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ANOTACIJA

Sis promocijas darbs ir veltits nanosekunzu lazera starojuma
iedarbibas izpétei uz CdZnTe kristalu fizikalajam ipasibam. Promocijas
darba merkis ir izpetit CdZnTe fizikalas Tpasibas p&c apstarosanas ar lazeru
pie dazadiem parametriem: vilpa garums, impulsa garums, intensitate un
doza. Praktiskais promocijas darba pielietojums sevi ietver lazer
tehnologijas izstradi pielietojumam radiacijas detektoru razoSana.

Darba pieradits, ka CdZnTe kristals ir izturigaks pret y-starojumu
pec apstaroSanas ar stipri absorb&jamu lazera starojumu. Tas notiek
pasdefektu generacijas un to telpiskas pardalisanas dél. Darba tiek skaidrots
CdZnTe kristala y-starojumu izturibas mehanisms. Ka arT tika pieradits, ka
augstas intensitates stipri absorb&ams lazera starojums izraisa
CdTe/CdZnTe heterostruktiiras veidosanos, §is efekts tiek pamatots ar cinka
atomu dreifu kristala tilpuma un kadmija atomu parvieto$anos virsmas
virziena temperatiras gradientd. Turklat, lai samazinatu nevélamo
izmantot vaji absorb&jamu lazera starojumu, kas apkart telira ieslégumiem
izveido temperatiiras gradientu.

Eksperimentalie rezultati un to izvert€§jums tiek pamatoti ar
zinatniskas literatiiras datiem.

Promocijas darbs ir uzrakstits anglu valoda un satur 99 lapaspuses.
Promocijas darba ir ieklauti 53 attéli, 6 tabulas, 51 formula un 114 atsauces
uz literataru.



ANNOTATION

Comprehensive study of pulsed laser influence on CdZnTe crystals
and their physical properties after irradiation by the nanosecond laser is
presented in this dissertation. The main focus of dissertation is to investigate
dependence of laser parameters on the physical properties of the CdZnTe
crystal: different wavelength, pulse duration, intensity and dose. The
practical significance of this dissertation is to develop laser technology for
CdZnTe crystal preparation for radiation detector applications.

It was proven that CdZnTe crystal sustain y-radiation better after
preirradiation with highly absorbing laser. This is due to the generation and
redistribution of intrinsic point defects in temperature gradient field. The
mechanism of CdZnTe y-radiation hardness enhancement is proposed.
Moreover, it was proven that high intensities of highly absorbing laser
radiation lead to the formation of CdTe/CdZnTe heterostructure and the
effects are based on the drift of zinc atoms in to the volume of the crystal
and cadmium to the surface due to the temperature gradient field.
Furthermore, it is possible to reduce residual impurities and dissolve indium
secondary phases by weakly absorbing laser radiation due to the generation
of temperature gradient field around tellurium inclusions.

Experimental results are discussed and explained in context of
scientific literature.

The thesis is written in English, its volume is 99 pages. The
dissertation includes 53 figures, 6 tables, 51 equations and 114 references.



1. IEVADS

CdZnTe tiek plasi lietots x-starojuma un y-starojuma detektoros,
infrasarkanajos detektoros un saules elementos [1]-[3]. CdZnTe fizikalas
ipaSibas pielauj S$T materiala izmantoSanu joniz&oSo un nejoniz€joso
starojumu detekt€Sanai: liela atommasa (Z), relativi plasa aizliegta zona, kas
nodro§ina augstu pretestibu un lidz ar to mazu tumsas stravu. Turklat,
CdZnTe piemit lielaka radiacijas izturiba neka CdTe [4].

Lai izveidotu kvalitativu radiacijas detektoru ir nepieciesams liela
apjoma kristals ar zemu defektu koncentraciju, augstu tiribu un homogénu
komponentu sadalijumu. Diemzgl, ir gruti iegiit CdZnTe kristalu bez
nevélamiem piemaistjumiem un defektiem. Sie defekti un piemaisTjumi
viegli veidojas kristalu augSanas procesa un no tiem ir saméra gruti
atbrivoties ar pécapstrades metodém. CdZnTe audzéSanas tehnologijas
attistas saméra léni, neskatoties uz to ka CdZnTe ir saméra zema kuSanas
temperatiira. Neskatoties uz plaSo §1 materiala pielietojumu, pastavosas
problémas ir saistitas ar griittbam ieglit homogeénu komponentu sadaltjumu
brivu no strukturalajiem defektiem.

Moderno CdZnTe kristalu audzeSanas tehnologiju pamata ir
Bridzmena un modificétas augsta spiediena Bridzmena metodes, kas lauj
ieglit pienemamas kvalitates kristalus. Tacu §1s metodes ir talu no idealam
un ir daudz vajak attistitas, salidzinot ar silicija un gallija arsenida kristalu
audzeSanas tehnologijam. Lai ieglitu detektoru kvalitates kristalus,
kompensé kadmija vakances un termiski atdedzina kristalus. Sobrid, aizvien
plasak tiek pétita CdZnTe kristalu lazer atdedzinasana [6]. Tomeér,
eksperimenti ar CO, lazer atdedzinasanu noved pie kristalu virsmas
bojajumiem, neskatoties uz to, ka Ipasibas kristala tilpuma uzlabojas.

Misdienas CdZnTe radiacijas detektorus plasi izmanto dazadas
sféras: x-starojuma un y-starojuma spektroskopija [37-39], medicina
[40,41], sabiedriskas drosibas [42], =x-starojuma un y-starojuma
att€lveidosana [40,43,44] un astronomija [41,45].

Merkis

ST promocijas darba mérkis ir izp&tit nanosekunzu impulsa lazera
starojuma ietekmi uz CdZnTe kristalu fizikalajam tpasibam.



Novitate

1.

Tika izstradata lazermetode CdZnTe kristalu radiacijas izturibas
palielinasanai ar nanosekunzu impulsa Nd:YAG lazeru, izveidojot
radiacijas izturigu virsmas slani.

Tika izstradata CdTe/CdZnTe heterostruktiiras veidoSanas
lazermetode ar nanosekunzu impulsa Nd:YAG lazeru.

Tika izstradata lazermetode CdZnTe y-starojuma detektoru
parametru uzlabosanai ar nanosekunzu impulsa Nd:YAG lazeru.

Praktiska nozime

S1 petijuma nozimiguma pamata ir nepiecieSamiba labot komerciali

pieejamo CdZnTe kristalu nepilnibas. Tika pieradits, ka nanosekunzu
Nd:YAG lazera starojumu var izmantot CdZnTe kristalu radiacijas izturibas
palielinasanai un detektoru spektroskopiskas jutibas uzlaboSanai. Ka arT ar
izstradato lazermetodi ir iesp&jams izveidot CdTe/CdZnTe heteropareju, kas
samazina tumsas stravu. Izstradato lazermetodi ir iesp&ams pielietot gan
kristalu apstradei, gan gatavu radiacijas detektoru apstradei.



