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Abstract

Semiconducting microbelts are key components ofttieemoelectric micro-devices, and their
electrical transport properties play significantleso in determining the thermoelectric
performance. Here, we report heavily Cu-doped sHogystal SnSe microbelts as potential
candidates employed in thermoelectric micro-devitasricated by a facile solvothermal route.
The considerable Cu-doping concentration of ~11.8p40 the solubility contributes to a high
electrical conductivity of ~416.6 S hat room temperature, improved by one order of ritade
compared with pure SnSe (38.0 S)mMeanwhile, after loading ~1 % compressive stiainl
laser radiation, the electrical conductivity canftaeher improved to ~601.9 Shand ~589.2 S
m™, respectively, indicating great potentials for lgpm to thermoelectric micro-devices.
Comprehensive structural and compositional charizetéons indicate that the Cualoping state
provides more hole carriers into the system, cbuatimg to the outstanding electrical
conductivity. Calculations based on first-principdensity functional theory reveal that the
heavily doped Cu lowers the Fermi level down irite valence bands, generating holes, and the
1 % strain can further reduce the bandgap, strengtl the ability to release holes, and, in turn,
leading to such an excellent electrical transperfgzmance. This study fills the gaps of finding

novel materials as potential candidates employedh& thermoelectric micro-devices and

provides new ideas for micro/nanoscale thermoetectaterial design.

Keywords: tin selenide, electrical transport performance-doping, strain loading, laser

radiation.



1. Introduction

With the aggravation of energy and environmentaes; achieving higher energy utilization
efficiency has become one of the most effective sMay solve the problems. Thermoelectric
materials can realize the direct conversion betwbenmal and electric energies, which are
expected to be widely applied in the field of wastat recovery and power generation [1-4]. To
evaluate the thermoelectric conversion efficien€ynaterials, a dimensionless figure-of-merit
ZT has been defined &&T = S6T/k, whereS is the Seebeck coefficiens, is the electrical
conductivity, T is the absolute temperature, ani$ the thermal conductivity, respectively [5-9].
A high ZT requires a high power facto®6) and a lowx, and a highs is of significance to
ensure a high thermoelectric power generation J0-Io achieve a higls, a high carrier
concentratiom (for electrons) op (for holes) is needed accordingd& neu or peu, wheree is
the electrical charge and is the carrier mobility [13-15], respectively. Fonost of the
thermoelectric materials, to achieve higFs, their pristinen or p values need further tuning to
achieve a higls and in turn, a higl¥°s [16], as shown itfFigure S1 in Supporting Information,

and doping and alloying are two effective waysdbiave this goal [3, 17-19].

As a key member in the thermoelectric family, msomale thermoelectric devices (or
thermoelectric micro-devices) have been paid camnalile attention in recent years due to their
full potentials for employing in continuous poweengration and refrigeration for various
applications [2, 20], such as the thermoelectrindeivs embedded with micro-generators that
can produce electricity by collecting the heat frootdoor [21, 22], and the thermoelectric
micro-coolers that can cool the processors duriagking in electronic devices [23]. Microscale

single-crystal semiconductors are suitable candgddbr employing in these thermoelectric



micro-devices, and their electrical transport prope (mainly o) play significant roles in
determining the thermoelectric performance [24,. 25wever, restricted by the considerable
crystal dimensions up to several hundred micromaefar applying to microdevices, exploring
ideal single crystal thermoelectric materials wiboth suitable crystal size and high
thermoelectric performance are historically triqiy 26]. To solve this issue, SnSe has been
considered as a good candidate due to their ctatitel size of synthesized single crystals,
abundance in raw materials, environmentally frignt#ature, high cost-effectiveness, and
excellent thermoelectric performance resulted ftbeir suitable band-gap values of ~0.9 eV and
ultra-low « derived from their specific anharmonic layeredstay structure, as shown kgure

S2 [6, 27-29]. However, the synthesized SnSe singystals by transitional aqueous solution
routes such as hydrothermal or solvothermal metheele typical microplates due to their
orthorhombic crystal nature [28-33], which needHar cutting into microbelts for applying to
microdevices; at the same time, due to the pood pristine SnSeg from these microplates still
need further improvement such as doping to achaevegh thermoelectric power generation
[34]. Besides, the loading of stress (or strainjudth also influencer of SnSe microcrystals
because the strain can change the atomic spacthqdarn alter the band structure, leading to
the change of electrical properties of materialac& any materials should be stressed during
their applications, and since band structures gf semiconductors change under strain, it is
critically important to clarify the band change tbermoelectric materials during their service
[34]. However, very few experimental studies haeerb performed on the influence of strain
loading ono of SnSe microscale single crystals. Furthermoregther there are any other
potential assistant techniques such as laser aalighat can further improve of SnSe

microscale single crystals is unknown.



