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STUDY ON LOW-DIMENTIONAL
HETEROSTRUCTURES AND NEW TYPE III-V
SEMICONDUCTOR LIGHT-EMITTING DEVICES

ABSTRACT

Semiconductor low-dimensional heterostructures have been the
cornerstone for structuring high-performance semiconductor light-emitting
devices for a long time. The frontier innovations in this field have lasted
for decades, but research hotspots have been transferred from early two-
dimensional quantum wells and superlattices to the one-dimensional
quantum wires (or more general nanowires) and zero-dimensional quantum
dots. In particular, novel semiconductor light-emitting devices based on
self-organized quantum dots have received particular attention due to their
ease of electrical injection, unique performance such as high temperature
stability and important application prospects. However, most quantum dot
light-emitting devices such as quantum dot lasers rely on molecular beam
epitaxy (MBE) growth technique. The progress of metal-organic chemical
vapor deposition (MOCVD) growth of quantum dot lasers is greatly
delayed and there is a significant gap between MBE and MOCVD growth
technique. Only a few foreign research groups have mastered the core
technology of MOCVD growth of quantum dot lasers. In view of the
advantages of MOCVD in industrialization of semiconductor devices, it is
of great significance to carry out in-depth systematic research on MOCVD
growth of quantum dot lasers in China. Then, in addition to the laser,
another kind of significant light-emitting device based on semiconductor
low-dimensional heterostructures is superluminescent diode. As the light
source of the fiber optic gyroscope system, the superluminescent diode
plays an irreplaceable role in improving the performance of the system.
Therefore, the research of superluminescent diode is of great value for
practical applications such as fiber optic gyroscopes. In addition,
semiconductor low-dimensional heterostructures contain not only the
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ABSTRACT

aforementioned integer dimensionalities, in the recent years, the novel
concept of energy level dispersion was proposed by our laboratory and then
developed into the theory of fractional dimensionality in electron-states-
architectures, that is, there are not only the above-mentioned integer
dimensionalities: three-dimensional, two-dimensional, one-dimensional,
zero-dimensional, but also exist the fractional dimensionalities between
these integer dimensions, for example, between two and three
dimensionalities, between one and two dimensionalities, and so on. After
the theory of fractional dimensionality was put forward, the founder of the
theory found that this theory has the potential to be applied in the
performance improvement of superluminescent diodes, and this finding
has been confirmed by preliminary experiments, so it is urgent to use the
theory of fractional dimensionality in electron-states-architectures to guide
the design and performance optimization of the active region of the
superluminescent diodes.

Based on the above scientific cognition, in order to verify the
superiority of the theory of fractional dimensionality in electron-states-
architectures in the superluminescent diodes, and then use this theory to
guide the design and optimization, we firstly need to carry out the
fabrication of corresponding typical integer-dimensional superluminescent
diode to master the fabrication process of superluminescent diodes, etc., so
as to lay the foundation for further development of fractional-dimensional
superluminescent diodes. This paper takes the low-dimensional
heterostructures of semiconductor as the starting point, relies on the
international cooperation project of the ministry of science and technology
and the national natural science foundation of China, was guided by the
original theory of fractional dimensionality, and focused on the expansion
of III-V quantum wells and quantum dots. The research work of lasers and
superluminescent diodes in integer dimensions such as two-dimensional
quantum wells and zero-dimensional quantum dots, which has
accumulated technical experience for MOCVD growth quantum dot
devices, and also laid the foundation for subsequent fractional
dimensionalities (such as from two-dimensional to three-dimensional,
from zero-dimensional to three-dimensional) superluminescent diodes and
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other related devices. The research work and main results of this paper have
been carried out as follows:

1. The variation of density of electronic states in the case of applying
different linetypes(exponential linetype and Lorentz linetype) of divergent
state permissibility density functions were investigated. The density of
electronic states was calculated and analyzed for the two dispersion
functions of exponential linetype and Lorentz linetype, and the curves of
of density of electronic states were plotted with different energy level
dispersion width values, futhermore, the composite dispersion linetypes in
the actual situation were expounded, which provides a support for the
further development of the fractional dimensionality theory based on
energy level dispersion.