2. LITERATURAS PARSKATS

CdTe un CdZnTe ir II-IV grupas pusvaditaji ar aizliegtas zonas
platumu 1.4 — 2.2 eV. CdZnTe aizliegtas zonas platums ir atkarigs no Zn
koncentracijas. CdTe un CdZnTe ir kubiska cinka spides kristaliska rezga
struktira F43m. Katra apaksrezgi atrodas Cd, Zn vai Te atomi, kas veido
tetraedrus. Katra atoma cetri valences elektroni veido saites ar
blakuseso$ajiem atomiem.

Cdi«ZnTe sastav no CdTe un ZnTe maisljuma, kura Zn aizvieto
Cd atomus, kuru daudzums ir atkarigs no x. Pie tam CdTe un ZnTe rezga
konstantes ir attiecigi 6.482 A un 6.104 A [7]. Rezga konstantes atSkiriba
starp CdTe un ZnTe rada elementar§iinas izméru izmainas.

Turklat, Cd aizvieto$ana ar Zn ne tikai samazina rezga konstanti,
bet arT paplasina aizliegto zonu [10]. Ka tika minéts ieprieks, plataka
aizliegta zona ir v€lams parametrs radiacijas detektoru izgatavosanai.
Turklat, ZnTe saites energija ir liclaka neka CdTe, lidz ar to kristala
mehaniska izturiba ar1 palielinds. Rezultata arl samazinas dislokaciju
blivums. Ka ari, Zn piejaukumi palielina Te skidibu kristala, tadejadi
ierobezojot Te ieslégumu augsanu [11].

Viena no CdTe un CdZnTe fundamentalajam ipasibam ir kovelenta
saite ar dal&jam jonu saites IpasSibam. Tas ir raksturigi II-VI grupas, bet ne
IV grupas pusvaditajiem, kuriem ir tikai kovalenta saite. ST novirze no
kovalentas saites ipasibam ir iemesls pasdefektu un to kompleksu rasanas
iemesls. Galvena probléma So defektu izpéte ir tas, ka nav tieSo merfjumu
metozu.

Misdienas detektoru kvalitates CdZnTe kristalus audz€ ar kustigas
zonas kauseSanas metodi [12]-[15], augsta spiediena Bridzmena metodi [13]
un klasisko Bridzmena metodi (CB) [13].

Pusvaditaja optiskds TpaSibas ir atkarigas no aizliegtas zonas
platuma. CdTe un CdZnTe ir tie$as parejas pusvaditaji. CdTe optiskas
absorbcijas robeza ir ~850 nm, bet CdZnTe ta ir ~800 nm (atkariba no Zn
koncentracijas). CdTe optiskds caurlaidibas diapazonu nosaka aizliegtas
zonas platums tuvaja infrasarkanaja diapazona un kristaliska rezga
svarstibas ~30000 nm [17]. Diapazona starp Siem lielumiem CdTe optiska
caurlaidiba ir aptuveni 63%.

Pieci faktori, kas nosaka optiskos zudumus infrasarkanaja gaismas
diapazona [17]:

1. elektronu parejas starp l[imeniem aizliegtaja zona;
2. kristaliska rezga svarstibas;
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3. gaismas absorbcijas ar elektroniem piesaistitiem pie defektiem,
lokaliz&tiem optiskajiem stavokliem, iek$gjo elektronu caulu
parejas;

4. absorbcija uz brivajiem ladinnesgjiem;

5. optiskie zudumi gaismai izkliedgjoties uz ieslegumiem un
precipitatiem;

Piektais faktors ir domingjosais, tom&r to var nenemt vera ja
paraugi tika atdedzinati Cd un Te atmosfera, jo tada gadijuma Te ieslégumu
un precipitatu koncentracija ir zema.

Gaismas absorbcija uz brivajiem ladinnesgjiem notiek fotonu
mijiedarbibas ar elektroniem un caurumiem rezultata. Tapéc, gaismas
absorbcija tuvaja infrasarkanaja diapazona var tikt izmantota brivo
ladinnesgju koncentracijas izmainas raksturosanai.

VEél viens svarigs parametrs, ko izmanto lazerapstrades
tehnologijas, ir optiskas absorbcijas dzilums, &, kas ir apgriezti
proporcionals optiskas absorbcijas koeficientam, a.

Eksiste vairaki defektu tipi: vakances, starpmezglu atomi un
piemaisTjumi.
Punktveida defektus var sadalit divas galvenajas grupas”
2. Pasdefekti (vakances, starpmezglu atomi un aizvietoSanas
defekti.

Te ieslégumiem ir negativa ietekme uz CdZnTe radiacijas
detektoru darbibu. Vidgjais Te precipitatu izmérs ir robezas no 10 — 30 nm,
turpretim, Te ieslegumu izméri ir 10 — 100 pm [19], [20], skat Att. 2.1.

[N

Att. 2.1. Te ieslégumu infrasarkanas mikroskopijas att€ls [20].

Piemaisjjumi parasti koncentrgjas pie Te ieslégumiem un
segreg€jas izaudzeta stiena galos [2]. Tiek uzskatits, ka nevienmérigs Te
11



ieslégumu sadalijums kristala tilpuma, ietekmé ladinnes€ju parnesi un Iidz
ar to arT no $ada kristala izgatavota radiacijas detektora spektroskopiskas
pasibas [2].

x-Starojuma un y-starojuma detektoru kristaliem japiemit liclai
elektriskai pretestibai un mazai ladinnesgju kéraj centru koncentracijai, kas
izraisa nepilnigu ladina savakSanu un spektroskopisko Iiniju paplasinasSanos
[8]. Visbiezak, augstas pretestibas CdZnTe kristalus iegtst, attirot vai
leggjot kristalus. Lidz ar to leg€joso piemaisijumu ievadiSana ir svarigs
uzdevums pusvaditaju radiacijas detektoru joma.

Kad y-fotons iet cauri detektoram, tas rada elektronu-caurumu
parus. Pie detektora pieliktais elektriskais lauks virza elektronus uz pozitivi
ladetu elektrodu, bet caurumus uz negativi 1adétu elektrodu. Uz elektrodiem
radusos ladins tiek uztvertas ar ladina pastiprinataju un talak apstradats.
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3. EKSPERIMENTALAS METODES

CdZnTe kristali tika iegiiti no diviem avotiem: no prof. Ernesto
Dieguez “Crystal growth laboratory”, Universidad Auténoma de Madrid,
Spanija un Sia “Ritec”, Latvija. Izaudzetie kristali saturgja lielu Te
ieslegumu koncentraciju.

Pec pulesanas CdZnTe kristali tika kimiski kodinati
broma/metanola $kiduma [22]-[30]. Talak kristalus apstaroja ar Nd:YAG
lazeru, skatit Att. 3.1.

A/ Stikls, 4%
Lazers, 1
Ekspla NL301G |

/ / P
Lazera stars ) araly
1064nm or 532 nm Filtrs

Lazera jaudas Skengjosais galds

meritajs
Att. 3.1. Shematisks lazerapstrades sist€mas attels.

CdZnTe kristalu fizikalo 1pasibu izmainas p&c apstaroSanas ar
lazeru, tika raksturotas ar tris galvenajam izpétes metodém: Furjé
transformaciju infrasarkana spektroskopija (FTIR), voltampéra raksturliknu
mérisana un foto luminiscences spektroskopija (FL).

