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ABSTRACT: Perovskite nanowires (NWs) have attracted significant
attention due to their promise in optoelectronic applications. All-inorganic
perovskite CsPbBr; NWs with a well-defined morphology were synthesized
using a hot-injection approach. Subsequently, the electronic properties of
individual CsPbBr; NWs spun onto SiO,/Si substrates were scrutinized by
contactless dielectric force microscopy (DFM). Ambipolar, n-type, and p-type
responses were identified for different NWs, revealing the electronic
heterogeneities of CsPbBr; NWs. Moreover, longitudinal electronic
inhomogeneities were uncovered by the distinct DFM responses of different
segments along some NWs whose diameters were 10—20 nm. In addition,
DEM experiments unveiled transverse electronic inhomogeneities perpendic-
ular to the length direction in some NWs whose diameters were 30—40 nm.
This work demonstrates that the DFM technique is a powerful tool to probe
the electronic heterogeneity and inhomogeneity in perovskite NWs, which
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may have implications for the performance of materials and devices built upon them. In principle, our approach reported here could
be extended to study the electronic properties of other one-dimensional metal halide perovskites.
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1. INTRODUCTION

Metal halide perovskites represent an emerging class of
semiconducting materials that possess a spectacular array of

high-quality and uniform morphology that renders the
investigation into their intrinsic size- and shape-dependent
properties and subsequent use in optoelectronic devices.””

intriguing optoelectronic properties, including a high defect
tolerance,’ a large absorption coefficient,” a fast charge carrier
mobility,” and a size- and composition-dependent band gap.*
The past decade has witnessed many advances in metal halide
perovskites for use in high-performance optoelectronic devices,
including solar cells,’~” photodetectors,”'*~"* photocatho-
des,"'* light-emitting diodes (LEDs),”” "% and las-
ing.'"'»'>!° Despite recent success in the shape-controlled
synthesis of perovskite nanocrystals (NCs),"” only a limited
number of morphologies have been achieved (eg, nano-
cubes,'® nanoplatelets,19 nanosheets,”” nanorods (NRs),21 and
nanowires (NWS)ZZ). Among various perovskite NCs, one-
dimensional (1D) NWs and NRs have garnered much interest
due to their unique optoelectronic properties, including
linearly polarized light emission,””** enlarged photo absorp-
tion cross section,” improved charge transport,”® and
suppressed Auger recombination of excitons that greatly
reduce the optical pumping threshold for stimulated
emission.”” 1D perovskite nanostructures (ie, NWs and
NRs) have been primarily synthesized using colloidal syn-
thesis’>*® and surfactant-free substrate-assisted growth.”*”*°
Notably, the colloidal synthesis of perovskite NWs affords a
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Charge transport in 1D perovskite nanostructures play a
critical role in their device applications.”"** In some recent
work, time-resolved photoluminescence (PL) was employed to
extract the carrier lifetime* and carrier mobility®” in CsPbBr,
NWs. In other studies, metal contacts were made on an array
or network of NWs, and current—voltage (I—V) characteristics
were obtained from electrical transport measurements under
dark and light conditions from which the photocurrent was
determined,”**** and the defect density was calculated.”
Notably, I-V measurements on individual CsPbBr; NWs have
also been achieved using conductive atomic force microscopy
(AFM), which unveiled information about trap states.*
Nevertheless, it remains unknown whether the CsPbBr;
NWs investigated in these works"**™>® were ambipolar, p-

type, or n-type. In fact, few studies have addressed the type of
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majority carriers in 1D CsPbBr; nanostructures.”*’*° The
prevailing method to identify the majority carrier and study the
charge transport property of a semiconductor is to fabricate
field effect transistors (FETs) and perform electronic transport
measurements. In the article by Oksenberg et al, surface-
guided CsPbBr; NWs were synthesized on sapphire substrates
using the non-catalyzed vapor solid growth method, an FET
was fabricated on an array of NWs, and -V measurements
under different gate voltages were carried out.® It was found
that the array of NWs exhibited a p-type behavior.” More
recently, Winterer et al. fabricated an FET device on a colloidal
CsPbBry; NW film and observed a distinct p-type behavior.”” In
addition to a p-type characteristic, ambipolar behavior has also
been reported in CsPbBr; NWs.”**” In the work of Meng et
al., an FET device using a CsPbBr; NW (with a diameter of
around 150 nm) created by a Sn-catalyzed vapor—liquid—solid
growth process was constructed, and the transfer characteristic
was measured, which revealed an ambipolar attribute for
pristine CsPbBr; NWs.***? Unlike the devices studied in refs 6
and 37, which were fabricated on an array of NWs or a NW
film, the FET device reported in refs 38 39, was fabricated on
an individual NW. It is important to note that the limited
reports on the polarity of CsPbBr; NWs in literature,
particularly for individual NWs, are due largely to the challenge
in fabricating FET devices on NWs. Moreover, the
heterogeneity of nanomaterials and the challenge of distin-
guishing the influence of metal—nanomaterial contacts from
the properties of the nanomaterials themselves could also make
it difficult to interpret the transport measurement data.*’ It is
therefore highly desirable to introduce a technique that does
not require device fabrication, yet enables the investigation
into the polarity and charge transport properties in 1D
perovskite nanomaterials.

