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Yuksok gorginliklor texnikasi va elektrotexnika sonayesinds izolyasiya materiali kimi genis totbiq tapmis
polimer — dielektrik materiallar, istismar prosesinds giiclu elektrik sahalarinin va elektrik qazbosalmalarinin to-
sirlarino moruz galdigindan, bu tasirlor noticasinds materiallarin sothinds vo hacminds reallasan fiziki — kimyavi
proseslorin vo materiallarin mithiim xiisusiyyatlorinin doyismasinin todqiqi aktual mévzu olarag, mihim elmi —

praktiki shamiyyot kasb edir.

Acar sozlari: elektrotexnika, izolyasiya, polimer, emissiya, kutlo spektri, dielektrik, potensial, qazbogalmasi.

UOT: 539.2:541.64

Guclu elektrik sahalarinin va mixtalif ndv yikli
zarraciklar selinin tasirlarina moruz qalan materiallarin
sothindon ionlarin emissiyasi miirokkab proses olarag,
ikinci n6v ionlarin migdari v névi, ssthi bombardman
edon yukli zarraciklarin kitlasindan, enerjisindon, ni-
munanin kimyavi terkibindon va kristallik strukturun-
dan asil1 olur [1-5].

Kitlo - spektrometrinin tatbigi vasitesils, materi-
allar toskil edon elementlor vo molekulyar torkib hag-
qinda, sathin lokal vo muxtslif laylarinda reallagan pro-
seslar, sathlorin bir sira kimyavi elementlarls garsiliglt
tosiri, kimyavi reaksiyalarin kinetik parametrlari, ikinci
ndv ion emissiyasi vo sairs proseslor haqqinda doyarli
molumatlar almaq olar.

Musbat vo moanfi ionlarin emissiyasina sabob olan
prosesloari iki hissays bélmak olar: hissaciklarin emis-
siyasi emitterin qizdirilmasi vasitosils olds edilirso ter-
mik tarazliq yaranan proses ve geyri tarazliq halinda —
ionlarin emissiyasi, Sathin muxtalif yukli zarraciklor
seli vasitosilo bombardman edilmasi vasitesile olds edi-
lir. Elektrik yUklorinin tarazliq halina golmasi hor iki
prosesds eyni mexanizm vasitosilo basa ¢atir. Hissocik-
lor sathdon ayrildiqda, ilkin vahid sistem pargalanarag,
emitter — hissocik kimi iki, biri digerindon asili olma-
yan sistem amalo golir. Emitterdon uzaqlasan hissacik-
lar selinin torkibi neytral molekullar, misbst va manfi
ionlardan tagkil ounur.

Metal vo yarimkegirici materiallarin todgiginds
genis totbiq tapmus, ikinci ndv ionlarin kiitlo - spektro-
metriyasi, son illor, dielektrik materiallarin todgiginds
do istifado olunur. Bu tsul vasitasilo alds edilmis toc-
riibi naticalar, ikinci ndv ionlarin amale galmasi mexa-
nizmlarini vo bu proseslarin asas ganunauygunluglarini
izah etmoays imkan yaradir.

Ikinci ndv ion emissiyasinin kiitla - spektrometri-
yasinin todgiqgat istiqamotlori;

131, H.Javid ave, AZ-1143, Baku
Institute of Physics
E-mail: jophphysics@gmail.com

- Molekulyar torkibin miisyyanlogdirilmasi, po-
limer molekullarinin strukturunun tayin edilmasi, kom-
pozisiyali polimer materiallarinin torkib hissslorinin
aydinlasdirilmasi, molekullar cominin omolo gotirdiyi
strukturlarin  6yranilmasi, soth hadisslorinin todqiqi,
izotop torkibinin dyronilmasi va sairs bu kimi mosslo-
lorin todqigi kimi musyyonlogmisdir.

Dielektrik materiallarda ikinci ndv ion emissiya-
smin todgiqi Usulunun asas ¢atinliyi ondan ibaratdir ki,
materiallarin ssthinds amals galon vs ¢atin tonzim olu-
nan elektrik yUkloari, ikinci ndv ionlarin sel gaklinda for-
malagmasina manealor toradir.

Moalumdur ki, bark cismin sasthini, enerjisi bir necs
yiiz elektronvolt olan ionlarla bombardman etdikds
sothdon miisbat vo moanfi ionlarin va ikinci név elek-
tronlarin emissiyast miisahids olunur.

Sothin bombardman edilon hissasinin Um potensi-
ali asagidaki ifads ilo musyyan edilir:

Uy =U, +il+R +y-R")dp ()

Burada: U, — sathins, & galinliqli, dielektrik tobo-
0o ¢okilmis metal altligin potensiali; R, R*, y- musbat
Vo monfi ionlarm va elektronlarm ikinci nov emissiya
omsali; i- Sathi bombardman edon ion selinin sixligi; p-
materialin xtisusi migavimatidir. Verilmis ifadadon
gorundr ki, agar (1+R+y)>R* sorti 6donilirss potensial
musbat, (1+R"+y)<R* oldugda iss potensial manfi olur.
Qeyd etmok lazimdir ki, dielektrik materiallar tigin R
va R* vahids yaxin olur, y- iss bir negs vahid olur. Onda
molum olur ki, materialin sathinds misbat yiik toplanir
Vo bu yikiin miqdari, (1) ifadesine osasen sathi
bombardman edon yikli hissaciklor selinin intensivliyi
ilo miayyanlogir.

Odabiyyatda metallara aid ikinci név ion emissi-
yasiin qanunauygunluglarinin molekulyar dielektrik-
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lors samil etmoyin geyri-mumkunliyd fikri geyd olu-
nur. Hagigaton do metallarda eyni név atomlarin eyni
gaydada bir-biri ilo bagl oldugu halda, molekulyar di-
elektriklordo mixtalif ndv atomlar mixtslif ndv kimys-
Vi olagolorlo bagh olaraq, molekul amalos gatirir vo mo-
lekullar arasinda nisbaton zaif fiziki qlivvalor tosir gos-
torir. Metallarda sorbast elektronlarin olmasi emissiya
olunan hissaciklarin ytklii vaziyystds olmast ehtima-
lin1, kaskin olaraq azaldir. Dielektrik materiallarda sor-
bost elektronlarin olmamasi yiiklii hissaciklorin amoala
goalmosi prosesina mishat tosir gostorir. Metallarin sat-
hi yukli zarraciklar vasitosilo bombardman edilorkon
kristallik gofasin dagilmasi miisahido edildiyi halda,
molekulyar dielektriklords struktur doyismolari ilo ya-
nas1 materialda kimyovi reaksiyalar naticasinds, don-
moz proseslor do miisahido edilir.

Tadgiqatlarda bir sira polimerlarin ikinci ngv ion
emissiyasinin kiitlo-spektrlori arasdirilmigdir. Cadvoal
1-ds bir sira polimerloarin; polietilen, polipropilen, poli-
metilmetakrilat, polikapramid, polikarbonat, politetraf-
toretilen va digor materiallarin niimunalarinin sathini,
enerjisi 1 keV olan Ar atomlar1 ils bombardman etdik-
do, ikinci ndv misbot ion emissiyasinin kiitla-spektrlari
todgim olunmusdur. Misyyan edilmisdir ki, spektrda,
atomlarinin say1 az olan (5-10) ionlara aid olan xatlor
daha yiiksak intensivliys malik olurlar. Bu vs ya digor
ionun amala galms ehtimali, ionun kiitlasi ilo yox, asa-
son, atomlarin say1 il misyysnlasir (buna misal olaraq
polietilen vo politetraftoretilen polimerlarinin kitlo -
spektrlorinin mugayisssini gostarmok olar). Qeyd et-
mok lazimdir ki, polimerlorda ikinci név ion emissi-
yasinin kiitla-spektrindo, bombardman edan yikli zor-
rociklarin enerjisinin kifayat godor genis intervalda do-
yismasi ila, ¢ox clizi dayisiklor geyds alinir, eyni za-
manda, spektr yukll zarraciyin néviindsn va kitlasin-
doan asili olaraq ciizi dosiliklora moruz qalir. Tocriibs-
lorin digor sortlorinin eyniliyi halinda, yuxarida geyd
olunan parametrlarin doyismasina baxmayarag, toxmi-
noan eyni gostoricilora malik kiitlo-spektrlori oldo edilir.

Codval 1-do gortinur ki, muxtslif név polimer ma-
teriallar 6ztinamoxsus Kutlo-spektrina malikdir. Qeyd
etmak lazimdir ki, polietilen vo prolipropilen materi-
allarin eyni torkib elementlorina malik olmasina bax-
mayaragq, kitla-spektrlori kifayat godar forglidir. Torkib
elementlari vo yaxud funksional qruplari ilo forglonan
polimerlar iso kaskin farglonan kiitlo - spektrlori nima-
yis etdirirlor. Bels ki, tarkibinds karbonil qruplari olan
polimerlarin kiitlo - spektrinds kifayat gadar CO* ion-
lart (m/e=28); benzol holgesine malik polimerlorda
CeHs* (m/e=77) ionlar1 intensiv xatloro malik olur. Me-
toksil gruplara malik olan polimetilmetakrilat materi-
alinin kiitlo - spektrinds, nozera garpacaq daracads,
CH,0OH*, C;H4,OH*, C3HsOH* ionlar1 miisahids edilir.
Polisiloksan vo politetraftoretilen polimer materiallarin
ikinci nov kitlo - spektrlori xarakterik xisusiyyatlors
malikdirlor. Politetraftoretilen, polietilen, polivinili-
denftorid vo digar bozi polimer materiallarin ikinci név
ion emissiyasina aid kiitls - spektrlorinds monfi ionlarin
oamolo galmasi miisahids edilmisdir. Materiallar enejisi
1.2 keV olan ksenon atomlar1 ilo bombardman olun-
mugdur. Politetraftoretilen materialindan yalniz F~ion-
larinin emissiyast geyds almmusdir. Polikapramidin

kitlo - spektrindo xarakterik olaraq m/e 18 vo 44 kiit-
lalori geyds alinir ki, bu kiitlalor, uygun olaraq, NHs vo
C2HsNH" ionlar1 ola bilar. polietilenin kitlo-spektri C-,
CH- va CH; ionlarindan togkil olunur.

Beloliklo, geyd etmak lazimdir ki molekulyar di-
elektriklorin ikinci név ion emissiyasinin kiitls - spek-
trini aragdirmagqla, materialin sinif mansubiyyatini mi-
ayyanlogdirmok olar. Kitls - spektrindoki maksimum-
lardan istifado edorok, materialin molekulyar kiitlasini
tayin etmak miimkiindiir. Coxatomlu molekullarin qu-
rulusu ils, ikinci név ion emissiyasimin kiitla - spek-
trindo intensivliklorin paylanmasi arasinda slagslorin
movcudlugu, ¢oxatomlu, xiisusi halda polimerlarin mo-
lekullarinin strukturun todgiq edilmesinds ikinci név
ion emissiyasinin kiitls - spektrometriyasi tisulunun tot-
biq olunmasina imkan verir.

Odobiyyatda molekulyar kiitlasi 108 olan fltior tor-
kibli polimerlarin makromolekulunda monomerlarin
yerlasma ganunauygunluqlarinin, ikinci név ion emis-
siyasinin kiitlo - spektrometriyasi vasitasilo todqiq
olunma tsullar1 verilmisdir. Toqdim olunan isds politri-
ftorxloretilen polimer materialin sothindon emissiya
prosesini xarakterizo edon kiitlo spektri alds edilmisdir.

Tadgigat nimunalori, galinligi 0.1-0.3 mm olan
polimer tobagolori arinti vo yaxud preslomo dsulu ilo
metal I8vhonin Uzarino yerlogdirilir. Metal 16vhonin
sathi, onun 200-250°S temperatura godar qizdirmagla,
konar asqarlardan tomizlonir. Sathin tomizlik doroace-
sina ikinci ndv emissiya kutlo-spektri vasitasilo nozarat
edilmisdir. Tomizlik daracasinin kriteriyasi olaraq kiitla
spektrinds agqarlara moxsus maksimumlarin, polimerin
atomlarina moxsus olan osas maksimumlarin bir ne¢o
faizini toskil etmosi tolobinin tomin olunmasi gsbul
edilmisdir.

Tadqiq edilmis polimerlari, enerjisi 2.5 keV olan
arqgon atomlari ilo bombardman etdikds, ikinci név ion
emissiyasinin kiitls - spektrinin aragdirilmasindan sldo
edilon naticalor codval 2 —do toqdim olunmusdur.

Codvaldan gorinir ki, tadgiqi edilon polimerlor,
materiallarin element torkibini xarakterizos edon, kifayst
godor genis molumata malik ikinci ndv emissiyasi kiit-
lo-spektrino malikdirlor. yuxarida qeyd edildiyi kimi
kitlo-spektri vasitasilo tadqiq edilan polimerlarin mo-
lekul qurulusunu da miisyyan etmak olar.

Beloliklo, adobiyyat molumatlarinin arasdirilma-
smdan moalum olur ki, yikli zarraciklorin polimer ma-
teriallarin sothlorine tosirlori zamani materiallarda mi-
sahido edilon destruktiv ion emissiyasi proseslori mov-
cud olur ki, bu da gapali sistemin qaz miihitindo mu-
hiim doyisikliklors sobob olur.

Malumdur ki, qapali sistemda tozyigin muxtolif
giymatlorinds, atmosfer havasinin qaliq qazlarinda, ok-
sigen, azot, su buxarlari, karbon atomlari, OH qruplari
Va saire atom vo molekullar mévcud olur. Miixtslif név
qazbosalmalarimin polimer — dielektrik materiallara to-
siri zaman1 materiallarin sothinds bir sira fiziki — kKim-
yavi proseslarin reallagmasi va materiallarin destruktiv
emissiyasi, ikinci ndv ion emissiyasi proseslari natica-
sinds, polimerlarin torkib elementlorinin qaz fazasina
midaxilo etmasi miisahids edilir. Belaliklo gapali sis-
temds gazbosalmasi soraitindo miirokkob qaz fazasi
formalasir. Sistemdos, mixtolif atom vo molekullarin
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ionlarinin movcudlugu saraitinds gazbosalmalarinin te-
siri vasitesilo slratli qaz reaksiyalarinin reallagmasi qa-
pali sistemin qaz miihitinda kaskin torkib doyismalorino
sobob olur.

Todgigatlarda CHa4, SFe, O2 vo digar gazlardan is-
tifads etdikds qaz fazasinin torkibi daha murakkab sok-
linds oldugundan miixtslif qaz reaksiyalarinin reallag-
ma ehtimali yiiksok olur va sistemds amals galan gaz
mahitinin torkibi baglangic halindaki torkibden daha
kaskin forglonir.

Qeyd etmok lazimdir ki, miisyyan hallarda, gaz
mahitinin terkibinds, qaz reaksiyalar1 naticasinda, sis-
temdo bozi aktiv birlosmolor amalo galo bilor ki, bu bir-
loasmolorin tosiri naticasindo polimer-dielektriklords er-
roziya, destruksiya, sathin kimyavi torkibinds yeni grup |

elementlorin omoalo golmosi vo sairo proseslors sobab
olar vo bu da 6z ndvbesinds materiallarin mithim fi-
ziki-kimyavi xtsusiyystlorina shamiyyatli doraceds to-
sir gostors bilor.

Odobiyyatda yuxarida sorh edilon proseslori, sha-
to edon Umumi nozariyys yoxdur ve polimer néviinun
coxlugunu, qazbosalmalarinin miixtalifliyini vo oksar
hallarda qaz qarisiqhqlarinin torkib mirokkobliyini
nozars alsaq, biitin hallar1 shato edan nozariyysnin
geyri-miimkiin olmasint gabul etmak olar. ©dabiyyat-
da, okser islords ayri — ayr1 hallara baxilaraq, miisyyan
naticalor olds edilmigdir. Ancaq bu hallarda da halli
olunan problemlarin ¢oxlugu bu istiqgamotds tadgigat-
larin davam etdirilmasinin vacibliyini stibut edir.

Codval 1.
Polimerlarin ikinci ndv ion emissiyasinin spektrlari [5].
m/e Piklarin intensivliyi %
Fon Poli- Poli- Politetraf | Polimetilm- | Polika- Poli- Silikon fonun Tipi
etilen propilen | -toretilen etakrilat pramid | karbonat | kauguku

12 25 c*

14 21 13 CH2",N*

15 16 17 18 110 28 34 20 CHs*

18 10 NH4*

26 15 26 18 26 31 CaH2*

27 86 100 48 78 115 107 13 CaHs*

28 15 16 12 69 32 150 CaoHq*,
Cco*sit

29 60 60 36 57 64 63 56 CoHs*

30 43 NO*

31 12 100 10 CHs0*,CF*

32 11 CsH*

38 19 CsH2*

39 62 74 42 88 88 114 12 CsHs*

40 11 15 13 CsHq*

41 | 100 100 100 100 100 100 CsHs*

42 15 13 18 38 15 CsHs*

43 70 48 79 49 45 44 100 CsHr*,
SiCH3*

44 21 CoHsNH",
CONH2*,
Sio*

45 16 26 C2Hs0*

50 22 CaH2*

51 16 14 11 36 CaH2*

53 57 19 19 28 18 21 CsHs*

55 27 50 77 39 52 42 CsHs*

57 22 36 10 15 17 CaH7*

59 46 15 CaHg*

63 17 22 CsH/0*

65 17 13 14 CsHs*

67 15 19 23 14 13 CsHs*

69 14 63 41 32 19 12 CsH7*

71 13 90 CsHqo", CF3

73 CsHu*

77 20 22 C2Hs*Sio*

79 18 CeHs*

81 15 CeHr*

83 12 CeHg*

91 22 15 CeHur*

93 15 12 CiH7*

114 17 CsFs*

131 19 NH2(CH2)s
COCsFs*
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Codval 2.
Bozi polimerlarin va sopolimerlarin ikinci név ion emissiyasinin kiitlo spektrlori [5].
m/e fonun tipi Intensivlik %
politetrafto | politriftor | polivinilide | Triftorxloret | Tetrafto | Tetraftoretile
rietilen xloretilen | nftorid ilenviniliden | retileneti | nvinilidenfto
ftorid len rid
12 c 17 10.6 6.9 15 5.9 13
13 CH* 7.7 5.8 7.0
14 CH2* 53 8.2 7.1
31 CF* 41 22 15 27 20 25
32 CFH* 15 2.1 1.9
33 CFH2* 6.0 6.6 3.6
45 CaFH2* 6.4 4.8 4.8
47 ccl* 3.9 4.0
49 ccr 1.2 1.4
50 CF2* 2.3 0.9 1.7 1.0 2.5 1.9
51 CFH* 1.2 1.4 16 6.0
64 CaF2H2* 7.7
65 CaF2H3* 6.1
66 CFCI* 1.6 1.5
69 CFs* 18 10 7.0 9.8 5.9 9.8
74 CsF2* 1.3 1.4 1.4
75 CsF2H* 33 2.7 4.0 4.1
77 CsF2oHs* 4.3 10 1.6
85 CF.CI* 11 9.3
87 CF.CI* 4.2 3.1
93 CsFs* 5.3 5.3 4.5
95 CsFsH2* 4.6 4.5 4.0
100 CaF4* 35
101 CFCl2* 2.1 1.6
103 CFCl2* 1.4
109 CsFCI* 2.8 2.6
111 CsFCI* 1.6
116 CoFsCI* 2.6 2.4
119 CaFs* 2.3
131 CsFs* 7.4 5.9 4.1
133 CsFsH* 5.0 3.1
135 CoF4CI* 2.5
147 CsF4CI* 5.6 4.1
149 CsF4CI* 2.1 1.9

Sokil 1-do politriftorxloretilen polimerinin ikinci ndv ion emissiya kitlo - spektri togdim olunur.

80 I
76 - @
72 -

I, ion corayant, sorti vahidlorlo
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Sakil 1. Politriftorxlorietilen polimerinin ikinci ndv ion emissiyasinin kiitlo spektri.
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Tagiyeva. Study of temperature dependence of
emission processes in polymer systems of linear
structure. The 17" International Conference on
Technical and physical Problems Engineering,
Istanbul, Turkey:18-19 October, 2021, Number
20. p.94-98.

A.A. ITlonaxosa. MonekynsipHbIi Macc-CHeK-
TpaJ’IBHBIﬁ aHaJIn3 OPraHU4CCKUX COGHHHCHHﬁ,
Mocksa «Xumus», 1983, 147 c.

A.M. I'amnmos, JL.Y. CyaeilimanoBa, K.b. I'yp6anos, 3.A. TarueBa, C.A. I'yceiiHoBa,
B.M. I'agxuena, C.C. AxagoBa

AHAJIN3 SMUCCHUOHHBIX MPOHECCOB C HOBEPXHOCTHU NOJIMMEPHBIX
MATEPHUAJIOB

[TockonbKy TOMMMEPHO-TUAICKTPHYECKIE MaTepHAaJIbl, ITUPOKO HCIOIb3yEeMbIEC B KA4eCTBE H30JIALHOHHBIX MaTepHAJIOB
B BBICOKOBOJIFTHOHM amlmapaType M dJEKTPOTEXHHYECKOH MPOMBIIUICHHOCTH, B MPOIECCe MX IKCIUTyaTallud MOIBEPraroTCs
BO3JICHCTBUIO CHIIBHBIX OJJICKTPUUECKHX TOJICH M OIJIEKTPHYCCKUX Ta30BBIX Pa3psaoB, M3Y4YCHUE (PH3UKO-XHMUYCCKUX
MPOIIECCOB, MPOTEeKaoMKX M3MeHeHe BaKHBIX CBOWCTB MaTEPHAIOB HA TIOBEPXHOCTH U 00BbEME MATEPHAIOB B pE3yJIbTaTe
9TUX BO3JICHCTBUM SBJISIETCS aKTyaJIbHONH TEMOM, UMEIOLIEH 00JIbII0e HAYYHOE U MPAKTUYECKOE 3HAUCHHE.

A.M. Hashimov, L.Ch. Suleymanova, K.B. Gurbanov, Z.A. Taghiyeva, S.A. Huseynova,
V.M. Hajiyeva, S.S. Ahadova

ANALYSIS OF EMISSION PROCESSES FROM THE SURFACE OF POLYMER MATERIALS

Since polymer-dielectric materials, which are widely used as insulating materials in high-voltage equipment and electrical
engineering industry, are exposed to the effects of strong electric fields and electric gas discharges during their operation, the
study of physical-chemical processes that take place on the surface and volume of the materials as a result of these effects, and
the changes in the important properties of the materials, is an urgent topic, is of great scientific and practical importance.
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SnSe-Ce,Se; SISTEM BORK MOHLULLARININ BOZi FiZiKi
XASSOLORININ TODQIiQi
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Balka sahari, Uzeyir Hacibayov 68.
abdurrahman.vafa@gmail.com

SnSe-CexSes sistem bork mohlullarinin elektrofiziki xassalarindon: elektrik kegiriciliyi (o); termo e.h.q.-nin (S) va istilikke-
¢irmo amsalinin () tarkib vo temperaturasilililiglar: 6yranilmisdir. Miiayyen olunmusdur ki, SnSe-dan onun bark mohlullarinakegdik-
doelektrik miigavimati 5-10° omsm-o gadorartir. Termik gadagan olunmus zonanmgiymati AE~(1,2+2,0) eV intervalinda doyisir.

Acar sozlari: Elektrik keciriciliyi, qofos istilikkeciriciliyi, termo.e.h.q., bark mohlul, torkib, termik qadagan olunmus zona, elektrik

miiqavimati.
PACS: 538.91+538.93

GIRIS

AVBV! grup kristallarin kvasi lokal soviyyslor ya-
rada bilon agqarlarla leqira olunmasi onlarmn praktiki tat-
biq imkanlarini artirdigindan, uygun tadgiqatlarin aparil-
mas1 hom fundamental, hom do praktik baximdan boyiik
ohomiyyat kasb edir. Bu baximdan,Nadir torpaq metal-
larindan (NTM) olan Ce, Sm elementloari ilo agqarlanmis
p-SnSe birlogmosinds kinetik parametrlorin 6yronilmosi,
elektron-fonon qarsiliqlt tosirinin aragdirilmasi maraq
kosb edir.

Ortorombik quruluslu malik olan SnSe yarimkegirici,
termoelektrik kristali asasligoxlu sayda islor mévcuddur
[6-9]. Bu qrup kristallar hom termoelektrik, ham do optik
materiallar kimi totbiq olunurlar. Araliq mévqgeds olan SnSe
kristalinda qadagan olunmus zonanim eni 0,9 eV-dur. Ona
gora da, har iki tarafo meyillidir [6-9]. Miirokkab ion-kova-
lent kimyavi rabitoys malik, deformasiya olunmus NaCl
tipli qurulusda kristallasir. Yiiksokdaracadan defektlors vo
har iki alt qafasin vakansiyalarina (~10'sm) malikdir.

CesSes kristali markozo simmetriyalanmis kubik
gofas qurulusuna malikdir, izomorfdur va gofos parame-
terlori a=8,9586 A-dur [9]. Har iki kristalin yaratdigi bark
mohlullarin tadqiqi maraq kasb edir.

TOCRUBI HiSSO

Rentgenfaza, mikroqurulus analiz iisulu ilo SnSe-
Ce»Ses sisteminin hal diaqrami qurulmus [6] vo bark moh-
lul oblastt toyin olunmusdur. Miloyyon olunmusdur ki,
CesSesbirlogsmasi SnSe-do mol 8% -a qader bark mohlul
verir. Har iki birlogmo yarimkegiricimaterial oldugundan
onlarin yaratdiqlart bark mohlulun fiziki xassslorinin neca
doyismasimaraq maraq kosb etmisdir.

SnSe-nin elektrik keciriciliyi 300K-do (~2+14)
Om'sm™! tortibindadir. Qadagan olunmus zonanin eni
AE~0,9 eV tortibindadir [7]. Isdo SnSe osasinda olan bark
mohlul oblastindan x=0,5; 1,00; 2,00; 3,00 vo 4,0 mol%
Ce;Ses olan niimunslori alinmis, onlarinelektrik kegiriciliyi
(o); termo e.h.q. (S) ve istilikkegirmo amsalinin (y) genis
temperaturoblastinda (T=300-700)K dl¢iilorok analiz edil-
misdir. Elektrik keciriciliyi potensiometrik tisulla, termo
e.h.q va istilik kegirma amsal1 isa miitloq stasionar metod-

131, H.Javid ave, AZ-1143, Baku
Institute of Physics
E-mail: jophphysics@gmail.com

la  Olglilmiisdiir. Nimunslorin  hondasi  6lgtilori
(4x6)x20mm-dir. Olgmolor zamam maddo boyunca
AT=(8-10)°C- temperatur qradiyenti olmusdur.

TOCRUBO NOTICOLORININ ANALIiZi

Elektrik kegiriciliyin (c); termo e.h.q. (S) va isti-
likke¢irma amsalinin () qiymsatlarinin torkib asili olaraq
doyismasi 1-ci sokildo verilmigdir. Sokildon goriindiiytiki-
mi, torkiblordo Ce,Se; elementinin miqdar artdiqca ter-
mo e.h.q.-nin miitlaq qiymsatiazalir (1.0 mol% Ce;Ses-da),
Ce,Ses-lin konsentrasiyasinin (1+3) mol% -li giymotlorinds
nisboton artma miisahids olunur vo termo e.h.q.-nin do-
yismosindon goriindiiyli kimi Ce;Ses — komponentinin
Imol% qiymatinds inversiya ndqtesinden kegorok kegiri-
cilikmexanizmi dayisir. Cox ehtimal ki, buna sabaob le-
qirs olunmus asqar atomlarinin kompensasiya olunmasi
hesabina bas verir.

