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ABSTRACT

Electrical resistivity is the key parameter in the active regions of many current nanoscale
devices, from memristors to resistive random-access memory and to phase-change memories.
The local resistivity of the materials is engineered at the nanoscale to fit the performance
requirements. Phase-change memories, for example, rely on materials whose electrical
resistance increases dramatically on changing from a crystalline to an amorphous phase.
Electrical characterization methods have been developed to measure the response of individual
devices but cannot map the local resistance across the active area. Here, we propose a method
based on operando electron holography to determine the local resistance within working
devices. On switching the device, we show that electrical resistance is inhomogeneous on the
scale of only a few nanometers.

KEYWORDS Phase change materials, electrical resistivity, in situ TEM, operando
experiments, electron holography, finite element modelling.

MAIN TEXT

The use of electrical resistivity as a parameter to drive devices is receiving increasing attention
due to the development of memristors®?, resistive random-access memory (RRAM) and phase-
change memories (PCM).>® Applications range from active components for more energy-
efficient machine learning and in-memory computing®’ to emerging photonic applications.®*°
Additionally, phase-change memories promise better performance and lower leakage currents
than in conventional devices.’® They depend on materials that exhibit a huge variation in
electrical resistance on changes of phase, typically from crystalline to amorphous state. The
phase change occurs very locally on the scale of nanometres.

In order to understand the operation of devices, different in situ techniques have been developed
to monitor the phase transition, notably in transmission electron microscopy (TEM).1t A
distinction needs to be made between in situ experiments that heat the whole specimen, usually
thin films, to provoke the phase change?** and operando experiments that aim to be closer to
the actual operation of devices by injecting current pulses in situ.!>® However, all depend on
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structural or chemical analysis and do not probe directly the local electrical properties. Here we
present a method based on operando electron holography to determine the local resistance with
nanometre spatial resolution. We demonstrate the technique on a working industrial PCM
device and reveal the inhomogeneity of the resistivity in the active layer. Beyond the interest
for PCM, the technique is applicable to many other devices where changes in local electrical
resistance are of primary importance.

Phase-change materials first came to the fore in applications for optical data storage, notably
ternary alloys based on Ge-Sh-Te (GST).!” They exhibit a huge change of optical index and
electrical resistivity between the amorphous (high resistance) and crystalline phase (low
resistance). Local heating with a laser can induce the phase transformation reversibly. The idea
of using these materials as electronic memory came later, with the local heating provided by
the flow of current. The electrical resistivity encodes the state of the bit, denoted SET for the
crystalline state (low resistance) and RESET for the amorphous state (high resistance). Once
the current pulse has passed, no power is required to maintain the state, which makes PCM
inherently interesting for low-energy applications. Different designs have been proposed over
the years, the “mushroom-type PCM” being one of the most studied.'”8

Figure 1. a) Schematic representation of a PCM in a Wall architecture and b) PCM cell studied
by operando holography. The dotted red rectangle corresponds to the area studied below. Scale
bar is 100 nm.

To read the device shown in Figure 1, which is a PCM with a wall-type architecture®®, the
resistance is measured by biasing the top and bottom electrode connected to a thin metallic
filament called the “heater”. To write, a high-amplitude current pulse is injected, whose exact
form depends on whether the operation is to stabilize the crystalline phase (SET) or the
amorphous state (RESET). Current passing through the heater and GST layer causes localised
Joule heating; the associated rise in temperature in turn causes the phase change. To SET, a
relatively long pulse allows gradual crystallisation of the amorphous state whilst for RESET, a
short pulse induces rapid melt-quench of the crystalline to amorphous state. The time duration
of theses electrical pulses never exceeds a few microseconds, , to circumscribe the phase change
zone where melting takes place in the immediate vicinity of the heater, creating the dome shape
and limiting the diffusion of chemical species. As is easily understandable from the geometry,
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the procedure is complex: firstly, the local current depends on the distribution of resistivity
within the phase-change layer; secondly, the resulting temperature rise depends additionally on
the diffusion coefficients and finally, the local phase change on the temperature, local
crystallinity and chemistry. Modelling has to rely on many of the parameters that lack
independent experimental verification.?

The electrical characteristics of individual devices can indeed be measured by micro or nano
four-point probe techniques®! and atomic force microscopy (AFM) where conducting tips can
map local resistivity with remarkable spatial resolution even across cross-sectional samples of
devices.?22® In situ transmission electron microscopy (TEM) can monitor structural and
chemical modifications within resistive devices during current flow*'?* but measuring changes
in resistance within a device during operation is much more challenging. In this paper, we will
show how electron holography can be used to measure the local resistivity distribution within
the active layer after changing the state in situ.

