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Abstract

Conductance mapping with high spatial resolution plays an increasingly important role for the
characterization of ferroic domains and their electronic functionality. At present, conductance
maps are commonly gained from local two-point measurements, collected in line-by-line scans with
a conducting nano-sized probe. Here, we introduce an innovative approach for conductance map-
ping based on low-energy electron microscopy (LEEM). As a model case we study polar domains
of varying conductance in strained SrMnOs. By a direct comparison with conductive atomic
force and electrostatic force microscopy, we reveal that the applied LEEM experiment can be
considered as an inverse I(V')-measurement, providing access to the local electronic conductance
with nanoscale resolution and short data acquisition times in the order of 10 — 10? milliseconds.
Low-energy electrons thus hold yet unexplored application opportunities as minimal-invasive
probe for local electronic transport phenomena, opening a promising route towards spatially

resolved, high-throughput conductance sampling at the nanoscale.
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I. INTRODUCTION

Domains in ferroic materials exhibit characteristic transport properties that can be con-
trolled by switching the associated order parameter or, more locally, by inducing minute
domain wall movements. Because of the manipulable transport properties such domains of-
fer great application potential enabling, for instance, reversible control of local rectification
currents! or non-destructive resistive readout of memory devices?3. Additional functionality
arises when the domain walls display electronic properties that are different from the sur-
rounding domains*, including anomalous photovoltaic effects in the presence of conducting
walls® and the formation of chargeable nano-capacitors separated by insulating walls®. To
date, such local electronic transport properties are commonly probed by conductive atomic
force microscopy (cAFM) in form of local I(V')-measurements, i.e. two-point conductance
measurements. Due to the applied line-by-line scanning, however, conductance mapping by
cAFM is time consuming with data-acquisition times in the order of minutes. In addition,
the spatial resolution is ultimately limited by the diameter of the probe tip (2 30 nm)"®.
A promising but largely unexplored pathway for improving these odds is the application of
electron microscopy. The sensitivity to local transport phenomena of scanning electron mi-
croscopy (SEM)? ! and X-ray photoemission electron microscopy (X-PEEM)'? has already
been shown and first attempts have been made to use these techniques for spatially resolved
conductance measurements. A conclusive relation to the local I(V')-characteristics, how-
ever, has not been verified and due to the irradiation of highly energetic electrons in SEM
and photons in X-PEEM unwanted irreversible changes in the electronic surface structure
may occur. Thus, fast and non-invasive conductance mapping at the nanoscale is yet to be
achieved, gaining even more importance with respect to the future need for adequate moni-
toring of fabrication processes of envisioned domain- and domain-wall-based nanoelectronics

devices.

Here, we demonstrate contact-free nanoscale conductance mapping realized by perform-
ing low-energy electron microscopy (LEEM) at variable electron-gun currents. As model a
case we investigate strained SrMnOj3 because the system exhibits a unique pattern of po-
lar nano-domains of varying electronic conductance but otherwise uniform structural and
electrostatic surface properties. This domain configuration allows for studying transport

phenomena without interfering contrasts from unknown topography effects or stationary



charges. Based on complementary cAFM and electrostatic force microscopy (EFM) scans
we develop a mathematical framework and show that the LEEM experiments on SrMnQOs3
can be considered as an inverse [(V)-measurement: Instead of applying a voltage to the
sample, a current [ is injected by the electron gun so that a negative voltage V' builds up.
Since current injection and voltage detection are both realized by the LEEM electron beam,
no additional electrical contracts are required. Thus, the current-induced voltage can readily
be used for fast conductance mapping with exposure times of a few milliseconds. Analogous
to cAFM, our technique probes the electronic conductance normal to the sample surface,
while additional in-plane variations become visible due to the lateral resolution. Our results
provide novel insight to the electronic conductance of the new functional material StMnOj3
and reveal LEEM as promising tool for fast and non-invasive conductance mapping with

nanoscale precision.

II. RESULTS AND DISCUSSION

For our studies, SrMnQOj epitaxial thin films of 20 nm thickness were grown by pulsed
laser deposition on (001)-oriented (LaAlOs3)g3(Sr2AlTaOg)o7 (LSAT) substrates with 1.7%
tensile strain. Below T = 400 K the strained films develop a distinct pattern of four domain
states with an in-plane polar axis pointing along the (110) directions of the tetragonal unit

6. Most importantly for our study, SrMnOj3 displays well-defined

cell as detailed elsewhere
nano-domains of varying conductance at room-temperature. Electronic conductance of the
domains has been presented in ref. 6 by cAFM and EFM, but without clarifying the under-
lying conduction mechanism. Up to date, the electronic conductance has been addressed

13,14

only at the bulk level in StTMnOj3 polycrystals and superlattices so that additional infor-

mation about local phenomena and emergent contact-resistance in cAFM measurements is

highly desirable.