E
& 4
o 2 o
g 2 14
w B
40 f= 8 20= =
- - =
=]
30 600 + 15=
- -
20 f= 40{]-\ x 10
A
[ -\ o —
10 = 200 b * -
% 3
- = \ > -
L 1 1 1 'l L L
1 il E} E!
SnSe ™ ——— mol%CexSe:
=200 f= S
400
_60[]_

Sakil 1. SnSe - Ce,Se; sisteminda elektrik keciriciliyinin —
(o), termo e.h.q.-nin - (S)va istilikkecirma amsalmm
- () torkib asililig1.

Sokildon goriindiiyii kimi SnSe- Ce,Ses bark mohlul-
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larinda Ce>Ses-iin miqdar artdiqca elektrik kegiriciliyinin
qiymati kaskin azalir. Qeyd edsk ki, termo e.h.q-nin va
elektrik kegiriciliyinin minimum qiymati 1-3 mol% Ce,Ses
olan intervala diigiir. Termoe.h.q-nin va elektrik kegiriciliyi-
nin belo doyismosina sobab leqira olunan kigik qiymatlordo
(Ce konsentrasiyasinda) seriumun qalayla avoz olunma-
st fonunda elektron-desik kompensasiyasinin bag verma-
sidir. Sonra iso adi bark mohlullarda oldugu kimi proses da-
vam edir. (SnSe).«~(CexSes3)y sisteminin istilik kegiriciliyi
0<x<0,03 konsentrasiya intervalinda Ce;Ses—iin miqda-
rinin artmast ile azalir. Bu fononlarin vakant morkazlo-
rindon miixtolif formada sopilmasi ilo baglhidir. Sistemda
elektron istilik kegiricliyi ¢ox kigikdir vo onu nazors alma-
maq da olar. Umumi istilik kegiriciliyin qofasistilik kegiri-
ciliyindan ibarat oldugunu gostormak olar. Ce,Ses kom-
ponentinin kigik faizlarinda ¥ qors - ¢ox zaif dayisir.

Bu isa CesSes - komponentinin miqdarindan asilt
olmayaraq yiikdastyicilarin ¢ox zaif doyismosi ilo slagadar-
dir.
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Sokil 2. SnSe — Ce;Se; sistem arintilorinda elektrik

kegiriciliyin temperatur asililig1. 1- SnSe,
2 -1 mol% Ce2Ses+ 99mol% SnSe,
3-3mol% Ce2Ses + 97 mol% SnSe

Sakil 2- do niimunalorin elektrik kegiriciliyinin tem-
peratur asihihigi Igo = f{10%/T) verilmisdir. Sokildon goriin-
dityti kimi alinan niimunalor verilmis temperatur interva-
lindatam yarimkegiricilik xassa gostorir. Maxsusi kegiricilik

oblast1 (650+800)K temperaturunda miisahids olunur. Bu
oblastda niimunslar iigiin optik qadagan olunmus zonanin
d[lg(noT_3/4 )]
a("/r)
hesablanmig vo 3-cii sokildo verilmigdir. Burada T¢=650K,
n¢=4,6-10"7sm homin noqtads yiikdasiyicilarmkonsentra-
siyasl, T-ise sonuncu temperaturdur va 800K-nas barabardir.
Sokildon goriindiiyii kimi, SnSe-don onun Ce;Sesdo olan
bark mohlullarina kecdikds Ce,Ses-nin miqdarindan asili
olaraq qadagan olunmus zonanin eninin qiymsti artir.
SnSe kristalinin Ce,;Ses komponenti ilo miixtolifdozalarda
leqiro olunmus niimunslori osason leqir olunan dozanin
miqdarindan kaskin asilidir. Burada asas rolu serium
atomlarmin qalay vakansiya morkazlorini tutmast mithiim
roloynayir. Mohz ona géra do, SnSe - Ce,Ses sisteminin bark
moahlullart Ce element atomlarinin bir elektron artiqligt
[6] hesabina n-tip yarimkegiricidirlar.

AE = —0,43KT, diisturu ilo qiymetlari

AE (e

Lo

L 1 I ] a ]
1 2 3 4 5
— mol%

CerSea

Sakil 3. SnSe — Ce,Se; sistem arintilorindo A £~qadagan
olunmus zonanmn torkib asililig.

NOTICOLOR

SnSe - Ce;Se;ssisteminin birk mohlullariana maddaden
(p-tip SnSe) forqli olaraq n-tip n-tip yarimkegirici material-
lardir.

Bork mohlullarda termik qadagan olunmus zonanin
eni AE~(1,2+2,0) eV arasindaqiymatlor alir vo torkiblorda
Ce»Ses-komponentinin miqdarindan asili olaraq artim mii-
sahido olunur.
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Vafa Alafsar gizi Abdurahmanova
STUDY OF SOME PHYSICAL PROPERTIES OF SOLID SOLUTIONS OF THE SnSe-Ce:Se; SYSTEM

From the electrical properties of solid solutions of the SnSe-CexSes system: electrical conductivity (o); The
composition and temperature dependences of thermoelectric etc. have been studied. (S) and heat transfer coefficient (y). It
has been established that upon transition from SnSe to its so lid solutions, the electrical resistance increases to 5 109 Ohm.
The thermal band gap varies within = £FA(1.2+2.0) eV.

Bada Anadcap kbi3b1 AOpypaxMaHoBa

HNCCIEJOBAHUME HEKOTOPBIX ®U3NYECKUX CBOMCTB TBEPJIAbBIX PACTBOPOB
CHUCTEMBI SnSe-Ce:zSes

W3 snexTpodu3nueckux CBOHCTB TBEPIBIX PAacTBOpOB cucTeMbl SnSe-CexSes: aMeKTpONpOBOIHOCTE (0); M3yueHE
COCTaB M TEMIIEPaTypPHBIC 3aBUCHMOCTH TEpMO3.T. 1. (S) U KodhduiteHTa Temnootaa4n (). Y CTaHOBICHO, YTO MPH MEPEXOJIC
oT SnSe K €ro TBEpABIM PACTBOPAM BJIEKTPUYECKOE CONPOTHBJIEHME yBeauuuBaerca a0 5-10° Om. Benuuusa TemnoBoii
3aMpenIeHHON 30HBI BappupyeTcs B mpenenax A £x(1,2+2,0) 3B.
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NADIR TORPAQ METALLARININ GeSe LAYLI MONOKRiISTALININ
FOTOELEKTRIK VO OPTIiK XASSOLORINO TOSIRI

A.0. DASDOMIROV, A.S. OLOKBOROV
Azarbaycan Déviat Pedaqoji Universiteti,

Baki sahari, Azarbaycan Respublikasi
aydin60@inbox.ru

GeSe layli monokristali spektrin infraqirmizi oblastinda fotohassas yarimkecirici maddadir. Nadir torpaq metallari, osa-
san laylar arasinda interkalyasiya etmokls kristallarin fiziki xassaloring, o ciimladan fotoelektrik va optik xassalorine tosir edir.
Miioyyon edilmisdir ki, Nd atomlar1 asqar defektlori yaratmaqla fotokegiricilik spektrinds slave maksimum yaradir. Asqarin
konsentrasiyasi artmasi FK spektrindo qeyds alinan incs quruluslarin silinmasina sabab olur.

Acar sozlor: layli monokristal, nadir torpaq metallari, eksiton, fotokeciricilik, udulma spektri

PACS: 81.05.-t

Layl kristallarin asas forqlondirici cahatlorindon
biri onlarin fiziki xassalarinin, o climladan fotokegirici-
liyinin giiclii anizotropluga malik olmasidir. Bunu na-
zors alaraq hom GeSe, hom do GeSe:Nd monokristalla-
rinin FK spektri polyarlagmis isiqda aparilmigdir. Bu-
nun ti¢iin M/IP—2 monoxromatoru iizorinde qurulmus
qurguda niimunonin {izarine diigon is1q polyarizatordan
kegirilorok alinmisdir.

Nd asqarlarinin GeSe layli kristalinin FK spektrina
tosirini miloyyan etmak {igilin kristalin 6ziiniin FK spek-
trini tadqiq etmak lazimdir.

1-ci sokildoki qrafikdon goriindiiyi kimi, GeSe
kristalinin FK spektrinds moxsusi udulma oblastinda,
(T=100K temperaturunda, E//a polyarizasiyasinda) zo-
na-zona keg¢idi ilo bagh hv;=1,4 eV vo hv,=1,57 eV
maksimumlart geyds alinmigdir.

Kristallik GeSe kristali diizkecidli yarimkegirici
maddas olub, otaq temperaturunda qadagan olunmus zo-
nanin eni £,=1,29 eV-dur [1].

A1— A kegidi E//a polyarizasiyasinda diiz kegidlo
bagli olub enerjisi Av,;=1,4 eV-dur.

Ar—As kegidi E//b polyarizasiyasinda diiz kegidlo
bagli olub enerjisi Av,=1,57 eV-dur.

Asagr  temperaturlarda  (7=100K) enerjisi
E=1,35eV olan maksimum eksiton dissosiasiyasi nati-
cosindo yaranir [2,3,6]. Homin miislliflor kristaldak:
eksiton fotokegciriciliyinin asagidaki mexanizmlorini
toklif etmislar:

—eksiton kristaldaki rogslor—fononlardan sopilorak
elektron vo desiklarlors dissosasiya olunmagqla fotocs-
royan yaradir;

—kristalda stixometriyadan konarlagmasi naticasin-
do zonalar arasinda yaranan kegidlor eksiton kegiricili-
yini stimullagdirir;

—ig181n tosiri ilo generasiya olunan eksiton kristal-
da miqrasiya etmoklo ya anni-hilyasiya olunmagqla isiq
stialandirir, ya da asqar atomlar ilo toqqusaraq elek-
tron-desik ciitiino dissosiasiya olunur.

Birinci varianta galdikds temperaturun asagi diis-
masi ils eksiton piki ki¢ilmali idi. Bels ki, temperaturun
enmosi kristalda fononlarin eksponensial olaraq azlma-
sina sabob olur. Tacriibads ise, oksine, temperaturun
azalmas1 homin maksimumun kaskin artmas1 qeydo ali-
nir.
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Ikinci variant o zaman dogru olardi ki, eksitonun
dissosiasiya olunmsi ilo yaranan elektron vo desiyin ef-
fektiv yasama miiddoti fononlar torofindon generasiya
olunan elektron vo desiklorin yasama miiddstindon bo-
yik olsun. Bu fakt eksitonlarin termik generasiyasi za-
man1 miimkiin deyil.

Uciincii  varianta  goldikdo, hoqgigoton  do
hvme=1,32 eV uygun maksimumu GeSe kristalinda
miqrasiya edon eksitonlarin kation vakansiyalarindan
fotoaktiv par¢alanmasi ils alagalondirmak olar.

Stexiometriyadan konaragixmalar kristalda ¢ox-
sayl1 (10"7+10"® sm™) moxsusi defektlorin—kation va-
kansiyalarinin yaranmasi kristalin elektrik kegiricili-
yinds “metallik” kegiriciliyin yaranmasina sabab olur.

GeSe kristalina nozore alinacaq doracads Nd as-
qarinin daxil edilmasi vo Nd atom radiusunun (0,96A)
Ge atom radiusundan (0,67A) kifayot qoder bdyiik ol-
masi kristalda olave defektlorin generasiya olunmasina
gotirib ¢ixarir. Asqar atomlarinin vakansiyalarda lokal-
lagsmas1 vakansiyalarin sayini azaltmaqla yanasi yeni
nov noqtovi defektlorin—agqar defektlorinin konsentra-
siyasini artirir ki, hamin defektlor do FK spektrinds
hvma=1,11 eV uygun maksimum yaradir (sokil 2).

Vurulan asqarin konsentrasiyasinin sonraki artimi
kation vakansiyalarini kom-pensasiya etmaklo yanasi
kristalin hocminds, interkalyasiya noticesindo laylar
arasinda slavo defektlor vo atom komplekslori yaradir,
FK spektrindo geyds alinan inco quru-luslarin silinme-
sina sabab olur (sakil 3).

GeSe layli kristalinda, agag1 temperaturlarda, ya-
ranan eksiton effektlori yalniz FK spektrinds deyil, is1-
gin udulma spektrinde do miihiim rol oynayir.

Yarimkegirici kristallarin zona qurulusu, gadagan
olunmus zonanin enini toyin etmok ti¢iin an daqiq infor-
masiyalar1 optik xassolorin todgiqindon olde etmok
miimkiindiir. Miiolliflor [4-5] GeSe monokristalinda
udulmanin eksiton kenarini tadqiq etmislor. Todqgiqat
obyekti kimi Bricmen metodu il yetisdirilmis qalinlig1
5+100 mkm olan layli monokristallardan istifade olun-
musdur. Olgmolor 80K temperaturda, enerjinin
1,2+1,6eV qiymetlorinds aparilmisdir.
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Sakil 1. GeSe kristalinin fotokegiricilik spektri.1—E//a; 2—E//b; 3—tobii isiq (T=100 K)
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Sakil 2. GeSe:0,5% Nd kristalinin fotokegiricilik spektri.1—E//a; 2—E//b; (T=100 K).
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Sakil 3. GeSe:Nd 1,0atm% layli monokristalinin fotokegiricilik spektri. 1-E/fa; 2—E//b; (T=200 K).
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NADIR TORPAQ METALLARININ GeSe LAYLI MONOKRISTALININ FOTOELEKTRIK VO OPTIiK XASSOLORING...
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Sakil 4. GeSe kristalinda i1 udulma spektri. 1-E//a; 2—E/b; (T=80 K).

Digor layli kristallar kimi GeSe kristali da optik
xassolorinds giiclii anizotropluga malikdir. Bu monada
dlgmalar polyarlasmis isiqda aparilmugdir. Isiq kristalin
(a,b) miistovisino perpendikulyar,
istigamotindo salinmigdir.

4-cii sokildon goriindiiyii kimi, GeSe layl
kristalinda udulma omsalinin tezlikdon asililig1
miirokkob xarakter dasiyir. E/a polyarizasiyasinda
udulma omsali enerjinin /,3 el qiymatinds koskin artir.
Halbuki, E//b polyarizasiyasinda homin maksimum
geydo almmir. Bu da kristalin anizotroplugunu siibut
edir. E//a polyarizasiyasinda miisahids edilon 7,362
eV uygun maksimumu E//b polyarizasiyasinda zoif
maksimum soklinds qeyds alinir.

¢ oxuna paralel

| Niimunonin qalinligt azaldigca udulma omsalinin

artmasi1 bas verir [6-7]. Belo ki, mislliflor udulma
spektrini qalinlig1 2+7/0 mkm olan niimunalor {igiin do
aparmuslar[8]. Belo nazik I16vholori almaq tgiin
niimuninin sathins yapisqanl lent barkidilmis, sonra
sistem benzola salinmigdir. Lent benzol torafindon hall
edildikdon sonra kristal tadqiq edilmisdir.

Digor layli kristallar kimi GeSe kristali da optik
xassolorinda giiclii anizotropluga malikdir. Bu monada
dlgmolor polyarlasmus isiqda aparilmisdir. Isiq kristalin
(a,b) miistovisino perpendikulyar, ¢ oxuna paralel
istiqgamotindo salinmigdir.
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A.O. Dashdamirov, A.S. Alekperov

PHOTOELECTRIC AND OPTICAL OF GeSe LAYERED SINGLE CRYSTAL
OF RARE EARTH METALS EFFECT ON PROPERTIES

GeSe layered single crystal is a photosensitive semiconductor material in the infrared region of the spectrum. Rare earth
metals affect the physical properties of crystals, including photoelectric and optical properties, mainly by intercalating between

layers. It was found that Nd atoms create an additional maximum in the photoconductivity spectrum by creating additional
defects. Increasing the concentration of the additive leads to the deletion of fine structures recorded in the FC spectrum.
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HgCdTe EPITAKSIAL LAYLARI 9SASLI iQ SUALARIN SOYUDULMAYAN
FOTOELEKTROMAQNIT DETEKTORU

OLIiOVSOD 9. 9LIYEV
Azorbaycan Respublikasinin Elm va Tahsil Nazirliyinin Fizika Institutu, Baki, Azarbaycan
altriple.az@gmail.com

10.6 um dalga uzunluglu CO2-lazeri totbig olunan optoelektron sistemlor ticiin Hg1xCdxTe epitaksial tobagalar ssasinda
soyudulmayan fotoelektromaqnit detektorun dizayni islonmisdir. Toklif olunan detektorun miigavimati, volt-vatt hassasligt,
xuisusi askaretmo gabiliyyati hesablaymisdir. Hocmli kristall osasli detektorun eyni parametrlori ilo miiqayiso edilorak, epitak-
sial tobagolarin tistiinliiklori hesabina miivafiq parametrlarin 4.8, 3.2 vo 1.47 dofo artmasi gostorilmisdir.

Acar sozlor: Hg1xCdxTe , epitaksial tabogslor, fotoelektromagnit detektor

PACS: 81.05.Dz; 81.15.Gh
Giris

Hg:1.xCdxTe (x<0.2) bark mahlullar asasli soyu-
dulmayan fotoelektromagnit detektorlar (PEM-detek-
tor) 10.6 um dalga uzunluglu CO»-lazeri tatbiq olunan
optoelektron sistemlords genis istifado olunur [1]. Belo
detektorlarm {istiinliklorindon xarici elektrik gidalan-
masinin olmamasi ilo kitylorin soviyyasinin enmasini
Vo bununla fotogobuledicinin istilik yiiklonmasinin
xeyli azaldilmasini qeyd etmak olar. Eyni zamanda, on-
larin yiiksok ¢evikliyi heterodin sistemlords istifads et-
maya imkan verir.

Epitaksial texnologiyalarin inkisafi altliqlar {izo-
rindo kifayat godor nazik vo yiiksok keyfiyyatli
Hg:1«CdxTe laylarin alinmasina imkan yaratdigindan,
hacmli kristallarin tadricon epitaksial laylarla svoz edil-
masine gotirmisdir.

Epitaksial tobagalords altligdan is¢i oblasta qador
torkibin gradienti ilo bagli yaranan daxili varizon elek-
trik sahasinin tesiri altinda qeyri-osas yiikdastyicilar
(QOY) is¢i oblasta diffuziya etmasi naticasinds onlarin
altligla tobags sorhadinds rekombinasiya ilo bagl itki-
lor xeyli azalir. Molekulyar-siia epitaksiyasi (MBE) va
metal-iizvi birlosmoalardan epitaksiya (MOCVD) galin-
liq boyunca torkibin gradiyentini idars etmayos vo kifa-
yat godor boyiik qalinhigda bircinsliys malik laylarin
goyardilmasine imkan verir. Bu hali nozars alaraq, epi-
taksial tabagslor asasinda PEM detektorun dizayninin
islonmoasi maraq dogurur.

PEM detektorun hassas elementinin dizaym va
texnologiyasi

[2, 3]-da nazari hesablamalar va 6-7 vo 10-12 um
spektral diapazonlart tigiin x = 0.2 va 0.167 torkibli
Hg:xCdxTe asasinda kompozit gqabuledici sahsli soyu-
dulmayan PEM-detektorlarin islonib hazirlanmasi vo
todgiqatlarinin naticalari taqdim edilmisdir.

[4-6]-da althiqda yaradilmis xandaklorda goyardil-
mis Hg1xCdxTe epitaksial tobogolor asasinda miixtalif
fotodetektorlarin dizaynlar1 toklif edilmisdir. Belo di-
zayn epitaksial laylarin hacmli kristallarla miiqayisado
stiinliiklari ilo yanasi, ilk névbado, elementlor arasinda
kommunikasiyalarin yaradilmasimi asanlasdirmaga,
eloco do biitiin ayri-ayr1 elementlor arasinda yiiksok bir-
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cinsliys imkan vermisdir. [2, 3]-n naticalorini nozara
alarag, Hg1-xCdxTe epitaksial tobagalori osasinda analo-
ji soyudulmayan PEM detektor [4-6] islords toklif olu-
nan dizaynda islonmisdir.

Znp0sCdogsTe Vo ya CdTe althginda, kicik bir
araliqla hor hanst molum dsullardan (kesma, kimyovi
asilandirma, ion asilandirma) istifado edorok, miioyyan
bir eni va dorinliyi olan diizbucaqli xondoklor yaradil-
digdan sonra MBE, yaxud MOCVD metodlart ilo
Hg:1xCdxTe epitaksial tobagslori gdyordilir. Althqda
yaradilmig Xondoklorin dibindon x=1-don agsagidaki he-
sablamalarla miioyyan edilmis is¢i torkibino kimi ga-
linlig1 1 pm-dan ¢ox olmayan varizon lay, sonra lazimi
galinligda bircins is¢i tabags, daha sonra iss qalinligi
0,5 um olan x=0.4 tarkiba kimi artan yeni varizon lay
goyordilir, bu da soth rekombinasiyasinin tasirinin xey-
li azalmasina gatirir. Epitaksial tobagolorin lazimi dors-
coyadok agqarlanmast hom goyordilms zamani, hom do
hazir laylar izorinds ayrica texnoloji amoaliyyat forma-
smda hayata kegirils bilor.

Bundan sonra, st varizon layin sathi, golocokds
yaradilacaq kontakt saholori istisna olmagla, anod ok-
sidi, yaxud bagqa ortiiklo passivlagdirilir. Novbati ama-
liyyatlar zamam kontakt sahalorindon iist varizon lay
hor hansi agilandirma {isulu ils ¢ixarilaraq vakuum va
ya kimyavi ¢okdiirms metodlar: ilo omik kontaktlar va
altligin sothi ilo ayri-ayr1 elementlor arasinda carayan
kommunikasiyasi tomin edir. Sonradan ham altligin ar-
xa sathina, hom ds tist varizon tobagenin {izerine geyri-
oksetmayo malik toboago ¢okdiiriiliir. Toklif olunan has-
sas elementin iimumi goriintisii sokil 1-do verilmisdir.

Sokil 1. PEM detektorun hassas elementinin qurulusu.
1 —althq, 2 — epitaksial tobogs, 3 — signal elektrod-
lar1, 4 —anod oksidi, 5 — elementlorarast kommu-
nikasiya elektrodlari, 6 — geyri-oksedici laylar.
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Kegirilmig texnoloji emeliyyatlar naticasinde  tik siialanmanin giicii; hv — isiglandirma kvantlarin
PEM-detektorun hazirlanmig hassas elementi magnit  enerjisi; Un — kiiylorin garginliyi; Af — giiclondirici ava-
sahosinin garginliyi detektorun optimal parametrlorini  danligin tezliklor zolagimn enidir.
tomin edon hom [1,2]-do gostarildiyi kimi bilavasito PEM-detektorlarda dominant kiiy névii termik
sabit magnitin, hom do ayrica korpusa quragdirilib  kiiylordir va onlarin gorginliyi agagidaki diisturla mii-
elektrik magqnitin qiitblori arasinda yerlagdirilo bilor.  ayyan edilir:

Isiglandirma althq torafdon aparilir. U, = / 4|(BTI’ Af ?)

PEM detektorun asas parametrlarinin -
hesablanmasi burada ks — Bolsman sabiti, 7' — is¢i tenperaturdur.

Qalinlig: d, eni ws olan k zolagdan ibarat vo timu-

1Q sitalarin fotogobuledicilorin, o ciimlodon PEM- i 8lgiisit A = lw olan kompozit hassas sahasi olan
detektorlarin, asas parametrlori R, monoxromatik volt- ~ PEM-detektoru nazardon kegirak. Detektor parametrlo-

vatt hassasliq vo D; xiisusi askaretmo qgabiliyyatidir: rini hesablayarkan, istanilon magnit sahalari (kvant sa-
holari istisna olmagqla) ii¢iin, niimunonin son qalinlig
| r Va yiik dastyicilarinin hacmi generasiyasi nazara alin-
R 4= 5 (1) magla PEM effektinin imumilogdirilmis formada is
W, Iw [7]-2 ssaslanan [2]-do oldugu kimi eyni metodologiya
. R osas gotiirilmiisdiir.
D, =% AAf 2 Stasionar halda, zoif optik hoyacanlandirma so-
U n Viyyasi va yiikdastyicilara cirlagmamis statistikanin tat-

biqi soraitinds fotoelektromagqnit qisagapanma caroya-
burada lsc — qisa gapanma corayani; r — PEM-detekto-  ninin ifadosi asagidaki kimi toqdim edilo bilor:
run B magnit sahasinds miigavimeti; W, — monoxroma- |

| e, e(, + py)BWY @
* hyv a(a’-a®)[az(s, +5s,)ch(ad) + (1+s,5,a°7%)sh(ad)
(4) diisturunda Y-nin giymotini asagidaki ifadodon tayin etmok olar:
Y =[(a -s,a’c) + (a +s,a’c) exp(—ad)]ch(ad) —a[(1-s,ad) — (1+s,a7) exp(—ad ) Jsh(ad) —
~[(a —s,a%c) + (o —s,a’z) exp(—ad)]
burada o — udulma amsali; 7 — kvant effektivliyi, okset- |qlsaqapanma Coroyaninin ifadosi sadalogir:
mo itkilori daxil olmagla; e — elementar elektrik yiikii;
Le, 1n — elektron vo desiklorin yiiriikliiyii; S1, S2 — niimu- nW, eu, (b+1)BLw ol (6)
nonin 6n va arxa sathlorinds sothi rekombinasiyanin Ty 1+5,) al +1

stirati; 7 — elektron vo desiklorin yasama miiddati;

a = L' — magnit sahasindo ambipolyar diffuziya uzun- L )
lugunun oks giymetidir: burada S;=s1zL1-niimunanin isiqlandirilan sothinds sot-

hi rekombinasiyasini nazars alan 6lgiisiiz parametrdir.
) 1/2 (1)-do gisagapanma corayanini onun (6) ifadasi ila
L (n+p) } (5) ovaz edarak va gobuledici sahanin har biri ws eninds k

- 1+ 22B?)+bn(1+ 12B? zolagdan ibarat oldugunu nozars alaraq, monoxromatik
P+ 4 B") (L+ 4, B) voltvatt hassasligi ti¢iin asagidaki diistur aliriq:

burada Le— elektronlarin diffuziya uzunlugu, b — elek-

tron va desiklarin yiirikliiklarinin nishatidir. R, = i _ . €ty (b +1)BLWS . al .
Nimunonin qalmhg d ambipolyar diffuziya W,lw  hv (1+ Sl)|W ol +1

uzunlugu L-dan dafalorlo boyiik oldugda (d>>L) vo (7

sﬁalanma niimunanin hacminda effektiv $9k||d9 udul- burada r — PEM-detektorun B maqnit sahasinda mﬁqa-

dugda (ad>1.5), arxa terafdo praktiki olarag rekombi-  vimotidir vo k zolagdan ibarat hossas sahosi olan de-
nasiya yox doracadadir, bels halda fotomaqnit effektin  tektor iigiin asagidaki kimi tosvir edilir:

_ kI I np(b +1)° u, 14, B%L2
ez, (bn+ p)w,d Le(n+p)bn+p)

Belaliklo, kws = w sarti altinda kompozit hassas | artirmaga imkan verir. Miivafiq olaraq, xiisusi agkar-
sahadon istifado detektorun voltvatt hossasligini k dofo  etmo gabiliyysti k*? dofs artacag. Bunlari nazors alaraq

r

®)
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toklif olunan detektorun hassas sahasi 120 um enindo 8 edilmisdir.

zolaqdan, zolaqglar aras1 mosafs 5.5 um-dan ibarot se¢il- 0,117 eV foton enerjisina uygun golon 10,6 pm

misdir. dalga uzunlugunda giiclii udulma vo maksimum hassas-
[2, 3]-do xirda soviyyslor yaradan akseptorlarla  liq sortine asasan, is¢i layin qadagan olunmus zonasinin

asqarlama PEM detektorunun osas parametrlorini sha-  eni 1,2 dofs kicik, yoni 300K is temperaturunda

miyyotli dorocads artira bilocayi gostorilmisdir. ©sas  0,098eV olmalidir. Talob olunan tarkibi va yiikdasiyi-

fotoelektrik parametrlorinin, voltvatt hassashigimin R;  cilarin moxsusi konsentrasiyasini n; (torkibi vo tempe-

Vo xiisusi askaretmo gabiliyyatinin D,” epitaksial tobo-  raturun funksiyas: kimi) [8, 9]-da verilon diisturlarla

golorin agqarlanma doaracasi z-don asililigi hesablamagq  hesablayacagiq:

tiglin [2, 3]-ds oldugu kimi eyni metodikadan istifads |

E, =-0.303+5.6-10T (1-2x) +1.73x +0.25x" ©)
ni = (5,585 - 3,82 x + 1, 753.10° T — 1,364.103xT) 10%* Eg®* T3?exp (-E¢/2keT) (10)
(9) diistura osasan, tolob olunan gadagan olunmus zo- | 5 E
nasinin eni x = 0,167 tarkibi ilo tamin edilir. 0 1-=—°9
Hg1.CdxTe (x<0.2) bark mohlullarda T = 300 K- _Ta _g_ 4KkT (13)
ds yiik dasiyicilarmin yagsama miiddeti iki név Auger T(All) 3E g
rekombinasiya mexanizmi ilo miioyyan edilir — iki i
elektron vo bir agir desiyin istiraki ilo rekombinasiya 2 kT
(Auger-1 prosesi) vo bir elektron vo iki agir desiyin isti- o o .
raki ilo agir desiyin yiingiilo ¢evrilmasi ilo rekombina- \‘(ar‘lmkegmclnm agqarlanma doracosinin funks!-
siya (Auger-7 prosesi) [10]. Effektiv yasama miiddoti ~ Y@s1 kimi z, (12) v (13) nozers alinmagla asagidaki ki-
asagidaki kimi miioyyon edilir: mi ifad olunur:
2
11 1 " (2)= 222(7/+1)2 70 0 - Y0
T Ty Tp @+z7)(r+2z7) y+1

(14)
Burada z4; Vo 747 miivafiq olaraq Auger-1 vo Auger-7  Burada 7 — moxsusi yarimkegiricido yiikdastyicilarin
proseslori {igiin rekombinasiya zamanidir. Asagi hoys-  effektiv yasama miiddoti, z=p/ni — yarimkegiricinin as-
canlanma soviyyesi {i¢iin onlar asagidaki diisturlarla ~ garlanma doracasini géstoron parametrdir.

miioyyon edilir [10, 11]: Auger-1 rekombinasiya prosesinin miiddati bora-
bordir:
_ 2 O, _ iy O
Ta1 = Lap tar Ta7 = L Tat (12)
|
m* m* *
38108521420y (14 Me 1+2M

) 3/2 )
70 = il M, ( E, exp— o (15)
M m, 2 koT m, . k,T
m—|FlF2| (1+—-2)

My,

Burada, e~ — yiiksok tezlikli dielektrik sabiti, m”en — | Burada, P = 8,43.10% eV-:em, A =0,9 eV. (11)-(16)
miivafiq olaraq elektron va agir desiklorin effektiv kiit-  diisturlardan yagama miiddoti magnit sahesinden asilt
lolori, | F1-F2 |= 0,15 — [12]-d> eksperimental olaraq ~ olmadigi, yalmz asqarlanma doracosindon asili oldugu
miioyyon edilmis kosismo inteqralidir. Agir desiklorin  goriintir.

effektiv kiitlosi 0,55mg-a barabor gotiiriilmisdiir. Yasama miiddatinin asqarlanma doaracasindon asi-

Yiiksok tezlikli dielektrik sabiti [13]-do verilmis  liligin hesablamalarinin naticesi sokil 2-do gdstoril-
ifadasi ilo miioyyan edilir: migdir.

