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Abstract | Topological insulators (TIs) and topological crystal insulators 
(TCIs) are a new class of materials that exhibit exotic surface properties. 
It is thought that these properties are easier to detect if the materials have 
a high surface-area-to-volume-ratio. We present optimised growth methods 
to obtain high quality nanomaterials of a number of TCI materials, which 
have been grown from powdered bulk crystals using a vapour-liquid-solid 
(VLS) technique. Nanomaterials of SnTe, Pb1−xSnxTe and Pb1−xSnxSe have 
been produced and detailed characterisation of the bulk crystals and the 
nanomaterials through x-ray diffraction, microscopy techniques and EDX 
analysis are presented. Finally, UHV surface preparation techniques for 
SnTe microcrystals are presented. Such methods can be used to facilitate 
direct in-situ measurements of the band structure of TIs and TCIs using 
techniques such as angle-resolved photoemission spectroscopy (ARPES).

I Introduction
The exotic surface state that topological insulators 
and topological crystalline insulators possess 
has been a driving force in the research into 
these materials. These new states of matter have 
surface states that can be difficult to detect, and 
one proposed method to address this is to reduce 
the surface area to volume ratio of the materials 
being investigated for the topologically protected 
states. Investigating nanomaterials allows easier 
detection of such signals. Furthermore, it opens 
up a range of transport measurements that can 
be conducted to measure the properties of the 
materials and to potentially exploit those in new 
and novel devices. A number of growth processes 
that describe the methods required to obtain a 
variety of morphologies on the nanoscale have 
been published. The second generation bismuth 
based TIs were converted into nanomaterials 
using simple exfoliation techniques with Scotch 
tape, a method widely used to isolate layers of 
graphene. An alternative approach is to grow the 
nanomaterials from a powder of the material. This 
is usually done using a vapour-transport growth 
technique coupled with a gold catalyst to promote 
growth. For instance, nanowires and nanoribbons 

of Bi
2
Te

3
 can be grown using a simple tube furnace 

setup through a vapour-liquid-solid mechanism.
Topological crystalline insulators (TCIs) are a 

new subset of materials first predicted through 
theory,1–5 and later observed in experiments in 
bulk crystals of the IV-VI semi-metal SnTe showing 
band degeneracy.6 SnTe is a narrow-gap IV-VI 
semiconductor with a rock salt cu bic structure 
(lattice constant, a = 0.63 nm), and was the first 
material confirmed to be a TCI by angle-resolved 
photoemission spectroscopy (ARPES). The band 
degeneracy observed in TCIs are protected by 
rotational and mirror symmetry, in place of the role 
played by time-reversal symmetry in TIs.7–10 ARPES 
is one measure ment technique that can be used to 
reveal the exotic surface states of these materials. 
Mea surements to date have been performed only on 
the surfaces of cleaved bulk crystals or thin films.11 
ARPES performed on SnTe has been reported to 
show Dirac cone surface states.12

The effect of substituting Sn in PbTe and 
PbSe has been explored and it was suggested that 
by introducing strain into the lattice of these 
materials, a band inversion could be induced, 
thereby changing the trivial insulating nature 
of the materials to topologically non-trivial.10 

ARPES: allows for the direct 
experimentation of the 
distribution of electrons in 
reciprocal space.
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As a result, in the solid solutions Pb
1–x

Sn
x
Te and  

Pb
1–x

Sn
x
Se, TCI surface states have been 

experimentally observed.9–11 The TCI nature of 
these materials is unaffected by mixing disorder 
of the system.12 Further experimental evidence 
obtained using spin-resolved photoelectron 
spectroscopy (SRPES) has led to the observation 
of spin textures for the (001) metallic surfaces in 
both Pb

0.73
Sn

0.27
Se and Pb

0.60
Sn

0.40
Te.13,14

Unlike in the case of SnTe, where the 
experimental observation of the TCI states can be 
difficult due to p-type nature of the material, the 
tunable nature of the chemical potential to n and 
p-type in Pb

1–x
Sn

x
Te/Se makes these compounds 

more suitable for experimentally observing the 
TCI states, thus providing the motivation for the 
study of these materials.14

The resulting solid solution upon substitution, 
Pb

1–x
Sn

x
Te, is a narrow band semicon ductor with 

a tunable electronic structure based on the Sn/
Pb ratio;8 the structure being cubic for all Sn 
substitutions. For Sn substitution of upto x ≤ 0.4 in 
Pb

1–x
Sn

x
Se, the structure remains cubic, similar to 

that of PbSe, whilst the other end member SnSe 
adopts an orthorhombic structure.