A. Electronic transport probed by scanning probe microscopy

We begin our analysis by considering the mechanism responsible for the electronic con-
ductance in our strained SrMnOj films. Figure 1(a) displays the spatially resolved current

distribution measured by cAFM, recorded on a commercial atomic force microscope (NT-
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MDT NTEGRA) using Pt-coated silicon tips. Different domains of varying conductance are
clearly distinguishable (bright corresponds to high current values), reflecting locally struc-
tured conductivity that changes abruptly from one domain to the next. Corresponding
I(V)-data, evaluated for three different domains, are presented in Fig. 1(b) and their non-
linearity indicates non-ohmic behavior. The findings presented in Fig. 1(a) and (b) are in
qualitative agreement with literature® with the difference that the current values obtained
in this work are about two orders of magnitude larger. The latter is indicative of a higher
oxygen deficiency, but has no detectable effect on the characteristics of the domain pattern
(see Fig. 1(a)).

In order to describe the observed non-ohmic I(V')-characteristics in Fig. 1(b) we compared

15-17 18,19

possible transport mechanisms, including thermionic and Poole-Frenkel emission ",

20.21 a5 well as Fowler-Nordheim tunneling??. Best fits were

space-charge-limited conduction
achieved assuming the modified thermionic emission model by Simmons'®, which relates the

current [ to the electric field £ according to

I(€) = AaroT¥2(m' fmy)*pexp(~ T2 )€ exp(3VE) (1)

Here, A is the effective contact area, ¢ is the potential barrier at the metal-insulator
(tip-surface) interface, p the electron mobility within the bulk, and m*/my the ratio be-
tween the effective and the free mass of the electron (o = 7.74 - 107* As/(cm® K?/?),
B = (e/kT)\/e/(4mepe)). The electric field under the AFM probe tip can be written as
E(V) =V. f(V,&) with f(V,¢) accounting for non-linearities in the voltage (e.g. built-in
potentials) and the electric-field distribution ¢172. By defining Io(T) = Ioo T°/? exp(—22)
and Vy ' = B2 f(V,€) equation (1) then becomes

1) = LD el 7). ®

Corresponding fits (solid lines) are presented together with the measured I(V')-data in
Fig. 1(b). The agreement between model and experiment holds for all measured tempera-
tures between room-temperature and 315 K (not shown). From the temperature-dependent
data an average potential barrier ¢ can be derived by plotting In(Io(T)/T%/?) as function
of 1/T (see inset to Fig. 1(b)). The data yield ¢p = 0.27 £ 0.03 ¢V and no indication of

pronounced domain-dependent variations. Based on ¢p and the fits in Fig. 1(b) a rough
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estimate of the average electron mobility u at room-temperature can be achieved when as-
suming a circular tip-surface contact (Aeg = erip, rip = 30 nm). In addition, an upper
limit for the dielectric constant € can be derived assuming a constant electric field over
the film (f(V,€) = 1/dgim, dim = 20 nm). The latter corresponds to a rather drastic but
common simplification of the actual electric-field distribution in cAFM!¥2425. We note that
in our specific case, where the SrMnQOsj film thickness is smaller than the radius of the
probe tip, this simplification yields an upper limit for € (£ ~ V/dgm > V/ryp), leading to
pa (1.4 4 0.3)-107% em?/(Vs) (for m* = myg) and € < 490 + 130. The estimated electron
mobility is comparable to perovskite oxides such as CaMnO3_s and Bag 55105 TiO3 where p is
in the order of 1072 cm?/(V's) and 1073 cm?/(V s), respectively?**7. The derived upper limit
for the dielectric constant € is consistent with frequency-dependent results obtained at low-
temperature (¢(1 MHz) = 110 at T = 5 K)?. Based on the excellent agreement between
model and data we thus conclude that the electronic conductance in strained SrMnOs is
dominated by the interface-controlled and bulk-limited*>?° transport mechanism described
by equations (1) and (2). This implies that the mean-free path of the charge carriers in
SrMnQj is smaller than the thickness of the measured film, i.e., shorter than 20 nm. As a
consequence, both the Schottky barrier formed at the tip-surface interface and the mobility

6

of the carriers in the bulk determine the transport behavior!¢. The charge carriers are af-

fected by traps and interface states, which gives rise to additional scattering within the bulk

compared to standard Schottky emission®.

