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Abstract  

2D layered atomic arrangement with ultralow lattice thermal conductivity and ultrahigh figure of 

merit in single-crystalline SnSe drew significant attention among all thermoelectric materials. 

However, the processing of polycrystalline SnSe with equivalent thermoelectric performance as 

single crystal SnSe will have a great technological significance. Herein, we demonstrate a high zT 

of 2.4 at 800 K through optimization of intrinsic defects in polycrystalline SnSe via controlled 

alpha irradiation. Through a detailed theoretical calculation of defect formation energies and lattice 

dynamic phonon dispersion studies, we demonstrate that the presence of intrinsically charged Sn 

vacancies can enhance the power factor and distort the lattice thermal conductivity by phonon-

defect scattering. Supporting our theoretical calculations, the experimental enhancement in the 

electrical conductivity leads to a massive power factor of 0.9 mW/mK2
 and an ultralow lattice 

thermal conductivity of 0.22 W/mK through vacancy-phonon scattering effect in polycrystalline 

SnSe. The strategy of intrinsic defect engineering of polycrystalline thermoelectric material can 

increase the practical implementation of low-cost and high performing thermoelectric generators.  

Keywords: Defect Engineering, Alpha Irradiation, Phonon Scattering, Lattice thermal 

conductivity, Thermoelectrics 

 

 

 

 

 

 

 

 

 

 



1. Introduction 

Thermoelectric materials stand as the major scope for direct conversion of heat energy to electricity 

because of their emission-free, vibration-free operation and eco-friendly nature. The power 

conversion efficiency of this system is controlled by the interrelationship in their figure of merit 

(zT) expressed as zT = (S2σ/K) T, where S, σ, κ and T are Seebeck coefficient, electrical 

conductivity, thermal conductivity and absolute temperature, respectively1–5. To breakdown, their 

complex interrelationship, several strategies like band structure engineering6–8, band 

convergence9–11, inducing resonant levels12–14, energy barrier filtering15–17, nano-structuring18–20, 

lattice anharmonicity21–23, Rashba effect24 and hierarchical architectures25,26 are introduced.  Most 

of these strategies ended up only improving the power factor of the thermoelectric material. 

Approaches to enhance the zT can be categorized into power factor boosting and thermal 

conductivity reduction; practically, enhancing the thermopower will add to the electronic part of 

thermal conductivity(κe). Whereas the lattice ordering determines the lattice thermal conductivity, 

it is the only independent parameter in the figure of merit (zT).  Thus creating anharmonicity in 

the crystal lattice will effectively serve as an efficient scattering source for phonon transportation 

without hindering the carrier transport27,28. In this aspect, defect engineering in thermoelectric 

materials is gaining more attention due to their ability to simultaneously tune the intrinsic carrier 

density and phonon transport properties. Inducing defect levels into the material can create a strong 

lattice anharmonicity and systematically decrease the lattice thermal conductivity.  Tin selenide 

(SnSe) is a well-known p-type semiconductor with a bandgap of 0.86eV and a large resistivity 

between 101-105 Ω cm at room temperature29–31. In addition, SnSe possesses an ultra-low lattice 

thermal conductivity of < 0.4 W/mK at 923 K. SnSe resembles a distorted NaCl crystal structure 

with a simple orthorhombic layered arrangement. The hierarchical layered arrangement of SnSe 

exhibits different characteristic electrical and thermal properties along with its a, b and c axial 

directions. The source of low thermal conductivity arises from the large Gruneisen parameter 

causing strong anharmonicity21,23. Anharmonicity is experienced due to the weak Sn-Se bonding 

explained by Heremans22 using a simple ball-spring model. The origin of the p-type in SnSe was 

confirmed from the intrinsic defect formation and its transition energy levels32. Improvements over 

the thermoelectric performance and the science behind the ultra-low thermal properties had been 

reported33,34. However, the detailed analysis of the physics behind defects induced thermal and 



electrical properties are still being explored. Recently, polycrystalline SnSe with the highest zT of 

~2.5, equivalent to the single crystalline SnSe performance via dopant and surface SnO2 removal, 

was reported. Surface oxide removal treatment and hole doping simultaneously enhanced its 

electrical conductivity35. Moreover, this approach of hole doping in the solid solution efficiently 

suppresses phonon transportation and thus the lattice thermal conductivity36. These studies prove 

that polycrystalline SnSe conceals many thermoelectric properties to be explored. On the other 

hand, defect engineering is demonstrated to improve zT and lattice defects could easily be 

introduced by ionizing radiation. In comparison with the doping process, defect engineering in 

materials via ionizing radiation is an effective way for improving the performance of different 

families in thermoelectric materials37–39.  