Sakildon goriindiiyli kimi yagama miiddati 1.8n;

£0=152—156 X + 8,2 X asgarlanma doracasinde maksimal giymoto catir, bun-

dan sonra agqarlanma daracasi artdiqca maili hiberbola
sokilinda toxminan bir tortib azalir. Bu hal detektorun
yiiksok ¢evikliye malik oldugunu gostarir.

Elektronlarin yiriikliyii [13]-do verilmis diisturla
hesablanmigdir:

mo_1+2mOP 2+ 1 16 3
T 32 |E. E +A 10 H, =9-10°(m,T) 2 17)

€ g 9

Elektronlarin effektiv kiitlosi Keyn zona modeli
asasinda milayyan edilmisdir:
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Elektronlarin agqarlanma daracasindsn asilt sor-
bast yiiriis uzunlugu miivafig olaraq:

L, = [47(2)ksT 12

(5)-da Le-ni onun (18)-doki ifadasi ilo avaz etmokls va
Hg1xCdxTe (x<0.2) bark mahlullarda elektronlar-de-
siklor yiiriikliiklarinin nisbati b=100 olmasini nazars al-
magla magnit sahoesinds ambipolyar diffuziya uzunlugu
L-in hesablamalarinin naticalori sokil 3-do gostorilmis-
dir.

(18)

Belolikla, ambipolyar diffuziya uzunlugunun
maksimal giymoti 2.43 pm maqnit sahasi B=0 vo ag-
garlanma doracasi z=4-5 arasinda bas verir. Bunu nazo-
ro alaraq x=0.167 torkibli is¢i layin qalinligi (6) diistu-
run sortlorine uygun olaraq 10 pm, udulma omsalini iso
1800 cm! segirik.

Artiq is¢i layin olgiilorini, x torkibini vo miivafiq
paramertlorini miioyyon etdikdon sonra diistur (8)-lo
toklif olunan PEM-detektorun miigavimatinin magnit
sahosindan va agqasrlanma doaracasdindon asililigi he-
sablanmus va naticalori sakil 4-do oks olunmusdur. He- |

1.2 4

1.0 4

sablama zaman alt va iist varizon laylar nazars alinma-
migdir. Homin laylar ¢ox nazik, homg¢inin daha genis
gadagan olunmus zonaya malik olduglarindan, onlarin
milgavimati ig¢i layin miigavimotindon on az1 10-gat
yiiksokdir vo detektorun miiqavimoti mohz is¢i layin
milgavimati ilo miioyyon olunur. Miigavimatin maksi-
mumu 3500 Ohm B=3.0 TI, z=4.5 giymatlorindadir.

Volt-vatt hossasligi diistur (7) osasinda hesabla-
maq ticlin Soth rekombinasiyasini nazars alan olgiisiiz
parametr Sy miioyyan edilmolidir. Isci lay varizon laylar
arasinda yerlosir. Homin laylarda qadagan olunmus zo-
na doyisdiyinden yaranmis giiclii daxili elektrik sahasi
(toxminen 1.4-10° vo 8.6:10° V/cm miivafiq olaraq alt-
liq va st torafdon) geyri-asas yiikdasiyicilar isci laya
torof yonaldir. Bununla da, sothi rekombinasiya tam
aradan goturiliir. Lakin, is¢i layla varizon layim sorhadi
is¢i layin sothi kimi giymatlondirilmolidir. Bu halda,
geyd edilon varizon elektrik sahosi geyri-osas yiik da-
styicilart isci laya torof yonaltsa do, sarhodds ciizi re-
kombinasiya bas verir. Ona gora do, S; =5 gobul edil-
migdir. Daha sonra (2)-(3) diisturlar ilo xiisusi agkar-
etmo gabiliyyati hesablanmigdir.

z, I’li

Sakil 2. Elektronlarin yagsama miiddstin asqarlanma doaracasindon astlilig1.

Sakil 3. Ambipolyar diffuziya uzunlugunun magqnit sahasi vo agqarlanma daracosindon asililigi.
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Sakil 6. Xiisusi askaretmo gabiliyyatinin magnit sahosi vo asqarlanma doracasindon asililig1.
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HgCdTe EPITAKSIAL LAYLARI OSASLI i

UALARIN SOYUDULMAYAN FOTOELEKTROMAQNIT DETEKTORU

Sakil 5 vo 6-da miivafiq olaraq volt-vatt hossasli-
gm va xiisusi agkaretma gabiliyyatinin asqarlanma do-
racasindan vo magnit sahasindon asililiglart gostoril-
migdir.

Goriindiiyti kimi, hor 2 parametrin maksimal qiy-
motlori magnit sahasinin 3 Tl giymotinds alinir. Asqgar-
lama daracasindan asililigda volt-vatt hassasligin mak-
simumu 2.93 V/W z=3.25, xiisusi askaretmo gabiliyys-
tinin maksimumu 4.37-107 Jones z=2.75 giymotlorin-
dodir. Qeyd edilmoalidir ki, har iki parametr magnit sa-
hosi artdigca doymaga yonalir vo 1.5 TI magnit saho-
sinda giymatlori maksimum giymatinin toxminon 85-
90%-n1 toskil edir.

Epitaksial tabagalor asasinda toklif olunan detek-
toru hacmli kristal asash detektorla miiqayisos edok

Hocmli kristallar ssasinda 20 pm-don nazik struk-
turlarin alinmasi, hamginin zolaqlar aras1 bosluglarin
yaradilmasi boyiik texnoloji ¢atinliklor yaradir. Mexa-
niki, kKimysvi-mexaniki islonmo zamani kristallarda ya-
ranan defektlor detektorun parametrlorino monfi tosirlor
gostarir. Eyni zamanda sathi rekombinasiya parametri-
nin giymati an yaxsi halda 100-don kigik olmur, hatta
kristalin yan toroflorinds do rekombinasiya bas verir.

Coadval 1.
Umumi | Zolag Zolaglar | Qallig1 | S1 rmax, ONM | R\ V/W | D™ Jones
sahasi sayleni arast
Hocmli IxImm | 5x180pm | 25um | 20pm | 100 | 732 0.915 2.98-107
kristall
Epitaksial | IXLmm | 8x120 pm | 55pm | l0pm | 5 3500 2.93 437-107
tobago

Bunlar1 nozoro alaraq 20 pm qalinligda hocmli
kristal asasinda eni 180 pm, ara boslugu 25 pm olan 5
zolagdan ibarat kompozit hassas sahali detektor {igiin
eyni hesablamalar aparilmis vo naticalar epitaksial ta-
bogoalar asasli detektor ti¢iin alinmig naticalorlo asagi-
daki codvoldo miigayiss edilmisdir.

Natico

10.6 pum dalga uzunluglu COz-lazeri totbig olunan
optoelektron sistemlor {igiin epitaksial tobagolor asasin-

da soyudulmayan PEM-detektorun toklif edilon kom-
pozit hossas sahali dizayni eyni timumi sahods zolagla-
rin sayini artirmaqla, zolaqlar arasi bosluqglarin enini ki-
ciltmakla, sothi rekombinasiya gostaricisini azaltmagla
hocmli kristal asasli eyni tipli PEM detektora nisbaton
miigavimatini 4.8 dofo, volt-vatt hossasligi 3.2 dafo, xii-
susi askaretmo qabiliyyatini 1.47 dofs artirmaga imkan
verir. Bu hal toklif olunan dizaynlh PEM detektorun
totbiqi tiglin boyiik perspektivior oldugunu gostarir.
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AA. Aliyev
An uncooled photoelectromagnetic detector of IR radiation based on HgCdTe epitaxial layers

The design of an uncooled photoelectromagnetic detector based on Hg1-xCdxTe epitaxial layers for optoelectronic systems
using 10.6 um wavelength COz-laser has been developed. The resistance, volt-watt sensitivity, specific detektivity of the
proposed detector has been calculated. It is shown that these parameters are 4.8, 3.2 and 1.47 times higher than those of a
similar detector based on bulk crystals.
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PLAZMADA QABOR LINZASI VASITOSILO iON DOSTOLORININ
FOKUSLANDIRIMASI
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e-mail: qultekin@myself.com

fon dasto corayanini elektromaqnit saha va plazma-optik iisulla fokuslama gabililiyystine malik olan Qabor linzasinin 6z-
Ozlindi tonzimlayan omaliyyat rejiminin tocriibi yolla se¢ilmasi vo linzanin aberrasiyasini azaltmagqla corayanin daha six pay-
lanmasini aldo etmok miimkiinliiyii arasdirilmigdir. Linzanim optik qlivvesini kifayyet godar yiiksok saxlamagq sorti ils, linzanin
parametrlorinin miimkiin qador uygun se¢ilmasi vo elektrik vo magnit sahslarinin tosiri ilo ion dastasininn fokuslanmasina

mane olan aberrasiyalar azaldilmigdir.

Acar sozlor: Qabor linzasi, ion dostasi, plazma optikasi, aberrasiya, plazma-ion texnologiyasi

PACS: 29.26.Ni;79.20.Rf
Giris

Intensiv ion dostolorin alinmasi, idars olunmasi Vo
uzaq mosafalors transfer edilmasi masalalori aktual ola-
raq qalir. lon dastalarindon elmi tadgigatlarda, texnolo-
giyada, sathlorin islonmasi o ciimladan sathlorin emal
edilmoasinds, genis istifads edilir. Plazma linzalarinin
xarakteristikalar1 vo xiisusiyyatlori onlardan miisbat ion
dastosi istifads olunan giiclii injektorlarin hazirlanmast,
stiratlondirici texnikada istifade olunan daha effektiv
fokuslayici vo transfer edici qurgularin, habels polyari-
zasiya olunmus intensiv ion dastolorinin alinmasi maso-
Ialorina totbigi imkanlarini genislondirir. Optimallasdi-
rilmig plazma linzasi ion-optik todgigatlarda vo ion das-
tolorinin fokuslanmasinda miihiim rol oynayir. Aksial
dostolori fokuslandirmagq iigiin istifado olunan linzalar
arasinda an yiiksak optik qiivvays malik olan1 Qabor |

4

linzas1 va ya foza yiiklii linza adlanan plazma linzasidir
[1]. Qabor linzalarinin optik qiivvasi elektrostatik va
magqnit linzalarin optik qiivvasindon miivafiq olaraq 2
Vo 4 dofa boyiikdiir. Bu linzada ionlarm hocmi yiikii
potensialin paylanmasini doyismadiyindan intensiv ion
dastoloarini kifayat goadar fokuslamaq miimkiindir. Lin-
zanin daxilindo elektrik sahosi elektromagnit tolodo
toplanmus elektronlarin foza yiikiiniin hesabina omolo
golir. Elektrik sahosi magnit sahosino perpendikulyar
yonoaldiyina goéra, maqnit qlivvo Xattlori stasionar pay-
lanmaya malik olur vo bu halda ionlara tasir edon qiiv-
valor ancaq toplayicidir. Mahz buna gérs plazma linza-
lar1 intensiv va yliksak enerjili ion dastelorinin fokus-
landirilmas1 va nagl edilmasi {iglin genis totbiq edilir.
Plazma-optik linzalarin aberrasiyasi onun asas xarak-
teristikalarindan biridir. Plazma linzasinda an boyiik
tosira malik sferik aberrasiyadir [3].

L

X

3 6

.

Sokil 1. Eksperimental qurgunun sxemi: 1-ion monboyi-duoplazmatron; 2-kompensator; 3- linza; 4-sabit magnit;

5- elektrostatik zond; 6-diafragma; 7-kollektor.
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Tacriibi hissa

Tocriibi qurgunun sxemi sokil 1-do verilib. fonlar
monbadan -duaplazmotrondan ¢ixarilir va siiratlondi-
rilib linzadan kegir. Kompensatorun divarindan ion-
elektron emissiyasi hesabina ¢ixan ikinci elektronlar
linzada toplanir vo radial elektrik sahssini yaradir. Co-
royan sixliginin radial paylanmasina diafragma ilo
nozarat edilirr, dastanin carayani iss kollektor vasitosilo |

2 3

olgiiliir. Miixtalif olgiilii va konstruksiyali Lengmur
zondlardan istifado etmoklo statik voltmetr vasitasilo
qisa linza oblastinda potensialin topoqrafiyasi, ion
plazma doastasinin parametrlori, linzadan axan plazma
caroyaninin xarakteristikalari va ragslori yronilmisdir.
Magnit sargilarinin yaratdigi sabit maqnit sahasi linzani
tamamilo ohato edir. Linza geyri-bircincli magnit saha-
sindo simmetrik yerloson silindrik elektrodlardan iba-
ratdir [2] (sokil 2).

Sokil 2. Kompensatoru kdzaran tel olan plazma linzasinin sxemi:1-ion doastasi, 2-linzanin elektrodlari, 3-maqnit sargisi,

4-kompensator.

Linzanin elektrodlari {izro potensialin paylanmasi
xaricdon idars olunur. Markoazi elektrodun potensiali on
yiiksokdir, kanarlara getdikca elektrodlarin potensiali
miioyyon azalan gqanunauygunluqla paylanir va sonun-
cu elektrodda iss minimum giymatini alir. Magnit sa-
hosinin aksial toplananmin ox boyunca paylanmasi
sokil 3-do gostorilib.

200 [
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| | | | _»
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0 20 40
Sakil 3. Linzada magnit sahosinin paylanmasi.
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Sakil 4. Linzanin markozi miistovisinds potensialin
radial paylanmasi: Ui=2 kV, U2=3kV,
Us=20 kV, p=7-10"% c.s.mm
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Foza yiiklii linzanin fokus mosafosi asagidaki
diisturla ifads olunur

__ RUs
20"

f @)

Burada R-linzanin radiusu, Uy -ionlar siiratlondiron
gorginlik, U; — linzanin morkoazi elektroduna verilon
gorginlikdir. Gortindityi kimi fokus mosafasi xiisusi
yiikdon asil1 deyil. Olgmalor vo hesablamalar gostorir
ki, plazma linzasinin daxilinds biitiin saha fokuslayici
oldugundan, eyni soraitds vo eyni parametrlords plaz-
ma linzasiin optik qiivvasi, elektrik vo magnit lin-
zalarmi optik qlivvelorindon gat-qat  boyiikdiir.
Fg~10*sm; Fg~10°sm; F,~20sm [3,4].
Linzanin median miistavisindan kigik mosafalor-
do (=7 sm) ekstraksiya sistemi ilo intensiv ion dasto-
sinin fokuslanmasi orada boyiik radial elektrik sahosi-
nin oldugunu gostarir. Linzanin fokus mosafosi tigiin
tocriibi olaraq tapilan f~(5-6) sm giymatindan istifado

. R W . . . . .
edib, f = —-— diisturu vasitasilo elektrik sahanin or-
20 ev

ta giymatinin tapilmasi ~3 kV/sm natica verir ki, bu da
linzanin elektrodlarina totbiq olunan biitiin potensiallar
farginin radius boyunca paylandigini gostorir. Sokil 4-
do linzanin orta miistovisindo potensialin paylanmasi
verilib vo paylanmaya asasan, sistemds yuxaridaki tox-
minlars uygun galon giiclii elektrik sahalarinin hagi-
goton reallagdigini iddia etmak olar.

Tacriibalar dastanin kanar ionlarinin daha giiclii fo-
kuslandigin1 gostarir. Oxa yaxin ionlar isa demok olar
ki, elektrik sahasinin tosirini heg hiss etmir. Bunun so-
bobi linzanin moarkoazinds potensialin 300V-a gador arta
bilmosidir (sokil 4). Yoni oxa yaxin oblast ekvipoten-
sialdir. Buna gora, oX boyunca horokot edon ionlar
fokuslanmir. Naticado, fokusda dastonin diametri bo-
yuylir Vo ion carayaninin sixligi azalir. Linzada miisbat
potensialin amalo galmasinin bir ne¢a Sobabi vardir:
elektrodlarin magqnit sahosina nazoron diizgiin yerlas-
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dirilmamosi, potensialin elektrodlar iizra geyri-optimal
paylanmasi, qaliq qazda amala golon ikinci ionlarin ox
iizorinds toplanmast. ikinci ionlarin yiiksok vakuum so-
raitinds (p=10" c.s.mm) generasiyas1 zaifdir. Silindrik
elektrodlar magnit sahoasinin maksimal giymotina malik
ndqtoya nazaron tam simmetrik yerlosdirilmoalidir, on-
larmn uzunlugu isa magnit sahasinin paylanmasindan
asili olaraq tacriibads miiayyan edilmolidir. Elektrik sa-
hasinin potensialinin elektrodlar {izra paylanmasi, lin-
zanin morkazinds potensialin sifir olmasi sorti ilo se-
cilmolidir. [4,5].

Natica.

Qabor linzasinin 6z-6ziinii tonzimlayan amoliyyat
rejiminin tocriibi yolla se¢ilmosi vasitasilo coroyanin
daha six paylanmasim oldo etmok miimkiin olmusdur.
Plazma linzasinda yaranan elektron-elektron diokotron
dayamgsizliqu, radial elektrik sahasinin tasirina moruz
galdigindan inkisaf eds bilmir. Linzanin optik qiivvasi-
ni kifayst godor yiiksok saxlamagla diokotron, elek-
tron-ion vo daha intensiv dayanigsizliglar1 mahdudlas-
dirmagla linzanin aberrasiyasini azaltmaqa nail olun-
musdur.
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GABOR LENS FOR FOCUSING AN ION BEAM IN A PLASMA

In the given work the spherical aberration of the plasma lens possessing high optical force is considered. The reasons of
formation of an aberration and ways of its elimination are discussed. Measurements are carried out on new experimental
vacuum installation. The optimized plasma lens can be applied in ion - optical researches and plasma - beam technologies.
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MAYE METAL iON MONBOYI VASITOSILO InSb NAZIiK TOBOQOLORININ
MUXTOLIF SOTHLOR UZORINDO ALINMASI

S.0. EMINOV, S.A. OLIYEV, F.E. MOMM®OSDOYV, i.i. QURBANOV,
E.M. BKBOROV, C.A. QULIYEYV, A.9.BODOLOV, A.H. HUSEYNOVA
Azarbaycan Respublikast Elm va Tahsil Nazirliyi, Fizika Institutu
H Cavid, 131, AZ-1143, Baki Azarbaycan
mammadov.f.e.@gmail.com

Bu isds ilk dofo InSb is¢i maddasi asasinda isloyan ion manboyi vasitasilo INSb* ionlarinin alinmasi vo onlarin miixtolif
sathlor {izerinds nazik tobagalorinin ¢okdiiriilmasi proseslori aragdirilmigdir. Siige, sapfir, silisium vo digar althiglar tizarine
¢okdiriilon InSb nazik tobagolarinin keyfiyyatinin althgin temperaturundan, dosts carayaninin qiymstindon vo stabilliyindsn
asili oldugu miioyyon edilmisdir. Kimyavi birlasmolorin ionlasma mexanizminin miixtalif dovri sistem elementlarinin vo
evtektik orintilorin ionlagma prosesindon daha miirakkab oldugu vurgulanmis, ionlarin alinmasi zamani arimis is¢i maddanin
iti uca dogru axaraq iynoni kiitlogdirmoemasi vo yaxud da uc hissonin buxarlanaraq maye axininin kasilmosins sobab olmamasi
tiglin tocriibi naticalors osaslanaraq svvalcadan siiratlondirici elektrik sahonin giymatinin ~4kV olmasi miioyyan edilmisdir.

Acar sozlor: maye metal ion manbayi, nazik toboags, miisbat ion, siirotlondirici elektrik sahasi, emissiya corayani.

PACS: 29.25.Ni; 52.25.Tx; 81.16.Rf
Giris

fon dostasi vasitasilo sathlorin emali proseslori
osason maye metal ion manbolari vasitasilo aparilir.
Maye metal ion manbalarinin digar ion manbalarindon
iistlin xiisusiyyatlori onlarin uzunémiirliiliiyti, az miq-
darda igsi maddonin talab olunmasi, sabit ion caroya-
nina malik olmasi va sairdir. Hal-hazirda submillimetr
ayirdetmoyo malik sath relyeflorinin formalasmasi, is-
lonmoasi vo analizi, fokuslanmis ion dastalorindoan isti-
fado etmodon miimkiin deyil. Ilk vaxtlar maye-metal
ion manbalarinin is¢i maddasi olaraq asagi arimo tem-
peraturuna malik gallium, indium kimi tomiz metallar-
dan istifado olunurdu [1]. Lakin bir sira miiasir texno-
loji masalalarin halli tiglin miixtalif kiitloli, yiikli va
miixtalif Kimyavi xassalora malik ion dastalorindan is-
tifado etmok zorurati yarandi. Son illards bu sahodoki
davamli tadgiqatlar naticasinds dovri cadval elementls-
rinin yarisina qodari ion silast texnologiyasinda istifado
edilmisdir [2]. Olava olaraq nazors alsaq ki, istifado
olunan miixtolif ion dostolori yaranan kigikolgilii
strukturlarmn [3-5] fiziki vo kimyavi xiisusiyystloring,
xiisuson do elektrik, optik, magnit vo mexaniki xii-
susiyyatlorina ohomiyyatli doracads tesir edir, uygun
bir se¢im edarok tonzimlons bilon boyiik bir potensial
totbig sahasinin yarandigint gorarik.

Maye metal ion monbalari vasitesilo miixtalif
elementlorin ionlarmin alinmasi ils yanasi, hal-hazirda
miixtalif Kimyavi birlogsmalarin vo evtektik orintilorin
da ionlarini alds etmak miimkiin olmugdur [6]. Emissi-
ya miiddatini vo dests carayaninin giymatini idars et-
makla birlagsmoalarin miixtalif sathlor tizorindo miixtalif
galinhigh nazik tobagalori alinmigdir. Baxilan igsds InSh
yarimkegirici birlogmoasi osasinda igloyan ion monbayi
arasdirilmisdir. lk dofo ion menbayi vasitesilo InSh*
ionlar1 alinmus, siige, sapfir, silisium vo digor miixtalif
sothlar tizorine ¢okdiiriilarak InSh nazik tobagslori alds
edilmisdir. InSb-un yiiksok harakatlilik, kegiricilik
zolagi elektronlarinin agagi effektiv kiitlosi, giiclii spin-
orbital qarsiliqli tasiri kimi unikal xassalori bu materiali
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hom fundamental, ham ds vacib tatbiglor tigiin olduqca
colbedici edir. Indium antimonid yiiksok hossasliglt
fotoelementlorin, Holl sensorlarinin, optik filtrlarin,
termoelektrik generatorlarin vo soyuducularin istehsali
iigiin, homginin horbi texnikada (orta IQ oblast iigiin
fordi vo matris radiasiya gobuledicilori), mikrodalgal
elektronikada vo s. tatbiglords istifads olunur. Biitiin
bunlar1 nazors aldiqda, deys bilarik ki, ion monbayi
vasitosilo  InSb ionlarinin alinmasi yolu ilo soth
tizorindo  mixtolif  strukturlarin  yaradilmasinin
miimkiinlityii totbiq imkanlarimin geniglondirilmasi
tiglin mithiim imkanlar yaradir [7].

Nazari hissa

Maye metal ion menbslarinds emitterin 6lgiisii-
niin ¢ox ki¢ik olmasi onun arasdirilmasini miimkiinsiiz
etdiyino gors ion emissiyasinin mexanizmi uzun miid-
dot qaranliq qalmigdir. Tadqiqatgilar torafindon miixte-
lif mexanizmlor toklif edilmisdir: iti ucun yaxinliginda
metal buxarinda bosalma, termik buxarlanmig atom-
larin saha ionlagmasi, mayenin sothindon bilavasito
ionlarm saho buxarlanmasi vo s. 9ldo olunan tacriibi
faktlar ionlarin yiiksok elektrik sahosinin tosiri altinda
vakuma tunel ¢ixarilmasi mexanizmini tosdiq edir. Bu
halda ionlarin emissiyast hadisosi termik foal proses
kimi aragdirilir [8].

j=envexp(—Q/T)

Burada n — atomlarm sathi sixligi, v — atomlarin xa-
rakterik ragsi tezliyi, Q — aktivlosma enerjisi, T - miit-
logq temperaturdur. Tosvir edilon potensial modelinda
(sokil 1) aktivlogsma enerjisi asagidaki ifads ilo toyin
olunur:

Q=H,+1-ep—(e°Ey)"?
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Burada H, — atomun sublimasiya enerjisi, I — ionlas-
ma enerjisi, eg — ¢ixis isi, E, — qopardici elektrik saho-
sidir.

ut

Sakil 1. fonlarin tunel gixarilmasi potensial modeli
Q - aktivlosmo enerjisi, Hy-Hoatomlarin subli-
masiya enerjisi, [-ionlagma enerjisi, e@-¢1-
x1s isi, Ey-qopardici elektrik sahasinin in-
tensivliyi.

