarithmic scale in the lower graph. The
measurements were performed for five cycles on a single device.

and Shewchun, the change in the slope of the C — V curves
after switching indicates an increase in the amount of surface
states at the insulator-semiconductor interface.’*! The C — V
data are again fitted with Equation (7) and the voltage pre-factor
m is determined and shown to vary proportionally to the recip-
rocal of the ideality factor n (Table 1). Since the inhomogeneous
voltage drop across the SCR of a diode is defined via the ideality
factor, which is often caused by parallel charge carrier transport
mechanisms, it is necessary to introduce this parameter when
analyzing the diode capacitance.

3.2. Temperature Variation

In addition to the electric field dependence, a temperature
change influences most charge carrier transport phenomena.
The temperature dependencies of the state-sensitive diode are
determined by heating the memristive device while performing

Table 1. Calculated values of @g.5 n, m for HRS and LRS, and per-
centage variation between both states.

State P (€V) n m

HRS 0.866 £ 0.013 3.98+0.18 0.247
LRS 0.716 £ 0.007 4.49 +0.16 0.221
Change(%) 17.3 12.8 n7
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PD-ImpSpec. Since this device suffers dielectric breakdown
under applied bias even for moderate heating, a small tempera-
ture range up to 50 °C is chosen.

For this purpose, a temperature variation from 20 up to
50 °C was performed five times in steps of 5 °C and under dif-
ferent voltages Vi, The plot of the logarithmic current flow
versus different voltages through the EC element R, at different
temperatures is shown in Figure 6a. Fitting the curves with a

linear function gives information about the ideality factor and
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the reverse bias current of the Schottky-like diode, while the
effective barrier height is determined for each temperature
using Equation (6).

Figure 6a shows a current increase with temperature, con-
sistent with charge carrier transport by thermionic emis-
sion. The parameters determined from these curves show a
decrease in the effective barrier height and an increase in the
ideality factor with increasing temperature, in accordance with
literature.’®>7) The decrease in effective barrier height with

b)
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Figure 6. a) Linear plot of the natural logarithm of the current flow through R, versus the applied voltage V,q; at different sample temperatures for
the HRS. The temperature measurements were performed five times for one device. b) Barrier height @ . and ideality factor n of the diode interface
extracted from fitted | — V characteristics in Figure 6a versus temperature. c) Richardson plot of the reverse current of V/R,. d) Current-temperature
characteristics of a memristive device at applied voltages Vs between 0.6 and 1V plotted linearly as the natural logarithm of the current flow through

R,. Inset: Activation energy as a function of Vg,

of temperature.
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e) Modified Mott plot of C,? versus temperature. Inset: Differential parallel capacity as a function
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increasing temperature can be explained by a change in the
band gap E,.%® According to Werner and Giittler,*! after lin-
earizing the temperature dependence of E,, a linear behavior of
the Schottky barrier height is obtained:

05(T)=05(T =293)+ Tex, (11)

Together with Tersoff’s theoretical prediction of the Schottky
barrier height,[GO] a reduction of barrier height with increasing
temperature with a temperature coefficient

dgs _ dE;

(1) =57 = 2ar

(12)

follows. From the linear fit of the effective barrier height
as a function of temperature (Figure 6b), the temperature
coefficient can be determined using Equations (11) and (6):
0 = 2.38 £~0.46 x 107> eV K for the reduction of the barrier
height (d¢p/dT) and effective barrier height at room tempera-
ture ¢(T = 293) = 0.82 eV.6!

