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SUMMARY

Inhomogeneous microscopic carrier transport is difficult to study,
but important in many condensed-matter applications. For
example, the role of grain boundaries (GBs) in polycrystalline semi-
conductors has been controversial for 20 years. In cadmium telluride
(CdTe) solar cells, electron-beam-induced current (EBIC) measure-
ments consistently demonstrate enhanced current collection along
GBs, which is argued as evidence for interpenetrating CdTe p-n cur-
rent-collection networks critical to high efficiency. Conversely, cath-
odoluminescence (CL) measurements consistently indicate that GBs
are deleterious low-lifetime regions. Here, we apply transport imag-
ing (TI) in conjunction with spatially correlated EBIC, CL, and scan-
ning Kelvin probe force microscopy measurements to understand
carrier drift, diffusion, and recombination in polycrystalline CdTe.
We simultaneously observe GB potential wells, reduced carrier life-
time at GBs, and seemingly contradictory enhanced GB current
collection, and then describe their coexistence with microscopic TI
and physical arguments. The results provide visualization of inhomo-
geneous transport that is critical to understanding and engineering
polycrystalline solar technology.
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INTRODUCTION

Carrier transport and diffusion are often assumed to be homogeneous, but there are

many instances in condensed-matter systems in which this is not the case. This is

particularly true for polycrystalline semiconductors, where grain boundaries (GBs)

and other interfaces interrupt the lattice periodicity. The effects on different semi-

conductor applications such as photovoltaics have been difficult to determine

generally, and consequently, they have often been overlooked or are controversial.

For example, cadmium telluride (CdTe) photovoltaics is the market-leading thin-film

solar conversion technology. In recent years, the cell efficiency has advanced greatly

from 16.7% to 22.1%,1,2 mainly due to increased short-circuit current density, along

with advances in open-circuit voltage (Voc) and fill factor. Many innovations have

been developed, such as removing the CdS window layer,3,4 incorporating a

CdSexTe1-x alloy into the CdTe absorber,5–7 in situ group V doping,8,9 defect engi-

neering by switching from Te-rich to Cd-rich stoichiometry,10,11 and ohmic back-

contact engineering of ZnTe-basedmaterials.12,13 However, despite the commercial

maturity of this technology, the carrier transport throughout the material in different

directions has been difficult to study, creating poor understanding and controversy.

A CdCl2 anneal has been essential to fabricate high-efficiency polycrystalline CdTe

solar cells. Experiments have indicated that the anneal enhances grain growth and
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recrystallization, intermixes CdS or CdSeTe and CdTe for junction improvement, and

passivates bulk defects.14–18 In addition, multiple characterization techniques—such

as cathodoluminescence (CL),19,20 time-of-flight secondary-ion mass spectrom-

etry,21,22 scanning microwave impedance microscopy,23,24 and scanning transmis-

sion electron microscopy25,26—as well as first-principles theory calculations27,28

indicate that Cl segregates to and passivates the GBs after CdCl2 treatment. How-

ever, the GB passivation is not perfect, and CL studies consistently indicate that

nearly all of the GB regions have lower lifetimes relative to the grain interior (GI) after

CdCl2 treatment.19,20 In contrast, independent electron-beam (e-beam)-induced

current (EBIC) measurements reveal enhanced photocurrents at GBs.29–34 This

observation has been used to argue that GBs form three-dimensional p-n networks,

which increase photocurrent collection and describe why polycrystalline solar cells

outperform single-crystal devices.32–34 However, there has been significantly more

work on polycrystalline device optimization than on single crystals, and the latter

have produced higher Voc.
8,35–37 Consequently, there is debate about the role of

GBs in polycrystalline CdTe solar cells and the ability of EBIC measurements to

determine their electrical properties.38,39

Here, we study nonuniform carrier transport in CdTe intra- and intergrains before

and after CdCl2 annealing by performing spatially correlated EBIC, near-field CL

(NFCL), scanning Kelvin probe force microscopy (KPFM), and NF transport imaging

(TI). The latter can image inhomogeneous transport at different locations and along

different directions by direct visualization with resolution that can exceed the diffrac-

tion limit,40,41 illustrating the combined effect of carrier diffusion, drift, and recom-

bination as a result of localized carrier generation.
RESULTS AND DISCUSSION

The samples were made by depositing CdTe on glass/SnO2-bilayer/MgZnO substrates

before and after CdCl2 anneals (see Experimental Procedures). EBICmaps the collection

of electric currents by e-beam local generation of minority carriers.42 The EBIC image

represents the collected current at every pixel as the e-beam is scanned over the sample

surface. The minority carriers generated by the e-beam diffuse and drift across the de-

vice, and those that reach the depletion region and are collected contribute to the