In order to obtain direct evidence for the impact of bulk contributions on the electronic
conductance and collect additional information about local variations of the barrier ¢g,
we compared cAFM with complementary EFM measurements as presented in Fig. 1(c) to
(e). The EFM maps of mobile (Fig. 1(d)) and fixed (Fig. 1(e)) charges were obtained
simultaneously by recording the EFM signals at 2w and w, respectively, while scanning in
non-contact mode with an AC voltage applied to the tip (w = 41.3 kHz, U, =14 V)3132. The
EFM(2w)-image in Fig. 1(d) shows the same pattern as probed by cAFM (Fig. 1(c)), which
proves that the intrinsic bulk properties play a significant role for the domain conductance.
The simultaneously recorded EFM(w)-image in Fig. 1(e) reveals a homogeneous electrostatic
surface potential. The latter is in agreement with the in-plane orientation of the polar axis
in SrMnOj3; and excludes the presence of domain-specific stationary surface charges that

may locally alter ¢g. The EFM data thus corroborate the proposed interface-controlled,



bulk-limited transport mechanism and the material properties derived based on the cAFM

experiments.

B. Current-induced potentials visualized by low-energy electron microscopy

After elaborating the electronic transport mechanism in the strained SrMnOj film in
terms of conventional scanning probe microscopy methods, we next discuss the potential
of LEEM for conductance mapping. LEEM is a well-established and explicitly powerful
method for characterizing, e.g., the surface structure of metals and semiconductors in real-
time and with nanoscale resolution (= 2 nm)33. More recently, LEEM was applied for the
analysis and imaging of domains in ferroic oxides®* 3%, but the sensitivity of LEEM towards
relative, local conductance variations®”3® has not been explored in detail. In the maybe
closest approach, Kautz and coworkers studied the conductivity of in-plane biased graphene
based on potentiometry measurements®®. Their method is particularly strong for measuring
variations in the conductance parallel to the surface in electrically conducting materials. In
order to expand their approach towards poorly conducting or insulating materials, however,
either high in-plane voltages or smaller electrode distances are required both interfering with
the imaging by low-energy electrons. Complementary LEEM measurements probing the out-
of-plane conductance, that is normal to the sample surface, are virtually non-existing. We
thus begin with a direct comparison of spatially resolved LEEM and cAFM data presented in
Fig. 2(a) and (b). The LEEM data was recorded under ultrahigh vacuum (6 - 107!° mbar)
at the UE56-1 SGM beamline of the Forschungszentrum Julich, BESSY-II storage ring,
Helmholtz-Zentrum Berlin using a novel type of aberration-corrected electron microscope
(SPECS FE-LEEM P90 AC).

Figure 2(a) and (b) were taken at the same position and demonstrate that standard re-
flectivity measurements resolve a domain pattern that qualitatively matches with the cAFM
conductance map. The LEEM contrast levels, however, are inverted with respect to cAFM,
i.e., in the LEEM image conducting domains are darker than insulating domains. This be-
havior is consistent with band-structure based models relating higher (lower) reflectivity in
LEEM to a smaller (larger) number of empty states at the respective kinetic energy®. In
order to gain more detailed insight, we performed reflectivity measurements with varying

kinetic energy of the electrons. The latter was achieved by applying a variable bias voltage

7



to the sample. The results obtained for bias voltages between —8 V and +12 V at constant
electron-gun current I = 1 pA are summarized in Fig. 2(c). Figure 2(c) shows the aver-
age normalized electron reflectivity evaluated for the four domains marked in the LEEM
image in the inset. For all domains a pronounced step-like drop in electron reflectivity is
obtained for increasing bias voltage, indicating the so-called MEM-LEEM transition; that
is the transition from the mirror-electron-microscopy (MEM) regime of high reflectivity to
the energy range where electrons start impinging onto the surface. Since the nature of the
energy-dependent change in reflectivity is non-trivial, the voltage V at which the MEM-
LEEM transition occurs is often defined based on the point of inflection between maximum
and minimum reflectivity>404L,