TEM images show local inhomogeneity in the barrier
(Figure 2a) that most likely causes spatial potential fluc-
tuations and thus leads to an effective barrier increase with
temperature.*l Yet, this effect seems to be dominated by band
narrowing (Varshni shift®), which can be explained by two
causes. First, semiconductors show a higher band-narrowing
coefficient at temperatures above room temperature, along with
a decrease in local inhomogeneities. Second, the presented
studies show an unusually high band-narrowing coefficient,
which is considerably larger than observed by Sakai et al.[%%]

Since transport mechanisms such as field emission and
trap-assisted tunneling strongly depend on the effective bar-
rier height, they become dominating charge transport mecha-
nisms, as illustrated by the increase of the ideality factor with
decreasing effective barrier height. Furthermore, at low temper-
atures, the ideality factor would be expected to approach unity,
since superimposed charge carrier transport processes would
cancel out.

An effective barrier height of 0.746 eV, determined from
the Richardson plot (Figure 6¢), is in agreement with the effec-
tive barrier height calculated from the I — V data. The estimated
Richardson constant of A* = 1.18 X 105 Am~ K~2% is in good
agreement with the usually used value 1.20173 x 10° Am~2 K2
Small deviations from the commonly used value of
1.20173 x 10 Am~2 K2 should not affect the calculations, since
the barrier height is not particularly sensitive to a deviation in
the Richardson constant (Equation (6), a 100% increase of A*
at room temperature will only cause an increase of 0.018 eV in
#9511 A correction of the previously calculated barrier heights
with the newly determined Richardson constant would there-
fore barely impact the result.

As shown in Figure 6d, the current follows an Arrhenius-
typel®! temperature dependence at all voltages according to

Ex
A (13)
RP
where A is the pre-exponential factor and E, is the activation
energy. The temperature data can be fitted using a single linear
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function, indicating only one activation energy for the entire
temperature range investigated here. This indicates the pres-
ence of a single potential barrier.

From the inset in Figure 6d, it can be seen that the activa-
tion energy decreases with increasing applied voltage which
may be due to the lowering of the potential barrier. The zero-
field activation energy E4(E = 0) = 1.21 eV can be calculated from
Figure 6d.1°%] Since the investigations are in a stationary voltage
and temperature range, the determined activation energies can
be understood as the barrier height of a single potential barrier.

As the temperature increases, the band gap decreases along
with the built-in potential. The reduction of the built-in poten-
tial affects the width of the SCR and thus causes an increase
in capacitance with increasing temperature (Figure Ge, inset).
Alternatively, the capacitance increase can be attributed to
a change in the charge states of electron traps in HfO, fol-
lowing an SCR narrowing. This change would have a great
influence on the SCR width due to the lack of charges. This
last hypothesis is the most probable since indications of sur-
face states can already be found in the voltage-dependent
capacitance characteristics.

3.3. Verification of ImpSpec Parameters

Since a derivation of the results from an AC to DC configura-
tion is valid for the EC elements of the serial resistor and the
diode, a first model can be created from the previous analysis.
Since the previously shown I — V curve (Figure 2b) already
shows a diode reach-through due to the high reverse cur-
rent, the diode model with serial resistance is extended by the
dimensionless transfer coefficient o.!l This transfer coefficient
is then fitted by the quasi-static I — V curve. The resulting cur-
rent of this model is described as:

a(V—(R:T)q) (A-o)(V=(RsI)q)

I=I,x(e "™ —¢ M7 ) (14)

The reverse current I is defined in Equation (5). For the fit
of the static I — V curve, the parameter o is varied in the range
0 < a< 1, while R and n are set to 12 kQ and 3.71, respectively,
as previously determined from the ImpSpec-analysis. From the
static I — V curve, we focus on the data recorded in the LRS
(Figure 7) as they allow for a wider range of positive voltage
values to be used for fitting without considering the memristive
set behavior, which is not implemented in this model. From the
fit, shown in Figure 7, a reach-through parameter of 0.77 can
be determined. A fit of the data presented in Figure 7, taking
into account an additional current transport by thermionic-
field emission in addition to the assumed transport by thermi-
onic emission, according to Rideout,*% showed no agreement.
Thus, we can conclude that the fitted ideality factor refers to
a generation of charge carriers within an SCR and not to the
division of the current between thermionic emission and
thermionic-field emission.

