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Kuruk UBan, Muponuyk I'anuna, Ilapaciok Ouer, Januabuyk Cepreii, boxko Baagumup, 3amypyeBa
Oxcana. Onruyeckue CBOMCTBa KpucTawioB cucrembl Tli,In.,Sn,S, (x=0; 0,1; 0,20; 0,3; 0,4; 0,5). B mannoii
paboTe M3ydanach Kpuctaumueckas cucrema Tly,In,Sn,S, (x = 0,1; 0,20; 0,3; 0,4; 0,5), a UMEHHO BIUSIHUE YACTHY-
HOTO KaTHOHHOTO 3aMEIICHUS HOHOB |N MOHaMU SN HA ONTHYCCKHE XaPAKTCPHCTHUKU HCCIICAYSMBIX COCIAMHCHHA.
PaccMOTpeHbl 3aKOHOMEPHOCTH M3MEHEHUS! ONTHYECKUX CIIEKTPOB MOTJIOMICHUS B KPUCTAJIaX TBEPIBIX PACTBOPOB OT
TeMIepatypsl U coctaBa. OlieHeHa IMUPHUHA 3aNPEIIEHHON 30Hbl COSAMHEHUN JIJISl Pa3IMYHBbIX TEMIIEpaTyp, IpSIMbIX U
HEMpsIMBIX TIepexoa0B. OmpeeneHpl Mo IKCIePUMEHTAILHON 3aBUCUMOCTH [na (Av) TpW pas3iMvHBIX TeMIeparypax
E4(0) u ap. Paccunrana KOHIEHTpALNS 3apsKEHHBIX 1e(PEKTOB, OTBETCTBEHHBIX 32 SKCIIEPUMEHTAIFHO YCTAHOBICHHO®
3HaYCHHE Ag.

KiaoueBble c10Ba: KOX(pQUIUEHT MOTIIOMICHIS, IIUPUHA 3alIPEIICHHON 30HBI, CJIOUCTHIC CTPYKTYPHI.

Kituk lvan, Myronchuk Galina, Parasyuk Oleg, Danylchuk Serge), Bojko Volodimyr, Zamuruyeva
Oksana. Optical properties of crystals of Tl n.,Sn,S, (x=0; 0,1; 0,20; 0,3; 0,4; 0,5). The influence of partial
cationic substitution of In ions by Sn ions on the optical characteristics of the solid solutions Tl4,In;,SS, (X = 0,1;
0,20; 0,3; 0,4; 0,5) has been studied. A comparative analysis of temperature behavior of optical absorption edge over
the temperature range from 77 to 300 K is performed for alloys with (x = 0,1; 0,20; 0,3; 0,4; 0,5).

The band gap of compounds at different temperatures, for direct and indirect transitions have been estimated.
From the experimental dependences /na (hv) at different temperatures the constants E4(0) and o in the Urbach rule
have been determined. The concentration of charged defects responsible for the experimentally determined value of
characteristic energy has been calculated.

Key words:. absorption, band gap, layered structure.
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Electronic structure of AgCd,GaS,

In the present work we report on measurements of X-ray photoelectron (XP) valence-band spectrum including the
comparatively wide energy region corresponding to location of upper core-levels (up to ~80 eV with respect to the
bottom of the valence band) of the atoms constituting a quaternary AgCd,GaS, single crystal grown by the Bridgman
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method. Electronic structure of AgCd,GaS, are aso theoretically studied by using the first-principles full potential
linearized augmented plane wave (FP-LAPW) method. The FP-LAPW method has been employed in the present work
to calculate binding energies of upper core-levels for the AgCd,GaS, compound. With respect to values of binding
energies of the Cd 4p, Ag 4p and Ga 3d core-levels, the theoretical and experimental data for the AgCd,Ga$S,
compound were found to be in agreement to each other. Curves of dominant partial densities of states of AgCd,GaS,
have been compared on a common energy scale with the XP valence-band spectrum of the compound under
consideration.

Key words: AgCd,GaS;; Electronic structure; First-principles band-structure calculations; X-ray photoelectron
spectroscopy; densities of states.