For both Pb
1–x

Sn
x
Te and Pb

1–x
Sn

x
Se, the location 

of the band inversions is analogous to the material 
SnTe. The introduction of Sn atoms allows for the 
closing of the band gap, producing a Dirac state. 
For Pb

1–x
Sn

x
Te, the onset for the critical transition 

from a trivial to non-trivial insulator occurs at a Sn 
substitution of ∼x = 0.25 and the optimum point 
of this transition is x = 0.4.15–17 A TCI phase onset 
is observed in Pb

1–x
Sn

x
Se for x values between 

0.18 × 0.3. This transition is further dependent on 

a critical temperature, upto T
c
 = 250 K,16 and the 

TCI transition is not observed above this critical 
temperature.

2 Synthesis
2.1 Crystals
Crystal boules of SnTe were produced using a 
modified Bridgman following the procedure 
described by Tanaka et al. Several samples of 
SnTe were synthesised starting from high purity 
elements (99.99 % pure) that were mixed in 
varying ratios (Sn:Te = 51:49, 50:50 and 49:50). 
The Pb-Sn-Te and the Pb-Sn-Se crystal boules 
were also synthesized using the same procedure,1 
starting with high purity Pb and Sn shot (Alpha 
Aesar 99.99 %) and powders of Sn and Se (Alpha 
Aesar 99.99 %). For Pb

1–x
Sn

x
Te, an optimum Sn 

substitution level of x = 0.4 was synthesized and 
for Pb

1–x
Sn

x
Se, three different Sn substitution 

levels x = 0.18, 0.23 and 0.30 were made. Following 
the crystal growth, to check the phase purity, a 
small section of the boules was finely ground and 
powder x-ray diffraction patterns were obtained 
using a Panalytical X’Pert Pro system with 
monochromatic CuKα1 radiation. X-ray Laue 
diffraction was performed on the crystal boules 
and across the faces of cleaved sections of the 
boule to check the quality of the crystals produced. 
Finally, the stoichiometry was determined using 
an EDAX EBSD system installed alongside a Zeiss 
SUPRA 55-VP scanning electron microscope.

2.2 Nanomaterials
Figure 1 shows a schematic of the furnace used to 
grow nanomaterials. The VLS method was used 

EDAX EBSD: Energy 
dispersive x-ray analysis 

(EDAX, EDX) can be used to 
determine the composition 

of materials. Electron 
backscatter diffraction (EBSD) 

can be used to ascertain the 
crystallographic orientation.

VLS: The vapour-liquid-solid 
method is a growth process 

where a gaseous vapour forms 
a liquid alloy with a catalyst 

which promotes the growth of 
nanomaterials.

Figure 1: A schematic of a typical growth furnace used to grow nanomaterials. A growth profile can be 
seen showing sharp temperature gradient. Bulk crystals are powdered and used as source material, which 
is placed in the centre of the furnace. A substrate is placed downstream and is the site at which nanogrowth 
occurs. An argon gas flow is established to provide an inert atmosphere during growth and to act as a 
carrier gas for the source material.
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for the growth of nanomaterials for all the materials 
studied which has been used by many in the past 
to grow nanomaterials.18–22 This process involves 
the heating of finely ground powder, which is 
placed in the central hot zone of the growth 
furnace. Under an argon flow, which acts as a 
carrier gas and to provide an inert atmosphere 
during growth, the source material flows 
downstream to a cooler region in the growth 
furnace. A substrate placed downstream allows for 
the nucleation of the source material to form 
nanomaterials on the substrate surface.

For SnTe nanomaterials silicon substrates  
were prepared using two methods depending on 
the SnTe morphologies desired. Au nanoparticles 
were used as a precursor for nanowire growth, 
while to promote the growth of microcrystals a 
smooth Au layer deposited onto the substrate was 
used. For the first method, the silicon substrate 
was dipped into and immediately removed from a 
sodium citrate solution containing 20 nm gold 
nanoparticles (Sigma Aldrich). With the substrate 
placed horizontally, the solution was allowed to 
evaporate in air at room tempera ture for 
approximately 30 minutes. As the substrates dried, 
evenly spaced gold nanoparticles were observed 
across the substrate surface using an SEM. For the 
second procedure, a thermal evaporator was used 
to deposit a 50 to 100 nm layer of gold onto the 
silicon substrate to act as a catalyst for growth.

