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featuring metallic surface states sur-
rounding an insulating bulk. The associ-
ated unique electronic structure of the 
helical Dirac surface states results in 
many exotic physical properties, such as 
the topological magneto-electric effect,[6] 
Majorana fermions,[7] and the quantum 
anomalous Hall effect.[8] However, because 
of the low formation energy of intrinsic 
defects,[9] the resulting bulk conductivity 
often obscures or even suppresses the 
desired TI behavior.[10–12]

The realization of these novel topolog-
ical phases requires high-quality TI thin 
films with sufficiently low defect concen-
tration, typically obtained by molecular 
beam epitaxy growth.[13] Chemical vapor 
deposition (CVD) and polyol methods, 
which offer facile and cost-effective syn-
thetic routes promising for large-scale 
device applications, have also received 
interest with successful demonstrations 
of the ambipolar field effect,[14] Aha-
ronov–Bohm,[15,16] and Shubnikov-de 

Hass[17] oscillations in (BixSb1−x)2Te3 nano plates, as well as in 
Bi2Se3 and Be2Te3 nanoribbons. Nevertheless, the quantum 
Hall effect as a hallmark of Dirac surface states[18] has not yet 
been realized in these TI nanostructures. One possible reason 
might be the appreciable bulk conduction associated with 

Topological insulators (TIs) are quantum materials with topologically 
protected surface states surrounding an insulating bulk. However, defect-
induced bulk conduction often dominates transport properties in most TI 
materials, obscuring the Dirac surface states. In order to realize intrinsic 
topological insulating properties, it is thus of great significance to identify 
the spatial distribution of defects, understand their formation mechanism, 
and finally control or eliminate their influence. Here, the electronic hetero-
geneity in polyol-synthesized Bi2Se3 and chemical vapor deposition-grown 
Sb2Te3 nanocrystals is systematically investigated by multimodal atomic-
to-mesoscale resolution imaging. In particular, by combining the Drude 
response sensitivity of infrared scattering-type scanning near-field optical 
microscopy with the work-function specificity of mirror electron microscopy, 
characteristic mesoscopic patterns are identified, which are related to carrier 
concentration modulation originating from the formation of defects during 
the crystal growth process. This correlative imaging and modeling approach 
thus provides the desired guidance for optimization of growth parameters, 
crucial for preparing TI nanomaterials to display their intrinsic exotic Dirac 
properties.
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1. Introduction

Albeit traditional thermoelectric materials,[1,2] Bi2Se3, Sb2Te3, 
and Bi2Te3 have recently attracted resurgent attention following 
the discovery of their 3D topological insulating behavior,[3–5] 
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intrinsic defects formed during synthesis. In order to further 
explore the exotic quantum phenomenon of Dirac states in TI 
nanostructures, it is of great significance to probe, understand, 
and control the influence of doping, impurities, and defects on 
the local electronic structure of TI nanomaterials.

Scanning tunneling microscopy (STM) has been used to 
identify the individual vacancies and dopants at the atomic 
scale.[9,19–21] However, STM is limited to conducting substrates 
and typically cannot access heterogeneity that spans the mul-
tiple atomic-to-mesoscopic length scales. Infrared scattering-
type scanning near-field optical microscopy (IR s-SNOM), in 
contrast, based on an atomic force microscope (AFM) coupled 
with a tip-localized optical excitation, can probe the low-energy 
local electronic structure associated with the Drude response 
with 10 nm resolution, and over multiple length scales with 
exquisite sensitivity.[22–24] Up to now, no comprehensive com-
bined synthesis and multimodal atomic-to-mesoscale imaging 
approach has yet been performed to address the distribu-
tion of defects and its influence on the electronic and optical 
properties.

