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ABSTRACT

　　　　　This　thesisdescribes　the　studies　on epitaxial growth and photo-

luminescence of　Sic　crystals, diode fabrication processes　ｉｎＣ:Luding

gas　etching, and　characteristics of　Sic visible　light-emitting diodes.

These　studies are performed with ａ purpose to promote　the fabrication

technology and understanding of luminescent properties of　SIC　light-

emitting diodes.

　　　　　Chapter　工explains　theproperties of　Sic and　the present　state

of　the　research.

　　　　　Chapter　IIdescribes　the　liquid phase epitaxial growth of　Sic

crystals by ａ dipping technique and　the　conditions　to　grow good

epitaxial layers.　The electrical properties of　the layers doped with

Ｎ donors or Al acceptors are presented.

　　　　　Inchapter III, photoluminescence　In undoped 3C, 4H, 6H, and

１５ＲSiC　crystals　is　studied.　The phonon energies, exciton band

gaps, and free exciton binding energies are determined from the

analyses of　free exciton luminescence.

　　　　　ChapterIV describes the photoluminescence　study of 3C, 4H, 6H,

and １５ＲSIC　crysta:Is doped with Al, Ga, or Ｂ acceptors and Ｎ donors.

The luminescence mechanisms　are determined　from the results of vari-

ous measurements and analyses.　　Based on　the　configuration coordinate

model　and　curve fittings, the donors and acceptors　in 4H, 6H, and

１５ＲSIC are found　to　take multi-levels due　to　Inequivalent　sites　in

the　crystals.　The origin of　the　site　effect　onthe　impurity level

is　studied based on　the quantum defect model　considering the　charac-

terlstlcs of　these levels, and　the possibility of　this effect　in

other materials　is pointed out.　The applicability of Haynes rule to

Ｎ donors　in different　sites　in various　Sic polytypes　１Ｓ　examined.

　　　　　工ｎchapter V, blue light-emitting diodes of　６ＨSIC are

　　　　　　　　　　　　　　　　　　　　　　　　　　　－１－



　　fabricated by the overcompensatﾆion method which　is proposed　in this

　　thesis. By this method high efficiency　is attained.　The electrical

　　and　luminescent　properties of　the diodes are　studied.

　　　　　　ChapterVI　presents　the observation of broad peaks which　shift

　　with current　and　cover most of　the visible　range, from red　to blue.

　　indiodes heavily doped with donors　and　acceptors.　The mechanism of

　　thepeak　shift　is discussed based　on　the electrica:Ｌ properties.

　　injection mechanism, and　luminescent　properties　of　the diodes.

　　　　　　In　chapterｖ工工,various　light-emitting　diodes, doped　in　the ｎ

　　layers with Al, Ga, or　Ｂ acceptors　and Ｎ donors, are　fabricated us-

　　ing　therotation dipping　technique which is　proposed　in　this　thesis.

　　Bythis　technique high efficiency blue and yellow light-emitting

　　diodes are　realized.　Ａ detailed　study of　electroluminescence mecha-

　　nisms　is　carried out using various measuring　techniques.　The ori-

　　gins of　the peaks which appear　in　the　electroluminescence and　the

　　recombination radiation region　in　the diodes are determined.　The

　　dependence of　the　electroluminescence　efficiency on the Ｎ concentra-

　　tion　in　theｎ layer　is　studied, and methods　to　improve　the efficiency

　　arediscussed based on　the results.

　　　　　　ChapterVIII describes　the　etching of　Sic with Cl2-02-Ar　gas

　　system.　The dependences of　the etch rate on the　temperature, gas

　　flow rate, and　gas　composition　are measured.　Thermodynamical

　　ａｎａ:Lysis　of　this　systemis　carried out, and good agreement　is　ob-

　　tained with ａ　simple　theory, which enables　to predict　the etch rate

'７　at　ａgiven　temperature　and　gas　composition.　The reason of　the　large

　　difference of　the　etch rates between　the　Si　face and Ｃ　face　is dis-

　　cussed.　The　effect　of　the mesa etch with this　gas　system on diode

　　characteristics　is　examined.

　　　　　　Inchapter　Ｉχ, conclusions　of　the present　study and　sugges-

　　tlons　for　further　investigations　are presented.
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INTRODUCTION

　　　　The　extreme development of　silicon　technology［１］has brought

about great evolution in human life.　Sophisticated　Integrated　clr-

cults have enabled ａ　small　silicon　chip　to　play ａ variety of　func-

tlons.　silicon devices cover almost all　the electronic　circuits.　As

ａ matter of　course, there　is　ａ　limitation in the ability of　such ａ

mighty semiconductor, silicon.　For the applications　where silicon １Ｓ

no more　suitable, IIエーＶcompound　semiconductors　perform complementﾆally

roles.　Laser diodes ，light-emitting diodes, and microwave devices

have been realized with GaAs, GaP, and other　compound　semiconductors

［２］・

　　　　Silicon carbide (SiC) studied　in this　thesis･ has unique proper-

ties which above mentioned materials　do　not own.　The chemical.

ｔﾆhermal, and mechanical　stabilities　of　Sic, enable　the application

to　devices operating under extreme conditions［３１．　Keyes［４］pointed

out　the　potentiality of　Sic　to　high power devices, field　effect

transistors, and avalanche　transit　ｔ：ime devices　because of　Its　large

saturated drift velocity［５］and breakdown field［６］which are supe- ‘

rior or　comparable　to　those of　Si and GaAs.　The most　suitable appll-

cation of　Sic may be visible, especially blue, light-emitting diodes

(LED's).　Among the candidates for blue LED's, Sic is a unique

material　in the point　that １０Ｗresistivity ｐ and ｎ type crystals can

be　easily obtained.　Other　competitors, ZnS, ZnSe, and GaN have ａ

drawback that １０Ｗresistivity ｐ　type crystals can not be obtained

because　of　the Ｓｅ:Lf-compensatﾆion effect.　This drawback deprives　these

blue LED' Ｓ of　reproducibility, which　is unacceptable　for mass　produc-

tlon in　spite of　the high quantum efficiencies　ｏｆ５×１０‾４for ZnS ［７］

and　ぎＬＸ１０‾３　forＧａＮ［８］．　　SinceLED　televls ions have been realized

with ＧａＰ［9], the attainment of blue LED's may enable to realize

multi-color LED　televisions.

　　　　Silicon carbide　takes many crystal　structures, namely polytypes。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１－



Table　工．　SICpolytypes with two coiDinonnotations　and　exciton band

gaps.　The　sites　of atoms are denoted　by A, B, and Ｃ　inｔﾆheclose

packed　structure.

ｙ

Ramsdell no tatﾆ１０ｎ

2H(wurzite)

3C(zincblende)
４Ｈ
６Ｈ
１５Ｒ

ABC notation

AB

ABC

ABAC

ABCACB

ABCACBCABACABCB

Exciton band　gaps

3.330

2.390

3.265

3,023

2.986

which are determined by　the　stacking　sequence and cycle along　the Ｃ－

axis.　Table　工　shows　stacking　sequences　in　the　c-axis　and　the exciton

band gaps　at　４．２ Ｋ of　the polytypes　studied　in this　thesis.　The poly-

type is expressed by nM, where ｎ is　the　stacking cycle　in the c-axis

and Ｍ is　the crystal　structuxe;　Ｈ for hexagonal, R for rhombohedral,

Ｃ for　cubic.　The　exciton band gaps of various polytypes which are

smaller　than the band gaps by the free exciton binding　energies, have

been determined by Choyke, Patrick,, and Hamilton ［10-14］．　The free

exciton binding　energies of　３Ｃ［15,16], 4H［17], and　６Ｈ ＳｉＣ［１８］were

determined by　the absorption and　the electroreflectance measurements.

However, confirmation of　these data by　other researchｅｒｓ has not

been reported。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　φ　　　　Ａ great number of　reportﾆＳ have been published on photolumines-

cence　in 3C, 4H, and　６Ｈ Sic doped with donors and acceptﾆors with the

interest for LED's.　The assignment of　ｔｈｅヽluminescence　in ３Ｃ　Sic has

been established by extensive researches［19-22] .　Whereas, the

explanation of　the luminescence　in ４Ｈ and　６Ｈ Sic　is　in confusion in

spite of numerous reports［23-28].　Two different　explanations　are

given to　ｔﾆhe luminescence which　is　composed of　two　series　of peaks.

and　the donor　levels determined based on the explanations　differ as

much as １００ meV each other.　Gorban et ａ１．［２３］and　Suzuki et ａ１．

［２８］explained　that　these　two　series were　zero　phonon lines and　their

LA phonon replicas.　Hag en et ａ１．［２７］attributed　them to　two donor

　　　　　　　　　　　　　　　　　　　　　　　　　　　－２－
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levels　caused by　two kinds of　sites which exist　in ４Ｈand　６Ｈ　Ｓ１Ｃ・

This　confusion, consequently, prevents us　from analyzing experi-

mental　results related with donor levels ．

　　　　Thefirst　observation of　injection electroluminescence (EL) in

Sic by Lo ssev ［２９］in1923 has caused interest in SIC as ａ semi-

conductor material.　However, it was　after　the　invention of　subll-

matlon process　to　grow large and ｒｅ:Lativelypure crystals by Lely

［30], when active　Investigation was　initiated on the properties and

devices　of　SIC.　Light-emitting diodes have been mainly fabricated

with diffusion［３１］using the crystal grown by Lely method .　The

high temperature processes of diffusion (1900-2200°C) and growth

(2300-2600°C) cause the difficulty in controlling doping and poly-

tﾆype.　Since the second conference on Sic in 1968, vapour［32-34］and

liquid　phase［３５］epitaxial growths have been studied by many

researchers with ａ purpose　to　fabricate LED's.　A successful result

was　reported by Brander et ａ１．［３５］whocarried out liquid phase

epitaxial　growth at　ａlower　temperature of　:L650°Ｃ　fixing　Sic　substrate

crystals　in the　Si melt.　They realized LED's with　the highest

quantum efficiency of　１×１０‾５．　　However,their growth process has ａ

drawback that　the crystals suffer　the stress by　the　solidification

of　Si melt and　that　the crucible has　to be cut off and　the　Si melt

should　be etched away　in order　to　take out　the grown crystal.

　　　　Theindirect band gap of　Sic permits only poor　efficiency　in　the

interband　transition, and　therefore　proper luminescent　centers　should

be　introduced.　Howev er, s tudy on the electroluminescence mechanisms

１Ｓlimited［35-37］and　the results are primitﾆive because of　the lack

of　reliable knowledge of photoluminescence.

　　　　Various　device fabrication processes of　SIC have been invest!-

gated by many researchers［3,38].　Among　them, the combination of

etching with　Clo-Oo-Ar ｇａＳ［3,39］andａ good etch mask － SiO2［４０，

41] is　an excellent process which enables photolithography and planar

technique.　However, detailed　study of　this　system has　not been

　　　　　　　　　　　　　　　　　　　　　　　　　－３－



reported.　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　‥　．　　．

　　　　　工ｎ　this　thesis, study　is　carried　out ･on　the　subj ects which are

pointed　out　to need　research　in　this　chaptﾆer.　　This　study　ｉｎｃ:Ludes

the　crystal growth, photoluminescence mechanisms, fabrication of

LED's, electroluminescence mechanisms, and　etching with Clo-Oo-Ar　gas

system.　The　purpose　is　to　prepare　epitaxial　layers of　good　quality

and　high　efficiency LED's　and　to　analyze　the mechanisms　of　photo-

luminescence　ｉｎｏｒｄｅｒ，ｔｏ determine physical constantﾆＳ　which are

necessary　to　ａｎａ:Lyze and　design　SiC LED's.
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II.　EPITAXIAL GROWTH OF SiC AND ELECTRICAL PROPERTIES OF GROWN

　　　LAYERS

2-1.　Introduction

　　　　TheＬｅ:lymethod［１］has　been conventionally　employed　to　prepare

Sic　single crystals　for　the　study of　its properties and device fab-

rlcations.　However, this ｍｅｔﾆhodhas　ａ demerit of　high growth　temp-

eratures　of　2300－2600°Ｃ which cause　the difficulty　in controlling

Impurity doping and　the ｐｏ:Lytype.　　Brander　et ａ１．［２９３］reported

liquid phase epitaxial growth　at ａ lower　temperature of　1650°Ｃ

fixing　substrate crystals　in the　Si melt.　The high quantum effi-

ciency of １×１０‾５［3,4]in the LED's prepared by this method　seems　to

indicate　the excellent ｑｕａ:Lityof　the epitaxial layers ．　This method

however, has drawbacks　that　the crystal　suffers　the　stress by　solid-

Ification of　the　Si melt and　that cut-off　of　the crucible and　etch-

away of　the　Si melt　are necessary　to　take out　the　grown crystal。

　　　　In order　to avoid　these problems, co-workers　and　the author［５，

６］have proposed ａ dipping　technique using　the　Si melt.　Pellegrini

et ａ１．［７］had reported ａ similar method using ａ ｍｅ:Ltof Ti-Si・

However, the doping of Ｔ１１ｎ the crystal estimated to be about １）（

1019 cm‾３［８］is inevitable by their method 。

　　　　In this　chapter, growth process　and　the　results　of　the　crystal

growth are described.　Doping of Al acceptors and Ｎ donors is

carried out, and　the ｅ:Lectrical properties of　the grown layers　are

measured.

2－2.　Growth Procedure

　　　　　Figure１ shows　the growth system of　the dipping　technique・

The crucible and　the holder were made of　dense and high purity

graphite (apparent density 1.６０ gem ^, ash content of　0.02 %)・

order　to avoid　evaporation of　SI, a graphite lid was equipped.

-7－
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Fig.　１　Growth　system for
the dipping　technique.

crucible and　the holder were baked at about 1800°Ｃ　for　２ｈ　inhigh

purity Ar gas ambient.　The crucible was heated　inductively, and　ｔﾆhe

temperature of　its wall was measured with an optical pjarometer・

High purity　Si was used for　the melt.　Silicon lumps were　etched

with HF and　HNOo mixture (1:8) and rinsed with deionized water and

acetone.

　　　　　Crystalsof　６ＨSIC grown by Acheson method［９］were used for

substrates.　The (0001) faces of　the crystal were lapped with　Sic

abrasive　powders and polished with diamond paste.　The crystal was

cut into ａ dimension of 1x7 2 with thicknesses of　0.2-0.4 mm*

The polytype was　examined with　the x-ray oscillation photography・

The　surface polarity was　identified using　the pits by etching　in Ｈ２

ｇａｓ［１０］at1550°Ｃfor ２０min.　After being cleaned with HF and HNOo

ｍ：Lxture(1：1), the crystal was rinsed with deionized water and

acetone.　The　substrate was attached　to　the graphite holder with the

（0001）ｆａｃｅperpendicular to　the holder axis ．

　　　　After　thecrucible was heated up　to　growth　temperature and　Si

lumps were melted, the substrate was dipped.　The crystal was　hold

for　５ｈ and pulled out before　turn off of　the　input power ．　The

growth was carried out in the flow of　pure Ar　of　２００cc/min.

Silicon melt adhered to　the crystal was　etched away with HF and HNO3

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－８－
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mixture (1:1）

2-3.　Results　of　Crystal Growth

　　　　　Inorder　to obtain flat and　smooth epitaxial layers　of　good

quality, crystal growth was　carried out under various　conditions ．

In every　growtﾆｈ run, two crystals with opposite direction of　the

surface polarities (Si and　Ｃ faces) were attached　to　the holder　side

by　side　in order　to　examine　the effect of　the direction of　the

（0001）ｆａＣｅ．　However, no　remarkable difference was　found between

the　two　grown layers　on these　two　kinds of　substrates ．

　　　　　Firstly, the　effect　of　temperature gradient was　ｅχamined.　When

temperature difference of　３０°Ｃwas　Imposed on　the crucible Ｗａ:LIwith

setting　the substrate at　the １０Ｗtemperature part, the　surface　of

the grown crystal was very rough for both　the　Si and Ｃ faces ．　The

growth rate was　２－３　ｔⅢliesas much as the case of no　temperature

difference on the crucible wall.　Smooth and flat　surfaces were

obtained　in the case of　no　Intentional　temperature difference.

Secondly, the position　of　the　substrate　in　the melt was varied with-

out　Imposing any intentional　temperature　gradient ．　When the　sub-

strate was kept near　the surface of　the　Si melt or　the bottom of　the

crucible, the growth rates were about　two　times as much as　the case

of　setting　the　substrate at　the middle　of　the melt.　The　grown

surfaces were relatively rough for　the former, but were　smooth for

the latter.

　　　　　Basedon these results, the growth　temperature was varied ｂｅｔニー

ween 1500 and　1650°Ｃ imposing no　intentional　temperature gradient

and　setting　the　substrate at　the middle of　the melt.　Figure　２

shows　that　the growth rate　Increases with　Increasing　ｔﾆhe growth

temperature.　The growth rate on the Ｃ face　１Ｓ　２－３　timesas much as

that on the　Si face at　every　temperature.　The growth rate　１Ｓ

expressed ８Ｓ exp(-E /RT) and Ｅａis about １５０kcal/mol for both the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９－
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Si　and　Ｃ　faces　ｅχcept　for　the　caseof　１５００°Ｃ．　In　the　caseof　the

vapour　phase epitaxial　growth by　ｓｕｂ:Limation, the activation energies

of　the　Si and　Ｃ　faces were both　about　150-170 kcal/mol［:LI], and　the

activation　energy of　the　Ｃ　solubi:Lity　in　the　Si melt was　about　５９

kcal/mo:Ｌ［12].　Therefore, the　growth rate may be　limited by　the　sur-

face　reaction velocity rather　than Ｃ　solubility　in the　Si ｍｅ:Lt.　With

increasing　the　growth temperature, the　flatness　and　the　smoothness　of

the　grown layers were　improved, and　the best　resu:It was　obtained　at

1600°Ｃ．　Figure ３　shows　the　surfaces　of　the　Si and　Ｃ　faces　of　the

crystal　grown at　1600°Ｃ．　The　surface　of　the　Si　face was fairly

smooth　and　composed of wavy patterns, while　the　surface of　the Ｃ　face

(ａ)

→

　　　1 mm
(b)

←

　　　　１ mm

Fig. ３　Surfaces of grown :Layers at 1600°C; (a) Si face, (b) C face

　　　　　　　　　　　　　　　-１０－
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was composed　of　straight lines　and hexagonal patterns, and　indicated

high growth steps。

　　　　The polytype of　the grown layer was　identified with　the x-ray

oscillation photography around　the c-axis and photoluminesceiice

spectra at ７７Ｋ (Chapt. ＩＶ）［１３］．　Ａslight amount of Al metal （へ・

１０‾２at. %) was added to　the Si melt. By these analyses, the layers

grown in the range of　1550-1650°Ｃ were found　to be　６ＨSic single

crystals.　Good　quality of　the　layers were certﾆified from the clear

spot patterns　of x-ray oscillation photographs.　However, some parts

of　the grown layers at 1500°Ｃ was　found　to be ３Ｃ　Sic, which may have

caused　the deviation of　the growth rate at 1500°Ｃ from the　straight

line　in Fig.　２．

2-4.　Electrical Properties of　Epitaχial Layers

　　　　Epitaxial　layers　doped with impurities were grown by　the dipp-

ing　technique under　the condition determined In　Sec 。 2-3.　Nitrogen

was　doped as　donors and Al as acceptors.　Doping of Ｎ was　carried

out by mixing Ｎ２ gas (99.99　%) into Ar gas (-^99.9999　%), and Al was

doped by adding Al metal (99.99 %) to　the Si melt.　Electrical prop-

ertles of　the epitaxial layers were measured by van der Pauw method

［lAl.　The ohmic contﾆact　to　the ｎ layer was made by alloying Au-Ta

（９９：1) at 1200°Ｃ for ａ few minutes in Ar gas ambient.　For　the ｐ

layer, Al-Si (89：11) was　evaporatﾆed and　alloyed　ａｔﾆ　９３０°Ｃ　for５ min

in ａ vacuum lower　ｔｈａｎ１０‾５Ｔｏｒｒ．　For　the　electrical separation,

the substrate with conduction type different from　the epitaxial

layer was used。

　　　　Crystals　grown by　the process described　in　Sec. 2-2 were ｎ　type

with very high electron concentration ｏｆ５）（1019　cm‾３　atroom temper-

ａｔ：ure.　　The donor may be Ｎ due　to　the contamination of　the ambient

by leaked air.　　In order　to decrease　the carrier concentration, the

following　improvements were made：- (i)　Before　the growth, the

-11-



Table　Ｉ　Electrical･ properties　of　epitaxial layers　at　３００Ｋ

タ

ｊ

Sample　　Conduction

　　　　　　type

Dopant

Al　　　N2

(at.%) (volぶ）

ぼ;‰tio，

(ｃｍ'3)

Mobility Resistivity

（cm2/vsｅｃ）（Ωcm）

Ul

U2^

　
　
　
　
　
　
1
　
C
N
j

f
o

o
-

i
n

l
　
c
／
』
１
　
１
　
１
　
１
－
　
１

Ｎ
　
Ｎ
　
Ａ
　
Ａ
　
Ａ
　
■
４
.
　
　
　
c
o
:

ｎ
　
ｎ
　
ｎ
　
ｎ
　
ｎ
　
ｐ
　
ｐ
　
ｐ
　
ｐ

　
　
　
　
　
　
　
　
　
　
　
　
１

　
　
　
　
　
　
　
　
　
　
　
　
０

０
　
０
　
０
　
０
　
０

　０

　２

　５

１０

6

5

0

0

　
　
　
　
　
　
1
-Ｏ
Ｊ

０
　
０
　
０
　
０
　
０
　
０
　
０
　
０
　
０

6.3×1017

1.4×1018

5.1×1019

9.0×1019

3.9×1017

130

　48

　12

　22

　94

-

　13

　10

　7

7.6×10-2

9.5×10‘2

1.0×10-2

3.2×10‘3

1.7×10°1

3.1×10°1

1.4×10°1

1.7×10'1

1.6×1018

4.5×1018

5.2×1018

a)TheｖaCｕｕm before the growth was rather poor (3.4×10｀4 Torr).

crucible and　the holder were baked at 1800°Ｃ for　２ｈ　inａ vacuum of

１×１０‾５Torr or less. (ii) After being filled with　Si　and Al, the

crucible was　baked at about　６００°Ｃfor ｌ ｈ in the　same vacuum before

the　introduction of　Ar gas ．　By this　improvernet ， the carrier　coneen-

tration of　the nominally undoped　layer decreased　to 6.3×1017　cm‾３．

Table　Ｉ　shows　the　electrical properties of　typical　layers.

　　　　By doping　０ 。１－０．２Ｖ０１ＺＮ２gas to the Ar gas ｇ　strong ｎ type

crystals of ｎ＝（５．１－９．０）ｘ1019cm‾３ａｒｅｏｂｔａｉｎｅｄ．　These　crystals

were found　to be degenrated from the result of　the　temperature de-

pendence　of　Ｈａ:LI measurement.　By adding　０．６－１０ａｔ・-Ｚof Al　to　the　Si

melt, p layers with hole concentration up　ｔ０　５．２×1018　Cm‾３Ｗｅｒｅ

obtained.　Low resistﾆivity p　010‾１ ｈＣｍ）ａｎｄｎ（へｊ１０－３Ωcm)layers

are obtained, which enables　to　decrease　the　series　resistance　of　SiC

diodes.　Mobilites up　ｔ０　１３０　cm^/Vsecare obtained　for the n layer.

and　those of　the ｐ layers are about １０ cm^/Vsec　at　room　temperature.

　　　　Figures ４（ａ）－４（Ｃ）ｓｈｏｗthe　temperature dependences　of　carrier

concentrations (p,n), resistivities (p), and mobilities (y) of　typical

　　　　　　　　　　　　　　　　　　　　　　　　　－１２－
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ｐ　type and ｎ　type　crystals.　The　carrier　concentrations of ｂｏｔ:ｈ

samples　Increase near:ly exponentially with decreasing　reciprocal

temperature.　The activation energies of　the donor and acceptor are

ｄｅｔﾆermined　tobeE °６６ meV and ＥＡ° 86 meV from the slopes　of　the

high　temperature region in Fig.　４（ａ）ﾀﾉ　respectively.　These values

are considerably smaller　than ｔ:hose determined by photoluminescence

measurements　（ＥＤ ° 100, ＼ °２４５meV) (Chapt°工Ｖ）［13] and a11

measurements　（ＥＤ ° 95’ h °i:240 meV)［15,16］゛　These small values

゛９万ｙbe ａttributed　to　screenig by the ionized　：impurities because of

the large ：impurity concentrations of　the present crystals.　The

mobility of the P type crystal varies as μ（゛Ｔｉﾃﾞｉｎthe low tern-

perature region and １Ｊ°：Ｔ‾ﾁｉｎ the high temperature region in Ｆｉｇ・

４（Ｃ）．　Theseresults　indicate　that ionized　impurity scattering　is

dominant　for　the former, and acoustic phonon scattering　is dominant

for　the latter.　For　the ｎ type crystal, temperature dependence of

the mobility is　compared with caluculated mobilities　due　to various

scattering mechanisms.　The dominant mechanism Is acoustic phonon

scattering and polar optical phonon scattering十in the high temper-

ature region (T > 200 K), and　in the low temperature region

mechanism can not be determined, probably piezoelectric　scattering

or neutral　Impurity scattering ・

２－５．　Summary

　　　　Epitaxial growth of　６ＨSic　is　carried out with　the dipping

technique using　the　Si melt.　The condition to　obtain good　quality

epitaxial　layers　is determined　to grow on the　Si face at 1600°Ｃ

imposing　no intentional　temperature gradient on the crucible ｗａ１:Ｌ

and setting　the　substrate at the middle of　the　Si melt.　Hall

measurements are carried out on the layers doped with Al acceptors

or Ｎ donors.　The　electron concentrations　of　６×1017－　９×1019 cm‾３

and hole　concentrations of （２－５）×1018cm‾３，ａｎｄ　theelec tron

mobility up ｔ０１３０cm^/Vsec and　the hole mobility of　about １０

　　　　　　　　　　　　　　　　　　　　　　　　　　－１４－

タ



４

４

cm^ /Vsec are obtained　at room temperature.　The　temperature depend-

ences　of　theelectrical properties　of　typicalｐ and ｎlayers are

also measured.
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III. EXCITON LUMINESCENCE IN UNDOPED 3C， 4H, 6H, AND 15R SiC

3-1.　1ntﾆroduction

　　　　Silicon carbide　takes various crystal　structures, namely poly-

types, according　to　the stacking in the c-axls　direction.　The　author
か

reported that one impurity atom took many levels ＼ｉｎ４Ｈ，6H, and １５Ｒ

Sic depending on the site which the impurity replaced (Chapt. ＩＶ）

［１１．　The　studyon　the effect of　the site on intrinsic　property,

free exciton, is worthy of　research　in comparison with　the strong

effect of　the site on extrinsic property, impurity levels ．　Strong

free　exciton luminescence was　observed　in the　room temperature elec-

troluminescence　in ６ＨSiC LED's　In the　author's　report (Chapt.　Ｖ工Ｉ）

［２１．　The　efficiency of　electroluminescence may be affected by　free

exciton luminescence.　In spite of　these physical and practical

interests, there have been no reports　on free exciton recombinations

except for ３ＣＳｉＣ［３］andａ part of spectrum of ６ＨＳｉＣ［４］at４．２Ｋ｡

　　　　since　Sicpolytypes have many　atoms per unit　cell, many phonon

branches　exist.　The phonons　determined from the luminescence of

bound　excitons were explained　in terms　of　the standard large　zone

(Sec.　4-3-1) [4-11］.　There exists　only one report for each of　the

exclton band gaps of 4H［81，6H［4], and 15R SiC［9］.　Therefore,

confirmation of these data by other measurements is desirable. The

free exciton binding energies of 3C ［3,12], 4H［13], and 6H Sic ［14］

were already reported.　However, the free　exciton binding energy of

:I5R Sic, which　is ａ rather abundant polytype, has　not yet been

reported.