Introduction. A quaternary AgCd,GaS, compound crystallizes in the orthorhombic structure (space
group Pmn2;; lattice parameters. a = 8.1395(9) 4, b = 6.9394(8) 4, and ¢ = 6.6014 (7) 4 [11]). It is formed
in accordance with a peritectic reaction L+4(CdS)«<AgCd,GaS, and exists in the 67-78 mol % CdS
homogeneity region [12]. Tetrahedral coordination of the constituent atoms is characteristic of the unit cell
of AgCd,GaS; [15]. In the structure of AgCd,GaS,, there are three non-equivalent types of sulfur atoms
(Fig. 1), which occupy 4b and two different 2a sites. The non-central space group of the crystal structure of
the AgCd,GaS, compound makes it a very prospective material for optoelectronics and non-linear optics.
The AgCd,GaS, compound reveds intense luminescence, high photosengtivity, and wide trangparency range
[13,14]. The compound is n-type semiconductor with the width of energy gap, E,, of 2.15 eV at about 300 K.

_/"”

Fig. 1. Crystal structure of AgCd,GaS, (unit cell is outlined)

The valence-band occupations and optical susceptibilities of AgCd.GaS, have been caculated
comparatively recently by Reshak et a. [4; 8]. It has been established that the valence band maximum and
conduction band minimum are located at the " point of the Brillouin zone. This means that AgCd,GaS; is a
direct-gap semiconductor. In addition, Reshak et a. [4,8] have established a strong negative uniaxial
anisotropy for optical properties of AgCd,GaS,. Recently in Ref. [7], X-ray photoelectron (XP) core-level
and valence-band spectra for pristine and Ar*-ion irradiated (001) surface of AgCd,GaS, single crystal have
been measured and those measurements have revealed high chemical stability of (001) AgCd,Ga$S, surface.
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Further, electronic structure of AgCd,GaS, has been caculated employing the full potentia linearized
augmented plane wave (FP-LAPW) method [7]. Additiondly, in Ref. [7]. X-ray emission bands
representing the energy distribution of the valence Ag d, Cd d, Ga p and S p states have been recorded and
compared on a common energy scale with the XP valence-band spectrum of the AgCd,GaS, compound. The
FP-LAPW calculations of the electronic structure of the AgCd,GaS, compound have revealed that its upper
valence band is composed mainly from contributions of the Ag d states, with also significant contributions
of the p states associated with S and Ga atoms, whilst the bottom of the conduction band of AgCd,Gas, is
dominated by contributions of the unoccupied Ga s states [7].

In the present paper we aim at a study of XP valence-band spectrum including the comparatively wide
energy region corresponding to location of upper core-levels of the atoms constituting a quaternary
AgCd,GaS, compound (up to ~80 eV with respect to the bottom of the valence band). Additionaly, we aim
a first-principles calculations of the electronic structure of AgCd,Gas,. Therefore, ab initio FP-LAPW
method has been employed in the present work to calculate binding energies of upper core-levels of the
AgCd,GaS, compound. Curves of dominant partial densities of states of AgCd,GaS, have been also
compared in the present work on a common energy scale with the XP valence-band spectrum of the
compound under consideration.

Basic results and its discussions

1. Experimental. In the present study, we have used the AgCd,GaS, single crystal grown by the
Bridgman method. Its synthesis was described in detail in [7]. Briefly, for the growth, a 20 g batch of
appropriately weighed amounts of high-purity elementary substances (purity of Ag, Cd, Ga and S better than
99,999 wt.%) was placed into an ampoule, following by its evacuating and soldering. We have used the
preliminary synthesis of the batch by the direct bonding of the elementary sulfur by heating the ampoule in
the flame of the oxygen-gas burner and further homogenization in the rotating furnace. The actua growth
process was performed in a vertical two-zone furnace by the gradual growth of the crystal onto the formed
seed. A high-quality AgCd,GaS, single crystal was derived using the following growth conditions: growth
zone/annealing zone temperature of the furnace ~1100/650°C; temperature gradient at the solid-melt
interface ~2,0°/mm; growth rate 0.15 mm/h; annealing duration 100 h. The diffraction pattern of the
compound was indexed in the space group Pmn2;, and the refined unit cell periods being in agreement with
the data originally reported for this compound in Refs [11,14].