EBIC signal. Figure 1 illustrates that the CdCl2 anneal shifts the GBs from being dark

to bright relative to the GIs in as-deposited and annealed samples, respectively. The

relatively dark signal at GBs before the CdCl2 becomes brighter after the CdCl2 treat-

ment, suggesting that the GBs becomemore efficient current collectors than GIs. These

results clearly show that the CdCl2 treatment can significantly alter carrier-transport

properties. Additional spatially correlatedmeasurements are needed to enhance the un-

derstanding of the transport and recombination.

The TI technique can directly map the local spatial variations in charge-carrier trans-

port, with the capability of probing at any localized area, including individual GIs and

GBs. Figure 2 shows a schematic. A highly focused e-beam is fixed at a point or

scanned in a line (line scanmode) to generate excess carriers within a micro- to nano-

sized volume of subsurface material. An optical fiber with an aperture diameter of

300 nm acts as a near-field scanning optical microscope (NSOM) probe to scan

the sample surface for light collection. The luminescence from the sample is

collected in the near field, allowing the possibility of higher spatial resolution than

the diffraction limit.43,44 Also, the setup can be used for NFCL imaging, which can

yield similar results as conventional CL.40,41 This NFCL makes the TI technique

more versatile and more convenient to probe the area of interest.
2 Cell Reports Physical Science 1, 100230, October 21, 2020



Figure 1. Cross-sectional EBIC Results

(A) Cell with as-deposited CdTe showing dark contrast on the GBs, in a linear scale ranging from

0 (black) to 1 (white).

(B) A CdCl2-treated cell showing high current at the GBs, in a linear scale ranging from 0 (black) to 3

(white). Scale bar: 6 mm.
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As-Deposited CdTe

The CdTe film exhibits low quality before the CdCl2 anneal (Figure 3). Similar to CL

analysis,19 apparent boundaries in the NFCL image (Figure 3A) are caused by large

inhomogeneous distributions of defects inside grains. Figure 3C shows electron

backscatter diffraction (EBSD) measurements on the same location, based on the

marks made by a focused ion beam (FIB). The EBSD mapping could not be corre-

lated well with the NFCL image, indicating the poor quality of the intragrain material.

Similarly, KPFM does not correlate well with the EBSD (Figure 3B), indicating rela-

tively small variations in the surface potential that are not correlated with GBs.

In the TI measurement, the e-beam rasters on a line a few orders of magnitude faster than

the TI scan (8ms per point) and the carrier generation canbe treated as a steady-state line

excitation.This lineexcitation is shownat the topofFigure3D.TImeasuresadistributionof

luminescence from the carrier recombination,which canbeseen tobe steadily decreasing

away from the excitation line. The net carrier transport is in the direction perpendicular to

the carrier generation line. In this case, we did not observe a carrier-transport behavior

affectednoticeablybyGBs. This scenario canbedescribedbya simpler diffusionequation

than in spot excitation.45 To analyze an effective diffusion length or transport length, Leff,

wemodel the sourceasadelta function anduseGreen’s function to solveadiffusionequa-

tionwithboundary conditions imposedbya freesurfaceofa three-dimensionalhalf-space;

Leff isextractedviaanonlinear least-squaresfit.
46Thedistance fromleft to right inFigure3D

ranges from 0 to 6 mm; the decay is from the top of the image (e-beamexcitation position)

to the bottom, where almost no measurable radiative recombination remains. The values

ofLeffwerefittedoneverypixelof theTI imagesalong thecarrier-transportdecaydirection.

Wealigned thefitted lengthswithTImapping inFigure3D.Leff of theas-deposited sample

is�0.9 mm, and it is relatively uniform throughout the sample.

Carrier Transport in CdTe after the CdCl2 Anneal

After the CdCl2 anneal, the material is less defective. We focus our efforts on

resolving the spatial distribution of localized carrier transport around GBs, where
Cell Reports Physical Science 1, 100230, October 21, 2020 3



Figure 2. Schematic of TI Experiment

Depending on the kind of analysis, the e-beam may be stationary (as shown above) or scanned on a

straight line. The NSOM probe scans on the sample surface to map the localized luminescence

generated by the e-beam. The panchromatic light signal is collected via a fiberoptic connection to

a Si detector. In the NFCL experiment, the e-beam and NSOM probe are fixed at�0.8 mm from each

other and the sample is scanned. The optical collection area is limited to the NSOM probe aperture

size.
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EBIC and KPFM show an electric field. To investigate the effect of GBs on the carrier

transport in different directions, the TI measurements were performed on a linear

path either perpendicular or parallel to GBs.