In this study, we fabricated heavily Cu-doped snglystal SnSe microbelts as potential
candidates targeting thermoelectric micro-devitesugh a facile solvothermal route. The Cu-
doped SnSe can induce morphologies transferring frectangular microplates to microbelts,
which is suitable for direct use in the micro-degc avoiding any further processing. A
considerable Cu solubility of ~11.8 % in SnSe dbuted to a highy of ~416.6 S i at room
temperature, improved by one order of magnitudepayed with pure SnSe microplates (38.0 S
mY). It is found that, after loading ~1 % compressstiin and laser radiatios,can be further
improved to ~601.9 S thand ~589.2 S i respectively, indicating great potentials forrtht

be used as thermoelectric micro-devices. To sthdyfindamental mechanism of heavily Cu-
doping on improving the electrical transport pemiance of SnSe, morphological, structural, and
compositional characterizations including X-ray frdi€tion (XRD), scanning electron
microscopy (SEM), transmission electron microsc¢p¢M), energy dispersive spectroscopy
(EDS), spherical aberration-corrected scanningstrassion electron microscopy (Cs-STEM),
and X-ray photoelectron spectroscopy (XPS) wereprehensive investigated, and the results
indicate that both Cii and Cti doping states were found in heavily Cu-doped Sa6é the Cli
doping state can provide more hole carriers inéostystem, contributing to an improve@nd in
turn an enhanced Besides, we performed detailed calculations basefirst-principle density
functional theory (DFT), and the results indicdtattthe doped Cu enables the Fermi level to
move toward the valence band, and 1 % compressige an further reduce the bandgap,
leading to such an excellent electrical transperfgzmance. This study fills the gaps of finding
novel materials as potential candidates employedh& thermoelectric micro-devices and

provides new ideas for micro/nanoscale thermoetectaterial design.



2. Results and Discussion

Figure 1(a) shows the XRD patterns taken from synthesize@ [8nSe, 2 % Cu-doped SnSe,
and 11.8 % Cu-doped SnSe, respectively, irf aadge from 20° to 70°. The peak intensities
were normalized for comparison. The Cu solubilify~41.8 % was determined by the EDS
when 20 at% Cu was chosen as a nominate dopingotaton. As can be seen, all diffraction
peaks can be exclusively indexed as the orthorhosthictured SnSe with lattice parameters of
a=~1.14 nmp = ~0.42 nm ana = ~0.44 nm and a space groupRoima (JCPDS 48-1224) .
The strongest peaks of 400* indicate that all pobslshould possess significdn00} surfaces,
making other peaks weak and hard to identify, simib the bulk single crystals [6, 35, 36].
Figure 1(b) shows detailed 400* and 111* diffraction peaks i@farange from 30° to 31.5°,
magnified fromFigure 1(a), from which, with increasing the Cu-doping concation, all peaks
shift towards a higheré Since the sizes of Cu ions (0.077 nm fof @ad 0.074 nm for Ci)

are smaller than Sn ions (0.112 nm fof"$fB7], the peak deviation indicates that Cu at@mes
incorporated into the SnSe lattice. Besides, wittraasing the Cu-doping concentration, 111*

peaks become weaker, indicating the variation ydtat dimensions [6, 28].
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Figure 1. Structural and morphological characterizations on synthesized SnSe single
crystals with different Cu-doping concentrations. (a) XRD patterns in a2range from 20° to
70°, (b) magnified XRD patterns in & 2ange from 30° to 31.5°. The peak intensities Hzaen
re-scaled for better comparison. (c) Low and (ddhhmagnification SEM images of SnSe
microplates, (e) low and (f) high magnification SENMages of 2 % Cu-doped SnSe microbelts,

and (g) low and (h) high magnification SEM imagé4b.8 % Cu-doped SnSe microbelts.