Miixtslif emitterlor tigiin qopardici sahanin inten-
sivliyi By = (1,5 — 1,6) ¥/ tortibindadir, Teylor ko-
nusunun hamar zirvasinds bels sahslori almaq miimkiin
deyil. Lakin misahidalor gostorir ki, bu zaman konus
uzunsov forma alir, onun zirvasinds iti ¢ixinti amoalo
golir ki, bu da elektrik sahasinin yiiksok giymat
almasini tamin edir.

Qeyd etdiyimiz kimi, todqiq edilon ion monbo-
yindo is¢ci maddo Kimi InSh-dan istifado edilmisdir.
Indium antimonidi (InSb), indium (In) vo antimon (Sb)
elementlorindon hazirlanmig kristal birlosmadir vo
gadagan olunmus zolagmin eni 300 K-temperaturda
0,17 eV vo 80 K-do 0,23 eV olan yarimkegiricidir. ©l-
botto ki, metal atomlarinin vo ya miixtalif torkibli
evtektik orintilorin atomlarinin ionlagmasina nisbotan,
kovalent rabito ilo birlosmis atomlardan ibarat mole-
kullarin kimavi torkibinin saxlanilmasi sarti ilo ionlas-
masi daha miirokkab prosesdir. Buna nail olmaq {igiin
biitiin morholalords, ion manbayinin iynalorinin is¢i
madds ilo isladilmasi zamani, is¢i maddenin qiz-
dirilaraq aridilmosi zamanu, elektrik sahasinin tasiri va-
sitosilo ionlagma prosesinin aparildigi miiddatdo op-
timal variant secilmalidir.

Tacriibi hissa

Sakil 2. a) Si altliq tizorins ¢okdiiriilmiis InSb nazik tabaqasi; b) Siiss lizorine ¢okdiiriilmiis InSb nazik tabagasi.

Sokil 3. @) Sapfir altliq tizarins ¢okdiiriilmiis InSb nazik tobagasi; b) Sapfir altliq tizerine ¢okdiiriilmiis InSb nazik
toboagosinin M4 mikroskopu vasitasilo ¢okilmis sokli
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InSb is¢i maddoasi asasinda ion manbalarinin ha-
zirlanmasi zamani 2sas element olan iynalor elektro-
kimyovi tisulla itilonarok, grafitdon hazirlanmig xiisusi
konteynera yerlogdirilir vo L560 Leybold-Heraus tipli
vakuum qurgusunda is¢i maddo ilo xiisusi texnoloji
proses vasitasilo isladilir. Bundan sonra tocriibolor
A700Q Leybold-Heraus tipli vakuum qurgusunda
10® mbar tozyiqds aparilmigdir. Miixtolif metal ionla-
rinin emissiyasini alarkon aparilan amoliyyat ardicilli-
gindan forqli olaraq, burada is¢i madds orimomisdon
6nco ekstraktor vo iyno arasina toqribon 4 kV-a godor
elektrik sahosi verilir. Bu addim is¢i maddonin lazi-
mindan artiq qizdirilmamasina, oriyan kimi ionlasma-
sina, Kimysvi torkibinin saxlanilmasina nail olmagq
tiglin atilir. Garginliyin ~ 4kV tortibinds verilmasi toc-
riibi naticalor asasinda miiayyon edilmisdir. Belo ki, sa-
honin giymotinin boyiik olmasi arimis maye sirnaginin
uc hissasinin tez bir zamanda ionlasmasina vo emis-
siyasina sabab olur ki, bu da maye axininin kasilmasi
ilo naticalono bilor. Daha kigik goarginliklor iss ion-
lasmanin bas vermamasina sabob olur ki, bu da orimis
maye axini amola gatirir vo iti ucun kiitlosmasi ilo na-
ticolanir. Biitiin bunlar nazoroa alinaraq ilkin siiratlon-
dirici elektrik sahasi verildikdon sonra, is¢i madds ori-
mo temperaturuna gadar kézaran volfram katod vasi-
tosilo qizdirilir. Bu zaman digor sabit corayan monboyi
vasitasilo volfram katod vos konteyner arasina miioyyon
idaro oluna bilon gorginlik verilir, bunun nsticssinds
termoelektrik emissiya hadisosine osason konteyner
elektron bombardmani vasitasils alavo olaraq qizdirilir.
Orinmis is¢i madds ion monbayinin iti ucuna dogru
axdigda burada amols galon konus formasinda ¢ixinti-
Teylor konusu, avvalcadon verilmis elektrik sahasinin
tosiri altinda daha da iti forma alir. Hesablamalara gora
bu zaman elektrik sahosinin intensivliyi 108 V/sm-o
borabar olur. Bu enerji naticasinds ionlarm vakuuma
tunel ¢ixarilmas1 prosesi bas verir. fon dosto corayani
stiratlondirici  sahonin giymstini doyismoklo idars
edilir. Ilkin emissiya prosesi bas verdikden sonra
termoelektrik emissiya vasitosilo qizdirilma dayandiri-

lir, ion monbayi yalniz volfram katodla qizdirilir ki, bu
da is¢i maddonin lazim olandan ¢ox qizdirilmasinin,
buxarlanmasinin, kimyovi torkibinin dayismasinin
qarsisini almaq mogsadils edilir.

fon monboyi vasitasilo Si, siiso (sokil 2), sapfir
(sokil 3) althiglar tizerine InSh nazik tobagolori ¢okdii-
rilmiisdiir. Althglar tocriilbs aparilmamigsdan Onco
kimyavi mohlulda tomizlonarok vakuum kamerasina
yerlogdirilmigdir. Tocriibalor zamam siiratlondirici sa-
hanin giymati ~6 kV, emissiya carayani ~40+50 pA ol-
musdur. Althiglarin miiayyan temperatura godor qiz-
dirilmasi zamani alian tobagalorin keyfiyyatinin daha
yiiksok olmasi miisahids edilmisdir. Tacriibalor zamani
sapfir tizarino InSb nazik tebagolorinin ¢okdiiriilmasi
yalniz altliq kimyoavi mshlulda tomizlondikdon sonra
miimkiin olmusdur. Qeyd edok ki, sokil 3 a-da gos-
torilon niimunsnin alinmasi zamani altliq 250°C tem-
peratura godor qizdirildigdan sonra emissiya aparil-
migdir.

fon emissiyas1 zaman althqglarin qizdirilmasinin
alinan tobagolarin keyfiyyatina no doracads tosir gos-
tordiyini aragdirmaq magsadils, laboratoriya saraitindo
xiisusi qizdirict hazirlanaraq vakuum kamerasina yer-
losdirilmisdir. Althigin temperaturunu 6lgmoak tgiin
temperatur geydedicisindan istifado edilmisdir. Miixto-
lif temperaturlarda althqlar iizorina InSb* ionlarinin
emissiyast hoyata kegirilmigdir.

Naticalar

fon monbayi vasitesilo Si, siise, sapfir althqlar
tizarina InSb nazik tabagolori ¢okdiriilmisdiir. Althg-
lar tacriibo aparilmamisdan 6nco kimyavi mahlulda ts-
mizlonarok vakuum kamerasina yerlasdirilmigdir. Alt-
liglarin miioyyon temperatura gadar qizdirilmas: zama-
n1 alinan tobagslarin keyfiyyatinin daha yiiksok olmast
miisahido edilmisdir. Taocriibalor zamani sapfir tizorino
InSb nazik tobagalorinin ¢okdiirilmoesi yalniz altliq
kimyoavi mohlulda tomizlondikdon va 250°C tem-
peratura gadar qizdirildigdan sonra miimkiin olmusdur.
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Sh.O. Eminov, S.A. Aliyev, F.E. Mammadov, I.1. Gurbanov,
E.M. Akbarov, C.A. Guliyev, A.A.Badalov, A.H. Huseinova

FORMATION OF THIN InSb FILMS ON DIFFERENT SURFACES USING A LIQUID
METAL IONIC SOURCE

In this work, for the first time, the processes of obtaining InSb* ions and depositing their thin layers on various surfaces
using an ion source based on InSh as the working substance have been investigated. It was found that the quality of thin InSh
films deposited on glass, sapphire, silicon, and other substrates depends on the substrate temperature, the magnitude, and
stability of beam currents. Emphasizing that the ionization mechanism of chemical compounds is more intricate than the
ionization process of various elements from the periodic table and eutectic alloys. Based on experimental results, the magnitude
of the accelerating electric field was determined to be approximately ~ 4 kV. This implies that the molten working substance
does not flow towards a sharp tip, thus preventing blunting of the needle, and the tip does not evaporate, avoiding disruptions
in the liquid flow.

I1.0. OmunoB, C.A. Anues, ®.J. Mamenos, U.U. I'ypbdanos,
3.M. Akbapos, Ix.A. I'yaues, A.A. Baganos, A.X. I'yceiinoBa

MNOJYYEHUSA TOHKHUX IIVIEHOK InSb HA PA3JIMYHbIX TIOBEPXHOCTSIX C
HCITIOJB30BAHHUEM KUJAKO-METAJVIMYECKOT'O HOHHOI'O HICTOYHUKA

B nanHoii paGoTe BrepBBIE HCCIEAOBAHBI MPOLECCH MOMydeHus: HOHOB INSh* u HaHeceHMs MX TOHKHX CIOEB Ha
pasMYHbIe TIOBEPXHOCTH Yepe3 MCTOYHHK MOHOB, paboTarommii Ha ocHOBe pabodero BemectBa INSh. Ycranosnewo, 4to
Ka4eCTBO TOHKUX IUICHOK INSh, HaHEeCEHHBIX Ha CTEKISTHHbIE, Carn(pUpPOBbIE, KPEMHHUEBBIC W IPYTHE TOIIOKKH, 3aBUCHT OT
TeMIIepaTyphl TTOJUTOKKH, BEIUINHBI ¥ CTAOMIIBHOCTH TOKa Iy4koB. [log4epkHyTO, 9YTO MEXaHW3M HOHHM3AIMU XUMHYECKHX
COeIMHEHU OoJee CIoXKEH, YeM IPOIecC MOHM3ALUH Pa3IHYHBIX HJICMEHTOB MEPHOANYECKOM CUCTEMBI M OBTEKTHYECKHX
CIUIaBOB, HA OCHOBE SKCIEPUMEHTAIBHBIX PE3yJIbTATOB ONPE/IEICHA BEJIUUHHA YCKOPSIOIIETO dJIeKTpuieckoro nois 4 kB, T.e.
YTO pacIuIaBlIeHHOE pabodyee BENIECTBO HE TeUeT K OCTPOMY KOHYHMKY M HE TYNHUT ULy, WM KOHYHMK He WcHapsiercs U He
BBI3BIBACT NPEPHIBAHMS II0TOKA KUIKOCTH.
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SUSOVARI VO KRISTALLIK SiO2-Pb0-B203-K20-Na20 SISTEMLORININ ASAGI
TEMPERATURLARDA iSTIiLIK TUTUMUNUN ANOMALIYASI

NUSRODDIN NADIR OGLU OLIYEV
Azorbaycan Tibb Universiteti, Tibbi va bioloji fizika kafedras:
Email: nusreddin.aliyev@mail.ru

Stisovari vo kristallik SiO2-PbO-B203-K20-Na20  sistemlorinds 5+30 K temperatur bsliimiinde C(T)/T2 - asililiginm
gedigindo anomaliya miisahide olunmusdur. Miioyyan edilib ki, hamin sistemlordo C(T)/T® funksiyasi {igiin maksimum uygun
olaraq 13 K vo 15 K temperaturda yerlosir. Bu sistemlords istilik tutumunun temperatur asililigindaki anomaliya kvazilokal

rogslorin méveudlugu ilo baglidir.

Acar siozlor: istilik tututmu, anomaliya, Debay nozoriyyosi, kvazilokal rogslor.

Stisovari materiallarin fiziki xassalorinds miisahi-
do olunan anomaliyalar1 yaradan kigik energetik hoys-
canlanmalarin (1+10 eV) tabisti hagqinda adsbiyyatda
intensiv todqiqatlar aparilir [1-3]. Mioyyon edilib ki,
helium temperaturu bélimiindo amorf maddslorin
tocriibadon alinan xiisusi istilik tutumunun giymati no-
zori hesablanmig qiymotindon shamiyyatli doracads
yuxaridir vo

C=CT+C.T®

Diisturu ils ifads olunur. Burada C; = (1 +5) -
107%™ 'K"% va C3>Cp (Cs —iin qiymeti Debay
nozariyyasi asasinda alinan Cp —in giymatindon ~3 dofs
boyiikdiir — 1 K temperaturda elastik kontiniumun xii-
susi istilik tutumudur [2]. Qeyd edildiyina gora kvars
sliso (SiOy) liglin anomaliyanin xatti 1 K temperaturdan
asagida yerlosir, C(T)/T® funksiyasinin maksimumu iso
~10 K temperatura uygundur.

Amorf materiallarin (5+30 K) temperatur bolii-
miinds xiisusi istilik tutumunun tacriibi qiymatinin na- |

zori hesablama giymotindon xeyli yiiksok olmasi [3]
isdo do gostarilib. Forz edilir ki, nizamsiz qurulusa ma-
lik materiallarda atomlarin oksar hissasi (~10 % - iimu-
mi saym) “yumsaq” anharmonik potensialla xarakte-
rizo olunur. Bu iso siigovari materiallarda kvazilokal
rogslorin yaranmasina sobsb olur vo hamin materialla-
rin agag1 temperaturlarda istilik tutumunun temperatur
asililiginda slave istilik tutumunun yaranmasina (ano-
maliyasina) gatirir.

Bu anomaliya bizim tadqiqg etdiyimiz biitiin  sii-
sovari materiallarda torkibindon asili olmayaraq 5+30
K temperatur intervalinda olavs istilik tutumunun ya-
ranmasina sobob olurb [4-5].

Todqiq olunan materiallarin istilik tutumunun
(Cp(T) tocriibi giymatlori asasinda standart T=298,15
K temperaturda termodinamik funksiyalarin — entropi-
ya, entalpiya vo Gibbs codboldo verilib. Habels, cad-
volda homin sistemlorin C(T)/T® funksiyast ii¢iin mak-
simuma uygun temperaturlar (13 K vo 15 K uygun ola-
raq) gostorilib (cadval 1).

Cadval 1.

Stisavari va kristallik SiO2-PbO-B203-K20-Na2O tigiin T=298,15 K standart temperaturda
isitlik tututmu entropiya, entalpiya va sorbast Gibbs enerji doyismasi

Niimu- | Siiso vo kristallik torkibi, Cp AS AH AF 0o, Tmax
nalor mol % kal/mol K | kal/mol'K | kal/mol'K | kal/molK K
1 SiOz2 - stigovari 11,27 10,69 1765 4,77 385 10
2 2,50 B203 10,34 K20 - 12,16 13,14 1976 5,64 220 13
1,13 Naz0 siigovari
3 71,84Si02 - 14,19 PbO - 12,76 14,28 2185 6,95 150 15
2,50B203 - 10,34 K20 -
1,13Na20 kristal
"LT*—N’**-(*v;fm E—
Sakil 1. Siisovari vo kristallik SiO2 — PbO — B203 — K20 -Naz0 sisteminin C(T)/T3-in temperatur asililigi: 1. Siisovari

SiO2; 2-3 Stisovari va kristallik - SiO2 — PbO — B203 — K20 -Na,0
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SUSOVARI VO KRISTALLIK Si0,-PbO-B,05-K,0-Na,0 SISTEMLORININ ASAGI TEMPERATURLARDA iSTIiLiK

Biz stisovari va kristalik SiO»-PbO-B,0s-K;0-
Na O sistemlorinin 5+300 K temperatur intervalinda
istilik tututmunun temperatur asililigim tocriibi olaraq
Oyronmisik [6].

Hazirki isdo siisovari vo kristallik SiO,-PbO-
B203-K20-Na,0 sistemlorinds istilik tutumunun 5+30
K temperatur béliimiinde C(T)/T3— asililig: todgiq edil-

mis vo anomaliya miisahido olunmusdur. Tadgiq olu-
nan sistemlorin C(T)/T? funksiyas1 {igiin maksimum
(“pik”) uygun olaraq 13 K vo 15 K temperaturda
yerlosir (sokil 1).

Beloliklo, siisovari vo kristallik SiO,-PbO-B,03-
K20-Na,O sistemlarinds ~10+30 K temperatur interva-
linda C(T)/T® asililigdaki “pik”-in olmas1 hamin sis-
temlards kvazilokal ragslorin méveudlugu ilo baghdir.

(1]
(2]

Amophous solids low-temperature properties, Ed
W.A.Philips, N.Z., (1981) 180.

N.Bilir, W.A.Phippips. Phonos in SiOz: the low
temperature heat capacity of cristobalite,
Philosoph. May. J.Thearet Exper.Appl.Phys. 32,
N1 (1975) 113-122.

[3] J.C.Philips. T3 spesific heat anomaly in network

solids. Phys. Rev., 32 (1985) 5356-5361.

[4] N.N.Oliyev. Siisovari SiO2-B203 va SiO2-GeO;
sistemlorinin  asag1  temperaturlarda  istilik
tutumunun anomaliyast AMEA xabarlori. Fizika-

29

texnika vo riyaziyyat elmlori seriyasi, fizika vo
astronomiya 2014, Ne 2, 5.125-129.

[5] N.N.Oliev. Siisovari SiO; osasinda iki vo {i¢
komponentli siigoyobonzor sistemlorin  asagi
temperaturlarda istilik tutumunun anomaliyasi.
AMEA xoborlori. Fizika-texnika vo riyaziyyat
elmlori seriyasi, fizika va astronomiya. 2015, Ne
5,s.108-111.

[6] H.H .Anues. TemmoeMKOCTh CTEKIO00Pa3sHOIO U
kpucrauaaeckoro  SiO2-PbO-B203-K20-Na,O
NpH HU3KUX Temneparypax. Fizika. Cild IV, Ne 1,
1998.
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FeGapslnisSes KRISTALININ DIELEKTRIK NUFUZLUGUNUN DOYiSON )
ELEKTRIK COROYANININ TEZLiYINDON VO TEMPERATURDAN ASILILIGI

N.N. NIFTIYEV!, F.M. MOMMODOV'? M.B. MURADOV?
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Az-1000, Baki, U. Hacibayov, 68
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FeGaoalnieSes kristalinin miixtalif temperatur va tezliklords dielektrik niifuzlugunun haqiqi ve xoyali hissesi tadqiq
edilmisdir. Miloyyan edilmisdir ki, temperatur yiiksoldikco dielektrik niifuzlugunun haqiqi hissosinin artmasi defektlarin
konsentrasiyasinin artmast ilo baglhidir. FeGaoslnieSes kristalinda 2-102+10* Hz tezlik oblastinda anomal dispersiya bas verir

vo yasama miiddatino goro defektlorin paylanmasi n(t) ~ ©

1.75

ganununa tabe olur. Todqiq olunan temperaturlarda dielektrik

nifuzlugunun xoyali hissesinin tezlikdon asili olaraq monoton azalmasimin sobobi FeGaoalnieSes kristalinda relaksasiya

dispersiyasinin bag vermosidir.

Acar sozlor: kristal, dielektrik niifuzlugu, temperatur, corayan, tezlik, relaksasiya, dispersiya.

PACS: 73.40.5x, 73.61.Le, 84.37.+q

Yarim maqnit yarimkegirici birlosmslar, yarimke-
cirici cihazlarda, xususan do spintronikada istifada
ti¢lin boyiik maraq dogurur. Bununla slagodar olarag,
magnit yarimkegirici materiallarin axtariginda aktivli-
yin artmasini geyd etmak olar. Hal — hazirda AB»X4
tipli (A=Mn, Fe, Ni; B=Ga, In; vo X=S, Se, Te) magnit
yarimkegiricilorin alinmasi vo fiziki xassalorinin 0yrs-
nilmesina ¢ox diggoet yetirilir [1-7]. Bu birlogsmslo-
rin asasinda lazerlar, isiqg modulyatorlari, fotodedek-
torlar,termorezistorlar,diizlondiricilor vs s. funksional
qurgular yaratmaq perspektivlidir. Bu materiallar osa-
sinda  fotohassas sturukturlar hazirlanmigdir [10-13].
Felny,Ss birlosmosindon nanokristal sintez  edilmis-
dir [4]. Feln;Ses monokristalindan istifado edarok he-
terokegid yaradilmigdir [14]. Hal-hazirki igde geyd
edilon birlogsmalor sinfino aid FeGag 41Ny 6Ses kristalinin
dielektrik niifuzlugunun doyisen elektrik corayaninin
tezliyinden va temperaturdan asililig1 tadqiq edilmisdir.
FeGaoalnieSes kristali stexiometrik miqdarda yiiksak
tomizlikli elementlordon (99,99) alinmigdir. Rentgeno-
grafik metodla analiz naticesinde miiayyen edilmisdir
ki, FeGagaln; gSes kristal qofos parametrlori a = 3,983
A va ¢ = 38,811 A olan trigonal sinqoniyaya (foza qru-
pu 3ml) kristallasir [18]. Elektrik tutumunu 6lgmak
ti¢lin galinligi ~ 1,5mm olan FeGag 4In1 6Seq kristal [6v-
halors giimils pastasi vuraraq kondensatorlar hazirlan-
mis vo dl¢iilmolor E7-20 (25+10%Hz) rogemli immetans
6l¢ili cihazinindan istifado etmoklo aparilmigdir. Kris-
tallar 293 + 400K temperatur intervalinda tonzimlona
bilon kriostatda yerlogdirilmigdir. Temperatur 6lgmslo-
rinin daqiqliyi £ 0,5K togkil edir. Niimunays 1V gor-
ginlik verilmisdir.

Dielektrik niifuzlugunun hoqiqi hissasi &'=Cd/ggS,
xoyali hissosi iso €"=tgd-¢' ifadolorindon hesablanmis-
dir.

Sekll 1-do FeGao 4lni eSes kristali iiglin 294,5 K
temperaturda dielektrik niifuzlugunun hagiqi hissasinin

131, H.Javid ave, AZ-1143, Baku
Institute of Physics
E-mail: jophphysics@gmail.com

30

(&") doyisan elektrik coroyaninin tezliyindan (f) asililiq
grafiki verilmisdir. 2-102+108 Hz tezlik oblastinda &’ -
in qiymati 2000+100 intervalinda doayisir. 2-10%+10*Hz
tezliklords tezlik artdiqca & - in azalmas1 miisahids edi-
lir. 2:10*+10% Hz tezlik intervalinda iso ¢ 'daha yavas
stratlo azalir.

3,5 1
“w
K=y
3 -
2,5
2 T T T
2 3 4 \gf Hz 6
Sokil 1. FeGao.aln1,6Ses kristali ligiin 294,5 K tempe-

raturda dielektrik niifuzlugunun haqiqgi hisse-
sinin dayison elektrik coroyaninin tezliyindon
aslilig1.

Yarimkegiricilordo defektlor arasinda yiiklorin
bas veran sigrayis miibadilosi zamani dielektrik niifuz-
lugunun 6ziinii neco aparmasina nazari olaraq [19] isin-
do baxilmigdir. Xiisusilo defektlorinds yiiksok konsen-
trasiyaya malik olan yarimkegiricilor ii¢lin dielektrik
niifuzlugunun elektrik sahosinin tezliyinden asililigi
asagidaki kimi ifads olunur[19]:

e'(f)~f 2, 1)
Burada (f +2)=—y. Eyni zamanda defektlorin yagama
miiddatine gora paylanmasi



FeGaoslnisSes KRISTALININ DIELEKTRIK NUFUZLUGUNUN DOYIiSON ELEKTRIK COROYANININ TEZLiYiNDON VO...

n(r)~t’# 2)
ganununa tabe olur. Buradan belo naticaya golmok olar
ki, dorin moarkazlorinde yiiksak konsentrasiyasi olan
yarimkegiricilords dielektrik niifuzlugunun dispersiya-
s1 miisahida edilmalidir. (1) ifadssinden goriindiiyi ki-
mi > -2 olduqda normal dispersiya vo p <—2 olduqda
anomal dispersiya miisahido edilmalidir (f=—2 olduqda
dispersiya bas vermir). f vo y — nin qiymatlorini &'(f)
tocriibi asiligindan miioyyon etmok olar. Sokil 1-don
gorundr ki, 2-:10%+10* Hz tezlik intevalinda /ge' ~ Igf
asililig1 demok olar ki, diiz xatto yaxin bir meyl ilo xa-
rakterizo olunur. Bu meyldon y=— 0,25 qiymati tapil-
misdir. Bu halda f = —1.75 oldugundan FeGag4In; ¢Ses
kristalinda 2-10%-10* Hz tezlik oblastinda anomal
dispersiya bag verir vo yasama miiddotino goro defekt-
lorin paylanmas1 n(t) ~t ~'7° ganununa tabe olur.
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Sokil 2. FeGaoaslni6Ses kristalinda 10* Hz tezlikds di-
elektrik niifuzlugunun hoagqiqi hissosinin

temperaturdan asililig1.
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Sokil 2-do FeGagalnieSes kristalinda 10* Hz
tezlikds dielektrik niifuzlugunun hoqiqi hissesinin
temperaturdan  asililiq  qrafiki  gdstorilmisdir.
294,5+323,5 K temperatur intervalinda ¢’ - in qiymati
147+180 hoddindo doyisir. Temperatur yiiksoldikco
dielektrik niifuzlugunun haqiqi hissesinin qiymotinin
artmasmin  sobobi  defektlorin  konsentrasiyasinin
artmasidir [20].

Sokil 3-do  FeGagalnieSes  kristali  {igiin
294,5+323,5 K temperatur intervalinda dielektrik nii-
fuzlugunun xoyali hissesinin (¢”) elektrik sahasinin
tezliyindon asililiq grafiki gostorilmisdir. Sokildon go-
rindr ki, 5-10%+10° Hz tezlik intervalinda tezlik art-
digca asililig monoton azalma xarakterino malik olur vo
tezlik artdiqca &' ohomiyyotli dorocods dispersiyaya
ugrayir. Tocriibodo miigahido olunan dielektrik niifuz-
lugunun xayali hissasinin tezlikden asili olaraq mono-
ton azalmasi FeGay 4ln; 6Ses kristalinda relaksasiya dis-
persiyasinin bag verdiyini gostarir [2].
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Sokil 3. FeGaoaslnieSes kristalinin miixtalif tempera-
turlarda dielektrik niifuzlugunun xayali hisso-
sinin doyison elektrik corayaninin tezliyindon
ashiligl. T, K: 1-294,5, 2 - 303, 3 - 313,

4 -323,5.

Belolikla, isdo FeGag alni Ses kristalinin miixtalif
temperatur va tezliklards dielektrik niifuzlugunun hagi-
qi vo xoyali hissosi todqid edilmisdir. Miioyyon edil-
misdir ki, temperatur yuksaldikcs dielektrik niifuzlugu-
nun haqiqi hissasinin artmasi osason defektlorin kon-
sentrasiyasinin artmasi ilo baghdir. FeGagalnieSes
kristalinda 2-102+10* Hz tezlik oblastinda anomal di-
spersiya bag verir vo yasama miiddotino gora defekt-
lorin paylanmasi n(t) ~ v 7> ganununa tabe olur. Tod-
gig olunan temperaturlarda FeGagalnieSes kristalinin
dielektrik niifuzlugunun xayali hissasi tezlikla tors mii-
tonasib olaraq monoton azalir. Bu da kristalda relak-
sasiya dispersiyasmin bag verdiyini gostarir.
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N.N. Niftiyev, F.M. Mammadov, M.B. Muradov

DEPENDENCE OF DIELEKTRIK CONSTANT OF CRISTALS FeGaoslni,6Ses ON FREQUENCY OF
ALTERNATING ELECTRIC CURRENTS AND TEMPERATURE

The real and imaginary parts of the dielectric constant of the FeGaoalnieSes crystal at different temperatures and
frequencies were investigated. It was determined that the increase in the real part of the dielectric permeability as the
temperature increases is due to the increase in the concentration of defects. In the FeGao sln1,6Ses crystal, anomalous dispersion
occurs in the frequency range of 2-102+10* Hz, and the distribution of defects according to the lifetime obeys the law of n(t) ~
77175, The reason for the monotonous decrease of the imaginary part of the dielectric constant at the studied temperatures
depending on the frequency is the occurrence of relaxation dispersion in the FeGao4lni6Ses crystal.

