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Single crystals of the Sn-doped £ -Ga, O3 have been prepared by the floating zone method.
Due to a massive sublimation of Sn, the amount of Sn in a crystal reduced to several ten’s %
of the nominal value. However, the carrier density could be changed from 107 to 10®¥cm™
higher than the carrier density expected from residual Si. Variation of the mobility with
carrier density for Sn: f-Ga, O3 is comparable with that for Si: f-Ga, Q3. Due to the
compensation of donors by acceptor-like impurities, such as Fe and Mg, the n-type
conduction is replaced with the impurity conduction at lower temperatures, similarly to the
case of Si: -Ga;03.

1. BUBHIC

AR, BEE/ KRENZHET 237 =7 2T H52ELEAEEF->TETVWET,
BRAL A ) 7 A f-Gaz031%, #35eVD T AL RNV FEy v 72 AFL LY, BWifiigiiEs
RABFETE LI EDE, YY) Ay h—34 MSIC). #EILA ) 7 4 (GaN) LA T, &
JARNNT —F N ZHRE L THEINTWE T, f-Ga05 1%, SiC % GaN & #7:1),
edge-defined film-fed growth (EFG) % 39 %, R RIZ & 2 KEHGES B AT RE T K
I A MbERADLEFNRH . ENTIE &ty & 7 8IEFNC X % B S ERO1E
WAII Lo, MUVATBOEN HHGBEMIZEREME. TR TRECBVT, o FHIESY *
¥ — (Molecular Beam Epitaxy; MBE) |2 & 2 SiJBE/E# 2 3L e L=, a3y bF—n1) 7T
% A % — F(Schottky Barrier Diode; SBD) X &\ %1 # b 7 » ¥ 2 # (Field Effect
Transistor; FET) OfEHA:, 153% o i B % I I AN ZZIF5EB % D I Tb i T
ETWVWEY 7,



(W) HAKREY AR T2 2%, 42 (2024)

B-Ga:0; Tl BREXRBOER T ANV F =5, T2 BOWIEMO N =t 5720,
BEAMLEICEHFGET, BERPICAMBE LTEINTVLSIANF—E2 ), nKI2E
EAREEZRL 929, REFFETIE. Si &M BRPICBWTERDIC+4DAF v &
%58 (Sn) % F—32 bE LTHW Y, FilE#RL (Floating Zone; FZ2) %2k > T, F—7
WAL ICE LS B2 FR L T, xR0 2TV E Lz,

2. EBAE
2.1 FZEICESDSn: B-GaO:BEiFRNDERK

B-Gaz 03 ¥y K (ZHAH L2 bk NS A 6N) B & UF SnO B3 K (St EEA LA F 28T
MiEE 3N) & FT [ (GaixSny) 205 (x=10~100 x 106) NIZ{RAHR. Thz, BEAEK 10mm,
E3H60mmouay FIRIZKEL., 61220 uy Fa, BIRFIST, BRI,
1350C 24h BRI L. St v F2/ER L 9. MREAGR. @ WL X 78 TIE
SiDRAPREINEZD, TVIFFERET7urAske v Lz, 72, £
Oy FEEEHEICD . I, S 100cm O 7 )V I F (SSA-S) BIF.LAE % v 5 O T 25,
MBI K > Tl e Y — VL TWAEY ) A=V BPOLDHERBBEEINLTD, EX
150cm OIFLE = WL 2 6 Mm  ToOEBE~ £ L, 2512, Wim % SUS304 #
NWS0 EZEH 75 PV HWTY— v LE L7z, ZOfiR, 1350C THREH TH - T,
FFLAEW ORI, (ERFCTMNL ZERTES)ZERE DD UEWEE IR S 1L,
BERIRFICBIT 5 SIORAZKTIEL I ENATEE L

ZDH% B L72Z 450y R HWT FZHFIZBW T M ER AT WE 3. FHH.
Ly B 5 OJER O 53 2 IR S ¢
L7280, FHAE LT BEG%) &
M/ 7TV YREL02(3%) /Arl T A %
v, F72, lE#EIX, 15-20mm/h &
L% L7, Fig.112iE, Sn % F— 7 (x=
60x106) LTHER LM OBEEZRL
9o BURTTMIE, B O b T AT Fig.1 Photograph of Sn: f-Ga,O; crystal (x=60 x
TL7. 10-5) prepared by floating zone method.

2.2 F—3 v UBEOEEELEREERFEORE

IR ORERAEE. B XK — VRO E L. Physical Property Measurement
System (PPMS) (Quantum Design Inc.) # W T4 L7z, BMIZOWTIE, #EHIH
HIEPHAEHWTA Y U7 AR BA L2 225, 800C TA ¥ U7 & % iR 22
B2 LICEoT, =3I v 7 REMERTEBRZIEE L T L HiKitE,
10QTL7z0 F72, WREKIE, HAWO b BTN AT E 25 K ITIR L F L7z,

3. EREER

3.1 nREGHFEEH STEHMEEANDE(L

Fig.2 (a) ¥, Sn OFME % B4 1T S & TER L 72 4 FEEH O 0P (p) Ol
FEARAEMEZ R L 3, Fig.2 (b) ICFR ENTW A ET L, 300K \2 BT 5 Hall B 45 515
SN7-Hall ¥+ ) 7l L, 3B #1 #4) 13, HDEGEE) <, 1.07(5.8)x 107cm™® &



NSG Found. Mat. Sci. Eng. Rep.