Measurements were taken across >10 GBs on 2 different samples. A representative

subset of TI measurements for carrier transport parallel to aGB are shown in Figure 4,

and additional data are shown in the Supplemental Information, together with EBSD,

NFCL, and KPFM measurements. NFCL showed a 4-times higher intensity than the

as-deposited sample and clear GI and GB contrast (Figure 4B), which correlates

well with the EBSD map (Figure 4A). As indicated in Figure 4B, TI scans were per-

formed to investigate the nonuniform carrier-transport properties in GIs and GBs,

with the e-beam line generation approximately perpendicular to the GBs; three TI

mappings and the corresponding fitting results are presented in Figures 4D‒4F.

Consistent with the EBIC results, KPFM surface-potential mapping shows higher poten-

tial at GBs than onGIs (Figure 4C) after the CdCl2 treatment. GBs 1–3 are representative

and have �41, 62, and 67 mV higher potential than the neighboring GIs (Figure 4H),

respectively. Although this is a surface potential rather than a bulk-potential measure-

ment, it indicates that electrostatic fields form at GBs during the CdCl2 treatment. The

other GBs in this sample (Figure S1) show similar magnitudes and characteristics.

The TI images have lower light intensity at these GBs around the e-beam excitation

line. This is because GBs contain dislocation cores and a higher concentration of

defective bonds, so the nonradiative material lifetime is reduced. However, the

initially low intensity does not necessarily indicate shorter transport length. Although
4 Cell Reports Physical Science 1, 100230, October 21, 2020



Figure 3. Results of an As-Deposited CdTe Sample

(A) NF-CL mapping.

(B) KPFM mapping on the same location.

(C) EBSD mapping.

(D) E-beam excitation (green line) and the luminescence intensity in linear scale from 0 (blue) to 1

(orange) of a random region (top) and (bottom) the corresponding fitting.
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GB potentials introduce non-diffusion mechanisms, we evaluate a transport length

using the previously described three-dimensional fitting method and align these

with the TI maps; the transport lengths were found to be higher at GBs. For example,

in Figure 4D, the GI has a transport length of 1.9 mm, whereas GB1 has an enhanced

transport length of �3.0 mm. The transport-length enhancement is defined as

Leff GB � Leff GI

Leff GI
3 100%: (Equation 1)

The transport-length enhancement of GB1 is �58%. GB2 has a length that is 69%

enhancement relative to the neighboringGIs (Figure 4E), whereasGB3 showed a slightly

longer transport length (9%enhancement) compared to theGIs (Figure4F). Although the

GB has a lower light intensity near the excitation region, the collected light intensity de-

caysmore slowly, which yields anenhancedLeff.We show lineprofiles fromaGI and aGB

inFigure4Gasanexample.Figure4Hshows that strongerGBsurfacepotential correlates

tomoreenhancement.More results fromdifferentGBsare included inTable1 toview the

relationship between the enhanced transport length and the electrostatic potential, and

additional detailed TI results are shown in Figures S1 and S2. The KPFM profile is aver-

aged along the GB, and the technique has a resolution of�10mV.Measurement uncer-

tainty is also included by taking the average value and standard deviation of data points

around theGB region; additional details are shown inExperimental Procedures. Figure4I
Cell Reports Physical Science 1, 100230, October 21, 2020 5



Figure 4. Results of CdCl2-Treated Sample

(A) EBSD, (B) NFCL, (C) KPFMmapping on the same location. Four of�15 3 15 mm2 KPFM images were stitched together to ensure high resolution scans

on the same location with EBSD and NFCL.

(D–F) Top: carrier-transport mapping indicating the luminescence intensity on a linear scale ranging from 0 (blue) to 30 (orange) for the GB1, GB2, and

GB3 regions. The green line shows the position of the e-beam excitation and the black line shows the GB location. Bottom: the corresponding transport

lengths obtained by fitting each of the 256 vertical lines of the TI images above, from left to right.

(G) Example of 2 line profiles extracted from GB1 (D), 1 on GI and 1 close to the GB.

(H) The relationship between the GB surface-potential contrast and transport-length enhancement for 8 GBs on the same sample. Error bars showed the

measurement uncertainty by taking the standard deviation of data points around GB.