H.H. Hudrues, ®.M. Mamenos, M.b. Mypanos

3ABUCUMOCTbD JUIJEKTPHYECKOMN IMPOHUIIAEMOCTH KPUCTAJJIOB FeGaoslni6Ses OT
YACTOTBI HEPEMEHHOI'O TOKA U TEMIIEPATYPbBI

HccnenoBanbl JeHCTBUTENbHAS U MHUMAs YacTH AUSJICKTPUYECKOI NMpoHHLaeMocTn Kpucramia FeGaoalnieSes npu
Pa3INYHBIX TEMIIEPATYpPax U 4aCTOTaX. Y CTAHOBJICHO, YTO YBEIMYCHUE PEATbHON YaCTH UAJICKTPUUECKON IPOHUIIAEMOCTH C
pPOCTOM TeMmIepaTypsl OOYCIIOBICHO YBEIMYEHHEM KOHIeHTpanuu aedektoB. B kpuctamne FeGaoalnieSes aHoManpHas
JUCIIEPCHS BO3HUKAET B nana3one gactot 2-102+10*T'w, a pacupenenenue aepeKToB N0 BPEMEHH KM3HH IIOAUHHAETCS 3aKOHY
n(t) ~ v 7. [TpuYMHO} MOHOTOHHOTO YMEHBIICHUS MHMMOMW 9ACTH JIU3JIEKTPHYECKON MPOHUIAEMOCTH TIPH MCCIIETOBAHHBIX
TEeMIIepaTypax B 3aBUCHMOCTH OT YacCTOTHI SIBJSIETCS BO3HMKHOBCHHE pEJIAKCAI[OHHOI JAWCIIEpCHM B KpHCTaLIe
FeGao,aln1,6Ses.
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MAQNIT MATERIALLARIN TOSNIFATI VO INKISAF PERSPEKTIVLORI

V.i. HUSEYNOV, S.S. QURBANOV
Azorbaycan Dovlat Pedaqoji Universiteti
Baki. Az.1000. Uzeyir Hacibayov 34.
galaca@mail.ru

Magaloda magnetiklarin praktiki shomiyyatindon, inkisaf perespektivlorindan, hamginin arzu olunan magnit xassali
yeni polikristallarin sintezinin zaruriliyindon bahs olunur. Magnit materiallarin miixtalif tosnifatlatindan dqamsilir.

Acar sozlar: magnetiklor, sponton, maqnit diiziiliislii, tosnifat, maqnit yarimkegiricilar(MY), ferromagnit, ferrimagnit,

antiferromaqgnit
YIK: 621.315

Toagriban son 60 ildo miivafiq elmi adsbiyyatlarda
magnit materiallarin elmi-praktiki shamiyyati, bu
materiallarda movcud olan maqnit dizilisli
oblastlarin xarakteri vo bozi fiziki xassoloro tosiri,
homg¢inin yeni magnit materiallarin sintezi va s. Kimi
nozari vo todgiqat xarakterli yazilarin artmasi, asasan,
bu materiallara olan yuksok praktiki talabatla baglhidir.
Magnit materiallar1 praktik baximdan shamiyyatli edon
cohotlordon biri onlarin elektrikkegiriciliyinin genis
intervali ohato etmosidir. Beloki, hazirda ¢ox sayh
magnit dielektriklor, maqnit yarimkegiricilar vo yiiksok
elektrikkeciriciliyino malik magnetiklor mévcuddur.
Xususon bunlarin igorisinds magqnit yarimkegiricilor
(MY) daha perspektivli magnetiklor hesab olunur.
MY -lor Oc¢lin xarakterik cohot onlarda elektronun
enerji spektrinin magnit diiziiliisiindon koskin asili
olmasidir. Bu asililiq MY-lori praktik masalalor i¢iin
vacib  mate riallara gevirir. MUtoxassislor tarofindon
sintez olunan iki vo daha g¢ox aktiv magnit ionlu
halkogpinellorin fiziki xdsusiyystlori hagda muxtolif
fikir ayriliglari movcuddur. Bu sababden belo
magnetiklorin sintezi vo mixtolif yonimli todqiqi
maqgnit hadisolori fizikasinda aktual mosalolordon
hesab olunur.

Magnit diiziiliisii zolagl yaxud labirint qurulusa
malik magnetiklords xarici magnit sahasindo firlanma
maqnit anizotropiya xassesinin mévcud olmasi, xarici
saho ilo idaro olunan qolografiyada, difraksiya
gofasindo, informasiya qurgularinda vo s. digor
saholordo genis praktik totbiq imkanlar1 agir. Son
20 -30 ilds spintronikanin yaranmasi vo inkigafi iso
tolobata uygun magqnit materiallarin sintezini vo bu
sahodoki elmi todgiqat iglorinin geniglondirilmasini
dovrin zaruri talabina gevirmisdir.

Bir sira elmi adabiyyatlarda ( esasen imumi fizika
kurslarinda) magqnetiklar- diamagnit, paramagnit vo
ferromagqnit olmagqla 3 qrupa bélinmiisdiir[3]. Diamag-
nitlor kompensa olunmus elektron maqnit momentino
malik zoif maqnit materiallar olmasina baxmayaraq xa-
rici sahoya gotirildikdo xaotik vaziyyatds olan elektron
magnit momentleri xarici sahanin intensivliyinin oksi
istiqgamotindo meyl edirlor. Noticado sahs torofindon
italonirlar vo bu sababdon diamaqnit materiallarin mag-
nit qavrayiciligi monfi isarali gobul olunmusdur. Hom-
¢inin paramagnit materiallarda zsif magnit materiallar
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grupuna aiddir. Lakin diamagnitlordan forgli olaraq pa-
ramagnit materiallar xarici magnit sahasins gatirildikds
saha torafindan cozb olunurlar. Sobob kompenss olun-
mus atom maqgnit momentlorinin xarici sahanin inten-
sivliyi istigamotindo gismon dénmosidir. Odur ki, bu
materiallar ticin maqnit qavrayiciligit miisbat gobul
edilmigdir. Giiclii magnetiklor kimi taninan ferromag-
nitlordo isa xarici magnit sahasi olmadiqda bels sifirdan
forgli magnit momentina malik olurlar. Bu iss ferro-
maqgnitlordo mévcud olan 6zbasina magnit diizulisli
oblastlarin mévcud olmasi hesabina bas verir. Ferro-
magnir materallar {iglin digor xarakterik cahat, magnit
qavrayiciliginin xarici sahadan geyri Xxatti asliligi; doy-
manin nisbaton zosif saholords bas vermasi; Hissterezis
ilgayinin méveud olmasi; Kiiri temperaturunda maqnit
diiziiliislinlin yox olmasidir.

Bozi tadqiqatgilar yuxarida qeyd etdiyimiz timu-
mi yanagmadan forgli olaraq magnetiklori- diamagnit,
paramagnit, ferromagnit vo antiferromagnit olmagla
4 qrupa bomiislor. Onlar ferromagnit va antiferromag-
nitlorin ortaq xarakteristikasi olaraq, bu maddslords
magnit diiziiliiglii oblastlarin sponton mévcudlugunu
gOstormislor. Lakin antiferromagnitlords alt gofaslorin
ekvivaletliliyi vo magqnit diiziiliiglarinin antiparalel
yOnolmasi bu materiallarda yekun magnit momentinin
sifira cevrilmosina sobob olur. Ferromagnitlords magnit
diiziilisti Kiiri temperaturunda, antiferromagnitlordo
iso altgofoslordoki antiparalel magnit diiziliislori Neel
temperaturunda yox olur.
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Sokil 1. N nov asilihq.
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Sokil 2. P nov asililiq.

Magnit materiallarla maggul olan bir sira miito-
xasisslor iso  magnetiklori  diamagnit, paramagnit,
ferromagnit, ferrimagnit vo antiferromagnit olmagla 5
grupa ayirmagi daha diizgiin hesab edirlar [1]. Bu tasni-
fatda(bir qrup tedqiqatgilar ferrimagqnitlari yeni név
magnit matriali kimi gobul etmayarak, onlar1 zaif ferro-
magnit, yaxud kompenss olunmamis antiferromaqnit
hesab edirlor) 6ziinomaxsus xassalora malik olmasi so-
bobindon ferrimagnit materiallara yeni nasil magnit

=

3,5

2,5

1,5

0,5
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materiallar kimi yanasilir. Neel tocrlibi asaslarla(esas
Ozlinamoxsus xassalordon sayilan) ferrimagnetiklorin
temperaturdan asililigmin iki nov oyri ilo gostarildiyini
mioyyan etmisdir. Bu ayrilordon biri N nov (sokil 1.)
vo digari iso P nov (sokil 2.) adlanir[1].

N ndv ayride Kompensasiya temperaturuna bora-
bor temperaturda altgofaslorin magnitlonmalari odadi
giymatca eyni gotaruliir. Homin temperatur kompensa-
siya temperaturu_vs ya kompensasiya noqtesi adlanir.
Ogor temperatur Kompensasiya temperaturundan bo-
yiik olarsa, onda temperaturun artmasi ilo yekun mag-
nitlonmo artir vo maksimumdan kegmis olur. T=T, tem-
peraturunda iso yenidon sifir olur. T>T, temperaturun-
da maddo paramagnit fazada yerlosir. Burada
T,- ferrimagnetiklor G¢lin hogigi Kiri temperaturunu
gostarir.Ferrimagnetiklor 6z elektrik xassalorina gors
hom metal, hamdo dielektrik xassslori ohato edir.
Ferritlordon ifrat yiliksok temperaturda belo magnit
materiali  kimi istifado mimkindir[2].Bu da o
demokdir ki, ferritlorin praktik totbigi ¢ox genisdir vo
0zlinamoxsus xassalari ferrimagnitlorin golocok inkisaf
perspektivlorindon xabar verir, yeni arzu olunan xassali
ferritlorin sintezini vo todqiqini zoruri edir.

Cul[Cr,_,Gd,]S, sisteminda x=0.0 va x=0.2 tarkiblari Gglin magnit
gavrayicihgmin temperatur asihhg(380K<T<630K)

TEMPERATUR T,K

Sokil 3. Maqnit qavrayiciliginin temperatur asililigt

Sintez etdiyimiz magnitoaktiv ionlu bozi polikris-
tallarda bu vo ya digor elementin konsetrasiyasinin
dayismasi Kiiri vo ya Neel temperaturunun doyismasi-
na, hatta ferromagnit materialin ferrimaqnits va oksine
cevrilmasina sabab olur(ferromagnit2 ferrimagnit). Bu
polikristallardan olan spinel quruluslu Cu[Cr,xGdx]S4
sistemi magqnit diiziiliisine malikdir: x=0.0 +0.2 giy-
motinds ferromagqnit, 0.2<x<1,0 iso ferrimagnitdir.
x=0.2 ferromagnit-ferrimagnit faza kecidina uygun

konsentrasiyadir. Maqnit gavrayiciliginin temperatur
asihilgidan istifado edoarok (sokil 3)qofoslor arasi Ja-s
va qgofaslordaxili Ja-a, Je-s mibadils inteqrallari hesab-
lanmigdir. Miibadils inteqrallarinin qiymati eyni tartibli
olmusdur. Bu isa magnit diizliliisiiniin formalagmasinda
gofaslorarast vo gofosdaxili mibadilo inteqrallarinimn
birgs rol oynamasi demakdir.

[1]
(2]

(3]

E.O. Eyvazov. Bork cisimlor fizikasi, Baki1-2003.
E.O. Eyvazov, S.S.Qurbanov, V.I. Hiiseynov.
Coy 7Cuy3Cr, S, Ferrimagnitin EPR spektri.

V.I. Nosirov, G.Q. Aslanli. Elektrik vo Magne-
tizm, Baki-2008.
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[4] E.©. Eyvazov, V.I. Hiseynov, S.S. Qurbanov.
Cul[Cr,_,Gd,]S, sisteminin kinetik vo magnit
xassolori. Ankara Il. Uluslararast Bilimsel
Aragtirmalar Kongresi 6-8 Mart 2020, Ankara
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OPTICAL ABSORPTION AND PHOTOCONDUCTIVITY OF TIGaS, CRYSTALS
UNDER THE ACTION OF LASER RADIATION

V.M. SALMANOV!, A.G. GUSEINOV?, G.B. IBRAGIMOV??,
M.B. JAFAROV?, R.M. MAMEDOV?, F.Sh. AHMEDOVA!
! Baku State University, Baku, AZ1148 Azerbaijan
?Institute of Physics of Ministry of Science and Education of Azerbaijan Republic,
H. Javid ave., 131, Az-1143, Baku, Azerbaijan
3 University of Technology of Azerbaijan, Ganja, AZ2011 Azerbaijan
*e-mail: vagif_salmanov@yahoo.com

The optical and photoelectric properties of TIGaS:2 single crystals at high levels of optical excitation were
experimentally studied. A pulsed Nd:YAG laser with built-in generators of the 2nd and 3rd harmonics, designed to generate
radiation with wavelengths of 1064, 532 and 335 nm, was used as a radiation source. It is shown that the observed features in
the absorption, photoconductivity and luminescence spectra of TIGaS: are caused by the recombination of free excitons and

radiative transitions between the donor-acceptor center.

Keywords: TIGaS, optical absorption, photoluminescence.
PACS: 78.20.—¢; 78.40.—q

1. INTRODUCTION

Recently, thallium chalcogenides with a layered
structure of the IlI-111-VI; family, such as TIBX;
(B = Ga or In and X=S or Se), have been the subject
of intensive experimental and theoretical studies [1].
These thallium chalcogenides belong to the
monoclinic system and their space group is C2/c. The
lattice of these crystals consists of alternating two-
dimensional layers parallel to the (001) plane. Each
subsequent layer is rotated by 90° relative to the
previous layer. TIGaS,, a member of this family of
crystals, is a semiconductor with an indirect band gap
of about 2.46 and 255 eV at 300 and 10 K,
respectively [2, 3]. In view of the possibility of its
application in optoelectronic devices, much attention
is paid to the study of the optical and photoelectric
properties of TIGaS; crystals [2, 4-8]. The direct band
gap of TIGaS; crystals at T=10 K is 2.664 eV [9-12].

Of particular interest is the experimental study of
the optical, photoelectric, and luminescent properties
of TIGaS; crystals at high levels of optical excitation.
This is due, on the one hand, to the enormous
possibilities that open up the use of these materials for
the purposes of nonlinear optics, and on the other
hand, the possibility of realizing in them completely
new phenomena of great fundamental importance,
which were previously practically inaccessible for
experimental studies [6-8].

This paper presents the results of a study of
optical absorption, photoconductivity and
luminescence of TIGaS2 crystals under the action of
laser radiation.

2. EXPERIMENTAL TECHNIQUE

TIGaS; single crystals were grown by the
modified Bridgman method. The samples were made
by chipping off an ingot parallel to the crystalline
layer perpendicular to the ¢ axis. Chipped single-
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crystal layers 0.2 mm thick had plane-parallel mirror
faces, which were a natural resonator. The crystals
were p-type and had a resistivity of 10%°-10%?
Ohm-cm, at 300 K. Ohmic contacts were obtained by
applying silver paste.

The radiation source was a pulsed Nd:YAG laser
with built-in generators of the 2-nd and 3-rd
harmonics, designed to generate radiation with a
wavelength of 1064, 532, and 335 nm. The laser pulse
duration was 10 ns with a maximum power of ~12
MW/cm?. The radiation intensity was varied using
calibrated neutral light filters. Using a lens, the
incident laser beam was focused onto the sample
surface with a spot diameter of ~2.0 mm. The optical
absorption and luminescence spectra of TIGaS;
crystals were studied using an automatic M833 double
dispersion monochromator (spectral resolution ~0.024
nm at a wavelength of 600 nm), computer-controlled
and a detector that records radiation in the wavelength
range of 350-2000 nm. Registration of photocurrent
pulses was carried out according to a technique that
allows one to record single nanosecond pulses on the
screen of a storage oscilloscope (Le Croy 9400). The
experimental procedure is similar to that described
in [13].

3. EXPERIMENTAL
DISCUSSION

RESULTS AND

Figure 1 shows the absorption spectra (curve 1)
and photoconductivity (curve 2) of TIGaS; at 77 K. As
can be seen from the figure, an absorption band with a
maximum of ~2.63 eV (A=4710 A is clearly
observed in the absorption spectrum. The location of
this maximum in the immediate vicinity of the direct
band gap (~ 0.03 eV) and stability, apparently,
indicates that the absorption band with a maximum
L = 4710 A is due to the presence of direct exciton
transitions. A comparison of the photoconductivity
and absorption spectra shows that the absorption band
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coincides with the photoconductivity maximum.
Beyond the intrinsic photoconductivity edge, a broad
band of the impurity level is observed.

Figure 2 shows the luminescence spectrum of
TIGaS; when excited by the second harmonic of a
Nd:YAG laser with a quantum energy hw=2.34 eV.
As can be seen from the figure, two emission bands
are observed in the luminescence spectrum, with
maxima A=470 nm (2.63 eV) and 2,=595 nm (2.084
eV). The observed bands have a half-width of 1.6 and
0.7 eV, respectively.

It has been established that the emission line with
a maximum at 2.63 eV agrees satisfactorily with the
maxima observed in the absorption and
photoconductivity spectrum of TIGaS,. Therefore, it
can be argued that the observed radiation is due to the
recombination of free excitons at the edge of the
intrinsic absorption band. The long-wavelength
maximum ;=595 nm (2.084 eV) is apparently due to
the presence of impurity centers located inside the

band gap. This is evidenced by the presence of donor|

10

8t

Absorption, arb. units

and acceptor centers in TIGaS; with activation
energies AEp=0.035 eV and AEA=0.005 eV [3]. The
presence of these centers in TIGaS; allows us to assert
that the radiation we observe is due to a radiative
transition from a deep donor level of 0.035 eV to a
shallow acceptor level of 0.005 eV above the valence
band.

Of particular interest are studies of the
photoluminescence spectra of TIGaS; crystals at
various excitation intensities (Fig. 3a). As can be seen
from the figure, an increase in the pump power from 2
MVt/cm? to 12 MVt/cm? leads to a significant
increase in the photoluminescence intensity. Figure 3b
shows the dependence of the photoluminescence
intensity (lum) of TIGaS; at the wavelength maximum
(A=470 nm) on the laser radiation intensity lis. It can

. . . 4
be seen that this dependence is sublinear, |}, ~1 -

This indicates that light amplification occurs in thin
TIGaS; films at high levels of optical excitation.

1 110

Photoconductivity, arb. units

20 21 22 23

24 25 26 27 28
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Fig.1. Spectral distribution of the absorption coefficient (curve 1) and photoconductivity (curve 2) of TIGaS2 single

crystals at 77 K.
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Fig.2. Luminescence spectrum of TIGaS:z upon excitation by the second harmonic of a Nd:YAG laser, with quantum

energy hm=2.34 eV.
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Fig. 3. a - Photoluminescence spectra of TIGaS: crystals at three intensities of exciting laser radiation, lies (MVt/cm2): 1-2;
2-6; 3-12. b - Dependence of the intensity of photoluminescence (lum) TIGaS: at the maximum wavelength

(A=470 nm), on the intensity of laser radiation lias.

The presence of recombination centers
associated with the donor-acceptor level, along with
luminescence with a maximum of ;=595 nm, is also
evidenced by the photocurrent relaxation Kkinetics
shown in Figure 4. As can be seen from the figure,
two recombination channels are observed: fast with

|r:12 ns and slow with t=200 ns.

The fast
recombination channel is apparently associated with
the recombination of free excitons, while the slow
section is probably due to an impurity center. It is
known that in layered semiconductors, the lifetime of
free excitons is ~ 10-20 nsec [14].
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Fig. 4. Photocurrent relaxation curve in TIGaS: crystals excited by the second harmonic of a Nd:YAG laser.

4. CONCLUSION

The absorption, photoconductivity, and
luminescence spectra and photocurrent relaxation
curves under laser excitation in layered TIGaS; ternary
compounds grown by the modified Bridgman method
were studied experimentally. The absorption band
centered at 470 nm is associated with the
recombination of free excitons near the edge of the
TIGaS; absorption band. An analysis of the
luminescence spectra with a maximum at 595 nm

allows us to propose a possible model for the
recombination of donor-acceptor levels located in the
band gap of the TIGaS; crystal. The fast and slow
components of the relaxation curves are related to the
recombination of free excitons and impurity centers.

The observed superlinear dependence (I}, ~ Ilis.)

in the lux-ampere characteristic of TIGaS; indicates
the presence of stimulated emission at high excitation
levels.
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ELECTRONIC PROCESSES IN THE Pbo.7sSno2s Te<Pb> SOLID SOLUTION AND IN
THE METAL-SEMICONDUCTOR STRUCTURE BASED ON IT

T.D. ALIYEVA! G.Z. BAGIYEVA?, G.D. ABDINOVA?, N.M. AKHUNDOVA:?
Ynstitute of Physics of the Azerbaijan Republic Ministry of Sciences and Education,
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Single crystals of with 0.0+1.0 at.% superstoichiometric lead were grown and their electrical conductivity o,
thermopower o and Hall coefficients Rx in the range of 77+300K were studied. It was found that annealing significantly
affects the values and temperature dependences of these parameters, as well as the signs of a and Rx. The results obtained
are explained by the appearance of electroactive structural defects during growth in crystals, which are healed by annealing,
the compensation of these defects by excess lead atoms, the existence of impurity centers with an activation energy
of ~0.06-0.11 eV in the samples, and an increase in the contribution of heavy holes to conductivity with temperature.
Pbo.7sSno.2s Te<Pb>-(In-Ag-Au) structures were fabricated and their electrical properties were studied.

Keywords: solid solution, metal-semiconductor structure, contact resistance, intermediate phase

PACS: 71.2

INTRODUCTION

Pbo75Sng2sTe  solid  solutions are materials
potentially to be utilized for infrared detectors and
lasers, as well as thermoelectric converters [1-3].
However, these materials crystallize with a deviation
from stoichiometry in the cation sublattice with a
concentration of up to ~10%° cm3, which complicates
their practical application. It was found that the
introduction of superstoichiometric lead or tin atoms
makes it possible to control the concentration of
electroactive cationic vacancies and, accordingly,
concentration (and mobility) of current carriers in
PbTe, SnTe and some of their solid solutions [4-6].
The best thermoelectric properties in the PbTe-SnTe
system are alloys containing 25-30 mol. % SnTe [3].

Pb1.xSnyTe solid solutions have the same crystal
structure and up to x~0.4 retain the structure of the
valence band similar to PbTe. It can be assumed that
in the crystals of the Phg7sSho2sTe solid solution,
excess of Pb or Sn atoms, changing the concentration
of cationic vacancies, will lead to a decrease in the
concentration of current carriers.

In this work, single crystals of Pb1.xSnyTe with
0.0; 0.01; 0.05; 0.1, 05; 10 at% Pb of
superstoichiometry are developed and their electrical
conductivity o, thermopower o and Hall coefficients
Ry in the temperature range 77300 K before and after
annealing were studied. To identify the role of
structural defects arising during the preparation of
resealed crystals and the preparation of research
samples from them, experiments were carried out on
annealed samples and on the same samples annealed
at 673 K for 120 hours.

EXSPERIMENTAL TECHNIQUES

The compositions were synthesized in quartz
ampoules evacuated to ~102 Pa by co-fusion of the
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initial components at 1245 K. Lead grade C-0000, tin
grade OBY-000, tellurium grade T-c4 (99.999) were
used for synthesis, taken in a stoichiometric ratio with
an accuracy of 0.0001 g.

The initial components (Pb, Sn, Te) were previously
purified from the surface oxide film and possible
impurities. Single crystals were grown by the
Bridgman method from the synthesized material in the
same quartz ampoules in which the composition was
synthesized. The inner surface of the quartz ampoules
intended for the synthesis and growth of single
crystals was preliminarily graphitized. When growing,
the temperatures of the hot and cold zones of the
heater were setup as 1245 and 1145 K. The
temperature gradient at the crystallization front was
~15 deg/cm and the crystal growth rate was 2 mm/h.

The single crystalline of the grown ingots was
confirmed by the X-ray method. The lattice parameter
in the case of a pure (without excess lead) and with an
excess of lead crystal was equal to a=6.399 A.

The homogeneity of the ingots of single crystals
was checked by measuring the electrical resistance in
separate sections along the ingot. Samples in the form
of rectangular parallelepipeds with dimensions of
3x6x12 mm were cut from a homogeneous part of the
ingots using an electric spark installation. The removal
of the damaged layer formed on the surface and ends
of the samples during cutting was carried out by
electrochemical etching. After removing the damaged
layer, the samples were annealed in an atmosphere of
spectrally pure argon at 673 K for 120 hours.

The electrical parameters were measured on the
same samples before and after annealing process.
Electrical conductivitys, thermopower o and Hall
coefficients Ry were measured in direct current by the
probe method along the ingot with an error not
exceeding ~5 %.
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RESULTS AND ANALYSES

Experiments have shown that the temperature
dependences of electrical conductivity o for all
samples that have not undergone annealing are
metallic in nature (Figure 1a). As a result of annealing,

40 r

lga, 2 cm’

the conductivity of the samples significantly (up to ~ 6
times) decreases and, by o(T) of pure (without excess
Pb) and containing 0.01+0.5 at.% excess lead, samples
in the range of ~100+-210 K, semiconductor
(activation) sites (Figure 1b).
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Fig. 1. Temperature dependences of the electrical conductivity before (a) and after annealing (b) crystals of the
Pbo.7sSno.2sTe solid solution with an excess of lead. Curves 1-6 refer to samples 1-0; 2-0.01; 3-0.05; 4-0.1;

5-0.5; 6-1.0 at.% excess lead, respectively.

The absolute values of o and Ry of annealed | is negative, with increasing temperature o of the

samples at 77 K become larger than those of annealed
samples, and the sign of the coefficient Ry for
annealed samples at low temperatures (up to ~190—
200 K) is positive (with a negative sign of a). For a
sample with 1.0 at.% excess Pb, the sign of Ry is
positive over the entire temperature range (Figure
2a,b).

Thus, annealing at 673 K for 120 hours radically
changes the wvalues, sign, and temperature
dependences of the electrical parameters of
Pbo75Sno2sTe  solid  solution  crystals  with
overstoichiometric lead atoms.

As in the case of unannealed samples, in
annealed samples the sign of the coefficient o at 77 K

samples (except for the sample with 1.0 at.% excess
Pb, in which no semiconductor region is observed on
a (T)) change their sign from negative to positive, and
increases with temperature (Figure 2a).

The values of the power factor o?c of some
annealed and unannealed crystals with excess lead
exceed the values of the power factor of the
composition Phoy7sSnozsTe. So, for example, the
power factors of an unannealed crystal with.

See designations in Fig.1 0.5 at.% Pb at 300 K
~ 1.7; 8.2 and 30 times, and for a crystal with 0.05 at.
% Pb at 300 K is 1.5 times higher than the power
factor of a pure crystal.
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Fig. 2. Temperature dependences of thermopower (a) and Hall (b) coefficients of Pbo7sSno2sTe solid solution crystals

with lead excess after annealing.

