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ABSTRACT

This project aimed to identify the performance-limiting mechanisms in mid- to far infrared
(IR) sensors by probing photogenerated free carrier dynamics in model detector materials
using scanning ultrafast electron microscopy (SUEM). SUEM is a recently developed method
based on using ultrafast electron pulses in combination with optical excitations in a pump-
probe configuration to examine charge dynamics with high spatial and temporal resolution and
without the need for microfabrication. Five material systems were examined using SUEM in
this project: polycrystalline lead zirconium titanate (a pyroelectric), polycrystalline vanadium
dioxide (a bolometric material), GaAs (near IR), InAs (mid IR), and Si/SiO, system as a
prototypical system for interface charge dynamics. The report provides detailed results for the
Si/SiO; and the lead zirconium titanate systems.



ACKNOWLEDGEMENTS

The authors would like to thank Craig Nakakura for many valuable discussions.



CONTENTS

L Tt OAUCHION ettt ettt ettt et e et e et e e et e eeaeeeaeesasees st eeseesneeeanteeassesastesastesseesaesaneesastesnneessseessseens 8
e e —————eetaaea———ateataate e ——ataattaatearea——a—taateaateateataateeateateateateaatesteateaneaate et eareeaneaaeeeneeeneeaneenes 11
B et e e e et e et a———a—eattaataa—tateantaartea——a——ateartaataa—tateateatteaateaeanteanteaneeateaaearteareeanesneeaeenreenreenes 16

LIST OF FIGURES

Figure 1. Photonic and bulk deteCtors.......oiiuiiiiiiiiiiiiciiciciceiceteceeee e nes 8
Figure 2. SUEM dIaZIAM ....cuiuriniieiiniieiieietrieieieeciese ettt e ssssesessssesesnacs 10
Figure 3. Conceptual diagram of SUEM measurements at butied Si/SiO; interface .....cccvcveuveevcecenee 12
Figure 4. Fluence dependence of the SUEM photon-electron interaction reZion ........ccveeveuvieeennnes 13
Figure 5. Time evolution of SUEM SigNal.......ccccoiiiviiiiiiiiiniiciiicisicieiceeeeesssesesssseessssesesenaes 14
Figure 6. Polarization-voltage 100ps for PZT (70/30)..c.ccceueuriemnieicinieinieeieinieineeeeneuseeiseeeesenessesseeenens 16
Figure 7. Competing lattice distortions in lead titanate and lead zirconate........cccoocvviiviviciiiicininnnes 17



This page left blank



ACRONYMS AND DEFINITIONS

Abbreviation Definition
PD Photodetector
PMT Photomultiplier tube
NEP Noise equivalent power
MCT Mercury Cadmium Telluride
Py Pyroelectric
uv Ultraviolet
IR Infrared
midIR Infrared radiation ~1500 nm — 7000 nm
LWIR Infrared radiation > 7000 nm
FPA Focal plane arrays
T2SL Type Il supper lattice
SUEM Scanning ultrafast electron microscopy
SEM Scanning electron microscopy
SE Secondary electron
SPV Scanning photovoltage
KPFM Kelvin probe force microscopy
BEEM Ballistic electron emission microscopy
EBIC Electron beam induced current
EOM Electro-optic modulator
MCP Micro channel plat
PEIR photon-electron interaction region
FOM Figure of merrit
PZT Lead zirconium titanate
PMN—xPT (1-x)Pb(Mg+/3Nby/3 )O3—xPbTiO;
AFE Antiferroelectric
BVM Bond Valence Model




