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ABSTRACT

Introduction. The As-Se-Te system attracts significant attention since these
chalcogenide glasses are endowed with unique semiconductor and optical characteristics.
The wide infrared transparency, non-linearity, and ease of molding capability in these
glasses render them promising candidates for electronic and photonic applications.
However, the solubility of rare earth ions in chalcogenide matrices is generally low,
restricting their applications. The addition of Ga is known to improve apparent solubility, but
the intrinsic electrical characteristics of Ga-doped As-Se-Te glasses remain unexplored.

Materials and Methods. Chalcogenide glasses of the As-Se-Te system doped with Ga
were explored. Samples were obtained from high-purity precursor using the melt-quenching
method. Optical, structural, and electronic properties of the studied samples were
investigated using high-resolution X-ray photoelectron spectroscopy (XPS), impedance
spectroscopy, and optical spectroscopy.

Results. The incorporation of both Ga and Te leads to a decrease in the optical bandgap
compared to binary As2Ses glass. The valence band XPS spectra of the studied glasses
reveal characteristic features similar to other binary and ternary chalcogenides, reflecting
contributions from Se, Te, As, and Ga electronic states. These results indicate that the
electronic structure is strongly influenced by chalcogen—As(Ga) bonding, which affects the
valence band density of states and associated defect-related phenomena. The temperature-
dependent DC conductivity demonstrates multiple conduction mechanisms. Incorporation of
Ga lowers the high-temperature activation energy slightly, indicating modifications of the
conduction process, while Te-containing samples exhibit even higher activation energies,
suggesting contributions from hopping mechanisms and defect-related states.

Conclusions. The influence of Ga and Te on the optical and electronic properties of
As2Ses-based chalcogenide glasses is studied using optical and impedance spectroscopies.
Electronic properties of Ga-modified As-Se-Te glasses are shown to be important for their
applications in optoelectronic integrated platforms. The obtained results are correlated to
the valence band structure of these materials determined through XPS.
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INTRODUCTION

Arsenic-selenium-tellurium glasses are important functional materials for active and
passive applications in modern photonic and electronic integrated platforms thanks to their
high infrared (IR) transparency, excellent fiber drawing and molding capabilities, simple
thin-film technology, large optical nonlinearities, and presence of semiconductor properties.
The common examples include far-IR optics, IR optical waveguides for space
telecommunication, chemical and biological sensors, phase-change devices, and Ovonic
switches [1-8]. More applications are possible if these glasses are doped with rare-earth
elements, such as Ce, Pr, Eu, Tb, Dy, or Er, enabling active media for lasers, optical
amplifiers, and broadband sources in the mid-IR spectral range [3,9,10]. The bottleneck of
such applications is a concentration of rare-earth ions, whose solubility in chalcogenide
matrices is generally low, because at higher concentrations, the rare-earth atoms clamp
into metal nanoparticles. Ga is known to improve the number of rare-earth atoms converted
into the ionic form, increasing their apparent solubility [11,12].

Recently, the influence of Ga on the structure of arsenic selenides and arsenic-
tellurium selenides has been investigated [13,14], whereas the basic electrical properties
of these glasses remain unexplored. So, in the present work, we have performed optical
and electrical characterization of As-Se-Te glasses containing 2 at.% of Ga, and binary As-
Se glasses with a variable concentration of Ga.

MATERIALS AND METHODS

A conventional melt-quench method was employed for the synthesis of
Gax(Aso4Seos)100x (x=0,1,2,3,4,5) and Gaz(AsosSeos)ssyTey (y=0,10,15,20,30) glasses
using high-purity (at least 5N) chemical precursors: Ga, As, Se, and Te. Melting was
performed in a vacuum-sealed silica tube at 900 °C for 10 hours using a rocking furnace.
After quenching into water from 750 °C, the samples were annealed for 6 h, at ~10 °C
below the corresponding glass transition temperatures.

High resolution XPS valence band spectra were recorded with a Scienta ESCA-300
spectrometer (monochromatic Al Ka X-rays) on the samples fractured in situ in the
spectrometer's measurement chamber under a vacuum of 2x108 Torr or better. For all
measurements, the angle between the surface and detector was 90°. The instrument was
operated in a mode that yielded a Fermi-level width of 0.4 eV for Ag metal and at a full
width at half maximum of 0.54 eV for the Ag 3ds2 core level peak. The energy scale was
calibrated using the Fermi level of clean Ag. Surface charging from the photoelectron
emission was neutralized using a low-energy (<10 eV) electron flood gun. The experimental
positions of the valence band spectra were adjusted by referencing to the position of the
1s core level peak (284.6 eV) of adventitious carbon [15]. XPS data were analyzed with the
standard CASA-XPS software package.