　　　　Inthis　chapter, photoluminescence due to free excitons　and

excitﾆons bound　to Ｎ donors　in 3C, 4H, 6H, and １５ＲSic crystals　are

studied.　The energies　of　phonons associated with free excitons.

exciton band gaps ，and free exclton binding energies　of　these

　　　　　　　　　　　　　　　　　　　　　　　　-16-
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polytypes　are determined.

3-2.　Sample Preparation

　　　　Crystals　grown as described　in Chapt.工I were used for　the

measurement.　The following modifications　in ｔﾆhe crys tal growth

were ”１万j1万ｄｅｌ：|　－（ｉ）　Graphiteof　high purity (ash content less　than ２０

ppm, boron content less　than ０．１ppm) was used as ａ crucible mate-

rial.　（･ｉｉ）　The graphite　crucible was baked at about 1950°Ｃ for

about ８ ｈ until ａ vacuum of　better　than ３×１０‾６　Torrwas　obtained　in

order　to reduce ：impurities.　(iii)　After being filled with　Ｓ１

lumps, the crucible was　baked　at about 1200°Ｃ until ａ vacuum of

better　than １×１０‾６Torr was　obtained　to remove Ｎ from　the reaction

tube.　（１ｖ）　The growth　temperature and　time were 1600－1850°Ｃ and

５－８h, respectively.　When growth vTas　carried out at 1850°C, small

single　crystals　grew on the surfaces　of　the crucible and holder 。

　　　　Epitaxial layers　of　３０－２００１１ｍand small single crystals （へｊ０．７×

０．７×０．５ｍｍ３）ｏｆ4H, 6H, and １５Ｒ SIC crystals were used for　the

measurements.　　For ３Ｃ Sic, only small single crystals were used.

The polytype was　identified　by x-ray oscillation photography and

photoluminescence.　The electron concentration　of　the　epitaxial

layers　and small　single crystal ０ｆ　６Ｈ　Sicwas　１．０×1017　cm‾３　at room

temperature.　According　to　the reports　of　the　temperature depend-

ence of　the carrier　concentration［15,16], a donor　concentration of

３×1017　cm‾３　was estimated.　Similar　donor concentration may be ap-

plied for　other polytypes.　The donor may be Ｎ due　to　contamination

of　the ambient from air.

3-3.　Optical Measurements

-17-



　　　　　３Ｃ　Siccrystals were　excited with ３６５nm light　from ａ suitably

filtered　２５０ Ｗhigh pressure Hg lamp.　　Other polytype crystﾆals were

excited with 325 nm light from ａ　suitably fi:Ltered He-Cd　laser　of

about １０mW.　Spectra were detected using ａ　Ritsu MC-30N monochro-

mator and an H.T.V. R636 photomultipller.　Samples were ﾆimmersed in

liquid helium at ４．２K, and above ４．２Ｋ natural rise of　temperature

was utilized.　Temperature was monitored by ａ　Chromel vs. Gold-0.7

at.　Ｚ　Iron thermocoup:Le.

3-4.　Results and Discussion

3－4-:L.　Spectra and phonon energies

　　　　Figures l(a)-l(d) show that:　spectrum of　each polytype consist:ｓ

of ａ　series of　sharp peaks and broad peaks.　Since high resolution

was　necessary, the　obtained　signals were rather weak, and signal　ｔ:ｏ

noise ratios were　small, 4-30.　Therefore, spectra were determined

by　taking　the average of　the spectra with noise｡

　　　　At　4.2 K, only sharp lines were observed for　each polytype.

and　these lines　coincided with　the reports　by Choyke, Patrick, and

Hamilton (C.P.H.)［4,7-10］who explained these:Lines to be due to

exc itons　bound　to　neu ｔｒａ:Lnitrogen donors.　With Increasing　tern-

perature, bound　exciton lines　on the higher　energy ｓIde due to

nitrogens in hexagonallike　sites［17］（PO fol°3C, 4H, and　6H;　PO

and QO for 15R in Fig °1) disappeai°ed, and new lines (e°ｇ°’ R02 and

S02 for　6H) appeared　on the higher　energy position by about　５ meV

than　the　exciton lines due　to nitrogens　in cubiclike sites (e.g・，

R0 and　SO f01°6H）゜ These new lines were explained to be due to

bound　excitons associated with spin-orbit　splittﾆing of　the valence

band［4,9].　Simultaneously, a　series of　broad peaks appeared and

became dominant with increasing　temperature.　These peaks are due

-18－
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Fig. 1　Excltonlc luminescence in (a) 3C, (b) 4H, (c) 6H, and

(d) 15R Sic.

to　free　excitons, because　the differences　between the exciton

band gaps［3,4,7-9］and　peak energies nearly coincide with　the

phonon energies［3，4，7－91｡

　　　　Manysmall peaks were observed on the broad free　exclton

peaks, especia:Lly for 4H, 6H, and　１５ＲSIC.　These peaks　can be

phonon replicas　of　bound exclton　and　free exclton peaks.　When ａ

difference of　the energy of　the peak and　the exciton band　gap　is

taken, some peaks　indicate ｋ／２dependence and　the other no depend-

ence as　shown in Fig.　２．　　Free　excitonlines　Indicates　ｋ／２
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　～

p
）ａｎｄ　the free　exciton band gap （EGχ) for　6H Sic.　The　slope of

the lines for free　exciton peaks (closed circles) is －ｋ／２．The　・
phonon energies reported by　Ｃ.P.H. are　indicated by arrows ．　　The
phonon with ａ letter Ｍ is associated with ａ strong peak (main
phonon), and the peak with letters BE correspond to　the Ｂ耳peak in
Fig. l(c).

dependence because of　the　thermal energy of　excitons ．　By　this way

we can distinguish free　exciton lines　and bound　exciton lines.

Ｓ:imilar analyses were carried　out for　other polytypes.　By extra-

polating　these lines　to T=0, one　can obtain phonon energies ．　The

main phonon which　is　associated with　the largest peak In each kind　of

phonon branch (e・ｇ・,TA and so on) is　indicated by ａ letter Ｍ．　　工ｎ

Fig.　2, the phonon energies　associated with bound　ｅχciton lumines-

cence reported by C.P.H.［４］are　indicated by arrows.　Some　free

exciton lines are hidden by bound　exciton lines　such as　69.0 meV

　　　　　　　　　　　　　　　　　　　　　　　　　　－２０－
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Table Ｉ　Energies of phonons associated with free excitons（Fχ) are

compared with those associated with bound excltons （Ｎχ）1:eportedby

C.P.H. for　4H, 6H, 15R, and 3C　SIC　inunits of meV.　The values
with underlines are energies of　phonons associated with strong peaks
(main phonons).

TA

咄
な

阻
≒

39.4

41.0

43.8

46.7

N　χ
-

33.5

36.3

39.2

40.3

44.0

46.3

1５Ｒ

Ｆ

　χ

33.9

35.0

39.2

N
　χ
-
34.

35.

39.

39.

43.

46.

4

0

3

7

2

3

　
Ｎ
Ｘ

Ｅ
ｌ

46.3　45. ８
-

42.7
-
46.0

N
　χ
-

33.

37.

41.

42.

46.
-
51.
-
53.

5

2

4

4

7

－４

－４

LA

33.9

38.0

40.8

43.5
-
47.7

51.0

55.3

-

63.2

68.6

72.6

68.7

69.7

76.9

52

54

66

０

７

８

50.

53.

67.

　　　　69

77.3　77

６

５

０

０

０

51.3

51.9

69.2

70.2

79.5　79.4

79.4　78.8

TO

89.7

91.8
95.0

94.
-
95.

97.

７

－６

８

52.4

70.3

75.2
-
78.2

-

94.2

95

96

５

７

78.2
一一
94.6

95.3

95.7
-
97.1

94.4　93.7

104.2　　103.2 103.7　　102.8　103.3

107.0　　107.2

106.3

106.9

94

95
－
97

３

８

－
０

　96.1

99.0　96.7
-
　104.0

　　-　-LO　　104.6　104.3　　105.0 105.5

107.0

　107.4

phonons of 6H Sic.　The large peaks indicated as BE in Fig. l(c)

are bound exclton lines because　they indicate no　temperature

dependences as　shown in Fig. 2｡

　　　　1nTable l　the energies　of　phonons　associated with the free

exciton lines　determined　by　this way and　the　energies　of　phonons

associated with bound exclton lines　reported　in　the literature［4，7

－9］are compared for 3C, 4H, 6H, and 15R Sic.　Mos t of　the phonons

assoclatﾆed with free excitons　have corresponding phonons　associated
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with bound　excitons ．　However, some phonons　associated with free

excitons　do not have corresponding phonons associated with bound

excitons.　One example of　such phonons　is　75.2 meV phonon of　１５ＲSiC,

which is　associated with one of　the main peaks.　Although　the peak

which associates　this　phonon can be ａ bound　exciton line, no phonon

replicas　of　the bound　exciton lines correspond　to　this　peak, and

this　peak indicates　ｋ／２ dependence.　Therefore, this phonon is

really associated with free excitons. Also　is　the same case for 63.2,　　か１

72.6, 89.7, and　91.8 meV phonons　of　４Ｈ Sic which have no correspond-

ing phonon associated Ｗｉｔﾆｈbound　excitons　as　in Table ｌ．　　　　　　　　　　　　。

　　　　　From these results　the position of　the Brillouin　zone of　the

phonons　associated with free　excitons　seem　to be different from that

associated with bound　excitons ．　This　result differs　from the

reports by C.P.H.［４，５，７－９］that main phonons associated with free

excitons　and bound　excitons　in different polytypes have almost　the

same　energy.　The　selection rules　for　free　exciton and bound

exciton　transitions　seem　to be　the same, because electrons　in the

conduction band and holes　in the valence band which form excitons

recombine in both cases.　However, in bound exciton　transﾆLtions,

excitons　are more strongly bound　to　impurities and localized.　By

this　localization the wave functions　of　electrons and holes　of　bound

excitons may be slightly changed from those in ｔｈｅ十conduction and

the valece bands, and　therefore　the selection rule may be slightly

modified from　that of　free exciton　transitions　and different phonon

in the Brillouin　zone may be associated.　　　　　　　　　　　　　　　　　　　　　　　　　　‘

　　　　　The ｋ／２　dependence of　the peak energy of　free exciton lines　is

explained by　the spectral　shape of　the free exciton recombination.
ｊ″

exp(-E/kT)［１８］．　For example, the shapeトof the TA phonon peak of

３Ｃ Sic at ７７Ｋ was　really well explained by this　formula.

3－4－2.　Exclton band gaps
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Table　II　The exclton ｂａｎｄｇ８ｐｓ（ＥＧＸ）ｏｆ４Ｈ’６Ｈ a゙nd １５ＲSIC

determined from luminescence bands and absorption bands　of　free

exciton transitions associated with various phonons　at　７７　Ｋwith

energies　in meV.　The values of　absorption bands　and Ｅ　　are　taken

from the reports　by C.P.H.　　　　　　　　　　　　　　　　　　　　　GX

4Ｈ

TA
-
3220.7

LA
-
3191.4

3337.3

3264.4

TO
-
3172.1

3357.5
3264.8

Ｅ　　= 3263.9
　av

LO
-
3159.4

3365.7

3262.6

C.P.H.

3263.9

6Ｈ

15Ｒ

Lumi.

ふ
Ｘ
．
ど

｡
ｏ

　
　
　
　
Ｃ
５

Ｏ
av

2979.5 2946.0

3097.8

3021.9

Ｅ
　av

2927.5

3117.5

3022.5

= 3022.3

2942.4　　2909.9

　　　　　　　　　3061.8

　　　　　　　　　2985.8

2891.0

3080.3

2985.6

Ｅ
　av
＝　2984.9

2918.4

3126.7

3022.5

2881.9

3084.9

2983.4

3023.3

2985.1

　　　　The　exciton ｂａｎｄｇ８ｐｓ（ＥＧＸ）of4H [8], 6H [4], and 15R Sic ［9］

were　determined by　taking　the average of　phonon emitting and　phonon

absorbing free exciton absorption by　C.P.H.　However, the free

exciton absorption spectra were broad　and only phonon emitting

processes were significant at　7｀7 K.　Therefore, a conflrma万tion by

other method seems　to　be desirable.　The exclton band gaps　at　７７　Ｋ

were estimated using free exclton luminescence of　our data and

phonon　emitting free　exciton absorption by C.P.H.　The　thresho:|.d of

luminescence was　estimated from the peak energy as

ＥＧＸ一船＝恥p‾がＴ゛ because the temper:ature dependence indicated

such ａ　characteristics.　Here,　加and h片are　the　energies of　the

phonon and　the peak of　the luminescence, respectively.　The results

are　shown In Table　工I.　LA, TO, and LO phonon peaks were used　to

determine the exclton band gaps, since TA phonon peaks were not

reported by C.P.H.　The　scattering of　the values might be caused by

　　　　　　　　　　　　　　　　　　　　　　　　　-23-
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Fig 。　３　Temperature dependences　of

free ｅχciton luminescence　intensi-

ties　of　3C, 4H, 6H, and １５ＲSic.

the discrepancy in assigning　the main phonons among　same kind of

phonons (e･ｇ・,LA phonons) which　is dominant　in absorption measure-

ment by　C.P.H. and this　luminescence measurement.　　However, the

average values　agree fairly well with　the reported　ｄａｔﾆａwithin

experimental uncertainty (±１ meV) and　the error　in reading　Ｃ.P.H.'s

data.　Therefore,　the exciton band gaps　of　these polytypes might　be

considered　to be established.

3-4-3.　Free exciton binding　energies

　　　　Figure ３　shows　the dependences　of　free exciton luminescence

intensities　on　temperature for　3C, 4H, 6H, and　１５ＲSic.　The　inten-

sitles　take ｍａｘﾆimaat　３０－５０Ｋ and maximum temperature　tends　to

increase with the increase of　the exciton binding energy.　　The

activation energies obtained are　７ meV for 3C, 10 meV for 4H, 20 meV

for 15R, and　２９meV for　６ＨSIC.　These values are about half of　the

reported values of　１４ｍｇｖ［3,12］for 3C, 20 ｍｅｖ［１３］for4H, and　７８
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mｅｖ［14］for　6H Sic.　This half value may be caused by the Interfer-

ence by the defect :Luminescence［19］( for 6H Sic, see Fig. 15 1n

Chapt.　VII）.　Therefore, the free exciton binding energy of　15R Sic

1S　expected　to　be about 40 meV.　The　intensities　of　the defect spec-

tra, which have been explained　to　be due　to dlvacancles［19-22］are

more　than 100　times　as　strong　as　those of　free exclton luminescence

for　the present crystals at 7 7 K.

3-5.　　Summary

　　　　Photoluminescence due　to　free ｅχcitons and excltons bound　to

neutral nitrogen donors　In 3C, 4H, 6H, and １５ＲSic are studied　In

the　temperature range of　４．２and about １００Ｋ．　The energies　of

phonons associated with free excitons　are compared with　those

associated with bound excitons　for　these　polytypes.　　Slight　differ-

ence １Ｓfound between these energies ， which　is　attributed　to　the

difference　of the position in　the　Brlllouin　zone where　these　two

kinds of　phonons　associate.　The exciton band　gaps　at　７７　Ｋof　ｔﾆhese

polytypes　are determined, and　the free exciton binding　energies are

estimated　from the activation energies of　thermal　quenchings　of　ｔﾆhe

free exciton luminescence.
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IV. PHOTOLUMINESCENCE IN 3C， 4H, 6H, AND 15R SiC DOPED WITH DONORS

　　AND ACCEPTORS: SITE EFFECT ON IMPURITY LEVELS

4-1.　Introduction

　　　　　Sic　takesmany crystal　structures, namely polytypes, which are

classified by　the　stacking　sequence and　cycle　along　the　c-axis

direction.　Owing　ｔ０ long unit　cells, many　inequivalent　sites　exist

for 4H, 6H, and １５ＲSic　in contrast　to one kind　for ３Ｃ　Sic(zinc-

blende) U].　Figure ｌ　illustrates　Inequivalent　sites, for　example,

in　６Ｈ　Sic.　The　inequ:ivalent　sitesare divided　Into　two kinds.　One

１Ｓ　cubiclike arrangement of　first and　second neighbour atoms (B atom

in　the　sequence of ABC　in the close packed　structure) and　the other

is hexagonallike arrangement (B atom in the　sequence of ＡＢＡ）．　The

stacking　sequence　in　the c-axis direction and　the number of　cubic-

like and hexagonallike　sites　are given for 2H, 3C, 4H, 6H, and　１５Ｒ

Sic　in Table ｌ。

　　　　　These　inequivalent　sites　areexpected　to　cause　site dependent

impurity levels.　There have　been ａ few reports which　imply　the

existence of　site dependent donor　levels of Ｎ．　Choyke, Patrick, and

Hamilton [2-7】reported　that　the number of　zero-phonon lines　of

bound　exciton luminescence of Ｎ donors agreed with the number of

inequivalent　sites　in various　Sic polytypes (Chapt.　工工工）．　Lomakina

et　al. 18］reported　that　in order　to　explain the results　of Hall

measurements of　annealed　６Ｈand １５ＲSic　second Ｎ donor levels were

necessary.　　Colwell　et al. 19］and Dean et　al. HO］proposed　that

three　extra Raman　scattering　lines　in heavily N-doped ６ＨSIC were　due

to　three donor levels of Ｎ　in　inequivalent　sites.　Although the

existence of　site dependent donor levels　seems　to be　sure, the

value s of　site dependent donor levels　still remain uncertain, and

systematic　study on various polytypes has not been carried out yet.
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Table　Ｉ　SIC polytypes with two　common notations　and numbers
of　inequivalent　sites.

Ramsdell
notation

2H(wurzite)
3C(zincblende)
４Ｈ
６Ｈ
１５Ｒ

ABC

notation

AB

ABC

ABAC

ABCACB

ABCACBCABACABCB

No. of　inequivalent sites
hexagonallike　　cubiclike

1
0
1
1
2

0
1
1
2
3

In contrast　to ａ number of　reports on Ｎ donors, there had been no

reports　on site dependent acceptor levels.　Recently Gorban et ａ１．

［１１］proposed　that　excitons bound　to　Ｂ acceptors　in　６Ｈ and　１５ＲSic

took many different　levels　depending on　the　inequivalent　site　from ａ

study of　absorption.　However, there have been no　reports　on levels

of　acceptors　in　inequiva:Lent　sites。

　　　　　Inthis　chapter, photoluminescence of　3C, 4H, 6H, and １５Ｒ　SiC

doped with Al, Ga, or　Ｂ acceptors　and Ｎ donors are　studied.　From

the comparative　study of　these polytypes　and impurities, general

existence of　the　site dependent donor　and acceptor levels　is verifi-

ed.　The　donor and acceptor ionization energies　in 4H, 6H, and　１５Ｒ

Sic are determined　from the analyses of　the　luminescence.　Ｅχｐ:Lana-

tion of　the origin of　the　site effect on　the　impurity levels　is

tried based on the　quantum defect model.　The　site effect　is well

Ｃ　axis

↑
６
上

A B C A B C A

Ｂ

Ａ

Ｂ
Ｃ
Ａ
Ｃ
Ｂ
Ａ

Ｏ　Si　atom

●　Ｃ　atom

1} -bic

Ｏ　　hex.

Fig.　１　The arrangement of
Ｓｉ旦ndＣａｔﾆoms　in　the
(1120) plane in ６ＨSic.
The　sites of　atoms　are

denotﾆed by A, B, and Ｃ in
the　close packed　structure.

-28－



４

explained by assuming　local physical　constants　around hexagonallike

or　cubiclike　sites.　The　result of　this analysis　predicts　the　exist-

ence of　the　site dependent Impurity levels extensively in other

polytﾆype　Sic crystals and　furthermore　in other materials.　Though

１７１万anymaterials such as ZnS and Agl indicate polytyplsm, there have

been no　reports on　site dependent　impurity levels except for　Sic,

and no　reports　on　the origin of　this　effect。

　　　　　Siccrystals　doped with Al acceptors and Ｎ donors　emit bright

visible　luminescence due　to　donor-acceptor (D-A) pair　transitions.

The　spectra of　these luminescence　in ４Ｈand　６Ｈ　Sicwere　reported　to

be composed of　two kinds　of　series　peaks [12-141.　Two　differentﾆ

explanations have been given for　these　two　series, and　the donor

levels determined in　their　reports differ as much as　１００meV each

other.　　Gorban et ａ１．［１２］and　Suzuki et al. [13］explained　that

these　two　series　in ４Ｈand　６Ｈ SIC were　zero phonon lines and　their

LA phonon replicas.　Hagen et ａ１．［１４］explained　them to be　due　to

two　kinds of donor　levels associated with cubiclike and hexagonal-

like　sites.　工ｎ　this　chapter, confirmation　that　these　two　series are

due　to　site dependent donor　leve:Is　１Ｓ　tried by studying　the

configuration coordinate phonons of　3C, 4H, 6H, and　１５Ｒ　Sic.

4-2.　Ｅχperimental　Procedure

４－２－１．　Samplepreparation

　　　Crystals studied were epitaxial layers of ６Ｈ and １５Ｒ Sic (- 100

－３００ym) and Ｓｍａ:LIsingle crystals of ３Ｃ，4H, 6H, and １５Ｒ Sic ０ ０．７

×０．７×０．５ｍｍ３）．　　The　growth procedure was　the　same ａｓ∧described in

Chapt.　工工工except　that　evacuation of　the　growth system after being

assembled was　carried out at　room temperature without heating　in

order　to　avoid evaporation of dopant.　Acceptor materials were Ａ１

－2升



metal (9.9.999 %), Ga metal (99.9999 %), B powders (99.5 %) and

恥Ｃ powders (99.9　Z）．　Donors were doped by using high purity Ar

gas (99.999　%) mixed with ０．２Ｖ０１ Ｚ Ｎ２ ｇａＳ。

　　　　The carrier c on cen t ra tion was measured by van der Pauw method

at room　temperature, and　donor and acceptor　concentrations were

estimated using　the　temperature　dependence of　the　carrier concentra-

ｔﾆion　in　the literatures［15-18].　This measurement was　carried out

only for epitaxia:Ｌ layers　of　６Ｈ SiC and　the　same value was assumed

for 3C, 4H, and　１５Ｒ SiC grown　in the　same growth run.　　The nominally

undoped　crystals were ｎ　type of　ｎ °１．０×1017　cin"'^ (estimated　donor

concentﾆration.　ＮＤ　゛３）（1017　cm‾３）゛ｗｈｉＣｈｍａｙ be due　to　nitrogen

contamination of　the ambient from air.　The　crystal doped with ５×

１０‾５７０:ＬＺ Ｎ２ ９８ｓ had １１° ４°２゛1017 clｒｌ‾３（ＮＮ゛１（Ｌ０１８ｃＩＩ１‾３）゜　The

crystals doped with 0.015－２．１ at. % Al metal had ｐ °３．５）（1016－２．７）（

1018　cl1‾３（ＮＡ１　゛ １）（1018‾１）（1020　cII1‾３）゜　The amount of　Ga metal was

０．５-１０ at. %, and ｐ ＝５°６）（1015 C11‾３（ＮＧａ ゛１）（1018 cII1‾３）ｆ０１°８ ２ ８ｔ°

Ｚ Ga-doped　sample and Ｐ °７
‘１゛１０１

６ ｃ・１‾３（ＮＧａ
゛６｀1018 cf3）ｆｏｌ°ｓ

１０

at.　Ｚ Ga-doped　sample.　　The　amount of　Ｂ was　０.02－０．５　at. %, and ｐ　°

１°２）（1015 cll‾３（ＮＢ °５゛1018 clll‾３）　for a 0.02　at. %　B-doped　sample

[19].　The polytype was identified with x-ray oscil:lation photo-

graphy and photolviminescence.

４－２－２．　Optica:Ｌmeasurements

　　　　　Mostof　the procedures were　the　same as　those described　in

Chapt.　工II.　For weak excitation, weak light of near　the absorption

edge from ａ Xe　lamp mono chroma te d by ａ Ritsu MC-20 monochromator was

used.　The raw spectra were normalized for　the　systﾆemresponse

using an　EOAL-101　standard　lamp.　　Samples were　Inmersed　in liquid

helium or nitrogen, or ａ cryostat with ａ heater was used.　The

temperature was monitored by ａ　chromel-alumel　thermocouple.

-30-
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Fig. 2　Photoluminescence

spectra of Al-doped, Ga-

doped, and B-doped　crys-

tals of (a) 4H, (b) 6H,
and (c) 15R Sic at 4.2 K.

Subscripts indicatﾆｅ　the

kinds of　phonons and

superscripts　Indi･cate　the
kinds of　sites which

acceptors replaced.



「
ｊ
一
ｃ
コ
ｑ
」
Ｄ
）
　
　
　
　
Ａ
ｉ
ｌ
Ｓ
Ｚ
３
１
Ｚ
‘

(
ｓ
j
m
n
　
ｑ
ｊ
Ｄ
)
　
Ａ
ｉ
Ｉ
Ｓ
Ｎ
３
ｉ
ｚ
’

1.9

2.2 　　２．３

PHOTON

　２．４

ENERGY

2｡5

(ｅv)

2｡0　　2.1　　　2.２

PHOTON　ENERGY (eV)

PHOTON ENERGY
）

2.3

2.6

-32－

2.4

2.7

Fig. 3　Photoluminescence

spectra of　Al-doped, Ga-

doped, and B-doped　crys-

tals of (a) 4H, (b) 6H,
and (c) 15R SiC at ７７Ｋ･

Subscripts indicate　the

・kinds of　phonons and

　superscriptﾆｓ indicate　tﾆhe

　kinds of ･sites which
　acceptors replaced.
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４－３．　Results and Discussion

4－3－1.　General　spectra

　　　　Figures　2(a)-2(c) show photoluminescence　spectra of　4H, 6H, and

１５ＲSic doped with moderate ゛'万”1万〇untof Al, Ga,万　〇ｒＢ acceptors and Ｎ

donors under １０Ｗexcitation at ４．２Ｋ．　Since　the assignment　of　the

spectra of　３Ｃ　Sichas been established by extensive researches[２０－

25], results on ３Ｃ　SiC are not　shown here.　The　spectra are adjusted

at　zero　phonon peaks.　　These　spectra are　composed of　two　series of

peaks　Ｂ and Ｃ which are due　to D-A pair　transitions (Sec. 4-3-3).

Another peaks A, due　to　free-to-acceptor　transitions (Sec. 4-3-4),

appear at ７７Ｋ as shown in Figs.　3(a)-3(c) for 4H, 6H, and １５ＲＳ１Ｃ･

The relative　intensity of Ａ peaks　to　Ｂ and　Ｃ peaks varies from poly-

type　to polytype and has ａ relation 15R>3Cへ4H>6H.　For　the　spectrum

of　１５Ｒ　Sicat ７７Ｋalmost all　the peaks are Ａ peaks.　The values of

the lonization energy of donors have ａ relation 6H>4H>15R>3C and

those of　acceptors are almost equa:Ｌ as　In　Sec. 4-4.　Therefore,

this difference of　the relative intensity may be due　to　the differ-

ence of　the oscillator strength of　the　transitions between　the

conduction band and acceptor　levels because of　the difference of　the

conduction band　structure　in various polytypes.　　Each of　D-A pair

and free-to-acceptor peaks　is　composed of many smaller peaks, which

seems　to be caused by the　same origin, because　the　separation energy

is almost　same.　The numbers of　these peaks are one for ３Ｃand ４Ｈ，

two　for　6H, and　three or four　for　１５Ｒ　SIC.　The number of　peaks

increases with　the　increase of　the number of　Inequivalent　sites (see

Table ｌ)・

　　　　Figures　２ and ３　show that　the phonon replicas　in　the　spectra of

the　samples doped with different acceptors are　similar.　The tenta-

tlve phonons are　indicated　in　the figures.　　Both D-A pair and　free-

to-acceptor peaks can be explained by assuming phonons common　to ａ１１

polytypes.　The phonons are TA-28, LA=:68, TO=95, and　two kinds of LO

　　　　　　　　　　　　　　　　　　　　　　　　　　　　-33-



phonons of　-107　and　-118 meV.　These values are　in good　agreement

with　the values determined by lattice absorption of　６Ｈand　１５Ｒ　SiC

[26], and by Raman scattering of ３Ｃ，4H, 6H, 15R, and ２１ＲSiC [２７]・

Phonons of　nearly same energy exist for various polytypes[２７１，

because　the　Brillouin　zone of　these polytypes can be expressed　by

one　standard large　zone, which corresponds　to　that of wurzite (2H),

by extending each normal　Brillouin zone until　the large　zone　in　the

c-axls direction.　The values of　all　the phonons　observed here agree

with　those　of　phonons at　ｒ point reported by Feldman et ａ１．[271.

