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Hafnium zirconium oxide (HZO), a ternary oxide exhibiting ferroelectric properties, has gathered significant attention in recent
years due to its potential for integration into the next generation computer memory. However, its ferroelectric phase (orthorhom-
bic, o-phase) is metastable and difficult to stabilize in thin film [1, 2]. To optimize the device functionality, maximizing the o-phase
through a controlled annealing process while keeping the leakage current low is critical [3]. Conventional rapid thermal annealing
(RTA) techniques lack the capability to monitor the structural and functional evolution in real time, which hinders the optimiza-
tion of device performance and longevity. This study addresses the gap by annealing functional HZO capacitors in a scanning
transmission electron microscope (STEM) while monitoring both their crystal structure and their ferroelectric performance using
electron beam induced current (EBIC) imaging [4].
The devices are fabricated on a silicon substrate. Each comprises a 3 μm × 3 μmHZO capacitor surrounded by an on-chip re-

sistive heater (Fig. 1A). The capacitor is a vertical stack consisting of a 20 nm titanium nitride (TiN) bottom electrode, a 10 nm
HZO layer, and a 10 nm TiN top electrode (Fig. 1B). The on-chip heater is a 20 nm thick TiN wire, enabling in-situ thermal
control.
Starting with a pristine (amorphous) HZO capacitor, the experiment is conducted as follows. After annealing the sample with

predefined heater power and duration, we characterize the device’s ferroelectric response with the positive-up-negative-down
(PUND) technique before and after 104 field cycles [5]. We acquire STEM (both standard and EBIC) images of the sample in
both polarization states. Then we repeat the process with a longer annealing time or higher heater power. All imaging and
PUND measurements are performed at room temperature.
Annular dark field (ADF) images acquired simultaneously with EBIC (Fig. 2A) reveal the progressive crystallization of theHZO

film. The crystalline phase first appears near the TiN heater and propagates towards the capacitor as heater power increases. To
estimate the sample temperature as a function of heater power, we assume ΔT ∝ P and that the crystallization temperature of
HZO is 350 °C [6].
Before the HZO in the capacitor crystallizes, EBIC measures negligible electric fields in the sample. Afterward, EBIC imaging

visualizes the significant ferroelectric depolarization fields. The switching area initially grows with an increasing annealing tem-
perature (Fig. 2B, C). The EBIC imagingmeasurements are consistent with the increase in remanent polarization (Pr) derived from
the PUND transport measurements (Fig. 2D, E). Annealing at temperatures above the crystallization temperature further enhan-
ces the ferroelectric response of the HZO, up to a point. With further increase in the annealing temperature the ferroelectric re-
sponse eventually ceases improving and the device leakage current starts to grow.
Maps of the remanent switching field (Ers) and remanent background field (Erb) are derived fromEBIC images [4]. Ers highlights

the switching domains, while Erb highlights pinned domains or any asymmetric ferroelectric response. High-resolution Ers maps
acquired at the top-left corner of the capacitor reveal ferroelectric domains with dimensions of∼10 nm (Fig. 3C). As the annealing
temperature increases, more domains show up, consistent with the lower-resolution results (Fig. 2). Pinned domains become vis-
ible after the device is annealed at 400 °C (Fig. 3B, C red circles). These domains are missing from the Ers map and possess a posi-
tive Erb, whichmeans they are polar but pinned in the polarized down state.Maps post 510 °C annealing show that these domains
become switchable and no longer have significant Erb compared to the surroundings. Thus high temperature annealing can lead to
depinning and corresponding increases in Pr and the switching fraction.
While ADF images can effectively discriminate between crystal structures with distinct Bragg angles (for example, HZO and

TiN in Fig. 2A and Fig. 3A), it lacks the sensitivity to resolve subtle phase differences. 4D STEM acquires a convergent beam elec-
tron diffraction (CBED) pattern at each beam position and generates a spatially resolved diffraction dataset. These CBEDpatterns
are information-rich and can be used to retrieve phase information [7]. Fig. 4 illustrates a preliminary 4D STEM dataset acquired
on aHZO capacitor with carbon electrodes. The Bragg disks are localized using py4DSTEM, and a Bragg peakmap is synthesized
by integrating localized Bragg disk across the scan area (Fig. 4B) [8]. Several diffraction rings corresponding to the o-phase (ferro-
electric), m-phase (non-FE monoclinic phase), and t-phase (non-FE tetragonal phase) of HZO are identified. By correlating these
diffraction signatures with individual CBED patterns, the phase distribution and phase fraction can be quantified [9].
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Fig. 1. A) ADF image of the ferroelectric capacitor and the on-chip heater. B) A schematic diagram of the cross-section view of the capacitor fabricated on
the Si substrate. The electron transparent window is 30 μm wide.

Fig. 2. STEM/EBIC images of the HZO capacitor after 10 s annealing at different temperatures. A) ADF images of the capacitor before and after HZO
crystallization. B, C) EBIC images collected from top and bottom electrodes with the capacitor in the polarized down state. Positive electric field
represents a field pointing towards the electrode. The red box in B) highlights the region where Fig. 3 data is acquired. D) A hysteresis loop derived from
PUND measurement after the device is annealed at 510 °C for 10 s. E) Pr measured with PUND and switching fraction measured with EBIC show
consistent trends as the annealing temperature/duration goes up. The degradation in ferroelectric response between 450 and 510 °C annealing is a result
of excessive electron dose from a calibration procedure, which is healed after annealing at a higher temperature.
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Fig. 3. Internal fields of the top left corner of the capacitor derived from STEM EBIC after 10 s annealing at different temperatures. A) HZO grains appear
after 400 °C. B) The remanent background field, which highlights pinned domains. C) The remanent switching field, which highlights switching domains.
Red circles indicate two domains that are pinned at 400 °C but unpin after heating at 510 °C. Heating at elevated temperatures can thus lead to domain
depinning.

Fig. 4. A) 4D-STEM diffraction patterns acquired on a HZO capacitor with carbon electrodes. Bragg disks are detected and localized using py4DSTEM. B)
Bragg peak map accumulated over the scan area, diffraction rings from distinct HZO phases are identified.
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