 

Figure 1 Schematic illustration of the (a) ball-milled synthesis of SnSe (b) hot-press fabrication process 

(c) Mechanism of the alpha particle induced lattice defect in SnSe (d) Dominance of phonon scattering 

induced by strain field and lattice dislocations and simultaneous enhancement in figure of merit. 
 



Here, we report on systematic theoretical and experimental analysis of intrinsic defect induced 

thermoelectric properties of polycrystalline SnSe. Intrinsic defects are generated in the SnSe 

material’s lattice through controlled exposure of alpha irradiation source. The alpha radiation 

induces random vacancy defects in the material, which acts as intrinsic dopants leading to ultralow 

thermal properties. Additional bands in its phonon density of states and formation of gap states in 

the electronic density of states have been achieved. The induced defects support the increase in 

power factor with a parallel rise in Seebeck and electrical conductivity. The anharmonicity caused 

by irradiation-induced defects is studied by Terahertz Time-domain spectroscopy (THz-TDS) 

which agrees well with our argument on the decrease in the total thermal conductivity. As a result, 

for the first time, we report a high zT of 2.4 and an ultra-low total thermal conductivity of 0.22 

W/m K at 823 K due to the synergistic phonon scattering by the irradiation-induced defect density 

in polycrystalline SnSe.  Anisotropy dependent thermoelectric properties are presented in the 

supporting information. 

2. Experimental Methods 

Tin (Sn, 99.99%) and Selenium (Se, 99.99%) powders are weighed to a stoichiometric ratio of 1:1 

and loaded into a stainless steel ball milling jar mechanical alloying at 400 rpm for 48 hours. The 

resultant powdered SnSe microflakes were used for pelleting by hot-pressing in a graphite mould 

under vacuum at 500oC with a heating rate of 30oC/min at 50MPa pressure for 30 minutes to form 

a pellet with a density of 5.97 g/cm3. The hot-pressed samples were then exposed to alpha particle 

irradiation with 5.486 MeV at different dose rates of 81 µGy (30 mins), 162 µGy (45 mins) and 

245 µGy (60 mins) by Am241
 isotope under a controlled environment as illustrated in Figure 1. 

TRIM Simulation for the analysis of alpha particles penetration depth in the SnSe samples were 

performed as shown in supplementary data S1. The powder X-ray diffraction pattern for each 

sample was measured using Bruker D2 diffractometer with Cu Kα (λ= 1.54 Å). Raman properties 

were measured using a Renishaw InVia confocal Raman spectrometry with a 633 nm laser source. 

Transport properties, hall carrier concentration were measured using the Lakeshore Hall 

measurement system in the magnetic field range -2T and +2T at different temperature ranges. Field 

Emission Scanning Electron Microscopy (FE-SEM) FEI Quanta 200FEG was used to analyze the 

layered internal alignment of the hot-pressed samples. Terahertz Time-Domain Reflectance 

Spectroscopy (THz-TDS) was measured using TeraSys AIO spectrometer for analyzing the 



anharmonicity caused by the defect concentration. Detailed X-ray Photoelectron Spectroscopy 

(XPS) studies were conducted using VG ESCALAB 220i-XL for High-resolution scanning of Sn 

and Se elements. Thermoelectric properties characterization of the samples for Seebeck coefficient 

(S) and electrical conductivity (σ) were performed using Netzsch SBA 458 Nemesis through 

standard four-probe direct current measurement method under argon atmosphere between 300-800 

K. Thermal conductivity (к) was determined through the relation к= α Cp ρ, where α and Cp are 

the thermal diffusivity and specific heat of the sample measured through light flash method using 

Netzsch LFA 467 hyperflash and the density (ρ) was measured through Archimedes’ method. 