An adequate description of the charge carrier transport for
stationary states of the device is obtained by fitting with the
function described in Equation (14), thus confirming that the
current is dominated by a diode interface for the DC case. In
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Figure 7. Fit of the quasi-static | — V curve of the LRS of a memristive
device with Equation (14) and extracted ImpSpec parameters in a semi-
logarithmic plot.

addition, we are able to determine a reach-through parameter
that, together with the ideality factor, provides information
about the imperfection of this diode.

To further characterize the memristive device, a deeper
understanding of the switching mechanism is required, as dis-
cussed in the following section.

3.4. Non-Stationary Analysis

Applying a voltage above 1 V can cause a resistance change in
the memristive device. A distinction is made between a short
and long-term resistance change. Hansen et al.?® attribute a
short-term change in the state of a similar device to charging
and discharging of interfacial trap states, while long-term reten-
tion is associated with ionic motion.

To gain insight into the mechanisms involved in the non-
stationary region, two different DC voltages (1.2 and 2.1 V) are
applied to the device in the HRS while ImpSpec is carried out
at 1 s intervals. Such a TR-ImpSpec has two main advantages.
First, slow time constants that would otherwise be outside the
detection range can be resolved since slow kinetic processes
are not able to follow the frequencies. Second, saturation pro-
cesses can be tracked. This methodology allows a combined
investigation in the frequency and time domain within a
single measurement.

The impedance spectra presented in Figure 8 indicate a
change in the differential resistance R, for a low setting voltage
(1.2 V) measured after applying the voltage bias 1 and 30 s.
The complex plane plot of higher setting voltage (2.1 V) shows
a second semicircle with a positive imaginary part, which is
often misleadingly referred to in the literature as an “induc-
tive” feature and therefore called “inductive loop.”(® Splitting
the impedance characteristics into quadrants shows that the
additionally occurring time constant 7,,, must be consider-
ably smaller than that of the already observed Schottky-like
interface. From the part of the impedance with a positive phase
shift, a transition to a smaller total resistance can be obtained,
starting with a time constant of 7,,,, = 107 s going down to 10~
s after roughly one second at 2.1 V.
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Figure 8. Nyquist TR-ImpSpec graphs showing an “inductive” loop after
applying a) 1.2V for 1and 30's, and b) 2.1V for 1 and 30 s.

Such impedance behavior is often found in memristive
device analyses, regardless of whether they display binary or
analog switching B and is most commonly attributed to
memristive switching. The “inductive” loop decreases when
the memristive devices change from the HRS to LRS. Such
behavior can be seen in the TR-ImpSpec of the examined mem-
ristive device. Usually, the additional semicircle in memristive
devices is explained as an inductivityl®® or mem-inductivity.”!
However, inductance in such memristive thin-film systems
is inconceivable, simply because of the geometric conditions.
Implementing windings of an inductance of corresponding
size (>10 mH), in a multi-layer system of about 10 nm thick-
ness, is physically impossible.

A much more appropriate assumption was made by Taibl
et al.™ who studied epitaxial SrTiO; thin films (100-413 nm)
at temperatures between 325 and 700 °C employing ImpSpec.
In this work, an “inductive” loop is found which affects the
overall resistance of the thin film and shows a dependency on
the applied DC-bias. Taibl et al. discuss an additional imped-
ance feature showing as a semicircle in the complex plane plot
as a frequency-dependent transport process of charged car-
riers that is responsible for a varying resistance Z,,,, which
can either be positive or negative depending on the resistance
change direction.”) Like every transport process, this follows
the Boltzmann equation and consists of a resistance R, and a
capacitance C,,,,, needed to mathematically model this slower
process. Consequently, the RC element must have a negative
sign if it is used for the modeling of the “inductive” loop. The
transfer function of this slow resistance changing process can
be defined as:

1
Flo)= (15)
+ chmemRmzm

Thus, an “inductive” loop can be defined as a decrease in
resistance over time under an applied voltage that follows
slow frequencies, and in our case describes the kinetics of the
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slow setting process. Bou and Bisquert!!l already predicted the
existence of a time-dependent resistance reduction in their
memristive device modeling approach together with three dif-
ferent general EC memristor models, which are analogous to
the assumptions made by Taibl et al. The model developed in
this work is in agreement with both aforementioned models
but extended by the sensitive Schottky-like interface and a
geometric capacitance. Similar to the stationary analysis, the
Schottky-like contact is affected by device switching. It is there-
fore evident that the RC element of the Z,,,, slow process is
in series with the Schottky-like contact. As a result, the EC
diagram, created with the results of the stationary impedance
measurement, can be expanded by adding Z,,,,, represented
by an additional RC element (see Figure 8). The extended EC
is thus close to an EC developed by Yan et al. in 2010, which
describes the memristive switching of a binary switching
memristive device with an additional RC-Element. However,
the interpretation and relevance of the individual EC elements
is somewhat different, since Yan et al. analyzed a filamentary
switching memristive device ion movement as memristive
cause.[*’]

To gain further insights into the physical processes related
to Zyem an additional modified TR-ImpSpec measurement
is carried out. For this measurement, a device in the HRS is
used and set to the LRS, while impedance measurements are
acquired under different bias voltages. As sketched in Figure 9,
the measurement series consists of 30 alternating read
(0.6 Vjiss/1.8 s) and set measurements (2.1 Vj;,,/0.3 s), starting
with a read measurement to determine the initial state (HRS)
of the device.

In addition to the time-dependent resistance reduction
occurring at low frequencies, two further time constants of the

Vbias
A
Il
Al
Set |
@21V ¢
|
Read
@ 0.6V
== -
185 03's time

Figure 9. Principle sketch of the measurement sequence of a TR-ImpSpec
experiment for a read voltage (0.6 V) and a set voltage (2.1V). I) Sketch of
the impedance data of the read voltage which show a single time constant
with negative phase shift, while (I1) sketch of the impedance data of the
set voltage reveal a further time constant with positive phase shift. The
blue curve describes the beginning of the measurement sequence (start
interval), whereas the red curve describes a later interval of the sequence.
A total of 13 measurement points were recorded for the set voltage and
another 13 measurement points for the read voltage. A visualization of
the impedance data together with the fits can be found in Supporting
Information S5.
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Figure 10. Resistance decay over time extracted from TR-ImpSpec and
displayed in a semi-logarithmic plot. The measurement sequence con-
sists of 15 set pulses, each combined with a read pulse. a) R, ,y resistance
change at 0.6 V over time fitted with a second order exponential decay

(red) for the corresponding EC. b) R, 1y and R, variation over time at

2.1V fitted with a first order exponential decay for the corresponding EC.

setting mechanism can be identified. These can be determined
by transient analysis of the impedance spectra at set and read
voltages. In addition, this method can be used to obtain infor-
mation about the arrangement of the EC elements. Thus, a
serial arrangement of the memristive elements in the EC can
be directly inferred instead of a parallel one. The impedance
data of the EC element R,y captured during the lower read
voltage (LV) of the TR-ImpSpec sequence follows a second-
order exponential decay over time (Figure 10a),

—x -x

Y — YO + uirrlow,LV + azfdow,nv (16)

where the time constants 7y, ;=716 ms and 7y, 1y = 84 ms can
be extracted from the transient analysis. For the set voltage, the
previously mentioned feature of a positive phase shift for low
frequencies can be observed (Figures 8 and 9). Therefore, the
EC is further extended by the RC term defined in Equation (15).
The transients of the two EC elements —R,,,, and R, jjy meas-
ured at a higher set voltage (HV) can be fitted by a first-order
exponential decay.

—x

y=yot+a® (17)

The two time constants Ty v = 112 ms and 7y, v = 798 ms
are derived from —R,,, and R, gy in the transient analyses
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Figure 11. Retention measurement at 500 mV for the status sensitive

differential resistance R, over a period of 8 h displayed in a double loga-
rithmic plot, and fitted with a biexponential growth.