To understand the morphological characteristicausfsynthesized products, SEM investigation
was performedFigures 1(c-d) show low and high magnification SEM images of @@nSe
products, from which typical microplate-like prodsievith an average dimension of ~p& can

be observed. These significdn00} surfaces explain why 400* is the strongest pealshown

in the XRD patternFigures 1(e-f) show SEM images of 2 at % Cu-doped SnSe products.
Interestingly, the Cu-doping can transfer the shapsynthesized products from rectangular
microplates to microbelts, indicating that Cu-dapimay alter the growth direction of SnSe
crystals.Figures 1(g-h) show SEM images of 11.8 % Cu-doped SnSe prod&ctgrisingly,
with increasing the Cu-doping concentration, thenehsions of these microbelts were
significantly enhanced, up to several hundreds icfameters. Meanwhile, combined with the
XRD results shown irfFigures 1(a-b), we confirm that th¢100} are still the most significant
surfaces on these microbelts. Corresponding opticayjes of our synthesized products can be
seen inFigure S3 for reference, and the refined lattice parametsra function of Cu-doping
concentration are shown Figure $4, from which a shrinkage of unit cell can be obsdrby

Cu-doping.

To clarify the Cu doping behaviour in SnSe, compreive TEM, EDS, and Cs-STEM
investigations were performeétigures 2(a-c) respectively show EDS spot analyses of three
typical products, in which the corresponding EDSpsare also provided as insets. All the
elements (Sn, Se, and Cu) are homogeneously didb indicating the homogeneous Cu
doping in SnSeFigure S5 summarizes the comprehensive EDS spot data taricotife ~11.8

% solubility of Cu in SnSe microbelts by the soha&rmal routeFigures 2(d-f) show high-
resolution TEM (HRTEM) images with insets of copending fast Fourier transform (FFT)

patterns, all viewed along t#00] zone-axes. The FFT patterns were acquired froneltiee



samples for Cu-doped microbelts. These patternsateltypical orthorhombic structures for all
products with significant{100} surfaces. Interestingly, with increasing the Cupidg
concentration, the lattice variations become mageificant, probably derived from the doping
of Cu in SnSe during solvothermal synthesis undgh temperature and high vapor pressure
[27, 29], which cause considerable lattice disbmgi Meanwhile, after Cu-doping, multiple FFT
patterns with slight deviations can be observedicating that the Cu-doping can probably result
in local crystal bents, mainly derived from the esevlattice distortiong=igures 2(g-i) show Cs-
STEM high-angle annular dark-field (HAADF) imagaswed along th¢100] directions, and a
crystal structure of SnSe is showrHigure 2(g) as inset [6, 15, 27, 29]. With increasing the Cu-
doping concentrations, the non-uniform contrast aaded structural patterns become more
significant (as the arrows showed), confirming seeere strains in the SnSe lattice by heavily

Cu-doping, mainly derived from the ion differenatween Sn and Cu.
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Figure 2. Compositional and structural characterizations on synthesized SnSe single
crystals with different Cu-doping concentrations. EDS results of (a) SnSe microplates, (b) 2
% Cu-doped SnSe microbelts, and (c) 11.8 % Cu-d§m&e microbelts, respectively, including
spots and maps as inset. HRTEM images with ins€FaT patterns of (d) SnSe microplates, (e)
2 % Cu-doped SnSe microbelts, and (f) 11.8 % CieddnSe microbelts, respectively, viewed
along the[100] directions. Cs-STEM-HAADF images of (g) SnSe mptates, (h) 2 % Cu-

doped SnSe microbelts, and (i) 11.8 % Cu-doped 3niSmbelts, respectively, viewed along
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the[100] directions. A crystal structure of SnSe (room temagpurePnma phase) is shown in (g)

as inset [6, 15, 27, 29].

To understand the electrical transport performarfoeur synthesized SnSe single crystals with
different Cu-doping concentrations, we employecekactrical test sample rod manufactured by
Nanofactory, as schematically shownhkigure 3(a), in which the sample rod is driven by a
piezoelectric ceramic to realize the movement ef Wi tip in three dimensions. By controlling
the movement of the W tip, the current-voltage Jleurve of different samples under specific
stress/strain loading can be realizétgure 3(b) shows an optical image of the setup of the
electrical measurement when a SnSe microbelt isiemiad by a Au wire. When the W tip
contact with the sample, a closed circuit systeforisied, and the corresponding I-V curve can
be obtained. The maximum voltage loading rangedmf10 to 10 V, and the piezoelectric
drive system can drive the W tip to stress the Syede and the electrical transport performance
under strain loading can then be evaluakgdure 3(c) and 3(d) show SEM images of 11.8 %
Cu-doped SnSe microbelt and a pure SnSe micrdimh, with one end fixed on the gold wire,
achieved by the focused ion beam (FIB) technique 3ize of the selected SnSe microbelt is

comparable to that of the W tip, leading to a goodtact to form a closed loop.
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Piezo Tube W Tip Gold Wire