Two values of　ＬＯ(Γ)ｐｈｏｎｏｎenergies of　-120 and　ｚ１０４meV exist at

zone center and　zone edge of　ｔﾆheextended　standard　large　zone, res-

pectively[２７]．　For ３Ｃ Sic phonon energies of ＬＯ(Ｘ)＝１０６and ＬＯ(ｒ)

゜１２０meV were assigned　for　the phonon replicas　in　the　luminescence

by Long et ａ１．[２０]．　　However, the　location of　the conduction band

minimum varies from polytype　to　polytﾆｙpe[5,28-30], and LO-107 meV

is commonly observed for 3C, 4H, 6H, and １５ＲSIC. Therefore, the １０７

meV phonon　seems　to　be more reasonably assigned　to be LO phonon at

ｒ point.　　For ４Ｈ Sic, TA phonon lines are obseved in both Ga-doped

and　B-doped　samples, but it　is very weak in Al-doped　samples as　in

Fig.　２(ａ)．　Similar results were reported for ３Ｃ　ＳｉＣ[20-22]．

４－３－２．　Free-to-acceptor　spectra

　　　　Ａpeaks emerged　at　tempetatures　slightly ｂｅ:LoＶ　77　Ｋ on　the

higher　energy side of　ＢＯpeaks°　Ａ peaks broadened and became　domi-

nant over ＢＯpeaks with increasing temperature,　and　indicated no

shifts with　the change of　the excitation intensity.　　These charac-

teristics are　similar　to free-to-acceptor　transitions reported　for

３ＣSic [22-25］。

　　　　Free-to-acceptor　transitions are expressed by　the function of

electron kinetic　energy［３１］as
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I（ＥＫ）゜Ｎｽﾞ11（ＥＫ）（J（ＥＫ）７ｔh (1)

Here, N^ is the concentration of　ｎｅｕｔｒａｌａｃｃｅｐｔｏｒｓ゛ｎ(ＥＫ)ｔｈｅ　coneen-

tration of　free electrons of　kinetic energy　E , and ^th　the　thermal

velocity of the　electrons. (Ｊ(ＥＫ)ｉＳｔｈｅ　cross　section for radiative

capture of ａ free electron by ａ neutral acceptor, and is given as

[３２]：

(J(ＥＫ)゜C1(ＥＫ十ＥＧ‾ＥＡ)２/EK1/2 °C2Ej/2･ (2)

because　ＥＧ‾ＥＡ＞＞　ＥＡ‘　　Byexpressing ｎ（ＥＫ）ａｎｄ̂th as functions　of

ＥＫ’Ｅｑ°(1) Is transformed　into　the following　relation.

]:(ＥＫ)゜1/2

From Eq. (3), peak energy E is given by

　　Ep ゛ＥＧＸ十ＥＸ‾ＥＡ十牡Ｔ゛

where　Ｅ

(3)

(4)

GX is the　exciton band gap and　＼ is the　free　exciton bind-

ing energy.　Because of　the　existence of　inequivalent sites　given in

Table　I, many acceptor ｌｅｖｅ１Ｓ（Ｅ１）ａｒｅexpected.　　工ｎ this　case, Ｅｑ・

(1) is　transformed　into.

工(ＥＫ)゜c l
Ki
e゛p(‾EKi/kT)・ (5)

wheｒｅＥＫｉ° たり‾EGχ‾Ｅχ十El and たり１ｓthe enei°gy of emitted

light.

　　　　The　temperature dependences ｏｆＥＧＸ‾ＥｐｆｏｒＡＯｐｅａｋｓof　Ga-doped

and B-doped ４Ｈ Sic, Ga-doped　１５Ｒ SIC, and Al-doped and Ga-doped　６Ｈ

Sic are　shown　in Figs. ４(ａ)－４(ｅ)．　The values of E were　ｔﾆaken from

reports[5-7], and　these values were　confirmed by free ｅχciton

luminescence measurements at　７７　K (Chapt.　工工工)．　ＥＧＸ‾　Ｅｐｉｎｄｉｃａｔｅｓ

ｋ／２ dependence for all the polytypes. ３Ｃ [22], 4H, 6H, and １５Ｒ Sic

doped with Al or Ga acceptors within experimental uncertainty.　　As

for Ｂ acceptors, 4H SIC indicated nearly ｋ／２ dependence[Fig. 4(b)]・

工ｎ　the　case of　B-doped　６Ｈ and １５Ｒ Sic crystals, ＥＧＸ‾Ｅｐｄｉｄ not

Indicate　clear linearity with　temperature, which might be due　to

their broad peaks and due　ｔ０　interference by　the defect luminescence

　　　　　　　　　　　　　　　　　　　　　　-35-
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［33] on the higher energy side of ＡＯ peaks. When we dared　to esti-

77｀万j｀万te　the　slopefrom the linear part of　the　:Line, the　ｓ:Lopes for Ｂ－

doped ６Ｈ and １５Ｒ　SiC crystals were about ｋ／２０ｒless.　　Kuwabara et

ａ１．　ｒ２５］reported ａ slope of 0.7k for B-doped ３Ｃ SIC.　Though the

slope can be varied by the kinetic energy dependence of （ｙ（ＥＫ）゛ｗｅ

　　　　　　　　　　　　　　　　　　　　－３６－



take ｋ／２dependence for B-doped 4H, 6H, and １５ＲSIC considering the

experimental results. We can determine site dependent acceptor

levels

in Fig

from extrapolation of　ｔｈｅＥＧＸ‾　Ｅｐｌｉｎｅ　toＴ＝Ｏas　indicated

　４．

　　　Figures 5(a)-5(f) show comparison of　observed　spectra and　theo-

retical curves given by Ｅｑ．(５)．　Good agreements are obtained for

３Ｃ[22,24], 4H, and　６ＨSic doped with Ａ１０ｒ　Gaacceptors.　For ４Ｈ

Sic,　two　site dependent acceptor levels exist, but only one　impurity

level　Is assumed　in the calculation.　From　the　good agreements In
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Fig. 5　　Comparison of　experimental　spectra and　the　calculated　spectra

at ７７Ｋ for (a) Al-doped １５ＲSic, (b) Al-doped ４Ｈ Sic, (c) Ga-doped

１５ＲSic, (d) Ga-doped ４Ｈ Sic, (e) Al-doped ６ＨSIC, and (f) Ga-doped

６Ｈ Sic. Lines with open circles of ６Ｈand １５ＲSiC indicate spectra

of An peaks　after　subtracting　the background Ｄ‾Ａpair　spectra assumed
as　dashed　lines.　The dot-dash lines　indicate　calculated　spectra

using Ｅｑ°(5) with ＥＪＩ‾Ｅχindicated by arrows。
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Figs.　5(b) and 5(d), two Inequivalent acceptor levels in ４Ｈ SiC are

considered　to be close each other, probably Ｗｉｔﾆｈｉｎ±１meV of　experi-

mental uncertainty.　　For　6H Sic, the　impurity levels due　to　two

cubiclike　Sitﾆes are assumed　to be equal in　the calculation.　The

good agreements between　the　experimental　spectra after　subtracting

the background D-A pair　spectra and Ｃａ:Lculated ones　in Figs.　5(e)

and　5(f) imply　that　two acceptor levels due　to　cubiclike　sites　in 6H

Sic are　close each other, probably within ±１meV.　As to 15R　Sic,

spectra are　complicatﾆed・　べ;，べAq, and Ａ２peaks　in
’
Fig ｡　５　seem to

be due　to　free-to-acceptor　transitions.　Based on　the positons　of

Ｂ§゛Ｃand　Ｂ§　peaks, Aq　peak seems　to be overlapped with Ｂ３peak for

both Al-doped and Ga-doped 15R Sic.　［Ａｅ peak can be also　considered

as TA phonon replica of
べ?Ｃ（ｏｒべ;ａｎｄＯＡ;）ＰｅａｋＳ.　However,

the

Intensity of　TA phonon replica　is generally very weak compared with

that of　the　zero　phonon line and　the　separation energy of　21 meV in

the　spectrum differs from the value determined　in　Ｓｅｃ。4－3－1，ＴＡ＝28

meV.　Therefore, this does not　seem to be　the case.］　Since　it　Is

difficult and uncertain　to properly estlmatﾆｅ　theburied B; peaks.

the background D-A pair　spectra are assumed as　simple　lines in　the

figures.　　For　the curves after　subtracting　the background D-A pair

spectra from the observed　spectra, best fits are obtained　for both

Al-doped　and Ga-doped １５Ｒ　SICcrystals.　Five　inequ：ivalent acceptor

levies are assigned　so　that best fits are obtained　for both free-to-

acceptor　and D-A pair　spectra (Sec. 4-3-4).　The values of　shallower

three acceptor　levels can be assigned with relatively high accuracy

(±２meV), but　the accuracy of　the ｖａ:Lues of　deeper　two acceptor

levels seems　to be rather bad, probably±７ meV.　The agreement of　the

acceptor　levels determined from the　temperature dependence of　ＥＧＸ‾

ＥＰａｎｄ　thoseby curve fitting, is within ±１meV for　3C, 4H, and ６Ｈ

Sic, but　those of　１５ＲSic differ about　±２ meV.　For　B-doped　4H, 6H,

and １５Ｒ　Siccrystals, curve fitting was not　tried, because free-to-

acceptor　luminescence and defect luminescence were　overlapped, and

the background defect　spectrum could not be properly determined。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－３８－



For B-doped 15R Sic, only two of five peaks are distinguished [Fig･

3(c)］．

　　　　The free exciton binding　energies were reported　to be　13.5［34］

and １４ｍｅｖ［35］for 3C SiC, 20 meV for 4H S1C［36], and ７８meV for 6H

S1C［371. The free exciton binding energy of 15R Sic is estimated to

be　４０meV from　thermal quenching　of　the　free exclton luminescence

(Chapt.工工工）.　The acceptor　ionization energies determined using　ＥＡ

-E from the　curve fitting　and the　free exciton binding energies Ｅχ，

are given in Table　II.　Considering　the results of　acceptors　in　6H

Sic and donors　in 4H, 6H, and 15R Sic (Sec.　4-3-4), deeper　three

levels are considered　to belong　to　the　cubiclike　sites for 15R SIC.

The　ionization energies of　Ｂ acceptors are determined from the peak　’

energy at 77 K using　Eq. （4）.　　The determined　lonization energies

of Al acceptors　are　in good agreement with those　determind by Hall

measurements　of　lightly doped　samples, 230-250 meV for 6H SiC［141，

and about 240 meV for 4H, 6H, and 15R Sic　F16］.

4-3-3.　D-A pair　spectra

　　　　At４．２　K,A series peaks disappeared and only Ｂ and　Ｃ series

peaks were observed.　Ｂ and Ｃ　series peaks　shifted　to　the higher

energy　side and broadened with increasing excitation Intensity (for

ｅｘａ万mple.Fig.　６）［38], and beca万me broad and shlf ted to　the higher

energy side with the Increase of　the donor and acceptor coneentra-

tions.　Line　spectra due　to　close pairs were observed (not shown)

［３９］on　the higher energy side　than　the broad spectra due　to distant

pairs, in all　the　crystals of　3C, 4H, 6H, and　１５ＲSIC doped with

small　amount of　donors and acceptors.　Peak shifts　in　the　time-

resolved　spectra were reported for Al-doped　４Ｈ and　６ＨＳ１Ｃ［14], Al-

doped and Ga-doped ４ＨＳＩＣ［13], and Al-doped［２０］and B-doped［２２］

３Ｃ　SIC.　Ａ１１　these　characteristics　indicate　that　Ｂ and　Ｃ series are
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Table　II　Ionizatlon energies　of　donors and acceptors　in　cubiclike

sites (eC) and hexagonalllke　sites (eH), their average ratios, and

free　exciton binding ene㎎ies (Eχ) in 3C, 4H･６Ｈ･and １５ＲSic.　　ニ

3C8）

-

6Ｈ

15Ｒ

4Ｈ

Site

Ｃ

Ｃ
Ｈ

Ｅ

－

Ｃ

Ionization energy (meV)

Ｎ　　　　　　Al　　　　　Ga

56.5

155

100

^/E≪　ニ1.55

112

H　　　　　　　64

E^/E≫　　1.75

Ｃ
Ｈ 124

　66

254

-

249

239

1.040

-

236

230

223

221

206

1.076

１９１

E^/E≪　　1.88　　　1.0

343

-

333

317

1.050

-

320

311

305

300

282

1.072

267

１．０

Ｂ

735

723

698

1.036

700

666

647

１．０

EＸ

13
Sb）

78c）

40

20d）

８)Ｒｅｆｓ．　21,
22, and ２５

ｂ)Ｒｅｆｓ．３４
and ３５．

ｃ)Ｒｅｆ．３７．

ｄ)Ｒｅｆ．３６．

due　to D-A pair　transitions.

　　　　工ｎaddition to　these ordinary characteristics　of ＤこＡpair　tran-

sitions, peak intensity　ratio　of　Ｂ and Ｃ peaks　indicated　strong

dependence on　the excitation intensity and　the　concentration of

acceptors.　Figure　６　shows　that　Ｂ series peaks　of Al-doped　slightly

p-type　４Ｈ　SiC　decrease more rapidly　than Ｃ　series peaks with dec-

reasing excitation　intensity　at　４．２ Ｋ．　Pairs　of peaks　resolved　in

this figure （ｅ°か’CO ゛d B1’ B and B ) have beenμobab:Ly con-

sidered　to be　single peaks　in　the reports by　Suzuki et　ａ１．［１３］and

Hagen et ａ１．［１４］and　therefore　their assignment　of peaks　Is ‘differ-

ent　from the presentﾆ　one.　At　７７　K, A and Ｂ　series　peaks　quench more

　　　　　　　　　　　　　　　　　　　　　　　　　　－４０－
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Fig. 6　Photoluminescence

spectra of Al-doped

slightly p-type　４Ｈ Sic at

various excitation

intensities (U) at ４．２Ｋ．

rapidly　than Ｃ　series peaks and finally disappear with decreasing

excitation　intensity for 4H, 6H, and　１５Ｒ　SicIn Figs.　７(ａ)－７(ｃ)・

With　increasing Al concentration, B series peaks become weaker

compared with Ｃ series and finally disappear.　Figures ８(ａ)－８(ｃ)

compare　spectra of　slightly Al-doped　samples under　strong excitation

and highly Al-doped　samples under weak excitation for AH, 6H, and

１５Ｒ　SiCat ４．２Ｋ．　These above mentioned　dependences on excitaion

intensity and doping, were not　observed　for　３Ｃ　SIC　crystals　grown

in the　same growth run as 4H, 6H, and １５ＲSIC crystals.　Therefore,

these characteristics　seem　to　relate　to　the　inequivalent　sites

which do not exist in ３Ｃ　SIC.　The peak intensity ratios of　ＣＯ　peaks

to　ＢＯpeaks under high excitaiton, where both Ｂ and Ｃ　series appear

with full　intensities, are　0.96 for　4H, 1.9　for　6H, and　１．４for　１５Ｒ

Sic, respectively.　　These values are　In good agreemant with　the

ratios　of　the numbers of　cubiclike　to hexagonallike　sites, i.e., 1

for　4H, 2 for　6H, and １．５　for　15RSic.　Therefore, B and　Ｃ　series

are assumed　to be due　to D-A pair　transitions between acceptors and

donors　in hexagonallike and　cubicllke　sites, respectively, as　Hagen

et ａ１．[１４]have suggested.
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Fig.　７　Pho tolumine s-

cence　spectra of　Ａ１－

doped (a) 4H, (b) 6H,

and (c) 15R Sic at

various excitation

intensities (U) at

７７Ｋ or １０３Ｋ．
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Fig. 8　Comparison of　the

experimental D-A pair

spectra and　the　theore ｔ－

ical spectra for Al-doped

(A) 4H, (B) 6H, and (C)

:L5R SIC at ４．２Ｋ．　The

vertical dot-dash lines

indicate　the　Intensities

of　the phonon　spectra

calculated using Eq. （７）

with parameters　Ｓ　and

phonon energies 船ｉｎｄ１－

cated　in　the figures・

(a) Spectra of ｓ:Lightly

Ａ１－and　N-doped　crystals

under high excitation

with Ｂ and　Ｃ　series.

(b) Spectra with only Ｂ

series, which are　obtained

by　subtracting　spectra (c)

from　spectra (a).　The

ratios of　the　total　lumi-

nescence　intensities of

the　spectra (b) to　those

of　the　spectra (c) are

the　same　as　the ratios　of

ｔﾆhe numbers　of ｈｅχagonal-

like　ｓｉｔﾆes　ｔﾆｏ　thoseof

cubiclike　sites.

(c) Spectra of highly

Al-doped　crystals　under

weak excitﾆation with

only Ｃ　series.



　　　　　Inorder　to verify　this assumption, configuration coordinate

phonon spectra are　studied.　We consider peaks of　site dependent

acceptor　levels as ａ single peak for　simplicity.　　工ｎ　theadiabatic

approximation, the normalized line　shape function for multi-mode

phonons is given ｂｙ［４０１，

Iab(E)゜ｍtｎ[;l e゛p(‾Ｅｂｎ/ｋＴ)]-1 exp(-E /kT)

　　　　　)(|＜b州Ｍｂａｌ８１１＞126(Ｅｂｎ‾Ｅａｍ‾Ｅ)' (6)

Here, Ｍｂａis the dipole matrix element between　the electronic ground

and　excited states, ａ and ｂ°The adiabatic potentials Ｅａｍand Ｅｂｎ

are for　the vibrational wave functions in　the ground　state　ｌａｍ＞ａｎｄ

excited　ｓ tate　ｌbn>, respectively.　　工ntegers ｍ and ｎ are　indices　for

the ground　and excited vibratlonal　states, respectively.　　Based upon

this　equation, there are no　terms which represent　the number of

luminescent　centﾆers and photon number.　Physically　the　interaction

between　the lattice vibration and the　luminescent centﾆer, which

determines phonon　spectrum, may not be affected by　the numbers of

photons and luminescent　centers.　Therefore, if　Ｃ　series are LA

phonon replicas of　Ｂ　series as Gorban et ａ１．［:Ｌ２］and　Suzukiet al.

［１３］have　suggested, stﾆrong　dependences on　the excitation intensity

and　the acceptor concentration are not expected.　Since　the D-A pair

spectra exhibit　strong　dependence on　the excitation intensity and

acceptor　concentration, the Ｃ　series are not LA phonon replicas　of

the ＢＯpeak°

　　　　The　line　shape　function for ａ　single mode at Ｔ＝Ｏon the Condon

and　the linear mode approximations　is obtained　from Eq. (6) as［41],

　　　　工ab（Ｅ）≒EOe゛p（‾S）（♂1/�）6（咄“j‾Ｅａｂ十S加‾Ｅ）’　（７）

where　the value　Ｓ represents　the　degree of　localization of　ｅ:Lectrons

and　holes　to　impurity atoms and 方ωis　the energy of　the phonon.

This leads　to　an emission　spectrum consisting of　ａ series of　even:i-y

spaced　lines at

-44－
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Eｍ °（Ｅａｂ‾S加）‾�iω゜E -m万ω゛ (8)

In Figs.　8(A)-8(C), the spectra of　strong p-type crystals under １０ｗ

excitation conditions are　taken for　Ｃ series　spectra.　　The Ｂ　series

spectrum［curve (b)］is　taken by　subtracting　the Ｃ　series　spectrum

［curve (c)］from the　combined　Ｂ and Ｃ　series　spectrum［curve (a)］in

such ａ way that　the ratio of　the　total luminescence　intensity of　the

Ｂ　series　spectrum to　that of Ｃ　series　spectrum is　equal　to　ｔﾆhe ratio

of　the numbers　of　the　cubiclike　sites　to hexagonalllke　sites.　Both

Ｂ and　Ｃ series　spectra are fairly well described by Eq. (7) using

appropriate values of　Ｓand 乃ω．　Peak intensity ratios of　%　to　ＢＯ

peaks, values of　S, sums of　donor and acceptor　ionlzatlon energies

averaged among sites. and Hωare　given in Table　工工工.　The donor

ionlzatlon energy ED will be determined in Sec. 4-3-4. The S param-

eter　increases with increasing　ＥＤ十E , except for　３Ｃ　Sic.　This　is

consistent with　the meaning of　Ｓ parameter, which represents　the

strength of　the binding energy or　degree of　localization of　electrons

and holes　to　luminescentﾆ　centers.　Increase　of　Ｓ with　increase　of

ＥＤ十ＥＡ was　also reported　for ＧａＰ［４２］゜　Theobserved phonons with

energies　of　１００－１０６meV correspond　to　the smaller LO phonons　shown

In Sec.　4-3-1.　The　small value　of　the　Ｓ parameter　In　ｔﾆhe　case of　３Ｃ

SIC may be due　to　the large phonon energy [43】・

　　　　The fair agreement of　the resultant　spectra with　Ｅｑ．（７）Ｓｕｐ－

ports　the　idea　that Ｂ and　Ｃ　series peaks are due　to　donors in　inequi-

valent　sites with different binding　energies.　Dependences of　the

intensity ratio of　Ｂ and　Ｃ　series　on　the　excitation　intensity and　the

acceptor　concentration　are also　observed　in Ga-doped and　B-doped

samples.　But　In　these　cases, quenching of　Ｂ series　peaks　is not　so

remarkable, probab:ly due　ｔｏ’the　small　concentrations of Ga and Ｂ

acceptors owing to　their　small　solubility limits　in　ＳｉＣ［17].

　　　　The dependences of　the　intensity ratio ０ｆ　Ｂand　Ｃ　series peaks

on　the　excitation　intensity and　the acceptor　concentration can be

explained by　the ratio ０ｆ　the occupied donors　in cubiclike　sites　to

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-45-



Table　Ill　Numbers of　cubiclike and hexagonallike　sites, ratﾆios　of
ＣＯ　toＢＯ　peakintensities, S parameters, sums of the　donor and

acceptor　Ionization energies averaged　among　sites, and phonon
energies　for 3C, 4H, 6H, and １５ＲSic.

Site No. of

sites

工（CO）　　S

‾匹了

E
Ｄ十ＥＡ

(meV)

３Ｃ

6Ｈ

15Ｒ

4Ｈ

Ｃ
Ｈ
　
Ｃ
Ｈ
　
Ｃ
Ｈ
　
Ｃ
Ｈ

１
０
　
２
１
　
３
２
　
１
１

―
一
〇
１
　
９
一
―

2.8
-　2

0.96

1.06

１。

１．

１．

１．

１。

０．

70

32

37

16

28

97

31]j)

404

339

342

278

315

257

加

(ｍｅｖ)

-

116

106

104

:L00

100

102

102１

Ref. 22.

those　in hexagonallike　sites.　　The occupation probability is

expressed by　the Fermi level and　the　electron quasi Fermi level.

（１）　When ａ　sample　is　strong p-type, the Fermi level is near　the

acceptor　level.　In　this　case, the ｒａｔﾆioof　the numbers of　occupied

donors　in different　sites　is

　　　　ＮＨ／ＮＣ＝１ｅｘＰ［－（ＥＣ－ ＥＨ）／ｋＴ］くく１，　　　　　　　　　　　（９）

using Boltzmann distribution.　Here,　N and N are　the numbers of

donors　In hexagonallike　sites and　in cubiclike　sites, respectﾆively･

Therefore, transitions due　to donors in hexagonallike　sites are far

fewer　than　those　in cubicllke　sites, and only　Ｃ　series are observed.

（２）　When concentrations　of ･donors and acceptors are　small. the

electron　quasi Fermi levels may be higher　than both donor leve:Ls,

because　the number of　generated　electrons　is　comparable　to　that　of

donors.　Therefore, B and Ｃ　series　peaks are　comparable at　１０ｗ

temperatures.　　However, when temperature　is raised, a larger portion

of　electrons at　shallower　donors　in hexagonallike　sites are

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－４６－
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Fig. 9　Photolumi-

nescence　spectra of

６Ｈ Sic with various

concentrations of Al

and　Ｎ Impurities.

(a) n = 4×1017 cm‾３

(grown from Si melt

with 0.01 at.　Ｚ Al),

(b) n = 2×1019 cm‾３

(2.5 at. % Al) and

degenerated, and

(ｃ)ｐ＝２×1018 cm ^

(2.5 at. % Al).

thermally excited compared with those at deeper　donors　in cubiclike

sites.　Therefore, with Increasing excitation Intensity, the　elec tron

quasi Fermi　level descends and　the number　of　occupiec!　donors　in

ｈｅχagonalllke　sites decreases more rapidly　than　that　in cublclike

sites and Ｂ　series disappear･

（３）　For　６ＨSic, when Ｎ donor　１Ｓ heavily doped and　the　conduction

band　is　degenerated, C　series disappeared and　the　spectrum becomes

similar　to　that of ａ　strong　ｐ　type　sample as　in Fig.　９．　　工ｎ　this

case, the　tail　states of　the conduction band may merge with shallow-

er　donor level due　to hexagonallike　sites.　Therefore, the pair

transitions between　shallower　donors and acceptors may not　occur　and

Ｂ　series disappear.　Heavy doping of　Ｎ donor has not been carried

out for　４Ｈor １５ＲSIC.　Suzuki et ａ:Ｌ．［１３］reported　that　Ｂ　series

existed　in　the　photoluminescence of heavily doped　４Ｈ Sic with ｎ え

５×1019　cm‾３　where　theＢ　series of　６ＨSic　grown in the　same growth run

already disappeared.　This　persistent　existence of　Ｂ series　in ４Ｈ

Sic may be due　to　the large　density of　states　caused by the　large

number　of　the　conduction band minima　in ４Ｈ　ＳｉＣ［４４１．

-47-



4-3－4.　Donor　leve:Ls

　　　　Donor　levelsare estimated from the D-A pair　spectra using　the

acceptor　leve:Ls determined　in　Sec. 4-3-2.　The　energy relation for

the D-A pair　transitions　is written

加Ｄ-Ａ ° ＥＧ ‾（ＥＡ十ＥＤ）十e^/4TreR.

工ｎthe case of weak excitation and ｆｏｒＮＡ＞

(10)

>ＮＤ゛ａＡ３ＮＡ＜く１｀　and　ａＤ３Ｎｄく＜

1, the dependence of　luminescence　intensity on　the　pair distance (R)

can be approximated ｂｙ［45,46],

I(R) ≪ﾆＲ６ｅ゛ｐ（‾471NAR3/3）’ (11)

where ａＡ and ａＤａｒｅ the Bohr radii of　ａ hole and an electron, respec-

tively.　The　estimated Al　concentration of　an Ａ:L-doped　sample　is ＼l

゛１×1018　cm‾３（ｐ　° ３．５×1016　cm‾３）　the　Ga concentﾆｒａｔｉｏｎＮＧａ　゛１×1018

cm　（ｐ　゛５．６）゛1015　Cm‾３），ａｎｄｔｈｅ Ｎ concentration of　all samples

ＮＮ°３（Ｌ０１７ cm ^ （ｌｌ° １°Ｏ）（1017 cm ^) for ３Ｃ’ ４Ｈ’ and １５Ｒ SiC ｓ°lples

grown　in　the　same growth run.　For　６Ｈ Sic, the estimated Al and　Ga

concentrations are N^ ° １）（1019 cl1‾３（Ｐ ° １’４゛1017 cm ) and ^Ga ゛

６×1018 cm""3 (p = 7.1×1016 cm ^), respectively.　The　Bohr radius　is

modified ■with　the observed activation energy in　the　quantum defect

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　大model (Sec.　４－４）．　The modified Bohr radii［ａ Ｖ in Eq. (15) in Sec.