(Figure 10b). These results match the quasi-static I — V meas-
urements of the memristive devices, where the voltage ramp
time changes from 4.8 V s7 to 480 mV s7, strongly influencing
the magnitude of the switching process (Figures S3 and S4,
Supporting Information).

A comparison of the transient analyses for the read and set
measurements show excellent agreement between the deter-
mined time constants Zg,q v and g 1y as well as 7y, 1y and
Tgow,rv: This shows that an increased voltage makes it possible
to separate two processes occurring at lower voltages and com-
bined within R, ;v

Retention measurements are conducted to relate the time
constants of the set process to the resetting of the device back
to its initial state. For these measurements, the initial HRS of
the memristive device is first determined, before setting the
device in the LRS using a positive voltage ramp. Subsequently,
the temporal state change is studied with a 0.5 V read pulse.
The change in the R, 1gs/ R, prs ratio over time during the reset
process is shown in Flgure 11.

From the biexponential fit of the retention measurements,
two time constants 7,; = 133 s and 7,, = 896 s are determined.
When comparing the time constants for the set processes
(Toorfast) A0 (Tt dow) and the back drift (7,4) and (7,), the same
scale factor of three orders of magnitude lies between the
respective processes (Table 2). This suggests that both the slow
and fast set process are caused by similar phenomena.

Since indications of surface states were found in the capaci-
tance analysis of the impedance, the measured time con-
stants are assigned to electron traps. The time constants for

Table 2. Extracted time constants from transient analysis of set and
back drift process.

Constants LVt [Ms] HVe, [ms] Retention [s]
Tow 716 798 896
Tast 84 12 133
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the electron discharging from defects at an energy E, below
the conduction band E¢ can be described using the Shockley—
Read-Hall model™ as follows:"!

L exp(EC_E‘) (18)

" Neovy kT

with N as effective density of states, o as capture cross section,
and vy, as average carrier thermal velocity.

A twofold time constant in a current transient for dis-
charging of electron traps was previously reported for Si/SiO,
junctions.’? The existence of two time constants for switching
into the LRS and drifting back into the HRS can be attributed
to an energetic and spatial distribution of electron traps.”3 The
same scale factor between the two-time constants for switching
and drifting back suggests that the electron traps can be sepa-
rated into two types, with different discharging prefactors and
the same exponential factors. Since both the density of states
and the thermal velocity of the charge carriers can be assumed
to be constant at the same temperature, this observation can
be attributed to a change in the capture cross section. Possible
spatial distribution of electron traps between bulk HfO, and the
HfO,/Al, 05 interface would affect the capture cross section and
thus lead to a dispersion of the time constants for the capture
and discharging of electrons. If the expected electron trap
depth is determined from the retention measurement using
Equation (18) with the following parameters: N¢ = 10° cm =34l
o =18 x 10 cm2/2.4 x 10755 cm?76) v, = 3.7 x 107 <" 7]
two different electron trap capture cross sections are assimed
for the switching processes in the HfO, layer. The electron
traps with o5 = 1.8 X 107 cm? are expected to be located in the
bulk of the HfO, and are responsible for a short storage time,
while the traps with o, = 2.4 X 107 cm? are supposed to be
located at the interface with the Al,O; and maintain the state
over a longer time scale. An evaluation of the amplitudes of the
biexponential fits shows a clear majority of the traps located in
the bulk with a 4 to 1 ratio compared to the interface traps. This
conclusion assumes spatial non-uniformity and does not con-
sider spatial energetic non-uniformity. A trap depth of about
0.89 eV, which is between those of 0.6 and 1 eV previously
reported for HfO,-based memristive devices,®l can be directly
correlated to double positively charged (V5” = 0.9 eV) oxygen
vacancies.”® The formation of such defects in the HfO, can
potentially be explained by high energetic negatively charged
oxygen ions in the sputter process plasma,”” with a density of
p =10 cm™3 in the physical vapour deposition processes.5!

