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DIVERGENT MECHANISMS OF THE EFFECTS OF ELECTRON
AND GAMMA IRRADIATION ON THE STRUCTURAL AND
THERMOELECTRIC PROPERTIES OF Bl TE; -SB: TEz THIN FILMS

The advancement of space exploration and radioisotope thermoelectric generator (RTG) technolo-
gies demands the development of flexible thermoelectric materials capable of stable operation under ex-
treme radiation environments. However, the divergent dynamic effects of corpuscular and photon-type
radiation on the structural properties of chalcogenide solid solutions deposited on polymer substrates
remain insufficiently understood. In this study, 25% Bi,Tes—75% Sh,Tes thin films with a thickness of
0.790 um, grown on polyethylene terephthalate (PET) substrates via thermal vacuum evaporation, were
subjected to electron beam irradiation (up to 1x10%™ e/cm?) and gamma irradiation (up to 1x107 R). The
morphological, structural, and electrophysical parameters of the specimens were systematically analyzed
using atomic force microscopy (AFM), X-ray diffraction (XRD), Raman spectroscopy, and a two-probe
measurement technique. The results revealed a fundamental difference in the degradation mechanisms
depending on the nature of irradiation. At the critical electron fluence of 1x10™ e/cm?, severe radiation
damage and surface atom sputtering led to the formation of an amorphous-metallized surface layer,
resulting in a sharp decrease in the Seebeck coefficient. In contrast, gamma irradiation fully preserved
the surface morphology while generating homogeneous bulk Frenkel pairs via the Compton effect. This
induced successive compensation and decompensation (defect coagulation) cycles strictly governed
by the Pisarenko—Mott relation, with electrical conductivity dropping to 0.12x10® Q"-m™ at 1x10° R
and recovering to 0.84x10° Q"m™" at 1x10” R. It is concluded that gamma irradiation serves as a bulk
defect engineering tool, whereas high-dose electron bombardment irreversibly degrades thermoelectric
efficiency through surface erosion.

Keywords: Bi,Tes—Sb,Te; thin films, thermoelectric properties, electron beam irradiation, gamma
irradiation, radiation hardness, defect engineering, surface amorphization.
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DAEKTPOHADI XXdHEe ramMa-cayAeAeHYAH, Bi,Te;—Sb,Te; xkyka yAAipAepiHiH,
KYPbIAbIMABIK, )XOHE TEPMO3AEKTPAIK KacueTTepiHe acep eTYiHiH,
SPTYPAI MexaHU3MAepi