Local resistivity measurement using electron holography

Electron holography has long been used to measure the electrostatic fields in materials, firstly
in-build fields across p-n junctions® and in transistors?® to fields in devices whilst applying bias
in situ. 2-3! Potentials are interpreted in terms of local charge distributions®? and the sensitivity
of electron holography can attain the single elementary charge.®*3* In all of these studies,
leakage currents were kept to a minimum in order to preserve the specimen from overheating,
which can cause catastrophic failure of the nanoscale device, and to maintain the interpretation
of the results purely in terms of electrostatics. Here, we prone a different approach and attempt
to measure potentials during the flow of current. This will allow us to interpret local potential
drops in terms of resistivity, the primary property of interest for phase-change materials.

The first successful in situ TEM experiments on phase-change materials injected electric pulses
in nanowires of GeTe.*® They highlighted the need to encapsulate the material, to avoid
germanium evaporation, and the importance of void formation during the phase transformation.
To address the question of whether electron radiation influences the phase change, low-dose
conditions were chosen and the phase change was induced whilst blanking the beam.® The
technique was further developed to observe switching in real PCM devices.'>%3" To be able to
measure the local resistivity with our approach, we additionally need to design specimens
compatible with electron holography that can resist the injection of electrical pulses and allow
observations during DC current flow.

Electron holography, in off-axis conditions, consists in interfering part of the coherence electron
beam passing through the vacuum (the reference wave) with the beam passing through the
region of interest (object wave). Whilst primarily used for the study of magnetic and electric
fields,® the dark-field configuration allows the measurement of strain.®® Here, we wish to
extend the technique to the quantitative measurement of sample resistivity. This has been
suggested previously for contact resistances,*° for the study of changes in resistance in resistive
random-access memory*! and to identify conducting precipitates.*? However only the potential
distribution was studied, without measuring resistivity quantitatively and locally. We follow on
from the latter by including quantitative comparison of the phase distribution with finite
element method (FEM) modelling to determine the local resistivity in a PCM device.
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In the absence of magnetic and strain fields, the phase of the electron hologram in the (x, y)
image plane is directly related to the electrostatic potential encountered by the fast electron
along its trajectory parallel to the z axis:

¢(x,y) = Cg [V(x,y,z)dz Equation 1

where Cy depends only on universal constants and the accelerating voltage of the microscope.

Experimentally, the hologram is first recorded with both terminals grounded to determine the
phase contribution from the mean-inner potential (MIP) of the material and any fixed charges
present. The phase is then measured whilst applying bias and, in our case, as current flows. The
two phases are subtracted to obtain the phase change caused only by the biasing. Because of
the stray fields above and below the thin lamella, the phase is compared with modelling to
determine the electric potential within the sample.*

As mentioned previously, electrostatic modelling only takes into account the charge
distribution. In DC conditions, the more appropriate description follows Ohm’s law:

V=1IR )

where the potential drop across a conductor (V) is given by the current (I) and resistance (R).
The local differential form with r the vector position is:

E(r) =p™)j() ©)

where the gradient of the potential gives the local electric field, E, j the local current density
vector and p the local resistivity. By modelling the electric potential using this equation to fit
the experimental phase, the local electrical resistivity can thus be determined.

To test the new methodology, we chose industrial PCM devices rather than a lab-grown
structure, contrary to what might be expected. Indeed, an industrial device already has the
electrodes in place and the necessary geometry to supply the localised heating. Furthermore,
the device is encapsulated in a protective layer to avoid the problems of Ge evaporation during
operation, as mentioned previously. Any results obtained are thus additionally of immediate
practical use for understanding performance and possible failure mechanisms for applications.

Nevertheless, a dedicated sample preparation protocol had to be developed to extract a thin
lamella suitable for in situ electron holography from the wafer whilst preserving the electrical
functionality of a single PCM device. The adopted geometry avoids the use of probe-based
holders used in previous studies'®*” where the stray field around the biased nanotip disturbs the
reference area of the hologram“?, and with possible mechanical and contacting instabilities. The
specimen-device is thinned by focused ion-beam (FIB) and contacted to a chip with predefined
electrical contacts, similarly to our previous work on electrostatic fields.**3! An important part
of the preparation was to preserve the encapsulation layer of insulating material all around the
heater and GST layer. Special care was also taken to avoid any electrical discharges which
would destroy the device. We limited the total electron dose and we did not observe any beam
irradiation effect on the device during the experiment. Figure 1b shows the device that was
thinned and contacted for operando electron holography experiments (for more details, see the
specimen-device preparation part in Supporting Information).
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Results

The GST layer within the device is initially crystalline (Initial state) and holograms were first
recorded under a low DC bias of 0.5 V as if the memory was to be read. This biasing value for
holography observations limits heat effect due to the electrical current. The layer was then
switched to an amorphous state (Final state) by sending a sequence of pulses of a few hundreds
of nanoseconds. This time duration does not allow observations to be made during phase
change. However, remarkably, the thin lamella survived the injection of peak currents of several
hundreds of pA during the pulse. As shown in Figure 2a and 2d, conventional TEM contrast
due to GST crystalline grains in diffraction conditions disappeared within a dome-like shape
around the heater after pulse injection (and see Supporting Information). Once this had
occurred, holograms were again recorded in read mode. The overall resistance, measured under
a biasing of 0.5 V during the holography experiments, changed radically between the initial and
final states, increasing 5-fold after switching.

c)

Initial [ .