In this work, we performed multimodal nanoimaging and 
-spectroscopy combining the virtues of IR s-SNOM with a range 
of electron and X-ray-based imaging and chemical nano analysis 
methods, including mirror electron microscopy (MEM), nano-
Auger, transmission electron microscopy (TEM), and energy-
dispersive X-ray spectroscopy (EDX), to map the heterogeneity 
in optical response, defects, and chemical composition of 
Bi2Se3 nanocrystals synthesized by a polyol method. Remark-
ably, IR s-SNOM reveals highly symmetric nano-optical pat-
terns in Bi2Se3 nanocrystals, whereas there is no corresponding 
contrast in generally used characterization methods, including 
AFM topography, TEM, and EDX elemental mapping. Further 
corroborated by theoretical simulation and MEM, which has 
the ability to measure the local work function variation,[25] we 
attribute the observed near-field contrast to the heterogeneity in 
carrier concentration. We also observed similar optical inhomo-
geneities in CVD-grown Sb2Te3 system. By comparing and ana-
lyzing the two different preparation methods, we propose that, 
for the synthesis of TI nanostructures, intrinsic defects tend 
to form during both the nucleation and subsequent cooling 
stages. Although their amount might be too tiny to be detected 

by traditional techniques, their influence on the electronic and 
optical properties is significant. Therefore, our findings have 
important implications for defect engineering and realization of 
intrinsic quantum phenomena in TIs and related 2D materials.

2. Results and Discussion

Figure 1a displays a representative TEM image of poly-
ol-synthesized Bi2Se3 nanocrystals, and Figure 1b–e shows 
simultaneously acquired topographic and s-SNOM amplitude 
images for 977 cm−1 laser excitation of two individual Bi2Se3 
nanocrystals on a SiO2/Si substrate. The regular shapes, uni-
form mass-thickness contrast, and nearly atomically flat height 
determined from the TEM (Figure 1a) and AFM (Figure 1b,c,f) 
measurements indicate high crystalline quality of the Bi2Se3 
nanocrystals. However, near-field infrared measurements 
(Figure 1d,e) of these samples intriguingly reveal a regular 
mesoscopic heterogeneity, which is not observed in exfoliated 
Bi2Se3 flakes.[26] The nanocrystal in Figure 1d exhibits a wide 
bright edge with a regular bright round center, whereas the 
nanocrystal in Figure 1e has a narrower bright edge with a 
three-fold symmetric center. As shown in a large-scale s-SNOM 
image (15 µm × 15 µm) of multiple nanocrystals (Figure S1, 
Supporting Information), the distinct near-field contrast is pre-
sent in most of these nanocrystals. It is worth emphasizing that 
these patterns differ from the optical contrast in Sb2Te3 plate-
lets reported in previous studies.[27] There, the pattern is closely 
related to the spiral growth, with a topographically rough sur-
face with screw dislocations, whereas in our system, the surface 
is flat, with no association of a screw dislocation with the for-
mation of the optical patterns.

IR s-SNOM image contrast can be related to a variety of 
physical properties, such as surface plasmons,[28,29] phonon 
polaritons,[30–32] or variations in local carrier concentration asso-
ciated with defects, doping, or impurities.[27,33,34] Considering 
that IR s-SNOM is sensitive to low-energy intra- and interband 
transitions, Drude conductivity, and related surface excitations, 
we performed broadband spectroscopic nanoimaging using 
synchrotron near-field infrared nanospectroscopy (SINS)[35] 
from 750 to 2000 cm−1. Figure 2b shows a spectrally integrated 
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Figure 1. Structure and optical characterization of Bi2Se3 nanocrystals. a) Representative large-scale TEM image. Topographic b,c) and corresponding 
s-SNOM amplitude d,e) images of two individual Bi2Se3 nanocrystals drop-casted onto the SiO2/Si substrates with incident infrared wavelength of 
977 cm−1. f) Line profiles taken from (b) and (d), respectively.
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broadband SINS image of a Bi2Se3 nanocrystal on SiO2/Si 
substrate (Figure 2a), revealing the same contrast observed in 
monochromatic s-SNOM image above (Figure 1d). To obtain 
the full near-field nanospectroscopic response, SINS spectra 
were collected at each pixel as the sample is scanned along 
the white line indicated in Figure 2a. The resulting SINS near-
field amplitude as a function of sample position is displayed in 
Figure 2c. A pronounced signal peak near 1100 cm−1 character-
izes the optical response, with distinct variation in intensity as 
a function of position below 1000 cm−1, as well as an overall 
increase in signal at energies above 1500 cm−1. These trends 
are more clearly seen in Figure 2d, where representative SINS 
spectra are shown for specific positions (the inset in Figure 2d). 
Figure 2e shows shaded color line profiles, corresponding to 
fixed frequency line cuts across the nanocrystal, obtained from 
data in Figure 2c. The probe depth of s-SNOM is determined 
by the degree of field localization at the tip apex to at most a 
few tens of nanometers. As the nanocrystals are typically only 
7–20 nm in height, the spectral SINS response is dominated by 
the surface phonon polariton (SPhP) resonance (≈1108 cm−1) of 
the SiO2 substrate.[32] However, there are also significant varia-
tions in the SINS response across the nanocrystal (Figure 2c), 