For the nanomaterial growth of the Pb-Sn-Te 
and Pb-Sn-Se, the preparation of the silicon 
substrates used for growth involved a two step 
process. First, the silicon wafer substrates (approx. 
5 mm × 30 mm) were cleaned using a 50:50 mixture 
of acetone and isopropan-2-ol. These were then 
allowed to dry naturally in air before suspending 
a sodium citrate gold nanoparticle buffer solution 
on the surface of the substrates (Alpha Aesar 
20 nm gold nanoparticles). The buffer was held 
in position by the surface tension of the solution 
on the substrates, and the solution then allowed to 

SEM: Scanning electron 
microscopy (SEM) is a 
microscopy characterisation 
technique.

evaporate in ambient room temperature conditions. 
We found that the Au nanoparticles dispersed on 
the surface with a density of ≈ 5/µm2.

For all the materials, about 5 to 50 mg of the 
powdered source material was placed at the centre 
of an alumina-silicate boat, which in turn was 
placed in the centre of the ‘hot zone’ of a 20 cm 
tube furnace. The parameters used for the growth 
of the different materials are given in Tables 1 and 2, 
for SnTe, Pb-Sn-Te and Pb-Sn-Se respectively. For 
SnTe, about 0.05 g of the boule with the nominal 
starting composi tion 51:49 was ground into fine 
powder and placed in an alumina-silicate boat 
to act as the source material for the growth. The 
silicon substrates used were 50 mm × 5 mm strips 
of silicon wafer, cleaved and cleaned using a solvent 
mixture of 50:50 isopropan-2-ol and acetone. The 
silicon substrate was blow dried using nitrogen 
gas.

The growth furnace is normally ramped up to 
the growth temperature very rapidly and a carrier 
gas such as Argon is used to suppress oxides 
growth. For the growth of SnTe nanomaterials,  
the source powder was kept at a temperature of 
540 °C, while the substrate was kept downstream 
at around 300 °C. The growth was conducted in a 
flow of argon gas of 35 sccm for a period of 
120 min. The growth of Pb

0.80
Sn

0.20
Te and  

Pb
1–x

Sn
x
Se nanomaterials was carried out at ∼540 

°C in 25 minutes under a flow of argon. The 
furnace remained at this temperature further for 
120 minutes at which point it was allowed to cool 
to room temperature naturally. The temperature 
of the ‘cold zone’ where substrates were placed for 
micro and nanomaterial growth was ≈ 300 °C.

Various parameters were refined and optimized 
to find the best conditions to obtain high quality 
nanomaterials with good yield. This involved 
performing over 30–40 experiments for each 
material, adjusting the temperature of the hot 
zone as well as substrate position and argon flow 
rate, and varying the substrate preparation to get 

sccm: Standard Cubic 
Centimeters—a measure of 
gas flow

Table 1: Representative atomic compositions of the bulk Pb0.60Sn0.40Te and Pb1–xSnxSe crystal boules are 
shown below. The data was obtained using EDX analysis of the bulk crystals. Lattice parameters for the 
powdered sections of the crystal boules obtained using powder XRD are also presented. The lattice parameters 
obtained show a slight discrepancy when compared to previously published data.21 This discrepancy may 
be possible due to the strain in the samples. Further studies are required to investigate this.

Nominal starting 
composition Atomic Percent (%)

Lattice 
parameter (Å)

Pb0.60Sn0.40Te 29(2) 21(2) 50(2) 100 6.420(0.020)

Pb0.82Sn0.18Se 41(2)  9(2) 50(2) 100 6.147(0.004)

Pb0.77Sn0.23Se 40(2) 11(2) 48(2) 100 6.147(0.005)

Pb0.07Sn0.30Se 34(2) 16(2) 49(2) 100 6.146(0.008)
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the desired structures. The conditions used for the 
growth of the different materials is given in the 
tables below.

3 Results and Discussion
3.1 SnTe
The crystal boules when removed from the sealed 
quartz tubes showed shiny metallic surfaces and 
cleaved easily along the {100} and {111} planes, 
revealing flat mirror surfaces. A small section of 
the crystal boule was ground into a fine powder 
for powder XRD. The data obtained for the 51:49 
composition shows that the SnTe was single phase 
with no impurities as seen in Figure 2. Com-
positional analysis using EDAX was performed on 
several small pieces of crystal obtained from 
different regions of the boule. The data revealed 
that the crystals had formed stoichiometrically as 
can be seen in Table 1. Laue diffraction (Figure 3) 
was performed on several freshly cleaved surfaces, 
which revealed well defined sharp diffraction 
spots.