Thermoelectric properties reported are measure in the direction perpendicular to the plane.  

 

Figure 2 (a) Crystal structure of layered SnSe and illustration of defective SnSe structure (b) Powder XRD 

pattern of the polycrystalline SnSe measure under different radiation dosage (c) Williamson-Hall plot 

analysis indicating the microstrain induced on the crystal lattice (d) shows the resonance peak of THz-TDS 

indicating the lattice anharmonicity induced by the intrinsic defects generated (e) Relationship between the 

decrease in lattice parameter and increasing carrier density to irradiation dosage in SnSe samples (f) 

Electronic charge density of SnSe in the presence of point defects (g) cross-sectional FE-SEM image of 

hot-pressed SnSe sample exhibiting layered structure.  



Theoretical calculations of the electronic density of states for pristine SnSe and defect induced 

SnSe were performed using Density Functional Theory calculations using Vienna Ab Initio 

Simulation Package (VASP). GGA+U approach proposed by Dudarev et al. was used to improve 

the total electronic band structure40. Geometrical optimization and relaxation of the structure were 

performed with a conjugated gradient algorithm before evaluating the electronic density of states. 

The reciprocal space was sampled with 6 x 6 x 6 Monkhorst-Pack k-point grid, and 500 eV energy 

cutoff was used for the plane-wave basis set. The Sn and Se vacancy defects were introduced into 

a   3 x 3 x 3 supercell for analyzing the influence of the defects in the crystal structure. Lattice 

dynamics calculations for phonon dispersion, phonon density of states and electronic charge 

density plot for the system with Sn and Se vacancy defects were calculated using CASTEP module 

in Materials Studio 8.0.  

3. Results and Discussions 

As illustrated in Figure 2a, SnSe possesses a double-layered geometrical arrangement of Sn and 

Se atoms interconnected in a zig-zag pattern lying in the same axis plane. Their corresponding 

bond lengths are calculated as 2.774 Å and 2.833 Å with experimental lattice parameters values 

a= 11.39 Å, b=4.21 Å, c=4.45 Å31. Powder X-ray diffraction pattern of the ball-milled and hot-

pressed samples indexed in figure 2b presents the orthorhombic structure of SnSe polycrystals. 

XRD pattern of the α- irradiation-exposed samples clearly shows the right-shifted [400] peak with 

an increase in dose rate of 81 µGy, 162 µGy and 245 µGy, respectively. This shift in 2θ 

corresponds to the decrease in the lattice parameter (a) as a result of the increasing vacancy defect 

concentration in the lattice with respect to the irradiation exposed dose rates38. The lattice strain 

induced by the ionizing α- radiation dosage was calculated by the Williamson-Hall method 41 as 

shown in figure 2c, where the amount of strain induced in the lattice after α- irradiation explains 

the possibility of generating charged Sn vacancy defects. The W-H plot was calculated using [400], 

[311], [020], [501] and [511] XRD peak positions and their FWHM, where the slope and intercept 

indicate the strain-induced and the grain size, respectively.  Comparison of the increase in hole 

concentration to the lattice parameter with respect to the irradiation dose is shown in figure 2e. 

This comparison supports the claims of irradiation dosage inducing charged Sn vacancy defects, 

which is in good agreement with Vegard's law42.  

 



 

Figure 3 (a) TEM image of the alpha particle irradiated SnSe flakes with dosage of 245µGy (b)SAED 

pattern of the SnSe flake (c) HRTEM image exhibiting the edge dislocation region (d) High-resolution 

image of the SnSe flake representing the atomic positions (e) demonstrates the strain induced in the SnSe 

lattice (f) shows the strain contrast (g),(h) and (i) exhibits the inverse FFT of the lattice dislocations and 

the strain defects incurred by the irradiation. 