with features absent in the substrate response (black line in 
Figure 2d), notably a position-dependent increase in overall 
SINS intensity at energies below the SiO2 phonon.

Given the high crystal quality of Bi2Se3 and the dominant 
spectral signal from the SiO2 SPhP, one might correlate the 
observed s-SNOM patterns to a near-field excitation of SPhPs 
in the SiO2 substrate. In such a system, these tip- and/or 
crystal edge-excited surface modes propagate at the interfaces 
and interfere with each other, giving rise to periodic variations 
in the s-SNOM signal with a pronounced frequency depend-
ence. However, for the case of a thin dielectric, the existence 
of these modes is confined only to the frequency range within 
the reststrahlen band of the substrate, when the dielectric func-
tion becomes negative, as was recently demonstrated for phase 
change materials on quartz (1070–1230 cm−1).[32] As seen in 
both monochromatic s-SNOM images taken at different illu-
mination wavelengths (Figure S2, Supporting Information) 
and the line cuts extracted from the SINS line scan (Figure 2e), 
the optical patterns in Bi2Se3/SiO2/Si exist in a rather wide 
frequency range. Further, given the much weaker dielectric 
response of thermally grown SiO2 compared with crystalline 
quartz, we do not anticipate the existence of polariton modes 
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Figure 2. SINS of a Bi2Se3 nanocrystal on a SiO2/Si substrate and the simulation of the interaction between SiO2 and Bi2Se3 with different carrier con-
centrations. AFM topography a) and spectrally integrated broadband SINS image b). c) SINS line scan showing near-field amplitude along the white 
line in (a). d) Representative SINS spectra, at locations marked by colored circles in inset, showing varying near-field spectral behavior for different 
positions both on nanocrystal and on substrate. e) Frequency line cuts (shaded blue lines) extracted from (c) at select energies, as indicated, together 
with the AFM height profile (black line). Dashed gray lines in (c) and (e) indicate nanocrystal edge. f) Schematic of tip–sample interaction for thin 
nanocrystal atop bulk substrate. g) Predicted s-SNOM amplitude S2 (normalized to Au) using a modified point-dipole model for SiO2 (black line), and 
a 15 nm thin Bi2Se3 nanocrystal on SiO2 with variable carrier concentration (shaded red lines), where (h) shows the best match to the experimental 
data for carrier densities of n = 5 × 1019 cm−3 (blue line) and n = 7 × 1019 cm−3 (red line).
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at interfaces with high-index materials such as Bi2Se3. Last, 
even replacing the SiO2 substrate with Si (native oxide etched 
by HF), the optical pattern still persists (Figure S3, Supporting 
Information). Thus, SiO2 phonon-related SPhPs are insuffi-
cient to explain the observed spatial variations.

Instead, our IR s-SNOM results can be well explained by 
a local variation of carrier concentration. The IR s-SNOM 
response of doped Bi2Se3 nanocrystals on SiO2 can be described 
qualitatively based on a simplified point dipole model, which is 
employed to approximate the AFM tip–sample interaction to 
first order.[36] Here, the AFM tip is represented by an oscillating 
dipole induced by the laser field, as illustrated in Figure 2f.  
The tip-scattered radiation then contains contributions from 
both the far-field Fresnel scattering of the tip and sample sur-
face reflection, as well as the local tip–sample near-field interac-
tion, which encodes the sample properties. The simple dipole 
model for s-SNOM often adequately describes the response 
of bulk materials, but must be modified to account for thin 
films or nanocrystals[37–40] (see Supporting Information for 
details). Here, we consider a two-layer system consisting of 
bulk SiO2, modeled in the spectral region of interest as a Lor-
entzian oscillator centered at ω = 1060 cm−1 (Figure S4a, Sup-
porting Information), and a 15 nm thick Bi2Se3 layer with a 
moderate free carrier Drude response (Figure S4b, Supporting 
Information): ( )

1 i
DCσ ω σ
ωτ= − , with 1/τ as the scattering rate, 

and ne
m

4
DC

2

σ π τ= , where n is the bulk 3D carrier density, e is 

the electron charge, and m is the effective mass. Using typical 
values for Bi2Se3,[41,42] we fix m = 0.14 me and 1/τ = 600 cm−1, 
and vary the carrier density to best fit the experimental trends 
seen in Figure 2d.

