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Abstract of Thesis

Silicon (Si) is still now used mainly as material for semiconductor devices. But, it is important to seek for better
alternative materials for use in the next-generation semiconductor devices due to the physical limitation of
silicon. Gallium nitride (GaN) is one of the most promising candidates. Also, GaN has an advantage as a high
frequency communication element. GaN-based semiconductor devices promise higher energy efficiency devices
with capability of handling higher power and longer service life compared with silicon devices. However, in spite
of having a significant development in the crystal growth and device processing technology of light emitting
diodes (LED) and laser diodes (LDs), the application of GaN semiconductor as semiconductor devices is still far
from real. In the present study, the strategy to improve the electrical properties of n-type and p-type GaN
contacts has been carried out.

In the case of n-type GaN contact, to seek for the most effective methods to improve the electrical properties of
the contact, an alternative method to form nitrogen-vacancies (N-vacancies) near the interface to lower the
contact resistance have been developed. Additionally, to clarify the most suitable surface orientation of n-type
GaN contact, unconventional contact orientations have been observed and compared.

In the case of p-type GaN contact, a different approach to finding an appropriate contact material for p-type
GaN has been used in the present study. GaN shows a high degree of similarity with SiC. The present study
demonstrates the idea by using the same SiC contact material (TisSiCs) contacts on p-type GaN and examining
the properties of the contacts. For comparison, the contact properties of conventional monolayer contact of p-type
GaN such as Au, Ni and also have been observed.

Additionally, in the present study, in order to improve the electrical properties of p-GaN contact, the
enhancement of hydrogen (H) release from p-GaN is attempted by applying current flow through the p-GaN
substrates during low temperatures annealing. By enhancing the H release from p-GaN, the electrical properties
of p-GaN contact interface can be improved. The higher carrier (accepter) concentration achieved by enhancing
the H release from p-GaN will reduce the width of the Schottky barrier (SB) formed at the contact interface. By
thinning the SB width, the probability of carrier to tunneling through the SB can be increased, resulting in
improvement of the electrical properties of the p-GaN contact.

The present study is consisting of 7 chapters.

In the chapter 1, the background of semiconductor devices and wide band-gap semiconductor are explained.
Next, the present issues related to p-type and n-type GaN is pointed out. The objective and research flow are
explained.

In the chapter 2, the important theories related to ohmic contact formation of GaN and improvement of
electrical conductivity are explained.

In the chapter 3, the experimental procedure used in present study is described. There are specimen
preparations, heat treatment and, structural and electrical analysis.

In the chapter 4, results related to electrical conductivity improvement of n-type GaN are discussed. The first
topic is effect of N-vacancies formation to electrical conductivity. Ti contact films were formed on n-type GaN after
Ar ion irradiation of the substrate for 300, 600, 1200, 2400 and 3600 s. Ti2N is formed adjacent to substrate by the
Ti deposition. It is likely that a huge amount of N-vacancies is formed within the GaN sub-surface near to the
contact. I-V conduction profiles show that ohmic conduction is achieved. Furthermore, the conductance of the
contacts is increased by prolonging the irradiation time. However, extensive irradiation more than 3600 s shows

no further improvement in contact conductance. It is likely due to the phase transformation from GaN to Ga-rich
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at the GaN sub-surface. The Ga-rich phase enhanced the formation of Ti-Ga compound at the interface during the
Ti deposition and reduce the number of N-vacancies within the sub-surface of GaN. The second topic in this
chapter is effect of n-type GaN crystal orientations to electrical conductivity. Ti contact films were formed on
various orientation of GaN surface. The contact formed on (0001) Ga-face shows the highest electrical conduction
in the as-deposited state. However, the conduction deteriorates by annealing even at a low temperature of 773 K.
On the other hand, the conductance of the contacts on other three surfaces shows some improvement by annealing
at 973 K. However the conductance deteriorates by further annealing at 973 K for 300s. The deterioration of the
electrical conductance is attributed to the formation of Ti-Ga compound at the interface, as shown in the XRD
patterns and TEM observation.