1. INTRODUCTION

Photodetectors (PDs) are devices that convert optical power into electrical power. PDs are used
extensively in modern technology, including consumer electronics, astronomical telescopes,
telecommunications equipment, light sensors, motion sensors, and many other applications [1]. The
various types of PDs are characterized primarily by parameters which include wavelength range,
responsivity, background noise, speed, and operating temperature. Broadly, PDs can be divided into
three types based on their operating mechanism (see Fig. 1): 1) vacuum detectors such as
photomultiplier tubes (PMTs) and microchannel plates that rely on high voltage acceleration of
photoemitted electrons; 2) solid state photonic detectors such as pn junctions, avalanche photodiodes,
and charge coupled devices that function by converting absorbed photons into electronic charge; 3)
thermal detectors that convert absorbed light into a temperature change which in turn, leads to a
current (pyroelectric), a voltage (thermopile), or a change in resistance (bolometer). For all PDs, the

principle figure of merit is the specific detectivity, D* = \/Z/ NEP (Wcm/A/HZ), where A is the
detector area and NEP is the noise equivalent power, defined as the input signal power that results in
a signal-to-noise ratio of 1 in a 1 Hz output bandwidth [1]. It is a measure of the weakest optical signal
that can be detected. Higher D* corresponds to a more sensitive detector. In addition to D*, the
bandwidth, power, and size are also important parameters that determine the suitability of a detector
type for a particular application.
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Figure 1 (2) Photonic detectors convert absorbed light into electron-hole paits. Ay
corresponds to E,. (b) Thermal detectors convert absorbed light into DT, which in turn,
causes a measurable signal. (c) Detectivity versus wavelength for detector technologies (MCT-
HgCdTe; Py — pyroelectric) (adapted from ref. 1).



Vacuum detectors have very high D* values, but tend to be bulky, require high voltages, and generally
operate in the UV and visible portions of the spectrum. For these reasons, vacuum PDs were not
considered in this project.

Photonic detectors are the dominant technology used for optical detection from the UV to long
wavelength IR (~200 nm — 14 pm) regions of the electromagnetic spectrum, having benefited
tremendously from the advances in semiconductor technology over the past five decades. As shown
schematically in Fig. 1a, absorption of a photon by a semiconductor material leads to promotion of
electrons from the valence to the conduction band. The semiconductor bandgap determines the
longer wavelength limit for absorption (~1100 nm for Si). If these charges are separated by an electric
field, they generate a current that constitutes the detector signal. There are two types of photonic
detectors that differ in the way the electric field is applied. Photoconductive PDs consist of a lightly
doped (or undoped) semiconductor material sandwiched between two ohmic contacts with an applied
voltage. Electron-hole pairs created by light absorption are separated by the electric field inside the
semiconductor leading to a current proportional to the incident optical power. Photoconductive
detectors are simpler to fabricate and can have gain > 1 if the carrier transit time between the two
ohmic contacts is less than its lifetime (photoexcited electrons and holes recombine with a rate that
depends on material quality, temperature, and other factors). The disadvantages of photoconductive
detectors include higher noise due to the higher dark current (this is the current which flows even with
no light incident on the detector), and slower response, limited by the carrier transit time. In practice,
photoconductive detectors are principally used with HgCdTe (MCT) detectors [1].

Unlike photoconductive PDs which rely on an external voltage to separate the photocarriers,
photovoltaic detectors use a pn junction to generate an internal electric field. In a typical pn diode
(such as a solar cell), a thin n-layer is deposited over a thick p-layer, were most of the light is absorbed,
generating mobile electrons and holes. The minority carriers (electrons) diffuse along with the excess
majority carriers toward the pn junction, where those carriers which have not recombined during the
diffusion process are separated by the electric field. The advantages of photovoltaic PDs are their very
low dark current leading to lower noise, faster response time, and the option of operating without any
applied voltage, which translates to lower standby power consumption. Hg; (Cd,Te (or MCT) has
been the material of choice for many high performance midIR to LWIR sensing application such as
high resolution thermal imaging using focal plane arrays (FPAs). However, the challenges of growing
and processing MCT have motivated the development of alternative materials and structures. These
emerging device concepts aim to achieve multicolor functionality, improve sensitivity, increase pixel
resolution, and achieve faster frame rates. Examples of such systems include those utilizing ‘traditional’
semiconductors such as the type II supetlattices (T2SL) based on InAs/GaSb and
InAs/GaSb/AlSb/GaSb, as well as those based on emerging materials including graphene and other
two-dimensional materials [2]. A common feature for the above described emerging IR detector
concepts is the introduction of multiple interfaces and/or considerable reduction in the active layer
thickness. This trend implies that processes occutring at the interfaces and/or sutfaces involving
photoexcited carriers become even more important in determining the efficiency of the detector [2].
However, there are few techniques capable of characterizing charge dynamics at buried semiconductor
interfaces.