Figure 2g shows the simulated near-field amplitude results 
of our two-layer s-SNOM model for a range of doping, where 
we choose demodulation at the second harmonic of the tip to 
match our SINS measurements, and normalize to Au. Though 
overestimating the overall strength of the s-SNOM response, 

we find good qualitative agreement with our experimental data 
assuming carrier concentrations in the range of 5–7 × 1019 cm−3 
(Figure 2h). This order of magnitude is consistent with Hall 
measurements on drop-casted Bi2Se3 thin films and doping 
levels seen in previous studies of Bi2Se3 thin films.[42,43] The 
contrast is most pronounced for frequencies below 1000 cm−1, 
also in agreement with imaging measurements. Furthermore, 
this result conforms to the expected behavior of the far-field 
reflectivity calculated for carrier densities ranging from 1018 
to 1020 cm−3 within our experimental measurement range 
(Figure S4d, Supporting Information).

To further support that the observed near-field contrast is 
related to the local variation in carrier concentrations, we per-
formed MEM characterizations on Bi2Se3 nanocrystals. In 
MEM, the incident electrons at very low energy deflect before 
reaching the sample surface, and only interact with its electro-
static potential, as illustrated in Figure 3a. The contrast in MEM 
primarily arises from the spatial variations of surface topog-
raphy and work function.[25] Figure 3b shows a typical MEM 
image of a Bi2Se3 nanocrystal on a Si substrate. The contour of 
this nanocrystal is regular, i.e., truncated triangular, exhibiting 
a clear pattern analogous to the nano-optical s-SNOM pattern 
in Figure 1d. In view of most Bi2Se3 nanocrystals with a flat 
surface (Figure S1a, Supporting Information), the effect of non-
uniform thickness on the MEM image contrast in Figure 3b 
can be ignored. As a result, based on the correlation between 
MEM and s-SNOM, local carrier concentration variations are 
recognized as the origin of the observed optical contrast.

To address the nature of the defects that lead to the varia-
tions in the local doping, we subsequently resort to the analysis 
of crystal structure and chemical composition by TEM, EDX, 
and nano-Auger elemental mapping. Selected area electron dif-
fraction taken from different positions on a Bi2Se3 nanocrystal, 
with well-defined six-fold symmetric diffraction spots, veri-
fies the single crystalline nature (Figure S5, Supporting Infor-
mation). Moreover, crystallographic orientation within the 

Adv. Electron. Mater. 2018, 4, 1700377

Figure 3. Identification of the origin of the observed optical contrast on Bi2Se3 nanocrystals. a) Schematic of the interaction between the incident elec-
trons and the surface potential above the sample in MEM. b) MEM image of a Bi2Se3 nanocrystal on Si substrate. Topography (c) and s-SNOM ampli-
tude image (d) of an as-grown Bi2Se3 nanocrystal. Topography (e) and s-SNOM amplitude image (f) of the same nanoplate in (c) annealed at 350 °C  
for 30 min under argon protection. The illumination wavelength was 937 cm−1. The laser power was kept the same during the s-SNOM characterization, 
and the obtained s-SNOM amplitudes were normalized to that of the SiO2/Si substrate for comparison. g) Line profiles taken from (c–f), respectively.
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nanocrystal is uniform, verifying the absence of twinning and 
amorphous phases. For Bi2Se3, the most common defect is 
Se deficiency.[9] However, the EDX elemental mapping shows 
that Se and Bi are uniformly distributed within the detection 
limit of ≈0.5 wt% (Figure S6, Supporting Information). Even in 
nano-Auger element mapping (Figure S7, Supporting Informa-
tion) with a lower detection limit (≈0.1 at%) and a higher lateral 
resolution (≈10 nm), the distribution of Se also appears to be 
uniform. It should be noted that nano-Auger is surface sensi-
tive with a probing depth of 0.5–5 nm, while s-SNOM has sen-
sitivity to depths of up to 50–100 nm and is not confined just 
to the surface (top few nanometers) of materials. According to 
a recent X-ray photoelectron spectroscopy study on Bi2Se3, the 
surface of Bi2Se3 can be oxidized rapidly.[44] We believe it is the 
existence of surface oxide layer that results in the inability of 
nano-Auger to detect the inhomogeneities revealed by s-SNOM. 
In the high-resolution TEM images (Figure S8, Supporting 
Information), we cannot observe obvious defects with regular 
distribution. Consequently, we propose that it is local point 
defects (i.e., Se vacancies) that are responsible for regions with 
different carrier concentrations, similar to the case observed in 
ZnO nanowires.[34]