In this article, we report the scrutiny of the electronic
properties of CsPbBr; NWs by employing contactless dielectric
force microscopy (DFM). CsPbBr; NWs with diameters of
10—20 and 30—40 nm are examined. DFM images identify n-
type NWs with electrons as the majority carriers, p-type
semiconductor NWs with holes as the majority carriers, and
ambipolar NWs with both electrons and holes as the majority
carriers. DEM studies also reveal longitudinal inhomogeneities
in CsPbBr; NWs with diameters of 10—20 nm and transverse
inhomogeneities in CsPbBr; NWs with diameters of 30—40
nm.

2. MATERIALS AND METHODS

2.1. Materials. Cesium carbonate (Cs,CO;, 99%), oleic acid (OA,
technical grade, 90%), octadecene (ODE, technical grade, 90%),
oleylamine (OAm, technical grade, 70%), lead bromide (PbBr,,
99.999%), ethyl acetate (anhydrous, 99.8%), and hexane (anhydrous,
95%) were all purchased from Sigma-Aldrich and used as received.

2.2. Synthesis of CsPbBr; NWs. The CsPbBr; NWs used in this
study were synthesized by following the reported hot-injection
approach.”” Specifically, the Cs-oleate precursor solution was
synthesized by mixing 400 mg of Cs,CO; and 1.5 mL of OA with
10 mL of ODE as the solvent in a three-neck flask, followed by being
degassed and dried under vacuum at 120 °C, and then heated to 150
°C under inert gas protection until the solution became transparent.
Afterward, 5 mL of ODE and 0.18 mmol PbBr, were loaded into a
flask and degassed at 100 °C for 2 h after the injection of 1 mL of OA
and 1 mL of OAm. Subsequently, under an inert gas atmosphere, the
reaction system was further heated to 160 °C before the quick
injection of 0.6 mL of the as-prepared Cs-oleate precursor solution.
After 2 h, the reaction mixture was cooled by dipping into an ice-
water bath. The CsPbBr; NWs were then isolated from the solution
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via centrifugation at 6000 rpm for 10 min and washed with ethyl
acetate as the poor solvent and hexane as the good solvent multiple
times. The diameter and length of the NWs can be readily tuned by
varying the amount of ligands (i.e, OA and OAm) and reaction time,
respectively.

2.3. Characterizations. The morphology of the as-prepared
CsPbBr; NWs was investigated using a Hitachi HT7700 transmission
electron microscope (TEM) operated at 120 kV. X-ray diffraction
(XRD) spectra were obtained using a Panalytical Empyrean XRD
system. The UV—vis spectra were collected using a Shimadzu UV-
2600 spectrometer. The PL spectra were collected using a
PerkinElmer LS 55 fluorescence spectrometer with the excitation
wavelength at 365 nm.

2.4. Dielectric Force Microscopy. DFM is a contactless scanning
force microscopy (SFM)-based technique that utilizes the 2w channel
in an electrostatic force microscopy setup to detect the dielectric
polarization, and thus the electronic properties, of nanoscale
materials.**™* In our prior work, using single-walled carbon
nanotubes and ZnO as model systems, we showed that DFEM allows
the identification of semiconductor nanomaterials from metallic
counterparts and the determination of the majority carrier type.*'
More quantitatively, we found that the DFM signals (i.c., the dielectric
responses) were strongly correlated with the electronic transport
properties of nanomaterials.** Furthermore, due to the inherent
nanoscopic spatial resolution of SFM-based techniques, it has been
demonstrated that detecting local electronic inhomogeneities,
including point defects and grain boundaries, was possible using
DFM."