Temperature-dependent Direct Current (DC) conductivity measurements were
performed in vacuum using an HIOKI LCR impedance analyzer with a bias voltage of 1 V.
Carbon paste electrodes were deposited on the opposite sides of 1 mm thick sample disks
to create an electrical ohmic contact.

Optical transmission spectra were recorded at room temperature by Agilent
Technologies Cary-5000 UV/Vis/NIR spectrometer in the 200-3200 nm spectral range with
2 nm resolution.

RESULTS AND DISCUSSION

The fundamental optical absorption edges of the investigated Gax(Aso.4Seo.6)100-x and
Gaz(Aso.4Seos)osyTey glasses are shown in Fig. 1, where the absorption coefficient () was
calculated from the transmission data of bulk 2 mm thick samples with the aid of PARAV
software [16].
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Fig. 1. Optical absorption coefficients of Gax(AsosSeos)ioox (@) and Gax(AsosSeos)osyTey (b) bulk glasses
calculated from room-temperature transmission spectra. The inserts show estimated optical bandgap
compositional dependences.

The edge follows the expected Urbach exponential behaviour proper to most
chalcogenide glasses [17,18]. The inserts show optical bandgap (E;) values and their
compositional dependence, estimated using Tauc plots for the indirect electron transitions

in PARAV [16].
ahv = B(hv — Eg)? (1)

The room-temperature optical bandgap values drop from ~1.6 (+0.05) eV for As2Ses
glass to ~1.4 (£0.1) eV for Ga-modified As2Ses, and to ~1.0 (£0.1) eV with Te addition. So,
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incorporation of both Ga and Te leads to a decrease in the optical bandgap compared to
binary As2Ses glass, the effect of Te being more significant.

The classic DC conductivity (op¢) vs 1/T dependence of chalcogenide glasses shows
several distinct regions [17-19]. The high-temperature one is associated with charge
carriers excited directly into the non-localized states of the conduction band (E,). It is
followed by the region where charge carriers are excited into localized states (E4) near the
edge of the conduction band or localized states (E5) near the edge of the valence band
(Ev). They usually contribute to a hopping mechanism of charge transport. There could also
be a region associated with temperature-activated hopping of charge carriers localized in
the states at the Fermi level (EF), if present. All these mechanisms follow exp(— E, /kT)
dependence, where activation energy E, depends on E,, Eg, E;, E,, Er and activation
energies of charge hopping (IW;) between relevant localized states [18]. Finally, the low-
temperature region usually follows the well-known T-1/4 law and is ascribed to a
temperature-activated hopping of charge carriers with variable jump lengths (variable range
hopping) [18].

The slopes of the linear fits to the high-temperature region of In(opc) vs 1/T
dependences (Fig. 2) were used to determine the relevant activation energies. Calculated
high-temperature value of E, = 0.85 (+£0.05) eV for As2Ses bulk sample roughly
corresponds to a half of the optical bandgap (or slightly higher), which allows us to assume
(if one accepts that Fermi level in chalcogenide glasses is pinned near the middle of
bandgap) [17,18] that this conduction mechanism is associated with direct excitation of
charge carriers into the non-localized states of conduction band with E, = E. — E.
Incorporation of Ga into As2Ses bulk glass decreases the value of E; = 0.75 (£0.02) eV
while still being close to half of the corresponding optical bandgap of Ga-modified As2Ses
samples. Nevertheless, these values are consistently higher than one half of the
corresponding optical bandgap values, which might indicate a slight shift of the Fermi level
towards the valence band in full agreement with the fact that most chalcogenides are
generally considered as p-type semiconductors [17,20]. This difference is even more
pronounced in Te-containing samples, where doubled E, values (E, decreases from 0.67
to 0.60 eV with Te addition) are noticeably higher than Ej; values (1.0+0.1 eV, see insert to
Fig. 1b). The higher activation energies than the half of the optical bandgap values can
also originate from the hopping mechanism of conduction involving localized states with
E, =E,p —Er+W;, where W; is the hopping activation energy [18]. The latter
mechanism can also be a reason for a kink in conductivity dependences like the one visible
after 1000/T ~ 3 for some of the investigated glass compositions, including As2Ses (Fig. 2).
The hopping mechanism relies on a higher concentration of defects, like D*-D- topological
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Fig. 2. Temperature dependence of DC conductivity for Gax(Aso.4Seos)100x (@) and Gax(Ase4Seos)ss-y Tey (D).
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coordination centres, used to explain many phenomena in vitreous chalcogenides [17,18].
At the same time, the low-temperature region of -4 dependence is difficult to assess in
the samples investigated due to very low conductivity values, which are on the verge of
equipment sensitivity.