Cut From SnSe Microplate by FIB

Figure 3. lllustration and characterizations of the electrical measuring system. (a)

Schematic diagram and (b) optical microscopy imaféhe electrical measuring system. The
SnSe sample is fixed on the Au wire and contactk witungsten needle tip connected to the
piezoelectric ceramic to form an electrical clossystem, and the corresponding current-voltage
(I-V) curve can be obtained by loading the voltaB&EM images taken from (c) a 11.8 % Cu-

doped SnSe microbelt and (d) a pure SnSe micrdéikelsample cut from the microplate by FIB.

Figure 4(a) shows optical images of the SnSe microbelts wiifferént Cu-doping

concentrations during I-V curve testing by the #leal measuring system (with no stress
loading). Figure 4(b) plots the achieved I-V curves with a fixed voltdgading range from

—250 to 250 mV, from which linear |-V curves illuste good ohmic contacts. It is clearly seen
that with increasing the Cu-doping concentratidme slope of the |-V curve was greatly
improved, and higher current values can be achieweer fixed voltage, indicating that the Cu-
doping can significantly improve the electricalnsport performance of SnSe microbelts. To

further understand the potential mechanism of Cuirdpin improving the electrical transport

12



performance of SnSe, we performed XPS analysiomfirm the valence state of Cu in our Cu-
doped SnSe microbelts, and the result of XPS spett€u 3, is shown in the inset dfigure
4(b). As can be seen, both Cualence stateia peak at 952.5 eV and €walence stateia peak

at 954.5 eV can be confirmed, and*Ginould play a dominant role in improving the dlieet
transport performance of SnSe due to the fact Gwatcan provide more hole carriers when
substituting Sfi, contributing to highep. The XPS results of Sn and Se are showFidgure S6

for reference. To better evaluate the electricahdport performance of these microbelts, we
derive theirs values by considering their sizes, using the féanuli o = ILy/VS;, wherel is the
current valuel, is the length of the microbelty, is the voltage value, an§. is the cross-
sectional area of the microbelts, respectively. Whtee microbelts have roughly round cross-
sections & = nd/4 was used, whemis the average diameter of the round cross-seatiben
the microbelts have roughly rectangular cross-sests. = acb, was used, whera; andb; are
the length and width values of the rectangular siesctionTable 1 shows the determines of
SnSe microbelts with different Cu-doping conceimtreg. For each Cu-doping concentration, we
measure five different microbelts to statisticajyin their average valuey(e). It is clearly seen
that with increasing the Cu-doping concentratiers significantly enhanced, and the ~11.8 %
Cu-doping can result in a high.e of ~416.6 S nf at room temperature, improved by one order
of magnitude compared with pure SnSe (38.07$. vt the same times of each microbelt under

a given Cu-doping concentration is closer{@ (as indicated by the error bars showrFigure

S7), indicating that the electrical transport propeyof the synthesized materials are stable.

13
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curves with inset of the XPS result for Coy 2 taken from the 11.8 % Cu-doped SnSe microbelt,
(c) determined electrical conductivity evaluated Seebeck coefficiegtand estimated power
factor S, |-V curves under increasing strains for (d) Sn@®g2 % Cu-doped SnSe microbelts,
and (f) 11.8 % Cu-doped SnSe microbelts, respdygtivdne arrows indicate the increasing of

strains.

Table 1. Dimensions and the measuiedf SnSe microbelts.