XRD: X-ray diffraction 
is a x-ray crystallography 

characterisation technique.
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Figure 2: Powder X-ray diffraction pattern of 
a crushed sample of the as-grown SnTe crystal 
(composition 51:49). The data obtained (orange) 
and the expected Bragg peak positions (blue) are 
shown.

Figure 3: Typical Laue pattern of the as-grown 
crystal boule. The incident X-ray beam is aligned 
with the [111] crystallographic direction. The Laue 
patterns were consistent across the surface of the 
boule.
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After the VLS growth of the nanomaterials, the 
substrates when inspected by SEM showed long 
smooth single crystal nanowires. Representative 
images of the substrate surface are shown in 
Figure 4 along with a high resolution image of an 
isolated nanowire. Nanowires were observed to 
grow in random orientations pro truding outwards 
from the sample surface; typically, the nanowires 
grown are 200 nm wide and 20 to 50 µm long. 
EDAX analysis of the nanowire shows that within 
experimental error the composition is similar to the 
source material used. From high resolution SEM 
image of a single isolated nanowire in Figure 4(c), 
the Au-nanoparticle can be seen at the tip of the 
nanowire suggesting that it promotes growth, and 
that growth is nucleated by the Au nanoparticle. 
The importance of using Au-nanoparticles to 
catalyze the growth of nanowires is further seen 
in growths performed without Au-nanoparticles, 
where no nanowires were observed.

Figure 4(a) shows SnTe nanowires amongst 
microcrystals that have grown on a silicon 
substrate. A circular alloy feature can be seen at the 
tip of the nanowire in Figure 4(c). The nanowires 
that are grown are typically 20 to 50 µm long and 
approx. 200 nm wide.

Nanowire formation was best observed in the 
center of the substrate with microcrystals forming 
at the warmer end of the substrate (i.e. closer 
to furnace centre/hot zone). We find that our 
optimum growth temperature is 540 ± 20°C and 
duration is ≈120 mins. Using a sputtered layer of 
gold instead of Au nanoparticles yielded different 
results. This experimental procedure resulted in 
the growth of microcrystals in the form of rods and 
stacks, exhibiting perfectly formed cubic crystal 
structures of SnTe. A typical SEM image obtained 
is shown in Figure 5. These were determined to 
be stoichiometric in composition to the source 
material. Microcrystal rods were found to form in 
clusters on the edges of the substrate, protruding 
out of the surface. Using EBSD, it was found that 
all the structures grew predominantly in the vicinal 
{001} growth orientation, as seen in Figure 5.

3.2 Pb-Sn-Te/Se
The crystal boules obtained had shiny metallic 
surfaces when examined visually.

The x-ray powder patterns obtained suggests 
that the crystals grown are indeed single phase 
with lattice parameters in good agreement with the 
expected values. The x-ray Laue diffraction patterns 
observed revealed sharp spots demonstrating the 
high crystalline nature of the samples grown, and 
provided the orientation of the crystals cleaved 
from the as-grown boules. The EDX results showed 
that all the crystals grown were of a stoichiometry 
similar to the nominal starting compositions, 
within error, as shown in Table 1.

After performing the nanomaterial growth, 
the substrates were removed from the furnace 
and upon visual inspection, metallic grey features 
on the surface of the substrates could be seen. 
Table 2 shows a summary of the results of the 
growths performed for the materials. For the 
growths performed with Pb

1–x
Sn

x
Te nanomaterials 

in the form of wires were obtained. The growth 

Figure 4: (a) Low resolution SEM image of nanowires and microcrystals. (b) Nanowire of SnTe surrounded 
by Au nanoparticles. (c) High resolution SEM image of the tip of a SnTe nanowire; an alloy can be seen.

Figure 5: SEM image of SnTe microcrystals. The 
two red insets placed next to the corresponding 
microstructures show the EBSD pattern of the 
growth orientation in the direction normal to the 
growth axis. This is typically found to be a vincinal 
{001} orientation for the majority of crystals but 
some show a {111} growth plane.
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of microcrystals surrounding the free standing 
nanowires was also observed. For growths with 
Pb

1–x
Sn

x
Se, however, predominantly, microcrystals 

in the form of cubes were observed with a few 
nanowires present.