The valence band density of states is crucial for the understanding of electronic
properties, defect structure, and various induced phenomena occurring in chalcogenide
glasses [17-21]. Valence band XPS spectra of the investigated samples (Fig. 3) show
similar features to the valence bands of other binary and ternary chalcogenides [22]. The
well-observed feature at about 2 eV is attributed to the lone pair Se 4p and Te 5p (in Te-
containing samples) electrons, whereas the peak at about 5 eV is contributed by 4p and
5p bonding states of Se and Te (if present in the composition), respectively. The observed
broad band at 7-16 eV is due to the overlap of signals from Ga 4s, As 4s, Se 4s and Te 5s
electrons, whereas XPS signal at 18 eV is caused by Ga 3d electrons (Fig. 3). The valley
at ~3 eV, which is well observed in Se-rich arsenic selenides [22], disappears in the
investigated glasses due to the broadening of Se 4p and Te 5p XPS peaks by As 4p and
Ga 4p bonding states from a prevailing concentration of chalcogen-As(Ga) bonds.
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Fig. 3. Valence band XPS spectra recorded for a fractured in vacuum Gay(AsosSeos)i00x (@) and
Gay(Asp4Seos)esy Tey (b) bulk glasses.
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CONCLUSION

Incorporation of Ga into As2Ses glass matrix leads to a decrease in its optical bandgap
and activation energy of high-temperature DC conductivity. Further addition of Te into the
composition leads to a more significant decrease in the optical bandgap and activation
energy of DC electrical conductivity. Valence band XPS spectra correlate well with the
electrical and optical properties of the investigated materials, showing typical features of
chalcogenide vitreous semiconductors.
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ENEKTPOHHI BITIACTUBOCTI CKI1A As-Se-Te, IEFTOBAHOIO Ga

Slpocnae Linomrok™*, Adam Inzpam?, AHOpili JTyyeuko’,

Amumpo Cno6odssn!, Mapkisin Kywnuk?, Onez Kpaseub’,

Muxadino Wnomok', PomaH MNonogyak®

"Kagpedpa ceHCopHOI ma HarienposiOHUKO8OI e/1IeKIMPOHIKU,

JIbsigcbKull HayioHanbHUl yHisepcumem imeHi lsaHa ®paHka,

8yn. TapHascbkoeo, 107, m. Jlbsis, 79017, YkpaiHa

2Kagpedpa opizuku, MonimexHika Onosnbcbka,

syn. Osimceka, 75, M. Onone, 45370, lNonbwa

SKaghedpa pisuku, iHxeHepii ma acmpoHomii, Jepxaeruli yHisepcumem OcmiHa i,
m. Knapkcesinm, TN 37044, CLUA

AHOTALIA

Bctyn. Cuctema As-Se-Te npuBepTae 3Ha4yHy YyBary, OCKiNbKM Ui COpTU
XanbKOTeHIAHOro CKna HafdineHi YHiKanbHUMW HaniBNPOBIAHWUKOBMMMW Ta OMNTUYHUMU
Bnactmsoctamu. Lnpoka nposopicTb B iHMpayYepBOHOMY JianasoHi, HeniHinHICTL Ta
npocTtotTa (OpPMyBaHHs pobNATbL Ui MaTtepianyM NepcnekTMBHUMW KaHgugatamu Aansi
€NEeKTPOHHMX i POTOHHMX 3acTocyBaHb. OAHaK PO3YMHHICTL PiAKICHO3EMENbHUX iOHIB Y
XanbKOreHIgHNX MaTpULAX 3ararioM € HU3bKOH, LLI0 0OMEXYE iX MpakTUYHE BUKOPUCTAHHSI.
HopaBaHHsa Ga, sk BigOMO, NOKpaLly€e PO3YMHHICTb PiKiCHO3eMENbHKX iOHIB, MPOTE BracHI
eneKTpuYHi xapaktepuctukmn ckna As-Se-Te, neropaHoro Ga, 3anuialTbCA NEPEBaXKHO
HeJoCNIXEeHNMU.