fapblwThl  3epTTeyAiH >K8HE pPaAMOM30TONTbl  TEPMODAEKTPAIK  reHepatopaap (PUTII)
TEXHOAOMMSIAAPbIHbIH, AAMybl 3KCTPEMAAAbI PAAMALIMSIABIK, OPTaAa TYPaKTbl XXYMbIC icTeyre KabiAerTi
MKEMAI TEPMO3AEKTPAIK MaTepuarAapAbl >KacayAbl TaAan eTeai. AereHMeH, KOPMyCKYAQAbIK, >KaHe
(POTOHAbIK, COYAEAEHYAIH MOAMMEPAI TOCEHILUTEPre KOHAbIPbIAFAH XaAbKOreHUATI KaTTbl epiTiIHAIAEPAIH
KYPbIABIMABIK, KaCUeTTepiHe 8pTYPAI AMHAMMKAAbIK, CEPAEPi DA Ae XKETKIAIKTI 3epTTeAamereH. bya
>KYMbICTA TEPMUSIABIK, BaKyyMAbIK, GyAaHy aaicimeH noAmatuaeHtepedTanatr (M3T) TeceHiwTepiHae
ecipiAreH, KaAbiHAbIFbI 0,790 MKM GoAaTbiH 25% Bi,Tes—75% Sh,Tes >yka YAAipAepi 2AEKTPOHADI
Lok neH cayaeaeHyre (1x10" a/cm? pAaloeHCKe AeliH) kaHe raMma-cayAeAeHyre (1x107 P oo3ara AeiiH)
YLWbIPaTbIAAbL. YATIAEPAIH, MOP(OAOTUSABIK, KYPbIABIMABIK, >KOHE IAEKTPO(U3NKaAABIK, MapaMeTpAepi
ATOMAbBIK-KYLITIK MrKpockonust (AKM), peHTreHaik andpakums (PA), PaMaH cnekTpocKonuschl XXeHe
eKi 30HATbI OALIEY SAICI apKbIAbl XXYMEAI TYpAe TarAaHAbl. HaTuxeaep coyaeAeHyAiH TaburaTbiHa
6aAaHbICTbl  AErpasaLmsl MexaHU3MAEpIHAEri ipreAi  ambipMallbIAbIKTbl KepceTTi. 1x10% 3/cm?
KPUTUKAABIK, SAEKTPOHABIK, (DAIOEHCIHAE KATThl PAAMALMSIABIK, 3aKbIMAQHYAAP MEH GeTKi aTOMAAPAbIH
Liauibipaybl aMmopTbi-MeTarAaHFaH 6eTTiK KabaTTbiH Ty3iAyiHe akeAal, OyA 3eebek Koa(hULMEHTIHIH
KYPT TOMEHAEYiH TyAblpAbl. KepiciHwe, ramma-cayaeaeHy KomnToH adhdekTici ecebiHeH 6GipTekTi
KeAeMAiK DpeHKeAb >KYNTapblH TYAbIPA OTbIPbIN, 6eTKi MOP(OAOTMSAHbI TOAbIFbIMEH CaKTar KaAAbl.
BbyA MucapeHko — MoOTT KaTbiCbiHA KaTaH, GaFbiHATbIH ADMEKTI KOMMEHCALMS XOHe AEKOMMeHCaLms
(aKayAapAbIH KOaryAsuUMEChl) UMKAAEPIH TYAbIPAbI, MYHAQ 3AeKkTp eTKi3riwTik 1x10° P ao3apsa
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AeriiH TemeHaen, 1x107 P aco3aaa 0.84x10® Om™"M™-re AeliH KaAmblHa KeAAi. [aMMa-cayAeAeHy Ke-
AEMAIK aKayAap MHXXEHEePUSCbIHbIH KYPaAbl PEeTIHAE KbI3MET eTeAl, aA XKOFapbl AO3aAbl SAEKTPOHABI
aTkblAay OETTiK 3p03mMs CaAAapPbIHAH TEPMOIAEKTPAIK TUIMAIAIKTI KANTbIMCbI3 TOMEHAETEA] AereH KO-
PbITbIHABI YKaCaAAbl.

Ty#in cesaep: Bi,Tes—Sh,Te; xyka yAAipAepi, TEPMO3AEKTPAIK KacMeTTep, SAEKTPOHAbI LLIOKMEH
COYAEAEHY, FaMMa-COYAEAEHY, PaAMALIMSIAbIK, TO3IMAIAIK, akayAap MHXKeHepUsiCbl, 6eTTiH amopTaHybl.
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Pa3HoHanpaBAeHHble MeXaHU3Mbl BAMSIHUSI SAEKTPOHHOI O
M ramma-o6AyYeHHUsl Ha CTPYKTYpHble U
TEPMOIAEKTPUUYECKHUE CBOMCTBA TOHKMUX MAEHOK BiTe;—Sb,Te;