Table 2 below shows the optimum conditions 
required for the growth of various morphologies 
of SnTe, PbSnTe and PbSnSe materials. More 
details can be found in Saghir et al.23,24

The nanowires were found to be between 10 
and 50 µm long with a typical thickness of ≈100 nm. 
The growth density of the nanowires, observed 
from SEM, was found to be ≈0.40/µm2. The TEM 
image (Figure 7(a)) shows a nanowire with a gold 
alloy which has formed at the tip, commonly seen 
in shorter (<4 µm) thinner nanowires (<80 nm). 
Various stages of the growth from nucleation show 
that the alloy travels upwards in the direction of 
growth of the nanowires, which is the typical tip-
growth mechanism in these nanowires. Using TEM 
and SAED, the growth orientation of the crystalline 
nanowires was deter mined. SAED studies 
performed to obtain structural information about 
the growth orientation of the nanowires showed 
that the nanowires were highly crystalline in nature 
and grow along the [100] direction, while TEM 
results show that some thicker nanowires (>80 nm) 
grew with a core-shell structure similar to GaAs 
and ZnO nanowires (Figure 7d).22,23 For very long 
(>4 µm) and thick nanowires (>80 nm), as seen in 
Figure 7f, no gold alloy was found at the tip of the 
nanowire, suggesting that the gold nanoparticles 
eventually become consumed within the body of 
the longer nanowire. In shorter nanowires (<4 µm), 
we observed a distinct gold alloy formation at the 
tip of the nanowire (4a), further demonstrating a 
change in the growth mechanism of the nanowires 
from an initial VLS process, which generate shorter 
and thinner nanowires to a VS process, resulting in 
longer, thicker wires. EDX obtained in TEM mode 

TEM: Transmission electron 
microscopy (TEM or 

HR-TEM) is a high resolution 
microscopy characterisation 

technique.

SAED: Selected area 
electron diffraction (SAED) 

is an electron diffraction 
characterisation technique. reveals that the Pb

1–x
Sn

x
Te nanowires have a 

chemical composition, that is in the region of the 
critical transition point x = 0.25, at which the 
material changes from a trivial insulator to a TCI. 
Evidence from various microscopy techniques 
showed that the materials grew using a VLS 
technique much like that in the case of SnTe 
nanowires. The TEM images also showed that the 
nanowires were structurally similar to their bulk 
counterparts. Finally, the composition of the 
nanowires was that at which the material 
transitioned from a trivial to a non-trivial 
insulator.

Growth conditions similar to that used for 
Pb

0.77(2)
Sn

0.23(2)
Te nanowires were tried for several 

compositions of the Pb
1–x

Sn
x
Se. For a growth 

temperature of ∼540°C, for all Sn compositions 
attempted, no nanowires or microcrystals were 

Figure 6: Photographs of an as-grown 
Pb0.60Sn0.40Te boule with shiny metallic surfaces.

Figure 7: (a) HR-TEM of the gold alloy formed at 
the tip of a Pb0.77(2)Sn0.23(2)Te nanowire, which has 
been isolated on a TEM grid with carbon lace. (b) 
HR-TEM of a Pb0.77(2)Sn0.23(2)Te nanowire. A regular 
lattice can be seen showing the high crystalline 
nature of the structure where the lattice parameter 
equates to 6.497(3) Å. (c) SAED of nanowire.  
(d) Core-shell growth of nanowire. (e) Guinier-
Preston like zones can be seen forming in-plane 
within the 3D lattice. No defects can be seen in 
these regions, and compositional analyses reveal 
that they have the same composition as surrounding 
areas. (f) A typical long nanowire (> 4 µm).
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obtained. Instead, a thin layer of PbSe material was 
deposited with trace amounts of Sn. Raising the 
growth temperatures resulted in the decomposition 
of Pb

0.70
Sn

0.30
Se powder into PbSe microcrystals in 

the form of cubes and SnSe in the form of zig-zag 
nanowires , while for temperatures higher than  
550 °C, the cubes merged to form a thick 
continuous layer (Figure 8).

Producing nanomaterials of Pb
1–x

Sn
x
Se 

using a vapour transport was difficult as the 
compound decomposed into either PbSe or SnSe 
nanomaterials.