４－４］of　Ｎ　in hexagonallike　sites are　＝８－１５
χ，　those

of　Ｎ in cubic-

like　sites are　＝６－１０ A, those of　Al　in both kinds of　sites are　＝４ Ａ。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　○and　those of　Ga　in both kinds of　sites are　-3.5 Ａ in all polytypes

(APPENDIX Ｂ）． These values satisfy the conditions　that N≫N ,

ａＡ３ＮＡ＜＜１ a゙nd ａＤ３ＮＤ＜＜１°The Bq peak due　to　transitions between

donors　in　shallower hexagonallike　sites and　acceptors　in Inequivalent

sites, is used　to ｄｅｔﾆermine　the　ionization energy of　Ｎ donors.　０ｎ

the assumption　that　the capture　cross　sectﾆion, the pair distribution

functﾆion, and　the Ｐａｉｒ occupation probability do not depend on　the

inequivalent　sites which an　impurity atom substitutes, the　shape

function of　the D-A pair　spectrum is written as

-48－

・



I(E)c゛I E-^exp[‾47TNA(e2/峠E:Ｅ
1)3/319

(12)

where Ei °Ｅ ‾ＥＧ十ＥＤ十Ｅλis the　Coulomb energy between　the donor

in hexagonallike　sites　and　the acceptor　in one　of　inequivalent　sites.

and　Ｅｌis　the　ionlzation energy of　the acceptor at　the　i-th　inequi-

valent　site.

　　　　The Coulomb　energy is estimated by curve fitting between　the

calculated spectrum using　Eq. (12) and　the experimental　spectrum

under １０ｗ excitation at ４．２ Ｋ．　Figures 10(a)-10(f) show best fits

between　theoretical and　experimental　spectra.　　The energies of　Ｅ　－
　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｇ

Ｅ。べare　indicated by the arrows in Figs.　１０(ａ)－１０(ｆ)．　The donor

Ionization energy is detﾆermined with　the value of ＥＧ‾ＥＤ‾Ｅｌ and

the acceptor　ionization energy determined　in　Sec. 4-3-2.　For A1－

doped 3C　S1C゛ＥＧ‾ＥＤ‾ＥＡ °2.0925　eｖ゛ＮＡ °1°5×1018　cm‾3゛ａｎｄ　ＥＮ °

57 meV are obtained.　For 4H SIC, EG‾ＥＤ‾ＥＡ ° 3°0485 eｖ゛ ＼ ゛

　　　　　｡－　　　－　　　　　　TJ
　　　　　　　　　　　　　　　　　　　　　　　　　　ｕ　　　〃　　ｎ　　　　　　　　　　　ａ１．５)(1018 cm‾３，ａｎｄ

<
° 66 meV are obtained　for　the Al-doped　sample,

and　EG‾ＥＤ‾ＥＡ ° 2°9515 eｖ゛ＮＡ ゛ :L°5)(1018 cm‾3゛ and ＥＩ゛66 meV

for　the Ga-doped　sample°　For　6H SiC゛ＥＧ‾ＥＤ‾　E2 °2°7655　eV, N. °

1.0×1018 Cm‾3，andEI°96.5 meV are obtained for　the Al-doped

sample. and ＥＧ‾ＥＤ‾Ｅｽﾞ゜2°682 eｖ゛ ＼ ° 2゛25)(1018 Cm‾3゛ and Ｅｊ °

102 meV for　the Ga-doped　Ｓａｍｐyｅ°　For 15R SiC, E -　ＥＤ‾　Ｅｽﾞ゜2°7605

　　　　　　　　　　一一
eｖ゛ＮＡ ° 1’5×1018　cm‾39　and

d?IPed　sample. ａｎｄ恥一1≒）－

I
ぐ

Eｽﾞ

＝　63 meV are obtained for　the Ａ１－

doped　Ｓａｍｐｌｅ，ａｎｄＥＧ‾ＥＤ‾Ｅ;ｉ ° ２‘6785 eｖ゛ ＼ °１’５×1018 cm‾３゛ and

ＥＩ ° ６４ meV for the Ga-doped sample.　The values of Ｅｌ are deter-

mined　to be ６６ meV for ４Ｈ SIC, 100 meV for　６Ｈ Sic, and　６４ meV for

１５Ｒ　SiC by averaging　the values of　the Al-doped and Ga-doped　samples.

The acceptor concentrations determined from curve　fitting and　those

ｅＳｔﾆ:imated from Hall measurements are　in good agreement　except　for

the　case of Al-doped　６Ｈ Sic.　Since defect　spectﾆｒａ［３３］overlapped

D-A pair　spectra and　the D-A pair　spectra were broad, fitting was

not　tried　for B-doped　samples.　　From the　separation energy of　Ｂ　and

ＣＯ peaks of ５８ meV, ＥＩ°１２４ meV １Ｓ determined for Ｎ donors　ｉｎじ

Iclike　sites for 4H Sic.　Similarly, from the　separation energies of
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Fig. １０　Comparison of ｅχperimental spectra at ４．２ Ｋ and calculated

spectra for （ａ）Ａ１－ｄｏｐｅｄ１５Ｒ Sic, （ｂ）Ａ１－ｄｏＰｅｄ３Ｃ Sic, （Ｃ）Ｇａ-ｄｏＰｅｄ

１５Ｒ Sic, (d) Al-doped ４Ｈ Sic, (e) Al-doped ６Ｈ SiC, and (f)　Ga-doped

6H SiC.　Lines with open circles of　15R　Sic　indicate　spectra after

subtracting background Ｂ　peaks assumed as dashed lines.　The dot-

dash lines indicate ｃａｌｃｉylated spectra ｕりLng Eq. (12) with indicated

acceptor concentrations and ＥＧＸ‾ＥＤ‾Ejl indicated by the arrows.

５５and ４８meV, １５５and １１２meV are obtained　for Ｎ donors　in cubic-

like　sites for　６Ｈand　１５ＲSic, respectively.　　The ionization energy

of　56.5 meV of Ｎ in ３Ｃ SIC was determined using D-A pair　line　spec-

trum by Kuwabara et ａ１．［２２］．　　Thepresent value of　５７meV is　in

good agreement with　their value.　Therefore, the accuracy of　the

determined　donor　levels　seems　to be rather high, probably　±３ meV for

４Ｈand　15R, and　probably　±５ meV for　６ＨSic.　The determined　donor

levels are given in Table　工工．　The　ionization energies of　Ｎ donors

determined by Hall measurements, ４９［４７］and５０meV ［４８］for ３ＣＳｉＣ。
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●

3３ ｍｅｖ［16］for 4H Sic, 95 meｖ［15,16］for 6H Sic, ana 52［15］and

４７ｍｅｖ［16］for　15R Sic, are　slightly　smaller　than　the present values

of　hexagonallike　sites, which might be　caused by　the　screening by

ionized　impurities and　the assumption of　single donor　leve:L　in　their

analyses.

４-４．　Origin of　the　Site Effect

　　　　Table　II shows　the donor　ionlzatlon energies, the acceptor

ionization energies, the average ratios of　the　Ionization energies

of　donors and acceptors　in cub 1 dike　sites　to　those　in hexagonallike

sites, and　the free exciton binding　energies from literatures［３４－

371.　From these values, the following characters of　the donor and

acceptor　ionizatlon energies are deduced.

１）　Donor　levels markedly depend on sites and polytypes.

２）　Acceptor　levels　slightly depend on sites and polytypes, and　the

activation energy decreases with　the　increase of　the hexagonallty

(percent of　the number　of　hexagonallike　sites　in all　the　sites;　Ｏ　for

3C, 1/3 for ６Ｈ，２／５for 15R, １／２for ４Ｈ）．

３）　The activation energies of　impurities in cubiclike　sites （ＥＣ）

are　larger than　those　in hexagonalllke　ＳｉｔｅＳ（ＥＨ）．　　Fordonors

ＥＣ／ＥＨａｒｅlarge and are　1.55-1.88, and　for ａｃｃｅｐｔｏｒｓＥＣ／ＥＨare

nearly　one and are 1.00－１．０８．

　　　　Commonly used　theories on :Impurity levels, the effective mass

theory　and　the quantum defect model, require ａ unique　Impurity level

for an　impurity atom, since　specific effective mass and dielectric

constant exist for　one material.　The existence of　the　site dependent

impurity level　seems　to　imply inapplicability of　these　theories　to

this case. However, the nearly constant ratios of E^/E≪ suggest the

existence of　certain localized physical constants around ａ cubiclike

or　ａ hexagonallike　sites, and　these　theories are　still available.

This　idea　is　supported by　the　fact　that　the nearest neighbour　atomic
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configurations are　the　same for　cubiclike or hexagonallike　sites

independent of　polytype.　By assuming　such localized physical con-

stants, explanation of　the characteristics of　the　site dependent

impurity　levels　is　tried　on　the basis　of　the　quantum defect model.

because　the effective mass　theory gives　too　small　ionization

energies　of　０．２－０．５　ｔﾆimesof　the observed values。

　　　　Inthe quantum defect model [49], the effectﾆive principal quan-

turn number V is deteniiined from ｔﾆheobserved impurity Ionizatﾆion

energy, E(obs), by

Ｅ（ｏｂｓ）＝－Ｒ゛／ジ，

R = m大eV2がｅ２，

Pり(r)゜ＮｖＪ‾1e゛p(‾・/va*)・

j＝がｅ／ｍ火ｅ２

(13)

(14)

(15)

(16)

　　　　　　　　大　　　　　大Here, R　and ａ　are　referred　to　as　the　effective Rydberg and　effec-

tive Bohr radius, respectively, P (r) is　the radial　function, and

Nりis ａ function of り．　We assume　thatり　is　inherent　in the kind of

impurity atom, sinceり　is　ｔﾆhe correction factor for　the effect of

core potential　０ｆ　the　impurity ａｔﾆom.　　Inthis model, factors which

depend on　the　inequivalent　sites are　the dielectric constant and　the

effective mass。

　　　　　Themodified　Bohr radii ａ大り　of　donors are　６．:L-13.9 A and　those

of acceptors are ２．2-4. ２ Ａ（ＡＰＰＥＮＤ工ＸＢ）．　Thoughthe electron modi-

fied　Bohr　radii are ａ　little larger　than　the distance ･to　the nearest

neighbour ａｔﾆｏｍＳ，3.08λｉｎ　thea-axis direction and　2.54
ｘ
in　the

c-axis direction［50], we assume　that　electron and hole wave func-

tions are　localized around　cubiclike and hexagonal:Like　sites for

simplicity.　　工ｎ this case we may use　the dielectric　constants and

effective masses of　３Ｃand　２Ｈ　Sic　inｐ:Lace of　those around cublcllke

and hexagonallike　sites.　The　static dielectric constant of　３Ｃ　Sic

was reported as ＳＳ°９°７２［５１］’　The　static　dielectﾆric　constants of
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２Ｈ Sic were determined　to be ｅ
Ｓ吐）゜9.57 ゛d

cS（//） = 10.73 (APPEN-

DIX A) in the　same way as Ref. 51.　The　ratio　of　square of　the

dielectric　constants　is

[2Ｓ

S(1'2H)2十eS(//.2H)2]/3e
(3C)2°1.052. (17)

For　３Ｃ　Sic, the density of　state　electron effective mass has been

determined by various methods[47,48,52], but　those values　largely

differ　each other.　Moreover, there have been no　reports　on　the

electron　effective mass　for ２Ｈ　Sic.　Therefore, the electron　effec-

tive masses　estimated from tRe　curvature of　the　conduction band

minima　are used[53].　For ３Ｃ　Sic, m,*゜0.24 1110 and ゛/ﾊﾞ= 1.12 110

are　obtained, and　for　2H SIC mi* = 0.26 1r10 ゛d °/ﾊﾟ = 0.70 1110° The

ratio of　the　effective masses　is obtained　as

　　　　[2Tn*(上,３Ｃ)２十ｍ;(／／，３Ｃ)２１１／２／[２ｍ;(上,2H)2十ｍ;(／／，２Ｈ)２１１／２　(１８)

　　　　= 1.48

　　　　Since　the valence band maxima of　SIC　locate at　the r valley and

are nearly　spherical　Independent　of polytypes[16,28,29], the hole

effective masses of　different　polytypes may be nearly the　same.

Whereas, the　conduction band minima of　different　polytypes　locate　at

different valleys[5,16,28-30]；　ｘ valleys for ３Ｃ　Sic and Ｋ valleys

for　２Ｈ　Sic.　Therefore, the　electron　effective masses vary　from

polytype　to polytype.　　Since　the physical　constant　affecting　the

acceptor　level　is only the dielectric　constant, the　ratio of　the

acceptor activation energies　is　expected　to be　1.052　This value　is

in　good　agreement with the　observed values　of　1.0-:L.076.　Since both

the　electron effective mass　and　the dielectric constant　affect　the

donor activation energy as　in　Eq. (13), the ratio　becomes　1.052×1.48

°1.56.　This value　is　in good　agreement with　the observed values　of

1.55-1.88.　This　fairly good　agreements　support　the existence　of　the

localized　effect:ive mass　and　the dielectric　constant.　However, the

variation of　the ratio　in different　polytypes　and　sites needs more

advanced　treatment　taking　into　account　of　the atomic　configuration
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farther　than　the nearest neighbour　atoms　and needs more　accurate

values of　the　effective masses.　Site dependent　impurity levels are

expected　to　exist　ｅχtensively　inother polytype　SiC　and　furthermore

in other materials　such as ZnS　and Agl, provided　that　the localized

dielectric　constants　or effective masses differ　considerably・

４－５．　Haynes Rule

　　　　The　exciton binding ene㎎ies (Eχ）［５４］vs. the　ionizatlon

energies (E ) of Ｎ donors　of　３Ｃ゛AH, 6H, and 15R SiC　are　shovm　in

Fig.　１１．　　This　figure　shows　that　Haynes　rule［５５］relatively well

applies to Sic.　Choyke et ａ１．［５６］suggested inapplicability of

this　rule　to　SIC, which might be　caused by uncertain　ionization

energies　they had　estimated,　The average ratio　of　exciton binding

energies to　ionization energies of Ｎ donors （ＥＢχ／ＥＤ）ｉＳabout 0.17.

From theoretical　calculations ［５７］,the ene㎎ｙ ratio （ＥＢχ／ＥＤ）ｉＳ

　Ｓexpected　to　be nearly constant　of　about　０．１　in the range of mass

ratio (m*/m?) more than ０．２which various polytype SiC may have.

Therefore, Haynes rule　can be applied　even　if　the mass　ratio varies

（
Ｉ
Ｅ
）
ｙ
８
３

０ 50 　　　100

ED（ｍｅv）

150
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Fig. 11　Exciton binding

ｅｎｅｒｇｉｅｓ（ＥＢχ)vs. ioniza-

tion energies (E ) fo・ Ｎ ｄｏ‾

nors　in　3C, 4H, 6H, and　１５Ｒ

Sic.　Open symbols　indicate

the data for donors　in

hexagonallike　sites and

closed　Ｓｙｍｂｏ:Ls for donors　in

cubiclike　sites.



●

among　Sic　polytypes and different　sites.　　The data points　of　donors

in hexagonalllke　sites (open　symbols　in Fig. 11) tend　to deviate

from the　line of　０.17　in　thedirection of　smaller values　of　energy

ratio, and　those　in　cubiclike　sites (closed　symbols) in the　direction

of　larger values　of　energy ratio.　Since　the mass　ratio ０ｆ　cublclike

sites　are　larger　than that　of　hexagonallike　sites (Sec. 4-4), the

energy ratio　should　increase with the　increase of　the mass　ratio.

This　relation　is　explained　by　the　calculation by Sharma［58], whereas

the　other researchers【５７】have reported　that　the energy ratio

decreases　or does not　change with Increasing mass　ratio.

4-6.　Summary

　　　　　Photoluminescence in　3C, 4H,　6H, and　１５Ｒ　Sic　crystals　doped

with Al, Ga, or Ｂ acceptors and Ｎ donors has been　studied.　The

peculiar characteristics of D-A pair and　free-to-acceptor lumines-

cence are　explained　assuming　site dependent　donor and acceptor

levels.　Site dependent　donor　and　acceptor　levels　are determined

from the　analyses of　free-to-acceptor and D-A pair luminescence.

Good　agreement　is　obtained　between the number of　sites and　the

photoltnninescence　intensity associated with ａ given　site,　which

indicates that　every　impurity atom enters　each kind of　site　in

equal probability.　The　characteristics of　the　site dependent　donor

and　acceptor　levels　are　studied　on the basis　of　the quantum defect

model.　The origin of　the　site　effect on　the　impurity levels　is

ｅ:xplalned By as Sliming　the local dielectric　constants　and effective

masses.　　The applicability of　Haynes rule　to　Sic　is　shown, and

therefore　the donor　ionization energies　can be roughly estimated

from the exciton binding　energies with ａ　slight modification by the

site dependent　effective masses.　From these　results, the　site

effect　on the　ｉ:mpurity levels are　expected　extensively for other

polytype　Sic　crystals　and　other materials, provided　that　the　local
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effective masses　or the　local dielectric　constants　differconsidera-

ｂｌｙ･

References

11

21

3］

L.　Patrick, Phys.　Ｒｅｖ･　127, 1878 (1962)・

Ｗ．　Ｊ．　Choyke,Mater.　Res,　Bull・　4, S141 (1969).

L. Patrick, D, R. Hamilton, and W. J. Choyke, Phys.　Rev. 1ﾆ丘!，
526 (1966).

［4］　　　W. J. Choyke, D. R. Hamilton, and L. Patrick, Phys.　Rev. 12!j!.，

　　　　　　A1163(1964).

［5］　　　L. Patrick, W. J. Choyke, and D. R. Hamilton, Phys.　Rev. 137.

　　　　　　A1515(1965).

[6]

[7]

r8］

19]

110]

[11]

[12]

Ｗ．Ｊ． Choyke and Ｌ． Patrick, Phys. Rev, 127. 1868 (1962).

Ｌ．　Patrick,　Ｄ・Ｒ･Hamilton,　and Ｗ.　Ｊ.　Choyke,　Phys.　Rev. 1ﾆ旦乙，

2023 (1063)・．

G. A. Lomakina, G. F, Kholuyanov, R.　Ｇ．　Verenchikova,　Ｅ．　Ｎ･

Mokhov, and Yu, A. Vodakov, Sov. Phys.　－　Solid　State 6, 988

(1972)・

Ｐ． Ｊ． Colwell and Ｍ． Ｖ． Klein, Phys. Rev. Ｂを, 498 (1972).

Ｐ．　Ｊ．　Dean and R. L. Hartman, Phys.　Rev. B5^, 4911 (1972).

工. S. Gorban and A, P, Krokhamal, Sov. Phys.　－　Solid　state

19, 733 (1977).
一

ｴ. S. Gorban, V. A. Gubanov, and B. M. Efimov, Sov. Phys.　－

Solid State 14, 2010 (1973).

【１３】　　A.Suzuki, H. Matsunami, and T, Tanaka, J. Phys.　Chem. Solids ‘

　　　38, 693 (1977);　Ａ．　Suzuki, H.　Matsunami, and Ｔ．　Tanaka, J.

　　　-　　　Electrochem. Soc. :L24, 241 (1977).
　　　　　　　　　　　-

[１４]　　S. H. Hagen, A. W. C. van Kemenade, and J. A. W. van der Does
　　　de Bye, Ｊ．Lumin･ 旦, 18 (1973)・

[１５]　　Ｓ．　Ｈ．　Hagen and Ｃ．　Ｊ．　Kapteyns,Phi:Lips Res.　Ｒｅｐ・互，１

　　　(:L970).

［１６］　　G. A. Lomakina, Yu. A. Vodakov, E. N. Mokhov, V. G. Oding,

　　　　　　and G. F. Kholuyanov, Sov. Phys.　－　Solid　State 12, 2356

　　　　　　(1971);　G. A, Lomaklna, in　”Silicon Carbide　－ :L973”, edited

　　　　　　byR. C. Marshall, J. W. Faust, Jr., and C. E. Ryan (Univer-

　　　　　　sity of　South Calorina Press, Columbia, 1974), p. 520.

-56-



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Yu. A. Vodakov, G. A. Lomakina, E. N. Mokhov, E. I.

Radovanova, V. I. Sokolov, M. M. Usmanova, G. F. Yuldashev,

and Ｂ．Ｓ．Machmudov, Phys. Status Solidi ＡＩ!，37 (1976)・

Ｇ．　Ａ．　Lomakina,Sov.　Phys.　－ＳＯ:Lid State 7, 475 (1965)・

This value of　Ｂ concentration　seems　to be ａ little　too　large.

which may be　caused by　the experimental uncertainty due　to

high resistivity of　this　sample.　This value　１Ｓ　about　one

order　higher　than the reported one　in W. E. Nelson, F. A.

Halden, and Ａ．Ｒ．Rosengreen, Ｊ．Appl. Phys・ 37, 333 (1966)・

N. N. Long, D. S. Nedzvetskii, N. K. Prokofeva, and M. B.

Reifman, Opt. Spectrosc・30, 165 (1971)・

H. Kuwabara, K. Yamanaka, and　S. Yamada, Phys.　Status　Solidl

A37, K157 (1976)・

H. Kuwabara, Doctoral Thesis, University of Osaka, 1978.

Ｇ．Zanmarchi, Ｊ．Phys. Chem. Solids 1＼!,1727 (1968)・

N. N. Long and D. S. Nedzvetskli, Opt. Spectrosc.　35, 6A5
(1973).

-

【２５】Ｈ． Kuwabara and Ｓ． Yamada, Phys. Status Solidi A30, ７３９

　　　　　　　　　　　　　　　　　　　-　　(1975).

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

134]

135］

136］

【37】

L.　Patrick and Ｗ.　Ｊ.　Choyke, Phys.　Ｒｅｖ･　!Zj!,813 (1961)・

D. W. Feldman, J. H. Parker, Jr., W. J. Choyke, and Ｌ.

Patrick, Phys. Ｒｅｖ･173, 787 (1968)・

H. G. Junginger and W. van Haeringen, Phys.　Status　Solidl 37,
709 (1970)・

L. A. Hemstreet and　C. Y. Fong, in ”Silicon Carbide　- 1973”，

edited by R. C. Marshall, J. W. Faust, Jr., and C. E. Ryan

(University of　South Carolina Press, Columbia, 1974), p. 284.

Ｌ． Patrick, Phys. Rev. B5, 2198 (1972).

Ｋ. Colbow, Phys. Ｒｅｖ･141. 742 (1966)・

Ｊ. S. Blakemore, Phys. Ｒｅｖ･!瓦!, 809 (1967)・

Ｖ．　Ｖ．　Makarov,Sov.　Phys.　－　Solid　State旦, 457 (1967)・

D. S. Nedzvetskii,･B. V. Novikov,　N. N. Prokofeva, and M. B.

:Reifman, Sov. Phys, － Semicond・ !， 914 (1969)・

V. A. Klselev, B. V. Novikov, M. M. Pimonenko, and E. B.

Shadrin, Sov. Phys. － Solid State 13, 926 (1971)・

G. B. Dubrovskil and ｖ．工. Sankin, Sov. Phys.　－ Solid　State

17, 1847 (1976)・

Ｖ. I. Sankln, Sov. Phys. － Solid State 17, 1191 (1975).

-57－



【３８】　　M.Ikeda, H. Matsunami, and T. Tanaka, J. Lumin. 2X!，:Ｌ１１

　　　　　　(1979)・

[３９]　　Analysis of　the　line　spectra could not be　carried out, since

　　　　　　separatﾆion　of　thedifferent　series due　to　donors and　acceptors

　　　　　　in　inequivalent　sites was　impossible at　the present　state.

[40]

[41]

[42]

[43]

[44]

【45】

[46]

【47】

[48]

【49】

150］

151]

[52]

【53】

Ｒ．Ｃ．O'Rourke, Phys. Ｒｅｖ･91, 265 (1953)・

Ｔ．Ｈ．Keil, Phys. Ｒｅｖ･Ｊ£!, A161 (1965)・

Ｍ．　Tajima and Ｍ．Aoki, Jap. Ｊ．Appl. Phys・ 13, 812 (1974)・

Although　the　condition is　slightly　different, in　the　case of

an　electron bound　to　an　impurity, S parameter　is　given as　Ｓ＝

E. (ＣＳんj)‾:L)/万叫where E. is the binding energy of　the

impurity, £ the　static dielectric　constantタ　and '^o　the

refractive　index (Ref. 23), or S °（゚ｅﾆ1－弓1）/加vl/3.

where　Ｃｃｘ，ｉＳ　thehigh　frequency dielectric　constant　and Vq

the volume　of　the unit　cell;　T. Toyozawa, in　”Dynamic

Processes　in　Solid　State Optics”, edited by R. Kubo　and Ｈ．

Kamimura (Syokabo　and W. A. Benjamin, Inc., Tokyo and New

York, 1967), p.　１１０．　Theserelations　indicate　that　Ｓ

parameter decrease　in　inverse proportion　to　the　increase of
加．

Y. M. Tairov and Y. A. Vodakov, in　”Electroluminescence”，

edited by Ｊ．Ｉ． Pankov (Spinger-Verlag, New York, 1977), p・
３１．

R. Bindermann and K. Unger, Phys.　Status　Solldi Ｂ!36, 133
(1974).

Ｌ．　Ｖ．　Takunov,Sov.　Phys.　－　Semicond・　!旦, 1302 (1976).

L. S. Aivazova, S. N. Gorln, V. G. Sidyakin, and　I. M.

Shavarts, Sov.　Phys.　－　Semicond・　旦，1069（1977）．

L･ S. Aivazova and Yu. M. Altaiskii, Sov. Phys.　－　Semicond.
昆，８６１（1978）．

H. B. Bebb and R. A. Chapman, J. Phys.　Chem. Solids ２旦, 2087

(1967); H. Ｂ．Bebb, Phys. Rev. 迎互, 1116 (1969).

R. C. Marshall, J. W. Faust, Jr., and C. E. Ryan,”Silicon

Carbide　－ 1973”(University of　South Carolina Press, Columbia,

1974), p.669.

Ｌ． Patrick and Ｗ．Ｊ．Choyke, Phys. Rev. Ｂ!， 2255 （1970）．

p. J. Dean, W. J. Choyke, and L. Patrick, J. Lumin. 15, 299
(1977).

L. A. Hemstreet (private　communication) kindly estimated　ｔﾆhe

-58-



[541

[55]

[56]

[57]

[58]

effective masses　of　２Ｈ and　３Ｃ　Sicby calculatﾆing　the　curvatures

of　the　conduction band minima of　２Ｈand ３Ｃ　SiC based on　the

data in Ref. 29.

The values of　ＥＢχwere　determined　from the　free　exciton

luminescence and　the bound　exciton luminescence of　3C, AH, 6H,

and　１５Ｒ　SiC(Chapt.　III).　These values are　in good　agreement

with the data　in Refs. 4-7.

Ｊ．Ｒ．Haynes, Phys. Rev. Lett・A_, 361 (1960)・

W. J. Choyke, D, R. Hamilton, and L. Patrick, Phys.　Rev. 13旦，

A1262 (1965).

Yia-Chung and T. C. McGi:LI, Solid　State Commu.

R. R. Sharma and　S. Rodringuez ，Phys.　Rev. 15旦，

-59－

翌， 187 (1979).