No. of Microbelts Cu-doping level Lp dc or a; and b (um) c(Sm
(nm) '

1 0 31.14 1.550 and 0.209 40.67
2 0 72.71 2.706 and 0.219 52.14
3 0 51.74 4.072 and 0.259 19.77
4 0 39.34 1.639 and 0.234 44.97
5 0 33.02 1.810 and 0.239 32.55
Gave 0 — — 38.02
1 2% 70.79 1.713 and 0.246 57.91
2 2% 49.15 2.098 and 0.215 70.69
3 2% 57.84 1.974 and 0.254 61.77
4 2% 41.09 1.755 and 0.263 50.78
5 2% 39.17 3.029 and 0.259 75.44
Gave 2% — — 63.32
1 11.8 % 223.01 1.645 475.51
2 11.8 % 134.62 1.353 422.83
3 11.8 % 74.46 1.111 462.37
4 11.8 % 123.83 1.424 355.79
5 11.8 % 57.41 1.201 366.65
Cave 11.8 % — — 416.63
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To evaluate the thermoelectric potential of thefadsicated microbelts for applying to
microscale thermoelectric devices, we evaluater theiver factorSs. Although the direct
measure of the Seebeck coefficieéhtis tricky for the microbelts, we can cold-presesh
microbelts into pellets and measure their room-tenafureS as the references to evaluate their
o, since theS of SnSe is weakly dependent on the measured idinsctanisotropy) [6, 15, 27-
29, 32-34, 38]Figure 4(c) shows the determinesl evaluatedS and estimate®s of SnSe
microbelts with different Cu-doping concentratiohiss clearly seen that with increasing the Cu-
doping level, the estimate®fo of SnSe microbelts is significantly increased freh8 uW m™*

K2 for x = 0 to ~36.uW m™ K for x = 0.118, although th8is decreased from ~451.% K™

to 297.7uV K™ These results indicate that heavily Cu-doped Sm&eobelts possess great

potential for applying to microscale thermoelectt@vices.

To understand the impact of strain on the eledtti@nsport performance of our synthesized
SnSe microbelts with different Cu-doping concemret, we applied ~1 % stress on these
microbelts during electrical testing, ar€igures 4(d-f) show the measured I-V curves,
respectively. The numbered optical images were shasvinsets in these figures, indicating the
stress loading process from 0 % to ~1 %, as iltstl by arrows. Since the higher stress loaded
(such as >1%) may significantly increase the charficdamaging the SnSe microbelts (as shown
in Figure S8) due to the fact that SnSe is a typical two-dinmm layer-structured
semiconductor with a relatively low hardness [6, 38|, and since 1% is significant for their
practical applications, we select the loaded stu@ito ~1 % for all testing microbelts. As can be
clearly seen irFigure 4, with increasing the stress loading, the slopethefl-V curves become
larger, indicating that appropriate stress appticethese microbelts can effectively improve their

electrical transport performance. It is of interést note that, under the same stress, the

16



improvement ol for pure SnSe, 2 % Cu-doped SnSe, and 11.8 % QeddSnSe were ~21.2
%, ~35.6 %, and ~44.5 %, respectively, indicatimat the applied stress can lead to hightar
higher Cu-doped belts, and a highe valueof ~601.9 S rit has been achieved when ~1 % strain

was applied to 11.8 % Cu-doped SnSe microbelts.

To understand the fundamental mechanism of imprewtnon the electrical transport
performance of SnSe microbelts by heavy Cu-dopiysiress loading, we performed detailed
first-principle DFT calculationgrigures 5(a-c) show calculated band structures of SnSe, heavily
Cu-doped SnSe, and heavily Cu-doped SnSe with 1ré&insrespectively, anéigure 5(d)
compares the total DOS of the three samples. Adeatlearly seen, the heavy Cu-doping can
lower the Fermi level down into the valence banti$SwSe, which can significantly generate
holes in the system, and in turn, boost the elsdttransport property of SnSeigures 5(e-g)
show corresponding partial DOSs of SnSe, heavikd@ped SnSe, and heavily Cu-doped SnSe
with 1 % strain, respectively. Interestingly, theu-@ orbital plays a significant role in
strengthening the DOS of valence band, which isnipalerived from the +1 valence state of
doped Cu. Such a considerable improvement in DOShef valence state can also help
strengthen the ability of releasing holes in thstay. Notice that there is an abrupt increase in
partial DOSs in the valence band of SnSe by Curdpgtowever, since the contribution af
orbital of Cu in fact covers the entire valencedaather than only at the ~1.5 eV position (even
though this position possesses the strongest piak)efficient enough to create extra holes in
the systems by Cu-dopingigure 5(h) compares the magnified total DOS of Cu-doped SnSe
with and without 1 % strain. It is clear that afegaplying 1 % strain in the sample, the bandgap

of Cu-doped SnSe can be further reduced from -€0-Dt3 eV, indicating a great enhancement