The AgCd,GaS, single crystal for the present XPS measurements was prepared in the shape of a thin
plate with the following dimensions: length ~7 mm, width ~5 mm, and height ~1 mm. The plate was cut
from the boule to obtain (001) surface. The plate was polished in castor oil containing additions of beryllium
abrasive No. 28 to gain a high-quality optica surface following the technique reported in Ref [5]. Fig. 2
presents a photo image of the AgCd,GaS, plate used in the present experimental studies.

Fig. 2. Panoramic view of the polished AgCd,Ga$S, plate
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XPS spectra of the AgCd,GaS, single crystal were recorded in an ion-pumped chamber having a base
pressure |ess than 5x10™ mbar of the UHV-Analysis-System assembled by SPECS Company (Germany).
The spectrawere excited employing a Mg K« source of X-ray radiation (E=1253.6 €V). The energy scale of
the spectrometer was calibrated as reported in Refs. [5,7]. The charging effect was taken into account in
referenceto the C 1sline (284.6 eV) of adventitious carbon.

2. Method of calculation. Calculations of electronic properties of AgCd,GaS, were fulfilled employing
the first-principles self-consistent FP-LAPW method with the WIEN97 code [1]. We have used the lattice
parameters and positions of the constituent atoms of AgCd,GaS, determined for the crystal in Ref [13]. The
muffin-tin sphere radii of the atoms constituting AgCd,GaS, in the present cal cul ations have been chosen as

following: 1.376 4 for Ag and Cd, 1.164 A for Ga, and 1.058 4 for S The RK,,, parameter determining a

number of basis functions equals 7.0 (Guax = 14). The order of the secular matrix was ~1800-1900 for
different k-points of the Brillouin zone. Non-spherical contributions up to | = 4 have been taken into account
in the potential decomposition. The generalized gradient approximation by Perdew et al. [10] was used for
calculations of the exchange-correlation potential. The basis function consists of the same atomic orbitals of
Ag, Cd, Ga, and S as reported in Ref [7]. Integration through the Brillouin zone was done using the
tetrahedron method by Blochl et al. [2]. The iteration process was checked taking into account changes of
total energy and the calculations were interrupted when for three following iterations the change of total
energy was less than 1.8x10° eV.

3. Results and discussion. Fig. 3 presents X P valence-band spectrum including the comparatively wide
energy region corresponding to location of upper core-levels of the atoms constituting a quaternary
AgCd,GaS, compound (up to ~80 eV with respect to the bottom of the valence band). From this figure, it is
obvious that the XP Cd 4p, Ag 4p, Ga 3d, and Cd 4d core-level spectra binding energies have their maxima
at about 67.1, 57.2, 19.6, and 10.8 eV, respectively. To verify the experimental findings, we have made ab
initio FP-LAPW calculations of partial densities of states of Cd 4p, Ag 4p, and Ga 3d electrons that are
presented in Figs. 4-6. In the theoretical data, the Fermi level is set to zero and the zero of energy in Figs. 4—
6 has been taken at the top of the last occupied band as it was suggested in a number of theoretical ab initio
band-structure calculations for semiconducting Cd- and Ga-containing sulfides and selenides [3, 6, 9]. It is
worth mentioning that multi-peak structures of Cd 4p, Ag 4p, and Ga 3d states predicted by the FP-LAPW
calculations for AgCd,Ga$, (Figs. 4-6) are not resolved by the XP data measured for this compound (Fig. 3)
because of life-time and apparatus broadening the experimental spectra.