One of the principle goals of this project was to address the above challenge using scanning ultrafast
electron microscopy (SUEM) [3-5]. SUEM is an optical pump — electron probe technique whereby an
ultrashort laser pulse is split into two beams, with the first beam photo- or thermally exciting a
specimen inside of a scanning electron microscope (SEM), and the second, time-delayed laser beam



generating an electron pulse from the SEM filament by the process of photoemission. By varying the
time delay between the optical excitation and the electron probe beams, the process of energy
dissipation and conversion into an electrical signal can be captured with the sub-picosecond timescale
and nanometer length scale that are characteristic of fundamental processes which underpin opto-
electronic processes in PDs. Three semiconductor systems were examined in this project: Si/SiO,,
GaAs, and InAs. Although Si/SiO, system is not used for midIR and LWIR detection, it is one of the
most important and most studied interfaces in semiconductor technology and therefore represents an
important model system. The other two materials, GaAs and InAs represent the I1I-V semiconductor
family used in the T2SL detectors.
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Figure 2. Conceptual diagram of pump-probe SUEM measurements. (a) A pulsed laser is used to
excite a sample (pump) and to generate electron pulses (probe). The arrival time of the pump and
probe pulse trains are controllably varied. For each time delay, the beam is scanned over each pixel
to form a full SE image. (b)The aggregate of multiple delay time images forms a SE movie. (c) The
SUEM tool at Sandia/CA

There are currently only two SUEM instruments in the world (one at SNL). Our differentiating
approach was to combine our time-resolved measurements with microstructural and scanning probe
characterization, including scanning photovoltage (SPV) microscopy using a Kelvin probe force
microscope (KPFM) as well as traditional techniques such as macroscopic device characterization such
as capacitance voltage (CV) characterization.

In addition to buried semiconductor interfaces, this project applied the unique SUEM capabilities to
probe charge dynamics in bulk LWIR detectors. Uncooled thermal radiation sensors based on
pyroelectric and bolometric elements are responsive over a wide wavelength range, and are used
extensively in motion sensing, gas sensing, security, and IR imaging. However, detectivities for state-
of-the-art thermal detectors have stagnated at ~10° Wem/Hz!/2, well below the theoretical limit and
insufficient for numerous applications'.  Fundamental considerations of thermal detector
performance indicate that over an order of magnitude increase in detectivity is possible by improving
materials'; unfortunately, the fundamental understanding of pyroelectric and bolometric phenomena
in these materials is currently insufficient to establish how this can be accomplished. Indeed, the
mechanisms responsible for converting absorbed radiation into an electrical signal in pyroelectric and
bolometric materials are significantly affected by microstructure, composition, impurities,
surface/interface layers, and strain, all of which vary at the few to hundreds of nanometers length
scale. However, the current bulk detector characterization methods yield macroscopic (millimeter)
scale performance characteristics, which cannot be easily deconvoluted from the supporting electrical
circuit. The need to microfabricate complete devices further complicates characterization.
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The understanding and control of electric fields and charge flow at interfaces is critical to the
improvement of modern electronic and optoelectronic devices. However, non-destructive interface
characterization techniques with nanometer spatial resolution such as electron beam induced current
(EBIC) or ballistic electron emission microscopy (BEEM) generally operate at or near DC time scales,
while techniques with high temporal resolution such as optical pump-probe spectroscopy generally
have poor spatial resolution. These limitations pose a challenge to semiconductor material and device
characterization since important processes such as interface carrier recombination occur at sub-
nanosecond times scales and critical dimensions of modern devices are in the few nanometer regime.
Scanning ultrafast electron microscopy (SUEM) is a nascent technique that aims to combine the
nanometer spatial resolution of a scanning electron microscope (SEM) with the temporal resolution
of ultrafast lasers, enabling investigations of ultrafast dynamics well below the optical diffraction limit
(3,4, 5].