These data show that in the studied unannealed | concentration of excess lead, the value of the positive

Pho75Sng2sTe crystals, in addition to vacancies in the
cation and anion sublattices, there are various acceptor
and donor type structural defects. Excess lead atoms,
compensating for acceptor defects, lead to a decrease
in the concentration of holes and . Excess Pb atoms
can also form electrically neutral complexes with free
tellurium atoms in the crystal. Therefore, at
concentrations of 0.5 and 1.0 at.% excess lead, a
crystals of Pbg 75Sng2sTe at ~77K have positive signs.
The data on the values of Ry and ¢ (Figures 1 and
2b) at 77 K indicate that annealing heals structural
defects (except for cationic and anionic vacancies),
which leads to a decrease in the concentration of
current carriers and electrical conductivity, as well as
to an increase in the absolute value of the
thermopower coefficient at 77K. As a result of the
healing of structural defects of an acceptor nature, the
introduced excess lead atoms with a low concentration
create new donor centers in the crystal, increasing the
concentration of the current carriers, the absolute
values of the thermoelectric coefficient and electrical
conductivity. At the same time, with an increase in the

Hall coefficient at low temperatures will decrease.

In PbTe-SnTe solid solutions, the electron
mobility varies from 1600 for pure PbTe to 200
cm?/V-sec, for SnTe, having a minimum value of ~80
cm?/V-sec for compositions containing 70 mol.%
SnTe. The hole mobility at the content of SnTe (up to
30 mol.%) slightly changes depending on the
composition and is equal to ~500+400 cm?/V-sec [3].
Apparently, in the Pbg7sSnoasTe crystals studied by
us, the values of p, are somewhat lower than the hole
mobility, which leads to a discrepancy between the
sign of Ry and the sign of the thermopower
coefficient. The filling of cationic vacancies with
excess of Pb atoms, as well as the formation of
electrically neutral complexes vacancy-excess of Pb
atoms, should lead to a weakening of the scattering of
current carriers from vacancies and an increase in their
mobility. Indeed, such an increase in the mobility of
the current carriers, calculated from p= Rxo, is
observed in samples with a low content (up to 0.05-
0.10 at.%) of lead.
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In addition, the semiconductor dependence o(T)
in the temperature range of ~100+210 K in samples
with 0 + 0.1 at. % excess lead indicates that there are
donor centers in the Pho75Sne2sTe solid solution with
an activation energy of 0.06-0.11 eV. The ionization
of these centers leads to an increase in the electron
concentration and a change in the sign of Ry to
negative. Indeed, the sign reversal of Ry occurs at
temperatures corresponding to the semiconductor
region o(T) and it is not observed in samples with 0.5
and 1.0 at. % excess Pb, in which there is no
semiconductor region on o(T).

In PbTe and PhosSngsTe crystals, the valence
band consists of two subbands, and with increasing
temperature, the light hole band shifts towards the
heavy hole zone, and the contribution of heavy holes
to the conductivity and the thermopower coefficient |

increase. As a result, the decrease in the electrical
conductivity of crystals above ~180 K increases with
temperature, and the thermopower coefficient o,
increasing, changes its sign from negative to positive.
The table shows the thermoelectric parameters of
Pbo75Sno2s Te<Pb> crystals, structures (In-Ag-Au) -
Phbo75Sno2sTe<Pb>. The table also shows the real
thermoelectric efficiency of a thermoelement based on

p- Pbo7sShosTe<Pb> and n-  PhbosSngasTe<
1,0at.%Pb >, determined by [7]

Zr = (T - TOmin)/TOZmin
at T=300K. Here Ty — is the minimum

temperature of the cold junction of the thermoelement
when the optimal current passes through it.

Table

Electrical conductivity o(Q*cm™), thermopower coefficients o(pV/K) and thermal conductivity y-10?(W/cm-K)
of Pho.7sSno.2s Te<Pb> crystals, and contact resistance r-10% (Q- cm?), thermoelectric efficiency of a real
thermoelement Z,.

Content of excess Pb in

solid solution c a x Ik Z
Pbo,75Sno,2s Te<Pb>,

at %

0,0 773,2 109,8 2,06 0,39

0,01 1210,9 36,0 2,56 0,24

0,05 1212,1 -13,1 2,50 0,15

0,5 1123,6 -48,6 3,37 0,46

1,0 1026,3 -160,1 1,57 0,38 0,81-10°K

CONCLUSIONS

The results show that the Phg75Sno2sTe crystals
after growth contain structural defects predominantly
of an acceptor nature, which are healed by annealing
at ~ 673 K. The dependences of the electrical
parameters of the unannealed and annealed samples of
these crystals on the content of excess lead, annealing,
and temperature are satisfactorily explained by the
assumptions of partial filling and compensation of
structural defects (cationic vacancies) at low lead

| concentrations, the creation of new donor levels by Pb

atoms, the existence of donor centers in the crystals,
and unequal a decrease in the mobility of electrons
and holes during the formation of this solid solution
and an increase in the contribution of heavy holes in
the valence band to the conductivity with temperature.

The real thermoelectric efficiency of a
termoelementmade on the basis of the studied is equal
t0 0,81-103K at 300K.
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In impurity semiconductors of GeAu type, thermomagnetic wave with a certain frequency appears under the influence
of excited magnetic fields. The speed of hydrodynamic motions is directed perpendicular to the wave vector K. The
frequency of electron capture (at recombination) and the frequency of hole emission vary with certain ratios. The external
electric field E; is directed perpendicular to the temperature gradient. For other directions of the temperature gradient and
the external electric field, the excited thermomagnetic wave occurs with a different frequency. The conditions for instability

of thermomagnetic waves depend on the value of the constant temperature gradient and on the temperature of the sample.
The numerical values of impurities in a GeAu sample are very important for the excitation of thermomagnetic waves. The

stated problem is solved without an external magnetic field.

Keywords: impurity semiconductors, unstable thermomagnetic waves, electron, hole, magnetic field.

PACS: 78,55, 73.22.CD, 73.22

1. INTRODUCTION

Hydrodynamic motions of charge carriers in
conductive media create an alternating magnetic field,
which, in the presence of a constant temperature
gradient, excites thermomagnetic waves [1] with a

frequency o =—cAKVT (IZ is wave vector, A’ is

Nerst-Ettinghausen effect coefficient). In isotropic and
anisotropic conductive media, thermomagnetic waves

can propagate in the longitudinal K|[VT and

transverse directions Kk LVT [2]. In doped
semiconductors, charge carriers change with time by
generation and recombination, and the semiconductor
passes into an uneven and equilibrium state.

For example, in the semiconductor GeAu, the
gold (Au) atoms in the lattice are packed in five
charge states, neutral, singly negative charge states,
and doubly negative charge states, triply negative
charge states, and positive charge states. Depending
on the external conditions (presence of an electric
field, magnetic field, temperature value, and so on),
these impurity levels are more or less active. At room
temperature, singly and twice negative gold impurities
in Ge are more active [2]. Unstable states in the GeAu
compound were theoretically studied in more detail in
[3-5]. Of course, the excitation of thermomagnetic
waves in semiconductors of the GeAu type is of
scientific interest.

=0 & —o[E'A]-avT - o [VTH]
j,=0,E +oj[|§*ﬁ]+ a+§T +a;[§TI:|]

—

T:I+_J—
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In this theoretical work, we will study the
conditions for the excitation of thermomagnetic waves
in semiconductors with two types of charge carriers
(electronic and holes) in the presence of a constant
temperature gradient. Taking into account the
generation and recombination of charge carriers, we
find the interval of change of the external electric field
and the relationship between the generation and
recombination frequencies during the excitation of
unstable thermomagnetic waves in semiconductors of
the GeAu type.

2. BASIC EQUATIONS OF THE PROBLEM
In the presence of hydrodynamic movements

inside the sample, an electric field of the following
form is created-

E*=I§+[3H]+I Vl}_Vr:)_ 1)
c el n} n-
Eis  external electric field, $is  speed of
hydrodynamic movements, H is magnetic field,
which is created in hydrodynamic movements,
IVr:; and IV—%‘ eare electric fields excited inside
e n; e n’

the sample when the concentration of holes and
electrons changes. The current density of electrons
and holes has the form:

@

©)
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- C —~
j=—rotH 4)

Az
o, is hole and electronic conductivities, o} is hole and electronic Hall conductivities, «, is hole and
electronic thermopower, «} is hole and electronic Hall thermopower, H is magnetic field excited by

hydrodynamic motion. We consider the problem without an external magnetic field and therefore H =H’,
H, =0. Putting (1-3) into (4) we get:

E= —MJFA’[VTH]JFL rotH +
c Ao

T|Vn vn_ ©)
sl = | AT
el ny n2
Here o=0, +0_, A=%is the differential thermopower, A’=w is coefficient of the Nernst-
o (o2

Ettinieshausen effect
(E,, H !) - eI(EX—Wt)

%—T:—crotE ©)
A =t
- fee]

In the presence of recombination and generation of charge carriers, the continuity equation for electrons and
holes has the form

aLerivj_ _[on) %erivl _(on_ )
ot ot ), ot ot ),
on_ on
7 =y-(O)n,_N_- }/_(E)H_N | at+ = 7+(E)nl+N - 7+(O)n—N— ©)
0 Eo)N°
Here N is once negative center, N_is twice negative center, n,, :L)N‘Onf andn,_ = %n? are
V4 (EO )N 7—(O)N—

concentrations in the equilibrium state.
3. THEORY

To obtain the dispersion equation, we must solve together the equation (5-6-7-8) and
() 5]
N =N + N_ = const (20)
We introduce the following characteristic frequencies
vo=y (EoN?, v, =7, (ON®, vE =7, (Eo)N®, v_(0) = 7_(0)n, v, (0) =7, (O)n?

Considering, that (E’,H’,n’, )~ ei(‘&‘Wt), we obtain from equation (5-10) the below two equations for E"andn;,

12
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—ion’, +d|v{19 n. +nluE + = Ny [§ H']+
c

0,60 ’ '
Nopy o Ny N
+ =Tk} ——— |+
e (no n ] (11)

+ -

o

++|+n+y1+[E H ]+ Ka +n’+}:
e v

=y —2* — —_y (0]
+ PTS) +( ) +
0,0
. n oo
—ion” +d|v{—19 n’ nO,uEE’—‘—y‘ JoH'|-
c
Ino,uOle n, n’).
e n® n° 12)

0
+
++n,ul[EH] |kan}

:1/,(0)—‘/+ (Oi);];_g:_n_ -v_n'

w aw dracw
iT-(n, n | 2AVTy = =
=— k| —=-—— |+ E,E’
. ( ] T (13)
Q=v, +v_+v, (0)+v (0)
2k9, - .
a=1+—2" 9, =u,E,
[0
Substituting (13) into (11-12) we get
o Tk?
{—la)ﬂk&—ﬂ*——kz L
e
E
0 -
v, (0)+V.+V—+<)—u+<pkEx}n; + (14)
io—Q

0 2 0
n? Tk?u, v_(0).(0) -
— - +i KE, |n’ +
R Tk?
+{—|a)—|kl9_—ﬂ‘ +k?a_+ (15)
e
tHv_— Oy KE, [n” =0
- o0 H_-P1 x:|
i3 ; 21,2 ] ; 2,2
14 2ik 8, N 2, czk2 =1+ 2ik 8, N 2 czk2 ’ (16)
am M, a aw Mo aw
Denote
. =ik& —ikS, —k’a, +v,(0) an

When «a, = £ ) a =-2= (0) , dispersion equations (15-16) have the form
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_

l—la) )+a) (Ia) Q)+v (O)v +|219+XA+(ia)—Q)}1jr+

0 0 (18)
{“—3 9, (0-0)+ kgﬂz—; +(ia)—Q)+v+Ev_}n’_ -0
n? A ng - E '
_0 (IaJ Q)-v (0)v+(0)+|k19,x—OA,(Ia)—Q)+V+V, n. +
n; ny (19)
+Fialio-0)+ o (i0-Q)-v () K9 A iw-Q)p =0
N 2 . L a 21,2
Hore Ko, = LEK° 1, 2AVTE | ) yiks kG, A —1ei 2% 2 O
B ” = B B B aw Hy %
) b
At k Lvy, u_>>u,, V‘—/—(EO) :{V;—(O)} , Eg L VT, from (18-19) we get below dispersion equation .
5 g
x® —(b+iby x> +(d +ig)x* —(0+i6; )x3 + 20)
+(y +iy X2 +(r+ir )x—u=0
XZE, b= 40)T bl_ ck £+191__k
k ck 20 ¢k ck
=4a)T2 c’k?* Q. 9.9
c’k? 167%¢% 2w ¢?
Sk Q.9 nl 44,
o c?k n?  c?
NESET. S FREYS
c ck ck n, c¢
4o %9 20,Q.8
g wTST Q.8
k c’k
L2099, 10 9 9K
¢k n® 4rec
_29.8 Q4K H.9.Kk_n 209 8,
dmock  dmoc 4moc n, c3k
_ 40f9.9, S %, 209 8.
c’*k?  16z°¢®> n, ¢c?
yo oSS, 28 8, {2+n__J+ 2890,
c‘o c n, c
20%31 R 91—'91+k _20t% G, NG 9.k
c2ck 4ncko = ck n, 4nco
uz B daa
2
c
. 1) . | uH
Denoting x= and X =Xg+ix, X <<X, from o =0 <«<1
c
(20) we get E, > 4o 23)
10 o, ku
a):w0+a)_|_, a)0=?a)T,X1=? -
and for instability E, AT
40, > 3ckd, (21) [2 V22 ]}/
2
n__2msoa E, < E|AVT S
+
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ck \° c
AVT >(_j .
E\(2V2u, u2)?
Tk
E =—
e

4. CONCLUSIONS

Thus, in the above impurity semiconductors of
type of GeAu, at the presence of a constant
temperature  gradient due to hydrodynamic
movements, an unstable thermomagnetic wave is
excited. A thermomagnetic wave is excited if the
external electric field changes within a certain
interval.
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It is shown that the asynchronous modes appears at improbable severe emergencies. These modes are characterized by
dangerous reasons, consequences of parallel operation stability or probability of emergency sequential development. That’s
why the elimination of asynchronous modes becomes the important task.

Note that the control of power system in diferent modes is diferent.

Keywords: anti-emergency, vibration, slipping, automatic frequency unloading, automatic reconnection, asynchronous

running.
PACS: 620.9

INTRODUCTION

The redamage of the network first circuit or the
failure of the control system causes the series of
emergencies. In these cases the resulting asynchronous
mode can be cancelled by two methods:

1) the increase of the generation power and the
opening of low-frequency  power  systems,
resynchronization method caused by the difference of
high-frequency power system;

2) the disconnection of the nonsynchronous
working part of power system by the means of
automatics. The restoration of synchronous and
parallel operation by the way of collection of
generation power reserves after the disconnection of
power-deficient part by the means of frequency
automatic disconnection.

In order to choose the right decisions in such
cases, it is necessary to find the solution of the task:

-is the stability of this connection or the
responsible and powerful power transmission in the
neighborhood maintained during asynchronous
operation?

- which parts of consumers are open and how
long they are without energy for this or another
chosen solutions?

Many air electic power transmission lines
(AEPT) work with minimal stability resources. That’s
the probability of stability loss in neighbour lines
increases in one line at synchronous operation. By
these reasons it is profitable to use the separate
network than the synchronized one [3] at appearance
of asynchronous mode.

The emphasizing of nonsynchronous part of
power system is rational one in the following cases

[1]:

- in case of disposition of important reliable
operators near vibration center and possibility of their
breaking in asynchtonous mode;

- in comparison with separation of the power
systems it is easy to disconnect the loading of big
power in asynchronous mode;

- when asynchronous mode causes the instability
in other lines.

The discriminative automatics is applied in
power system for the elimination of asynchronous

131, H.Javid ave, AZ-1143, Baku
Institute of Physics
E-mail: jophphysics@gmail.com
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mode. The automatization of departments is based on
other principles and influences on departments in first
or following cycles of asynchronous carrying out.
Consequently, the parallel lines should have at least
two sets of splitters, by the one set in the end of each
line. Besides, the automatics of asynchronous stop is
applied in interconnection lines. Mainly, this takes
place at appearance of incomplete phase mode in lines
and as a rule, at periodic oscillations of residual
currents.

EXPERIMENT TECHNIQUE

Asynchronous modes or deep synchronous
vibrations lead to significant decrease of strength on
consumer power rails [4,5]. As a result, the serios
interferences in power supply appears and in this case
the breaking of power system receiving center with
the operation of the frequency automatic breaking
prevents the frequency decrease. In such cases it is
necessary to apply the fast non-selective automatics.
In such cases the automatics should be selective one
both for the synchronous vibrations and symmetric
short circiuts. The energy receiving system should be
divided on operation of automatic opening and
frequency. The power system divides on necessary
parts for the selectivity increase after 2-3 cycles of
asynchronous mode or waiting period. In short term
asynchronous modes the divisor  automatization
should work only in the case if the resynchronization
is imposible by any reasons. Moreover, the necessary
asynchronous mode is necessary to resynchronize
after 3 -5 steps but not later than 15 — 30 seconds, i.e.
the division takes place with delay. The analysis of
asynchronous modes at the choice of parameters of
dividing automatic alignment and definition of
resynchronization conditions, is carried out. The
influences of diferent factors on resynchronization
square, loading part at the opening and times of
synchronous operation restoration. The theory of
impulse system is applied in automatization of
technological processes [2]. For this purporse, the

sequence of unmodulated amplitudes u(t’) in the

form of S(t') is supplied on controlled boiler-turbine
agregates. As a rule, the control object presents itself
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continuous or impulse system with non-linear
characteristics. It is supposed that u(t')impulse
consistences are obtained from ideal impulse element
and the forming impulse characteristics S(t’) is
calculated from inner parameters of boiler-turbine and
generators. Therefore, the equivalent controlling
impulse exposure u[n,0] becomes the discrete
function. At such exposure the reaction process z[n,0]
takes place in object. In order to evaluate the process
character, it is compared with standard process. The
standard sine frequencies, strengths and currents
obtained by boiler-generator set on rated power modes
are accepted as standard process.

r, g
dt
if the installation works to powerful receiving
power system in asynchronous mode for schemes of
electric power plants consisting in equivalent
generators.
As the mutual strength in asynchronous mode
practically doesn’t influence on average slipping, we
can write the following expression:

2z
[P -sin(s, —ay, )5 =0 0)
0

That’s why the equation of average value change
as a result of the analysis has the following form:

NN B TO N
At ds/dt = Othe average displacement S,

in stationary mode is obtained by the way of solving
of equation (3). Usually the power system has

+P(s)+P; +P,

The simple reports of asynchronous modes, their
duration, resynchronization possibility by principle of
divided automatics and choice of alignment
parameters are carried out with following
approximations:

- E'is stability of power line (PL) switcher, x'd
is reactive reactance of generators;

- generator rotors have electric and magnetic
symmetries;

- taking under consideration the loads with
constants resistances.

The equation of rotor motion is written by
following way:

'Sin(512 _a12): P.(s) ey

ds ds do _

Integrating the equation (5) from initial values o | S

and So up to current values of alternatives 6 and S we
obtain the following equation:

S=+

\/Z_I_i (coss —cosd, )+ s? (6)

i

The equation (6) corresponds to trajectory family
shown in phase plane. As it is shown the separatrixes
divide the plane in two parts:

- resynchronization region (closed mechanical
trajectory) and region of asynchronous motion (open
mechanical trajectory). The maximal shifts are

obtained at Smax, O =0and the minimal ones are
obtained at &=xx When s, =(s,., +S.,)/2

ds _ds dé_.ds
dt ds dt do

Sords <O at power exceed and S,Q, <0 at

power shortage [2].

If in transient process the average shift curve so
monotonously approximates to solution value not
crossing the abscissa axis, so the resynchronization
takes place only because influence of mutual strength
and inclination of instantaneous value of average shift.
In this case the resynchronization criterion is defined
from the integral of the equation (2) in asynchronous
chain:

ds
9 dt
The equation (4) expresses the rotor vibrational
motion in asynchronous mode under influence of
mutual stregths. For the determination of minimal

value of the average shift causing the asynchronous
mode, let’s consider the solution of (4) equation with

coordinates on phase plane 6 =9, — &y, :

T.—=-P,-sin(6, —a,,) 4)

rS£=—

g 12 °SINSIT;

®)
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min =0 is accepted for the separation and emitted

average slipping becomes S, = S pur / 2-

The inclination of any of these values in output
of pulse block circuit becomes the mistake or mistake
signal:

e[n,0]=z,[n,0]-z[n,0] )

The mistake e[n,O] correspondingly depends on

impulses of u[n,O] control signal impulses. The

necessary character can be made to e[n,O] process,
changing it. These changes are the qualitative index J
and its value shows on the fact how successful the
control exposure is chosen. In our case this is the
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control optimal method by the important system lines
of anti-emergency automatics.

The criteria of optimal control are expressed in
following modes [2]:

- normal optimal mode; at this all mode
parameters (strength, fluxes of current and power,
frequency) are in norm limits during long time; the
conditions of quality and reliability are carried out; the
distribution and loading levels become the
economically profitable ones;

- normal nonoptimal one; in this case the normal
mode takes place, but the distribution of loading
differs from optimal one and strength level is
economically unprofitable one;

- hard mode (degradation); at this the values of
separate parameters differ from the long-time
permissible limits and are saved during several
minutes up to appearance of normal value because of
the circuit difference on normal state decreases its
reliability; |

- emergency mode; in this mode several
parameters (current, strength, frequency and etc) are
exceed the bounds in very short time periods, causing
the stability and breaking the equipment. The short
circuits, asynchronous operation and occasional
decreases of strength and frequency are related to
emergency modes;

- mode after defects; it is caused by the
parameter values which are diferent from the
parameter values of emergency mode as a result of
sudden breaking of scheme or network mode;

- mode after emergency; parameter values are
close to ones caused in emergency.

The postemergency mode can be as normal or
assisted one, supplying the quality, economic
efficiency and reliability.

The control of power system is diferent one in
diferent modes.

S

"N
Uit

Fig.1. Reserve norm of stability trajectory family.

CONCLUSION

1. The right establishment of the defences in
emergency modes in industrial technological
equipment and networks has the primary importance.

2. The mutual power and average slipping in
asynchronous mode is paid the essential attention.

3. The resynchronization at approximation of
transient process to decisive importance takes place

only because of influence of mutual strength and
inclination of immediative value of average shift.

4. The optimal method of control by important
line system of anti-emergency automatics is also
considered in the article.

5. It is important to avoid transition on hard
modes leading to such situations as the power flux,
voltage jumps and etc.

[1] V.A. Venikov. Transient electromechanical
processes in electrical systems. M,; High School,
1979.

[2] Ya.Z. Tsypkin. “Theory of pulse systems” Mos.
Energoatomizdat 1976.
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Insulation Techniques". Textbook, Baku. 2009.
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in the power system. Ways to detect
asynchronous mode. November 26, 2022.
http://www.cpk-energo.ru/metod/ul/mm39.pdf,
Meleshkin G.A., Merkuriev. Asynchronous mode
in the power system. Sustainability of the energy
system. Book 1. 2022. p. 269-273.
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The microstructure (particles size distribution of) of the agarose gel was investigated by the dynamic light scattering
method. The results of measurements showed that there are two types of particles in the gel structure: large particles, the sizes
of which depend on the agarose concentration, temperature and retention time of holding at a given temperature; small
particles, the sizes of which do not depend on the above-mentioned factors. Analysis shows that small particles are individual
bispirals, while large particles are associations consisting of a large number of bispirals.

Keywords: polymer gel, agarose, double spiral, suprafiber, dynamic light scattering
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INTRODUCTION

Some polymer solutions and colloids transist into
a gel state below some critical temperature and at a
certain concentration interval of polymer (or colloidal
particles). The main feature of gels is that they retain
their shape (or lose their fluidity) under small
mechanical stresses. Gels, as a special state of matter,
attract great scientific interest. This is confirmed by
modern monographs devoted to this subject [1-4]. Due
to their unique mechanical properties, gels are widely
used in materials science, food technology,
biotechnology, cosmetology, etc. These include
ceramic technology (manufacturing of thin parts using
a 3D printer), pharmacology (storage, prolongation of
action and targeted transport of drugs), organ
engineering (replacement of some organs such as
bones, teeth, cartilage and soft tissue with appropriate
biocompatibleartificial organs) etc. [5,6].

Many famous scientific centers and research
groups in the world are conducting important research
on the properties and practical applications of
biopolymer gels because of their biocompatibility with
the human body. These works can be divided into two
groups.

Works of purely research nature. For example,
works [7-9] investigate the influence of associates of
different levels on the dynamic rheological properties
of an agar gel. The works [10, 11] experimentally
investigated the dependences of storage and loss
moduli of such polysaccharide gels as rhamsan,
wellan gum on temperature and concentration of the
polymer. A group of researchers from Yale University
studied the effect of inorganic salts on the viscoelastic
properties of an alginate gel [12]. In [13] the effect of
concentration and size ofair bubbles on the rheological
properties of an agar gel was investigated. In [14], the
kinetics of the gel formation process was studied using
the methods of dynamic light scattering and shear
oscillation rheology. In the work of Richtering et al
[15], by using original rheomechanical and rheooptical
methods, it was possible to measure the rheological
properties and acquire valuable information about the
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microstructure of polysaccharide gels. Another group
[16] investigated the dependence of the rheological
properties of agar gel on the origin, molecular weight,
and concentration of the agar.

The following works can be noted as bright
examples of purely applied research. A biomaterial
made on the basis of alginate hydrogel makes it
possible to successfully replace the damaged part of
the heart in case of a massive infarction [17]. In recent
years, "smart hydrogels" based on polyelectrolytes can
claim to be in the list of promising materials in terms
of developing artificial muscles [18].

This list could go on and on. When solving a
specific problem associated with the application of the
gel, the latter must have relevant thermal and
rheological properties: the temperature interval of
existence, heat capacity, thermal conductivity, yield
stress, elastic moduli, viscosity, etc.

Therefore, the management of these properties is
very important in terms of practical application and
one of the options for solving this problem is the
introduction of substances of different nature into the
gel. The effect of these additives on gel properties is
associated with changes in the gel microstructure. In
this sense, determining the microstructure of the gel is
important for predicting the basic properties of the gel.

In this work, dynamic light scattering was used
to study the microstructure of the agarose gel, or
rather the size distribution of particles (associates of
different levels) in the agarose gel structure.

EXPERIMENT
High-purity powdered agarose used in the
experiment was purchased from the firm

HISPANAGAR and acquires. Agarose has a high gel-
forming ability in agueous medium. According to our
estimates, the critical concentration of agarose gel
formation is 0.14 %.

The main structural unit of agarose is the
agarobiose disaccharide, the chemical structure of
which is shown in Figure 1.
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Fig. 1.

The agarose gels were prepared according to the
following scheme. Agarose powder was weighed in
ADAM PW 124 scales (0.1 mg accuracy), added to
bidiistilled water, and kept for 24 h to swell the
agarose. The mixture is then heated to 95 °C and the
resulting homogeneous solution is cooled to room
temperature. Transition to the gel state is accompanied
by a loss of fluidity and turbidity of the solution.

The reason for the turbidity of gels is the
scattering of light by the particles (associates)
contained in the gel. By analyzing this scattering, it is
possible to determine the size and number of these
particles, which is the basis of the method of dynamic
light scattering (DLS) [19].

DLS-measurements were performed in Horiba |

Nano Partica SZ-100 device in heating mode.

In this work, agarose gel was considered in three
weight concentrations: 0.2 % - case of weak gelation;
0.5 % - case of medium gelation; 1 % - case of strong
gelation.

RESULTS AND DISCUSSIONS

The measurement results are shown in Figures 2-
5. Figures 1, 2, and 3 show the particle size
distributions in the gel for agarose concentrations of
0.2%, 0.5%, and 1%, respectively. These
measurements were performed at 25 °C after obtaining
the gels by cooling the solution from the sol-phase and
holding for 0.5 hour.
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Fig.3. Particle size distributions in the gel for agarose concentrations of 0.5%
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Fig.5. Particle size distribution in a 1% agarose gel at different temperatures in the heating mode after the gel was held

for 24 h at 30 °C.