100 000
XPS AgCd,Gas, Cd 4d (10.8 eV)
|
80000 |
60000 | Cd4d(67.1eV)
Ga3d (19.6eV) |
l Ag 4d (57.2 eV)
40000 F s VB
’

20000 L

8'0 ' ero ' 410 ' 210 ' ('J

Binding energy (eV)

Fig. 3. XP valence-band spectrum including the energy region corresponding to location of upper core-levels
of the atoms constituting a quaternary AgCd,GaS, compound
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Fig. 6. Partial de nsities of the Ga 3d states of AgCd,GaS,

Fig. 7 shows comparison of the XP valence-band spectrum (shifted by 0,5 eV towards the Fermi
energy) and the total DOS of the AgCd,GaS, compound provided that a common energy scale is used. In
addition, total DOS and the most important partia densities of states, mainly the Ag d, Cdd, Gapand Sp
states, in the valence-band region of AgCd,GaS, as established in Ref. [7] are also shown in Fig. 7, for
comparison. The lowest band D ranging from —7,6 to —-8,2 on the curve of total DOS of AgCd,GaS,
presented in Fig. 7 is formed almost exclusively due to contributions of the Cd d states. Some small
contributions of the Ga s and S p states in the band D was also detected by the FP-LAPW calculations in
Ref. [7]. As can be seen from Fig. 7, the curve of total DOS of AgCd,GaS, contains the band C ranging from
-5,7t0 6,3 eV, which is separated by a 1,3 €V gap from the band D. The band C is composed mainly due
to contributions of the Ga s states. Minor contributions of the S p states in the band C were found to be
characteristic of the electronic structure of the AgCd,GaS, compound [7]. Furthermore, the sub-band B of
the valence band of AgCd,GaS, is composed mainly of the contributions of Ag d states. As one can see from
Fig. 7, there exist a 0,8 €V gap between the band C and the sub-band B on the curve of total DOS of
AgCd,GaS;. The upper sub-band A of the valence band of AgCd,Ga$, is composed mainly of contributions
of the Ag d and S p states in amost equal proportions. Those states are strongly hybridized within the
energy region corresponding to the position of the sub-band A of the curve of total DOS of AgCd,GaS,. As
Fig. 7 demonstrates, energy positions of the sub-bands A and B of the theoretical curve of total DOS and the
experimental XP valence-band spectrum of AgCd,Ga$S, are close to each other. The binding energy position
of the theoretical band D of AgCd,GaS, is somewhat underestimated compared with the experimental XP
measurements made for this compound.
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DOS [electrons/(e V*unit-cell)]

Fig. 7. Comparison on a common energy scale of curves of partial Ag d, Cd d, Ga s, and Sp densities of states
(bottom pane!), curve of total DOS (middle panel) and XP valence-band spectrum (upper panel) of AgCd.GaS,

It is worth mentioning that the band C presente d on the on the curve of total DOS of AgCd,GaS, is hot
visible on the XP valence-band spectrum of the compound as Fig. 7 reveals. This band is formed by
contributions of the Ga s states as it has been mentioned above. This fact can be explained by minor
photoionization cross-section value of Ga 4s electrons that is more than 25 times smaller compared to those
of Ag 4d and Cd 4d electrons, the principa contributors to the sub-band B and the band D, respectively, on
the curve of total DOS of AgCd,GaS, (see Fig. 7) when exciting the XP spectrawith a Mg Ko source [16].
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In addition, photoionization cross-section value for Ga 4s electrons is smaller more than one order of
magnitude in comparison with that of S 3p electrons, other significant contributors to the sub-band A on the
curve of total DOS of AgCd,GaS,.