(I) Schematic of the band structure, surface potential, and transport vector.
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Table 1. Surface Potential and TI Results �8 GBs

GB Potential Spike (mV) Leff at GI (mm) Leff at GB (mm) Leff Enhancement (%)

1 62 G 5 1.9 3.0 G 0.2 58 G 10

2 67 G 3 1.6 2.7 G 0.2 69 G 13

3 41 G 6 1.1 1.2 G 0.1 9 G 9

4 40 G 3 1.2 1.4 G 0.1 17 G 8

5 82 G 5 1.6 2.9 G 0.2 81 G 13

6 40 G 7 1.3 1.5 G 0.1 15 G 8

7 48 G 2 1.4 1.6 G 0.1 14 G 7

8 50 G 3 1.5 1.9 G 0.1 27 G 7

GB, grain boundary; GI, grain interior; TI, transport imaging.
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is a schematic indicating that the transport length is not a single value, but rather a vector

enhanced in the direction parallel to the chargedGB. In general, the higherGBpotential

leads todownwardbandbending that attracts electrons (minority carriers) toward theGB

and repels holes away from it.

In these TI measurements, the e-beam is estimated to generate �1015 cm�3 carriers

at the excitation core, while the equilibrium hole density is�1–33 1014 cm�3. Conse-

quently, at thegeneration site, theGBpotential is screened.47,48 As the distance from

the generation source increases, excess carriers and the screening subsides and the

GB potential progressively increases. The GB potential more strongly attracts elec-

trons with increasing distance from the generation source. The steady-state electron

distribution is determined by diffusion away from the source as well as by drift toward

and along the electrostatic potential extending from theGB.When the electron den-

sity is less than the equilibrium hole density, the luminescence is proportional to the

electron density. The TI measurement does not have the spatial resolution to reveal

the defective GB core. The enhanced transport length shown in TI manifests the pull

of the GB potential on electrons as they drift and diffuse away from the generation

source. This is manifested by the clear correlation shown in Figure 4H between the

GB potential measured by KPFM and the enhanced transport length. TI does not

measure diffusion alone but instead transport affected by different variables,

including generation characteristics, diffusion, drift, and GB potential.

Consequently, when the e-beam injection forces carrier diffusion in a direction that is

perpendicular to the GB, the transport and resulting TI measurements indicate distinct

trends. To examine this effect, the e-beam line source was placed parallel to a GB and at

different distances from the GB. Figure 5A shows the NFCL image, indicating the distri-

bution of GBs andGIs.When the carrier-generation location is relatively far from theGB,

the carrier transport is naturally not affectedbyGBs, and the TI decay is relatively uniform

(Figure 5B). When the carrier source is close to a GB, the transport length is reduced. In

this case, the generation is far from theGB, so the downward band bending that attracts

electrons is not screened. Furthermore, the line generation causes carrier diffusion to-

ward theGB. TheGBpotential acts as a sink for electrons and a barrier for electron trans-

port across the GB, enhancing recombination in this region. These effects lead to faster

TI decay and weaker luminescence. The e-beam line source is not exactly parallel to the

GB, sowhen the carrier generation is closer to theGB, the light intensity decreasesmore

quickly, as seen in the TI signal contour (Figure 5C).

The TI, CL, KPFM, and EBICmeasurements illustrate that GBs can act both as current

pathways and recombination centers. In fact, most GBs should illustrate this
Cell Reports Physical Science 1, 100230, October 21, 2020 7



Figure 5. Results of CdCl2-Treated CdTe Sample, with E-Beam Excitation Parallel to GB in TI Scans

(A) NFCL and boxes marking e-beam excitation and scanning regions shown in (B) and (C).

(B) Carrier-transport mapping with carrier generation relatively far away from the targeted GB.

(C) Carrier-transport mapping with carrier generation near a GB. The luminescence intensity is

plotted on a linear scale ranging from 0 (blue) to 25 (orange).
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behavior. Misoriented GBs are generally defective. NFCL data in Figure 4B and

other far-field CL investigations in the literature indicate dark GBs. Here, and in gen-

eral, CL measurements are done in high injection screening the GB potential and

enhancing sensitive to recombination relative to carrier density or drift.20,49–51

Defective regions will generally have states deeper in the band gap than the Fermi

level, pulling bands downward. It is therefore expected that the GB defects form po-

tentials that attract minority carriers, as evidenced by KPFM measurements. The GB

potential is typically <100mV, which is insufficient to claim that the GBs are like inter-

digitated n-type layers, and instead are better conceptualized as a region slightly

less p-type than the grain interior. The accumulation of minority carriers enhances

the EBIC signal near the GB more than poor material lifetime near the GB decreases

it. Consequently, it is not unphysical for regions near GBs to have enhanced EBIC

signals, particularly when carriers can transport adjacent to (rather than within) the

GB. Naturally, other effects such as surface recombination may affect the steady-

state charge transport.52 The TI measurements provide a method to image howmul-

tiple physical mechanisms affect aggregate transport and recombination.