A summary of the most interesting data extracted
from these plots is presented in Tables 1 and 2. As can
be seen from Table 1 for 0.2% agarose gel (the case of
weak gel) there are only large associates with sizes
from 20 nm to 50 nm, and the maximum of
distribution is equal to 33 nm, i.e., in the gel structure
most of all there are particles with approximately this
size.

At other concentrations (0.5% and 1%), in
addition to such associates (large particles) in the gel
structure there are also small particles with a size of
about 5 — 6 nm. As the concentration increases, the
size of these associates increases (become 75 nm and
210 nm, respectively), while the size of the small ones
does not change.

The last column shows the values of the
diffusion coefficient at 25 °C. As can be seen, with
increasing agarose concentration, the diffusion
coefficient decreases, i.e., the movement of particles
in the gels becomes more difficult.

Similar data are shown in Table 2 for 1% agarose
gel at different temperatures in the heating mode
starting from 30 °C. As expected, the size of the
associates decreases with increasing ma temperature.
This suggests that the structural elements that gives
the gel hardness, i.e., the large associates break up into
relatively small ones, when heated. Beginning from
60 °C, along with large particles, small 5 nm particles
also appear in the gel structure.

Table 1
Agarose Minimal size Maximal size Most common size Percentage Diffusion
concentration, Omin, NM Omax, NM de, nm fraction, % coefficient,
(c), Yowt 1012 m?/s
0.2 19 48 33 100 14.8
0.5 2 105 5.2 89 10.4
45 106 75 11
1 35 9.5 6.3 32 2.4
120 300 210 68
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Table 2
Temperature, °C Minimal size Maximal size Most probable size, dc, Percentage
Amin, NM Amax, NM nm fraction, %
30 500 1400 850 100
40 200 900 400 100
50 120 220 150 100
55 110 200 130 100
60 9 35 20 92
2 10 5 8
Fig. 6. View of a 2% agar gel under an atomic force microscope.
All observed patterns can be explained on the = CONCLUSION
basis of existing agarose gel model. As in the case of
many biopolymers, the presence of some functional Comparing the described model with the

hydrophilic and hydrophobic groups in agarobiose,
leads to the random coil - bispiral conformational
transition above the sol-gel transition. The bispiral (or
double helix) pitch is 1.9 nm and consists of two
helices shifted by 0.95 nm relative to each other [7, 8].
The small particles observed in the experiment are
most likely these separate bispirals.

In agarobiose, three of the four carboxyl groups
point outward and interact with the water molecules in
the volume via hydrogen bonding. With these
hydrogen bonds, the bispirals bond together to form
supramolecular associations, sometimes referred to as
suprafibers. A photo taken with an atomic force
microscope (Fig.6) shows that these particles are on
the order of 0.1 um in size [20].

obtained experimental data, it is easy to understand
that the large particles are suprafibers and the small
particles are bispirals. Therefore, the size of small
particles (bispirals) almost does not change with
changing of agarose concentration and temperature.
On the contrary, the size of associates (suprafibers)
changes greatly with changes in agarose
concentration, temperature, and the time the gel is
held at a given temperature. All of this is confirmed by
the data given in Tables 1 and 2.

As the agarose concentration increases, the size
of the associates increases and the size of the cells in
the gel netwrk decreases. This leads to difficulty for
penetration of particles and from one area to another,
i.e., a decrease in the diffusion coefficient.
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The influence of tellurium impurities and heat treatment on the anisotropy of the magnetoelectric properties of
extruded samples of the Bio.ssSho.is solid solution in the range of ~77-300K and magnetic field strengths up to ~74x10* A/m
was studied. It was found that in annealed samples of Bio.gsSbo.1s with 0.001 at.% tellurium, the absolute values of a in the
direction perpendicular to the extrusion axis are more sensitive to the magnetic field than in the parallel direction and the
anisotropy of the thermopower (Ao) at a magnetic field strength H = 42x10*A/ m reaches the value Aa =80 uV/K at ~77K.

Key words: extrusion, anisotropy, annealing, impurity, electrical conductivity.

PACS: 72.15.Gd
INTRODUCTION

Recently, interest in anisotropic thermoelements
have increased significantly, due to the maximum
values of thermoelectric efficiency (Z) possessed in
anisotropic substances. Extruded samples of solid
solutions of Bi-Sb systems are the most effective
material ~ for creating various thermo- and
magnetothermoelectric energy converters [1-3]. In
connection with the anisotropy of the electrical and
thermal properties of solid solutions of Bi-Sb systems,
it is of interest to identify interplanar spaces (layers)
with maximum and minimum values of electrical
conductivity o thermopower coefficients o and thermal
conductivity y, which allows these parameters to vary
depending on temperature and magnetic field intensity
H) .

Doping with different types of solid solution
impurities of Bi-Sb systems can optimize the
concentrations of charge carriers, which are the main
charge carriers in this material. Bismuth and bismuth-
antimony alloys have a layered structure, so charge
carriers are scattered differently in different directions,
which leads to anisotropy of electrical and thermal
parameters. Therefore, the study of the anisotropy of
the electrical properties of solid solutions of Bi-Sh
systems depending on the nature and concentration of
magnetic field impurities, heat treatment in a wide
temperature range to create more efficient anisotropic
thermoelements, which lead to widespread practical
applications of these materials and devices based on
them, is relevant. The effect on the anisotropy of the
electrical and thermal properties of extruded samples of
the BiogsShois solid solution of acceptor-type
impurities in various concentrations of lead and donor-
type tellurium in concentrations of 0.0005 at% was
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studied in [4]. The effect of tellurium impurities in
various concentrations on the anisotropy of the
magnetoelectric properties of extruded samples of
BiossSho 15 solid solutions has not been studied.

Taking into account the above, in this work, in
order to clarify the influence of tellurium impurities in
various concentrations, heat treatment and magnetic
field on the anisotropy of the electrical properties of
extruded samples of the BiogsShois <Tex> solid
solution, its extruded samples were obtained and their
electrical conductivity (o), coefficients thermopower
(o) and Hall power (Rn) in the range of ~77—-300K and
magnetic field strength up to ~74x10* A/m in parallel
and perpendicular directions to the extrusion axis.

EXPERIMENTAL PART

The technology sequence for obtaining extruded
samples of BiggsShos<Tey> ((0,0001<x<0,1) at.%)
solid solutions is shown in [3].

Electrical parameters were measured along and
perpendicular to the direction of the extrusion axis.

We studied samples that had not undergone heat
treatment after extrusion and the same samples that had
undergone annealing. The results obtained are
presented in the table. The table shows the absolute
values of the thermopower (o) and Hall coefficients
(Rw).

RESULTS AND DISCUSSIONS

With increasing tellurium concentration, the
electrical conductivity of all samples increases, relative
to the undoped BiogsSho,15 sample, in both directions of
the extrusion axis. A particularly strong change occurs
at low temperatures, where impurity conductivity
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prevails. A similar influence of tellurium is observed
on the coefficients o and Ru. In samples with low
tellurium concentrations and those that have undergone
annealing, the electrical parameters are more sensitive
to tellurium concentrations than samples that have not
been annealed in parallel and perpendicular directions
to the extrusion axis. As the tellurium concentration
increases, the effects of annealing and magnetic field
on the electrical properties are weakened. In samples
with tellurium concentrations of 0.05 at.% Te and
more, untreated and subjected to heat treatment, the
influence of the magnetic field on the electrical
properties is almost absent.

It can be seen that during heat treatment in
Bio g5Sho,15<0,001Te> samples there is a significant
change in the absolute values of thermopower, with a
simultaneous slight increase in electrical conductivity
and Hall coefficient in parallel and perpendicular
directions to the extrusion axis.

In samples with 0.1 at.% tellurium, the effect of
heat treatment on the electrical properties is greatly
weakened.

Heat treatment leads to a decrease in the
concentration of structural defects in the studied
samples that arise during previous technological
operations (during plastic deformation), to an increase
in mobility p and an increase in the prevalence of
current carrier scattering.

In extruded samples, there are defects that are
difficult to anneal, causing changes in the
concentration of current carriers and their mobility p.
Such defects can be twin boundaries or stacking faults
that arise during plastic deformation. When obtaining
Bio g5Sho,1s samples, an axial texture is formed due to
plastic deformation, i.e. the trigonal axis of part of the
polycrystalline grains is oriented in a parallel direction
to the extrusion axis.

With optimal heat treatment of the studied
samples, the concentration of structural defects
decreases, which leads to an increase in the mobility of
current carriers, which is reflected in changes in the
values of the coefficients o, o and Rp.

In samples of the BiggsSbo 15 solid solution doped
with tellurium in a small amount (up to ~0.0005 at.%
Te) with  increasing  magnetic  field, the
magnetoresistance increases and the value of|>cL. In
all cases, in a magnetic field of|>c.. At high tellurium
concentrations, the anisotropy o and its dependence on
the magnetic field are further weakened.

When doping extruded BiogsSho 15 samples with
up to 0.1 at.% tellurium that have not undergone heat
treatment, in the samples in the absence of a magnetic
field over the entire temperature range, the
conductivity in the perpendicular direction of extrusion
oL is higher than in the parallel direction of the
extrusion axis of. After annealing, this ratio changes to
the opposite, i.e. the anisotropy of electrical
conductivity in undoped samples and samples with low
tellurium concentrations changes its sign.

The coefficients o and Ry of samples doped with
tellurium also exhibit anisotropy. At ~77K in undoped
samples and samples doped with 0.001 at.% tellurium
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and subjected to heat treatment, the anisotropy of o and
Ry increases with increasing magnetic field strength.
The experimental data obtained in samples doped with
tellurium are satisfactorily explained by a change in the
crystal structure of BiggsSho1s.

During heat treatment, deformation defects
formed during plastic deformation, which are centers
for electrons, are ‘“healed” [5]. As a result, ¢ of
undoped BiogsSho,15 samples and samples doped with
tellurium at ~77K increases strongly in the direction of
the extrusion axis, and anisotropy ¢ changes its sign.

The magnetic field increases the resistivity of
doped and wundoped solid solution samples of
BiogsSho,s samples. It affects samples unalloyed and
doped with 0.0005 at.% Te more strongly, and to a
lesser extent at higher tellurium concentrations 0.1 at.%
Te. The absolute values of magnetic resistivities
decrease with increasing temperature, due to increased
scattering of charge carriers. The influence of the
magnetic field on o of samples doped with 0.0005 at.%
Te and undergone heat treatment is greater than in
samples that have not undergone heat treatment. At
tellurium concentrations of 0.1 at%, the effect of heat
treatment and magnetic field on o is almost absent
(insignificant).

At high temperatures (~300K), samples of the
BiogsShois  solid  solution are an intrinsic
semiconductor; electrons are mainly scattered by
acoustic vibrations of the lattice. Therefore, at high
temperatures, the effects of heat treatment, tellurium
impurities and magnetic field do not have a noticeable
effect on p of the samples. The change in p at high
temperatures, at high tellurium concentrations (up to
~0.1 at.% Te) is probably due to a change in the band
gap in the studied samples. However, the anisotropy of
electrical properties relative to the extrusion axis
remains at ~300K. Tellurium in an amount of 0.0001
at.% practically does not change the value of a. A
further increase in its concentration leads to a decrease
in the absolute value of o, especially at low
temperatures. In BiggsSbho 15<Te> alloys heavily alloyed
with tellurium, the thermopower becomes anisotropic.

Anisotropy a can be associated with the presence
of several nonequivalent extrema in the conduction
band or several scattering mechanisms with different
anisotropy of the relaxation time.

Small absolute value of a with strong degeneracy,
i.e. at high tellurium concentrations, it provides only a
non-parabolic zone if scattering occurs on acoustic
phonons.

In samples containing up to 0.0005 at.% Te, heat
treatment has little effect on the absolute value of o in
the absence of H. In unannealed and annealed samples
unalloyed and doped with tellurium up to 0.005 at.%, a
significant change in o under the influence of a
magnetic field is observed at low temperatures. In
BiogsSho,1s samples with a tellurium concentration of
0.001 at.% that underwent heat treatment, the absolute
value of a in the perpendicular direction is more
sensitive to the magnetic field than in the parallel
direction to the extrusion axis. In the same samples, the
thermopower anisotropy value (Aa) at magnetic field
strength H = 42x10* A/mis Aa =77 pVIK
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Table 1.

Electrical parameters of extruded samples of BiogsSho 15 <Te> solid solution in parallel and perpendicular
directions relative to the extrusion axis
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samples is almost independent of temperature. This
behavior of Ry confirms the presence of a large
electronic contribution to the transfer phenomenon in
Bioygssbo,ls <Te> samples.

Bismuth-antimony alloys have a layered structure,
so charge carriers are scattered differently in different
directions. Due to the fact that charge carriers are
scattered more strongly along cleavage planes, the
anisotropy p changes with temperature. With
increasing temperature, the carrier relaxation time
decreases faster in the direction of the trigonal axis.
With increasing temperature, the mean free path of
charges decreases, and the influence of the anisotropy
of Fermi surfaces on the anisotropy p of bismuth and
Bi-Sb alloys at high temperatures is weakened.

Thus, the anisotropy of the electrical properties of
extruded BiogsSho1s samples is caused by texture
formation along the extrusion axis during plastic
deformation. In this case, the anisotropy coefficient
depends on the tellurium concentration and heat
treatment, which is mainly due to the change in the
contribution to the conductivity of various charge
carriers from the corresponding Fermi extrema.

CONCLUSION
It was found that unannealed samples of the

BiogsShos solid solution are more sensitive to Te
impurities at low concentrations than samples that have

concentration increases, the influence of tellurium
impurities and the magnetic field on the resistivity of
samples that have undergone and have not undergone
heat treatment is weakened. Due to the fact that
bismuth-antimony crystals have a layered structure, the
defects formed in them during plastic deformation are
concentrated predominantly between the (111) planes.
As a result, in extruded samples doped with tellurium
and subjected to heat treatment, electrons are scattered
more in the perpendicular direction of the extrusion
than in the direction of the extrusion axis. The increase
in mobility and electrical conductivity in the direction
parallel to the extrusion axis as a result of heat
treatment is greater than in the direction perpendicular
to the extrusion axis. In this regard, in samples that
have undergone annealing, the anisotropy ¢ at ~77 K
is opposite to that of samples that have not undergone
annealing.

In extruded samples of Bi,gsSho,15 with 0.001 at.%
Te that underwent heat treatment, the absolute values
of o in the direction perpendicular to the extrusion axis
are more sensitive to the magnetic field than in the
parallel direction. In these samples, the thermopower
anisotropy value (Ac) at a magnetic field strength
H = 42x10* A/m reaches the value Ao = 80 pV/K. High
mechanical strength properties and values of
Ao =80 nuV/K allow us to recommend this material for
the creation of highly efficient anisotropic
thermoelements.
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LONGITUDINAL CONDUCTANCE IN A QUANTUM DOT SUPERLATTICE
STRUCTURE WITH RASHBA SPIN-ORBIT INTERACTION

A. M. BABANLI
Department of Physics, Stileyman Demirel University, 32260 Isparta, Turkey
arifbabanli@sdu.edu.tr

We have investigated longitudinal conductance in a quantum dot superlattice with Rashba spin-orbit interaction in the
presence of a magnetic field parallel to the superlattice axis. In the case of a strong degenerate electron gas in the quantum
limit, an analytical dependence of the longitudinal magnetoconductance on the magnetic field magnitude, Rashba spin-orbit
coupling parameter, and Zeeman splitting has been investigated.

Keywords: superlattice, Rashba spin-orbit interaction.
PACS:7478.-w

Over the last few years, the transport properties Anisotropy of the thermoelectric power in
of electrons in low-dimensional systems have been the  superlattices on the scattering of charge carriers by
focus of intensive experimental and theoretical impurity ions is studied. The anisotropy of
investigations. This is because modern technologies thermopower in superlattices during the scattering of
make it possible to create nanostructures of various carriers by impurity ions has been studied in Ref. [5].
geometries. In Ref. [6] was calculated the specific heat of the

In such systems, transport phenomena are quantum dot superlattice with Rashba spin-orbit
sharply different from transport phenomena in  coupling in quantizing the magnetic field.
macrosystems. Interesting transport effects occur Roles of the spin-orbit interaction on the
when a magnetic field is applied to as simple. transport properties have recently attracted much
Longitudinal magnetoresistance refers to the change in  attention in the field of spintronics due to the electrical
resistance due to a magnetic field when the current  control of spins by spin-orbit interaction.
and the magnetic field are parallel to each other. In this work, the longitudinal conductivity of a

In Ref.[1] [the exciton absorption coefficient quantum dot superlattice is studied in the case when
was determined analytically for a semiconductor the magnetic and electric fields are parallel to the
superlattice in crossed electric and magnetic fields, superlattice axis, taking into account the Rashba spin-
with the magnetic field being parallel and the electric ~ orbit interaction. We consider the transport of an
field being perpendicular to the superlattice axis. electron system in a quantum dot superlattice structure

In paper [2] the magnetoresistance of layered  with a periodic potential V(z)= €,((1 — cosdk,)) of a
crystals in a longitudinal quantizing magnetic field by  period along the z-direction by using a cosine shape
taking into account the spin splitting was theoretically  under the tight-binding approximation. Here ¢, is the
investigated. Ref. [3] considered the influence of miniband half-width of the superlattice. The electron
interband and intraband transitions on vertical gas in the quantum dot superlattice structure is
conductance oscillations in superlattices in a strong assumed to be confined in parabolic lateral potential
longitudinal magnetic field. Hashimzede et. all. [4] [7]:

studied the electrical conductivity of an electron gas in _1 2,2

parallel electric and magnetic fields directed along the Ve(p) = 2 mop ()

plane of a parabolic quantum well and found the ] o .

electrical conductivity applicable for any magnitudes Where fw, is the characteristic confinement

of the magnetic field and the degree of degeneration ~ €nergy, p is the radius vector. A static magnetic field

of the electron gas. parallel to the s_uperlattice _z-axis. _
The electrical conductivity of a nondegenerate In an axial magnetic field of the symmetric

electron gas with a complex-shaped quantum well was  gauge for the vector potential E:i—pap',(where @is the
calculated in ref and the conductivity dependences on  azimuthal angle) the Rashba spin-orbital term in the
the temperature and the parameters of the quantum  cyjindrical coordinates is given by

well were studied in the case of electron-phonon

scattering [5]. |

R _ avep) (.19 | e
Vso(p, @) = A= ( L + 2th) 2

a is the Rashba spin-orbit coupling parameter, g, is the Pauli matrix. By including the Zeeman term Hamiltonian
can be written as:
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g (0 8 1\ hed 1.,
— 2m\pdp" dp p?o¢? "2 fil0) g Mwep
+Vo(p) + Vi (p, @) + = guyB + €o(1 — cosak,) )

where w, =% is the cyclotron frequency, u,is the Bohr magneton, and g -is the Lande factor. The
eigenfunctions and eigen energies of the Hamiltonian are given by

Y(p, ks §) = =€ R(p)xs Q)
where
V2 n! P2\ (P? W, 1 (p?
R(p) = Z\/((nﬂu)!) exp (_ E) (E) Ln (p_?,) ®)

where p, = (ﬁ) L'fl' is the generalized Laguerre polynomial yis the spin wave function, L is the z
directional normalization lengths

€niok, = MQe(@n+ |l +1) + l% +0 (”ng + lmaw%) + €o(1 — cosdk,) (6)

where o = +1 refers to the electron-spin polarization along the z-axis.

0, = Joj + 4+ oa o, 0
The general expression for the density of states given by
g(e) = anakz 6(6 - Enlakz) (8)

Replacing the summation over k, by integration €, using Eq. (6) we obtain, the density of states of electrons for
unit volume in quantum dot superlattice

nol

©)

L w0(E-E,)0(2¢,~E+E,,
o St
nlo — nol gO - E + Encrl

where 0(E)- is the Heaviside step function, Lis the length along the z-direction. The number of electrons in the
quantum dot superlattice system is calculated from Fermi-Dirac distribution functions f(fnzakz)

N = anasz(enlakz) = %anakz fooof(enlakz)dkz (10)

Integrating the expression (10) by parts, we get

oo of (€nio Z
n= %anokz fO k, (_ %) de (11)

In the case of strongly degenerate electron gas with concentration n in the quantum limit (n=0, 1=0, ¢ =
—1/2), from formula (11) the equation for determination of the Fermi level, ¢, is

on )

€o

1
n =-—arccos (1 — (12)
amn

here ¢ is the chemical potential. From Eq. (12) for the Fermi level, we find:
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l =g, (1—cos(7zna))+th—%gyBB (13)

Calculation of the electrical conductivity.

Consider an electron gas in a quantum dot superlattice system in an external electric and vertical magnetic

field:E 11 B 11 oz. The magnetic field does not affect the movement of an electron along the z-axis, we can use
a Boltzmann transport equation for the distribution function of the electrons. Then the current density in the
direction of electric and magnetic fields reads as

Z f dk,v (14)

nlo
where -e is the charge, v, = %sin ak,is the velocny of an electron, and f; (E) is the nonequilibrium addition to
the Fermi-Dirac distribution function, f; (E). Using the relaxation time approximation can be written as:

fl(E) = UZT(E)%eEZ (15)

Here t(E) is the impulse relaxation time of the electron. By inserting (15) in (14), we get

o = (—€2 2 2o [ w1 (B) 222 dE ) E, (16)

0E dE

hdk,

make —= = vi we obtain the electrical conductivity.

Ozz = E_Z = % anafv T(E)( afo) dE 17

For the case of electronic scattering on acoustic phonons, the relaxation time t(e) related to the scattering can be
written as:

7(e)™' =157 "g(e) (18)

where g(e€) is the density of states, and t, is a constant independent of the energy of the electrons [9]. The
density of states can be written as

g(E) = an(sm(akz) D) (19)
Substitute (18) and (19) into (17) we get:
Ozz _ 1 _0fy
anJfSHl(ak (n,0,E)) an(sin(akz(n,a,E))—l)( 66) dE (20)
Where
2 2
O-O = %TO (21)

In the case of a strongly degenerate electron gas, the conductance has the form:

By, + &, cos(;ma)+h(Ql—Q_l)]2 )

&

— =|sin(zna) 1—(

Oy

This expression allows you to analyze the change  the presence of a magnetic field parallel to the
in electrical conductivity depending on the magnetic  superlattice axis and Rashba spin-orbit interaction has

field and Rashba coupling parameters. been calculated. The calculation has been carried out
for the case of electronic scattering on acoustic
CONCLUSIONS phonons for strong degenerate electron gas.

The longitudinal conductance in a quantum dot
superlattice system with lateral parabolic potential in
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Hybrid systems have gained significant attention among researchers and scientists worldwide due to their ability to
integrate solar cells and supercapacitors. Subsequently, this has led to rising demands for green energy, miniaturization and
mini-electronic wearable devices. These hybrid devices will lead to sustainable energy becoming viable and fossil-fuel-based
sources of energy gradually being replaced. A solar cell system is an electronic device that mainly functions to convert
photon energy to electrical energy using a solar power source. This paper describes an integrated system in which a NiO2
nanotubular supercapacitor serves as an energy storage device, while TiO2 nanostructures operate as energy conversion
devices. The main operations for the fabrication of the proposed device are listed. It was shown that the design features of the
device allow combining and simultaneous execution of some similar fabrication operations, which would have to be carried
out in the case of separate manufacture of the constituent elements of the device.

Keywords: Solar cell, supercapacitor, Anodic alumina, TiO2, ITO, nanopores, nanotubes.

PACS: 29.25. Ni; 52.25 Th; 81.16. RF

1. INTRODUCTION

Titanium dioxide (TiO2) is a wide bandgap
semiconductor with a bandgap ranging from 3.0 to 3.2
eV. It is capable of converting light energy into
chemical redox energy, making it an ideal material for
harvesting solar energy and maximizing conversion
efficiency in various applications, such as
photovoltaics, microwave sensing, and photocatalysis.
TiOy-assisted photoelectrolysis of water is achieved
using a closed-circuit photoelectrochemical solar cell
comprising a TiO, anode and a Pt counter electrode
exposed to near-UV light. Typically, the anatase phase
of TiO, exhibits the highest efficiency for solar cell
performance. Similarly, nanoporous anodic alumina
(NPAAO) is an electrically insulating, optically
transparent, and chemically stable material widely
used in electronic, optoelectronic, and sensing devices.
It also serves as a template for the synthesis of
metallic and semiconductor nanowires. Both NPAAO
and free-standing vertically oriented nanotube TiO;
(TNT) can be fabricated via anodization and heat
treatment of thin Al and Ti layers deposited on
different substrates, such as Si or conductive glass
substrates (In.03:Sn or ITO-covered), using electron
beam evaporation or magnetron deposition. The
electrochemical anodic oxidation process can be
carried out in an electrochemical cell with a two- or
three-electrode system. A Ti- or Al thin layer serves as
the working electrode (anode), Pt acts as the counter
electrode, and a standard voltage source or a high-
voltage potentiostat is employed.

Due to the intermittent and variable nature of
solar energy intensity, which varies greatly depending
on the season and time of day, combining solar cells
with energy storage devices, such as Li-ion batteries
and supercapacitors (SC), in a single power unit
component is essential [1, 2]. In this study, we have
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utilized both AAO templates and TNT thin layers
[2, 3] to propose a device that integrates energy
conversion (TNT-based solar cell) and energy storage
(SC based on NiO nanotubes synthesized in AAO
nanopores) into a single system. The solar cell and
capacitor are fabricated on opposite sides of a
common glass slide wafer, both of which are covered
with a conductive ITO layer. The TNT-based solar
cell is positioned on the front side of the device to
receive light, while the SC is located on the rear side.
Alternatively, a dye-sensitized solar cell or Grétzel
cell [4] can be used as the solar cell component in the
proposed hybrid device.

The supercapacitor component consists of
freestanding NiO> nanotubes that are
electrochemically grown inside AAO nanopores and
embedded in the electrolyte. They are electrically
connected to the positive electrode through the 1TO
layer, while activated carbon serves as the negative
electrode. The ITO layer acts as both the rear
electrode for the solar cell and the positive electrode
for the supercapacitor.

2. EXPERIMENTAL
2.1 Preparation of the Glass/ITO/AAO structure

To implement the solar section of the subject
device, as the first preparation stage, glass substrates
were ultrasonically degreased in acetone and isopropyl
alcohol, rinsed in deionized water, and subsequently
dried in poor nitrogen flow for 15 minutes before
loading into the deposition chamber. Afterward,
substrates were loaded into the vacuum deposition
chamber of the Leybold Heraeus-Z550 RF magnetron
sputtering system equipped with a turbomolecular
vacuum pump system. Initially, 1TO films with
different film thicknesses from 200 to 300 nm were
prepared on an unheated glass substrate by radio-
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frequency (RF) magnetron sputtering using a 75 mm
diameter ITO target (90% In,O3 and 10% SnO,). The
target-to-substrate distance was fixed at 10 cm. The
sputtering chamber was vacuumed to a base pressure
of 5 10 Pa and a pure argon gas flow of 5 sccm was
introduced as a reactive sputtering gas through a mass
flow controller. Before deposition, the target was RF
pre-sputtered in argon plasma for 20 minutes at a
power level of 50 watts to remove contaminants from
the surface of the target. The ITO deposition process
was conducted at a working pressure of 3.3 Pa and
with the power level fixed at 200 W for different
deposition times (20-40 minutes), depending on the
thickness of the film. Thereafter, an Al film with a
thickness in the range of 200 to 300 nm was deposited
onto a glass/ITO substrate using a 75 mm diameter
aluminum target (99.99% pure) under similar
conditions. Following that, the electrochemical
anodization of the Al film was performed in a two-
electrode cell using 0.4 M oxalic acid solution at
constant potentials from 10 to 40 V at a temperature of
3°C to 5°C for 10 to 20 minutes.

The digital photographs in Figure 1 depict the
aluminum deposited on the glass/ITO substrate using
the magnetron sputtering method, both before and
after the oxidation process. The photographs are
arranged to show the top and bottom sides
correspondingly.