Additionally, for experimental characterization of the phonon-defect scattering induced in the 

material, we measured the time-domain terahertz reflection spectrum (THz-TDS), as shown in 

figure 2d. Terahertz spectroscopy analysis reveals the lattice and carrier dynamics of 

semiconductor materials, especially for materials with electron-phonon solid coupling where 

carrier-lattice interaction produces localized lattice distortions43,44. These lattice distortions in the 

material can be analyzed via the THz reflectance spectrum, which induces anharmonic 

frequencies, as shown in figure 2d. The presence of intrinsic defects increases with radiation 

dosage, evident from the THz reflectance as the resonant intensity increases between 0.4 – 0.8 



THz. FE-SEM imaging of the hot-pressed pellet’s cross-section shows a perfect layered alignment 

pattern that supports good electrical conductivity in the samples. Interpretation for the existing 

correlation between lattice parameter and the hall carrier concentration is the orbital bonding that 

produces peripatetic carriers. However, in SnSe the formation of vacancy defects in the crystal 

lattice leads to an increase in hole concentration13.  These Sn vacancies and their migration tend to 

accelerate the dislocation density as recorded in many other ionic crystals.   

For a deep understanding of the irradiation-induced defect in the crystal lattice TEM studies were 

performed and maximum irradiation of 245 µGy was used for the measurement. Figure 3a shows 

the TEM image of SnSe plate with strain and dislocations. The following SAED pattern shows the 

orthorhombic structure with the presence of [001] plane 45. The corresponding high-resolution 

TEM image in figure 3c shows the thickness contrast and edge dislocation, whereas figure 3f 

shows the strain contrast of the selected area of the SnSe plate. The strain contrast demonstrates 

the lattice strain induced in the material by the alpha irradiation. Figure 3d shows the magnified 

HRTEM of the lattice arrangement in the SnSe plate. Dense dislocation and lattice strain are 

present all over the SnSe plates shown in figure 3e, with arrow marks representing the highly 

strained lattice distortion. Figure 3g-3i shows the inverse fast Fourier transform of the HRTEM 

exhibiting the high density of dislocation and lattice bending/distortion. TEM comparison for the 

pristine SnSe samples is provided in the Supplementary information S2. 

 



 

Figure 4 (a) Thermodynamic growth conditions of SnSe crystal where the horizontal and vertical lines 

indicate the higher chemical potential limits of Sn and Se determined from the native phase of Sn and Se 

respectively (b), (c) Calculated defect formation energies of intrinsic defect in SnSe under Sn-rich and Se-

rich conditions (d), (e) and (f) Compares of the calculated electronic density of states of SnSe under Sn 

vacancy rich and Se vacancy rich condition exhibiting defect-related changes.  

Hence, for a deep analysis of the intrinsic defect in SnSe, VASP calculation on the electronic 

density of states under Sn vacancy (VSn) and Se vacancy (VSe) rich conditions were performed as 

shown in figure 4d, which matches well with our experimental claims on the presence of positively 

charged Sn vacancy defects46–48.  Figure 4d explains the theoretical calculation of electronic 

density of states of pristine SnSe (i.e. Sn16Se16), Sn vacancy rich conditions (Sn14Se16) and Se 



vacancy rich conditions (Sn16Se14). Calculation of the pristine SnSe electronic structure shows a 

bandgap of 0.45 eV at PBE level, which is smaller than the experimental band gap of 0.8 eV. It 

can be seen that the lower energy valence bands limit ranges from -5.5 eV to – 2 eV, which is 

attributed to the interaction between the Sn 5p orbital and Se 4p orbital states. In contrast, the upper 

valence band states result from the interaction between Sn 5s orbitals with Se 4p orbital states. The 

conduction band is formed from the interaction of Sn 5p and Se 4p orbital states 46.  The presence 

of defects in a system introduces an additional level in the band structure near the Fermi level; 

similarly, under VSn rich condition (Sn poor condition, figure 4e), the bandgap shows an apparent 

decrease to 0.25 eV with the formation of a gap state between the valence and conduction band 

edge which is due to the interaction of Sn 5p and Se 4p orbital states. As seen from the eDOS, the 

presence of VSn defect makes the material more p-type as the Fermi level moves further deep inside 

the valence band; this correlates well with our experimental results of increase in carrier 

concentration with radiation dosage. The presence of gap states induces energy filtering effect 

which distorts the phonon transport without disturbing the electron mobility in the host. On the 

contrary, presence of VSe defect increases the bandgap to 0.6 eV which implies that the charged 

Se vacancy defect acts as a deep donor and compensates the hole carrier concentration to form n-

type conduction (figure 3f), which is not observed experimentally.  For better interpretation of the 

intrinsic defect induced alteration in the theoretical electronic density of states, we also calculated 

the defect formation energies of the native defects in SnSe system as shown in figure 4b and 4c. 