Pa3sButrne KOCMMYECKMX MCCAEAOBAHMIA M TEXHOAOTMI PAAMOM3OTOMHbIX TEPMOIAEKTPUUECKMNX
reHepatopoB (PUTII) Tpebyer co3paHUsi TMOKMX TEPMOIAEKTPUUECKMX MaTepPUMAAOB, CMOCOOHbBIX K
CTabWAbHOM paboTe B YCAOBMSIX 3KCTPEMAABLHOTO PAAMALMOHHOIO BO3AencTBus. OAHAKO pasHOHa-
npaBAeHHble AnHammyeckme 3pdheKTbl KOPMYCKYASIPHOrO M (POTOHHOIO M3AYYEHMIA HA CTPYKTYPHble
CBOMCTBA XaAbKOTr€HMAHbIX TBEPAbBIX PACTBOPOB, HAaHECEHHbIX Ha MOAMMEpPHbIE MOAAOXKKM, OCTAIOTCS
HEeAOCTAaTOYHO M3YUYeHHbIMU. B AaHHOI paboTe TOHKME NAeHKM coctaBa 25% BiTes—75% Sb,Tes ToA-
wmHor 0,790 MKM, BblpalleHHble Ha MOAAOXKKaX M3 NMoAnaTUAeHTepedTasaTa (M3T) meToaOM Tepmu-
4ecKoro BaKyyMHOrO MCrapeHusi, MOABEPraAMCh 0OAYYEHMIO SAEKTPOHHBIM My4KoM (patoeHe A01x10™
3KB/CM?) M ramma-m3AydeHmio (ao3a Ao 1x107 P). Mopdoaormyeckme, CTpyKTypHble M IAeKTPOpU3Mn-
yeckue napameTpbl 06pasLioB ObIAM CUCTEMATUYECKM NMPOAHAAM3MPOBAHbI C UCMOAb30BaHWEM aTOMHO-
craoBon mukpockonum (ACM), peHTreHoBckon andpakumm (PA), cnekTpockonmm KOMOUHALMOHHOTO
paccesHus (KP) n AByX30HAOBOro MeToAa mamepeHuit. PesyAbtatbl BbIIBUAM (DyHAQMEHTaAbHOE pas-
AMYME B MEXAHM3MAX AErpPaAdLIMM B 3aBUCMMOCTM OT NPUPOAbI 3AYUeHus. [Tpr KpuTrieckom AloeH-
ce 3AeKTPOHOB 1x10™ 3KB/CM? CUAbHbIE PAAMALMOHHbIE NMOBPEXAEHUS 1 PaCbIA€HKE MOBEPXHOCTHbIX
aTOMOB MNpMBeAM K (POPMMPOBaHMIO amMOP(U30BaHHO-METAAAM3ZNPOBAHHOIO MOBEPXHOCTHOIO CAOS,
4TO BbI3BAAO pe3koe naaeHue koadumumeHta 3eebeka. Hanpotue, ramma-o6AyUeHME NOAHOCTbIO CO-
XPaHMAO MOPCOAOTMIO MOBEPXHOCTU, FEHEPUPYS MPK 3TOM OAHOPOAHbIE 06beMHble napbl DpeHkeAs
3a cyet adhpekta KOMNTOHA. DTO MHAYLIMPOBAAO MOCAEAOBATEAbHbIE LIMKAbI KOMMEHCALMM U AEKOM-
neHcaumm (Koaryasumm AedekToB), CTPOro NOAUMHAIOLWMECS COOTHOLLEHMIO [TncapeHko — MoTTa, npu
3TOM 3AEKTPOMNPOBOAHOCTb NMasaa A0 0.12x10® Om™m™ npu po3e 1x10° P 1 BoccTaHaBAMBaAACh AO
0.84x10° Om™M™ npu 1x107 P. CaeAaH BbIBOA, UTO ramMma-O6AYUYEHUE CAYXKMT UHCTPYMEHTOM WH-
JKeHeprM 06bEMHbIX Ae(DEKTOB, TOrAA Kak BbICOKOAO3HAsi SAEKTPOHHAs 6oMbBapAMpPOBKa HEO6PATUMO
CHMXKAeT TEPMOIAEKTPUYUECKYIO 3(D(PEeKTUBHOCTb BCAEACTBME 3PO3MN MOBEPXHOCTMU.

KatoueBble cAoBa: TOHKMe nAeHkn BiTes—Sb,Tes, TepmoanekTpuueckme cBoWCTBa, 0OAyYeHUe
DAEKTPOHHbBIM MYYKOM, ramMMa-06AyUEHME, PAAMALMOHHAS CTOMKOCTb, MHXKEeHepusi AeheKToB, aMop-
dm3zaumsg NoBEPXHOCTY.