17



for the ability of generating holes and in turn,pkmning why the strain-applied sample

possesses such excellent electrical transport peafuce.
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Figure 5. Calculations of SnSe single crystals. Calculated band structures of (a) SnSe, (b)
heavily Cu-doped SnSe, and (c) heavily Cu-dopedeSwgh 1 % strain, respectively; (d)
comparison of total DOS of the three samples; spoading partial DOS of (e) SnSe, (f)
heavily Cu-doped SnSe, and (g) heavily Cu-dopedeSmigh 1 % strain, respectively, and (h)

magnified total DOS of Cu-doped SnSe with and witib% strain.

Furthermore, we applied laser radiation during theformation testing.Figures 6(a-c)
respectively shows the |-V curves of microbeltsobefand during laser irritations, in which with
laser on, the slopes of the I-V curves become faligdicating that laser radiation can further
improve their electrical transport performance batay owing to the effective activation of hole
carriers by the laser radiation [39]. Also, witlséa on, the improvement effor pure SnSe, 2 %
Cu-doped SnSe, and 11.8 % Cu-doped SnSe were %20-83.0 %, and ~41.4 %, respectively,
indicating that higher Cu-doping concentration aamtribute to highels under same laser
radiation conditions, mainly derived from the higpdan heavily Cu-doped SnSe that more hole
carriers can be activated by the laser, and ahiglof ~589.2 S rit can be achieved when laser
radiation was applied to 11.8 % Cu-doped SnSe mélts, indicating great potentials for
applying to thermoelectric micro-devicdsagure 6(d) shows the current variation of the 11.8 %
Cu-doped SnSe microbelt when intermittently loadasgger radiation under 10 mV, indicating
that the improved by laser radiation is stable with high repeatapilit should be noticed that
the sample doped with 2 % Cu shows déhienprovement slightly higher than that of 11.8 % Cu
doped sample. Such behavior may be derived fronfatttethat in 11.8 % Cu-doped SnSe, the
free hole carriers have reached a considerable dagter concentratiop. In this situation, it

may be not such sensitive to the laser that catiysemore holes by the irritation, thus the extra
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holes produced by laser irritation are limited dieg to a diminished effect of boosting théy

laser irritation in ~11.8 % Cu-doped SnSe micrabelt
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Figure 6. Influences of laser radiation on the electrical transport performance of SnSe
microbelts. I-V curves of (a) pure SnSe, (b) 2 % Cu-doped Sa8é (c) 11.8 % Cu-doped SnSe
microbelts before and after laser radiation, andc(drent variation of the 11.8 % Cu-doped

SnSe microbelt when intermittently loading laseliagion under 10 mV.

3. Summary

20



In this study, we fabricated heavily Cu-doped srglystal SnSe microbelts as potential
candidates for thermoelectric devices by a famlgathermal route. Compared with pure SnSe
microplates with a low electrical conductivity o88:0 S nit, the ~11.8 % Cu-doped SnSe
microbelts exhibit ~ one order of magnitude improeat of the electrical conductivity, up to
~416.6 S ril. After loading ~1 % compressive strain and lasadiation, the electrical
conductivity can be further improved to ~601.9 S amd ~589.2 S i respectively, indicating
great application potentials as thermoelectric ck=vi Detailed structural and compositional
investigations confirm the co-existence of?Cand CU valence states in SnSe, which can
provide more hole carriers, and lead to such higHectrical conductivity. DFT calculation
indicates that the heavy Cu-doping lowers the Felewel down into the valence bands,
generating holes, and the applied 1 % strain cahdureduce the bandgap, strengthening the
ability to release holes and in turn, significantlyprove the electrical transport performance.
This study fills the gaps of finding novel matesiads potential candidates employed in the
thermoelectric micro-devices and provides new idéars micro/nanoscale thermoelectric

material design.

4. Experimental Details

Experimental details can be foundSection 9 in Supporting Information.
Appendix A. Supplementary data

Supplementary data to this article can be fountherdt:
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Sm™ a room temperature;

1 % compressive strain further boost the electrical conductivity of single microbelt up to
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DFT calculations reveal the heavily doped Cu lowers the Fermi level of SnSe down into
the valence bands, and 1 % strain further reduce the bandgap;

Laser radiation improve the electrical conductivity of single microbelt up to ~589.2 Sm™.
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