This scenario is further confirmed by monitoring the evolu-
tion of optical properties of nanocrystal with thermal annealing 
treatment, which could induce extra defects by thermal decom-
position. Figure 3c–f displays the topographic and s-SNOM 
amplitude images of an as-grown and post-annealed (350 °C for 
30 min under argon protection) Bi2Se3 nanocrystal with thick-
ness of 9.8 nm. After annealing, the height of Bi2Se3 nanocrys-
tals does not change and the surface remains flat, suggesting 
that there is no distinct degradation (Figure 3g). Nevertheless, 
the infrared amplitude of the post-annealed nanocrystal exhibits 
an overall increase, especially around the core region (Figure 3f). 
This phenomenon can be understood considering that the core 
of synthesized nanocrystals has a relatively low degree of crys-
tallinity,[45,46] which might result in the easier volatilization of 
Se due to the weaker atomic bonding. The formation of one Se 
vacancy is accompanied by the generation of two free electrons 
according to Kroger–Vink notation SeSe = V ••Se + Se(g) + 2eʹ,  
where SeSe refers to a Se2− ion sitting on a Se lattice site, V ••Se 
is a Se vacancy with +2 charge, and eʹ is an electron.[47] There-
fore, the carrier density as well as the infrared amplitude of the 
core would increase dramatically. The next interesting ques-
tion rising immediately is if the Se vacancies can be elimi-
nated by annealing the nanocrystal under a Se atmosphere, 
similar to the recent work performed by Gao et al. on WTe2 thin 
films.[48] We annealed the Bi2Se3 nanocrystals under Se atmos-
phere at 300 °C for 4 h, and distinct infrared contrast still can 
be observed (Figure S9, Supporting Information). As a result, 
we believe that for the polyol-synthesized Bi2Se3, Se vacancies 
cannot be easily eliminated by a post-annealing process.

To examine the generality of the observations in Bi2Se3 in 
terms of its mesoscopic heterogeneities, we further investigated 
CVD-grown Bi2Se3 and Sb2Te3 nanocrystals. The CVD-grown 
Bi2Se3 nanocrystals exhibit quite uniform optical contrast 
(Figure S10, Supporting Information), indicating that the 
observed infrared heterogeneity in polyol-synthesized Bi2Se3 is 
related to specific growth processes. Interestingly, for the Sb2Te3 
nanocrystals on mica substrate, we also observed similar optical 

inhomogeneity using IR s-SNOM, which has no counterpart in 
the topography (Figure 4). Detailed infrared nanospectroscopy 
analysis can be found in Figure S11 in the Supporting Infor-
mation. The optical contrast in most of the Sb2Te3 nanocrystals 
exhibits a dim center with a bright edge in IR s-SNOM images. 
It is noteworthy that a similar inhomogeneity pattern has 
been revealed on CVD-grown transition metal dichalcogenides 
(TMDCs), as seen in photoluminescence mapping,[49–52] which 
is attributed to chalcogen deficiencies during cooling[51] and 
local strain.[52] For the growth of Sb2Te3 nanocrystals, Sb2Te3 
powders were used as the single precursor, with the dissociation 
according to Sb2Te3(s) = SbTe(g) + 1/2Sb2(g) + Te2(g).[53] These 
gaseous molecules are then transferred downstream by the car-
rier gas and deposited on the substrate to grow nanocrystals. We 
propose that at the growth termination stage, after switching off 
the heat source, the growth does not stop immediately. Due to 
the reduced source supply, vacancy defects readily form around 
the edges, which are reflected as the optically bright edge in 
IR s-SNOM images. As for the difference in infrared behavior 
between CVD-grown Sb2Te3 and Bi2Se3, the dissociation species 
of Bi2Se3 are mainly BiSe and Se, and those of Sb2Te3 are Sb 
and Te existing in the form of elementary molecules.[53] From 
the standpoint of electronegativity, the chemical bond between 
Sb and Te is weaker compared with that between Bi and Se. 
Consequently, for CVD-grown Sb2Te3 nanocrystals, it is easier 
to form vacancy (VSb) and antisite (SbTe) defects.