Voltampéra raksturliknes tika uznemtas ar Keithley 6487
pikoamp@rmetru.

FTIR spektri tika uznemti ar Bruker Vertex 70 spektrometru
diapazona no 1 pum lidz 18 um. Rezultata tika novértéta brivo ladinnesgju
koncentracijas izmaina, kas ir saistita ar elektriski aktivu defektu klatbatni.

FL spektroskopijas mérijumi tika veikti pirms un p&c apstaroSanas
ar lazeru 5 K temperatiira ar HeNe ierosmes lazeru (A=632.8 nm, jauda 200
mW).

CdZnTe kristalu y-radiacijas izturibu test&ja ar *°Co avotu (E, = 1.2
MeV) istabas temperatiira ar dozu 5-10° Rad = 5.0 kGy, pirms un péc
apstaroSanas ar lazeru.

CdZnTe detektoru y-radiacijas spektralas jutibas meérjumi tika
veikti pirms un p&c apstarosanas ar lazeru. Ka y-starojuma avotu izmantoja
UIAm
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4. REZULTATI UN TO IZVERTEJUMS

4.1. Radiacijas izturiba

%Co y-starojums izraisa paddefektu veido$anos CdZnTe kristalos
[31]. Tomér, ja CdZnTe kristalus pirms paklausanas y-radiacijai, apstaro ar
lazeru, palielinas to radiacijas izturiba. Sis efekts tiks izskaidrots §aja nodala
un tiks izvirzits radiacijas izturibas palielinasanas modelis. Lazera starojums
neizraisa CdZnTe kristala kuSanu, skatit Att. 4.1.

1400
L300 4772000000 - e e e e e e
12001 —— 0.48 MW/cm’
i 2
1100 - —0.84 MW/cm2
N 1 — 1.80 MW/cm
< 1000 v 0 e KuS$anas temperattra
'2 900
g ]
2 800+
g 700
= ] T =609.01 K
600
] T =441.03 K _
500 max T =379.72K
400
4 1 4
300 T T T T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05

Laiks, us

Att. 4.1. Aprekinata CdZnTe kristalu virsmas temperatiiras atkariba laika pie
dazadam lazera intensitatém. lesvitrotais laukums parada lazera impulsa
laiku.

CdooZnoTe kristala apstaroSana ar lazeru izraisa DX joslas
paradiSanos un A°X joslas pieaugumu. DX joslas paradisanas liecina par
Cd starpmezglu atomu generaciju. Savukart A°X josla atbilst Cd vakanceém.

Cdo9Zn 1 Te kristala apstaroSana ar y-starojumu ar dozu 5x103 Rad
= 5.0 kGy, FL spektra izraisa A’X joslas intensitates pieaugumu, ka tas ir
redzams Att. 4.2. A°X joslas intensitdte pieaug ~9 reizes salidzinot ar
sakotngjo stavokli. Vienlaicigi, DX josla pilniba izziid, skatit Att. 4.2.

14



Mes So efektu skaidrojam ar Cd vakancu veidoSanos un
lokaliz&sanos pie apstarotas kristala virsmas.

v-Starojums izraisa papildus Cd vakancu veidoSanos, kas savukart
izraisa A’X joslas pieaugumu FL spekira. y-Starojuma izveidotas vakances
aizpildas ar lazera starojuma izveidotajiem un pie virsmas sakoncentrétajiem
Cd starpmezglu atomiem.

1400 - A'X
A, =632.8 nm ]
B 1erosme 17,)
[<5]
1200 N
L
] neapstarots+5 kGy o
5 1000 ~ , t
= _ 1.8 MW/cm“+5 kGy
L o
T 800 , a
@ i 1.8 MW/cm D
2600 - neapstarots <
.- !
’_] p
= 400 - D’A"+ed’ T
200 ] D()A()+eA()_L0
| D'X
0 -

— T - 1 - T T T T T 1T T T T T T T
1.572 1.584 1.596 1.608 1.620 1.632 1.644 1.656 1.668

Fotona energija, eV

Att. 4.2. CdooZnoTe kristalu FL spektri pirms un p&c apstarosanas ar
dazadam lazera starojuma intensitatém, un y-starojumu: pirms 1 un péc
apstarosanas ar Nd:YAG lazeru: 2 — apstarots ar Nd:YAG lazeru ar
intensitati 1.8 MW/cm?; 3 — apstarots ar Nd:YAG lazeru ar intensitati 1.8
MW/cm? un paklauts y- starojumam ar dozu 5.0 kGy; 4 — paklauts y-
starojumam ar dozu 5.0 kGy.

Att. 4.3 un Att. 4.4 ir paradits A°X un D°X joslu intensitasu
atkariba no lazera starojuma intensitates. Ir redzams, ka izmainas FL spektra
sakas tikai péc lazera intensitates 0.84 MW/cm?. Savukart, radiacijas
izturiba palielinasanas efekts ir visizteiktakais pie lazera intensitates 1.8

MW/cm?
15



400

350
> 300
5 250
2004 A%
150
1004

FL intensitate, r

o 2

DXI l/

i I
d3 d6 d9 ﬁZ ﬁS 1.8
Lazera intensitate (MW/cmz)

D
(= )
1 1

Att. 4.3. A°X (1) un D°X (2) joslu intensitates CdZnTe kristalu FL spektros,
attieciba pret Nd:YAG lazera intensitati.

1440
12604 pox

T
=
o0
=)
1
H

900 -
720 1
540 1

FL intensitate, r.v

360 1
1804 D°x

T -
04— P p 4

0.3 0.6 0.9 1.2 1.5 1.8
Lazera intensitate (MW/cm’)

Att. 4.4 A°X (1) un D°X (2) joslu intensitates CdZnTe kristalu FL spektros,
attieciba pret Nd:YAG lazera intensitati péc paklauSanas 5.0 kGy y-

starojuma dozai.
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Apstarojot CdZnTe kristalu ar lazera starojumu, samazinas Cd
vakancu daudzums p&c apstaroSanas ar y-starojumu. Tas notiek tapéc, ka Cd
vakances rekombiné ar Cd atomiem, kas ar lazeru tika izveidoti un
koncentréti pie virsmas. So radiacijas izturibas palielinasanas procesu var
raksturot ar mazaku A°X joslas picaugumu p&c apstaro$anas ar y-starojumu.

Japiebilst, ka 8is defektu noverSanas mehanisms darbojas tikai virs
noteiktas  lazera robeZintensitates 0.48 MW/cm?> un zem ablacijas
robezslick$na ~12 MW/cm?.