649 (1067).



V. 6H Sic BLUE LED'S BY OVERCOMPENSATION METHOD

5－1.　工ntroduction

　　　　Commercial production of　light-emitting diodes (LED's) with

luminescence colors from infrared　to　green has been ｒｅａ:Lizedwith

GaAs, GaP, and other 工工I-V compound　semlconductﾆors.　By ｅｘｔﾆensive

researches, the　efficiencies of　these diodes have been remarkably

improved［1], which resulted　in appearance of　LED　televisions［２１．

However, fabrication of blue LED's　has not gone farther　ｔﾆhan the

laboratory research.　　Continuous investigations have been devoted　to

the candidates for blue LED' Ｓ，and high quantum efficiencies of

５×１０‾４［３］and;ｔ１×１０‾３［４］are　realizedwith ZnS and GaN, respec-

tlvely.　　However, these　semiconductors have ａ disadvantage　that　１０Ｗ

resistivity ｐ　type crystals can not be obtained because of　the　self-

compensation effect, which spoils reproducibility and life　time of

these blue LED' Ｓ．　工ｎcontrast　to　these　semiconductors, SIC crystals

of　１０Ｗresistivity Ｐ and ｎ type can　be　easily obtained, which pro-

vides good reproducibility and long life ［５］for Sic LED ゛Ｓ。

　　　The　overcompensation method proposed by the author［６，７］has an

advantage　that relatively high efficiencies can be reproducibly

obtained by ａ　ｓﾆimpleprocess with one growth run.　Furthermore,

Munch et　ａ１．［８］have reported　the highest　efficiency of　Sic blue

LED's of　４）（１０‾５by employing　this ｍｅｔﾆｈｏｄ。

　　　　In　this chapter, fabrication processes of　LED's by the over-

compensation method　and　ｔﾆhe electrical and luminescent　characteris-

tics of　the diodes are described.

5－2.　Diode Fabrication
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　　　　Theepitaxial growth was　carried out by　the dipping　technique

under　the　condition determined　in Chapt. I工［６１．　Junctions were

prepared by the overcompensation method［6.7].　Substrate　crystals

were epitaxial layers grown from　Si melts doped with ５ at. % Ａ１，

and crystals grown by Acheson method［９］with ｐ ’ｘ・１×1018　cm‾３，ｐＱノ

１０ cm^/Vsec, and　ｐへｊ０．５　$7cmwere also used.　The graphite crucible

and　the holder were baked at　1800°Ｃ　for ２ｈ in ａ vacuum of　１×１０‾５

Torr　in order to reduce　impurities.　After being　filled with　Si and

Al, the crucible was baked at about　６００°Ｃfor　ｌｈ　in the　same

vacuum before　introduction of　Ar ｇａＳ。

　　　　The ｐ layers were grown for　５ｈ in the　Si melt doped with ２．５

at.　ＺＡ１．　Subsequently, No　gas　of　０.05－０．５Ｖ０１% was　supplied　into

the Ar　gas　in order　to overcompensate Al acceptors, and　the ｎ layer

was grown for ５ ｈ．　Thus, the ｐ and ｎ layers were grown in one

crystal growth.　The　thicknesses of　the　ｐ and ｎ layers were about

20 um.　After　lapping　the ｎ layer　on　the back　side, the　crystal was

cut　into　small dies of about １×1 mm^.　Al-Sl alloy was used for an

ohmic　contact for　the ｐ　layer, and for　the ｎ layer Au-Ta alloy

(Sec. 2-3) or Ni-Au alloy was used.　The Ni-Au　contact was formed

by evaporating Ni and Au　in this order, and ａ１:Loyed　in Ar　gas　for

５ min at about 1050°Ｃ．　The　ｐ　layer was attached　ｔﾆｏ　ａcopper block

and Au wire was taken from the ohmic contact on the ｎ layer with

silver　paste.

5－3.　Diode　Characteristics

　　　　　Figure　１　shows　thecurrent-voltage characteristics of　ａ　typical

diode at room temperature.　The diffusion potential　is found　to be

about　２．５ｖ from the forward bias characteristics.　In　the reverse

bias characteristics, some　leakage　currents　flow and　the breakdown

voltage is more than １０Ｖ．　Figure　２　shows　the　capacitance-voltage
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Fig.　２　Capacitance-voltage

characteristics　of　the diode.

characteristics of　the diode.　The　linear　relation between Ｃ‾３　and

ｖ indicates　that　this diode has　ａ linear graded junction.　　From this

figure, the diffusion voltage　of　about ２．５ ｖ is　obtained, and　this

value　is in good agreementﾆwith the value of　２．５ ｖ in the　ｌ － Ｖ

characteristics.　Ａ few diodes　indicated different　Ｃ － ｖ character-

istics which deviated　from the　Ｃ‾３　－ Ｖ　line　in the direction of

larger capacitance from some　reverse bias.　　This variation may be

caused by　the　impurity profile which was determined　from　the rate of

supply of　Ｎ２ gas and　the growtﾆｈ rate.

　　　　　Electroluminescence (EL) was measured by driving　diodes with

pulse currents of　ｌ kHz and duty cycles of　０．２－０．００５．　Figure ３

shows　the　EL　spectrum of　the diode with the bestﾆquantum efficiency

of　１．０）（１０‾５　（ｎ° 5.1x1018　cm 3, p　゛ ２．５）（1018　cm‾３）．　The　spectral

width decreases and　the　peak　slightly shifts　to　the higher　energy

side with increasing　the current.　　The EL　spectrum at　１５０ Ｋ indi-

cated more dlstﾆinct peak shif ｔ and　the　spectral　shape was much

similar to that of the N-Al pair luminescence (Chapt.工Ｖ）［１０］．
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Figure　４　shows　the　EL　intensity (L) and　the external　quantum effi-

ciency (ri) of　the　diodes as functions of　the　current.　The results

were obtained using　the　Integrating　sphere method.　The L -　ｌ

characteristics relatively well follow　the relation of Ｌ cc　I, and

in　the　１０Ｗ current region　the　slope　is larger　than unity, and　in the

high current region smaller　than unity.　　The　quantum efficiency is

nearly constant　except　for　the　lower　current　region, and　in the　high

current　region it gradually decreases.　The maximum efficiency　１Ｓ

１．０×１０‾５at　１００mA.　At ７７　K, the efficiency Increased　ｔ０ １．５×１０‾４．

５-４．　Discussion

　　　　Theblue luminescence at　room temperature may be mainly due　to

N-Al pair　luminescence from the peak shifｔ and　the　similarity of　the

EL spectrum with the N-Al pair luminescence at ７７K (Chapt.　ＩＶ）［１０］。

Slight　contribution by free-to-acceptor luminescence may also　exist
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because of　the dominance of　this mechanism at higher　temperatures

(Chapt. IV and ｖ工Ｉ）［１１］．　Thedetailed study of the EL mechanism in

Chapt. VII［１１］will prove　that　this assignmentﾆ　is reasonable.　The

deviation　from the relation of　Ｌｃｘご　ｌin the　１０Ｗcurrent　region may

be caused by the　larger nonradiative componentﾆ　by leakage　currentﾆ

compared with diffusion current.　The deviation in the high current

region may be due　to　saturation of　the luminescence caused by　the

exhaustion of　available　luminescentﾆ　centers　against　the　inj ected

minority carriers。

　　　　Several diodes were prepared by　the conventional two　step

process.　　These diodes　indicated　poor　quantum efficiencies less　than

４）（:ＬＯ‾７．　　These　poorefficiencies may be　caused by contamination of

the junction plane by　the　processes　in　the　interval between　two

growths of　the　Ｐ and ｎ layers, and　also by　the　stress near　the

junction plane　through　ｔﾆhe　solidification of　the melt at　the end of

the first growth.　Since　the　crystal remains　in　the　Si melt　through

the junction formation by　the overcompensatlon method, the contami-

nation and　the　stress around　the junction can be avoided.　Fairly

good reproducibility of　the overcompensation method may be resulted

from this　reason.　The overcompensation method has an advantage　that

large numbers of　donors and acceptors locate near　the junction

plane, which is desirable for D-A pair　transitions.　The　quantum

efficiency may be　ﾆimproved by controlling　the　:impurity concentra-

tions and　the　impurity profiles more　precisely.

５－５．　Summary

　　　　　Siliconcarbide blue LEDｌｓ have been fabricated by the over-

compensation method with　the dipping　technique which is proposed　in

this　thesis.　Electrical and luminescent properties of　the　diodes

are presented.　　The quantum efficiency of　１．０×１０‾５　hadbeen one of
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the highest values【5,12].　The advantageous points of　the over-

compensation method are　ｓ：Lraplenessof　the process and　relatively

good reproducibllity･
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VI PHOTON ASSISTED TUNNELING IN SiC LED'S PREPARED BY

OVERCOMPENSATION METHOD

6-1.　Introduction

　　　　　Theovercompensation method, which is described　in Chapt. V and

proposed by　the author［1,2], has ａ merit　that relatively high

efficiency can be reproducibly obtained with ａ　simple process・

Later, MUnch et ａ１．［３］reported　the highest　quantum efficiency of

Sic blue LED' ｓ，４×１０‾５，ｂｙemploying　this method.　Howev er, wh en

donors and　acceptors were heavily doped　in order　to get high effi-

ciency, the　electroluminescence (EL) spectrum greatly changed

compared with　those of　slightly doped diodes and ａ broad　shifting

peak which coverec! most of　the visible range, red　to blue, was

observed.　Munch et ａ１．［３］also　reported　such ａ change and　shift of

spectrum.　　Barns［４］also reported　shifting peaks from red　to yellow

in　Sic LED's with abrupt　junctions doped with Ｂ acceptors。

　　　　　Such　shifting　peaks in GaAs and　GaP have been extensively　stud-

ｉｅｄ［5], and　photon assisted　tunneling　and band　filling models were

proposed　to　explain　this　phenomenon.　工ｎ　the photon assisted　tunnel-

ing, electrons　in　the conduction band　of　the ｎ　layer　tunnel　into　the

depletion　layer and　the ｐ　layer, where　they recombine with holes　in

the valence band or acceptor　levels with emission of　photons.　The

energy of　the　emitted photon　is approximately proportional　to　the

applied voltage.　　工ｎ　the band filling, electrons　tunnel　through　the

depletion　layer　into　the empty band　tail　states of　the conduction

band of　the Ｐ　layer, where　they recombine with holes with emission

of　photons.　The maximum emission rate　is expected　to　occur near　the

quasi Fermi　level separation which increases with　the filling of　the

tail　states by electrons with increasing bias.　Most of　those

studies were carried out on abrupt junctions, and　some were on
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linear:ly graded junctions［６－９１．　工ｎthis chapter, explanatﾆion of

the　shifting peaks　in Sic LED' ｓ with ａ　linear　and ａ　quadratﾆ１ｃ　:impu'-

rity profiles are　tried.

6-2.　Diode Fabrication

　　　　The procedures of　the overcompensation method　and diode　fabri-

cation were described　in detail　in Chapt.　Ｖ［1,21.　Aluminum was

doped as acceptors and nitrogen as donors.　　Substrates of　ｐ　type　６Ｈ

SiC (p・･１×1018 cm‾３）　weredipped　In the　Si melt doped with　２．５　ａｔ・

Ｚ Al meta:Ｌ in Ar gas flow, and ｐ layers of　about　20 ym with ｐ　°2.5x

1018　Cm‾３　were　grown.　　Subsequently, 0.1-0.5 ｖ０１Ｚ Ｎ２　gaswas added

to　the Ar gas flow and ｎ layers of about　１０ ym were grown.　Two

representative diodes were　studied.　The ｎ　layer of　diode 1 (Dl) was

grown for １．５ｈ in the ambient doped with ０．１Ｖ０１ＺＮ２gas, and　ｔﾆhe

electron concentration was determined　to be 1.1×1019　Cm‾３　by Hall

measurement.　　The ｎ layer of　diode　2 (D2) was grown for　２ｈ in　the

ambient doped with ０．５ｖ０１　ＺＮ２gas, and　the electron concentration

was　２．５×1019　cm‾３．　　Since　the　electronconcentrations of　the n layers

of　both diodes were nearly equal ０ｒ　inexcess of　the density of

states of　the conduction band １．７）（1019　cm‾３【１０】atroom temperature

and did　not vary from へ,１００Ｋ to Ｑ，３００K, the conduction bands of　the

ｎ layers were　degenerated.　　The　ｐ layers of　both diodes were not

degenerated.

6－3.　Diode　Characteristics

　　　　　Figureｌ　shows capacitance vs.　voltage (C-V) characteristics of

Dl　and　Ｄ２．　Linear　relations are obtained　in Ｃ‾３-ｖand Ｃ‾４-ｖchara-

cteristics for Dl and D2, respectively.　Most　of　the diodes　studied

indicated linear relations　ｉｎＣ‾３-ｖcharacteristics, and　ａ few diodes

　　　　　　　　　　　　　　　　　　　　　　　　　　　　－６７－
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Fig.　３　Electroluminescence　spectra of

Ｄ２under various driving currents　at　２９８Ｋ

Indicated　linearity between powers less　than －３　０ｆ　thecapacitance

and bias.　Figure ２　shows　current vs. voltage (エーV)characteristics

of Dl and Ｄ２．　The　slopesof　the logl-V characteristics of Dl meas-

ured at 89, 201, and ２９３Ｋ are almost　the same.　The value of El　in

the expression of　I≪ exp(eV/Ei) is　８０meV.　The　temperature depend-

ence of　logl-V characteristics of Ｄ２was not measured.　The value

　　　　　　　　　　　　　　　　　　　　　　　　　　－６８－
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of El　of Ｄ２　is　７４meV.　The　excess　current　in the　１０ｗbias　region

may be due　to　tunneling　current　ｔﾆｏ　the　tail　states　and　leakage　current.

Built-in potentials determined　from the　ｴｰｖ and c-v characteristics

are nearly the　same and are　２．５ and １．９ｖ for Dl and D2, respec-

tively｡

　　　　Electroluminescence was measured by driving diodes with pulse

currents　of　ｌ kHz　and　duty cycles　of　０．２－０．００１．　　Figure　３　shows　that　　　，

the peak of　EL　spectrum of Ｄ２　shifts with current　at　room tempera-

ture.　　Such peak shifts were observed　at　other　temperatures.　　Dl

also　indicated　Ｓ:imilar peak shift.　Figure　４　shows　that　the peak

energy varies linearly with １０ｇ工for both Dl and Ｄ２．　The value of

Ｅ２　in the expression of ｌ cc exipihリ/E2) of Dl is　６７ meV.　The slopes

of　the ?JV-Iogl characteristics of Ｄ２　at ２２０and ２９８Ｋ are nearly the

same, and　Ｅ２　is　５７meV.　Ｔｈｅたり-logl　characteristics　of Ｄ２　at　２９８　Ｋ

has ａ kink around ２ mA,　and　below ２ mA Ｅ２　is　７７meV.　Figure ５

shows　the luminescence　intensity vs.　current (L一エ) characteristics

of Dl　and Ｄ２．　The Ｌ一ｴ　characteristics　of Dl　show ａ relation of Ｌａ：Ｉ

in all　the　current　range.　　The L-I　characteristics　of Ｄ２　have　ａ kink

around　２　mA and　show ａ relation　of Ｌｃｘ：Ibelow ２ mA and Ｌｃｘ：工0.５６　above

２ mA.

6-4.　Discussion

　　　　　In　boththe photon assisted　tunneling and　the band　filling

models　illustrated　in Fig.　6, tunneling　current expressed　as　工（ｚ

exp(eV/Ei) is　assumed　to be dominant.　　Both models　require　the

following relations between　the EL　ｉｎｔﾆensityand　the EL peak energy

and　the　bias.

L ゛ｅｘp(加/E2)，

Ｌ°ﾆexp(eV/E3).

(1)

(2)
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工ｎboth models, Eo　and　Ｅ３　are　thesame.　From Eqs. (1) and (2) a

linear relation between hv and ｖ is ｅχpected.　工ｆ all the currents

participate　in radiative recombinations, a ｒｅ:Lation of Ｌｃｘ=ｌ　isobtain-

ed, and the Ｌ゛Ｓin Eqs. (1) and (2) can be replaced by 工゛Ｓ．　Inthe

case　of　photon assisted tunneling, E^　should be　equal　to　Ｅ２　andＥ３

which are determined　from the　electric field　in　the depletﾆion　layer.

Whereas　in　ｔﾆhe case of band　filling.　El　is usually not　equal　to Ｅ２

and Ｅ３which are determined　from the　shape　of　the　tail　Ｓｔﾆates.　The

final　state of　the　radiative　transitions　of　EL　in Dl　and Ｄ２may be

acceptor　levels, because　the　probability of band-to-band　transitions

is　small　in　Sic　owing　to　the　indirect　band　structure.　Furthermore,

the peak energies ｏｆへｊ２．５　eV　in　the　saturated　region　inFig.　４ where

diffusion　current　is dominant, are　in good　agreement with　the peak　・

energy of N-Al　pair　luminescence　in normal LED's (Chapt.　ＶＩ工）［１１１。

　　　　When　ａdiode has　ａ charged　impurity profile　of　ａ function of　the

distance (x) as -ai X for the ｐ side and ao IXにfor the ｎ side in

the depletion layer, the　capacitance (C) and　the depletion width (W)

are　expressed as.

C＝[ｅ弓＋1/(ｎ＋2)(a71/(11＋1) 十ａがL/(11＋1) )11＋1 (ｖd‾Ｖ)]
1/(ｎ＋2)

W°[(i1＋2)eS(ｖd‾Ｖ)/ｅ(河1/(11＋1)十河1/(11＋1))11＋111/(11＋2)'

｡
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＼

・
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＊
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where　ＥＳ　is the　static ｄｉｅｌｅｃｔｒｉｃｃｏｎｓｔａｎｔ゛ｖｄ　thebuilt-in poten-

ｔﾆial, and ｖ the applied voltage.　　Since C -^-y characteristics　show

ａ linear　relation　in Fig.　1, Dl has　ａ linear　impurity profile.　Ａ

quadratic　:impurity profile　is　expected　for Ｄ２　from the linearity of

the Ｃ‾４-ｖｃｈａｒａｃｔｅｒｉＳｔｉｃＳ　inFig.　１．　From the c-v characteristics,

the depletion width at　zero bias　and　the average　coef ficieiit　of　ｔﾆhe

:Impurity profile a = (ａ７１／(ｌｌ＋1)十ａ;1/(11＋1))‾(11＋1)　are　calculated

using e °９°７８ＳＯ[１２]'叩ｄｔｈｅ values of Ｗ＝　1700 A and -a = 3.4×1022

cm‾４　for Dl and Ｗ＝３００ Ａ and a = 4.7×1029　Cm‾５　for Ｄ２　are obtained.

　　　　Since the gradient of　the　ｌｏｇエーｖcharacteristics　of Dl does not

vary with temperature　in Fig. 2, the　Injection mechanism　is
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tunneling and not diffusion.　This result　indicates　that　tunneling　is

possible　for ａ diode with ａ thick depletion layer　of　1700 A at zero

bias, which is　supported　by　the observation of　tunneling　in GaAs

diodes with depletion width more　than 2500 Ａ at　zero　bias [81.

Although　the　temperature dependence of　the　エーＶ characteristics　of Ｄ２

has not　been measured, the　inj ection mechanism may be　tunneling be-

cause of　the　thinner depletion width of　３００A than　that　of Ｄ２．　The

characteristic energies, Ei　in　the logl-V characteristics and　Ｅ２　in

ｔﾆｈｅ　}ｍ-logl　characteristics　in　the　current　region where　the　relation

of Ｌｃ・工　is　satisfied　in Fig.　４　are ７９ and　６７ meV for Dl and ７４　and ７７

meV for Ｄ２９　respectively.　The relatively　good agreement　between El

and Ｅ２　is one　evidence of　photon assisted　tunneling。

　　　　For　ａ linearly graded junction, the luminescence　intensity　in

photon assisted　tunneling　is　ｅχpressed ａＳ［6,13],

L °=exp[-27Tぶ７ＷＩ(ｖd‾Ｖ)5/6/371]・ (5)

where W^　is　the depletion width at　zero bias, y given by y~ = m~十

ｍ;１is the reduced mass. and the barrier for electrons and ｈ０１ｅＳｅｔｏ

tunnel　through is　assumed　to　be ｖｄ‾Ｖ’　FromEq. (5), the　slope of

logL vs. V is given by,

゜(5/6)(2゛/ヌ゛｀y1/371)(゛d-｀')‾1/6 (6)

From Eq. (6), E3 = 57 meV is obtained for Dl at about　１０ mA 【ｖｄ‾Ｖ｀

0.1（Ｖ）］, which Is　ａ moderate　current　in Fig‘　4(a), using ｌｌｌｅ°Ｏ‘25

110［１４］in the normal direction of　the junction plane, (0001) face.

゛ｄ "'h ° １
゛
01110［１５］゜ｴn the photon assisted tunneling, the observed

values of Ｅ１　°７９ meV in logl-V characteristics and Ｅ２ ＝６７ meV in

恥－１０ｇｌ　characteristics　are　to　be　compared with the calculated value

of Ｅ３ ゛ ５７ meV, and they are in moderated agreement.　The factor

（ｖｄ‾Ｖ）‾１／６ｉ１１Ｅｑ°(6) requires ８ ゛８１°iatlo!ｌ of Ｅ３ of about ２５ Ｚ from

v-v ゛ Ｏ゛３（Ｖ）（Ｉ｀Ｏ°３ mA) to ｖｄ‾Ｖ ° Ｏ°０５（Ｖ）（工へ･１００ mA) for Ｄ１・

For ａ junction with ａ quadratic　impurity profile like D2, a relation

of
･Ｅ７１

゛ （ｖｄ‾Ｖ）‾１／４is expected from its potential barrier of ｖ °
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－ＡＸ４十BX十C, where A,B,C are　constants.　This relation requires　ａ

variatﾆion of Ｅ３　of about　３５　Ｚ　in　the range　of ｖｄ‾ｖ　from Ｏ°０５　ｔ０　０‘３

(Ｖ)．　However, such large variations　are not　observed　in El　and Ｅ２

of Dl　and Ｄ２　as　shown　in Figs.　２　and ４．　Similar　results were

obtained　in GaAs　linearly graded junctions[６－９]．　These results

seem to　imply that under　the　large bias　condition where　shifting

peak is observed　and　the depletion width is　thin, the　impurity

profile　can be regarded　as　abrupt, since only　in　the　case of　abrupt

junction characteristic　energies　of　El　and　Ｅ２　are　independent　of

bias.

　　　　FromEqs. (1) and (2), a linear relation between たりand ｖ is

expected.　Considering　the photﾆon assisted　tunneling model　in　Fig. 6,

this　relation　is　expressed　as.

　　ｈ＼>　＝　＆ｖ‾（ＥＤ十EA）十ＥｆＰ‾（６ｎ＋6p）゜ｅｖ‾△’　　　　　（８）

Here゛ ＥＤand E^are　the donor　and acceptor　ionlzation energies　and

１５５and ２４５ｍｅｖべChapt.　ＩＶ）［16], respectively, E,　is　the hole　quasi

Fermi　level　in　the ｐ　ｌａｙｅｒ，ａｎｄ６ｎand　６ｐ　are　the broadenings　of　the

donor　and acceptor　impurity bands, respective:ly.　　For Dl, good　linea-

rity between たり and ｖ was not　obtained, but　if we dared　to　estimate.

the relation was hv ’ｘｊeV － ０．２（Ｖ）．　For Ｄ２　in ａ wide range of bias.

加＝ｅｖ－０．４（Ｖ）ＷａＳｏｂｔａｉｎｅｄ．　From the　estimated acceptor　concen-

tration of ｙレ1020 c゛‾3［:L乙］（ｐ° ２°５）（1018cin-3), E °９５ meV is

calculated.　Since　the excess　hole　concentration　of Ｑｊ２×1018　cm‾３　at

１００mA, which is roughly estimated by assuming　that　all　the　electrons

recombine with holes within the　tunneling　length of　５００Ａ with ａ

lifetﾆIme　of 0.1 ysec［18], is　comparable with ｐ ゛ ２．５×1018　Cm‾３，ｔｈｅ

hole　quasi Fermi level may not move until　ａ current　level ０ｆ　１００mA.

工ｎ　the　case　of D2, if　the extended donor band merges Ｗｉｔﾆｈthe　con-

duction band.△　is　estimated as　Ｏ。４　eV. Ｈｅｒｅ゛６ｎ＋6p = 95 meV is

assumed, which Is　ａ reasonable value　119].　１ｆ　the band filling

model　is applied, a reasonable value of　△　ｉＳＥＡ‾Ｅｆｐ十（Ｓｐ｀Ｏ°２（Ｖ）

which　is far　smaller　than　０．４ Ｖ of Ｄ２．　For Dl, if　the donor　level　is
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assumed not　to merge with the conduction band because of　the　small

donor　concentration near　the junction expected　from the wide deple-

tion width of　1700 A, the value of △can be explained　as ＥＡ‾Ｅｆｐ

＋６ｐＱｊ０．２（Ｖ）ｉｎ　thephoton assisted　tunneling model.

１　　　　　　　Ｊ
　　　　Kinks　similar　to　those　observed　in　the hり-logl (Fig.　4) and Ｌ一工

(Fig. 5) characteristics　of Ｄ２were also observed　in GaAs　linearly

graded junctions［6,8,9］．　Archer et ａ１．［６］and Leite et ａ:Ｌ．［８］

have　explained　the　current　region above　the kink by the band　filling・

However, in the　case of D2, the large　shift　of　about　０．３　eV　is dif-

ficult　to　be　explained　by this model, since　the conduction band　tail

more　than　０．３　eV　isnecessary　for　the ｐ layer.　　Casey et　ａ:Ｌ．［９］

have well　explained　the １０Ｗcurrent　region with the relation of Ｌｃｘ：

工２’３　by　thecurrent via deep　trap levels based on Morgan's analysis

［２０１．　However, if Morgan's ana:Lysis　is　applied　to　SiC LED's, a power

of　２．０　is　obtained, which is　far　greater　than　the　observed value　of

１．０In the １０ｗcurrent　region.　Therefore, eχplanatlon of　the

kink is　difficult.　　One　possi!）１ｅ explanation　is　saturation of　lumi-

nescence　caused　by　the larger concentration of　ini ected　electrons

than　that　of　acceptors　because　of　the　thin depletion width of Ｄ２

［21].　The parallel　shift　of　ｔｈｅたり-log工　characteristics of Ｄ２　in

Fig.　４ may be due　to　the variation of　the　quasi Fermi :Level like　the

shift of　the logl-V characteristics　of Dl　in Fig.　２．

6-5.　Summary

　　　　　ShiftingEL peaks　in tﾆhe diodes with ａ linear and　ａquadratic

impurity profiles prepared　by　the overcompensation method are　studied.

Most of　the　characteristics of　these diodes　are explained by the

photon assisted　tunneling model, and explanation by　the band

filling model　is　difficult.　One remarkable result　is　tHat　the

impurity profile of　the diode does not make　significant　effect　on

-74－

卜



photon　assisted　tunneling
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VII. 6H Sic LED'S BY ROTATION DIPPING TECHNIQUE:

　　ELECTROLUMINESCENCE MECHANISMS

7-1.　Introduction

　　　　In Chapt.　V, Sic blue LED's with relatively high efficiency

have been realized with　the overcompensation method　11,21.　However,

the　efficiency　is not　yet　satisfactory.　　The　indirect　band　structure

of　SIC makes　it　difficult　to　attain high efficiency　through　intrinsic

recombination processes.　Therefore, introduction of　impurities and

full use　of　these　luminescent　centers　are　inevitable ｔﾆｏ　attain high

efficiency.　However, research on　the mechanisms　of　electrolumines-

cence (EL) of Sic ＬＥＤ゛ｓis limited［３-５］and the results have been

primitive because of　the lack of　reliable knowledge　on photolumines-

cence (PL･）．

　　　　工ｎthis　chapter, recombinatﾆion mechanisms　of　EL and methods　to

Improve　the efficiency are　studied on　the basis of　the　results of PL

in Chapts.　工工工　and　工Ｖ［６１．　For　the　studyof　EL mechanisms, separate

doping　of　ｐ and ｎ　layers　is desirable, but　it　is　impossible by the

overcompensation method.　Therefore, a rotation dipping　technique.

which　satisfies　this　condition and　enable p-n junction formation　in

one process［７］is　proposed by　the author.　The　relation between　the

Ｎ concentration　in　the ｎ layers and　the efficiency of　the LED's　is

studied.　Methods　to　improve　the　efficiency are discussed on　the

results of　recombination mechanisms, injection mechanisms, and　the

dependence　of　the PL　Intensity on doping levelsﾕｎ the ｎ　layers.