Marepianu Ta metoau. [locnimpxkeHo KOMMNo3uLii xanbKoreHigHoro ckna cuctemmn As-Se-
Te neroBaHi Ga. 3pasku Oynu OTpMMaHi 3 BUCOKOYMCTUX NPEKYPCOPIB METOAOM NMaBreHHs
3 noganbwmMm  OxonomKeHHsaM. OnTWYHi, CTPYKTYpPHi Ta €neKkTPOHHI BRacTMBOCTI
JocrikeHnx 3paskiB Oynu BMBYEHI 3a [OMOMOMOK BUCOKOPO3AINbHOI X-NPOMEHEBOI
doToenekTpoHHOi cnekTpockonii  (XPS), iMnemaHcHoi cnekTpockonii Ta  ONTUYHOI
cneKkTpockonil.

Pe3synbTatn. BBepeHHsa sk Ga, Tak i Te npu3BoAMTb OO0 3MEHLUEHHS LUMPUHK
3ab60pOHEHOI 30HM NOPIBHAHO 3 GiHapHum cknoM As,Ses;. CnekTpyn BaneHTHOI 30HW,
OTpMMaHi MeToAOM PEHTIEHIBCbKOI (DOTOENEKTPOHHOI CMEKTPOCKONii Ana AOCHioKEeHUX
marepianiB A4EMOHCTPYIOTb XapaKkTepHi 0CobNMBOCTI, CxOXi Ha iHWI GiHapHi Ta TepHapHi
XanbKoreHiaM, Wo BigobpaXae BHECOK €eNneKTpoHHuMX cTaHiB Se, Te, As T1a Ga. Ll
pe3ynbTaTy BKa3ylTb Ha Te, WO eNeKTPOHHa CTPYKTypa CUNbHO BU3HAYAETLCS 3B’SI3KaMu
xanbkoreH—As(Ga), Wo BNMMBaE Ha ryCTUHY CTaHiB BaneHTHOI 30HW Ta MNOB’A3aHi 3
pedekramn. TemnepaTypHo-3anexHa enekTponpoBiAHICTb NOCTIMHOMO CTPYMY AEMOHCTPYE
Kinbka MexaHiamiB npoigHocTi. BBegeHHA Ga 3HWMKYE eHeprilo akTvMBaLii Npy BUCOKMX
Temnepartypax 4yepes mMoaudikaLito npouecy NpoBiAHOCTI, ToAi K 3pasku, WO MICTATb Te,
OEeMOHCTPYIOTh e BULLi 3HAYeHHs eHepril akTuBauii, WO BKa3ye Ha BHECOK MeXaHi3MmiB
CcTpubkonoaibHoi NpoBigHOCTI Ta AedEKTHNX CTaHIB.

BucHoBkun. Bnnue Ga Ta Te Ha ONTUYHI Ta eNeKTPOHHI BNAaCTUBOCTI XalbKOreHiaHoro
ckrna Ha ocHoBi As,Se; [ocnigxXyBaBcsi 3a [AOMOMOrO OMTUYHOI Ta iMMNeAaHCHOI
cnekTpockonii. lMoka3aHo, WO eneKkTPOHHI BNacTMBOCTI Komnosuuin ckna As-Se-Te,
moaudikoBaHoro Ga MatTb BaXKMBE 3HAYEHHSI ONS iX MOTEHUIAHOTO BUKOPUCTAHHA B
IHTErpoBaHUX OMTOENEKTPOHHMX mnnaTdopmax. OTpuMaHi pe3ynbTaTtu KOpPemnwwTb 3i
CTPYKTYPOIO BaneHTHOI 30HW LMX MaTtepianis, BU3HAYEHOO 3a AONOMOrO PEHTreHiBCbKOT
(bOTOENEKTPOHHOT CNEKTPOCKONIT.

Knroyoei croea: xanbKoreHigHe CKMo, €nekTPonpoBiAHICTb MOCTINHOMO CTPyMy,
3abopoHeHa 30Ha, TemMnepaTypHa 3anexHicTb.
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