As shown schematically in Fig. 2, SUEM operates on a stroboscopic principle. A pulsed optical laser
(pump) excites a sample while a pulsed electron beam (probe) inspects the dynamics at given time
delays with respect to the pump. The probe is tightly focused and scanned across the sample,
generating a secondary electron (SE) contrast image at each time delay, which collectively forms an
ultrafast SEM movie of the pump-induced dynamics. Ultrafast SUEM movies have revealed surprising
charge carrier dynamics in simple systems, including ballistic transport at Si p-n junctions [6], super-
diffusion of photoexcited carriers in p- and n-type Si [7], spontaneous separation of photoexcited
electrons and holes in hydrogenated amorphous silicon [8], and anisotropic photocarrier diffusion in

black phosphorus. [9]

Herein we demonstrate that SUEM can probe electric fields and ultrafast charge recombination
dynamics at deeply buried interfaces well beyond the escape depth of secondary electrons. Specifically,
we show that transient fields at a p-Si/SiO, interface produced by photoexcitation and subsequent
trapping of minority carriers (Fig. 3), modulate the secondary electron (SE) emissions originating from
the surface region of a 1 um thick oxide.

The SUEM setup consists of a 532 nm Fianium HYLASE™ fiber laser (2 MHz repetition rate, 10
ps pulses) that is coupled to a Phillips/FEI XI1.30s SEM through windows in the SEM chamber and
in the field emission gun. The 10 ps electron beam pulses are generated by focusing 50 n] of the 355

nm laser light (third harmonic) onto the apex of the ZrO/W Schottky field emitter. A 200 um
electron beam aperture results in an average electron beam current of ~1 pA (3 electrons per pulse)
at the sample. The 532 nm light from the laser is time-delayed through a variable optical path and
focused on the sample (focal length = 200 mm) with an angle of incidence of 66° to generate the
pump beam. To minimize noise induced by instability in the probe, the pump laser is modulated in a
shot-to-shot fashion at 1 MHz by an electro-optic modulator (EOM, Con-Optics M370 LA 25A)
with a 70:1 attenuation.

The SEs are detected with a microchannel plate (MCP) detector, which offers preferable light rejection
over an Everhart-Thornley detector. The SE are directed toward the center of the MCP by two
electrodes, a repeller plate biased at -3000 V and the sample mount which is biased at -300 V. The
current signal from the MCP anode is capacitively coupled (1 nF) and amplified with a fast
transimpedance current amplifier. After the current amplifier, the signal is sent into two lock-in
amplifiers, referencing the 2 MHz and 1 MHz Fourier components simultaneously with integration

times of 30 ps and 100 ps respectively. The 2 MHz signal component accesses the total SE yield as in
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a typical SEM image while the 1 MHz component accesses the difference in SE emission with and
without the pump laser.
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Figure 3. Conceptual illustration of SUEM measurement at a buried p-Si/SiO, interface. The 532
nm pump generates electron-hole (e-h) pairs in the p-Si, spatially separated from the source of SEs
near the surface of the oxide. The photoexcited electrons diffuse to the interface where they
reduce the local charge and flatten the band bending. This reduces the electric field that limits SE
emission from the surface of the 1 um thick SiO2. Inset shows a Monte Carlo simulation of the 15
keV primary electron beam interaction volume. [52] Although the electron beam interaction
extends more than 1 um below the surface, the SE escape depth is limited to < 50 nm.