In this context, DFM was employed in our study to interrogate the
electronic properties, in particular the majority carrier type and local
electronic inhomogeneity, of CsPbBr; NWs spin-cast onto degener-
ately p-doped Si wafers with a 300 nm-thick thermal oxide layer. The
DFM setup, including an external function generator (Keysight
33600A), a lock-in amplifier (SR830), and a home-made circuit, was
built with a Park NX-10 atomic force microscope. Conductive AFM
tips (MikroMasch NSC19/Cr—Au) with a typical resonance
frequency of 65 kHz and a typical spring constant of 0.5 N/m were
used as the probes. We used a double-pass imaging process, as shown
in Figure la, where a topographic scan line was acquired in the first
pass, and the oscillation of the cantilever at resonance frequency was
turned off and the tip was lifted up to a height (typically 10—40 nm)
in the second pass.‘m’41 A bias voltage V = V¢ + V¢ sin(wt) from the
function generator was applied to the conductive AFM tip only in the
second pass. In this work, we used V,c = 5—8 V; Vp was varied
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Figure 1. (a) Schematic illustration of a DFM experiment. (b)
Schematic illustration on how V. modulates the local density of
majority carriers (ie., electrons) in an n-type CsPbBr; NW.
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between —3 and 3 V (or between —2 and 2 V), and @ was set to be 1
kHz. The role of the AC bias is to polarize the sample and result in an
attractive dielectric force that oscillates in a 2@ frequency. The DC
bias plays the role of a local gate, similar to the gate in an FET, which
modulates the carrier density in the sample.*>*" Figure 1b shows how
Vpc modulates the density of majority carriers, using an n-type
CsPbBr; NW as an example. For an n-type NW illustrated, the
accumulation (depletion) of electrons below the conductive AFM tip
in the presence of a positive (negative) Vpc results in a stronger
(weaker) DFM response. For a p-type NW (not shown), on the other
hand, the depletion (accumulation) of holes below the conductive
AFM tip in the presence of a positive (negative) Vp leads to a weaker
(stronger) DFM response.*"*> The 2@ component of the cantilever
deflection signal, sampled by the lock-in amplifier, is recorded as the
DFM image.

3. RESULTS AND DISCUSSION

3.1. Conventional Characterizations. As shown in
Figure 2a,b, the TEM images of as-prepared CsPbBr; NWs
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Figure 2. (a,b) TEM image of as-prepared perovskite CsPbBr; NWs.
(c) XRD pattern of as-prepared CsPbBry NWs; the red and blue lines
represent the standard cubic phase and orthorhombic phase CsPbBr;
in the literature.”> (d) UV—vis absorption and PL spectra of as-
prepared CsPbBr; perovskite NWs.

reveal that CsPbBr; NWs possess a uniform diameter and
length of approximately 10 nm and 1 pm, respectively. The
appearance of small dots in the CsPbBr; NWs, shown in Figure
2a, results from the high-energy (i.e., 120 kV) electron beam-
induced damage of the NWs during the TEM measure-
ment.'”** The XRD pattern shown in Figure 2c suggests that
the CsPbBr; NWs are in either a cubic phase or a
orthorhombic phase due to only a slight difference in their
crystal structures, which is consistent with the literature.”>*
The key difference in distinguishing the orthorhombic phase
from the cubic phase is the splitting of the single peak into two
peaks at ~30°. However, the small size of the CsPbBr; NWs
leads to the appearance of peak broadening in this region,
making it challenging to accurately determine the exact phase
of the CsPbBr; NWs. Due to the asymmetric peak centered at
around 30° the as-prepared NWs likely manifested an
orthorhombic phase.”” Furthermore, the optical properties of
the CsPbBr; NWs were scrutinized by measuring the UV—vis
absorption and PL spectra in their colloidal solution. The
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absorption onsets of CsPbBr; NWs shown in Figure 2d were
found to be around 524 nm, while the peak position of PL was
about 525 nm. The narrow PL emission (i.e., full width at half
maximum (FWHM); approximately 17 nm) of CsPbBr; NWs
at room temperature shown in Figure 2d correlated well with
the excitonic emission of CsPbBr; exhibiting a small degree of
quantum confinement, which also suggests the high uniformity
of as-prepared CsPbBr; NWs.”