For the defect formation enthalpies of various intrinsic defects, we used the following equation: 

𝐸𝑓𝑜𝑟𝑚
𝐷𝑒𝑓𝑒𝑐𝑡,𝑞(∆𝐸𝐹) =  𝐸𝑇𝑜𝑡𝑎𝑙

𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑞
− 𝐸𝑇𝑜𝑡𝑎𝑙

ℎ𝑜𝑠𝑡 + ∑ 𝑛𝑖𝜇𝑖 + 𝑞(𝐸𝑉𝐵𝑀
𝐻𝑜𝑠𝑡 + ∆𝐸𝐹)

𝑖

 

where 𝐸𝑇𝑜𝑡𝑎𝑙
𝐷𝑒𝑓𝑒𝑐𝑡𝑖𝑣𝑒,𝑞

 and 𝐸𝑇𝑜𝑡𝑎𝑙
ℎ𝑜𝑠𝑡  are the total energies of defective structure and defect-free supercell 

structure obtained from the VASP DFT calculations, respectively, 𝑛𝑖 is the total number of atoms 

in the supercell, 𝜇𝑖 is the atomic chemical potential of the defective element,  𝑞 is the charge state 

of the defect and 𝐸𝐹 is the Fermi level, respectively.  Figure 4b and 4c show the defect formation 

energies of intrinsic point defects under different charge states in Sn-rich and Se-rich conditions. 

In our case of SnSe crystal, the possibility of intrinsic point defects is Sn vacancy(VSn), Se 

vacancy(VSe), interstitial defects of Sn (Sni) and Se (Sei), substitutional defects of Sn(SeSn) and 

Se(SnSe) respectively.  Under Sn-rich and Se-rich conditions, the predominant vacancy defects VSn 



and VSe exhibit relatively lower formation energies than other defects in their neutrally charged 

(q=0) state. As observed under Sn-rich condition, the formation energies of Se vacancy, interstitial 

Sn and substitutional SnSe defects exhibits lower formation energies. On the other hand, the defects 

Sn vacancy, Se interstitial and Se substitutional SeSn exhibit lower formation energies under Se-

rich condition. Under both conditions, VSn (q=-2) demonstrates the lowest formation energy of all 

the prevailing intrinsic defects, acting as an ultra-shallow acceptor. However, VSe (q=+1) defect 

also exhibits relatively lower formation energy and behaves as a deep donor defect, VSn dominates 

VSe suppressing the effect of n-type conduction34.  Thus the formation VSn defect is more 

dominating than other intrinsic defects and contributes to the p-type nature in the SnSe host.  

Further, to understand the effect of intrinsic defects on phonon transport, a detailed study on the 

lattice dynamics of SnSe under defect rich conditions were performed as illustrated in 

Supplementary data S3. For the defect-free SnSe lattice structure, the phonon states lie sparely 

occupied between 0.5-2.5 THz range. Under Sn vacancy defect rich condition, the defects tend to 

introduce large number of phonon states between 1-5 THz range which is also abruptly seen in the 

phonon density of states plot. The generation of Sn vacancy defect-related bands in the phonon 

dispersion roots to enhanced phonon-phonon scattering and phonon-defect scattering phenomenon 

resulting in lower lattice thermal conductivity through lattice anharmonicity49. Whereas, in the 

case of Se vacancy rich condition, the defect generated phonon states are split between lower and 

higher frequency ranges, which also supports inducing additional lattice anharmonicity for phonon 

scattering. Collectively, the comparison of phonon dispersion and phonon density of states under 

defect-rich conditions introduces additional phonon states leading to a more significant reduction 

in phonon mean free path and thus lowering phonon lifetime in the system16,50. The Raman 

spectroscopy analysis shows three strong peaks at 106.2 cm-1, 125.3 cm-1 and 148 cm-1,
 which 

relate with B3g and two Ag Raman modes, respectively51. The relative intensities of these Raman 

modes decrease with an increase in radiation dose rate; the Ag mode (125.3 cm-1) shows an evident 

broadening of the existence of lattice anharmonicity generated through the increasing lattice defect 

concentration51.  With the increase in the defect concentration, the Ag peak at 180 cm-1
 shows an 

apparent increase in intensity. Raman intensity and peak broadening effect observed can be related 

to lattice anharmonicity and lattice dislocations which play a significant role in phonon scattering. 