Fig. 1. Digital photographs of AAO (top) and
aluminum on glass/ITO substrate (bottom)

2.2 Preparation of the glass/ITO/TiO: structure

Since the procedure for obtaining the ITO layer
on glass in the glass/ITO/TiO; nanostructure by
magnetron sputtering is the same as the procedure for
obtaining the ITO layer in the glass/ITO/AAO
structure, this method of obtaining the ITO layer has
been explained in detail above. After this processes,
the titanium thin film with a thickness in the range of
150 to 200 nm was RF sputtered on the previously
obtained ITO layer in the same chamber using a
titanium target (99.5% purity) with a 75 mm diameter
at a power level of 150 W under conditions similar to
the ITO deposition process. Then, TiO- thin film was
formed by electrochemical anodization of as sputtered
Ti film in a homemade two electrode cell using a Pt
mesh as a counter electrode and Ti/ITO/glass
substrateas an anode under a constant potential
ranging from 10 to 60 V at 3 to 5°C. The mixture of
ethylene glycol, 0.4 wt% ammonium fluoride, and 2
vol% distilled water was used asan electrolyte. The
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duration of anodization ranged from afew minutes to
several tens of minutes, depending upon the thickness
of the Ti layer. To maintain the set temperature during
the anodization process, the electrochemical cell was
kept in a container with icy water.The samples were
removed from the electrolyte after they became
optically transparent, and the value of the anodization
current dropped to zero. The anodized samples were
washed in isopropyl alcohol and distilled water for
about 5 minutes and then blowdried with nitrogen.
The obtained glass/ITO/TiO, structures were finally
annealed for 2 hours in the airat 450°C to improve the
crystallinity and electrical characteristics of both the
external TiO; and the internal ITO thin films.

The digital images of the samples presented in
Figure 2 show the change in the appearance of the
Ti-coated glass/ITO structure after anodizing as well
as after subsequent thermal annealing. During the
anodization process, the initially opaque Ti film (a)
gradually transforms into TiO, and becomes
transparent (b). Upon subsequent thermal annealing at
450°C, the optical transmission and transparency of
the samples decrease as compared to non-annealed.
This is because, upon annealing in the air, some
additional oxygen vacancies are introduced into the
film, on which the light is scattered and the light
absorption increases.

Fig. 2. Optical images of the structure before (a),
after oxidation (b), and upon annealing (c)

3. RESULTS AND DISCUSSION

Figure 3 schematically illustrates the cross-
section of the proposed power unit. In Figure 3, it can
be observed that a transparent glass slide (1) is
covered on both sides with a conductive ITO thin film
(2), with one side coated with TiO; and the other side
with an AAO template. The solar cell is positioned on
the front side of the glass slide, while the SC
component of the device is located on the rear side.
The key manufacturing steps for the proposed device
are listed below:
 The deposition process involved coating both sides
of a glass plate with ITO layers, followed by the
deposition of aluminium and titanium layers on each
side. Subsequently, anodic oxidation was performed
on both sides to synthesize a nanoporous AAO and
TiO, nanotube structure;
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Ni nanotubes were created
electrochemical deposition of nickel
nanopores on the capacitor side;

The entire structure was sintered in air at
temperatures ranging from 400 to 500°C to facilitate
the formation of NiO2 nanotubes through the
oxidation of nickel; |

through  the
into AAO

 The next step involved installing a porous separating
layer and a porous carbon negative electrode in the
supercapacitor. Following that, an array of NiO
nanotubes was filled with a suitable alkaline
electrolyte and sealed;

Lighting
e Front contact (7]
= Photoelectrode (6)
l — Electrolyte (5)
Solar cell ] | J ] [ ’ "_ — T, nanotbes (4
I R B NN BNEDDN :_,_-___I' — Back contact (3}
Glass (1) T ITO(2)
q Pasitive electrode (13) |,
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Fig. 3. Cross-section of the integrated power unit
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Fig. 4. Flow chart of the 1 to 4 stages of the fabrication process.

The manufacturing steps are described below.
1. The deposition process involved magnetron
deposition of ITO, aluminium, and titanium layers.
Initially, ITO was deposited on both sides of the glass
substrate. Subsequently, aluminium was deposited on
one side, while titanium was deposited on the other
side.
2. Simultaneous anodic oxidation of the glass/ITO
substrate was performed, with one side being
aluminium and the other side being titanium, in order
to create AAO and TiO, templates on the glass/ITO
plate.
3. Ni nanotubes were electrochemically deposited
within the AAO templates on the rear side.
4. The structure was sintered in air at 400 to 500°C,
resulting in the formation of NiO2 nanotubes through
the oxidation of Ni in an air environment.
5. Preparing the supercapacitor side.
A flowchart of the initial 1 to 4 stages of the
manufacturing process is shown in Figure 4.
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As it can be seen from Figure 4, the
manufacturing stages numbers 1, 2, 3 and 4 used for
the manufacture of solar cell and supercapacitors, are
similar and are carried out simultaneously. Therefore,
the design features of the device allow combining and
simultaneous execution of some similar fabrication
operations that would have to be carried out in the
case of separate fabrication and manufacture of the
constituent elements of the device, thereby
significantly reducing the number of production
operations. As opposed to constructing each
component independently, we believe that using the
same production procedures will reduce the amount of
materials and energy needed and lower the cost of
solar energy collection. In addition, putting the
capacitors on the same substrate as the solar cell will
make the system more compact. To date, we have
carried out experimental studies on the practical
implementation of the solar cell part of the device. At
present, our efforts are directed toward the practical
implementation of the capacitor part of the device.
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4. CONCLUSION

To realize the proposed device structure of
AAO(NIO)/ITO/Glass/ITO/TiO,, we employed RF
magnetron sputtering to obtain highly ordered TNT
and AAO arrays with a high degree of optical
transmission.  Subsequent anodic oxidation and
thermal annealing were also applied. Additionally, we
developed a technique for the electrochemical
deposition of nickel nanotubes into AAO templates
and doping of TNTs with various impurities, which
enhanced their photosensitivity from the UV region to
the visible spectra. The device design enabled the
combining and simultaneous execution of similar
fabrication operations. The films were characterized
using scanning electron microscopy, XRD, Raman
spectroscopy, UV-vis spectrometry, and spectroscopic
ellipsometry. The resulting structure, with an outer
TiO; layer having an extended nanotube surface and
an electrically conductive ITO layer, exhibited strong
absorption of solar radiation, making it well-suited for
solar energy harvesting applications. Thus, the
proposed device is a fully integrated device with a

monolithic structure, where the solar cell and energy
storage segments share a common substrate in the
form of a transparent and conductive glass wafer. This
device can be referred to as a photo-supercapacitor or
solar capacitor.

Due to its more compact structure, fewer wiring
requirements, and shared substrate and electrodes, the
proposed device may have higher volumetric and
gravimetric energy densities compared to a solar
power system composed of separate components. In
addition, the fabrication of this device involves the
integration of multiple solar cells and SC fabrication
technologies, allowing for the combining and
simultaneous execution of some similar fabrication
operations. This reduces the overall number of
operations required compared to the separate
manufacture of the constituent elements of the device.
The integration of solar cells and supercapacitors into
a single hybrid device, in which energy-harvesting and
storing units are combined into one system, is
expected to meet the rising demand for green energy
and the miniaturization of wearable devices.
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The vector boson wave functions are built by combining the fermion wave functions, coupling constants, partial
derivatives and the generators of the symmetry groups which these vector bosons are associated with. This representation of
the gauge bosons allows one to explain a wide range of the facts relating to the elementary particles in a natural and simple
form. The visible traces of the flickering nature of the early stages processes in the universe, usually called Big Bang
processes, in the nuclear scale properties of the chemical elements is also discussed..

The possible original SU(2). H SU(2)r symmetry  leads to the customary definition of the Z boson and to
of the fermions allows us to consider the electroweak  the well - known Mw - Mz mass relation [5].. In this
interaction bosons W: and B: as the fused states of  work we build the wave functions of the vector bosons
the fermions [5]. by combining the fermion wave functions (the

There are two sets of the vector bosons in this  complex Dirac fields) R(x), the coupling constants,
model, (W:)., (B:)L and (W:)gr, (B:)r, belonging to the  the generators of the corresponding symmetry groups
domains of the left - handed fermions and right -  of these vector bosons and the partial derivatives
handed fermions, respectively. The coupling of the  M:, which recover the Lorentz indices of the vector
(B:)c to the right - handed fermions breaks the SU(2).  boson wave functions. In the case of the B:, the
H SU(2)r symmetry. symmetry group is U(1) which has the unit matrix as
The assumption of the proportionality of the its only generator. Therefore the ingredients of the
electroweak vector bosons' masses to their normalized B: wave function will be R(x), the

corresponding coupling strengthsl coupling constant gr and M::
Mw/Mg = g/gN @) |
B:(x) = R*(X)(i/gr)M:R(X)/(R*(X)R(X)) 2

The local gauge transformations exp{-i7(x)) of R(x) produce the familiar gauge transformations for the B:(x):
B:(x) 6 R*(x)exp{i7(x)) (i/gr)M:exp{-i7(x)) R(X)/R*(X)R(X)) =
R*(x)(i/gr)(M: - i M:(x)) R(X)/(R*(X)R(X)) = B:(x) + M:(x)/gr
B:(x) 6 B:(x) + M:(X)/gr (3)
The triplet of the vector bosons W: can be represented as
(W): =R*(X)Fi(2i/g)M:R(x)/(R*(X)R(X)) 4

Here R(X) is the fermion, spinor doublet and F; are Pauli matrices.
As we will see in the following discussion the non - Abelian infinitesimal gauge transformations of the fermion
doublets

R(x) 6  exp{-iFi7i(x)/2)R(X) (5)

indeed generate the local gauge transformations for the vector bosons W:.. The phase shift for the R(x), Eq. (5)
induces the following transformation for the vector boson field:

(W1): 6 R*(X)exp{iFi7i(x)/2)Fi(2i/g)M:exp{-iFi7i(x)/2) R(X)/(R *(X)R(X)) =

R *(X)exp{iFi7i(x)/2)F[(2i/g)M: + (1/g)FiM:7i(x)]exp{-iFi7i(X)/2)R(X)/(R *(X)R(X))
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The two terms in this equation correspond to the (W): +(7(x)HW:(x))1 and M:7,(x)/g terms of the local gauge
transformations of (W)):, respectively. For the former term, because of the infinitesimally small values of 7;(x),

F exp{-iFi7i(x)/2) =F (1 - iFi7i(X)/2) =F - i(FiF| + 2i g|ika)7i(X)/2 = (1- iF; 7i(X))F| +i g|ik7i(X)Fk =
1 - iR7002)F + giaTi(X)Fe = exp{-iFi7i(x)/2)F + (7T(x)H F)1 = exp{-iFi7i(x)/2)(Fi + (7(x)H F)i)

In the last line we took into account that these calculations are done up to the first order only in 7i(x). Similarly,
because of the infinitesimal nature of the gauge transformations typically considered, in the term with the
derivative of the 7i(x), exp{-iFi7i(x)/2) can be readily taken to the left side of F; up to the first order in 7i(x)
calculations and for the product FiF; we use the anti commutation property of the Pauli matrices and take into
account that both | and i are dummy indices at the scale of Lagrangian or cross section expressions:

(M/g)RFi M:7i(x) 6 (1/(29))(FiFi + FiFi) M:7i(x) = M:7:(x)/g

We can describe this transition procedure more explicitly as follows: FiF; is sandwiched between ~_ and ~g
structures in the cross section expressions and by using the anticommutation relations for the Pauli matrices we
can write

~ FFi~r = ~FiF~r +2 ~L*il ~r 6 ~ FIFi~r + ~LFiFI~r = 2 ~L*il ~r

The two terms on the left hand of side of the second equation are equal because | and i are dummy indices.
Therefore

~LFFi~r = ~L%il ~r

In summary as a result of the gauge transformation of the second kind the vector field W': undergoes the
transformation essentially the same as the well familiar transformation of the electroweak vector bosonl

W6 W + (7()HW:(X))' + M:7'(xX)/g (6)
If we add a leptonic hypercharge factor Y = -1 to the | space - time trajectory than fermions. This more
argument of the exponent in the gauge transformation,  awareness feature of bosons makes them also a good
exp{-iFi7i(x)/2) 6 exp{-iYFi7i(xX)/2), we will get the choice as the interaction intermediaries. The Pauli's
second and the third terms in Eq. (6) for the gauge exclusion principle could well be the consequence of
transformation with minus sign. This is good enough this difference of fermions from bosons. Gauge
for the field strength W:< to transform like a vector transformations formula for bosons consist of two
under the gauge transformations. We can argue that  parts, quantum mechanical part and essentially
these fused state fermions do not act in the ordinary  classical part, M: Denominators in Eq. (2) and Eq. (4)
space - time. Here we are talking about Planck take off most of the quantum mechanical nature of
distance scale processes.Z: and A: fields themselves  gauge bosons and this may well lead to the quantum
are formed by adding up two fields, multiplied by the  mechanical part plus classical mechanical part type of
coupling constants (Eq.(10) and Eq.(11) in this paper).  formula. One could conduct Bohm - Aharonov effect
One can consider the phase factor 7(x) (its derivative  type of experiment to see if the gauge transformations
more precisely) inducing the gauge transformations of the gauge bosons lead to the change in the
also as some type of field created due to the formation interference pattern. Instead of two electron beams
of the ordinary space - time. The ingredients of the  two photon beams should be used here naturally.The
electromagnetic field, the electric field E and the challenge here is to make the medium between the
magnetic field B are also different forms of slits and the interference patterns detection screen as
derivatives of the electr:omagnetic four - potential A.. non - uniform as possible to induce large enough
The structure of the B:, Eq.(2) and W:, Eq.(4) value for M:7i(x). At CERN photon - photon
fields is close to partial derivative M: of InR(x) interactions are often studied via ultraperipheral
sandwiched by R*(x). It is natural to expect that the collisions (UPCs) of heavy ions, such as gold or lead
structure InR(x) will reveal smaller experimental [8]. Part of theinteraction effect could well come from
fluctuations than the fermion field R(x) itself. So one  the highly non - uniform environment created in these
must expect smaller standard deviation factor in the experiments. PVLAS experiments conducted there
vector boson related data according to its Eqg.(4) strongly support the presence of new physics in the
structure. One would say that vector bosons are more  domain of these experiments, typically ascribed to the
‘comfortable’ (more aware of movement) along the existence of axions.

1 We wrote the vector field in a contravariant form here for the sake of brevity of notations and
for its more customary look
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A few words about the Lorentz covariance aspect
of the boson field structures in Eq.(2) and Eq.(4)
discussed earlier. After the gauge transformation we
have gotten two component and three component
expressions, Eq.(3) and Eq.(6). Each term in these
expressions is Lorentz covariant to the four -
dimensional vector. This is most visible in the last
component, in the M:7(x) term, in these expressions.
This component is the simplest form of four -
dimensional vector. Eq.(2) and Eq.(4} forms for gauge
bosons could also be a good starting point to bring
together quantum mechanics and the theory of
relativity. The right - hand side of these equations is
built of quantities inducing 'spooky action at a
distance' (A. Einstein), but the quantities in the left -
hand side, the gauge bosons are unlikely to induce
'spooky action at a distance'. Fractional form of these
equations trims part of the quantum mechanics nature
of wave functions.

The phase shift factor 7(x) of the gauge boson
fields defined by the Eq.(2) and Eq.(4) reveals their
important space - time related property. It is the
presence of this phase shift that gives the four -
dimensional vector M:7(x) in the explicit form (Eq.(3)
and Eq.(6). So in order for the B: and (W)): fields
defined by Eq.(2) and Eq. (4) to be Lorentz - covariant
to the customary four - dimensional boson fields the
phase shift has to be present all the time. In other
words, the fields with this type of structure always
have to move in non - uniform space - time
environment, all the gauge boson intermediaries
should be in the condition of constant motion.
Metaphorically speaking, we cannot get a cup of
bosons in the lab which makes them different from the
fermions. Therefore to be the interaction
intermediaries is their chance to exist. Fermions and
gauge hosons can be considered as complementary
physical quantities to some extent, fermions shape the
the space - time (the universe), through their masses,
the masses of the atomic nuclei and electrons mainly.
The gauge bosons from the other side create
interactions among the elementary particles by
traveling through this space - time. This approach to
understanding the properties of massive gauge bosons

another question. Are the photons indeed massless?
The energy - mass elation formula

E = moc?//{1 - V?/c?} @)
does not forbid the existence of massive photons. By
squeezing mg 6 0 and v 6 ¢ we can still get a finite
photon energy. It is true that after the certain value of
the photon mass we will encounter the quantum
fluctuations aspect of this procedure. We also see the
parallelism of energy - mass formula to the boson
structure formulas discussed above: we can talk about
the photon energy within the realm of the partial
derivatives (their ratios) only. Moving from the
Heisenberg's uncertainty principle objects, the wave
functions R(x) to the structures with the partial
derivatives by itself is an indication to the shift to the
Lorentz - invariance world, we can have consistent
equations with derivatives, with infinitesimally small
quantities present, in the Lorentz -covariance, Lorentz
- invariance world only.

In the frame of the currently used models for the
elementary particles, there is a noticeable disarray of
the values for thehypercharge of particles, the
particles' coupling intensity indicator to the most
fundamental field. It is natural to expect that at the
most fundamental level hypercharges of particles are
distributed according to the definite type of symmetry.
SU@2). H SU2)r symmetry model of bosons
discussed in [5] brings significant clarity to this
situation. The scalar doublet introduced in the
Standard Model leaves the hypercharges of particles
unchanged, the spontaneous symmetry breaking
process does not affect quantum numbers of
elementary particles. The fermion fusion model
approach does not have an explicit Lorentz
invariance violation problem too in the shift in the
symmetry process.

We have already told earlier that it is most likely
that the fermion - vector boson couplings appear after
the shift in the symmetry. In terms of the Lagrangian,
this means replacement of the Lie derivative M: by the
covariant derivative D:. Interestingly, the replacement
of M: by D: has no significant effect on the definitions

brings them one step closer to photons. Here we have | of the B: field:

B:(x) = R*(X)(i/gr)D:R(X)/(R*(X)R(x)) = R*(X)(i/gr)(M: + igrB:(X))R(X)/(R*(X)R(x)) =

-B:(x) + B%(X)

Or

B:(X) = B%:(x)/2

®)

Here B°:(X) is the B:(x) field defined through M: only. We can interpret this twice smaller value of the B:(X)
field as follows: the emergence of the covariant derivative factor mitigates the shift in the symmetry process.

For the vector boson W:(x)

(W): = R (X)Fi(2i/g)D:R)(R*(X)R(X)) = R*(X)F(2i/g)(M: - iFi/2(W;):)(x)/(R*(R(X)) =

(W% + (LIg)RY(X)FIF/2(Wi):(X)/(RT(X)R(X)) 6 (Wi)°: + (1/2g)R*(X)(FiFi + FiF)(Wi):(X)/(R*(X)R(x)) =

(W1)°: + (Lg)(Wh):

(1 - Ug)(Wi): = (Wi)%: or (Wi): = (W) /(1 - 1/g)
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EQ.(10) tells us that in reality the (W)): field
might have a slightly more complex structure than
described by Eq.(4) (compare Eq.(9} and Eq.(10)..The
replacement of the M: by the D: does not change the
field strength B:< for the B: field. For the triplet of
vector boson (W): this leads to the emergence of the
self - coupling term in the F:<:

Fi< = M:(W)< - M<(W)< - ggik (WH): (WK)<

This essentially familiar difference between
these two fields resonates well with the lw = 0 nature
of the B:.field. Its interactions with the other particles
occurs at the more fundamental level.

The replacement of the derivatives M: by the
covariant derivatives D:, the emergence of the
interactions among the particles, is the result of the
appearance of the 'curvedness' in the space - time after
the shift in the symmetry. Different points of the space
- time are no longer equal for the wave functions R(x),
grYB: and g(Wi):)F/2 are the measures of this
difference of the points of the space - time.
Interestingly, the mass terms for the vector bosons,
Mg?BIB' and Mw?WIW!2 are Lorentz invariants
built out of the measure of the ‘curvedness' of the
space - time, grB: and g(Wi):)Fi/2, respectively, up
to the coefficient k, discussed in [5] (see also Eq.(1)):
during the early stages of the formation of the
universe the symmetry priority shifts to the space -
time symmetries. The coupling constants g and gr
drop out of the fermion - vector interactions
Lagrangian completely, if the B: and W: fields are
defined by Eq.(2) and Eq.(4), respectively. The
perturbation series terms should still decrease from the
lower to the higher order: the product of probabilities
of two (or more) transitions is always less than or
equal to the probability of one of the transitions and
the vertices in the Feynman diagrams correspond to
the transitions between the spinor fields (fermions).
This aspect of the theory also supports the idea that
fundamentally g and gr are part of the mass
generation mechanism only in the shift in the
symmetry process bringing quantum field theory one
step closer to the theory of gravity.

The structure of the massive Z: field

Z: = (gW2: - grB: )/I{g? + gr?) (10)
somewhat resembles the structure of the covariant
derivative, the full differential minus the 'universal
influence'2, B: related differential: it consists of the
difference of the 'creases in space - time' created by
the W: and B: fields. The massless A: field is a
different form of manifestation of the fundamental
fields, it has a symmetrized or redistributed form of
the mass generating factors, gand gr.

A: = (gr'We: + gB: )I{g? + gr?) (11)
We can say that the A: field partially regains the
pre Big Bang symmetry of the fields. For the gauge

2 Richard Feynman
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transformations of the vector boson W and A field
alike we have the coupling constant in the
denominator. According to Eq.(1) the bigger the
coupling constant the bigger the corresponding
particle's mass. Bigger particle mass creates bigger
creases in space - time around the particle according to
the theory of General Relativity, bigger derivative
M:7(x) and the coupling constant in the denominator
brings balance to this tendency making the
contributions of the 7(x) HW and M:7(x)/g terms
always comparable to each other. This resonates well
with the discussion above of the Z boson and the
electromagnetic field A. It is also reasonable to
believe that similarity of Eq.(1) to dipole radiation
zero condition [9] is not accidental. The tiny
deviations of the B: and W: fields from their original
positions would not lead to some type of radiation at
the early stages of formation of space - time. At the
Planck distance scale gauge bosons might well form a
dipole due to the gravitational attraction. The process
which we usually call as Big Bang must be a process
of shift in the symmetry and/or symmetry
requirements for producing the certain structures
which we could call higher instance products. The
zigzag picture of nuclear binding energy of chemical
elements tells us complex and certainly not unique
nature of this process: different universe, different
masses of particles and different values for the binding
energy of nuclei. The binding energy, nuclei radii and
decay time parameters of nuclei from helium up to
uranium fit into one quite interesting picture. The
experimental data of the radii of atomic nuclei are
available only for several chemical elements currently,
at least through the internet search. Because the radius
of the Helium nucleus has been measured only
recently [10], it looks plausible to work with the
readily available experimental data. The premodial,
more precisely Big Bang times produced elements, Li’
and Be’ have visibly small binding energies. Li’ has a
binding energy per nucleon 5.6 MeV.

The available data for its nuclear radius is 4.5 fm
[11], which is significantly bigger than the one
calculated by the empirical formula

r=roHA (12)
even when the value r, = 1.5 fm is used for the
calculations. The stable isotope of berillium, Be® also
has a relatively small binding energy per nucleon. The
iron Fe% isotope, the isotope with the highest nuclear
binding energy per nucleon (together with the Fe®®
isotope) has a relatively small nuclear radius [12]. The
uranium isotopes also reveal these binding energy -
nuclear radius - stability tendencies. The nuclear
radius of the U?3 isotope is noticeably larger than that
of for the U?® isotope, larger than predicted by
Eq.(12), has smaller binding energy and substantially
larger half - life time. The following table succinctly
exhibits these mentioned features of the nuclei.
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nucleus binding energy, p.n., MeV radius, fm half - life time, 10° year
Li’ 5.6 45 stable
Be® 6.30 - stable
Fe® 8.79 3.74 stable
23 7.59 7.0 0.704
yzse 7.5 7.4 4.5

These features of nuclei fit well into following
picture of early stages of the universe's formation.
After the first sudden expansion some compression
processes also followed for this particular universe.
This must be the reason why the binding energies of
nuclei have a zigzag form for the primordial nuclei.
Different kinds of atoms experienced differently the
impact of Big Bang. Li and Be nuclei felt the shift of
symmetry at largest scale. They have low binding
energy, that means bigger mass per nucleon and
bigger nuclear radius (occupying bigger space). The
same feature is true for the iron nucleus. Smaller mass
per nucleon and smaller nuclear radius. The question
here is can the nuclear forces partially squeeze
nucleons back into pre Big Bang state here and there?
The available data for the uranium isotopes confirm
this scenario of the shift in the symmetry with their
additional half-life time data. The U?® has bigger mass
per nucleon, bigger nuclear radius and substantially
bigger half-life time. Therefore we can say it had
experienced the impact of the Big Bang much more
than the U?% isotope did so.

We can see the same pattern of the nuclear
binding energy - nuclear radius relation among the
iron isotopes too. The stable iron isotope Fe®®, which
is also the most abundant isotope on Earth, has almost
the same nuclear radius  (3.738 fm) as another iron
isotope, Fe>* (3.735 fm) [12], yet it has noticeably
higher binding energy per nucleon.

Taking into account the extreme relevance for
the daily life, it also looks plausible to discuss the
wider range implications of above mentioned features
of the nuclear isotopes. Could the life also be another
channel of continuation of the Big Bang processes,
shift in symmetry processes? The available data on the
impact of the lithium and beryllium on human body is
consistent with this idea. Lithium, the chemical
element with the biggest impact of the shift in the
symmetry, is widely used for the healing of the
nervous system, the core of the human organism.
From the other side the excess of next chemical
element with the next biggest impact of the shift in the
symmetry processes,

Beryllium often leads to the cancer disease, to
the abnormality in DNA, to its hyperactivity. DNA is
also the core of the living creatures with a different
approach to the matter. So here we see extremely
subtle interplay of the nervous system, DNA and after
Big Bang, shift in symmetry processes. From what
have been said it is tempting to conclude that the
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nervous system is more fundamental feature of the
living creatures than DNA is (lithium vs beryllium),
the former revealing itself at the later stages of
evolution only.

CONCLUSIONS

The representation of the gauge bosons as the
fused states of the fermions allows us to explain a
variety of the facts relating to the elementary particles
in a natural and simple form. According to this
approach to the elementary particles, the triplet of the
vector bosons W: and the singlet vector boson B:
which contributes to the electromagnet interactions
only in the capacity of the electroweak interactions
intermediaries, originate from the same source. An
assumption of the simple relation between the masses
of the electroweak vector bosons and coupling
constants Eqg.(1) leads to the 1) well - known
definitions of the Z boson and photons as the mixed
states of the W: and B:, 2) the correct Mz - Mw
relation, which is among the major results of the SM
supported by the current experimental data.

The wave functions of the vector bosons built out
of the fermion wave functions R(X), the partial
derivatives M:, the coupling constants and the
generators of the corresponding groups readily
reproduce their gauge transformation properties. This
successful results somewhat resemble us ancient
Greek philosopher Plato s4 endeavors to build the
model of the universe out of the regular polyhedra and
polygons with the difference being in the usage of the
contemporary tools and standards in describing nature.

The self - couplings of the vector bosons
belonging to the non - Abelian groups appear to be
also the consequence of the shift in the nature of
symmetry, the mathematical expression of which is
the replacement of the partial derivatives M: by the
covariant derivatives D:. The u niversality of the
gauge couplings occurs because after the shift in the
symmetry, certainly the same measure of the
‘curvedness' of space time, grB: (times the
hypercharge of the particle) or g(Wi):Fi/2, is added to
the partial derivatives M:. Besides, different from
the B:, due to the lw 1 value the triplet of the
vector bosons W: are 'aware' that all the fermions are
the members of the electroweak doublets and therefore
the fermion - triplet vector boson couplings do not
include additional charge factors.
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