3.2. Electronic Heterogeneity. Figure 3a shows the
topography and DFM images of a 1.2 ym X 1.2 um area on a
SiO,/Si substrate with four NWs, labeled as NW 1-NW 4. As
revealed from the topography image, all four NWs had well-
defined morphology and nearly uniform diameters. The
diameters of these NWs were 15 + 1, 12 + 1, 11.5 + 1, and
12 + 1 nm, respectively. The diameters of the NWs measured
by DEM are slightly larger than the values obtained from TEM,
possibly owing to the presence of an organic ligand layer
outside the NWs, which is invisible under TEM but
contributes to the height of the NWs determined by AFM.
The strength of the DFM response is visualized from the color
of the image: lighter colors indicate stronger responses and
darker colors indicate weaker responses. NW 1 exhibited the
weakest DFM response at Vi = 0V, and its DEM response at
Vpbc = 3 V appeared stronger than that at Vpc = =3V,
suggestin% most likely an ambipolar NW with a stronger n-type
response.””*' NW 2, on the other hand, displayed the
strongest DFM response at Vpc = 3 V and the weakest
DFM response at Vpc = —3 'V, signifying an n-type Nw.OH
Similarly, we identified that NW 3 and NW 4 were n-type
NWs. Notably, although the diameter of NW 4 was smaller
than that of NW 1 and was the same as/similar to NWs 2—3,
its DFM responses were significantly stronger than those of
NWs 1-3. As we have showed in a prior work,*’ the DFM
response of a 1D nanomaterial depends on the carrier density
and mobility. The stronger DFM response from NW 4
indicates that an increase in the carrier density and/or mobility
could play a more important role in influencing the electronic
transport' than an increase in the diameter.

Figure 3b shows the topography and DFM images of a 2 ym
X 2 um area on another SiO,/Si substrate with five NWs from
a different batch of CsPbBr; samples. Those five NWs, labeled
as NW 5—NW 9, also had nearly uniform diameters. Their
diameters were 12 + 1,9 2,16 + 1, 13 £ 1, and 10 £+ 1 nm,
respectively. NW S exhibited the strongest DFM response at
Vpc = =3 V and the weakest DEM response at Vpc = 0 V and
was thus determined to be an ambipolar NW with a stronger p-
type response.’”*' NW 6 displayed the strongest DFM
response at Ve = —3 V and the weakest DFM response at
Vpe = 3V, so it was identified as a p-type NW.*>*' NW 7 had
much stronger DFM responses than the other four NWs. To
qualitatively compare the DFM signals at different DC biases,
increasing the range of the color scale was required so that the
brightness of the DEM responses for NW 7 was reduced to the
degree that the difference of DFM signals at different Vp¢
could be distinguished by the image brightness (not shown).
We found that NW 7 had the stronger DFM response at Vi =
—3 V and had the weakest DFM response at Ve = 0V,
revealing an ambipolar NW with a stronger p-type response.
Of course, with the increase of the color scale range, the DFM
images of the other four NWs became hardly visible. The color
scale for the DFM images shown in Figure 3b was chosen so
that the DFM images of all five NWs were visible, and visually
distinctive DFM responses at different DC biases were
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Figure 3. (a) Topographical image and dielectric response images at V¢ = 3, 0, and —3 V, respectively, of four CsPbBr; NWs (NWs 1—4) within a
1.2 ym X 1.2 um area on a SiO,/Si substrate. (b) Topographical image and dielectric response images at V¢ = 3, 0, and —3 V, respectively, of five
CsPbBr; NWs (NWs 5—9) within a 2 gm X 2 ym area on a SiO,/Si substrate. (c—e) DFM signal as a function of Vp¢ for all nine NWs shown in
(a,b). The traces are grouped by the magnitudes of the DFM signals. For NW 4, the response from a dot on top of the NW was excluded when
extracting the average DFM response. For NW 6, due to the partial overlap between its DFM signal and the much stronger DFM signal of NW 7,
only its left portion was used when extracting its average DFM response.

displayed for all except NW 7. Similar to NW 6, NW 8
exhibited the strongest DFM response at Vpc = —3 V and the
weakest DEM response at V¢ = 3 V, suggesting a p-type NW.
NW 9 had nearly identical DFM responses at Vpc = 3 and —3
V and had the weakest DEM response at Vpc = 0V, implying
an ambipolar NW with similar n-type and p-type responses.