4.2. CdTe/CdZnTe heterostruktiiras veido$ana

CdTe un CdZnTe ir daudzsoloS§i materiali x un y-starojuma
detektoru razosSanai. Tomer, ladinnes€ju mobilitate-dzives laika koeficients
pnth ~ 10° — 10% em?>V'!' caurumiem un pete ~ 10* — 1073 cm? V!
elektroniem ir zems, salidzinot ar Si un GaAs. Atskiriba starp mobilitate-
dzives laika koeficientu elektroniem un caurumiem un ladinnesgju keraj
centriem pasliktina deterktora spektroskopiskas Tpasibas. So problému var
atrisinat palielinot pie kontaktiem pielikto spriegumu, tacu tas arT palielina
tumsas stravu un Iidz ar to samazina signals-troksnis attiecibu. Ka
alternativu risinajumu, vairakas zinatniskas grupas piedavaja izmantot Sotki
diodes [32] vai heterostruktiiras [33]-[35]. Tas lauj darbinat CdZnTe
detektorus pie lielakiem spriegumiem.

1400
1300

12001 T, ~1190.75 K —— 5.00 MW/cm®
1100 = = = = KuSanas temperatiira

5 1000
900
800
700
600
500+
400

300 T T T
0.00 0.01 0.02 0.03 0.04 0.05

Laiks, ps

tira, K

Tempera

Att. 4.5. Aprekinata CdZnTe kristalu virsmas temperatiiras atkariba laika pie
dazadam lazera intensitat€m. Iesvitrotais laukums
parada lazera impulsa laiku.
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Lazer inducétds virsmas modifikacijas process tika petits
Cdo.oZno.1 Te kristalos pec apstaroSanas ar nanosekunzu Nd:YAG lazeru ar
intensitati 5 MW/cm?. Péc apstaro3anas ar lazeru tika novérota virsmas slana
vaditsp€jas inversija. Elektriskie kontakti tika izgatavoti ar bezelektrolizes
zelta nogulsnéSanas metodi. No spektralas fotovaditspgjas meérjjumiem var
secinat, ka uz virsmas ir izveidojusies struktiira ar mainigu aizliegtas zonas
platumu.

CdTe/CdZnTe barjersturktiiras veidosanos var izskaidrot ar
temperatiras gradienta efektu. Att. 4.6. paraditas CdTe/CdZnTe
heterostrukttiras voltampgra raksturliknes

Lidz ar to, var secinat, ka apstarota p-CdooZngTe virsmas slani
veidojas n-tipa vadamibas slanis. Vaditspgjas tipa inversija notiek virsmas
slani mazaka neka paris mikrometri. Spektralas fotovaditsp&jas rezultati
skaidri norada uz to, ka ir izveidojusies struktiira ap plasaku aizliegtas zonas
platumu neka CdooZnoTe, skatit Att. 4.7. Izveidotajai barjersturktiirai
piemit diodiskas voltamp@r raksturliknu Ipasibas, ka redzams Att. 4.6.

-8
3x10
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Att. 4.6. CdTe/CdZnTe heterostruktiras voltampéra raksturliknes.
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Att. 4.7 Spektralas fotovaditsp&jas merijumi pirms un pec
apstarosanas ar lazeru. Merfjumi tika veikti sprostvirziena T =295 K
temperatura.

Spektralas  fotovaditspgjas mérjjumi liecina par to, ka
heterostrukttiras dzilums ir mazaks par elektronu un caurumu difuizijas
garumu, par ko liecina fotovaditsp&jas signals gan no pamatvielas
CdooZno.1Te, gan no CdZnTe ar Zn koncentraciju lielaku par pamatvielu.
Japiebilst, ka fotovaditsp&jas isvilnpu robeza A. = 8§10 nm atbilst gaismas
absorbcijas dzilumam ~1 pum, jo gaismas absorbcijas koeficients S$aja
diapazona ir ~ 10 cm’'.

4.3. CdZnTe radiacijas detektora parametru uzlabo$ana

Tika paradits, ka A=1064 nm nanosekunzu Nd:YAG lazera
starojums ar intensitati 5.0 MW/cm? samazina tumsas stravu CdZnTe
radiacijas  detektoros. Taéu péc 103 impulsiem, tumsas stravas
samazinasanos nenoveéro. Voltamera raksturliknu mérijjumi paradija, to ka
apstaroto CdZnTe kristalu Tpatngja pretestiba dubultojas. So efektu ir
iesp&jams izskaidrot divos veidos: pirmais ir brivo ladinnesgju kustiguma
samazinasanas, bet otrs ir brivo ladinnes€ju koncentracijas samazinaSanas.
Ar optiskas caurlaidibas merjjumiem ir iesp&ams raksturot brivo
ladinnes&ju koncentracijas samazinaSanos [36]. Ipatngjas pretestibas
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izmainas tika salidzinatas ar gaismas caurlaidibas spektriem no FTIR
mérjjumiem apstarotiem un neapstarotiem CdZnTe paraugiem, Att. 4.8. No
literatiiras ir zinams, ka gaismas absorbcijas diapazona no 8-20 um
galvenokart saistita ar absorbciju uz brivajiem ladinnes€jiem. Savukart,
brivo ladinnes€ju koncentraciju ir saistita ar nekompensetajiem elektriski
aktivajiem defektiem un kadmija vakancém [36]-[39].
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Att. 4.8. CdZnTe paraugu FTIR spektri pirms un péc apstaroSanas
ar A=1064 nm nanosekunzu Nd:YAG lazera starojums ar intensitati 5.0
MW/cm?

Tipisks FL spektrs satur A°X joslu pie 1.6308 eV, kas ir saistita
saistito eksitonu pie sekla akceptora (V¢q) vai piemaisijumiem (Cu, Fe, u.c.),
DX joslu pie 1.6410 eV, kas ir saistita ar saistito eksitonu pie sekla donora
(Cd;) un indija atomu kadmija vieta (Incq) [5]. V&l FL spektri satur A°X
fononu atkartojumus pie 1.6087 eV. Ar indiju leg€tajos CdZnTe kristalos
DX ir domin&josa josla, turpretim, nelegéta CdZnTe domingjosa josla ir
A"X [5], [40].

Brivo eksitonu (FE) pika klatbiitne FL spektra pie 1.6461 eV un
donoru akceptoru paru joslas neesamiba liecina par CdZnTe kristala
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kvalitati [5]. P&c apstarosanas ar lazeru D°X joslas intensitate palielinas, bet
A"X joslas intensitate samazinas, skatit Att. 4.9.
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E 05-
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Fotona energija, eV

Att. 4.9. CdZnTe paraugu FL spektri pirms un péc apstaros$anas ar lazeru
(3.6x10* impulsi).

Izmainas apstarota CdZnTe FL spektra var izskaidrot sekojosi. Ir
zinams, ka dala indija un kadmija atomu CdZnTe kristalos atrodas
starpmezglu telpa [5], [41]. P&éc apstaroSanas ar lazeru kadmija vakances
aizpildas ar indija vai kadmija starpmezglu atomiem, saskana ar formulam:

In+VZ o In}; + 3e” 4.1)

Cd** + V4 o CdYy (4.2)

Saskana ar iepriek§ minétajam formulam, defektu rekombinacijas
rezultata rodas neitrals Cd2,;. Lidz ar to, donoru koncentracija palielinds, bet
akceptoru (Vcq) koncentracijas samazinas. Rezultata, A°X joslas intensitate
FL spektra samazinas. Ka art ir zinams, ka indijs var aizvietot kadmija
vakanci veidojot vienreiz ladetu [In},VZ;]” un neitralu [2In};VA]°
kompleksu, saskana ar vienadojumiem [42], [43]:

Inq + Vg & [IndVir1™ 4.3)
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Ingq + IntaVég1™ © [2InéaVeg 1° (4.4)
Cd?* + [In},VE ] © Inf +Cddy (4.5)

Paskompensacijas process samazina Inf; donoru un [In},VZ;]™
akceptoru koncentraciju, kas saskana ar eksperimentalajiem rezultatiem
parada, ka DX joslas intensitate praktiski nemainas.