Time-resolved SUEM experiments are performed with an accelerating voltage of 15 kV at a working

distance of 14 mm. Images are acquired with a pixel dwell time of 156 ps and 367930 pixels per frame.
Pump-probe time delays range from -8 ns to 8 ns, with positive values indicating that the pump pulse
arrives before the electron probe pulse.p-Si/SiO, wafers were obtained from University Wafer Inc.
and used as received. We used the four-point probe method to measure the electronic resistivity R =
0.02 Ohm-cm, which corresponds to a B doping Ny = 4.2 x 10! cm™. At the p-Si/SiO, interface
pinning of the Si Fermi level leads to interfacial charge and downward band bending [10] in the Si.
The interfacial charge also leads to an electric field across the SiO,, estimated to be 0.2 MV/cm. In
this SUEM experiment, the 532 nm pump light is primarily absorbed by the Si, where it excites e-h
pairs. These e-h pairs diffuse to the interface and are captured by interfacial traps leading to a reduction
of the interfacial charge and thus the electric field across the SiO,. Because SEs are only emitted from
the near surface region of the SiO,, with escape depths of < 50 nm [11], the SUEM signal occurs from
the change in the electric field at the SiO, surface (Fig. 3).
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Figure 4a shows time-resolved SEM images for several pump laser fluences acquired for a pump-
probe time delay of 1.94 ns. We observe a bright spot (increased SE emission) that grows in intensity
and size as the fluence increases. The fluence dependence of this photon-electron interaction region
(PEIR) (Fig. 4b) shows that the signal in the middle of the profile saturates at high fluence. We used
the measured optical beam profile to convert the spatial dependence to intensity dependence as shown
in Fig. 4c. The pump fluence dependence can be fit as C(1-exp(-f/f_sat)) with a saturating fluence

f_sat = 0.73 puJ/cm?/pulse or 2x10'2 photons/cm?/pulse.
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Figure 4. (a) Fluence dependence of the SUEM photon-electron interaction region upon doubling
the pump laser power while maintaining a constant pump-probe time delay of 1.94 ns. The peak
fluence of the laser profile is indicated in each image. (b) Horizontal line profile taken from the
SUEM images. The intensities have been shifted but not scaled. (c) Fluence dependence of the
signal. The grey dashed lines are fits of the form C(1-exp(-f/f;)) where f is the fluence and f; is the

fitted 1/e from saturation level of 0.73 pJ cm™.

Most of the photoexcited electrons have diffused to the Si/SiO; interface by the time delay of At =
1.94 ns. Accounting for the angle of incidence and refraction of 532 nm light in silicon, an effective
absorption depth of & = 870 nm is found [12] and the minority carrier diffusivity is D, = 6 cm2/s
[13]. The length an electron will diffuse as a function of pump probe time delay is: L = \/D_et. It
follows that most of the electrons will have encountered the interface at time delays greater than T
where T = 52 /D = 1.3 ns. Thus, for Fig. 4 where t>T the saturation fluence (and photoexcited
electron flux to the interface) can be compared to the interface trap density of ~2X10'? /cm? at the
band edges for (100)Si with thermal SiO,. [14, 15] This suggests complete compensation of the
interfacial charge at the saturating fluence, in which case the electric field across the oxide vanishes.
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This photovoltage mechanism explains the SUEM contrast. Indeed, Monte Carlo simulations have
shown [11] that the escape probability of SE electrons at a depth z in SiO; is given by with and F
the electric field in the SiO,. The initial positive field of 0.2 MV/cm reduces the escape probability;
illumination removes this electric field and increases SE emission, in agreement with the experimental
observation. Recent SEM-based measurements of the SPV on p-Si with a thin SiO2 layer observed a
decreased SE yield at moderate fluence, but an increase yield at high fluence.[16] Dark contrast is
absent in our experiment even at low fluence because the SEs originate from the thick oxide instead
of the semiconductor.