In the chapter 5, results related to contact formation and interfacial structure observation of p-type GaN are
discussed. To the investigation of the interfacial structure of GaN and TisSiCz, Ti-Si-C ternary film with a
composition stoichiometrically close to Ti3SiCz has been deposited on p-type GaN. Polycrystalline TisSiC2 phase
has been formed on the substrate after annealing at 973 K and 1073 K. However, after the annealing at 973 K and
1073 K, the dominant carrier-type of p-type GaN has inverted to n-type. This is likely due to the increasing of
N-vacancies in the p-type GaN sub-surface resulting from the out-diffusion of N atoms during the annealing at
high temperature. The direct-current conduction test shows that ohmic-like contacts have been achieved after the
annealing. These ohmic-like contacts are likely formed between n-type GaN (inverted from p-type by the
annealing) and the byproducts of TizSiCz formation (Ti5Sis and TiSi2), the residual Ti phase and/or the TiN phase.

Additionally, to improve the electrical conduction of p-type GaN contact by thinning the SB at the interface,
contact formation processes of Au and Ni with a low annealing temperature have been investigated. The
investigation of the interfacial structure and electrical conduction of p-type GaN/Au and p-type GaN/Ni contacts
after annealing at 673 K for 3600 s show some identical results. The dominant carrier-type of both contacts are
maintained after the annealing. XRD analysis and TEM observation of both contacts revealed that the no
intermetallic compound is formed at the interface after the annealing. Furthermore, the electrical conduction
profile of these contacts show some improvement after the annealing at 573 K and 673 K for 3600 s. From these
investigations, it can be conclude that annealing at 673 K for 3600 s is an adequate annealing condition to form
Au and Ni contact on p-type GaN, while improving the electrical conduction and while maintaining the p-type
carrier.

In the chapter 6, the results related to H release enhancement from p-type GaN are discussed. In order to
improve the electrical conduction of Mg-doped p-type GaN contacts, enhancement of H release from GaN
substrates is attempted by applying current flow during annealing. The electrical conduction profiles of the p-type
GaN/Ni contact annealed at 573 K and 673 K for 3600 s while subjected to current flow show some improvement
compared to the contact annealed without applying the current flow. From these results, it can be understood that
by applying current flow through the GaN substrates during annealing process, H release form GaN substrates
can be enhanced by even annealing at low temperature. To understand the mechanism of H release by applying
current flow during annealing, the change in current values p-type GaN contacts during annealing has been
observed. By using regression analysis and kinetic model, the electrical conduction improvements achieved by
applying current flow through GaN substrate during annealing has been analyzed. The results suggest that that
by applying current flow during annealing and by forming a contact with material that H can diffuse into such as
Pd, the H release from GaN substrate can be enhanced and the electrical conduction of p-type GaN contact can be
significantly improved.

Finally in the chapter 7, the conclusions of the present study are explained.
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BUE, FEiT, vV ay (Si) 2PREET AL AFMELE LTERIN TS, LavL, v = oWk 72RR
WD, WHEERAEEW R T SA A3 S HEERONREM B L LTSNS ERUINDERIC > TALY. L
ML, ETORFITEEE L THEATHRY, Si PBEEOREME L LT, VY vA (GaN) 23, FEAREHO—
DL LTETLND. GaNiX, BAKEET A AL LTSI L0 EddENTFET, K&EFHEZAF LTS, GaN
RANEART ASA ATV Y T A, AT, BEABLORFEGMEZLIETIEIRH L0106 T, LY EHZFRLF
—INRDOTNA AL LTHEHEN TS, BHF A A—F (L) LR —F—FAA4—FK (D) OFfbgE LT
PR ABEHEANTOZFE LWRBEZHFOIC L1 LT, EEOFT, GaN RPEEROT 7Y r—a v, FROBEEEIE~
DAL, EEEE, FEEVWEEDLE 52BN, —oDBH L LT, GaN DDA — I v 7 BRI D RIE
DETOND. RFFRIE, nWE P p M GaN 2% 7 ~ (BWIER) OBRIFEEZM ESE 57200 FIEZREL,
BEFBMEBIE LT, T/ LV TOSERERT 21TV, BREHESEL R AT DO TH .