These results indicate that carrier drift, diffusion, and recombination vary as a func-

tion of GB potential, inhomogeneous lifetime, injection orientation, and transport

direction. While at first it may be exciting to see enhanced EBIC signals along

GBs, the source of the GB potential can be defects. Furthermore, during solar cell

operation, the voltage bias will be held near the maximum power point, and elec-

trons will be driven from the transparent conducting oxide layers into the CdTe

absorber region, preferentially along the GBs due to their localized potential.38

This will increase forward current, which, in turn, will lower Voc.
38,53,54 Consequently,

the overall effect on performance will be a balance between the additional photocur-

rent and the reduced voltage caused by the GBs.38,54 The TI results illustrate how the

diffusion length can vary based on position to help quantify potential effects. Here,

TI indicates that the diffusion length after CdCl2 treatment is substantively longer

than the average absorption depth (several hundred nanometers) of above-band

gap photons; thus, additional current collection may fail to compensate for Voc los-

ses. In general, TI in conjunction with KPFM, CL, and EBIC can help assess complex

transport and recombination, and it can facilitate engineering these effects in
8 Cell Reports Physical Science 1, 100230, October 21, 2020
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concert with processes such as group V doping, Cl passivation, deposition or an-

neals to affect stoichiometry, and back-contact diffusion.

CdCl2 treatment improves CdTe material quality. However, CL indicates that GBs

are still defective, and KPFM indicates the formation of minority-carrier attractive po-

tentials around GBs that are sufficient to enhance EBIC signals, but insufficient to

claim truly n-type GB regions. TI demonstrates that carrier transport varies in dis-

tance and direction as a function of electron-hole generation position, GB potential,

inhomogeneous recombination, and other material properties. These results pro-

vide a new understanding of the complex and aggregate effects of CdCl2 treatment

and GB potentials on recombination and transport in polycrystalline CdTematerials.

From a broader perspective, the TI technique, coupled with other spatially corre-

lated microscopies, offers a unique capability to map and quantify carrier transport

in highly inhomogeneous polycrystalline material systems. This capability can both

advance understanding and provide a platform to engineer complex transport to

improve performance and further reduce the levelized cost of electricity of polycrys-

talline solar technology below the cost of fossil fuels.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Dr. Chuanxiao Xiao: chuanxiao.xiao@nrel.gov.

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

All of the data are included in the article and the Supplemental Information. Raw

data files are available on request.

Samples

The polycrystalline CdTe thin films were deposited on SnO2:F-coated soda-lime-

glass substrates after MgZnO window-layer deposition. The CdTe films were grown

by close-spaced sublimation (CSS) with a substrate temperature of 600�C. The CdCl2
treatment was done in a CSS chamber with O2 ambient, by vapor CdCl2 at 490�C for

10 min.55,56

Wemade marks by FIB to guide multiple characterization techniques working on the

same location. The FIB marks were made by a Ga+ gun (xT Nova NanoLab 200 FIB/

SEM) under a 5-kV beam condition. The FIBmarks have an area of�23 2 mm2 and an

�1-mm depth.

The samples were ion milled by a JEOL cross polisher (IB-09101CP) at a 5� glancing
angle to remove surface roughness and FIB damage. The polishing condition was

4 kV for 30 min at room temperature. Then, the samples were further ion milled

lightly at 3 kV for 15 min, followed by a 250�C anneal for 5 min to passivate possible

surface damage by the previous polishing steps.57

TI and NFCL Techniques

The TI and NFCL techniques were performed on an NSOM system (Nanonics Multiview

2000) with a field-emission Nova 630 scanning electron microscope (FE-SEM). The FE-

SEMprovides a highly focused e-beamfixedat a point or in a line scanmode togenerate

excess carriers within a micro- to nanosized volume of subsurface material. The NSOM
Cell Reports Physical Science 1, 100230, October 21, 2020 9
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system used an optical fiber with an aperture diameter of 300 nm as a probe, which also

acts as an atomic force microscopy (AFM) probe to scan the sample surface and collect

the sample luminescence in the near field. This combination provides high spatial reso-

lution imaging of charge-carrier transport and direct mapping of nonuniform transport

properties in polycrystalline thin-film samples. A Si detector collected the panchromatic

light emitted from the sample. Two 800-nm long-wavelength pass filters were applied to

selectively transmit luminescence to the optical fiber.