1. Introduction

The global energy crisis and the growing de-
mand for environmentally clean technologies have
stimulated unprecedented scientific interest in ther-
moelectric (TE) materials and devices that directly
convert thermal energy into electrical energy. For
thermoelectric devices operating in the near-room-
temperature range (300-500 K), solid solutions
based on Group V-VI chalcogenides — particularly
bismuth and antimony tellurides (Bi,;Tes, Sb,Tes) —
represent the most promising and well-established
materials. The distinctive layered rhombohedral
crystal structure (R3m space group) of these mate-
rials enables independent control of charge carrier
and phonon scattering mechanisms, thereby ensur-
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ing a high thermoelectric figure of merit (ZT) (Silva
et al., 2025; Musri, et al., 2024). In recent years, the
rapid advancement of wearable electronics, autono-
mous sensor networks, and lightweight radioiso-
tope thermoelectric generators (RTGs) designed for
deep-space exploration has created a strong impetus
to transition from conventional bulk crystals to thin-
film structures grown on flexible polymer substrates
such as polyethylene terephthalate (PET) or poly-
imide (Ma et al., 2024; Ali et al., 2026).
Thermoelectric modules deployed in space en-
vironments or operated in proximity to nuclear reac-
tors are continuously exposed to extreme external
factors, particularly high-energy ionizing radiation.
The interaction of ionizing radiation with the semi-
conductor lattice generates point defects — includ-
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ing vacancies, interstitial atoms, and antisite defects
(collectively termed Frenkel-type disorder) — within
the material bulk. These defects fundamentally al-
ter the density of states and charge carrier scattering
centers, exerting a profound influence on the mac-
roscopic electrophysical properties of the material
(Zhang et al., 2022, Yang et al.,2024).

The scientific literature has demonstrated,
through numerous bulk crystal studies, that low-dose
ionizing irradiation can be employed as a “defect en-
gineering” tool to artificially enhance thermoelectric
power (Seebeck coefficient) by deliberately shifting
the Fermi level (Zheng et al., 2020; Xu et al., 2021).
However, the thermodynamic and kinetic response
of thin films to irradiation differs fundamentally
from that of bulk crystals. The significantly elevated
surface-to-volume ratio in thin films gives rise to
pronounced surface energy effects, grain boundary
diffuse scattering, and charging of interface states
during irradiation (Park et al., 2026).

Nevertheless, the distinction between the dy-
namic effects of particle beams (high-kinetic-ener-
gy electrons) and photon radiation (gamma quanta)
on ternary chalcogenide thin films remains insuffi-
ciently elucidated in the international scientific lit-
erature. Most existing studies address either electron
bombardment or gamma irradiation in isolation, and
a unified physical model providing a comparative
analysis of the surface-versus-bulk damage par-
titioning between these two types of irradiation is
currently lacking (Qasrawi et al., 2015; Aliyev et al.,
2025). In particular, the open question of whether
the sharp decrease in thermoelectric efficiency un-
der extreme radiation doses arises from radiation-
induced surface sputtering and amorphization or
from purely bulk compensation effects has yet to be
resolved. Addressing this problem is of paramount
importance for predicting the long-term reliability
and radiation hardness of flexible thermoelectric
generators operating in radiotoxic environments.

To address the aforementioned scientific gap,
the present work is dedicated to the systematic in-
vestigation of the effects of progressively increas-
ing electron and gamma irradiation on the structural,
morphological, and electrophysical parameters of
25% Bi,Tes—75% Sb,Tes stoichiometric thin films
grown on PET substrates. Through the synchronized
application of atomic force microscopy (AFM),
Raman spectroscopy, and comprehensive electro-
physical measurements, the complete evolutionary
chain of radiation-induced processes in the material
— from radiation hardening to irreversible radiation
damage — was traced. The study provides scientific

evidence for the distinct degradation mechanisms
that arise depending on the nature of irradiation:
electron beams act as an agent causing surface met-
allization and erosion, while gamma rays serve as
a tool inducing bulk defect coagulation while pre-
serving surface integrity. These findings contribute
to a deeper understanding of the radiation stability
of flexible thermoelectric materials and open new
prospects for their application in extreme environ-
ments

2. Materials and methods

Thin films based on the 25% Bi,Tes—75%
Sb,Tes stoichiometric solid solution were deposited
by thermal vacuum evaporation using a UVN-71
P2 universal vacuum coating system. To minimize
the adverse effects of external impurities and resid-
ual gases and to ensure high film purity, the vac-
uum chamber was evacuated to a base pressure of
1.33x1073 Pa prior to deposition. Mechanically and
thermally stable polyethylene terephthalate (PET;
trade name: Lavsan) polymer sheets with a thick-
ness of 50—125 um served as the substrate material.
To establish thermodynamic equilibrium and opti-
mal crystallization conditions, the substrate temper-
ature was maintained at 100 + 2 °C throughout the
deposition process.