nfGaN a2 & 7 M LTI, av¥ 7 NOBKIFHERZEET 2720 0K b RMRFEEZREL VD,
Tipbb, REMTICHEMIRIE T 5720 OEREAERT 2 T IEFIREL, TOREELEIEL TS, £z,
n#GaN 2% 7 N OBREARR LA RIS T 720, a2 7 MERmGMBGREBLZL, L Th5.

p B GaN 2> % 7 b OBFAICE L TIE, p B GaN O 2Kkt a v % 7 MERERRT 01, LT 7
H—FE2RHLTND, F—BREE LT, ZH Y v aid, SiC EEERBELMEEZRLTWDDT, AFETIE, p B
SiC v &7 MAEE (TisSiC) %, p M GaN D= &# 7 MMfEE LT, WHL, ZOREEHRIFL TS, Zoayv
X7 NEKFFEERAND ZLICL T, BXHORGE LML TS, —F, p B GaN OREROHED a2 ¥
7 MR & (An) RO=w e (Ni) oary 7 NERERE D E T EBEEESE RIC, RETL Vs,

E BT, ABFFETIE, p M GaN 2> & 7 h OBEKINEEZ A S 572010, (KIRBVLEEF @ p B GaN FEHICE
WAFINT2ZLICE-T, p B GaN nHKkFE W) RS, 2ORREFMMFTLT1D. p B GaN v H
DIEHIMEES N D FEESEZ LD TND. TIHITHFEICE ST, pMGaN a2 & 7 N OEKEEENRM 45 2 &8
TEHZELEWABLNIL TS, p Bl GaN 235 H O OMREIZ L - T, @W0F v U7 ORENER S 4L, #ibAHE
IR EN DT 3 v FE—fEEE (SB) DIEAEADEINENDLTHLIZ EZHLEMNMIL TS, T72bhL, SB OlE%x
HW<THIET, PRV 7T UTRHEML, pGaN a2 %7 FOBXHIEEDKFENTELDTHS.

AL I N D DR EIZONTE L DT LD T, BTENGRD.

F1ETIE, PFEAREERRT A RV FEy v TREROE AT OV TR LT\ 5. WIS, p B n M GaN
WD REZIRE L T\ 5. RIS T RO niHiH ST s,

B2 WTIE, GaN DA —I v ary s MEAE L ONEEROM LICET 5 AR L 70 5 EEARHRHIC OV TRl
INTNSD.

93T, AFETHOWEZERFIEN TR SN TWS. BBt oRE, BuasE, S RmEsEofRiEs L
WERWEFHIIAERBRRS TN 5.




4 TETIE, n i GaN OBLKEEEORN BIZHETARERTHHA SN TND. O MYy 7 2 & LT, NZEAF
RO BLRAREMEDOHRENIB RS TV A, 300, 600, 1200, 2400 3 LT 3600 B CHARIZT VT oA A ZBH LT
%, nBlGaN D RlcFHy (Ti) 2 ¥ 7 bEERL, Ti BIEICE > T Ti N B3EREDREITBHRENTNDZ L&
HOENMIL TS, T72bh, TAIA A Ay Z— 28> TNZEILEN GaN RHANCHEK ESHL T E0b L%
oD, BRELET a7 7 A NVOERFERERNS, —I v 7 a7 MRERINDIEEZRLTNWDS. Fiz, =
YE 7 NGB, BARHEESTLOZEICLoTHEKRT S, Lo, 3600 UL EORSHC LT, 227 b
REEFISORDIWUELTRIBLNIELHALNILTWS., ZOHMBA L LT, GaNEHN Ga U v FFRICHERET 50
LTHHIZEEZRLTWA. Thbb, Ga Uy FHICTI 2T 5 &, FETTi-Ga DILAWETER LT, GaNF*
ADNZELOEERST-OTHS. WD My 7 2%, nGaN fE H O EBERICEEICHBETHS. Ti a2y
NEZ, GaNKE D@ Iefld IR, EXMFEELRAEL TS, BUAEiETTIE, (0001) Ga i EICHR S
arZ 7 bRk bLBWEBRIEEATRT I ENSho 7z, L, 773 K TOEREIZ X - T, [REENHLTSH 2
LEOXLOD TS, —J5, MOFMNETOa X7 MR LTE, ZEENIT3 KOBEIC LY kFEIND L
ZRLTWS. LLARRS, &5I2 973 K 300 TREULEIZ L »C, T7hbb, BUEKMEZES< T L, 8
ERHIET 2 EEZHLMNIL TS, XBREYT XRD) 3% — B L ONEIRE BHMEE (TEM) BIEMERE2EIC, EX
BEEOHGIE, 2% 7 NRETO Ti-6a DILEWORBITERTH5Z L 2H 5 LTS,