Conclusions. The XP vaence-band spectrum including the comparatively wide energy region
corresponding to location of upper core-levels of the atoms constituting a quaternary AgCd,GaS, compound
(up to ~80 eV with respect to the bottom of the valence band) has been measured. For such a purpose,
AgCd,Ga$, single crystal grown by the Bridgman method has been used. To verify the experimental data,
electronic structure of AgCd,GaS, has been also theoretically studied employing the first-principles FP-
LAPW method. With this aim, partial densities of states of upper core-levels for the AgCd,GaS, compound
have been calculated. The theoretical and experimental data regarding energy positions of the Cd 4p, Ag 4p
and Ga 3d core-level spectra of the AgCd,GaS, compound were found to be in agreement to each other.
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Enextponna crpykrypa AgQCd,GaS,. PenrreniBcbkuii (oToenektpoHHuil (PD) crexkTp BaJeHTHUX EIEKTPOHIB
moHokpuctainy AgCd,Gas,, BupomieHoro MetoaoM bpimkmeHa, JOCTIHKEHO B LIMPOKOMY CHEPreTHYHOMY iHTepBalli,
KOTpHUil YKITIOYaB CIIEKTPH BHYTPIIIHIX €JIEKTPOHIB, po3MilieHi Ha BixcTani ax a0 ~80 eB Bixl HIXHBOTO Kparo
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BasieHTHOI 30HH. Enekrponna ctpykrypa cnonyku AgCd,GaS, Takoxk po3paxoBaHa «3 TEPIINX MPUHIAITIBY METOIOM
MPUETHAHUX [UIOCKUX XBUIIb — MOBHOTO ToTeH iany (II/1X-I111). Benuuuuu enepriii 38°s13ky (E,,) BHyTpimmix Cd4p-,
Ag4dp- i Ga3d-enektpoHi, mo orpumani Teopermyno mis AgCd,GaS, 3a momomororo [1IIX-TIIT metomy, mobpe
30IratoTbCsl 3 eKCIepHUMEHTANBHIMU 3HaYeHHSIMHU E,,, KOTP1 BUMIpSIHI JUIsl JOCIIPKyBaHOTO KpUCTasa 3a JJOMOMOTOI0
P®-cnekrpockonii. BukoHaHO cyMillleHHS KPHMBUX NapLiaJIbHUX LIUIBHOCTEH CTaHIB CKIAJOBHUX aTOMIB CIOJIYKH
AgCd,GaS, y enuniii enepreTuuHii mkaimi 3 PO-ceKTpoM BaleHTHUX €JIEKTPOHIB.

KmouoBi caoBa: AgCd,GaS,, enekTpoHHa CTPYKTYpa, PO3PAXyHOK €JEKTPOHHOI CTPYKTypH 3 TMEpLIUX
MIPUHITUITIB, PCHTT€HIBChKa (POTOCTIEKTPOHHA CIIEKTPOCKOITis, MIIJIbHICTH CTaHiB.

Boxko Bosogumup, Tpersik Anuna, Byaareuxas Jlecsi, bekenboB Banepuii, Ilapaciok Ouer, Xmxyn Ourer.
DaextponHas crpykrypa AgCd,GaS,. PenrreHoBckuit GpoTOdNIEKTpOHHBIN (P®) CHEKTP BAICHTHBIX 3JIEKTPOHOB
moHokpuctamia AgCd,GaS,, BBIpaIleHHOTO METOJOM bBpHIKMEHa, HCCIIEOBAaH B IIHPOKOM 3HEPTETHUECKOM
HHTEpBase, KOTOPBIH BKJIIOYAJ CHEKTPbl BHYTPEHHUX DJIEKTPOHOB, PACIOJIOKEHHBIX Ha pacctosHuu 10 ~80 3B or
HIDKHETO Kpas BaJECHTHOM 30HBI. DJIEKTPOHHAs CTpykTypa coemmuenus AGCd,GaS, Takke paccudTaHa «H3 TEPBBIX
TIPUHITUIIOB» METOJOM NPUCOCIMHEHHBIX IUIOCKHX BOJH — IONHOTO moteHwana (I111B-I111). BennuuHbl SHepruit
cea3u (E,) Buytpennux Cddp-, Ag4p- u Ga3d-anexkrpoHoB, nmoiayueHHbie Teoperryecku aist AgCd,GaS, mocpeactsom
[IIIB-I1I1 metona, XOpOUIO COBHNAAAIOT C 3KCIEPUMEHTAJIbHBIMU 3HAUEHUSMU E.,, KOTOpPbIE M3MEPEHBI IJIs HCClie-
JIyeMOro KpHUCTajula ¢ NOMOLIbI0 P®-CIeKTPOCKONUHU. BBINOIHEHBI COBMENIEHUS! KPUBBIX MaplUaibHbIX IJIOTHOCTEH
COCTOSIHMU CcocTaBisfoInX aroMoB coemunenust AgCd,GaS, B eanHoi 3HepreTHdeckoil mkamne ¢ P@-crekTpom
BAJICHTHBIX 3JICKTPOHOB.