The pulsed excitation and detection afforded by SUEM enables the probing of saturation dynamics
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Figure 5. (a) Time evolution of SUEM signal showing rapid expansion of an elliptical disc. The
peak fluence and the beam radius are indicated. (b) SUEM signal in annular regions surrounding
the disc as a function of time for various fluences. (c) Model of carrier diffusion in the presences
of a saturable sink at the Si/SiO, intetface. (d) Simulated time dependence of trap state density for
various fluences.

of the interfacial states, which is not generally accessible to steady state laser experiments because the
high laser fluence required to fully populate the short-lived trap states would melt thesample [17].
Figure 5 presents a time series of SUEM images with varying pump-probe time delays. At early times
a bright PEIR appears corresponding to an increase in secondary electron emission of about 8%. The
PEIR rapidly expands beyond the beam radius (1/¢?) over the first hundred picoseconds. Figure 5b
shows the time dependence of the SUEM signal averaged over annular elliptical regions of uniform
fluence. The signal increases over a time scale of a few hundred picoseconds. The initial rise time
depends strongly on fluence. The signal decay is non-exponential with both short- and long-lived
components.

The signal decay is non-exponential with both short- and long-lived components. This behavior is
consistent with how the surface photovoltage of the Si/SiO, intetface is expected to evolve. The
initial rise time is determined by the number of photo-excited electrons and how quickly they can
diffuse to charge traps at the interface. As the traps are occupied, the interfacial potential changes and
eventually the interface can no longer accept more electrons. This leads to the observed saturation in

14



the SUEM signal. Eventually holes in the Si recombine with the electrons at the interface causing the
SUEM signal decrease. The recombination process is slower than the filling process because holes
diffuse slower than electrons and are initially repelled from the interface because of band bending.
[18] To quantitatively compare this simple picture with experiment a simplified one-dimensional
diffusion and trapping model (Fig. 5¢) was developed. Photo-excited conduction band electrons p,
(t,z) are rapidly injected into the system at time zero to prepare the initial carrier density of

f
The electron density evolves according to the diffusion equation,

Ope(tz) 0°p(t2)
ot e g 2):

We assume that the interface is a saturable sink for these diffusing electrons and provide a constraint
that slows the rate of trapping as number of occupied traps approaches saturation pgq. Furthermore
the recombination rate of traps is assumed to be superlinear with the number of occupied traps
because the barrier to recombination with holes is diminished as the interfacial charge is compensated.
[18] The result of this model for the occupied trap density is shown in Fig. 5(d), assuming previous
estimates for D, (6 cm?!) and pgqr (2X10'? /em? ), and treating the recombination rate as an
adjustable parameter. Clearly the number of occupied traps (and thus photovoltage) in the model
reproduces the observed evolution of the SUEM signal, increasing our confidence the interpretation
of the SUEM signal originating from a photovoltage effect.
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Nondestructive techniques for measuring dynamics and material parameters of buried interfaces in
topographically complex samples is highly sought after in fields such as piezo electric sensors, solid-
electrolyte battery interfaces [19], photovoltaics [20] and multilayer microelectronics [21]. The SUEM
technique is able to remotely probe buried interfaces with picosecond time resolution. SUEM is
sensitive to the trapping of the minority carrier in p-Si at the SiO, interface. In the regime of high
excitation rate, photoexcited carriers can saturate the available trap states on time scales as short as a
few picoseconds. The versatility of the technique is demonstrated by also probing the dynamics over
nanoseconds where thermally activated trap recombination dominates. Our results reveal a novel
SUEM contrast mechanism thus expanding the scope of systems and scientific questions which can
be addressed using this technique.