Raman mapping images shown in figure 5b demonstrate a significant decreasing trend of Raman 

peak intensities with the increasing alpha irradiation dosage.  



 

Figure 5 (a) Raman spectra of SnSe showing peak shift and broadening under different radiation 

dosage (b) Raman mapping exhibiting the change in peak intensity with respect to the irradiation 

dosage (c) shows the full survey scan of the SnSe sample under different radiation dosage (d) and 

(e) explains the high-resolution scan for Sn 3d and Se 3d states respectively. 
 

To precisely determine the material atomic composition and the chemical states of the element 

present, X-ray photoelectron spectroscopy is used. The presence of defects in the material alter the 

bonding energies or create a new peak with different bonding energy or peak shifting. Comparing 

the relative elemental percentage, peak binding energy position and peak intensity, a detailed 



analysis of the existing defect is obtained52. Figure 5c shows the full survey scan for the pristine 

SnSe and the radiation exposed sample with varying dosage levels, which indicates the presence 

of Sn 3d and Se 3d energy states without impurities other than carbon and oxygen states. For 

detailed information of peak position and bonding energy changes the high-resolution scan for Sn 

3d and Se 3d states were performed. The high-resolution scan for Sn shows two peaks of Sn 3d3/2 

and Sn 3d5/2 at 494.79 eV and 486.4 eV, respectively. The peak at the binding energy of 486.4 eV 

can be rationalized into Sn4+ and Sn2+ at 486.4 eV and 485.5 eV, of which Sn4+ is bonded to Se2- 

and Sn2+ is bonded to Se2-
 respectively. As seen in figure 5d and 5e, the peaks of Sn 3d3/2 and Sn 

3d5/2 show a clear peak shift with increasing radiation dosage, indicating the formation of Sn 

related intrinsic defects in the material53.  High-resolution scan of Se reveals the presence peak at 

53.95 eV which can be rationalized into Se 3d3/2 and Se 3d5/2 at 54.66 eV and 53.65 eV 

respectively54. Similar to that of Sn 3d peaks, the Se 3d also shows a redshift with increasing 

radiation dosage. Thus from XPS analysis, it is clear that the co-existence of intrinsic defects in 

the material and their defect densities are enhanced with the change in radiation dosage.  

Table 1: Electronic transport properties with respect to alpha irradiation dosage at room temperature. 

Irradiation 

Dosage 

(µGy) 

Carrier 

Concentration  
(x10

18
 cm

-3
) 

Seebeck 

Coefficient  
(µV/K) 

Electrical 

Conductivity  
(S/cm) 

Fermi 
 level  

E
f
 (eV) 

Effective 
 Mass  

Effective  
Density of States  

(states/cm
3
) 

0 0.72 303.65 7 0.03598 0.0695 4.61E+17 
81 1.53 308 10 0.03855 0.283745 3.80E+18 
162 3.34 294 11.5 0.03341 0.38471 6.01E+18 
245 17 297.7 12 0.03341 1.047202 2.70E+19 

 

Temperature-dependent hall measurements were performed to investigate the effect of the 

radiation dosage induced charged Sn vacancies on the electrical transport properties of the 

material. At room temperature, the hole concentration of the pristine and radiation-exposed SnSe 

samples demonstrates increasing from the order of 1017 to 1019 cm-3, as shown in figure 2e45. At 

300K, the sample with an applied irradiation dosage of 245 µGy reaches a higher hole 

concentration of 1.7 x 1019 cm-3
 compared to the pristine polycrystalline SnSe with 7.2 x1017 cm-

3, this significant enhancement is only possible through the introduction of charged Sn vacancy 

defects in the material55. This change in the carrier concentration induced by the defects leads to a 

larger variation in effective mass, as shown in Table 1. 