-0.5-0.2 0.0 0.2 05 0.8 1.0
Final @ [rad]

f)

TEM bright field + Isophases Experimental images Simulated images

Figure 2. Conventional bright-field TEM image, Initial state (a), Final state (d) with isophase
contours (values on the right) extracted from experimental phase maps, Initial (b), Final (e).
Simulated phase maps, Initial (c), Final (f). In dotted line the dome-like shape where the phase
change occurs. Scale bars are 20 nm.

The corresponding phase images in initial and final states are presented in Figure 2b and 2e,
respectively. We can clearly see the difference of the potential distribution between both states,
with a dome-like shape in spanning the GST layer in the final state after amorphisation.
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However, to obtain this level of phase sensitivity, it was necessary to use extremely long
exposure times of four minutes coupled with automated drift compensation.*

The electrical information, in the form of isophase contours, has also been superimposed onto
the conventional TEM images (Figure 2a and 2d) to help visualise the region involved. We can
see, notably, that the phase contours seem to radiate outwards from the tip of the heater into the
GST layer. However, the phase maps cannot be directly interpreted quantitatively in terms of
the electrical potential within the sample, notably because of the influence of the stray fields
around the thin TEM lamella.®® We therefore carried out extensive finite element method (FEM)
modelling of the whole device to fit the experimental data (see the simulation details part in
Supporting Information). The best fitting phase maps are shown in Figure 2c and 2f alongside
the experimental phase maps (Figure 2b and Figure 2e) with exactly the same colour scale. This
perfect agreement between the experimental and simulated phase maps gives access using the
Equation 1 to the distribution of the electric potential within the device, and therefore to the
local resistivity with the Ohm’s law.

To help the comparison, experimental and simulated phase profiles in the critical region across
the GST layer from the heater to the top electrode are shown in Figure 3. The change on
switching from the crystalline to the amorphous state is clearly visible. Interestingly, a uniform
conductivity in the GST layer could not reproduce the experimental phase profiles, either the
initial or final state, notably in the localisation of the points of inflection and the regions of
highest electric field. Therefore, in order to obtain the fit, we found it necessary to vary the
conductivity within the GST layer as a function of the distance from the heater (Figure 4).
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Figure 3. Comparison between experimental and simulated phase profiles for Initial
(crystalline) state and Final (amorphous) state.

Discussion
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The measurement of the local resistivity is indirect as it relies on the construction of a realistic
model to fit the experimental data. We can be confident, nevertheless, in the local electric
potential within the sample determined in this way because of the very close relationship
between potential and phase (Equation 1). The voltage drop from heater to top electrode
measured from the phase image is almost identical to that macroscopically applied voltage for
the initial state (0.5 V), which suggests that the contact resistance is minimal. For the final state,
there is a slight difference between the local bias determined by the model (0.46 V) and the
applied bias (0.5 V), suggesting a contact resistance which may have been caused by the
electrical pulses.

2D conductivity map of Initial state
a) TiN
A

C) [ T 1T L l L L T 1T
] 101 88— 86— —
N Heater head 8:— b
: _ L —e— Initial
0 2 4 6 8 10 E 6L —@— Final |
o [S/m] 2 ]
b [
4 ]
2D conductivity map of Final state oL N
b) TiN L o™
0

|
" Heater head

Figure 4. Local conductivity for Initial state (a) and Final state (b) from FEM. The graph in (c)
shows the variation of the conductivity across the GST layer. Scale bars are 20 nm.

The local conductivity, however, relies on the internal consistency between the resulting
distribution of current and the electric potential. In our case, we have made the reasonable
assumption, given the form of the phase contours, that the conductivity is radially symmetric
around the heater tip. The absolute value of the conductivity in the model was fixed by the
experimentally measured total current flowing through the device in situ. We have also assumed
that Ohm’s law applies locally for this material*>4¢, which is maybe more questionable.