Evaporation was carried out using a resistive
tantalum (Ta) crucible. To ensure stable evapora-
tion kinetics, the crucible was heated to 610 °C. The
source-to-substrate distance was optimized based on
kinetic theory to guarantee a uniform distribution of
the evaporated material across the substrate surface,
and was fixed at 8 cm. The initial charge mass for
each deposition run was 70 mg, and the total deposi-
tion time was 8 min. These parameters consistently
yielded thin films with an average thickness of 0.790
um. Silver (Ag) contacts were subsequently depos-
ited by thermal evaporation onto both edges of the
as-grown specimens for electrical measurements.

The synthesized specimens were divided into
two groups for comparative analysis. The first group
was subjected to electron beam irradiation at three
fluence levels (1x10%, 5x10'", and 1x10'° e/cm?)
using an electron accelerator. The second group was
exposed to gamma irradiation at three dose levels
(1x108, 5x10°, and 1x107 R) using a %°Co isotope
source.

Vibrational modes and phonon characteristics
were investigated by Raman spectroscopy. Sur-
face morphology and roughness parameters were
analyzed in both 2D and 3D topographic imaging
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modes using an atomic force microscope (AFM).
Electrical properties — including electrical conduc-
tivity (o), electrical resistivity (p), and the temper-
ature-gradient-dependent Seebeck coefficient (o)
— were measured at room temperature using a stan-
dard two-probe method.

3. Results and discussion

3.1. Morphological and thermoelectric param-
eters of the as-deposited (unirradiated) specimens
AFM topographic images (Fig. la) revealed
a dense, void-free, well-defined granular surface
structure formed via the Volmer—Weber island

Figure 1

growth mechanism. The root-mean-square (RMS)
surface roughness (Rq) was 17.76 nm. Raman spec-
tra (Fig. 3) confirmed the distinct presence of the
Eg? (~110-120 cm™) and Aqg? (~150-160 cm™) vi-
brational modes, indicating the formation of quin-
tuple-layer structural units bonded through covalent
and van der Waals interactions.

Electrophysical analysis of the as-deposited
specimens yielded an electrical conductivity of
6 = 6.67x10° Q'm™. The positive value of the
Seebeck coefficient (+160 to +168 pV/K) indicates
that charge transport is dominated by holes (p-type
conductivity) generated by antisite defects (SbeTe,
BipTe).

a) 2D and 3D AFM topographic images of the unirradiated thin film; b) 2D and 3D topographic
images after electron beam irradiation at 1< 10" e/cm?; ¢) 2D and 3D topographic images after gamma

irradiation at 1% 107 R.
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3.2. Destructive mechanisms and surface
amorphization under electron beam irradiation

The interaction of the electron beam with the
thin films induced strictly dose-dependent anoma-
lies through localized kinetic energy release (“ther-
mal spikes™) and elastic collisions.

Figure 2

Seebeck coefficient as a function of temperature gradient for the
unirradiated and electron-beam-irradiated 25% Bi2Tes—75%
Sb2Tes thin films at various dose levels
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At the low fluence of 1x10" e/cm?, tellurium
vacancies (VeTe) with donor character were rap-
idly generated within the film bulk. These vacan-
cies compensated the existing holes (compensation
effect), sharply reducing electrical conductivity.
However, in accordance with the Pisarenko—Mott
relation, the decrease in carrier concentration in-
creased the entropy per charge carrier, leading to an
anomalous enhancement of the Seebeck coefficient
to +270 uV/K — a manifestation of “defect engineer-
ing.” At the intermediate fluence of 5x10'* e/cm?,
kinetic processes promoted defect clustering and the
“radiation hardening” phenomenon, partially stabi-
lizing the lattice properties.

At the critical fluence of 1x10'® e/cm?, severe ra-
diation degradation was observed. As shown in Fig.
1b, electron bombardment sputtered surface atoms
into the vacuum. AFM images visually confirmed
the transformation of the surface into a porous, sharp
needle-like residual relief. The vibrational modes in

the Raman spectrum were completely suppressed,
transitioning to a broad amorphous background.
As a result of the massive loss of Te atoms from
the surface, a Bi/Sb-rich, partially amorphous met-
allized layer was formed. This highly conductive
metallized surface layer effectively short-circuited
(“shunted”) the underlying semiconducting bulk.
Consequently, the thermoelectric properties deterio-
rated sharply, with the Seebeck coefficient decreas-
ing to +150 pV/K.