 

Figure 6 Temperature-dependent (a)Seebeck coefficient, (b) Electrical conductivity (c) Power Factor (d) 

carrier concentration (e) total thermal conductivity (f) demonstrates the effects of intrinsic defects induced 

by the respective radiation dosages on lattice thermal conductivity of SnSe (g) кL as a function of 1000/T 

(h) shows the comparison of their achieved figure of merit (zT) (i) Maximum reduced efficiency of the 

thermoelectric power conversion with temperature.  



In SnSe, under the Sn vacancy rich condition, VSn defects are considered major acceptors, leading 

to massive enhancement in their electrical conductivity. As the carrier concentration and the hole 

mobility are the major parameters governing the thermoelectric performance, we have 

demonstrated their temperature dependency in the material, as shown in figure 6d. The carrier 

concentration for all the irradiation doses increases with temperature resembling the thermal 

activation of the induced charge carriers. In contrast, the mobility shows a decreasing trend owning 

to the carrier scattering with temperature. The carrier scattering mechanism can be explained by 

the power-law μ  T-r
, where r is the carrier scattering parameter. Supplementary data S4(b) shows 

the relation between μ  T-1.5, which purely demonstrates the carrier scattering is dominated by 

acoustic phonon scattering45,53. Carrier mobility drops as the irradiation dosage increases due to 

induced crystal lattice defects in the SnSe, which drastically affects the charge mobility. The 

combined effect of the carrier density and mobility with the temperature typically activates the 

semiconducting behaviour achieved by thermal activation of charge carriers, enhancing the 

electrical conductivity of the material.  

Thermoelectric performance of SnSe based on their anisotropy along different axes in previous 

literature[45] proves that dominated along the in-plane direction (⊥ direction) compared to the out-

of-plane direction (// direction). Our study also experienced the same effect, which is the reason 

for presenting only the results along the in-plane (⊥ direction) in this work. Temperature-

dependent Seebeck coefficient (S) measurement for the pristine and alpha irradiation-exposed 

samples with dosage level of 81 µGy, 162 µGy and 245 µGy, respectively, are presented in figure 

6a. Seebeck coefficient values show increasing trends with maximum values at 625K and the 

positive values of S signify the p-type nature. The fall of S values at T >650 K is due to minority 

carrier excitation and leads to bipolar conduction. The radiation-exposed samples demonstrate 

slight decreasing drifts in Seebeck coefficient values due to Sn vacancies' increase in hole density. 

However, the radiated sample with 81 µGy dosages shows an increased Seebeck coefficient of 430 

µV/K compared to pristine SnSe of 415 µV/K at 600 K. The temperature-dependent variation in 

electrical conductivity (σ) of SnSe is shown in figure 6b. The electrical conductivity of the 

irradiated samples exhibits increasing trends with the radiation dosage compared to pristine SnSe. 

Initially, between 300 – 500K, the temperature-dependent semiconducting transport performance 

occurs as the electrons (minority carriers) are thermally excited from the valence band to the defect 



acceptor bands. After the saturation of the defect acceptor band, the electrical conductivity of SnSe 

shows metallic nature owing to phonon scattering up to 670 K. With further increase in 

temperature, the σ shows a fall and rise nature because of the phase transition from Pnma to Cmcm 

after 700 K56. As observed, the electrical conductivity of radiation-exposed SnSe samples tends to 

increase with increasing Sn2+ vacancies and the sample with a radiation dose of 245 µGy shows 

the highest σ of 55 S/cm at 700 K.  Following the rise in electrical conductivity due to Sn vacancies, 

the power factor (S2σ) shows a significant increase compared to pristine SnSe samples. The 

maximum power factor of 0.9 mW m-1K-2 is achieved for 162 µGy and 245 µGy samples and it is 

the largest power factor ever reported for SnSe. The effect of the intrinsic defects on the thermal 

conductivity of SnSe has been investigated in detail, as shown in Figure 6e and 6f. The total 

thermal conductivity (кTotal) of pristine SnSe and defect induced SnSe samples shows a common 

decreasing trend as a function of temperature. The intrinsic defect generated through the radiation 

dosages collectively diminished the lifetime and mean free path of phonons and leading to an ultra-

low thermal conductivity compared to other reports on doped SnSe. To effectively investigate the 

variation in electronic (кelectronic) and lattice (кLattice) thermal conductivity, using Wiedermann-