In TI scans, the e-beam was scanned in line mode or fixed at a point for carrier gen-

eration, and the NSOM probe collected the light emitted from the sample to create

luminescence, carrier diffusion, and recombination profiles. InNFCL, the e-beamand

the NSOM probe were both fixed at�0.8 mm in relation to each other while the sam-

plewas scanned. TheNFCLmeasurement is similar to conventional CL.58However, in

conventional CL, the e-beam rasters on every point, and a parabolic mirror collects

the emitted light from the sample, including both the point generation and lumines-

cence resulting from carrier diffusion. In NFCL, the sample moves, whereas the exci-

tation and collection points are fixed, thus generating a luminescence map similar to

the conventional CL. The collection area on every pixel is limited to the size of the

NSOM aperture, thereby limiting the diffusion effects on the resolution. Both TI

and NFCL scans were performed at 20-kV, 1.5-nA e-beam conditions at room tem-

perature. The e-beam conditions were the same for TI and NFCL. However, in TI

scans,most of the signal was acquired from the carrier-generation source; in contrast,

in NFCL, the signal was acquired near the e-beamgeneration point. The TI andNFCL

mapping areas are 256 3 256 pixels, with a dwell time of 8 ms on each point. The TI

setup uses NSOM to collect light. It collects only illumination away from the e-beam

because the probe shades an area at least larger than its aperture size, when the

probe is directly beneath the e-beam. Therefore, the TI results do not have significant

contribution from the transition radiation at the sample-vacuum interface.59,60
EBIC and EBSD

EBICwasperformedusing theNova630SEMequippedwithaMatelectcurrentamplifier,

operating at 3-kV/0.9-nA beamconditions. EBSDmeasurementswereperformed on the

sameFE-SEMusinganEDAXHikari camera, under 20-kV/1.5-nAe-beamconditions. The

samples were tilted at 70� to increase the yield of diffracted electrons.
KPFM

KPFM was measured by a Veeco D3100 AFM equipped with the Nanoscope V

controller. The measurements were in tapping mode, with a Pt-Ir-coated Si canti-

lever probe (Nanosensor PPP-EFM). KPFM measures the contact-potential differ-

ence between the probe and sample by probing and nullifying the Coulomb force

between the probe and the sample. KPFM mapping provides a �30-nm spatial res-

olution and a �10-mV electrical resolution.61 The KPFM image in Figure 4C was

stitched together from several scans.
Combining Multiple Techniques

The FIB marks are 23 2 mm2 and provide rough guidance for different techniques to

study the same location in a region that is �30 3 30 mm2. After collecting the data,

the NFCL, EBSD, and KPFM images are manually aligned by close inspection to

resolve minor positional shifts. Extraordinarily accurate alignment for these images

are not critical, as the grain shapes and boundaries aid correlating results from

different techniques (Figure S3). The KPFM spatial resolution is �30 nm, the NFCL

resolution is within 50 nm, and the EBSD resolution is �20 nm.
10 Cell Reports Physical Science 1, 100230, October 21, 2020
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The NFCL and TI are acquired on the same setup. In NFCL, the sample is scanned

with the e-beam and NSOM probe fixed. In TI, the NSOM probe is moved across

the sample, while the e-beam generation and samples are fixed. The resolution in

Figures 4 and 5 reflects the accuracy of the NFCL and TI techniques, which are esti-

mated to be within 50 nm.

In Figure 4H and Table 1, the measurement uncertainty is reported using the mean

value and the standard deviation. Data points within a 1-mm range (e.g., along the

‘‘distance’’ axis in Figure 4D, bottom panel) of a GB contributes to the measurement

uncertainty of the reported Leff values atGB in Table 1, and therefore the Leff enhance-

ment in percentage with respect to GI. The Y error in Figure 4H is attributed to the Leff
enhancement uncertainty. The reported potential spike measured using the KPFM is

given by themean value among the spikesmeasured along theGB; the X error in Fig-

ure 4H is ascribed to the standard deviation of the measured potential spikes.
SUPPLEMENTAL INFORMATION
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