CdZnTe detektoru y-starojuma spektralo izskirSanas sp&ju var
raksturot ar FWHM (Full Width at Half Maximum- pilnais platums pus
augstuma), skatit Att. 4.10 un Att. 4.11 Lidz ar to, >*!Am y-starojuma
spektri, kas tika uznemti ar lazeru apstarotiem un neapstarotiem CdZnTe
detektoriem, tika sadaliti Gausa Ilitknes un FWHM tika aprekinats no
ieglitajiem pikiem. Pe&c CdZnTe detektoru kristalu apstaroSanas ar lazera
starojumu FWHM vertibas 2! Am raksturigajiem pikiem samazinajas par
30%, skatit Tabula 4.1
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Att. 4.10. Neapstarota CdZnTe detektoru >*! Am y-spektra sadaliSanas
rezultats.
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Att. 4.11. Apstarota CdZnTe detektoru >*! Am y-spektra sadaliSanas
rezultats.

Tabula 4.1 *! Am y-spektra piku pozicijas un FWHM veértibas ar lazeru
apstarotiem un neapstarotiem CdZnTe radiacijas detektoriem.

Pika pozicija, FWHM pirms lazer FWHM péc lazer FWHMlgzZr:rairga pee
keV apstarosanas, keV apstaroSanas, keV s, O
13.9 5.0+0.13 3.5+0.08 -30.0
17.7 34+0.14 3.0+0.14 -11.7
20.8 4.7 +0.64 3.2+0.51 -31.9
26.3 3.9+0.79 4.1 £0.70 5.1
34.0 45+1.39 40=£1.10 -11.1
36.0 4.5+1.96 4.0£1.00 -11.1
59.6 8.6+0.13 7.7+0.06 -30.0
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5. SECINAJUMI

1. CdZnTe radiacijas izturiba.

Tika pieradita CdooZnoiTe kristalu radiacijas izturibas
palielinaSanas péc kristalu apstarosanas ar A=532 nm nanosekunzu impulsa
lazeru ar intensitattm 0.84 — 1.8 MW/cm? Radiacijas izturibas
paliclinasanos skaidro ar Cd; bagatinata slana veidoSanos pie apstarotas
CdooZno.1Te kristala virsmas. Ar Cd; bagatinats slanis veidojas lazera
starojuma izraisita temperatiras gradienta ietekmé ~123 nm dziluma.

2. CdTe/CdZnTe heterostruktiiras veidosana.

CdTe/CdZnTe heterostruktira veidojas p&c CdooZno.iTe kristalu
apstaroSanas ar A=532 nm nanosekunzu impulsa lazeru ar intensitati 5
MW/cm?. Temperatiiras gradienta ietekmée, 108-10° K/m, Zn atomi dreifé no
augsttemperatiiras zonas uz zemakas temperatiiras apgabalu, savukart Cd;
dreife apstarotas kristala virsmas virziena.

3. CdZnTe radiacijas detektora parametru uzlaboSana

Tika pieradita CdooZnoTe kristalu radiacijas detektoru parametru
uzlaboSana (signals-troksnis attieciba, ladina savakSanas efektivitate,
spektrala izSkirSanas spgja) pec apstaroSanas ar A=1064 nm nanosekunzu
impulsa lazeru ar intensitati 5 MW/cm? Te ieslégumi absorbé lazera
starojumu un uzkarst nanosekunzu laika veidojot temperatiiras gradientu
~10% K/m. Temperatiras gradienta ictekmé nevélamie piemaisijumi
precipit&jas apkart Te ieslégumiem un indija atomi rekombing ar kadmija
vakancém.
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6.

AIZSTAVAMAS TEZES

1.

CdZnTe radiacijas izturiba pieaug 7.4 reizes pec ta apstaroSanas ar
532 nm nanosekunzu Nd:YAG lazera starojumu ar intensitati 0.84
— 1.8 MW/cm?. Radiacijas izturiba paliclinas kadmija starpmezglu
atomu dreifa dé] uz kristala virsmu un kadmija vakancu dreifa
kristala tilpuma.

CdTe/CdZnTe heterostruktira veidojas 532 nm nanosekunzu
Nd:YAG lazera starojuma ar intensitati 5 MW/cm? ietekmg.
Kadmija starpmezglu atomi dreifé¢ apstarotas kristala virsmas
virziena, bet cinka atomi dreif€ tilpuma.

Atdedzinot CdZnTe kristalus ar Te ieslégumiem ar 1064 nm
nanosekunzu Nd:YAG lazera starojumu ar intensitati 5 MW/cm?
par 5% palielinas CdZnTe radiacijas detektora ladina savakSanas
efektivitate un spektrala izskirSanas sp&ja uzlabojas par ~30%.

25



PUBLIKACIJAS

Monografija

1. "Nd:YAG Laser", book edited by Dan C. Dumitras, chapter
“Application of Nd:YAG Laser in Semiconductors’
Nanotechnology”, Artur Medvid’, Aleksandr Mycko, Pavels
Onufrijevs and Edvins Dauksta, Publisher: InTech

Patents
2. LV 14439 B Pusvaditaju radiacijas izturibas uzlaboSanas
panémiens, Aleksandrs Micko, Arttirs Medvids, Edvins Dauksta

Publikacijas

3. Mychko A., Medvid A., Dauksta E., Laser-induced increase of
resistivity and improvement of optical properties of CdZnTe
crystal, Journal of Crystal Growth, Volume 415, 2015, Pages 47-50
(Scopus) (Web of Science)

4. Medvid, A., Onufrijevs, P., Dauksta, E. & Sobolev, N.A., Homo-
and hetero structures formation in semiconductors by laser
radiation: First stage of quantum cones formation, Solid State
Phenomena,Volume 205-206, 2014, Pages 475-479 (Scopus)

5. Shankar, H., Castaldini, A., Dieguez, E., Dauksta, E., Medvid, A.,
Rubio, S., & Cavallini, A. (2014). Investigation of Deep Level
Defects in CdTe Thin Films. In Cavallini, A and Estreicher, SK
(Ed.), INTERNATIONAL CONFERENCE ON DEFECTS IN
SEMICONDUCTORS 2013 (Vol. 1583, pp. 145-149) (Scopus)
(Web of Science)

6. Medvid', A., Mychko, A., Dauksta, E., Ivanov, V., Alekseeva, L.,
Dieguzs, E., Crosso, J., Bensalah, H., Improvement of CdZnTe
radiation detectors parameters by laser radiation, (2011) IEEE
Nuclear Science Symposium Conference Record, art. no. 6154756,
pp. 4672-4673 (Scopus) (Web of Science)

7. Medvid, A., Mychko, A., Dauksta, E., Naseka, Y., Crocco, J.,
Dieguez, E., The effect of laser radiation on CdZnTe radiation
hardness, (2011) Journal of Instrumentation, 6 (11), art. no.
C11010 (Scopus) (Web of Science)

8. Medvid, A., Mychko, A., Dauksta, E., Dieguez, E., Naseka, Y.,
CdZnTe radiation hardness increasing by laser radiation, (2010)
3rd International Conference - Radiation Interaction with Material

26



and Its Use in Technologies 2010, Program and Materials,
Interaction'2010, pp. 329-330 (Scopus) (Web of Science)

Medvid, A., Mychko, A., Dauksta, E., Naseka, Y., Crocco, J.,
Dieguez, E., Increased radiation hardness of CdZnTe by laser
radiation, (2010) IEEE Nuclear Science Symposium Conference
Record, art. no. 5873918, pp. 1014-1016 (Scopus) (Web of
Science)

KONFERENCES

1.