For the domains highlighted in the inset to Fig. 2(c) the characteristic voltage V shifts
by up to &~ 5 V. Such local shifts in V lead to the strong domain contrasts in LEEM
images obtained in the transition region. Typical sources for such shifts in the MEM-LEEM
transition are local changes in surface topography, surface potential, or surface polarization,
with the latter determining the internal and external screening, band bending, and electron
affinity at the surface®*3436. Contributions from the aforementioned sources, however, can
be excluded based on our scanning probe microscopy data, which reveal a homogeneous
surface topography with a root mean square roughness of only 0.4 + 0.1 nm (not shown)
and no electrostatic contributions as presented in Fig. 1(e). These findings, in addition to
the close relation between the cAFM conductance map (Fig. 2(a)) and LEEM reflectivity
data (Fig. 2(b)), unambiguously demonstrate that the LEEM contrasts obtained on SrMnO3

originate from potential differences that relate to variations in conductance G.

C. Conductance mapping by low-energy electron microscopy

In order to strengthen our conclusion and elaborate the relation between emergent LEEM
contrasts and the local conductance we devised an innovative strategy, performing LEEM
experiments as function of the electron-gun current (see Fig. 3). Taking into account that
the inelastic mean free path of low-energy electrons in inorganic compounds can reach several
nanometers??, the experiment may be considered as an inverse I(V)-measurement comple-
mentary to the cAFM data in Fig. 1(b): Instead of applying a voltage to the sample, a

current [ is injected by the electron gun and a negative voltage is built up at the surface



of the sample due to the finite electronic conductance of SrMnQOj3. In the LEEM data in
Fig. 3(a) the effect is evident from the trend that the MEM-LEEM transition voltage V con-
tinuously shifts towards higher values with increasing gun current. As we show in Fig. 3(a)
this trend, i.e. the current-induced change in voltage, is captured by the transport model
of Simmons (eq. (2)), which enables a quantitative analysis. Since it is the electron-gun
current that induces the voltage, however, it is reasonable to use the inverse of equation (2)

for analyzing the dose-dependent LEEM experiment

V(I) =4Vy x W? (%, / [O(IT> ) (3)

where W denotes the so-called Lambert-W-function (z = W(z)e"W*) 2 € C). Analo-

gous to the transport measurements in terms of cAFM (see section IT A), the electric-field
distribution and potential barrier are the only experimental input parameters that require
additional assumptions. Obviously, these two parameters are not identical for cAFM and
LEEM. Nevertheless, when rigorously applying the same approximation, i.e., V(I) = V,
m* = my, and an average barrier ¢p = 0.27 eV, we find values for the electron mo-
bility (z = (1.1 + 1.0)-107® ¢m?/(Vs)) and dielectric constant (¢ = 80 + 8) that are
in reasonable agreement with our transport results (area illuminated by the electron gun:
Acg = 77 £ 3 um?). The agreement between the material constants derived based on cAFM
and LEEM justifies the approximation applied for fitting eq. (3) to the LEEM data. Most
importantly, the fact that both the cAFM and LEEM results can be described consistently
based on the same transport model further strengthens the conclusion that variations in V
are a direct measure for changes in conductance (G := I/V).

This correlation enables conductance mapping by LEEM as presented in Figs. 3(b) and
(c). The conductance maps for 0.1 pA and 2.0 pA in Figs. 3(b) and (c) represent the local
conductance normal to the sample surface and were generated based on V values extracted
pixel-by-pixel from reflectivity measurements as seen in Fig. 2(c). Figures 3(b) and (c) reflect
that the sensitivity of conductance maps increases with increasing electron-gun currents
which is consistent with Fig. 3(a). The gain in sensitivity, however, coincides with a loss in
spatial resolution because higher gun currents yield more pronounced charging effects that
reduce the image quality. In general, the conductance resolution can be optimzed up to the

point at which built-up charges prevent arriving electrons from interacting with the sample



and hence cancel the imaging procedure. For the model system SrMnOj an electron-gun
current of 0.1 pA, for instance, allows for resolving conductance variations AG =~ 30 nA/V

with a spatial resolution < 100 nm.