Based on the valuable information obtained from CVD-
grown Sb2Te3, the growth of polyol-synthesized Bi2Se3 can be 
divided into three steps: nucleation, growth, and termination. 
The round and three-fold symmetric cores (Figure 1d,e) form 
at the nucleation stage, while the diversity of optical patterns 
may be related to the supersaturation inhomogeneity in the 
solution.[54] For the three-bladed core in Figure 1e, we assume 
that the adjacent edges are facing slightly different degrees of 
supersaturation, resulting in the generation of the anisotropic 
structure. The formation of brighter edges (Figure 1d,e) likely 
experiences a process similar to that in the CVD-grown TMDCs 
and Sb2Te3. During the termination stage, more point defects 
form around the edges due to the deficiency of reactive species. 
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Figure 4. Optical inhomogeneity in CVD-grown Sb2Te3 nanocrystals. 
AFM topographic (a) and s-SNOM amplitude (b) images of Sb2Te3 nano-
scrystal on mica substrate. The illumination wavelength was 937 cm−1.  
c) Line profiles taken from (a) and (b), respectively.
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The facile formation of these intrinsic defects, like Sb and Se 
vacancies, originates from the low formation energy of defects, 
which has been evidenced by a combination of high-resolution 
STM and first-principles calculations.[9,19] However, these pre-
vious studies only focus on the identification of defects at the 
atomic level, without probing the distribution of these defects at 
the mesoscopic scale, and the associated influence on the elec-
tronic structures and optical properties. Herein, our IR s-SNOM 
images reveal that these defect-rich regions, with higher carrier 
concentrations, can form mesoscale optical contrast with high 
symmetry, and these optical responses can be  understood and 
simulated by a simple theoretical model (Figure 2h).

As evident from the calculated spectra in Figure 2g, IR 
s-SNOM can serve as a powerful nanodiagnostic tool for opti-
mizing nanocrystal growth parameters, given the high sen-
sitivity to small changes in the local doping. However, despite 
adequately capturing all salient features of the SINS data in 
Figure 2d, our model still represents a simplified approxima-
tion to the true tip–sample interaction. In order to extract quan-
titative values from the s-SNOM contrast, a proper treatment 
of the evanescent wave interaction between the tip and sample 
is required, including the full momentum dependence of the 
sample response, as well as incorporating realistic tip geom-
etries.[55,56] Additionally, use of a nonresonant substrate such as 
Si or Au will simplify the analysis.

3. Conclusion

In conclusion, we have demonstrated the existence of meso-
scopic inhomogeneities in polyol-synthesized Bi2Se3 and 
CVD-grown Sb2Te3 nanocrystals using IR s-SNOM. With the 
assistance of MEM and theoretical calculations, we propose that 
the optical inhomogeneities are correlative with fluctuations in 
the local carrier concentration originating from intrinsic defects 
during synthesis. By comparing with recent studies on TMDCs, 
our results suggest that the electronic inhomogeneities might 
be a general growth-related phenomenon common to novel 2D 
materials. It is worth emphasizing that these small quantities 
of vacancies, although extremely important, have been largely 
overlooked due to the low sensitivity of traditional characteri-
zation methods, including TEM, EDX elemental mapping and 
nano-Auger microscopy. IR s-SNOM stands out as an extremely 
sensitive method to investigate the local electronic structures 
and optical properties of quantum materials.[23,24] Furthermore, 
our observations indicate that it will be of great significance to 
precisely control the stoichiometry of reactive species during 
the growth process for obtaining defect-free quantum materials 
with intrinsic exotic properties.