Edvins Dauksta, Arturs Medvids, Aleksandrs Mychko, The
improvement of CdZnTe:In radiation detector parameters by laser,
European materials research society Fall meeting 2014, Warshaw,
Poland, September 15-18, 2014 (Best student presentation
award)

Medvid, P. Onufrijevs, R. Janeliukstis, E. Dauksta, J.Plaza,
S.Rubio, E. Diéguez, I. Dmitruk and N. Berezvska,
,Thermogradient Mechanism of Defect Precipitation in
Semiconductor Crystals”, ABSTRACTS of 15th International
Symposium on Ultrafast Phenomena in Semiconductors, Vilnius,
Lithuania, August 25-28, 2013.

Aleksandrs Micko, Artirs Medvids, Edvins Dauksta, Ernesto
Diéguez, Hakima Bensalah, ,,IMPROVEMENT OF CdZnTe
CRYSTAL QUALITY BY LASER RADIATION”, Abstracts of
the Riga Technical University 53rd International Scientific
Conference: Section: Material Science and Applied Chemistry
October 11-12 2012 Riga, Latvia p. 30, 2012.

Dauksta, E., Medvids, A., Micko, A., Dieguez, E. Laser Processing
of CdZnTe, its Optical and Electrical Properties. Abstracts of the
Riga Technical University 53rd International Scientific
Conference: Section: Material Science and Applied Chemistry
October 11-12 2012 Riga, Latvia.

Medvid’, P. Onufrijevs and A. Mychko, Influence of Laser
Radiation on Electrical Properties of CdZnTe Crystal , Book of
Abstract of the conference 'Functional materials and
nanotechnologies - FM&NT-2011" p.79, 2011.

Medvid’, A., Mychko, A., Dauksta, E., Ivanov, V., Alekseeva, L.,

Dieguzs, E., ... Bensalah, H. (2011). Improvement of CdZnTe

radiation detectors parameters by laser radiation. In 2011 IEEE
27



Nuclear Science Symposium Conference Record (pp. 4672-4673).
IEEE. doi:10.1109/NSSMIC.2011.6154756

Medvids, A., Mvchko, A., Barloti, J., Dauksta, E., Naseka, Yu.,
Mechanism of nanostructure formation on a surface of CdZnTe
crystal by laser irradiation, (2010) 3rd International Conference -
Radiation Interaction with Material and Its Use in Technologies
2010, Program and Materials, Interaction'2010, p. 141.

Medvid, Artur; Mychko, Aleksandr; Dauksta, Edvins, CdZnTe
RADIATION HARDNESS INCREASING BY LASER
RADIATION, (2010) 3rd International Conference - Radiation
Interaction with Material and Its Use in Technologies 2010,
Program and Materials, Interaction'2010, p. 141.

Medvid, A., Mychko, A., Dauksta, E., Naseka, Y., Crocco, J., &
Dieguez, E. (2010). Increased radiation hardness of CdZnTe by
laser radiation. In IEEE Nuclear Science Symposuim & Medical
Imaging Conference (pp- 1014-1016). IEEE.
doi:10.1109/NSSMIC.2010.5873918.

CITAS PUBLKACIJAS

1.

Grigonis, A., Naujokaitis, R., Mychko, A., Dauksta, E., & Zabels, R. (2010).
Infrared and visible light pulsed laser irradiation of DLC films. In 3rd
International Conference - Radiation Interaction with Material and Its Use
in Technologies 2010, Program and Materials, Interaction’2010 (pp. 337-
340).

Kalnina, D., Gross, K. A., Onufrijevs, P., Dauksta, E., Nikolajeva, V.,
Stankeviciute, Z., & Kareiva, A. (2015). The antimicrobial action of silver
halides in calcium phosphate. In Key Engineering Materials (Vol. 631, pp.
384-389).

Kropman, D., Mellikov, E., Kdrner, T., Laas, T., Medvid, A., Onufrijevs, P.,
& Dauksta, E. (2011). Stress Relaxation Mechanism by Strain in the Si-SiO,
System and its Influence on the Interface Properties. Solid State Phenomena,
178-179, 259-262.

Kropman, D., Mellikov, E., Karner, T., Medvid, A., Onufrijevs, P., &
Dauksta, E. (2011). Stress relaxation mechanism by strain in the Si-SiO 2
system and its influence on the interface properties. IOP Conference Series:
Materials Science and Engineering, 25(1), 012018.

Medvid, A., Onufrievs, P., Dauksta, E., Blumbeka, L., Barloti, J., Ulyashin,
A., ... Pundyk, L. (2010). Formation of P-N junction in ITO/P-Si structure by
Nd: Yag laser radiation for solar cells application. In 3rd International
Conference - Radiation Interaction with Material and Its Use in
Technologies 2010, Program and Materials, Interaction’2010 (pp. 208-211).
Medvid, A., Onufrijevs, P., Dauksta, E., Barloti, J., Grabovskis, D., &
Ulyashin, A. (2009). Dynamics of nanostructure formation using point

28



10.

11.

12.

13.

14.

15.

16.

17.

18.

defects on semiconductors by laser radiation. Physica Status Solidi (c), 6(8),
1927-1928.

Medvid, A., Onufrijevs, P., Dauksta, E., & Kyslyi, V. (2010). Formation of
“black silicon” by laser radiation for solar cells application. In 3rd
International Conference - Radiation Interaction with Material and Its Use
in Technologies 2010, Program and Materials, Interaction’2010 (pp. 89-90).
Medvid, A., Onufrijevs, P., Fedorenko, L., Rimshans, J., & Dauksta, E.
(2008). Properties of porous si fabricated by laser radiation and subsequent
electrochemical etching. In International Conference - Radiation Interaction
with Material and its use in Technologies 2008 (pp. 60-61).

Medvid, A., Onufrijevs, P., Fedorenko, L., Yusupov, N., & Dauksta, E.
(2009). Suppression of Pores Formation on a Surface of p-Si by Laser
Radiation. Solid State Phenomena, 156-158, 337-341.

