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Abstract

In the presented work we investigate the possibilities of controlling conductivity type in spinel
zinc gallate, ZnGa204. ZnGa204 is the ternary ultra-wide bandgap oxide semi conductor with
the largest bandgap ( 5eV), making this material very promising for imple mentations in deep
UV optoelectronics and ultra-high power electronics.

In order to investigate the possibilities of controlling conductivity, which is the concen tration
of charge carriers, we performed the thermodynamic analyses of concentration equilibrium of
charge carriers and point defects. The thermodynamic equilibrium in the ZnGa204 (crystal) -
02 (gas) system was modeled by the Kroger method of quasi-chemical equations. In this method,
the creation of dominant defects and charge carriers are written as chemical reactions. The
corresponding mass action laws, together with the electro-neutrality condition and impurity
mass balance equation, give a system of equations for the concentrations of the main charged
species (acceptor and donor defects, electrons and holes), as well as concentrations of vacant
sites and anti-site defects, existing in the crystal.

Alongside bulk crystal case, we also investigated thin films case, in which quantum effects
are important. We corrected the activation energies in the defect concentration equations and

performed the same calculations.
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53 9M0L 3350MOBHIWO obBHMEgds:

2 K’L + KZ,O[VOX] + Kia,Ga[GaZn}

n fry
1+ KiznlV )/ Ki + KicalVEyl/ Ki + Kia,zn|Znca) / Ki

12

(3.3.1)

(3.3.2)

(3.3.3)



3.4 9909900

999 BHM®bgd0L 36396 GH300L b0 JqlodegdgE0s 6OLEBOZMML bgMgegdols s 439-
@5 bbgs sbstbgbo 09539J3H9gd0l 3:mb396¢O530900. Hmbobfm®reno dmdsmgmdols Gglsdsdo-
Lo 3©J03900 50900 9dudgm0dg6EI0 F90g3Jd0B s BMEJdNE0s EIBsMMTO.
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30583030 99390 25L55550BYOWH 2593099690 3M5gMOL 53MMJLoTs30s (Brouwer approximation)

@5 36583030 53945300 {i6930L 1B69ds LoIE M3ggLo® BIBL IBIJHJOOL 3MT3gbLoE0gdOL
mdb9gd0.

® [Vol=n [Gaz,l=n [Gaz,1=1[Vz,] [Gaz,] =1[V5,]

\

log [1

6. 3: ©95399GH900L 3mb3gbEHME0gd0L sTM3I0IOWGdS 9BVl 356G EF0sW G 6935y,
MYSOHONIME0 1355, BEIIGOOL 53MIMJB0Bs(305

305830300056 BBl M0 60300gMHGds SMOL BOZMEIMYE0. 562050 do0sb sdse §bg-
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4 3mb39636530900 339566 53969800
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3050l (Poschl-Teller). dglods30bo 256GHMEqd9d0 BsfgMowo 0dbgds 3owobome 30mm®-
©0bs@gddo (p, ¢, 2).

4.1 3mI-B39gugMolb 3m@Egbioswro (Poschl-Teller)
30m@9b3096 969600l 543b 9090 Loby:

Uy

~ cosh?(az)

U, = (4.1.1)
59 3m@9b30Em0o 969600l Tglsdsdolio IMOMObAIMHOL FobEMmmgdsls 53059MBOWGL Eown-

Q60 bjgos:

b= (1= E)IFle—s,ctstLet1 2(1-6)] (412)

Voo € = k(o) = T s = 14/ + 3

), F 560b 3039639039300 g3w96-
J309s. 1 - 989dGHIO0 dsbs. gbghaool mbggdo s6ols:

2
h2a?

81

S/JU()
h2a?2

E,=— —(14+2n)+4/1+ (4.1.3)
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4.2 3990mbol 3m@gbgoswo
399mbol 3mEgb300el 593l Laby:

1 — 1
U, =-% i (4.2.1)
€1 [ 2+ (z—20) €1t+€/p?+(2+2)

A.V. Chaplik [16] bssg €1 ©95 €2 500U ZnO ©s Gaz O3 mgbogdol ogwgd@eolzmeo 9gmfozs-