Furthermore, the consistency with the Shockley—Read—Hall
model (Equation (18)) indicates an exponential dependence of
the Boltzmann factor, which would not be expected according
to Fick’s diffusion laws for the movement of ions.[#!

The conclusion of this ImpSpec study and the proposed phys-
ical model are in good agreement with those of the companion
paper Zahari et al.?%l Both analyses provided strong evidence of
electron trap charging and discharging being the cause of the
memristive switching process and concluded on their influence
on an SCR. Additionally, the spatial arrangement of the SCR
and electron traps can be inferred from the results of Zahari
et al.l?®l Since depth-resolved HAXPES measurements reported
by Zahari et al.l?! (Figure 5c) show an increase in the binding
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Figure 12. Model of the memristive device in terms of the spectroscopy
methods used. Top: Complete EC of the memristive device in spatial
order determined by ImpSpec. Bottom: Band diagram determined by
HAXPES proposed by Zahari et al.?%l (Figure 7).

energy of the HfO, layer toward the Au electrode, the forma-
tion of an SCR with an n-type semiconductor inside the HfO,
can be excluded. TEM investigations reveal a mixture of Nb,Os
and NDbO, in the partly oxidized back electrode (Figure 2a)), sug-
gesting that the Schottky-like behavior described in detail in this
work originates from the SCR located in the NbO,. This is fur-
ther reinforced by replacing the Nb with Hf, leading to signifi-
cantly different -V characteristics (Figure 6b in Zahari et al.%)).

Combining both observations lead to a physical model
depicted in Figure 12 along with a sketched band diagram of
the memristive device. A rough Schottky-like transition at the
NbO,/Al,O; provides a parallel superposition of the capaci-
tances of the SCR and the bulk oxide. The flow of charge
carriers through the double oxide layer is enabled by a large
number of shunt resistors at thinner junction parts, which can
be modeled as a serial linear ohmic component. Z,,,, serves
as a description of the differential resistance representing the
charging and discharging of traps in the HfO,, in turn influ-
encing the space charge of the Schottky interface. The SCR in
the NbO, is affected by this net charge change in the HfO, layer
and thus acts as an amplifier for the charging and discharging
of electron traps. This can be described as a trap-assisted field
effect that alters the Schottky barrier height. Thus, the exist-
ence of an SCR is necessary for a high LRS/HRS ratio in the
switching behavior of such a memristive device. A possible
further development of the memristive components described
here, which with high probability also have a positive influence
on the poor temperature stability, can be found in section 3.3 in
Zahari et al.l2%]

4, Conclusions

In summary, we show that the ImpSpec analysis of memris-
tive devices offers a comprehensive understanding of the
state-sensitive interfaces and their functionalities. Using PD-
ImpSpec at room temperature and under heating, a single
barrier due to an imperfect Schottky contact is identified, with
a SCR sensitive to the state of the device. Furthermore, we
present evidence of electron traps by examining the capacitance
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analysis and the interconnection between the time constants of
switching states and relaxation, as a dependency on the Boltz-
mann factor is revealed.

The occurrence of an “inductive” loop in the non-stationary
analysis is correlated to the switching state of the device.
Employing TR-ImpSpec together with retention analysis, the
kinetics of this state-switching process are described in more
detail, revealing the contribution of two processes. The time
constants ratio of these processes inferred a common trap
depth or species (V4*) with different capture cross sections.
Therefore, trap-assisted field-effect altering the SCR is identi-
fied as the dominant switching mechanism for the HfO,-based
memristive device investigated here, which behaves like an
amplifier for the charge state change of the traps. The ImpSpec
results are in good agreement with the HAXPES and TEM
experiments presented by Zahari et al.?®) and combining both
allows to construct a more complete picture of the physical
process.
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