Medvid, A., Onufrijevs, P., Jarimaviciute-Gudaitiene, R., Dauksta, E., &
Prosycevas, |. (2013). Formation mechanisms of nano and microcones by
laser radiation on surfaces of Si, Ge, and SiGe crystals. Nanoscale Research
Letters, 8(1), 264.

Medvid, A., Onufrijevs, P., Mozolevskis, G., Dauksta, E., & Rimsa, R.
(2012). Two-stage model of nanocone formation on a surface of elementary
semiconductors by laser radiation. Nanoscale Research Letters, 7(1), 428.
Medvid’, A., Onufrijevs, P., & Dauksta, E. (2013). Two-stage model of
quantum cones formation on a surface of semiconductors by laser radiation.
In 2013 13th IEEE International Conference on Nanotechnology (IEEE-
NANO 2013) (pp. 1054-1057).

Medvid’, A., Onufrijevs, P., Dauksta, E., Barloti, J., Ulyashin, A. G.,
Dmytruk, ., & Pundyk, I. (2011). P-N Junction Formation in ITO/p-Si
Structure by Powerful Laser Radiation for Solar Cells Applications.
Advanced Materials Research, 222, 225-228.

Medvid’, A., Onufrijevs, P., Dauksta, E., & Kyslyi, V. (2011). “Black
Silicon” Formation by Nd:YAG Laser Radiation. Advanced Materials
Research, 222, 44-47.

Medvids, A., Mvchko, A., Barloti, J., Dauksta, E., & Naseka, Y. (2010).
Mechanism of nanostructure formation on a surface of cdznte crystal by laser
irradiation. In 3rd International Conference - Radiation Interaction with
Material and Its Use in Technologies 2010, Program and Materials,
Interaction’2010 (p. 141).

Onufrijevs, P., Medvid’, A., Dauksta, E., & Trautnitz, T. (2011). Decrease of
Point Defect Concentration at a Surface of ZnO/Si Heterostructure by
Powerful Laser Radiation. Advanced Materials Research, 222, 158-161.
Puritis, T., Kaupuzs, J., & Dauksta, E. (2011). Mechanisms of Strong
Photoluminescence from Si Nanocrystals. Advanced Materials Research,
222, 175-180.

Sutka, A., Timusk, M., Kisand, V., Sutka, A., & Dauksta, E. (2015).
Fabrication of Lead Titanate PbTiO 3 Nanofiber Mats Via Electrospinning.
International Journal of Applied Ceramic Technology, 12, E117-E121.

29



10. LITERATURAS AVOTI

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

R. Arlt, K. H. Czock, and D. Rundquist, “Overview of the use of
CdTe detectors for the verification of nuclear material in nuclear
safeguards,” Nucl. Instruments Methods Phys. Res. Sect. A Accel.
Spectrometers, Detect. Assoc. Equip., vol. 322, no. 3, pp. 575-582,
1992.

R. Arlt and D. Rundquist, “Room temperature semiconductor
detectors for safeguards measurements,” Nucl. Instruments Methods
Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip., vol.
380, no. 1-2, pp. 455-461, 1996.

M. Aparo and R. Alt, “Development and safeguards use of advanced
CdTe and CdZnTe detectors,” in NUCLEAR MATERIALS
MANAGEMENT-ANNUAL MEETING-, 1998, vol. 27, pp. 1846—
1858.

B. Fraboni, A. Cavallini, and W. Dusi, “Damage induced by ionizing
radiation on CdZnTe and CdTe detectors,” in IEEE Transactions on
Nuclear Science, 2004, vol. 51, no. 3 II1, pp. 1209-1215.

Q. Li, W. Jie, L. Fu, G. Yang, G. Zha, T. Wang, and D. Zeng,
“Photoluminescence analysis on the indium doped Cd[sub
0.9]Zn[sub 0.1]Te crystal,” J. Appl. Phys., vol. 100, no. 1, p. 013518,
2006.

M. Meier and M. Harrison, “Laser-induced thermomigration of Te
precipitates in CdZnTe crystals,” J. Cryst. Growth, vol. 311, no. 17,
pp. 4247-4250, 2009.

N. Romcevic, M. Romcevic, R. Kostic, D. Stojanovic, B.
Abolmasov, G. Karczewski, and R. Galazka, “Resonant Raman
spectra of CdTe/ZnTe self assembled quantum dots,” Acta Phys. Pol.
A, vol. 116, no. 1, pp. 88-90, 2009.

T. Schlesinger, J. Toney, H. Yoon, E. . Lee, B. . Brunett, L. Franks,
and R. . James, “Cadmium zinc telluride and its use as a nuclear
radiation detector material,” Mater. Sci., vol. 32, no. 4-5, pp. 103—
189, 2001.

S. Stolyarova, F. Edelman, a Chack, a Berner, P. Werner, N.
Zakharov, M. Vytrykhivsky, R. Beserman, R. Weil, and Y.
Nemirovsky, “Structure of CdZnTe films on glass,” J. Phys. D. Appl.
Phys., vol. 41, no. 6, p. 065402, 2008.

M. C. M. Chu, S. Terterian, and D. Ting, “Role of zinc in CdZnTe
radiation detectors: why zinc? How much?,” 2003 IEEE Nucl. Sci.
Symp. Conf. Rec. (IEEE Cat. No.03CH37515), vol. 5, pp. 3338-
3341, 2003.

30



[11]

[12]

[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

(21]

(22]

(23]

C. Szeles, “CdZnTe and CdTe materials for X-ray and gamma ray
radiation detector applications,” Phys. Status Solidi Basic Res., vol.
241, no. 3, pp. 783-790, 2004.

L. Verger, M. Boitel, M. C. Gentet, R. Hamelin, C. Mestais, F.
Mongellaz, J. Rustique, and G. Sanchez, “Characterization of CdTe
and CdZnTe detectors for gamma-ray imaging applications,” Nucl.
Instruments Methods Phys. Res. Sect. A Accel. Spectrometers, Detect.
Assoc. Equip., vol. 458, no. 1-2, pp. 297-309, 2001.

Eurorad, “http://www.eurorad.com/materials.php,” 2015. [Online].
Available: http://www.eurorad.com/materials.php.

Acrorad, “http://www.acrorad.co.jp/us/material.html,” 2015.
[Online]. Available: http://www.acrorad.co.jp/us/material.html.

P. Capper, Properties of Narrow Gap Cadmium-based Compounds.
INSPEC, the Institution of Electrical Engineers, 1994.

A. Peyghambarian, N., Koch, S. W. & Mysyrowicz, Introduction to
semiconductor optics. Prentice Hall College Div, 1993.

R. O. Bell, “Review of optical applications of CdTe,” Rev. Phys.
Appliquée, vol. 12, no. 2, pp. 391-399, Feb. 1977.

C. Honsberg and and S. Bowden,
“http://www.pveducation.org/pvedrom/pn-junction/absorption-
coefficient,” 2015. [Online]. Available:

http://www.pveducation.org/pvcdrom/pn-junction/absorption-
coefficient.