FHETIE, pBlGaN D= ¥ 7 MEMKOREEOBENHEH SN TS, GaN & TisSiC, DS EisEF A D
72T, TisSiC, ALFEFRANIITV Ti-Si-C =JrhEa A p B GaN RIZAE L T 5. 973 K TN 1073 K TOZEML
HIZE-TC, LMD TisSiGHEZER LI, TOBROSWLEIC X >C, p & caN OXEMZRF v U T, BITK
BELTWAZ EAHBA L. ZhuE, SETOBMEIZL Y, NRFRSSRICHEE S, p B GaN REIFEO N
ZEABEEIMUL =D HEE NS ZEHHALNIL TS, BIREET R 7 7 A Vinb, =3Iy 7 arZ 7 MPRERS
NDEZEERLTVDEN, ZOF—I v 7 ar ¥y ME, n BICKERE L7z GaN & TisSiC, 2R 2 RO RIFEY (Ti5S1,
&L TiSiy), Thbbh, HEF X UL TIN L OMICERINIZREIC L TELLLEBLOND.

H 6 FETIE, pMGaN b0 H ZHICT 2R ABRF L TWD. Mg F—7 p B GaN =% 7 FOERIZE
PEZ N R EE L5721, RIEOBIPICER AT 5 Z L1885 T, GaN RS H i OREZ KL TV D,
pMGaN L= a2 NOEXURE T 07 7 A VT, 3600 B, FEET3K & 673 K TAULEEF, EHiizx
FI3 252 L koT, BUBROLDa 2T MIHAT, WEINDSZEERMIEL TS, ZRHDORFBRND, WL
FHIZ GaN FERICERZFAINT 2 Z &1k Y, KR TH-TH GaN RN LD HHHERSHZ ENTEDLEBZDL
nNa. ZOHEZEY, HEHOA D =X L%28ET 572012, T O p B GaN 2% 7 FOBKBEEZEIT- T
% . BMVLERHZ GaN (B A FINT 2 & BRUEMED M L9228, 2ol R 2 @B g o & B 41 3 L ONE
FERTET VEREL, B LTS, e LT, BB TOEREZANT 2854, L0, H 2RI - W 58
TYULAYEZ T FERELT, GaN SO H L p Bl GaN 22 % 7 F OBRAEEO M Lo E#EG L, @E
REEZPFSNMT LTS,

BRI, AETHLNREORETHD.

PEDE ST, KHLEn BB R p B GaN =2 % 7 P OBEBKBEIEZ 0 L SE 57200 HiEE A, 0% L
Wz 2 7 PREREEZH LM LZLOTHS. n B GaN war 7 FTik, B LT, A—3I v /s
VET ERELI, FOA—I v 7 arB Yy NEROTEOICEMEOHIEALE L WS T EERL TS, p B GaN
TUE, HBUHOREIZ L » TRIREAVLEE CH BEXRBEN R ETEX L L AR LTV,

Lo TR LR E LCTlifESH 2 b0 LFRD 5.
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