©®d9B0 GgLds30LS. p s z 5MOL 30W0bEEWEO JNMMEOBIEJOOL 33ws©gdo. (0,0, 20) M-

B0l 3000H0bs3Hd0. Uce 3m@9bzom®mo gbgdaool dgbsdsdolbo dmm@obygmol gobdmegdol

59mboblbgws, 30M39w MHogdo 3blbom OM©obygMol gobGMmEgdsl 3m@gbgorMo gbgmyools

30639 0obErmqdsdo s 990809 300030 dgbfimMgdsls 39dnmmgdol MmgmOO0m.
39mbol 3mE 96300 9bgMa00l 306Mm39w0 Josbarmgds sGOU:

e?
Up=—— (4.2.2)
P
62
bdEd@ €2 = 2.
303963060 969600l sMbgbowo bofioro 0dbgds:
2 1 — 1
V=¢? - __are (4.2.3)
e1ter e+ (z—2) ela+e)/p2+ (z+ 2)

Uco 3@ 9630600 9bgegool 99bsd530b d0m@obygmols 3ob@megdsl $3859mz30eqdl @ow-
Q060 Bbjioo:

. 1 n
k=0

hE 2 |kn (k+|m|+3)— 55 }
BOdG kn = |/ —hz ©O a1 = ay, FFDG(m D 5 969600l mbggdo:

~4

e
B 425
o 20%(n + |m| + $)2 (42:3)

16



Coulomb

Energy levels Wave Functiens

00175

00150

-1.0

00125

0.0100

Uco
&
wr

0.0075

0.0050

-25 00025

0.0000

-3.0

6. 5: 3MEmbols 3m@H9bE0©mo gbgMaool dglsdsdolio gbgMaool ™bggdo s Gow Mo iwmb-
Jgos

399mbol 3mGH9bzom®mo 9bgeyool 30639w0 gbfimMgds 8938mmgdol 0gMOmO0m SGOL:
, 0 27 29 5
B = Wyt Wlinant) = [ [ [ psav P Vodpaoa: w26
21
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A2 gbGowgdo

3bO. 1: 353956L09d0 s MYHIMWo 0Mmbobsizool 313900

6954309 dmdogs | Ko AH [eV] | 3609369 mdo
10, =00+Vz, | Kozn |3.06 2.0 4.2431¢ — 12
30, ==304+2Vg, | Korga | 107 45 2.0865¢ — 25
@ =2V, +3V) | Kg 102 18.4 8.055¢ — 108
g=—2¢ +h® K; N.N, 4.8 1.5608¢ — 32
V) ==V, +h® Kizn 5.25-107" | 0.7 7.0744e — 06
V& =V +h* | Kica |2N, 0.9 7.7923¢ — 07
Vg =V +e Kio IN, 0.55 5.834¢ — 06

Chikoidze et al. [[17]]
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3gb®. 2: 56GHOLEMMIEBHHOL 3Toz9d0

0959309 dmdogs | Ko AH [eV] | 3603369 mdos
Zn(g) + Vg, = Zng, | Kzn le—10 | —2 1012.95

Ga(g) + V,, = Ga,, | Kqa le—10 | =5 3.2657¢ 4 22
Zng, == 7Zn, +h® | Kiozn | N, 0.24 0.0032

Gay,, = Gad +¢ | Kinga N. 0.038 0.0032
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A3 36OHm0bygol 2obEHmmgds 3m3w-@gegcmol 3m@gbzoswobmgols

33~ gmob 3m@GHabaom®o 9bgeyos Landau and Lifshitz [[18]:

Uo

U=—— 0
cosh? ()

5 dgLd5doLO IOMPOBYIMOL 46EMEgds BsofigMgds:

Py(r) | 2p <E+ UO) ¥(z) =0

dx? 2 cosh?(ax)

2393939 MM (33¢25O0L 49M0Jdbs:

¢ = tanh ax
3930035¢0Lobmom GHMHoaMmbmdg@®MHomwo GHmemds:

1

3 :l—tanh2ax: 1—52
cosh” ax

9OH™M©0b29M0L A9BEMEGds 5HOE0 (33eO0 J90(gMYds:

d2¢(€) QME 2,UUO

dy(§)
dg? * a2h2(1—§2)+a2h2

—25T€ +(1-¢%)

() =0

390m30&5bmm s0bodzbgdo:

2uUy
S(S + 1) = W’
boo3
s=1/2 (—1+ 14 8‘;?3) .
o
Qo
V- 2ukE
- ah

Q5 35005309OMm IOMOoba Mol obEMegds d98gabsoto:

da-e

dip(€) ¢
dé — * s

i (s+1)—71_€2)