III. SUMMARY AND CONCLUSION

In summary, by applying cAFM and EFM we demonstrated interface-controlled and
bulk-limited transport in strained SrMnOj3 and derived estimates for the potential barrier,
electron mobility and dielectric constant. We then compared the scanning probe results
with LEEM measurements and revealed a correlation between the transport behavior and
LEEM reflectivity data. This correlation allows for contact-free imaging of current-induced
potential variations, i.e., visualizing areas of different conductance based on low-energy elec-
trons with data acquisition times in the order of a 10 — 10? milliseconds®. The applied
LEEM reflectivity measurements provide qualitative information with a high spatial resolu-
tion that is limited only by the performance of the microscope. Quantitative conductance
mapping was realized based on LEEM experiments performed at variable electron-gun cur-
rent. Emergent contrasts are dominated by the DC bulk conductance normal to the sample
surface with in-plane variations becoming visible due to the lateral resolution. The appli-
cation of dose-dependent LEEM further facilitates non-invasive conductance mapping with
adjustable sensitivity / spatial resolution and, most importantly, provides access to local
I(V')-characteristics. Our concept relies on surface charging which is a well-known and
wide-spread effect in electron microscopy, occuring in a large variety of functional materi-
als including, e.g., semiconductors, insulators, ferroelectrics, and silicon-based structures.
With this, our results foreshadow possible applications in fundamental materials science,
such as time-resolved studies of dynamical transport phenomena, but even beyond the ba-
sic research sector. The use of electron beams is already common in industry and even
waver-sized samples can be characterized automatically and quickly. Moreover, the usage
of a single electron beam for both current injection and non-invasive probing can easily be
adapted for industrial purposes. Thus, conductance mapping by low-energy electrons may
be employed for industrial sampling and quality monitoring in nanoelectronics fabrication

processes.
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FIG. 1. Transport properties of strained StMnO3 probed by scanning probe microscopy. (a) cAFM
scan obtained with a sample bias of 0.2 V, revealing nano-domains of varying conductance. Scale
bar, 2 um. (b) Local I(V)-curves recorded at the spots marked in (a). Solid lines represent fits to
the I(V)-curves according to equation (2). The inset shows an Arrhenius plot of the temperature-
dependent fit constant [p(T") of equation (2) from measurements on a single domain. (c¢) cAFM
image recorded at a different sample position. Scale bar, 5 pm. (d) Normalized EFM(2w)-image
obtained at the same sample position shown in (c). The EFM scan reveals the spatial distribution
of mobile charge carriers, imaged in non-contact mode. Scale bar, 5 ym. (e) Corresponding
EFM(w)-image recorded at the same position as the scans in (c) and (d) reflecting a homogeneous

electrostatic surface potential with no indication of domain-related stationary charges. Scale bar,

5 pm.

14



(C) T T : T T
1.2F 5 I=1.0 uA T
- . ]
S 1.0
3]
ke
D 0.8
x
— © 06
(b) |2 =
H € 04
o
2
3 0.2

Bias Voltage (V)

FIG. 2. LEEM reflectivity measurements. (a) and (b) LEEM and cAFM images recorded at
the same position. Green and red dashed lines highlight examples for insulating and conductive
domains, respectively, which lead to opposite contrasts in LEEM compared to cAFM. The LEEM
image in (b) was obtained with an exposure time of 500 ms. A closer inspection of (a) and (b)
further reveals differences in the relative contrasts. This is because cAFM resolves variations in
current, AI(Veonst), while LEEM maps differences in the surface potential, AV (I.onst), which are
different due to the nonlinear I(V') characteristic of StMnO3 (see Fig. 1(b)). Scale bars, 2 pm.
(¢) MEM-LEEM transition measured with an electron-gun current of 1.0 pA. Different curves
correspond to the different domains marked in the inset and, for comparison, were normalized with
respect to the reflectivity obtained below —7 eV. The inset shows a LEEM image taken with an
exposure time of 250 ms at a bias voltage of 3.9 eV, indicated by the dashed line in (c). Scale bar,

2 pm.
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FIG. 3. Current-induced voltage and conductance maps measured by LEEM. (a) Data points
present the detected MEM-LEEM transition voltage V as function of the gun current I for the
three domains marked in the LEEM image in the inset. The LEEM image was obtained at 1.0 V
bias voltage with I = 1.0 pA. Scale bar, 2 ym. Each data point is obtained from a series of
reflectivity measurements analogous to the data presented in Fig. 2(c). For increasing gun currents
the MEM-LEEM transition voltage shifts to higher energies which is captured by fitting the V(1)
characteristics described by equation (3) to the LEEM data with V' (0) = 0 (solid lines). (b) and
(c) Conductance maps obtained for gun current of 0.1 yA and 2.0 pA at the position shown in the

inset to (a). Colors represent the local conductance G. Scale bar in (b), 2 pm.
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