Experimental Section
Growth of Bi2Se3: The few-quintuple layer Bi2Se3 nanocrystals were 

prepared using a polyol method. Bi(NO3)3∙5H2O and Na2SeO3 were used 
as reactants, and ethylene glycol was used as solvent. Detailed growth 
parameters and structural characterization can be found in ref. [54].

Growth of Sb2Te3: Sb2Te3 nanocrystals were grown in a low-pressure 
horizontal tube furnace. Sb2Te3 powders (99.999%, Alfa Aesar) were 

used as the single precursor, which were placed at the hot center of the 
tube furnace. The substrate, i.e., freshly cleaved fluorophlogopite mica, 
was placed in the downstream region at a distance of about 11 cm 
from the source materials. Before the deposition, the tube was first 
evacuated to a base pressure less than 1 pa and purged with argon gas 
in order to reduce oxygen contamination. The furnace temperature was 
raised up to 500–510 °C at a rate of 10 °C min−1 with argon flow rate of 
60–80 sccm, leading to total pressure of 34–44 pa. The furnace was held 
at the growth temperature for 2–5 min to achieve a reasonable amount 
of products deposited on the substrates, and then cooled down to room 
temperature.

s-SNOM Nanoimaging: A commercial scattering-type scanning near-
field optical microscopy (NeaSNOM, Neaspec GmbH) was employed 
for single frequency nanoimaging. Continuous-wave quantum cascade 
lasers (Daylight solutions) and a CO2 gas laser (Access laser) covering 
the wavelength range from 5 to 11.3 µm were used as the light source. 
During the measurements, the metalized AFM tip (NanoWorld Arrow 
NCPt) oscillating with a frequency of Ω (≈280 kHz), was illuminated 
by a focused p-polarized mid-infrared laser beam, and the elastically 
backscattered signal was demodulated at higher harmonics 3 Ω to fully 
eliminate the contribution of background. The amplitude S3 and phase φ3 
of tip-scattered field were extracted by the Pseudo-heterodyne detection. In 
this work, the s-SNOM amplitude images are mainly used.

s-SNOM Nano-spectroscopy: For synchrotron infrared nano-
spectroscopy (SINS), infrared radiation from ALS Beamline 5.4 was 
focused onto a metallized AFM tip operated in intermittent contact mode 
Ω (≈250 kHz). For laser-based nano-spectroscopy (see Supplement), we 
used a femtosecond tunable IR laser with ≈250 cm−1 bandwidth based 
on an optical parametric oscillator (OPO) with difference frequency 
generation (DFG) (A.P.E. GmbH, Berlin). Near-field signal was 
detected at a higher harmonic of the tapping frequency using lock-in 
demodulation. The tip-scattered near-field signal was combined with light 
from a reference arm and interferometrically detected with an HgCdTe 
detector. SINS was performed using an AFM (Innova, Bruker) modified 
for s-SNOM. Point spectra were measured interferometrically with a 
modified Fourier-transform infrared spectrometer (FTIR) (Nicolet 6700), 
collected as asymmetric interferograms that were Fourier transformed to 
produce near-field amplitude S2 and phase φ2 spectra. SINS line scans 
were performed at a spectral resolution of 16 cm−1. Laser-based spectra 
were acquired using a commercial IR s-SNOM nano-spectroscopy 
system (nanoIR2-s, Anasys Instruments). All spectra were normalized to 
a bare Au substrate.

MEM: MEM was carried out in an Elmitec LEEM III system under 
ultrahigh vacuum. The electron gun potential was −20 kV, and the sample 
potential was −20 kV + Start voltage (STV). For MEM mode, the STV should 
be less than zero to insure that the electrons were reflected before hitting the 
sample surface. The STV used in Figure 3b is −1.1 V. The Bi2Se3 nanocrystals 
were drop casted onto a bare Si substrate for MEM measurements.

Nano-Auger Electron Microscopy: An Oxford/Omicron nano-Auger 
system was used to study the distribution of Se element in Bi2Se3 
nanocrystals. The lateral resolution of this system was ≈10 nm, and the 
analysis depth was 0.5–5 nm. Its detection limit was ≈0.1 at%

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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