(A3.1)

(A.3.2)

(A.3.3)

(A.3.4)

(A.3.5)

(A.3.6)

256@M@gdsL 59mbsbLBO HrEgLsg E— > 1 593L 9ogMOl BrBdEosms Jewalido ¥ = (1 — £2)7,

Loo@g 7 = €/2. In0sb 5M9Bg 53mbablbo dga30deos 899930 Bmbjiool Laboo:

B(€) = (1 - &) w(g)
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u=1/2(1—-¢&) 330l 356dd600 356 MEgds F9a30d¢0s 304356t 3039MygmdgEHMO-
O 35bGMgdsDY:

w(l —w)w” + (e +1)(1 — 2u)w’ — (e = s)(e + s+ Dw =0 (A.3.8)
Aol 5dmbsblbog s0ob:
W) = (1= )/ Fle—s.e s+ 1 e+ 1,1/2(1-¢)] (A3.9)

Losg F'(a, 8,7, 2) 960l 30396390g@M0wo 3wbdzos Gmdgumos 3obbobugdvmwmos |z < 1
569do 3360300:

af 2 ala+DB(B+1) 2

F(a,B,7,2) = 1+7ﬁ+ Py o (A.3.10)
9696008 E™bggd0 60LEBOZMYds Bb3sMdOm € — 5 = n 9b:
g, — e St 2m) 4414 H 2 (A.3.11)
" 811 h2a? o
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A4 IOH00bygMHol 2obEHMmmgds 3:9wmbol 2D 3m@gbgoseobmgols

399mbol 3mG9bEoswmemo 9bgMos 30639 Josbermgdsdo s6ol:
U =—— (A.4.1)

5 dobo Gglsdsdolo FOMEObYIMOL AobEHMEgds:

h2
(—@A —e*/p)(p, ¢) = Ev(p, d) (A.4.2)

Loo A 560L 3¢5L0560 3ME G 3MMOEOBsEJdT0:

92 190 1 92
A=+ - +5— 4.
5p2+p(9p+p28¢2 (A.4.3)

5 P GO0 3MbIE0s SM0b:

Y(p, 9) = exp(imo)U(p) (A.4.4)

9950580b5@ FOMEOBYIMOOL 296BMEGdS 30O 3MMMEOBsEHJdT0 33969ds:
h? <d2U 1dU  m? ) e?
|55t - —=U)—-—U=EU A45
2p \d¢?*  pdp  p? p (A-43)
239056303900Lm30L gobgzobowmo 99dgao 3bdsos:

f=+vpU (A.4.6)

96062 9M0L 356G MEgds d00wgdl 99dgy Labgl:

af | [2pe? 2 m? —1/4
o> [ n*p " p

F=0 (A4.7)

boog kn = —2‘;5”.

39630bowmo B3H o 999:mb393900. HMEILSE T — 00 FobEMEGdS o35 8999 Loby-
D9

d?f
p2d—p2 —k2=0 (A.4.8)
50 2563Mgd0L 5dMbsblbos:
foo = p P (A.4.9)
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bt — 0 gobGmmgds ©s3s 9999 Lobgby:

2diff(mt1/4):0 (A.4.10)
p i 4.
30 2563M9d0L 5dMbsblbos:

fo = plmI+1/2 (A.4.11)

59 BO3MME0 GBI 30900L Fom35¢olobgdom, N 0560 GHow W&o gmbdisos «bs 39dg-
om0 99990 Lsboo:
f = exp(—K,p)p™ 1/ 2v(p) (A.4.12)

BogL350 FHME©Ob MOl 296¢)@gdsdo:

d%v dv 112
Pd7p2 +2[|m| +1/2 — kyp] o + [712 —(Im|+1/2)kp|v=0 (A.4.13)
v 3969305 399980 8F360030L Lsboo:
v= app’ (A.4.14)
k=ko

396@™wgdol 5dmbLlbom 303mz0m 3F36M030L 3mgB0(30I6EIOL M93MMIbEHWwo Loboom:

2k (k + m| +1/2) — £5']

(k+ 1)(k+2(Im| +1/2)) (A.4.15)

ap41 = Qg

5 30300900 969M00L EMbYgdL:

pe’

_2h2(n + |m|+ 3)?

Eup = (A.4.16)
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