Figure 3c—e shows the DFM signal extracted from the DFM
images as a function of Vp for all nine NWs showed in Figure
3a,b. The traces for NWs are grouped by the magnitudes of
their DFEM signals. Traces for NWs with strongest DFM
responses are shown in Figure 3¢, and traces for NWs with the
weakest DFM responses are shown in Figure 3e. These
quantitative plots also revealed that NW 1, NW 5, NW 7, and
NW 9; NW 2, NW 3, and NW 4; and NW 6 and NW 8 were
most likely ambipolar NWs; n-type NWs; and p-type NWs,
respectively, as determined by a visual comparison of DFM
images at different Vp for each NW. The presence of all three
types of responses (i.e, ambipolar response, n-type response,
and p-type response) and the contrasting magnitudes in DFM
signals from NWs of similar morphology suggest the electronic
heterogeneity of CsPbBr; NWs in samples synthesized by the
same solution-phase method.

The ratios of the maximum and minimum DFM responses
(i.e., the dielectric response ratios) for NWs shown in Figure 3
ranged between 1.2 and 3.7. It has been determined that the
gate modulation ratio of the source—drain current (i.e., I,/
I, of an FET device where a one-dimensional semi-
conductor material serves as the channel is correlated with
the dielectric response ratio by a semi-logarithmic relation.”” If
the NWs shown in Figure 3 were fabricated to FETs, the gate
modulation ratios I,./I.;, are then estimated to be in the

min
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range of 15 to 5000, which further suggest the electronic
heterogeneity of these CsPbBr; NWs.

The electronic heterogeneity of CsPbBr; NWs might be
attributed to several origins. The ionic nature of a CsPbBr;
perovskite crystal leads to intrinsic chemical instability and
poor tolerance against moisture, polar solvent, heat, and light
irradiation.” In this context, long alkyl-chain surface capping
ligands (i.e., oleic acid and oleylamine in this study) are
incorporated to stabilize the colloidal NWs and passivate their
surface defects.””*” However, these ligands are only weakly
bound on the perovskite NW surface in a dynamic equilibrium
and thus are easily dissociated from the NW surface during
storage and processing.’® In addition to intrinsic structural
instability, the incomplete surface coverage of ligands on the
CsPbBr; NW owing to the ligand dissociation results in phase
instability and formation of defects. As a result, the variation of
surface chemistry in these NWs due to an uncontrollable
extent of ligand dissociation contributes to distinctive
structures, formation of defects of different types (eg, Br
vacancy vs Pb vacancy), and defect density in each individual
NW," thereby yielding different responses under DFM
measurement and different majority carrier types observed.
In addition, the introduction of an external electrical field
during DFM measurement may lead to ion migration in the
CsPbBr; NW,*>*" which may cause the formation of defects
and different responsive behaviors detected.’”"

3.3. Electronic Inhomogeneity. The longitudinal elec-
tronic inhomogeneity is manifested by the presence of a
segment with a much weaker DFM response compared to
other parts of the NW, which was observed in several CsPbBr;
NWs with diameters of 10—20 nm that we have studied. As an
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Figure 4. (a) Topographical image and dielectric response images at V¢ = 3, 0, and —3 V, respectively, of a CsPbBr; NW (diameter: 12.5 + 1 nm)
that exhibited longitudinal electronic inhomogeneities. (b) X—Y coordinate system whose origin is located at the top end of the NW and
illustration of the selection of area within the NW for the extraction of the DFM signal as a function X (using the dielectric response image at V¢ =
3V as an example). (c) DFM signal as a function of X extracted from the dielectric response image at V¢ = 3 V as illustrated in (b), where a deep
valley was shown for S2. Similar features were also present for the DFM signal vs. X data extracted for Vj = 0 and —3 V (not shown). (d) DFM
signal as a function of Vp for segments S1, S2, and S3. Although all three segments exhibited ambipolar responses, the DEM signal from S2 was
much weaker compared to those from S1 and S3.
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Figure S. (a) Topographical image and dielectric response images at Vpc = 2, 0, and —2 V, respectively, of a CsPbBr; NW (diameter: 36 + 1 nm)
that exhibited transverse electronic inhomogeneities. (b) X—Y coordinate system whose origin is located at the top end of the NW and illustration
of the selection of the area within the NW for extraction of the DEM signal as a function Y (using the dielectric response image at V¢ =2 V as an
example). (c) DFM signal as a function of Y for Vp¢ = 2, 0, and —2 V, respectively, extracted from the dielectric response images as illustrated in
(b).