Kimouesbie ciioBa: AgJCd,GaS,, 31eKTpoHHAsT CTPYKTYP, PacueT dICKTPOHHOMW CTPYKTYPHI U3 TEPBBIX MPHHIIM-
TIOB, PEHTT€HOBCKasl (POTOINIEKTPOHHAS CIIEKTPOCKOIHS, IITIOTHOCTh COCTOSTHHH.
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OnTuuHi, eJiekTpu4Hi Ta poToeeKTPUYHI BiiacTuBOCTI KpucTaiiB Ag,l N,S(Ge)Se;

Y poboTi AOCHIKEHO ONTHYHI, EICKTPUYHI Ta (POTOEIEKTPHYHI BIACTHBOCTI MAJOBHBYCHUX XaJTbKOT'CHITHIX
HamiBpoBinHUKIB AJyl NS (Ge)Ses. TTokaszaHo, 110 MOCHIPKYBaHI MaTepiaii MPOSBIISIOTh BIACTUBOCTI HEBIOPSIKO-
BaHMX CHCTEM, OOYMOBJICHHX TEXHOJIOTIYHMMH JedekrtaMu I CTPYKTYpHHMH OCOOJIMBOCTAMH CHONYKH. BuBueHO
CHEeKTPH ONTHYHOTO MOTJIHHAHHS HamiBOpoBiHUKIB AQlN,Si(Ge)Se;, pospaxoBaHo KoeillieHT MOTIMHAHHS O,
OLIIHEHO MIMPUHY 3a00pPOHEHOI 30HU. [HTeprperauilo eKCIepeMEeHTAIBHUX PE3yJbTaTiB 3IIHCHEHO B MeXax MoJesl
MorTTa U1l HEBIIOPSIIKOBAHMX CUCTEM.

Koro4oBi cjioBa: HariBIpOBiJIHUKY, ONITHYHE NOTJIMHAHHS, IeQEKTH, IUpUHA 3200pOHEHOT 30HH.

IHocranoBka HaAyKOBOI NMpo0JieMHu Ta Ti 3HAYEHHSsI. AHAJI3 JOCHiIKeHb Hi€l mpobaemu. Kpucranu
AgInSe,, AgInTe, HamexaTh 10 BEIMKOrO Kiacy 3’€aHaHb 3i ctpykrypoio xamekomiputy A'B"'C,”, sxi
MAalOTh TEXHOJIOTTYHO MPUBAOIUBI BIACTHBOCTI JJIsl CTBOPEHHS PI3HOMAHITHUX ONTOEICKTPOHHHUX TPHUIIAJIIB.
Huska xpucraniB i3 wiel rpynu, taki sk CulnSe, CuGaSe, CulnS,, AgGaS;, AgGaSs,, € xomepliiiiHO
JOCTYIHMMH M 3HAWIUIM 3aCTOCYBaHHS Yy BHPOOHMUTBI NPWIAAIB HETIHIHHOI ONTHKM Ta COHSYHHUX
eneMenTiB. OCTaHHIM YacoM MPAaKTUYHUH iHTEepec MaloTh U iHIII 3’€JIHAHHA Ii€l TPYNH, Y TOMY YHCITI i
AgInSe, ta AgInTe,, ki € enekTpoHHO-XiMidHIMI aHaoramu Ginapaux 3 eamans A'BY [11].

OnTtuyHi CHEKTpU BHPOILCHUX Y BHIVISAI TOHKHX IuTiBoK AQINSe, i AgInTe, BuBueHo B pobori [6].
3rigHo 3 nuMu ganuMHu, kKpuctanu AgInSe; i AginTe; € npsMo30HHMME i MpUHA 3a00POHEHOT 30HU CTaHO-
BuTh 1,21 ta 1,16eB, BimnoBigHO, M0 POOUTH iX TEPCIEKTUBHUMU MaTepiallaMy JIJIsl TepeTBOPIOBAYIB
coHsiyHOT eHeprii. PesynbraTn nocmimkens GoromnposinHocti AgINSe; [8] 3acBigunin HasBHICT XOPOIIMX
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