The increase in overall resistance between the two states is smaller than expected for operational
devices. This is because the operational SET state has to be formed through an activation
procedure*” which has not carried out here. However, the maximum conductivity in the GST
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layer in the initial state, presumably the well-crystallised region, is 100 times the minimum
conductivity in the final state, presumably fully amorphous, much nearer to the expected values.
In view of the inhomogeneous resistivity for both states, we conclude the in situ switching was
incomplete. Nevertheless, this example shows the power of the technique. A small seed of
highly resistive material around the heater tip was revealed in the initial crystalline state and for
the final state, the crystalline to amorphous transformation occurred at a certain radius, about
10 nm, from the heater tip. This is probably due to different cooling rates after the injection of
the electrical pulse. Indeed, chemical and structural inhomogeneities have already been
observed in such devices through post-mortem TEM studies.*84°

Conclusion

We developed a new methodology to map the local resistivity across the active area of an
individual device in operation. This method, based on operando electron holography, has been
applied on a PCM cell in wall architecture and directly highlights unexpected features. On
switching the device by electrical pulses, we demonstrated that electrical resistance is
inhomogeneous near the heater. The approach presented here is in no way limited to the study
of phase-change memory. We propose the technique as general way of identifying and
measuring local inhomogeneities in electrical resistance. In principle, there is no reason the
technique could not be extended to three-dimensional mapping of electric resistance within
materials and devices through tomographic reconstruction, as has been shown for other TEM
and electron holography modes.*

METHODS

Specimen-device Preparation

Specimens for operando electron holography experiments were extracted from production lines
of STMicroelectronics and prepared by focused ion beam (FIB). The FIB system used for this
specific sample preparation is a Helios G5-FX dual beam system from ThermoFisher,
embedding both a FIB and a SEM columns, a micromanipulator and a gas injector (to deposit
tungsten layers). Details on this specific sample preparation are given in the specimen-device
preparation part in Supporting Information.

The chip supporting the connected devices was inserted into a Hummingbird holder designed
specifically for biasing experiments (1600 series, Hummingbird scientific) and connected to
this additional setup.

Electron Holography

Operando electron holography experiments were performed on the I2TEM microscope, an
Hitachi HF3300-C TEM specially designed for in situ electron interferometry experiments, in
Lorentz-TL11 mode allowing to reach 0.5 nm of spatial resolution with a large field of view.>!
The reference wave was placed in the field-free region of the vacuum above the top W electrode
Completing the setup is a high-speed 4k by 4k camera (OneView, Gatan Inc.). Holography
experiments were performed at an operating voltage of 300 kV (Ce = 6.526 x 10° V-1.m™),
elliptical illumination and 2 post-specimen biprisms to allow flexibility in the holographic
configurations and to eliminate the Fresnel fringe artefacts.? The camera was functioning at
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full-frame rate of 25 images per second and temporal integration window of 1 s which
corresponds to a sum of the frames displayed in the last second. Holograms with an interfringe
of 0.85 nm (8.2 pixels) were acquired using dynamic automation** and the pi-shift method™
over a total exposure time of 240 s (4 mn) each corresponding to the sum of 240 images.

During operando electron holography experiments, the DC biasing was provided by Keithley
2635B source meter. The electrical pulses were intrigued from a Keithley 4200A-SCS
instrument, equipped with 4225-PMU, CVU, 2 SMU and 2 RPM remote amplifier modules.
The timing resolution for the pulsing is 20 ns.

In-house scripts and dedicated code implemented within Digital Micrograph for GMS 3.3
(Gatan Inc.) were used to analyze the holograms and extract amplitude and phase images during
post-processing. A 5" order Butterworth Fourier-space filter centered on the sideband giving a
spatial resolution of 1.7 nm was selected for the amplitude and phase images. To remove the
projector and camera distortion-induced phase modulations, a dedicated reference hologram
recorded in a vacuum area during an exposure time of 480 s was used.

Finite Element Modelling

Finite element modelling (FEM) simulations were conducted using COMSOL Multiphysics®,
software specifically designed for studying the physical properties of systems, particularly
those involving coupled physics problems. The stationary solver was applied to address two
physics aspects: simulating the induction, which involves resolving the electrical distribution
inside and outside the sample, and solving the electrical circuit.

The model geometry was determined using the amplitude image reconstructed from the electron
hologram as reference and information given by the manufacturer. For optimal results and to
minimize potential box effects in FEM calculations, boundary conditions at the domain edges
were set to infinity. A swept mesh technique was employed to handle the "infinite layer",
effectively adapting to the needs of this particular type of calculation. The mesh itself was
divided into two main zones to ensure efficient simulation and resource utilization. The
software precisely determines the positions of the mesh points, ensuring a highly accurate
representation of the geometry of the system and interfaces.

More details on the finite element modelling applied to the PCM device can be found in the
Supporting Information.
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