7-2.　Crystal Growth and Diode Fabrication

7-2-1.　Apparatus
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Fig.　１　Growth　system for　the

rotation dipping　technique.

　　　　Figure１　sketches　ａgrowth　system which is composed of　three

crucibles　containing melts　for　the growth of　ｐ　andｎ layers　and　for

rinsing, and ａ circu:Lar heater　to keep uniform temperature dis-

tribution　among　the　crucibles.　The　discal heater was　equipped　to

prevent　Si ｍｅ:Lt　adhered　to　the　crystal　fromsolidifying upon chang-

ing melts.　Around　the　circular heater and　the　crucibles, graph-

ite　felt was　fastened　for　thermal　insulation.　The　substrate holder

could be　rotated　at　ａrate　of　２　rpmand be　translated vertically・

The　crucibles　could be　exchanged by　the rotation of　the　susceptor

for　subsequent　growth of multilayers.　　The procedures of　the　crystal

growth are　similar　to　those described　in Chapt.　工工［1,7].　The　sur-

face polarity was　identified by etching　in molten NaOH at　７６０°Ｃ［８］

or　thermal oxidation［９１．　The growth time was　３ｈ。
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７-２－２．　Results　of　crystal　growth

　　　　　Crystal　growth was　carried　out under various　conditions　in　order

to　obtain　smooth　surfaces　which were　desirable　for diode　fabrication.

The　growth　temperature was varied　from 1600　ｔ0　1700°Ｃ．　The　temper-

ature difference between　the upper ｐ゛ｔ　of　theＩＩｌｅｌｔ（ＴＡ）311d　the

ｂｏｔﾆtornpart of　the　crucible （ＴＢ）゜ｄ the height of　ｔﾆhe　substrates　in

the melt were varied.

　　　　Good epitaxial layers were obtained　at ＴＡ° 1650°Ｃ　and ＴＢ° 1625

°C, with the　substrate　３ mm above　the bottom of　the　crucible.　There-

fore, diodes were　grown under　these　conditions.　At　1700°C, good

layers were obtained　on　Si　faces, whereas hexagonal　islands　grew on

Ｃ　faces.　Ａｔﾆ　1600°C,small　islands　grew on both faces.　Substrate

crystlas were etched when　their position was higher　than　６ mm from

the bottom.　Therefore, meltback before p-n junction　formation was

carried　out　at　this position.　Since many　small holes were observed

on　the　layers　grown on　Si　faces, C　faces were used　for　the　fabrication

of p-n junctions.　The polytype of the grown layers was　Identified

by x-ray　oscillation photography around　the　c-axis and by PL.

7－2－3.　工mpurity doping and diode　fabrication

　　　　The　substrate　crystals were　epitaxial layers　of　１００-２００um grown

at 1600°Ｃ from Si melts doped with ２．５at. % Al metal.　Crystals

grown by Lely method with ｐ｀１．５）（1019Cm‾３，Ｌ１｀８cm^/Vsec, and ｐへ，

0.06Ωｃｍ were also used.　The　crucibles were　filled with　Si and　２．５

at.　Ｚ Al metal　for　the ｐ　layer growth, with　Si and donor and　acceptﾆｏ「

materials　for　the ｎ layer growth, and with　Si　for　rinsing.　　Impurity

materials for the donor were　S±2^k　powder (99.9　%) or　Si polycrystals

grown　in Ar　ambient　gas　doped with ０．１Ｖ０１ＺＮ２　gas.　　工mpurity mate-

rials for acceptors were Al metal (99.99 %), Ga metal (99.9999 Z），
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or　Bi^C　powder (99.9　Z）．　　The　graphite crucible and　the holder were

baked　at　about　1800°Ｃ until　ａ vacuum of １×１０‾５　Torrwas obtained.

The　reaction tube was pumped down to　ａvacuum ｏｆ１×１０‾６　Torr　after

the growth　system was　assembled, and Ti-Zr purified Ar gas ('＼^99.9999

%) was　ｉｎｔﾆroduced　in　the　tube.　After　the meltback of　ｔﾆhe　substrate

in　the melt　for Ｐ layer growtﾆｈ（ｐ melt) for　１０min, a ｐ layer was

grown　for　ｌ ｈ．　After　the meltback of　the grown crystal　for １０ mln　in

the rinsing melt　and for ２０min in the ｎ melt. an　ｎ layer was grown

for ２　ｈ．　０ｎpulling up, Si melt　adhered　to　the　crysta:Ｌ was wiped　off

to　avoid　the　stress by　solidification.　The　thicknesses　of　the ｐ　and

ｎ layers were both ３０±１０ym.　After lapping of　the backside, the　grown

crystal was　cleaved　into　small ｄｉｃｅｙＬＸ１＝２．Ａ１－Ｓｉ（８９；１１）１１］was

used　as　an ohmic　contact for　the ｐ　layer, and　for　the ｎ layer, Au-Ta

（９９：１）［１］orNi-Au was used (Chapts.工工and ｖ）．　The die was mounted

p-side down on ａ header by alloying with Au-Ge (88:12) in Ar gas at

about ３５０　°Ｃand ａ Au wire was bonded to the Au-Ta or Ni-Au contact.

Table　工　Electrical properties of　epitaxial layers

Sample　Dopant

　　　　　Acceptor (at.%) Donor (wt%)

p-1

DU-1

D-3

４
　
　
　
　
　
　
　
　
　
　
　
　
Ｃ
Ｊ

r
-

１
　
１
　
Ｃ
Ｍ

ｏ
>

＾
ｒ

t
ｎ

I

t

　
I
　
　
一
　
　
｀
　
一
　
　
一
　
　
I

C
S

Ｃ
Ｄ

Ｄ
　
Ｄ
　
Ｄ
　
Ｄ
　
Ｄ
　
Ｄ
　
Ｄ
　
Ｄ

A1

　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
　
Ｃ

１
－
　
１
　
１
－
　
１
　
１
－
　
１
　
１
　
ａ
　
４

Ａ
　
Ａ
　
Ａ
　
Ａ
　
Ａ
　
Ａ
　
Ａ
　
Ｇ
　
Ｂ

2.5

１
　
１
－
　
１
　
１
　
１
－
　
１
　
１
　
０
　
１

　
Ｉ
　
φ
　
・
　
●
　
Ｉ
　
＠
　
・
　
一
　
φ

０
　
０
　
０
　
０
　
０
　
０
　
０
　
５
　
０

S13N4　0.00025

M.A.８）1.0

M.A.a）5.0

Si-N,　0.001

SI-N,　0.003

SijN,　0.02

'H＼　0.001

SijN,　0.001

Conduction
type

ｐ
　
ｎ

ｎ

ｎ

ｎ

ｎ

ｎ

ｎ

ｎ
　
ｎ
　
ｎ

2ゴ‰tio，

(cm'3)
-
2.4×1018

4.8×1017

1.0×1016

8.7×1016

3.0×1017

4.9×1017

1.5×1018

2.8×1018

7.8×1018

1.2×1018

1.0×1018

Mobility

(ｃｍ

２

/vsｅｃ)

８
　
４
　
０
０

ｒ
<
≪

１
　
７
　
Ｃ
Ｏ

*
3
-

　
　
　
１
　
１

8.3

6.0

8.9

６
　
ｒ
｀
り
　
７
　
３

１
-

ｒ
≪
*

c
v
j

*
o

　
　
　
　
　
　
　
C
Ｍ

Resistivity

(Ron)

-

0.18

0.07

4.2

1.5

2.5

3.4

0.46

0.15

0.01

0.02

0.06

゜)Ａmother°Hoy of Si polycrystals
grown in the ambient gas of 0.1 vol.% N2 戸｢id99.9

゛01Zり'･
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　　　　Table　Ｉ　shows　the　electrical ｐ】roperties　of　the Ｐ　and ｎ　epitaxial

layers　of　the diodes.　Hall measurements were　carried out　at room

temperature by　the van der Pauw method.　The nominally undoped　crys-

tal (DU-1) (hereafter referred　to　as　the undoped　crystal) was ｎ　type

with ｎ '＼'5×1017　Cm‾３，ＷｈｉＣｈmay be due　to nitrogen contﾆamination of

the ambient.　　There was　ａ tendency　for　ｔﾆhe mobilities　of　the Ga-doped

and　B-doped　Sic　crystals　to be　higher　than　that　of　the Al-doped ones

［１０］．　Crystals doped with Al have ａ tendency for the mobility to

reach a minimum in　the range ｎ ° 1017　－1018　cm‾３．

7-3.　Electrical　Properties of Diodes

　　　　The　capacitance was measured using ａ YHP-digital-LCR meter

4261A.　Figure ２　shows the caoacitance CO-voltaee (V) characteristics

of　ａ　typical diode　grown by ａ normal　process, which　shows　ａ　step

junction.　Diodes with ｎ layers grown after ａ briefer meltback　time

of 10 min have linear graded junctions with Ｃ‾３　varying with voltage

(not　ＳｈｏＷｎ）．　　This　is　attributed　to　the　gradual　impurity profile

probably due　to mixing of　the ｐ melt with the ｎ melt　by ａ　short melt-

back.

　　　　Figure ３　shows　the　forward　１０ｇエーｖcharacteristics　of　ａ rela-

tively good diode.　The ｎ value　of　the　current　given by　工　＝　工oexp

（ｅｖ／ｎｋＴ）ｉＳ3.1.　This value　is　greater　than ２　in　the　case　of　the

generation-recombination current, which might　be　due　to　the　leakage

current　caused by the　stress　at　the　time　of　cleaving, because ｎ ＝　２

is　obtained by mesa etch with Cl2-02-Ar　gas　system which will be

presented　in Chapt. Ｖ工工工．Ａtypical　breakdown voltage　in　the　reverse

bias　is　more　than １０Ｖ．　The　series　resistance of　ａ　typical diode　is

10 Q, whereas　diodes grown by ａ process with　short meltback before

the ｎ　layer growth　show larger　series　resistances　of　５０－５００Ω．　This

indicates　the　importance of　the meltﾆback before　the ｎ layer　growth。

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－８１－



　　３　　２　　１　　０　-１　-２　-３　-４　-５　－６

　　　　　　　　　　ＶＯＬＴＡＧＥ（Ｖ）

Fig.　２　Capacitance-voltage

characteristics of　ａ typical

diode.
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Fig.　３　Forward　current-voltage

characteristics of　ａrelatively

good diode at　２９０and ３７８Ｋ．

7-4.　Radiative Recombination Mechanisms

7-4-1.　0ptﾆical measurements

　　　　The　diodes for EL measurements were mounted　on copper blocks・

The diodes were driven with pulse currents of　ｌ kHz　and ａ duty cycle　　　，

０ｆ　０．１－０．４．　For　themeasurements　of　time-resolved　spectra of　EL, the

diodes were driven with pulse　currents of ３　lisec　and２　kHz, and　the

current　Intensity was varied　from ５００　to　1000mA,　Signals from the

photomultlplier were･ analyzed with an NFC　Ｂχ530A boxcar　integrator・

In the PL measurements, samples were excited with ３６５nm liglit　from

ａ suitab:Ly filtered 250 W Hg lamp　or ３２５nm light of about １０mW from

ａ KEC He-Cd laser.　Samples were　immersed　in liquid helium or liquid

nitrogen　for　the PL measurements　at ４．２　and　７７　K,respectively.　　For

the me asurements　of　PL and　EL　at へｊ１００－４００K, a cryostat with ａ heater

was used, and　the temperature was monitored by ａ　chromel-alumel
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thermocouple.

７-４－２．　Temperature dependence of　EL

　　　　Figures 4(a)-4(d) show the temperature dependences of the EL

spectra at various ｔﾆemperatures of an undoped diode (U:D), an Al-doped

diode (AID), a Ga-doped diode (GaD), and ａ B-doped diode (ＢＤ)．　The

ｐ　layers　ｏｆ･all the diodes　are doped with Al and ｐ Ｑ・２)(1018　cm‾３・

Main broad　bands (M) vary according　to　the kind of　acceptors doped

in　the ｎ layers.　Since　the main broad bands　are dominant　at room

ｔﾆemperature,　EL appears　green　for UD, blue for AID　and GaD,　and yel-

１０ｗfor　BD.　Peaks Ｆ at　about　４２５nm are observed　in all　the　spectra

and become dominant with　increasing　temperature.　Peaks　Ｅ at　about

４５５　nmare　intense　in the　spectra of UD and AID and　are significant

in　the　temperature range ’ｘｊ１５０－２５０Ｋ． Peaks D, a　series of　sharp

peaks　beginning at　about　４７０nm, are remarkable　in　the　spectra of UD

and AID, and more　intense at　１０ｗtemperatures。

　　　　Figure ５　show PL　spectra　of　the ｎ and ｐ layers and EL　spectrum

of AID　around　１００Ｋ．　The PL　spectrum of　the ｎ　layer　is　composed　of

ｔﾆhe Ao　peak due　to　recombinations of　electrons　in　the　conductﾆion

band with holes　at　acceptors, B　series　peaks due　to donor-acceptor

(Ｄ-Ａ)ｐａｉｒtransitions　between　the donors　in　the hexagonallike　sites

and　acceptors, and Ｃ　series　peaks　due　to D-A pair　transitions　between

the donors　in the　cubiclike　sites and　acceptors (Chapt.　ＩＶ)．　The PL

spectrum of　the ｐ　layer has　only Ｃ　series.　The　EL　spectrum also　has

only Ｃ　series　like the PL　of　the ｐ　layer.　　Figure ４　shows　that　ａ１１

ｔﾆhe EL　below aboutﾆ　１５０Ｋ show　similar　spectra as　the PL of　the ｐ

layer.　　The EL of　GaD below about　１５０Ｋ is　different　from the　PL　of

the ｎ layer which　is due　to　the N-Ga pair　luminescence, and　above

about　１８０Ｋ the EL　spectrum becomes　similar　to　PL.　Similar　results

were obtained　for　BD.　Therefore, we　conclude　that　below about　１５０Ｋ
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various　excitaion　intensities

at (a) 77 Ｋ and (b) at １４０ Ｋ．

EL originates mainly　in　the ｐ　layers, while above　about　１８０Ｋ it

originates　in the ｎ layers.

７-４－３．　Main broad band

　　　　　Since　thepeak energies　of　the main broad bands　at　room temper-

ature　shift　according with the　Ionizat:ion energies　of acceptﾆors (see

Table　工工In Chapt.　IV), acceptors undoubtedly participate　in　these

bands.　The　acceptor levels　play　the　role of　the　final　Ｓｔﾆates　of　the

following　two　recombination mechanisms.　Figure　６　shows　the depend-

ence　of　PL of　６ＨＳｉＣ：A1,Non　the　excitatﾆ１０ｎ　intensity at　７７　Ｋand

１４０Ｋ．　At　７７K, B and Ｃ　series due　to D-A pair　transitﾆions are dom-

Inant, whereas at　１４０Ｋ Ａ series due　to　free-to-acceptor　transitions
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are dominant.　Ionization of Ｎ donors with the　temperature　incr･ease

may cause　the　change　of　the　luminescence rr.echanism from D-A pair　to

free-to-acceptor　luminescence.

　　　　Figures ７(ａ)－７(ｄ)Ｓｈｏｗthe dependence of the EL spectra of UD,

Ａ:LD, GaD, and BD　on　the　current　intensity at　room temperature.　　The

spectra of　AID, GaD, and BD　show slight　peak shift　toward　the higher

energy　side.　Although each of　the phonon replicas　cannot　be　sepa-

rated　in　EL due　to　thermal broadening, the peak shifts　of　the ｗｈｏ:Le
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Fig.　７　Electroluminescence　spectra under various ｄｒﾆiving cｕｒ:rentﾆｓ

for (a) an undoped ｄｉｏｄｅ，（ｂ）ａｎAl-doped diode, (c) a Ga-doped

diode, and (d) a B-doped diode.
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●

'orcad bands may　irdicate　the　contributﾆion of D-A pair　transitﾆions.

At　rcom cemperature　EL　exhibitﾆｓ　ａ　smaller　energy　shift　Chan at　low

temperatures (not　ｓｈｏｗｎ）．　Thismay be due　to　the　large　participation

of　free-to-acceptor　transition Ｓ　ａｔﾆ　roomtemperature.　The　quitﾆｅ　large

peak shift of the EL of UD in Fig.　7(a) may be due to overlapping of

many peaks　and　the　relative　change　in　their　intensities with excita-

tion.　　The main broad band　of　UD　is due　to　divacancies (Sec.　7-4-5)。

　　　　Figure ８　shows　the　time-resolved　spectra of AID　at　２０９Ｋ and ２９３

Ｋ．　The　spectra at　２０９Ｋ clearly　show ａ peak energy　shift.　The　peak

shift　of　the　spectra　in Fig.　8(b) indicates ａ large partﾆicipation of

D-A pair　transitions　even at room temperature.　　Owing　to　the　short

decay　time　at　room temperature, spectra at　long delay　ｔﾆﾆme　could not

be measured.　The　decay　time　of　the main broad band luminescence at

room temperature　is　less　than　ａ few microseconds, which　is　the　time
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Fig.　８　Electroluminescence
spectra at various delay　times
of　an Al-doped　diode　at(a)
２０９Ｋ and (b) 293 Ｋ．
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constant　of　the measuring　system, and　several microsecond　at ２０９Ｋ･

More distinct　peak shifts were observed for GaD and　BD.　Other　evi―

dence of　the dominance of　the D-A pair　transitions　at　room temperature

is ａ large　contribution of Ｎ donors　to　the main broad band.　The

intensity of　the main broad band of AID with ｎ 'V lQlS　ｃｍ‾３　in　Fig.9

is　far　smaller　than　that with ｎ へj1018 cm‾３in Fig. ７（ｂ）。

　　　　On　the basis　of　all　the above discussion, the dominant　lumines-

cence mechanism for　the main broad bands ａｔﾆ　roomtemperature　is D-A

pair　transitions, and　the　contribution of　free-to-acceptor　transi-

tions　is　rather　Ｓｍａ:Ｌ１．　This　conclusion contradicts　the result　that

free-to-acceptor　transitions are dominant　in PL.　This may be　explain-

ed by the difference of　the excitation　intensity between ＥＬ，’ｘ･1023／

ｃ�Ｓｅｃat :LO mA (which will be　shown　in　Sec. 7-5), and PL, 'vl020/cm3

sec.　Because of　the high excitation　In EL, a large　portion of　the

recombinations　takes　place　through D-A pair　transitions　in　small pair

distance with ａ high recombination rate［１１］rather　than　through free-

to-acceptor　transitions with ａ１０Ｗrecombination rate.

7-;4-4.　y peaks

PHOTON　ＥＮＥＲＧＹ(ｅｖ)
　　　　　２,５

　　５００

WAVELENGTH (nm)

400

-88－

Fig. 9　Electroluminescence
spectra of　an Ａ:L-doped　diode
slightly doped with Ｎ donors
under various　driving
currents.
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　　　　TheＦ peaks with the peak energy at　about　４２５nm are observed

in all　the　EL　spectﾆra of UD, AID, GaD, and　BD. (For　BD, F peaks were

observed　at a high current　density　of　about　１ Ａ．）　TheＦ peaks become

more　significant with Increasing　temperature (Fig.　4), and at　ａ fixed

temperature　the　intensity of　the Ｆ peaks　increases with increasing

excitation　intensity (Fig. 7).　工ｎ　the　time-resolved　spectra of　ａ１１

the diodes　the Ｆ peaks　exhibit no　shift and　indicate　fast decay［ｅ．

ｇ・, Fig.　８（ｂ）］．　　Since　theＦ peaks are observed　in EL of　all the

diodes, the Ｆ peaks are due　to　an　intrinsic process　or due　to Ｎ do-

nors which are unintentionally　doped　from the air.

　　　　The energy relations of　all　the recombination processes with　the

peak wavelength around ４２５nm are as　follows：

interband　transitions

　　　加゜ＥＧχ十Ｅχ+ 2kT - n加　（１１≧１）゛

free exclton recomb inat ion

hv °ＥＧＸ十トＴ‾�幼

donor-to-valence band

(ｎ≧１)，

加゜％χ十Ｅχ‾ＥＤ十卜,T - n加（il≧O）゛

(1)

(2)

(3)

bound　exciton recombination

　　　　加゜EGχ‾EBχ‾ｎ加　（１１≧Ｏ）゜　　　　　　　　　　　（４）

Ｈｅｒｅ゛ＥＧＸｇ　Ｅχ゛Ejj,and ＥＢχare　the exciton band gap, the　free　exciton

binding energy, the　lonizatlon energy of Ｎ donors, and the bound

exciton binding energyj respectively.　たω　is　the phonon energy, and

ｎ　is　the number of　emitted phonons.　Since　Sic　is　an　indirect　band

gap material, only the recombinations associated with phonon emission

are permitted　in the　interband　transitions and　the　free ｅχｃｉｔﾆonrecom-

binations.

　　　　Figure １０　shows detailed　EL　spectra of UD at various　temper-

atures　and　the PL　spectrum at　７７Ｋ for the Ｆ peaks.　Figure １０

reveals　that　the Ｆ peaks of　EL are composed　of　three unresolved

　　　　　　　　　　　　　　　　　　　　　　　　　－８９－
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Fig.　１０　Detailed　spectra of　Ｆpeaks
of　６ＨSiC.　Electroluminescence　spectra
at various　temperatures　and PL　spectra
at ７７Ｋ are shown.

peaks ．　The PL　spectrum shows　three peaks　BE,　Ｆ３ ９　and Ｆ４　in addition

to the Fl　and Ｆ２　peaks which seems to　correspond　to　the Ｆ’１　andＦ２

peaks　of　EL.　Figure 11　shows　the temperature dependence of　the

difference between E_^　[12,13］and the peak energies （加Ｐ）ｏｆ the Ｆ

peaks　of　EL and PL.　Figure １１　shows　ｔｈａｔＥＧＸ‾;ＺりｐｄｅＣｒｅａＳｅＳwith

Increasing　temperature with ａ　slope of　－ｋ／２．　Up to now the Ｆ peaks

have been believed　to be due to　interband　transitions　as proposed by

Brander［３１．　If　this　is　the　case, the Ｆ peaks　should　indicate ａ ２ｋ

dependence as　in Eq. (1).　The　lowest　energy peak due　to　Interband

transitions with the emission of　ａ LO ｐｈｏｎｏｎ（１０４meV) is　located at

３°０２eV from Eq. (1) using ＥＧχ゜ ２°９９７eV ８ｔ３００Ｋ［１３］゛ｄ Ｅχで７８

ｍｅｖ［14].　　This　energy　is　larger　than the '＼.2.96　eｖ（Ｑｊ４１９nm) energy

of　the highest ･energy Ｆ peak （Ｆ１）．　　Thereforeμ

to　interband　transitions.　Also, F peaks　are not　due to bound　excitons
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because　the values ｏｆＥＧＸ‾?１りｐ　exhibit　ａtemperature dependence of

ｋ／２．

　　　　　工ｆ　theＦ peaks are due　to　electron　transitions　from Ｎ donors　to
　　　　　　　　●
the valence band, the energy differences between　the band　gap　and　the

Ｆ peaks Ｗｉ:LIvary　from polytype　to ｐｏ:Lytype because of　the　ｓｔﾆrong

dependence of　the Ｎ　ionization　energies on polytypes (Chapt.　ＩＶ）［１５］

Fig. 13　Detailed　spectra of　Ｆ
peaks of　３Ｃ　SiC.　Electrolumines-
cence　spectrum at　３８９Ｋ and PL
spectrum at　７７　Ｋare　shown.

(
ｓ
ｉ
!
ｕ
ｺ
-
ｑ
ｊ
Ｄ
）
　
Ａ
ｉ
Ｉ
Ｓ
Ｎ
３
ｉ
ｚ
’

PHOTON ＥＮＥＲＧＹ（ｅｖ）

　　　　　　　４３０　　　　４２０　　　　４１０

　　　　　　　　ＷＡＶＥＬＥＮＧＴＨ（ｎｍ）

Fig.　１２　Detailed　spectra

of Ｆ peaks of １５Ｒ Sic.

Electroluminescence　spec-

tra at　various　temperature

and PL　spectra at ７７　Ｋ are

shown.

（
Ｉ
Ｅ
）
　
ｙ
｛
｝

-91-

S
）
I
Ｕ

1ﾆ
□

ｙ
ト
Ｓ
Ｚ

PHOTON ENERGY (eV)

　　　　　　2.3　　　　　2.4

　　　　　　　　　　3C-SiC

　　　　　　　　　(undoped)

560　550 540 530 520 510

　WAVELENGTH（ｎｍ）

Fig

^GX

　　　　　TEMPERATURE (K)

　１４　Temperature dependence of

一おり　for Ｆ peaks of ３Ｃ　Sic.
　　　ｐ



Especial::Ly　in the case of　３Ｃ　SiC,　the number of　the Ｆ peaks　should be

one because　the Ｎ level　is only one (Chapt.　ＩＶ）．　Figure １２　shows EL

spectra of　the Ｆ peaks of　１５Ｒ　SiC　at various　temperatures and PL

spectrum at ７７Ｋ．　Figure １３　shows PL at　７７　Ｋand EL at　３８９Ｋ of　the

Ｆ peaks　of　３Ｃ　Sic.　Figure　１４　ＳｈｏＷｓＥＧＸ‾たりｐｖＳ．　temperature　for ３Ｃ

SiC using the estimated values　ｏｆＥＧχ by Choyke ［１３］゜The Ｒ０９ＳＯタ

and R02,　Ｓ０２　peaks　in PL of　６Ｈ and　１５Ｒ Sic　are exciton　lines bound

to neutral Ｎ donors　as　studied by Choyke et　al. [12,16］around ４．２Ｋ．

　　　　As shown in Figs. １１ and １４ (not shown for １５Ｒ SiC), all ０ｆ the

Ｆ１
９　Ｆ２９　and

Ｆ３　peaks　of　６Ｕ，15R, and 3C　Sic　indicate　the k/2 depend-

ence.　and　the difference of ＥＧχand Fi, F2, and Ｆ３　peaks are '^.46,

へJ7, and '＼'95meV, respectively.　These values are　in　fair agreement

with the phonon energies, 46(TA), 78(LA), and ９５（ＴＯ）ｍｅｖwhich are

almost　independent　of polytypes［１３］(Chapt.　III).　　Ｆ４　peaks　in the

PL　spectra of　３Ｃ and　１５Ｒ SIC are due　to LO phonons because　the energy

differences ｂｅｔｗｅｅｎＥＧχand　the Ｆ４　peaks　of　about　１０４ meV agree with

the LO phonon energy of １０４ｍｅｖ［１３］．　Compared with PL of ３Ｃand １５Ｒ

Sic,　the Ｆ３ and Fi, peaks In PL of ６ｎ Sic are due to LA and LO pho-

nons.　The　peak denoted by BE　is due　to bound excitons　from the

analysis　in Chapt°ＩＩＩ‘　As　shown above, the　independence of ＥＧＸ‾

瓦りｐof polytypes　indicates　that　the Ｆ peaks　are not　due　to Ｎ donor-

to-valence band　transitions.