example, Figure 4a shows the topography and DEM images of 0 and —3 V exhibited similar valley features. We note that
a CsPbBr; NW with a diameter of 12.5 & 1 nm. Although the although the DFM response from S2 was too weak to be
NW displayed a nearly uniform morphology along the entire discernible from DFM images shown in Figure 4a, its DFM

NW, a small segment (labeled as S2) had a significantly weaker signals were non-zero at all three V. Figure 4d shows the
DFM response compared to the segments above (S1) and DFEM signal as a function of Vp,c for each segment, indicating
below (S3) it, at each Vpc. We extracted DFM signals from the that the DFM responses of S1 and S3 were comparable and
area enclosed in the red box along the NW length direction were 3—4 times stronger than that of S2. Ambipolar behaviors
(i.e, X-direction), as illustrated in Figure 4b. Figure 4c shows were observed for all three segments.
the DEM signal as a function of X for Vpc = 3 V, where the In addition to the longitudinal electronic inhomogeneity
sharp valley came from S2. The DFM signal versus X for V¢ = (i.e, electronic inhomogeneity along the length direction of a
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NW), transverse electronic inhomogeneity (ie., electronic
inhomogeneity perpendicular to the length direction of a NW)
has been revealed from DFM experiments on NWs with
diameters of 30—40 nm. Figure Sa shows the topography and
DFM images of a CsPbBr; NW with a diameter of 36 & 1 nm.
We note that the blurry boundary of the NW in the
topographical image was an artifact caused by electrostatic
charges. While this NW appeared featureless in the topo-
graphical image, its DFM images showed interesting
inhomogeneous patterns in the transverse direction. In
particular, at Vpc = 2 V, the DEM response at the center
and the edges was significantly stronger than that of the
regions in between. We note that the DEM features extended
over a range that is much broader than the NW diameter, and
the DFM broadening is also more significant than the tip-
convolution-induced topography broadening, owing to the
larger effective range of the probe-sample electrostatic
interaction. As a result, the features shown in the DFM images
are laterally broadened versions of the actual features. To
provide the quantitative DFM response profile along the
direction perpendicular to the length direction of this NW (i.e.,
Y-direction), we extracted DFM signals from the area enclosed
in the red box, as shown in Figure Sb. Figure Sc shows the
DEM signals as a function of Y for Vpc = 2, 0, and =2 V,
respectively. At Vpc = 2 V, the DFM signal profile resembled a
sinusoid with peaks at the center and edges and with valleys in
between. At Ve = 0 V, while the center still exhibited the
strongest DFM response, the edges displayed the weakest
DFM response. At Vpc = —2 V, on the other hand, while the
center showed a stronger DFM response than the adjacent
regions, the strongest DFM response appeared at the edges.
Interestingly, while the traces at Vpc = 2 and —2 V showed
well-defined local minima in DFM signals, the same regions
appeared to be a plateau or a smooth transition between the
maximum and minimum in the DFM signal vs.Y trace for V¢
= 0 V. The formation of a conspicuous transverse electronic
inhomogeneity in some CsPbBr; NWs with relatively large
diameters suggests that one needs to be cautious when using
large-diameter CsPbBr; NWs for applications that require a
good transverse electronic homogeneity.

4. CONCLUSIONS

In summary, we performed contactless DFM studies on
perovskite CsPbBr; NWs synthesized using a hot-injection
approach. Our observations of n-type, p-type, and ambipolar
behaviors from different NWs revealed the heterogeneous
nature of solution-phase synthesized CsPbBr; NWs. Longi-
tudinal electronic inhomogeneities along the NW length
direction were manifested by the presence of segments with
contrasting DFM responses in some NWs with diameters of
10—20 nm. Furthermore, transverse electronic inhomogene-
ities perpendicular to the NW length direction were seen in
some NWs with diameters of 30—40 nm. This work highlights
a fast, contactless (i.e., non-destructive) approach to probe the
electronic heterogeneity and inhomogeneity in CsPbBr; NWs,
which could be applied to study other perovskite materials. It
also suggests the importance of electronic characterizations on
individual NWs prior to utilizing solution-phase synthesized
NWs for device applications where a consistent major carrier
type and/or longitudinal/transverse electronic homogeneity
are desirable.
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