M. Fiederle, A. Fauler, and A. Zwerger, “Crystal growth and
characterization of detector grade (Cd,Zn)Te crystals,” in IEEE
Transactions on Nuclear Science, 2007, vol. 54, no. 4, pp. 769-772.
H. Bensalah, J. Crocco, V. Carcelén, A. Black, Q. Zheng, J. L. Plaza,
and E. Diéguez, “Effect of superheating and fast cooling on Te
inclusions of Cd 0.9Zn 0.1Te:In crystals grown by vertical gradient
freezing,” J. Cryst. Growth, vol. 361, no. 1, pp. 5-10, 2012.

P. K. L. H.R. Vydyanath, J. Ellsworth, J.J. Kennedy, B. Dean, C.J.
Johnson, G.T. Neugebauer, J. Sepich, “Recipe to minimize Te
precipitation in CdTe and (Cd,Zn)Te crystals,” J. Vac. Sci. Technol.
B Microelectron. Nanom. Struct., vol. 10, no. 4, p. 1476, 1992.

S. H. Cho, J. H. Suh, J. H. Won, K. H. Kim, J. K. Hong, and S. U.
Kim, “Surface leakage current control with heterojunction-type
passivation in semi-insulating CdZnTe material,” Nucl. Instruments
Methods Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc.
Equip., vol. 591, no. 1, pp. 203-205, 2008.

S. Awadalla, Solid-State Radiation Detectors: Technology and
Applications. CRC Press, 2015.

31



(24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

L. V. . b Poperenko, D. V. . Gnatyuk, V. A. . Odarych, I. V. . b
Yurgelevich, S. N. . Levytskyi, and T. . Aoki, “Laser-induced
modification of the surface state and optical properties of CdTe
crystals,” Adv. Mater. Res., vol. 222, pp. 28-31, 2011.

J. Chu and A. Sher, Device Physics of Narrow Gap Semiconductors.
Springer Verlag, 2009.

S. Cho, J. Suh, J. Won, K. Kim, J. Hong, and S. Kim, “Surface
leakage current control with heterojunction-type passivation in semi-
insulating CdZnTe material,” Nucl. Instruments Methods Phys. Res.
Sect. A Accel. Spectrometers, Detect. Assoc. Equip., vol. 591, no. 1,
pp- 203-205, Jun. 2008.

T.-J. Yang and T.-B. Wu, “Effect of Etching on Composition and
Morphology of CdTe(111) Surfaces,” Jpn. J. Appl. Phys., vol. 34, pp.
6184-6194, 1995.

S. Del Sordo, L. Abbene, E. Caroli, A. M. A. M. Mancini, A.
Zappettini, and P. Ubertini, “Progress in the development of CdTe
and CdZnTe semiconductor radiation detectors for astrophysical and
medical applications,” Sensors, vol. 9, no. 5, pp. 3491-3526, May
2009.

J. Chu and A. Sher, Physics and properties of narrow gap
semiconductors. Springer Verlag, 2008.

I. M. Kotina, L. M. Tukhkonen, G. V Patsekina, a V Shchukarev, and
G. M. Gusinskii, “Study of CdTe etching process in alcoholic
solutions of bromine,” Semicond. Sci. Technol., vol. 13, pp. 890-894,
1999.

A. Cavallini, B. Fraboni, W. Dusi, M. Zanarini, M. Hage-Ali, and P.
Siffert, “Defects introduced in cadmium telluride by v irradiation,” J.
Appl. Phys., vol. 89, no. 8, pp. 4664—4666, 2001.

T. Takahashi, B. Paul, K. Hirose, C. Matsumoto, R. Ohno, T. Ozaki,
K. Mori, and Y. Tomita, “High-resolution Schottky CdTe diode for
hard X-ray and gamma-ray astronomy,” Nucl. Instruments Methods
Phys. Res. Sect. A Accel. Spectrometers, Detect. Assoc. Equip., vol.
436, no. 1-2, pp. 111-119, 1999.

Y. Chang, C. H. Grein, C. R. Becker, X. J. Wang, Q. Duan, S.
Ghosh, P. Dreiske, R. Bommena, J. Zhao, M. Carmody, F. Aqariden,
and S. Sivananthan, “CdZnTe radiation detectors with HgTe/HgCdTe
superlattice contacts for leakage current reduction,” in Journal of
Electronic Materials, 2011, vol. 40, no. 8, pp. 1854-1859.

M. Niraula, K. Yasuda, S. Namba, T. Kondo, S. Muramatsu, Y.
Wajima, H. Yamashita, and Y. Agata, “MOVPE Growth of Thick
Single Crystal CdZnTe Epitaxial Layers on Si Substrates for Nuclear

32



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

Radiation Detector Development,” IEEE Trans. Nucl. Sci., vol. 60,
no. 4, pp. 2859-2863, 2013.

“MOVPE Growth of Thick Single Crystal CdZnTe Epitaxial Layers
on Si Substrate for Nuclear Radiation Detector Development,” Nucl.
Sci. Symp. Med. Imaging Conf. (NSS/MIC), 2012 IEEE, no. R07-1,
pp. 4212-4215, Oct. 2012.

L. Yujie, G. Zhi, L. Guoqiang, and J. Wangqi, “Infrared transmission
spectra of Cd1—xZnxTe (x = 0.04) crystals,” J. Electron. Mater., vol.
33, no. 8, pp. 861-866, Aug. 2004.

G. A. Kulkarni, K. S. R. Koteswara Rao, R. Raman, A. Pandey, R. K.
Sharma, A. K. Garg, and M. Srivastava, “Quality assessment of
CdZnTe (Zn ~ 4 %) crystals,” in 2007 International Workshop on
Physics of Semiconductor Devices, 2007, pp. 453-455.

J. Zhu, X. Zhang, B. Li, and J. Chu, “The effects of Te precipitation
on IR transmittance and crystalline quality of as-grown CdZnTe
crystals,” Infrared Phys. Technol., vol. 40, no. 5, pp. 411415, Oct.
1999.

S. Sen, D. R. Rhiger, C. R. Curtis, M. H. Kalisher, H. L. Hettich, and
M. C. Currie, “Infrared absorption behavior in CdZnTe substrates,”
J. Electron. Mater., vol. 30, no. 6, pp. 611-618, Jun. 2001.

A. Medvid’, Y. Hatanaka, D. Korbutjak, L. Fedorenko, S. Krilyuk,
and V. Snitka, “Generation of the A-centres at the surface of
CdTe(Cl) by YAG:Nd laser radiation,” Appl. Surf. Sci., vol. 197—
198, pp. 124-129, Sep. 2002.

G. Yang, W. Jie, and Q. Zhang, “Photoluminescence investigation of
CdZnTe:In single crystals annealed in CdZn vapors,” J. Mater. Res.,
vol. 21, no. 07, pp. 1807—1809, Mar. 2011.

P. Yu and W. Jie, “Photoluminescence analysis of high-resistivity
CdZnTe:In single crystals obtained by annealing,” J. Lumin., vol.
146, pp. 382-386, Feb. 2014.

P. Fochuk, O. Korovyanko, I. Turkevych, O. Panchuk, and P. Siffert,
“Defect chemistry in CdTe (In) crystals,” J. Cryst. Growth, vol.
207, no. 4, pp. 273-277, Dec. 1999.

33