　　　　From all　the above discussion, we conclude　that　the Ｆ peaks are ｌ

due　to　the　free exciton recombinations with phonon emission.　　Free

exclton recombinations were also　proposed　in the　cathodoluminescence

of　３Ｃ　ＳｉＣ［17].　Also, for Gap　fairly large participation of　the free

exclton recombinations around room temperature has been reported［１８］．

7-4-5.　Ｅ peaks and Ｄ peaks

As　shown　in Fig.　4i　theＥ peaks with the peak energy at about

　　　　　　　　　　　　　　　　　　　　　　　　－92－
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４５５nm are observed only in EL of UD and Ａ:ID and are very weak for

GaD and BD.　The Ｅ peaks emerge at　about　１５０Ｋ and begin to be

quenched　above　room temperature.　　工ｎ　the　ｌﾆIme-resolved　spectra　in

Fig. 8, the Ｅ peaks　exhibitﾆ　rather　fast　decay and　indicate no　peak

shift with　the　increase　of　the　delay　time.　Figure １５　shows minute

EL　spectra at various　temperatures　and PL　spectrum of　an undoped

crystal at　７７　Ｋfor　the Ｅ peaks.　The Ｅ peaks　are　composed of many

sharp　peaks.　Figure　１６　shows　the　temperature　dependence ｏｆＥＧＸ一恥ｐ

for　the　Ｅ peaks.　　Since　the　Ｅ　peaks　follow the　temperature　dependence

of　ＥＧＸ f゙ree　carriers do not　contribute　to　these　recombinations.

The PL　intensity of Ｅ peaks　in undoped　crystals varies with the

growth　conditions　such as　the　growth　rate and　the　growth temperature.

though　systematic　study has not　been　carried out.　From the above

discussion, the Ｅ peaks　are　considered　to be due　to　the　recomblna-

tions of　excitons bound　to　some unknown　intrinsic defects。

　　　The Ｄ peaks which are　ａ　series　of　sharp peaks beginning about

４７０nm are　intense　in the EL of UD　and AID.　Figure １７　shows EL　spec-

tra of　ａ typical AID (n ゛５．８×1016　Cm‾３）ｕｎｄｅｒdriving currents of

around　ｌ mA at various　temperatures　and PL　spectrum of　an undoped

crystal　at　７７　Ｋ．　The　EL　spectrum at　１２８　Ｋ１Ｓ　ａsum of　the D-A

pair　luminescence (Fig. 5) and　the　series of　sharp peaks (D peaks)

as　those of　PL‘at　７７　Ｋin Fig. １７．　With　increasing　ｔﾆemperature, the

peak height　of　each sharp peak becomes weak compared with the main

broad band　composed　of　ｔﾆheir phonon replicas.　The main broad band

at ２９３Ｋ coincides with that of UD in Fig.　７（ａ）．　TheＤ peaks In PL

at　７７　Ｋin Fig. 17　are assigned by Dean, Choyke, and　Patrick［19,20］

to　be due　to　recombinations　of　excltons bound　to　some neutral　intrin-

sic　defect　complexes with ａ　sjTninetry axis parallel　to　the　c-axls.

They proposed　ｔﾆhe divacancy for　ｔﾆhedefect.　The　differences　between

the　PL　peak energies　and　the　exciton band　gap at　７７　Ｋ［１２］are387,

432, A70 meV, and　so　on.　The　arrows　in EL　spectra　in Fig.　１７　indi-

cate　the peak energies obtained　by　subtracting　these　binding energies
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from tﾆhe exciton band　gap　at　each temperature　112,133.　The EL　peaks

at　different　temperatures well　coincide with the　calculatﾆed　energies.

This　result　indicates　that　the　green peak at　about　５３０nm in EL　at

room temperature　is due　to　the　recombinations　of　ｅχcitons bound　to

divacancies.　The　spectrum due　to　divacancies　is　composed　of　three

series　of　peaks Ｈ１９　Ｈ２９　andＨ３［１９］because of　three　crystallograph-

ically　inequivalent　sites　in　６Ｈ Sic.　The　shallower　two　series　Hi

and Ｈ２９　especla:Lly Ho, quench more rapidly　than　the deepest　Ｈ３　series,

and　the　Ｈ２　series disappear　at　about　１３０ Ｋ．　The　F-A peak in Fig.　１７

may be　due　to　free-to-acceptor　transitions, because　the peak wave-

length ４３４nm (2.86　eV) and ４５３nm (2.74　eV) are　in　good agreement

with　those of　free-to-acceptor　luminescence　in Fig. 6(b)。

　　　　　Since　thegreen color of　the Ｄ peaks　spoils　the blue　color of

the N-Al pair luminescence　in EL, suppression of　these peaks　is

desirable.　Peaks　similar　to Ｄ　peaks were reported by many research-

ｅｒＳ［3,4,21,22].　The Ｄ peaks were observed　in all the　3C, 4H, 6H,

and　１５Ｒ　ＳｉＣ［２３］crystals　grown　fromSi melts.　However, Geitsl et

ａ１．［２４］reported　that Ｄ peaks were very weak compared with　the　free

exciton　peak (:Ｌ：１００）ｉｎ３Ｃ　Sic　crystals　grown by thermal decomposition

of　ｔﾆrime thyl-chloro silane　in the　temperature range of　１５００-2000°Ｃ

which Includes　the growth temperature of　the present　crystals.　Also,

in　the　crystals　grown by Lely method　at　about　2500°C, D　peaks were

not　observed［19].　Therefore, the Ｄ　peaks　due　to　divacancies　in　the

present　crystals may be generated by large deviation of　the melt

from stoichiometry;　the　solubility of　Ｃ　in　Simelt　at　1650°Ｃ　is　about

0.03 at.　Ｚ［２５］．　Thisdeduction implies that increase of Ｃ sol-

ubility　in the growth melt　is necessary　in order　to　suppress　this

green peak.

7-5.　Radiative Efficiency
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7-5-1.　Experimental results

　　　　　Measurements　of　the　external　quantum efficiency were　carried　out

by driving diodes with pulse　currents of　ｌ kHz　and　duty　cycle　of　０．１

using　the　integration　sphere method.　Figure １８　shows EL　intensity

(Ｌ)ＶＳ．　current (I) characteristics of UD,　AID, GaD,　and　BD at ｒｏｏ皿

temperature.　　工ｎ the　case of Ａ]LD above about １０ mA, the EL　ｉｎｔﾆensity

is　proportional　to　the　current　ｉｎｔﾆensity, and　so　the　efficiency　is

nearly constant.　　工ｎ　the　cases　of UD, GaD, and　BD, the Ｌ－]:　character-

istics　are　superlinear below about　１０ mA and are　sublinear above

about　１０ mA, and　so　the efficiencies　of　these diodes　show maxima

around １０ mA.　The maximum external　quantum efficiencies　obtained　at

room temperature are 1.2x10 ^　for ＡＩＤ，９)(１０‾６　forＧａＤ，２．５)(１０‾５　for

BD, and　１．８×１０‾６　forUD.　When　the diodes　are　coated with epoxy

resin, the　efficiencies　are　improved by ａ factor of　２　as　shown　for

BD　in Fig.　１８　as　an　example.

　　　　　Figure １９　shows　the　external　quantum efficiency, the PL　inten-

sity of　the ｎ layers　at　７７　K, and　the　inj ection efficiency of holes

into　the ｎ layers vs.　the　electron　concentration at　room temperature.

The ｐ layers of all diodes　are doped with Al acceptors and Ｐ ヘノ２)(1018

cm“３，ａｎｄ　the ｎ layers　are grown　from the melts　doped with ０．１　at.　Ｚ

Al　acceptors　and various　amount　of Ｎ donors.　The efficiency　increases

with increasing electron　concentration and　shows ａ maximum around ｎ

へｊ３)(1017　Cm‾３．　Above ｎ へ･３)(1017　cm‾３，ｔｈｅ　efficiency decreases with

Increasing　electron concentration, whereas　the efficiency at　７７　Ｋis

around　６×１０‾５　independent　of　doping level ０ｆＮ in the n layer.　The

PL　intensity　is nearly constant below ｎ へ･３)(:Ｌ０１８　ｃｍ‾３，ａｎｄdecreases

above ｎ へｊ３×1018　cm‾３　with the　increase of　the　electron concentra一

tion.　The　Injection efficiency　is roughly estimated using ａ diffusion

current model.　The　diffusion length and　the mobility of holes　are

assumed　to　be　independent　of　doping, and　typical values　of　the mobil-

ites of　electrons　and ｈｏｌｅｓｗｅｒｅｕｓｅｄ(Ｌｎ°１゛６ｐｍ゛ＬＰ °Ｏ°８５　ｐｍ゛

％゛５０ cm^/Vsec, and ｐｐ ° ２０ｃｌｌ２／ｖｓｅｃ)[２６]゜

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－９６－
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Fig. 18　Electroluminescence　inten-

sity and　external　quantum efficiency

ｖＳ・　current　intensity　for an undoped

diode(DU-1), an Al-doped diode(D-9),

ａ Ga-doped diode(DG-2), and ａ B-doped

ｄｉｏｄｅ(ＤＢ－１)．　　ForDB-1　the　character-

istics　after　epoxy coating are　also

shown.

7-5-2.　Discussion

　　　　ELECTRONCONCENTRATION

Fig.　１９　Dependence of　the
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external　quantﾆum efficiency of

Al-doped　diodes, the PL　inten-

slty of　ｔﾆhe ｎ layers　at　７７　Ｋ，

and　the　injection efficiency

on　the electron concentration

of　the ｎ　layers　at　room

temperature.

　　　　The　saturationof　the L-I　characteristics of GaD and　BD　in　con-

trast　to　the nonsaturation of AID　is　explained by　the １０Ｗconcentra-

tions of Ga and　Ｂacceptors　compared with Al acceptors　as　follows.

-97-



The Al　concentration　in　Sic　grown from a melt　doped with　0.1 at.　Ｚ

Al　is　estimated　to ｂｅへ･1020　cm‾３．　Whereas, the Ga　concentration　in

SiC grown from ａ ｍｅ:It doped with ５　at. % Ga is estimated　to ｂｅごL0l8

ｃｍ‾３　from the　solubility limit of Ga in the Ｃ　face　at 1650°Ｃ　of

Ｑｊ２×1018　cm‾３　by Vodakov et　ａ１．［27].　Also, the　solubility of　Ｂ at

1650°Ｃ　seems　to be　small because　the PL　intensity　is weak and does

not vary　in　the doping range of Ｂ from ０.0001 ｔ０ １ at. %　in　Si melt.

　　　　When ａ current　of　１０ mA flows　through ａ junction with an area

（Ａ）ｏｆ ｌ mm^, the Inj ected hole rate is

　　　　９ °Ｉ／ｅＬｐＡ　｀　７（Ｌ０２２／Ｃ�ｓｅｃ’　　　　　　　　　　　　　　　（５）　　　　　’

on　the assumption　that the hole　current　is　dominant　and　ａ１:L　the ｈｏ:les

recombine within the diffusion　:Length　（Ｌｐ °0.85 um).　Since the

decay time of　the recombination　is　estimated　to ｂｅへ･３μsec, the

minority　carrier concentration　is '＼'3×1017　cmふ３．　For GaD with　the Ga

concentration　of ^10^8　cm ^, the saturation of　the Ｌ－エcharacteris-

tics　is　expected　to occur at ａ current へｊ３０mA.　Although　this

value　is greater　than 'v^lO mA of　the peak efficiency current, this

may explain　the　saturation of　the EL　intensity of　GaD.　By this model

for AID, the　saturation may not　occur until -vlO A, and　this　explains

the nonsaturation of　the Ｌ一エ　characteristics up　ｔ:O 'Vl Ａ．

　　　　By comparing　the EL efficiency, the PL　intensity, and　the　inj ec-

tion efficiency　in Fig.　19, the decrease of　the EL　efficiency above　　　　．

ｎへｊ １０･１８　ｃｍ‾３　is　explained by　the decrease of　the injection efficien-

cy and　the decrease of　the PL　intensity probably due　to　the　increase

of　the Auger nonradiative recombinations.　The efficiency of EL de-

creases with decreasing electron concentration belowへj1017　cm‾３，ｂｕｔ

the PL　intensity remains　constant.　This may be due　to　the differ-

ence of　the　excitation rate between EL　０１０２３／ｃｍ３ｓｅｃ）ａｎｄＰＬ（へ･1020／

Ｃｍ３Ｓｅｃ）．　工n the　case　of　１０ｗ Ｎ　concentration, saturation of D-A pair

transitions　occurs　for EL because　of high excitation, but not　for PL.

Furthermore, at　room temperature, D-A pair　transitions　compete with

thermal　lonizatlon of Ｎ donors.　In　this　competition, thermal
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ionization becomes more dominantﾆwith decreasing Ｎ　concentration

because D-A pair　transition probability decreases with　increasing

average　pair distance [11].　In Fig.　19, a diode with ａ high elec-

tron　concentration, n ’ｘ・1019　Cm‾３，　indicates　ratherhigh efficiency・

This may be due　to　the recombination mechanism of　this　diode, which

is　photﾆon　assisted　tunneling (Chapt.　Ｖ工）．　The　independence　of　the

EL　efficiency of　the doping level at　７７　Ｋmay be due　to　the fact

that　the radiation　in　the ｐ　layer　is　dominant。

　　　　　Bythe　above discussion, the　ｆｏ:Llowing methods　to　improve　the

efficiency may be deduced.　ｌｔﾆ　is necessary　to　increase donor　and

acceptor　concentrations　to decrease the average Ｄ-Λpair distance

and　to　decrease　the electron　concentration by　compensation　in order

to　increase　the　inj ection　efficiency and decrease　the Auger recombi-

nations.　The Ga-doped　diodes　exhibit　ａ comparable　efficiency　to　that

of　the Al-doped diodes　in　spite　of　the １０Ｗconcentration of　Ga.　This

may be　due　to　the　small　ionization rate of Ga acceptors　as ａ result

of　deeper　level　compared with Al　acceptors (Chapt.工Ｖ）．　Therefore,

high efficiency Ga-doped blue LED's may be　realized by　increasing　the

growth　temperature　to　Increase　the　solubility of Ga acceptors [27].

Furthermore, an　increase　in　the growth　temperature　causes　an　increase

of　the　carbon　solubility　in　Si melt［25], which may　improve　the

crystal perfection.

７－６．　Summary

　　　　Good　epitaxial　layersof　６ＨSic　are　reproducibly obtained by the

rotaion dipping method which　is　proposed　by　the author.　、This ｍｅｔﾆhod

is　convenient　in the case　that　the melt　reacts with　the　crucible　and

so　ａ　slidingboat method　cannot　be used.　Furthermore、this method

permits　the reuse of melts　and　crucibles.　By　the　study of　the　lumi-

nescence mechanisms　in this　chapter　the　following conclusions　are ob-

tained.　At　１０ｗtemperatures EL originates mainly　in the ｐ　layers

　　　　　　　　　　　　　　　　　　　　　　　　　　-99-



and around room temperature mainly　in　the ｎ layers.　The main　broad

bands　are mainly due　to D-A pair　transitions.　The Ｆ peaks which have

been explained by　the　interband　transitions　are　shown　to　be due　to

the　free　ｅχciton recombinations associated with phonon　emission.

The　Ｅ peaks　are due　to　transitions　of　excitons bound　to　some unknown

Intrinsic defects.　The Ｄ　peaks　are due　to　the　transitions　of　ｅχci-

tons bound　to　divacancies.　　The dependences　of　EL and PL efficiencies

on the doping of Ｎ donors　in the ｎ layers are　studied and　the maximum ｉ

efficiency of　EL is obtained　ａｔﾆn '＼.lO^^　－1018　cm‾3.　Methods　to

ﾆimprove　the　efficiency are discussed using　ｔﾆhe results.　The ｍａｘﾆimum　　　，

external　quantum efficiencies　obtained for　the uncoated diodes　are

１．２)(１０‾５　forＡ１-ｄｏｐｅｄ，９)(１０‾６　forGa-doped, and 2.5x10-5　for　B-doped

diodes.　　By ａ preliminary experiment, an　efficiency of　０．３　Ｚ　at　７７　Ｋ

is　obtained　for　an Al-doped diode.　By　ｔﾆhe encapsulation with　epoxy

resin these　efficiencies are　improved by ａ factﾆor of　２．
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VIII.　ETCHING OF SiC WITHC12‾02‾Aｒ GAS　SYSTEM

8-1.　Introduction

　　　　　Siliconcarbide is ａ promising material １１］for light-emitting

diodes [2], for devices　operating at high temperatures, and for high

power devices because of　Its large band gap and chemical　stability・

These advantageous properties, on the　contrary, make fabrication

process　difficult.　The etching process with Cl2, O2, and Ar mixed

ｇａＳ［３］together with ａ ｎａｔﾆiveoxide, SiOo　－ａ good　etch mask, Is an

excellent　fabrication process, which enables　even planar　technique・

Etch rate can be easily varied by changing gas　composition.　Ａｃｔﾆually,

this　technique has been　successfully applied　to　the fabrication of

1unct ion-gate unipolar　transistors [41, bipolar　transistors [5], and

light-emitting diodes［６］．　Another etching gas Ｈ２　isreported by

some researchers［7,8], which is　commonly used　to etch　substrate

crystals　before gas phase epitaxial growth.　Kumagawa et ａ１．［９］re-

ported　thermodynamical analysis　of Ｈ２　gas　system.　This　system needs

higher temperatures of　1600－1700°Ｃ than those of　Cl2-02-Ar gas　sys-

tem of　1000－1100°C, while etch rates are comparable.　Therefore, the

Cl2-02-Ar gas　system is more　suitable　for ａ device fabrication proc-

ess.　However,　no detailed　studies and　thermodynamical analyses　of

this　system have been reported.・

　　　　　In　this　chapter,　etching of　Sic with Ｃ１２， Oo, and Ar　gas mixture

１Ｓ　studied　in various　temperature range, gas　composition range, and

gas　flow rate range.　These conditions　involve　the condition coiranonly

used　in device fabrication［1,6].　Thermodynamical analysis　of　this

system is　tried and good agreement　Is obtained between experiment

and ａ　simple theory using one parameter.　The　reason　for　the large

difference of　the etch rates between the　Si　face and　the Ｃ　face［１，６］

１Ｓ　discussed based on the result of　the　thermodynamical ａｎａ:Lysis.

The　effect of mesa etch with　this　gas　system on diode characteristics

　　　　　　　　　　　　　　　　　　　　　　　　　－１０３－



is　examined.

８－２．　Experimental Procedure

　　　　Crystals　grown by Acheson method [10】were used　for　the experi-

ment.　These crystals were ６ＨSic of n -　１×1018　cm‾３．　Ｔｈｅ（0001）

faces were　lappedﾀﾞwith　Sic abrasive　powders　and polished with dia-

mond　paste.　These　crystals were　thermally oxidized　in wet ｏχygen　ｇａＳ・

The　thicknesses　of　the　oxide layers were about　2000 A foｒ（０００:Ｌ）Ｃ

faces　and　several hundred angstroms　ｆｏｒ（0001）Ｓｉfaces・　These crys-

tals were　cut into　ａ ｄﾆimenslon of　aboutﾆ1x5×０．３ mm^　and　some parts

of　the　oxide layers were etched･ off with HF　solution.　The oxide

layer acted　as an　etch mask。

　　　　Ａschematic diagram of　the　etching　system was　described　in Fig.

１．　The　inner diameter　of　the　quartz　reaction tube was　３０mm.　Sam-

pies were　loaded on ａ quartz　sample holder.　An electric　furnace was

made　to be　easily moved　in order　to　enable　rapid　increase and　de-

crease　of　the　ｔﾆemperature　of　the reaction　tube.　Ar gas　flew until

the　furnace was heated up　to　ａgiven　temperature, and Ｃ１２　and　Ｏ２

Reaction tube Furnace　・

　　　Ca(0H)2 NaOH

Fig. 1　Cl2-02-Ar　gas　etching　system.
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gases were supplied.　As　soon as　the　etching　time was over, the

supply of　Ｃ１２　and０２　gaseswere　stopped,　the furnace was moved away,

and　the　reaction　tube was　cooled down rapidly.　The　standard　etching

time was　１０min.　The　flow rates of Ｃ１２，Oo, and Ar　gases were moni-

tored by flowmeters.　The　temperature　of　the outside of　the　reaction

tube was measured by ａ chromel-alumel　thermocouple and was　converted

to　the　Inside　temperature.　　Etch rate was determined by measuring

ｔﾆhedifference　of　the　thicknesses between the　etched layer and　the

unetched　layer　covered with　SlOp　film with an　interference microscope.

8-3.　Results

　　　　　Figure　２　shows　SEM photographs of　typical　etched　layers of　ａ Ｃ

face and a Si face.　Unetched layers are　covered with　SiOo.　The

etched　Ｃ　face　shows　ａ rather　smooth surface and　small　etch pits.　　The

etched　Si　face　shows many lines of　scratches　at　the　time of polishing

which are　emphasized by the　etching･　Some　parts　of　the　Ｓ１０２　film are

removed　owing　to　small　ｔﾆhickness of　SiO2　layer on　the　SI face.　These

photographs　show that　the　step　height　on　the　Si face　is　far　smaller

than that on the Ｃ face.

　　　　　Figure ３　shows etch rate on Ｃ　faces vs. square root　of　the　total

gas　flow.　The ratio　of　the　partial pressures of　the mixed　gases　is

ｃｏｎＳｔａｎｔ゛ＰＣ１２：Ｐ０２：^Ar°４５：１０：120.　The　etching reaction　in　this

figure　on the Ｃ　face　is　divided　into　two　regions［11,12]. One　is　the

slow flow rate region where　the　etch rate　increases　linearly ｗｉｔﾆｈ

square　root　of　the　total gas　flow.　This　region corresponds　to mass

transfer controlled　condition.　The other　is　the　fast　flow rate region

where　the etch rate　is almost　constant.　This　region corresponds　to

surface　reaction　controlled　condition. For the　Si　face　in　the　same

range　of　the　flow rate, etch rate was nearly constant　of　０.01－0.02

ym/min, although　the data points　scattered　because of　the　large ex-

perimental uncertainty due　to　thin etched　layers.　These　results
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（ａ）Ｃ face
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50 um （ｂ）Ｓｉ face

←

50 Um

Fig. 2　Typical　etched　surfaces　of　ａ Ｃ face　and ａ　Si face.　The　etch-

ing　conditions　are　1000°c.　Ｃ１２：４５　cc/min,　02:10 cc/min, Ar：１２０　cc/

min, and etching times are ２０ min for　the Ｃ　face and　:LO min for　the

Si face.
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Fig. 4　Temperature dependence

of　the　etch rate on Ｃ　faces.

indicate　that　the　etching on　the　Si　face　is　alsounder　surface　reac-

tion　controlled　condition.　Etching experiments hereafter　are　carried

out　under　the　condition　indicated　by an　arrow　in Fig.　３which　belongs

to　surface　reaction controlled　condition.　Good　linearity between　the

thickness　of　the etched　layer and　etching　time　is　obtained　under　this

condition.　This　etching condition　is　commonly　used　in device
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Fig.　５　Etch rate

under various　gas

compositions at　1000

°Ｃ．　The　circles are

for Ｃ　faces　and　tri-

angles　for　Si　faces.

The　square denotﾆed

by ｘ　indicates　ｔﾆhe

etch rate with ａ

carbon　film and　that

denoted　by Ｙ lndi-

cates　that　after

removing　ｔﾆhe carbon

film.　Solid lines

denote　the　calcu-

lated　lines　of Ｌ
　　　　　　　　　　　　　　　０２

and broken　lines of

■■ci. from Eq. (13)゜

　　　　　　　　　　　　　　　　　　　　　　ＴｈｅＬ０

２　

line　In　the

is out　of　range of　Fig.　5 (a).

fabrication peocesses　[1,61.　Figure ４　shows　etch rate on Ｃ　faces vs.

reciproca:Ｌ　temperature with ａ total gas　flow of　１７５　cc/min （ＰＣ１２：Ｐ０２

　やい二　－－　－－皿t　　－＝

exp(-E /RT) V゛1th Ｅａ゛４２’６kcal/mol. The　etch rate on the　Si　face　is

also　expi°essed ８Ｓ ’｀ｊｅ゛ｐ（‾Ｅａ／ＲＴ）゛ｉｔｈＥａ備８ kcal/mol
’
though the　data

points　scatter.

　　　　Figures　5(a)-5(c) show the　etch rate under various　gas　composi-

ｔﾆion with ａ constant　total　gas　flow of １７５　cc/min at　1000°．Ｃ．　The

ratio　of　two kinds　of　gases out　of　three　is kept　constant, and　the

flow rate (ｊｆ　theother　is varied.　The gas mixing ratio　of　this　ex-

periment　was　limited by the range of　the　flowmeters, and out　of　this

range　experiment　could not be　carried　out.　Under　the　conditﾆions　in

this　figure, etched　surfaces　are　relatively　smooth, and　remarkable

change of　the　surface　smoothness　Is not　observed.

　　　　　Firstly,results on　Ｃ faces denoted with circles　are　explained.

Figure 5(a) shows　linear dependence between　the　etch rate and　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-107-



partial pressure of ０２　gas, P　　．　However, near the lowest　limit　of
　　　　　　　　　　　　　　　　　　　　　　　　０２
Ｐ０２゛　the　etchrate deviates from the linear line,　and the　etched

surface　is　covered with ａ black material, probably carbon.　Ａ point

denoted by ｘ indicates　the　etch rate for　the film including　the　car-

bon film, and Ｙ　indicates　that　for　theｆｉ:Lmafter removing the　carbon

film.　Figure 5(a) shows that with ｉｎｃｒｅａｓｉｎｇＰＣ１２　theetch rate

first　increases and　then decreases and finally　indicates ａ　tendency

to Increase.　In　the limit　of　the　smallest　Ｃ１２　gasflow, SiO2　film

was　formed, and further etching was not　observed.　Figure 5(c) shows

that　the　etch rate decreases　in proportion to the increase of ＰＡｒ’

Etch rates on　Si faces　indicated with triangles　in Fig.　５　are　0.1-

0.01　times of　those on Ｃ faces.　The results on Si faces under con-

stant Ｐ and　constﾆant Ｐ show generally　similar　tendency｀'｀'｀゛“｀　＾Ｃ１２'‘Ar　｀“‘“　｀゛“｀'゛｀゜“｀“Oo' Ar　｀'“゛¨Ｑ｀‘゛～～∽～～ｙ　｀'‘-¨－一一－

to　those　on Ｃ faces.　However, the results under　constant Ｐ

Cl2 Oo

on　Si faces　show opposite　tendency to　those on Ｃ faces.　The results

on both Si　and　Ｃfaces　at　other　temperatures　indicated　similar　tend-

encies as　those　in Fig. 5 ｗｉｔﾆｈdifferent　etch rates which varied with

temperature according　to Fig. 3.

８－４．　Discussion

　　　　Inthis gas　etching　system, many kinds　of processes　take place.

reactions of　Sic with Ｃ１２　andＯ２　gases，and decomposition and　evapo-

ration of　Sic.　Argon gas acts　as　only ａ buffer for　the reaction by

diluting　Ｃ１２　and０２　gases.　Among many processes, those with small

standard　free energies (△G's) are　ｅχpected　tobecome dominant.　These

processes and　their　standard free　energies　at 1300 K are　ｇ:iven　in

Table　工　113].　Decomposition and　evaporation of　Sic are difficult　to

take place　at　the　temperature range　studied because of　their large

free　energies.　The reaction of ０２with　SiC which forms　SlOo　and　Ｃ

[reactﾆion (3)］has　smaller free energy than that　of Ｃ１２　Ireactﾆion

（１）］．　However,since　SiO2　acts as an　etch mask and prevents further

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１０８－
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Table　工　Variousreactions with their　standard free
energies (△G's) at 1300 K．

(1)

(2)

(3)

(4)

(5)

(6)

Reaction

SiC(s) + 2Cl2(g) = SiClu(g)十C(s)

C(ｓ)十〇2(g) = C02(g)

SiC(s)十〇2(g) = SiO2(s)十C(ｓ)

C(s) + 2Cl2(g) = CClu(g)

Si(s) = Sl(g)

C(ｓ)＝C(g)

△G Ckcal/皿o1）

　-98.130

　-94,701

-143.749

　　16.229

　　60.112

　122.249

progress of　the reaction, the　reaction (3) can not be dominant.　The

reaction of ０２　with Ｃ［reaction (2)］has　smaller free energy than

that　of　Ｃ１２［reaction (4)］．　Therefore, the　plausible dominant　proc-

esses　in　this　etching reaction are,

SiC(s) + 2Cl2(g) = SiCl.Cgト＋C(ｓ)，

C(ｓ)十〇2(g)＝C02(g).