105 prr e 105¢ . ; ; : 108 s
Fla - E E E(C .
H \( ) Snﬁ 63203 i (b) P : : () . Sn.ﬁ-Ga203
4L \ i 104:_ / —_— F ’-
10%5 ". oy 5 O o5l ] \ #1
—_— L |I C.B. ’é"‘ F E F [ "\
E 103: '. (Ga|ds) é 1035‘ "";: [ I|II *
S e g i ot
— d 3
= 11—35@0@.3(5?:’;’:] =, P10
_E",ma? 7 x10% e
I —osofepy 1 S| P
3 101t gﬂ[ .k B 4oL Sn:-Ga,0, =V
E ,,_.—'—'—'_'_-__\_‘_‘—‘——\_\_\\ E F
a 2 V.B. (O 2p) &"3 i 3 _
T . 100l #1 (1.07 x 10") =
107 #1, #2, #3, #4 #2 (2.4 x 10'7) $£ 107
: #3 (2.6 x 10"7)
107} illb-axis 107 #4(58x107) 1 | #4
1 il n 1 n 1 1 | 10 1 L
0 100 200 300 0 0.05 0.1 0.15 0 0.05 0.1 0.15
Temperature (K) 1/T (K" 1T (K"

Fig.2 (a) resistivity (p) vs. temperature (T"), (b) p vs. 1/T, and (c) Hall coefficient (-Ry) vs. 1 /T for Sn:
B -Ga,Oscrystals of #1, #2, #3, and #4. Inset of (a) indicates a schematic band structure for Sn:
B -Ga»0s3. €1 (&,) is a donor (acceptor) binding energy, and ¢; is a hopping energy between Si**/
Sn** and Si®*/Sn?",
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Tablel. Concentrations of residual impurity elements in #3 crystal analyzed using the inductively-
coupled plasma mass spectroscopy (ICP-MS).

element, M  concentration (wtppm)  concentration, N(M) (cm™) impurity type

Al 0.9[0.7] 1.18 x 1017 neutral
Fe 0.1 [0.3] 6.34 x 10" acceptor
Mg 0.20.2] 2.91 x 10'¢ acceptor
Si 1.8 [2.0] 227 x 10" donor
Sn 0.8 2.38 x 101 donor
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Table2. nominal amount of Sn, Np and N, estimated from eq. (1) with setting m,* = 0.3, and Np -

N (Si) [N (Si) =2.27 x 10"] (cm®) in #1, #2,#3, and #4.

sample Sn (nominal) Np Na Np- N(Si) [=N(Sn)]
#1 3.79 x 107 1.63 x 10" 2.10 x 1016
#2 7.57 x 10" 4.16 x 10" 8.28 x 10!¢ 1.89 x 10"
#3 2.27 x 10'8 3.80 x 107 2.83 x 10'¢ 1.53 x 107
#4 3.79 x 10'8 1.24 x 10'8 2.05 x 10" 1.01 x 10'8
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Fig.4 Temperature profiles of Hall mobility pu [= — Ru/(p)] for
#1 (a) and #2 (b). Dotted lines are calculated mobilities
due to scatterings by the lattice y. (thick), polar optical
phonons pp (blue), neutral impurities py (green), and
ionized impurities y; (magenta). Total mobility po is
approximated as fo ! =p !+ +Han  +urt. Equations of
the respective mobilities are written in the text.
Parameters used for calculations are listed in Table 3.
Shaded areas are temperature regions where impurity
conductions dominate.
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Table3. Parameters used for mobility calculations due to scatterings by the lattice yi. = (8 7) /2 /1 *edv?/
[3e1n2my 52 (kT)?/2], polar optical phonons pp = «*/ (eNm*) [(7°/ (2my*wo)] /2 with 1/k* =
1/kw-1/koand N=1/[exp [Fwo/(ksT)] —11]), neutral impurities puy = m,*e?/ (20 Nxk? 7 3),
and ionized impurities py = 27/2k% (kgT) /2 / (/2 my* /23 Ny) [In (1+b) —b (1+b) ]! with b =
6rxmy* (kgT)?/(ew’ h2e?) and w’ =n F1/2 (9)/F1/2 () + i + Np) [1- (n+Ny)/Npl.

Parameters Values
effective mass of the conduction electron, m," [g] 0.3myg
density, d [g/cm?] 5.942
longitudinal sound velocity, v [cm/s] 6.8 x 10°®
acoustic deformation potential, gin [eV] 6.9¢
dielectric constant at low frequency, xo and permittivity, x 10.2¢
dielectric constant at high frequency, x. 3.57¢
frequency of the polar optical phonon, @y [meV] 44f

aThe x-ray density indicated in Ref. 25.

The averaged value of the longitudinal acoustic (LA) phonon group velocities along
[001], [100], and [010] directions in Ref. 26.

°The values are cited from Ref. 20.

dThe static dielectric constant of the flux-grown crystals of fGa>O; in Ref. 27.

°The value is cited from Ref. 28.

The value is cited from Ref. 29.
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