When a pyroelectric material absorbs heat in the form of optical radiation, its lattice temperature
increases leading to partial depolarization and momentary current flow to reestablish electrostatic
equilibrium. Typical detectors consist of a thin pyroelectric material sandwiched between a pair of
metallic electrodes and connected to the gate of a field effect transistor (FET), as shown schematically
in Fig. 1a>. Common pyroelectric materials used in commercial sensors include single crystal LiTaO5
and LiNbOs3, and thin films of ceramics such as lead zirconium titanate (PZT). A figure of merit (FoM)

-1/2
is used to compare different pyroelectric materials, FoM = p(Cfé‘rgo tan5) , where p is the

pyroelectric coefficient, C, is the volumetric specific heat capacity, & and &, are the relative and vacuum
dielectric constants, and tand'is the loss tangent®. The FoM is directly related to the detectivity, thus a
larger FoM leads to better detectors’. Commercial state-of-the art sensors based on LiTaO; or PZT
elements (FoM ~16x10-Pa% achieve detectivities as high as 5x10° Wem/Hz!/2, or approximately
two orders of magnitude below the theoretical maximum?®. Realizing higher detectivity has been
challenging, however, because in most pyroelectrics an increase in p is accompanied by an increase in
& and tand, resulting in little or no overall improvement in the detectivity. Among these materials are
the relaxor ferroelectrics, such as (1—x)Pb(Mg;/3sNby 3 )Os—=xPbTiO3; (PMN—xPT), displaying
unusually high pyroelectric coefficients, along with other extraordinary properties (e.g. ultrahigh
piezoelectric coefficients). In PMN-xPT, a change in the fraction of PT results in a change in the
crystal structure from rhombohedral to tetragonal via a bridging low-symmetry monoclinic phase
constituting the morphotropic phase boundary (MPB). Very recently, Pandya et al. demonstrated that
the application of an electric field to a PMN-0.32PT relaxor ferroelectric leads to a giant enhancement
of the pyroelectric response (as large as — 550 HC/m?K) and a suppression of &, (by 72%)°. Also
recently, Li et al. reported that incorporation of Mn into PMN-0.28PT resulted in lowering of &, and
tand, thus significantly improving the FoM’. While intriguing, the detailed mechanisms behind these
recent results are not understood. For example, recent molecular dynamics simulations indicate that
the unusual properties of relaxors stem from the presence of a multi-domain state near the MPB with

PZT (20 Zr/80 Ti)
PZT (20 Zr/80 Ti)
PZT (20 Zr/80 Ti)

(a) 4y

PZT (70 2r/30 Ti I
30

400 nm thermal SiO,
20 si

10 -

-10 +

Nested
successive
voltaae loobs

Figure 6. Polatization-voltage loops for PZT (70/30) synthesized using solution deposition. (b)
Polarization force microscopy and (c) SEM of PZT showing domain structure.
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various low angle domain walls separating small (~10 nm) domains. This model contradicts previous
models which invoked the presence of a non-polar matrix surrounding the domains. These theoretical
predictions have never been tested directly by experiment because there are currently no techniques
that combine the necessary spatial (few nm) and temporal (ps — Ms) resolution. This lack of
understanding greatly complicates further improvement in detectivity as well as the translation of
recent discoveries into practical detectors, because device fabrication invariably introduces numerous
additional factors and constraints such as substrates, process temperature, etc.

Conventional or ‘static’ SEM has been used extensively to image domains in ferroelectrics, taking
advantage of the variation in the surface electrostatic potential as a function of domain polarization
(See Fig 6). A major challenge with conventional SEM is that the polarization contrast strongly
depends on specimen conductivity, beam current, acceleration voltage, scanning speed and imaging
geometry, thus complicating reproducibility. Piezo force microscopy (PFM) is capable of imaging
polarization with nanoscale resolution, but lacks the ultrafast temporal resolution to capture
polarization dynamics, and therefore cannot be directly compared to molecular dynamics simulations.

In SUEM, an optical pump beam, focused into a spot of ~20 um diameter, will locally heat the
specimen, causing depolarization of the dipoles. As the sample heats and then cools, the process of
dipole reorientation will be captured using the electron beam with a spatial resolution of ~2 nm. By
controlling the delay time, we will capture the dynamics of the depolarization and repolarization
processes.