ｊ
　
５

１
　
　
２

ぐ
　
ぐ

　　　　The molar number of　Sic　etched　away per unit　area and unitﾆ　time,

ＪＳｉＣ゛ｉｓgiven ｂｙ゛

　　　　'^SiC° Ld/M, （３）

where L,　d,　and Ｍ are　etch rate, the　density of　Sic, and　the molar

weight　of　SiC, respectively.　　The　flux of ＳｉＣ１４（ＪＳｉＣ１り)and ｔｈ測ﾆof

Ｃ０２（ＪＣ０２）　carried　awayfrom the　Sic　surface of unit　area　into　the

gas　Ｓｔﾆateare given by.

"^SiCl.

"^COn

＝Ｐ

＝Ｐ

SiCll+

　u/RT

u/RT, /
―
Ｎ

・
―
＼

４
　
　
ｉ
ｎ

く
　
く

Ｈｅｒｅ゛ＰＳｉＣＩＬｌａｎｄＰＣ０２　are　the　partial pressures　of　SiCl^　and　Ｃ０２，

respectively, u the velocity of　the　gas　flow, R the　gas　constant, and

Ｔ　the　absolute　temperature.　　If　the　rate of　formatﾆ１０ｎ of　SiCl^ is

much larger than　that　of COo,　the surface of a　sample may be covered
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with carbon.　０ｎ　the　contrary.　if　therate of formation of　Ｃ０２　is

much larger than that of　SiCl^, the　surface of　the sample may be cov-

ered with silicon.　In　the　gas　composition range　studied, such re-

suits are not observed except　for the case of　the samllest limit　of

Ｐ　　．　Therefore,we　can expect　that　Si atoms　and Ｃ atoms　are equally
　Ｏ２
etched away：

^SiCli. ゜ＰＣＯ２’
(6)

Considering　that Jg.(, ° ･^SiClit　° ＪＣ０２゛ｔｈｅｅｔｃｈrate　is given by,

L = MuP
SiClL

/RTd ° Ｍ゛PC02/ＲＴｄ゛
(7)

If　the　system is near　the　thermal equilibriiun, the following equat ions

are given by the reactions (1) and (2).

P;iC14　゛ Ｋ1

臨２ ゜K2P

where Ｐ
火

Sicily'
Ｐ

火

02

大

９

Cl2'

　大
Ｐ
ＣＯ２゛

大

　　　　　　　　　　　　　　　　（８）

　　　　　　　　　　　　　　　　（９）

are　the pressures　of　the gases under

　　　　　　　　　●　　　　－　　　　一　　　一thermal　equilibrium,　and Kl　and Ｋ２　are　the　equilibrium constants of

the reactions ’(1) and (2), respectively.　　Since Ｋ is　given by Ｋこ＝

ｅｘｐ（－△G/RT)in this system and Kl and Ｋ２＞＞１ from Table ｌ， all the

Ｃ１２　and０２gases supplied　to　the　SIC　surface may react　into　SiClij　and

COo,　respectively.　This condition　gives　the relations,

Ｐ
ＳｉＣ１１，゜

ＩＰ
Ｃ１２゛

^C02 ° Ｐ０２’

(10)

(ｎ)

"

ゝ

In　this　case, the　etch rate of　Eq, (7) is written　in　the relation of　　　ｌ｀

ＰＣ１２ａｎｄＰＯ２’

　　　　L = MuP/RTd,　　　　　　　　　　　　　　　　　　　　　　　　　　　(12)

where Ｐ　is　the　smaller one ｂｅｔｗｅｅｎＰＣ１２／２’８１１ｄＰ０２° Howeve:ｒタ　when　the

etch rate　calculated from Eq. (12) is　compared with the　experimental

results, good agreement　is not　obtained.　This　result　indicates　that

under the etching　condition　studied, thermal　equilibrium is not　at-

tained.　　Therefore, we assume　that　only　some parts of　supplied Ｃ１２

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１１０－
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and ０２　gases(aP：（Ｚ≦1) react with Sic and　transform into Ｃ０２　and

ＳｉＣｌｔ+　undernonequilibrium conditﾆion.　　Furthermore,　considering　that

etch rate does not　depend　on　the gas velocity under　ｔﾆhe　surfacereac-

tion controlled　condition (Fig. 3), a parameter k = au　１Ｓ　introduced.

In this　case, the etch rate　is　expressed as.

　　　　L = kMP/RTd.　　　　　　　　　　　　　　　　　　　　(13)一

This parameter ｋ is determined from the　experimental result.　The

value of ｋ = 13.2　cm/min is obtained from ｔﾆhe etch rate of 0.904 ym/

mln at 12?7 K, under　the partial　gas pｒｅｓＳｕｒeSPC12　°0.257　atm and

Ｐ　　＝0.057　atm, and using the molar weight Ｍ ＝40.10 g/mol and the
ここにご√ム飛乱ごて臨二乱謡ごよもﾚ

＝

kMPC12/2RTd ゛d L02 °ｋＭＰ０２/ＲＴｄａｒｅ　shownby　solid　lines and broken

lines, respectively, which are　calculated　from Eq. (13) using ｋ ＝

13.2 cm/min for the Ｃ face. ＬＣ１２ａｎｄＬ０２ｄｅｎｏtｅ　the　etchrates ex-

pected　from the partial pressures of　the　supplied C12　and 02　gases・

The results of Ｃ faces　in Figs.　5(a)-5(c) show fairly good agreement

between　theory and　experiment, if we　take　into account　of　the　simple-

ness of　the　theory and　thatﾆ　only one value of ｋ　is used.　These fig-

ures　show that　the actual　etch rate　is limited by　the　smaller one

ｂｅtｗｅｅｎＬＣ１
２
ａｎｄＬＯ

２゛ｗｈｉＣｈｉｎｄｉＣａtｅｓ　that　the　stoichiometry

of　the

etched　Ｃ atoms　and　SI atoms　is　preserved [Eq. (6)］.　Results at　other

temperatures also　indicated　good　agreement between theory and　exper-

iment.　　These results　show that　the etch rate under various　gas　com-

positions at　a given temperature　is　expressed with only one value　of

ｋ.　The　temperature dependence of ｋ＝2°89゛108e゛p（‾Ea/ＲＴ）ｃ１１/111111 with

Ｅａ ° 42
’
６ kcal/mol is determined using　the etch rate　in Fig.　3.

　　　　At　the highest　temperature of　1100°C, an etch rate larger　than

that　predicted　from the　theory　is　observed.　This　deviation may be

due　to　the fact　that　the　reactions (1) and (2) in Table　工　saturate

and　other　reactions　such as (4) simultaneously take place.　In Ｆｉｇ･

5 (a) in　the １０ｗ oxygen gas flow region, deviation　from the　theory

arises　due to　the formation of　carbon film.　This　deviation　Indicates

　　　　　　　　　　　　　　　　　　　　　　－１１１－



that　in　this　region　stoichiometry of　Ｃ atoms and　Si atoms　is not

preserved and the reaction (1) selectively takes place.　In Fig,　５（ｂ）

in　the high Ｃ１２　gas　region （ＰＣ１２≧0.35　atm), the observed　etch rates

are larger　than the calculated line. This deviation may be due　to

the additional etching caused by the combined reaction of (1) and (4)

which does not need ０２　ｇａＳ。

　　　For　Si　faces, the　experimental data points　scatter due　to　the

large experimental uncertainty because of　thin etched layers.　　How-

ever. Fig.　5(b) shows　that　the　etch rate　on Si　faces varies　similar-

１ｙ　to　that　on Ｃ　faces ＷｉｔｈＰＣ１２゛　The experimental results　are　rela-

tively well　ｅχＰｌａ工ned by　the　theoretical　curves　calculated with the

value∧of ｋ＝　0.36　cm/min at　1000°Ｃ．　The　temperature dependence of

ｋ ゛６°７）（１０７ｅ゛ｐ（‾Ｅａ／ＲＴ）ｃｍ／ｍｉｎｗｉｔｈＥａ °48 kcal/mol　is obtained from

the　ｅｔﾆch rates on　the　Si face at various　temperatures.　The accuracy

of ｋ is not　good because of　the　scatter of　the data points　on　Si

faces.　　Figures　5(a) and　5(c) show that　the deviation from the　cal-

ｃｕ：!.ated　curvesare large　in　the　cases of　constant P^^/P^^

!)
Ｃ１２
/P0
2’

and

respectively.　　Especially　in　the　case of　constant Ｐ
C12/P02゛

the　signs　of　the　slopes　of　the　experimental　result　and　theoretical

one are　opposite.　If　the　experimenta:Ｌ data points are　correct, this

etching　process may be　caused by　the reaction between　Sic　and Ar　ｇａＳ・

However, such ４ reaction　is difficult　to　occur, because Ar　is　an

inert　gas.　　Therefore, this opposite　dependence　can not　be　explained.

The deviation　in　the　case　of　constant　Ｐ
C12
/v may be due　to　the fact

that　selective　etching of　silicon by　the　reaction (1) takes place

because　of　the reduction of　the reaction (2) due　to　small Ｐ
02

　　●　●sxm・－

larly　to　the　case of　the　Ｃface, although　the　experimental data

points　scatter。

　　　　　Nowwe　consider　the physical meaning of　the parameter ｋ，　Byａ

simple　theory［12], in　the mass　transfer　controlled　region, etch

ｒａｔﾆｅ　is　proportional　to　thediffusion constant of　the　etching gas

which　is　expressed　as Ｄ　ｃ゛t"^.　　Boththeory［１４］and　experiment
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[15,16】give values of １．５　≦ｍ≦２．　In　the　surface reaction control-

led　region, the etch rate　is proportional　to　the　surface　reaction

rate constant k which varies　as exp(-へ/RT). Since the present

parameter ｋ is　expressed as　exp(-E /RT) and　the etching　is under

surface reaction controlled　condition, the parameter ｋ seems　to　re-

late with the　surface reaction rate ｃｏｎＳｔａｎｔｋＳ’　Moreover゛Eq.(12)

is　transformed as　follows.

Ｌ＝
ｄ --＝-＝Ｃ　－V d　　ｖ竪　　Ｇ Nl

　　　　Ｍ

(14)

Here, n　Is　the molar number, V the volume of　the gas at　one atm, A

Avogadro's number゛C the molecular density of　the gas.　and Ni　the

molecular density of　SiC.　The last expression of Eq. (14) coincides

with the formula of Ｌ ＝Ｃ G^s/^l　１ｎ Ref. 12°　Therefore, k and ｋS

are　the　identical physical　constants。

　　　　Sinceｋ is　the　surface reaction rate　constant, the large　differ-

ence of　the etch rates between　the Ｃ　faceand　the　Si face, about　５０

times, is due　to　the difference of　the reaction velocities on differ-

ent　faces.　This　conclusion　１Ｓ assisted by　the fact　that　the　SI　face

and　the Ｃ face have different　stacking　sequences of　Si atoms and Ｃ

atoms　and　that　terminatlve planes of　Si and　Ｃ　faces　are　composedof

Si and　Ｃatoms, respectively･

8－5.　工mprovement　of Diode Characteristics by Mesa Etch

　　　　　InChapts. V-VII, cleaving was employed　in　the diode　fabrication

process　to　cut　crystals　into dies.　The　current　- voltage (I-V)

characteristics of　the diodes　fabricated by　the process　indicated

large　leakage　currents.　The ｎ values of　these diodes were　far

greater　than 1-2, sometﾆImes more　than 10, when the　expression　of　ｌoc

exp(eV/nkT) was assumed.　However, when mesa etch was　carried　out　by

Cl2-02-Ar gas　system, the ｎ values of　all　the　diodes were decreased

　　　　　　　　　　　　　　　　　　　　　　　　　　-113-
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Fig.　６　Forward　current　－

voltage characteristics　of　ａ
diode after mesa　etch.

to 2　≦ｎ　≦３．　Figure　６　showsthe　I-V characteristics　of　ａ diode

after mesa etch.　　In　this　characteristics,　exponential relation　is

obtained more　than ４　orders and　the ｎ value　is 2.0, which is well

explained by the generation-recombination current.　Moreover, the

breakdown voltage of　this diode　is more　than 140 ｖ at　ａcurrent　level

０ｆ　ｌmA.　These results　indicate　that　the mesa etch with Cl2-02-Ar

gas　system greatly decreases　the leakage current　and　Improves　the

diode　characteristics.

８－６．　Summary

　　　　The etching of　SiC with Ｃ１２， Oo> 3nd Ar　gas mixture has been

studied　in the　temperature range　of　８５０－1100°Ｃ．　Thegas　compositﾆion

is varied, which Includes the composition commonly used in the device

fabrication processes, and　the dependence of　the　etch rate on gas
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flow rate　is measured.　Good agreement　is　obtained between the exper-

imental results and ａ　simple　theory using one parameter ｋ which　Is

the　surface　reaction rate constant.　The etch rate　in all the gas

composition range　studied　is expressed using ａ　single value　of ｋ at

ａ given temperatﾆure.　　The　onlyvariable affecting ｋ is　the　tempera-

ture.　The temperature dependences of　the　parameters ｋ on　the　Si face

and　the Ｃ　face are determined.　The etch rate on the Ｃ　face　is　about

５０　timeslarger　than　that on　the　Si face, which　is　concluded　to be

due　to　the　smaller　surface reaction rate　constant on ，the　Si　face.

The　difference of　the　surface　reaction rate　constant may be　caused

by the　difference of　the　stacking sequence of　Si and Ｃ atomic planes

between　the　Ｓｉ･faceand　Ｃ　face.　The　etchrate at　ａgiven　temperature

in ａ wide range　of　gas　composition can be easily predicted using the

determined value of ，ｋ．　The　Improvement　ofdiode characteristics by

the mesa etch with the present　gas　system is verified.
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IX.　CONCLUSIONS

　　　　　Inthis　thesis, studies have been carried out　on the　subjects

related with　the　fabrication processes　and the physical properties

which are necessary　for the analysis　and　the design of　SIC LED's with

ａ purpose　to　develope efficient　SIC blue LED's.　With　the aid of　the

results　of　liquid phase epitaxial growth and photoluminescence　study,

relative:1-y high efficiency blue　and yellow LED's have been realized.

and　the　luminescent and electrical properties　of　the diodes have

been studied.　Based on the electroluminescence mechanisms　determin-

ed using　the results　of　the photoluminescence　study, methods　ｔ０　１ｍ-

prove　the efficiency have been discussed。

　　　　　InChapt. II, process　of　the epitaxial growth of　SIC by　the dip-

ping　technique has been described, and　the　conditions　to obtain

good　layers have been determined.　Ａ method　to　decrease　the　carrier

concentration of　the undoped crystal has been devised, and　the elec-

trical properties　of　the layers　doped with Al acceptors or Ｎ donors

have been studied。

　　　　　InChapt.　Ill, photoluminescence due　to　free excitons　and exclt-

ons bound　to Ｎ donors　in undoped　3C, 4H, 6H, and　１５ＲSic crystals

has been studied　in the　temperature　range of　４．２　andabout　１００Ｋ．

The energies　of ａ large number of　phonons associated with　free ex-

citons　have been determined and　compared with the energies　of phonons

associated with bound excitons.　The exciton band　gaps　of　4H, 6H,

and　１５ＲSiC have been determined　from the　free exclton peaks.　The

free exciton binding energies　of　3C, 4H, 6H, and　１５ＲSic have been

estimated　from thermal quenching of　the　free　exciton luminescence。

　　　　　InChapt. IV, systematic　study has　been carried out　on the　in-

tense visible photoluminescence　in 3C, 4H, 6H, and　１５ＲSiC　crystals

doped with Al, Ga, or Ｂ acceptors　and Ｎ donors.　The luminescence

mechanisms have been assigned　to be D-A pair luminescence and
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free-to-acceptor luminescence.　Verification and　the　first　ｄｅｔﾆermi-

nation of　site dependent　acceptor levels have been carried out by

analyzing　free-to-acceptor luminescence.　The　site dependent　donor

levels have been confirmed　from the dependence of　the D-A pair luml-

nescence　on doping and excitation, and by　the analysis　of　the con-

figuration coordinate phonons.　The　ionization energies　of　donors

and acceptors　in cubiclike　sites　are　ａ:Lways　larger than those　in

hexagonallike　sites.　The　ratios　of　the　ionization energies　are ap-

proxlmately　constant　independent of　the polytype and　the kind of　im-

purity　in spite of　the wide range of　the　ionization energies.　The

origin of　the site effect　on the　impurity level　is　explained by ａ

model which assumes　the　local dielectﾆrlc　constants and　ｔﾆhelocal

effective masses.　The possibility of　the existence of　the　site ef-

feet　in other materials has been pointed out.　Haynes　rule relative-

１ｙwell applies　to Ｎ donors　in different　sites　in various polytypes.

which enables　to predict　the donor　level from the binding energy of

the bound　exciton.

　　　　　InChapt. V, blue　light-emitting　diodes　of　６Ｈ SiC have been

fabricated by doping Al acceptors　and Ｎ donors　using　the overcompen-

sation method which has been proposed　in this　thesis.　Ａ quantum

efficiency of　1.0x10 ^ was obtained which had been one of　the high-

est values.　The electrical and　luminescent properties　of　the diodes

have been studied and ａ method　to　improve　the efficiency has been

discussed.

　　　　　工ｎChapt. VI, the mechanism has been studied on the　shifting

peaks　from red　to blue　in diodes prepared by　the overcompensation

method.　From the analysis　of　the electrical properties, the　inj ec-

tion mechanisms, and　the　luminescent properties　of　the diodes, the

shifting　peaks have been determined　to be due　to photon assisted

tunneling・

　　　　・InChapt. VII, various LED's　doped　in the ｎ layers with Ａ１９　Ga,

or Ｂ acceptors　and Ｎ donors have been fabricated using　the rotation

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　－１１８－
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dipping　technique proposed　in this　thesis.　This　technique has　advan-

tages　that multilayers　can be grown in one growth run and　that melts

and crucibles　can be reused.　Detailed study of　recombination mecha-

nisms　In the diodes　from about　１００　ｔ０　４００Ｋ has been carried out

using photoluminescence, electroluminescence, and　time-resolved

spectra.　At　１０Ｗ temperatures　the　radiation originates mainly in　the

Ｐ　layer, and　around room temperature　In the ｎ layer.　The　lumines-

cence mechanisms　are　free exciton recombinations　for　the peak at　about

４２５nm which had been considered　to be due　to　Interband　transitions.

D-A pair recombinations　for　the main broad band, transitions　of　ｅχ-

cltons　bound　to　some unknown intrinsic defects　for　the peak at　about

４５５nm, and recombinations　of excltons bound　to　divacancies　for　the

peak at　about　５３０ nm.　The dependence of　the EL efficiency on　the Ｎ

concentration in the ｎ layer has been studied and　the maximum effi-

ciency was obtained around ｎへj1017－1018　Cm‾３．　Based on these re-

suits, methods　to　improve　the efficiency have been discussed.　The

maximum quantum efficiency and　peak energies were　１．２×１０‾５　and４６０

nm for Al-doped, 9x:ＬＯ‾６　and４８５nm for Ga-doped, and　２．５×１０－５　and

５８０nm for B-doped LED's, and　the　efficiency was　Improved by ａ　fac-

tor of　２ by using　the　epoxy coating。

　　　　　工ｎChapt.　Ｖ工Ｉエタ　etching of　SiC with Clo-Oo-Ar gas　system has

been studied.　The dependences　of　ｔﾆhe etch rate on the　temperature,

gas　flow rate, and gas　composition have been measured.　Good agree-

ment　is　obtained between the experiment and　ａ simple　theory using　ａ

parameter ｋ which relates　to　surface　reaction velocity.　The temper-

ature dependences　of　the values　of ｋ on the Ｃ and　Si　faces have been

determined　to be ｋ＝２°８９)(１０８ｅ゛ｐ(‾Ｅａ／ＲＴ)Ｃｍ／ｍｉｎｗｉｔｈＥａ= 42.6 kcal/

ｍ０１and ｋ＝６°７)(１０７ｅ゛ｐ(‾Ｅａ／ＲＴ)ｃｍ／ｍｉｎＷｉｔｈＥａ= A8 kcal/mol, respec-

tively.　Etch rate at　ａ given temperature and gas　composition can be

easily predicted by using　the value of ｋ．　The large difference of

the　etch rates between　the　Si face and Ｃ　face　is　explained by　the

difference of　the value of ｋ．
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　　　　Amongmany problems　remained for　further　investigation, growth

of　Ingot　crystals　for　substrates　and　improvement of　efficiency are

the most　essential　in order　to realize practical use of　SiC blue

LED's.　Both problems need excellent　and　continuous　investigations,

because　they are caused by　the refractory properties　of　SIC.　One

possible　principle　for　the former is　the sublimation growth in low

pressure　ambient which was　reported by Tairov et　ａ１．　whomade　large

and pure　ingot　crystals　at　low temperatures with relatively high

growth rates 。　One possible suggestion for　the　latter　is　increase of

the carbon solubility　in the growth melt, and precise controle of

doping of　luminescent　centers.
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APPENDIX

A.　Dielectric Constants　of 2H, 4H, and　15R SiC.

　　　　Therehave been no reports on　the dielectric constants of　２Ｈ，

4H, and　１５ＲSic.　Therefore, values of　them are　estimated　from the

Lyddane-Sachs-Teller［１］(LST) relation following the procedure In

the report by Patrick and Choyke［２］and using refractive　indices

and phonon energies　In　the literatures。

　　　　The　staticdielectric　constant　can be written

Ｅ：Ｓ’ ^el

where e
　　　　　　ｅ１

＋ε1ats (Al)

is　the electronic contribution, and the lattice　contrlbu-

tlon ^lat　is related　to　the ratio of phonon　energies that　enter　into

the LST　formula.　The value of ^00'　which　is　considered　tobe equal

CM
　Ｃ

０ 10
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Table　Ｉ　The values　ｏｆＥ：･・･’ＣＳ゛加Ｌ゛ and htii for 2H’ 4H゛

and　15R Sic.

ゝ

1 ゛

；

１

to　Ｅ

Polytype

Ｈ
Ｈ
　
Ｈ
Ｈ

Ｃ
Ｍ
　
　
Ｃ
Ｍ

＜
ｒ
　
-
＊

　
５
　
　
Ｉ

Ｄ
が
Ｄ
り

ぐ
ぐ
く
ぐ

E

Cχ，

6.46

6.79

6.59

6.79

6.56

6.70

加Ｌ

970

964

970

964

970

964

(cm-l)　加Ｔ（ｃｌｌ‾l）　ＣS

797

767

797

782

979

785

　9.57

10.73

　9.76

10.32

　9.72

10.10

e1゛
should　denote　the value of n2 = e
　　　　　　　　　　　　　　　　　　　　　　　　　　　Ｃχ）

extrapolated　to zero

photon energy (see Fig.　１）．　This　expression　is　reasonable,because

in the one-oscillator model　the value　of n2　is　expressed as

　　　　　　　　　　　Ｃ

１犬

CO十％(加/Eg)2
(A2)

Here, hv is the photon energy, ＥｇｉＳａ parameter which represents

the average band gap, and £　is　ａ parameter which　is proportional　to

the oscil:Lator　strength. The　second　form in Eq. (A2) v゛ithＣ,。゜

１十ｅｇ゛　is　ａgood　approximation　if h＼　ｗｈｅｒｅＥｇ is close ｔ０８

eV in SiC ［３］。

　　　Figure ｉ shows ｎ２ＶＳ．（加）２０ｆ2H, 4H･, and 15R SiC which are

plotted by using the refractive indices reported by Powell［４］for

２Ｈand by Shaffer［５］for ４Ｈand １５ＲSic.　Open symbols denote the

ordinary indices (E I c) and closed symbols the extraordinary indi-

ces　（Ｅ　／／　Ｃ）．　Thevalue of　the　static dielectric constant　can be

determined by using the LST　formula：

sS ゛ ‰(加Ｌ/加Ｔ)2'

using the　longitﾆudinal and　transverse phonon energies.

Table　ｌ　shows　the values of Ｃ　and　ｅ
　　　　　　　　　　　　　　　　　　　　　　　oo　　　　Ｓ

　　　　(A3)

7幼Ｌ and hωΥ

in　the direction parallel　and
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１

之

摯

perpendicular to　c-axis　for 2H, 4H, and 15R Sic.　The values of加Ｌ

ａｎｄた?Ｔ　forall　the polytypes　are　taken from the Raman measurements

by Feldman et a1.[6].　The value ｏｆ加Ｔ(//)foｙ 2H SiC　is　estimated

by the　extrapolation of　the plots　In Fig. 9　1n Ref. 6　assuming　the

”percent ｈｌｏｗ”[61.　For all　the polytypes, the values of加Ｅ(1)・

払Ｌ(//)'811d加Ｔ(Ｄ of 6H Sic　are used, because these values are

Independent of the polytype [６]．

Ｂ
Modified Bohr Radii

Table　II　Values of modified　Bohr radii (a*り）ｏｆ　electrons
and holes bound　to Ｎ donors and Al, Ga, or Ｂ acceptors
in hexagonalllke sites (H) and cubiclike sites (C), and
values of ｍﾝ咤, and ｅＳin ３Ｃタ4H 6゙H゛ and 15R Sic.

a*V (A)

3C 4Ｈ 6Ｈ 15Ｒ

N(H)

Ｎ(C)

A1(H)

A1(C)

Ga(H)

Ｇａ(C)

Ｂ(Ｈ)

Ｂ(C)

15.0

３．９

３．３

２．３

12.5

　9.1

　4.5

３．８

２．４

７．７

６．１

４．０

３．９

３．５

３．４

２．3

2.3

13

10

９

５

C
N
J

ｒ
Ｍ

　
･
　
●

４
４

＼
ｏ
　
ｉ
ｎ

　
Ｉ
　
･

n
　
Ｃ
Ｏ

４
Ｃ
Ｏ

　
・
　
・

ワ
｀
ワ
』

1ａ）

母）

ｅS

’Ｘ･0.３０

'＼'1.0

　9.72c）

切

処

四

37

0

95

切

司．

　９

65

0

78c）

切

司．

四

31

0

85

f?Ref. 8.

(Refs. 9 and １０．
ｃ)Ｒｅｆ．２．
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The modified　Bohr ｒadiｕｓａｉxj　is　given as　follows・

り＝原可E(obs),

R* = niV/2^2弓，

ａ大゜e2/2e R*゜

(Bl)

(B2)

(B3)

For　the notations, refer　to　Sec. 4-4【７１．　In the　calculation, the

values of ｍ;［８］ａｎｄ呟［9,10］of　3C, 4H, 6H, and １５ＲSiC　and e_ of

３Ｃand ６ＨＳｉＣ［２］　are　takenfrom literatures and e of ４Ｈand １５Ｒ

Sic　are　taken　from APPENDIX Ａ．　For　the　ionization energies of

donors and　acceptors, refer　to Table　II　in Chapt.　IV.　Table　II

shows　the values　ｏｆａ大り，ｍ：,mf, and the averaged value of ｅＳfor the

impurities　in 3C, 4H, 6H, and　１５ＲSic.
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