Franz law (кelectronic= LσT), the кLattice is deduced from the relation кLattice = кTotal -  кElectronic
57. The 

Lorenz number is calculated using the Fermi energy with the one-band model by considering only 

the acoustic phonon scattering as shown in supplementary data S4(d) and the electronic thermal 

conductivity increases with electrical conductivity. However, the lattice thermal conductivity 

shown in figure 6f demonstrates the dominating influence of phonon dynamics over the electronic 

part of thermal conductivity. The synergistic impact of the induced Sn vacancy and other intrinsic 

defects induced by the radiation is observed through their respective suppressed lattice thermal 

conductivity values compared to the pristine SnSe. This massive reduction in the lattice thermal 

conductivity of the irradiated samples arises from the enhanced phonon scattering by the presence 

of Sn vacancies and Se vacancies in the lattice41,58. The lowest value of 0.24 W m-1K-1 at 800 K is 

reached for the sample with a radiation dosage of 245 µGy. Figure 6g exhibits the trend of кLattice 

vs 1000/T, which shows the linear relationship signifying the phonon scattering is purely 

dominated by the phonon-umklapp scattering. This linear trend signifies the strong anharmonicity 

induced by the irradiation dosages achieving ultralow lattice thermal conductivity.   Our phonon 

dispersion calculation under Sn and Se vacancy rich conditions very well support the obtained 



ultra-low lattice thermal conductivity values through the defect dominated lattice anharmonicity. 

As a result of the enhanced power factor and suppressed Lattice thermal conductivity, the zT 

increases to a maximum value of 2.4 at 800 K in our p-type polycrystalline SnSe as shown in 

Figure 6i. This enhancement is reproducible for several batches of materials synthesized at various 

time and repeated measurements as shown in supplementary data S5. From the calculated zT 

values, it is witnessed that optimization of intrinsic defect engineering in SnSe plays a major role 

in enhancing the thermoelectric performance of the material. The calculated thermoelectric power 

conversion efficiency is shown in figure 6m, which reaches the peak efficiency of 25% compared 

with the pristine defect-free SnSe sample demonstrating only 13% efficiency. These power 

conversion efficiency value is comparable to any other renewable energy source. 

4. Conclusion 

Through a simple and cost-effective mechanical alloying method, we have successfully 

synthesized a polycrystalline SnSe and thereby engineering their intrinsic defects through 

controlled alpha irradiation eventually, high thermoelectric performance in SnSe is achieved. From 

the theoretical calculation of defect formation energies and electronic density of states, the 

mechanism of inducing high Sn vacancies is the reason for its native p-type conduction and ultra-

low thermal conductivity. Further, the calculated phonon dispersion curves prove that the presence 

of Sn and Se vacancy defects introduces additional phonon-defect scattering in the system. 

Synergistically, the presence of Sn vacancies significantly suppressed the lattice thermal 

conductivity due to the enhanced phonon-defect scattering produced by the lattice anharmonicity. 

Collectively, through the controlled dosage of alpha-radiation, we have optimized the intrinsic 

defect level in the SnSe which lead to enhanced thermoelectric performance with zT value of 2.4 

and ultralow lattice thermal conductivity of 0.24 W/m/K at 800 K. Finally, by this strategy of 

optimizing the intrinsic defects in the SnSe thermoelectric materials we have achieved the highest 

thermoelectric power conversion efficiency of 25% in SnSe, which is comparable to any other 

renewable power sources.  

Supporting Information 

The Supporting information data is available for: TRIM Simulation, defect-free pristine SnSe 

TEM, Theoretical calculation for phonon scattering, Temperature dependent carrier mobility, 



repeatability data for thermoelectric parameters and anisotrophy dependent thermoelectric 

parameters of SnSe samples. 
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