Difficulties also arise on the theoretical side; PZT is a difficult material system to model, even at the
ab initio level. Bonding is neither completely ionic or covalent and frustration between competing
tendencies imposed by the bonding environment drive various phase transitions at every composition
[53]. In particular, in lead titanate, the relatively small size of the Ti ion compared to oxygen induces
off-center displacements of the ion and a ferroelectric tetrahedral unit cell is favored, whereas in lead
zirconate, the large Zr ion favors a larger oxygen cage, which is accommodated by rotation of the
oxygen cage within the unit cell, leading to a orthorhombic unit cell and antiferroelectric ordering (Fig.
7a). Critical to the stabilization of both phases are the “lone pair”-induced distortions around the Pb
ions [54, 55] and long-range coulomb forces [56, 57]. In mixed compositions the competition for
these effects results in the emergence of two different thombohedral ferroelectric phases and a
difficult-to-characterize monoclinic phase.

a) b) so0
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Figure 7. a) Simplified depiction of the competing lattice distortions in lead titanate and lead
zirconate. b) Simulated phase diagram for PZT system. The experimental phase boundaries are
marked by the solid black line [58]. The light blue area represents the compositions and
temperatures at which the simulations produce a tetragonal ferroelectric phase in agreement with
experiment; at higher temperatures the phase is cubic. The green area represents compositions
and temperatures which simulations show as rhombohedral, consistent with experiment, with an
apparent phase transition (dashed light green) slightly higher in temperature than the
experimental boundary. The purple region shows the confirmed AFE phase for lead zirconate.
Areas at colotless compositions were either not simulated or ambiguous (also consistent with
experiment).
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An interatomic potential for the PZT system capable of quantitatively accurate reproduction
of structural dynamics must therefore capture these physical effects and their interaction. As a base
we use the Bond Valence Model (BVM) [59] to model the short-range covalent bonding
contribution. BVM is a phenomenological model based on the observation that the ions in many
oxides seem to conserve a quantity — bond valence — related to their coordination and the relative
position of coordinating ions. As an ion moves closer to another, it tends to weaken its interactions
with others. Titanium’s inclination to move towards one of the adjacent oxygen atoms within its
oxygen cage in the tetrahedral phase can be interpreted in the BVM framework as Ti reaching its
preferred bond valence when the center of the cage results in too small of a bond valence.
Additionally, BVM can be extended to include a preferred bond vector, capturing the asymmetric
distortion preferred by ions due to, e.g., lone-pair effects [60]. In effect, the BVM framework allows
for a simple, fundamentally pairwise accounting of multivalent bonding environments.

For long-range coulomb effects, atoms can be assigned charges and the resulting forces
included in dynamical simulations. However, this means that short-range forces are included, which
can be quite strong. These are not necessarily a satisfactory description of short-range interactions,
which we prefer to be mediated by the BV potentials. Therefore, for the present interatomic
potential we impose a soft cutoff for the Coulomb force that significantly weakens the interactions
between nearest-neighbors but leaves long range-forces intact.

Finally, neither the bond valence model nor the Coulomb potential capture oxygen-oxygen
interactions. In previous BV models for lead titanate, the unwanted behavior that resulted,
unphysical oxygen cage tilting, was avoided by imposing an artificial, strong angle potential on Ti-O-
Ti bonds. However, we wish for oxygen cages to be able to respond to tilting forces naturally when
Zr is present. We therefore include a conventional Leonard-Jones potential for oxygen-oxygen
bonds, which are more rigidly covalent.

The resulting potential is able to capture the physical phenomena present in the PZT system
and quantitatively reproduce the phase diagram (Fig 7b). Cation-oxygen bonding preferences are set
by the BV model, which can compete with one another and the preferred oxygen-oxygen bonding,
with Coulomb forces mediating long-range ordering.
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