3.3 Surface preparation of nanomaterials
ARPES is a commonly used technique for 
investigation of the surface states of TIs; 
nanomaterials using this technique pose some 
problems. ARPES is a very surface sensitive 
measurement technique. As such, the most  
common approach to study TIs and TCI materials 
is by in-situ cleaving of bulk crystals or by 
growing layered materials by MBE for example. 
We developed a cleaning method that could be 
applied to materials that have been grown ex-situ 
of ultra-high vacuum systems.25 The motivation 
behind finding a method to clean TI and TCI 
nanomaterials was because the ex-situ growth  
method described in Figure 1 is a very popular 
technique for the growth of a range of TIs and 
TCIs in nanoform. The only way to confirm if 
these nanomaterials possess TI and TCI behaviour 
is to perform transport measurement or directly 
measure the band structure and find signals of 
band inversion. A UHV in-situ cleaning method 
was first reported by us for SnTe nanomaterials.25  
A XPS cleaning study was conducted, that found 
that atomic hydrogen cleaning with an anneal cycle 
(200 °C) gave the best results when cleaning the 
surface of the samples. The XPS data combined with 
SEM images of the sample surface before and after 
atomic hydrogen cleaning can be seen in Figure 9 
below.

Through the search of new states of matter, 
topological insulators, and topological crystalline 

Figure 8: (a) Representative SEM image of the growth of PbSe microcubes. (b) SnSe zig-zag nanowires 
with the inset for clarity. The thickness of the nanowires obtained for Pb0.70Sn0.30Se are ≈ 40 nm.

insulators, various materials that are thought 
to be topological superconductors and even 
combinations of the above, have been discovered 
and more are being predicted. This re-writes what 
we know about many materials that have already 
been exploited in exciting applications.

We now know the importance of having reliable 
growth methods that can be used for further studies 
with an eventual aim to exploit the topologically 
protected states in electronic applications. We 
have demonstrated the benefits of starting with 
bulk materials that have been well characterised 
as precursors in the growth of nanomaterials, and 
the motivation behind finding repeatable growth 
procedures of those. The nanostructures produced 
show interesting properties where now a focus can 
lie on detecting the enhanced surface states that 
they exhibit.

Although these surface states are protected 
from impurities and defects, we are limited by 
scientific tools that we have for detecting them. 
Many of the surface probes used today such as 
ARPES and surface conductivity measurements 
are heavily dependent on using clean surfaces with 
known crystallographic orientations. Previous 
methods used for tackling these problems such 
as in-situ cleaving have not been ideal. We have 
presented a surface cleaning procedure that 
can easily be adjusted for other substrates or 
samples. Additionally, we have demonstrated that 
such a cleaning method ensures that the surface 
topography is unaffected.

4 Summary
We report optimal methods for growth of high 
quality crystals of the TCIs Pb

0.77(2)
Sn

0.23(2)
Te and 

Pb
1–x

Sn
x
Se (x = 0.18, 0.23 & 0.30). From these 

we determined optimum growth conditions for 
the formation of nanowires and microcrystals of 
SnTe, and Pb

0.77(2)
Sn

0.23(2)
Te. For the solid solution 

Pb
0.70

Sn
0.30

Se, we found the compound decomposed 
to form PbSe microcubes and SnSe zig zag 
nanowires. Various structures described above 
were produced using the VLS growth method. We 
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find that a Au precursor is essential for the growth 
of both nanowires as well as microcrystals. Growth 
results are dependent on temperature of the source 
material, the substrate temperatures correspond 
to the position of the substrate in the cold zone 
and the growth duration. We have carried out 
extensive structural and compositional analyses 
using x-ray diffraction and EBSD, and investigated 
the observed structures using both SEM and TEM 
techniques to analyse and understand the growth 
mechanisms. Finally, we have produced a reliable 
cleaning method that can be used to obtain clean 
surfaces in order to conduct measurements such as 
ARPES. We believe that the methods and analysis 
described in this study is easily applicable to many 
other analogous materials in their morphologies, 
allowing a pathway to be established to potentially 
exploit their topological surface states.
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Figure 9: XPS spectra for the (a) C1 s, (b) O1 s, (c) Sn3d5/2 and (d) Te3d5/2 core-level peaks. Samples were 
subjected to an atomic hydrogen cleaning cycle at 200 °C and the data presented show chemical shifts for 
an as-loaded sample (black), the effects after 1 hour (red), 2 hours (blue) and the end of the treatment cycle 
(purple). (e + f) SEM images of microcrystals pre and post treatment showing no change to the surface 
morphology.
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