3.3. Isotropic evolution and defect coagulation
under gamma irradiation

The interaction of gamma radiation with the film
material differs fundamentally from that of elec-
trons, generating purely bulk processes without sur-
face erosion (Fig. 1c¢). Gamma photons penetrated
deep into the film bulk via Compton scattering, gen-
erating secondary electrons. AFM results confirmed
that even at the critical dose of 1x10” R, the original
granular surface morphology and roughness (Rq =
19.3 nm) were fully preserved.

Figure 3

Raman spectra of the unirradiated and electron-beam-
irradiated 25% Bi>Tes—75% SbyTes thin films at various dose
levels
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In the Raman spectra, the intensities of the Asg
and Eg vibrational modes decreased but did not van-
ish, indicating the preservation of long-range struc-
tural order in the thin film.
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Figure 4

Seebeck coefficient as a function of temperature gradient for the
unirradiated and gamma-irradiated 25% Bi;Tes—75% Sb,Tes
thin films at various dose levels
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At the reference dose of 1x10® R, V,Te do-
nors generated in the bulk induced a compensation
effect, reducing ¢ by a factor of 55 (to 0.12x10?
Q~''m"). Concurrently, the Seebeck coefficient ex-
hibited an anomalous increase to ~185 pV/K. As the
dose was increased to 5x10% R and 1x107 R, defect
coagulation (decompensation) processes were ac-
tivated within the bulk, and electrical conductivity
recovered along a U-shaped trajectory to 0.84x103
Q''m™.

These non-monotonic variations in the Seebeck
coefficient strictly obey the fundamental Pisarenko—
Mott equation applicable to partially degenerate
semiconductors (Eq. 1):

e

a = ﬁm*?’(i)_xa ()

3eh* ip

where kB is the Boltzmann constant, ¢ is the ele-
mentary charge, h is Planck’s constant, m* is the
effective mass of charge carriers, T is the absolute
temperature, and p is the hole concentration.

As is clearly evident from Eq. (1), o ~ p™2/~,
meaning thermoelectric power increases as carrier
concentration decreases. When the hole concentra-
tion (p) is reduced by compensation at 1x10¢ R,
the entropy per carrier increases, driving the See-
beck coefficient to its maximum. At the extremely
high dose of 1x107 R, the increase in concentration
due to decompensation causes the Seebeck coeffi-
cient to decrease to +126 uV/K, in full accordance
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with Eq. (1). This finding mathematically confirms
that gamma irradiation acts as a genuine bulk de-
fect engineering tool. Since the surface and contacts
remained intact throughout, the Ag—thin film inter-
face guaranteed ideal ohmic current transport at all
gamma dose levels.

4. Conclusions

The optimal deposition technology for 25%
Bi,Tes—75% Sb,Tes stoichiometric thin films with
a thickness of 0.790 um on PET polymer substrates
via thermal vacuum evaporation was successfully
developed. AFM results confirmed that the speci-
mens possess a highly ordered crystalline lattice
belonging to the R3m space group with excellent
surface morphology, and that the Ag contacts form
ohmic electrical contacts.

— The effect of electron beam irradiation was
found to exhibit two sharply distinct regimes de-
pending on the fluence. At 1x10" e/cm?, the See-
beck coefficient was enhanced to +270 pV/K via the
compensation effect (defect engineering), whereas
at the critical fluence of 1x10'® e/cm?, the material
completely lost its thermoelectric character due to
massive surface sputtering, partial amorphization,
and metallization.

— It was demonstrated that gamma irradiation
generates homogeneous Frenkel pairs in the thin
film bulk via the Compton effect without causing
any surface damage. With increasing dose, defect
coagulation and decompensation processes are ac-
tivated, resulting in U-shaped recovery of electrical
conductivity, with the Seebeck coefficient respond-
ing solely to the balance of bulk parameters.

— The totality of experimental evidence dem-
onstrates that thin films based on bismuth and anti-
mony chalcogenides exhibit extremely high radia-
tion stability against high-dose gamma irradiation,
rendering them optimal materials for operation in
extreme radiotoxic zones and as elements of space-
based RTGs. Particle beams, acting as an erosive
and destructive agent, necessitate active surface
protection of the device during long-term opera-
tion.
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