2. Lasers and superluminescent diodes based on typical quantum wells
were fabricated, including 1.3um-band InP-based quantum wells and
1.1um-band GaAs-based InGaAs quantum wells, and we have obtained
some important experimental results. The fabricated devices laid the
foundation for further fabrication of the fractional-dimensional
superluminescent diode between two-dimensional and three-dimensional
with better performance.

(1) The InGaAsP quantum well layers were used as the active region, and
the lasers and superluminescent diodes were fabricated. The threshold
current density of the laser with a ridge width of 10um and a cavity length
of 2mm is 0.8kA/cm?, and the superluminescent diode with the same ridge
width and length using the bent waveguide has a power of 5.9mW at
350mA and a full width at half maximum(FWHM) of 27nm.

(2) The AlGalnAs quantum well layers were used as the active region,
and the lasers and superluminescent diodes were fabricated. The threshold
current density of the laser with a ridge width of 10um and a cavity length
of 2mm is 460A/cm?, and the superluminescent diode with the same ridge
width and length using the bent waveguide has a power more than 30mW,
and the FWHM of the spectrum is about 10nm.

(3) GaAs-based InGaAs quantum well light-emitting devices was grown
and fabricated. The growth of the InGaAs multiple quantum well device
structure was carried out by MOCVD, and then the corresponding light-

VI



ABSTRACT

emitting devices were fabricated, and the emission wavelength was around
1.1pm. The threshold current density of laser with a ridge width of 10um
and a cavity length of 2mm was 450A/cm? In the fabrication of
superluminescent devices, we compared the effects of different waveguide
shapes (bent, tilted, etc.) on superluminescent diode. The superluminescent
diode power of the curved waveguide with a ridge width of 10um and a
length of 2mm is more than 20mW and the FWHM is around 10nm.

3. Lasers and superluminescent diodes based on typical quantum dots
were fabricated, and in-depth exploration as well as important progress in
optimization of device performance was made, which provided technical
support for further fabrication of fractional-dimensional superluminescent
diodes between zero-dimensional and three-dimensional. And high-quality
multi-layer quantum dots have been grown on the silicon substrate, which
lays a foundation for the subsequent use of MOCVD to grow fractional-
dimensional devices on silicon substrates.

(1) GaAs-based InAs quantum dot lasers were grown and fabricated by
MOCVD. Firstly, the growth conditions of InAs quantum dots were
optimized. #The effects of single layer/multilayer, InGaAs
underlayer/capping layer, V/III on quantum dots were compared. Using the
optimized  growth  conditions,  multi-layer = quantum  dots
photoluminescence wavelength closed to 1.3um were grown, the density
was up to 4 X 10'%cm?, then the multi-layer quantum dots were used as
active regions of the laser structure and quantum dot lasers were fabricated.
We achieved quantum dot lasers that can operate at room temperature
under continuous current on both exact and 2° miscut substrates. The lasers
have a ridge width of 10um and a cavity length of 2mm. Due to the excited
state lasing, the lasing wavelength of the quantum dot lasers is shorter than
1.3um. The threshold current density of the laser on the exact substrate is
700A/cm? and the lasing wavelength is 1.19um; the threshold current
density of the laser on the 2° miscut substrate is 950A/cm? and the lasing
wavelength is 1.16um.

(2) Based on MBE technology, we utilized two diferent epitaxial
structures of InAs/GaAs quantum dots to fabricate lasers and
superluminescent diodes. The lasing wavelength of the laser based on first

Vi1
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epitaxial structure was 1.3um, the threshold current density was as low as
117A/cm?. The superluminescent diode with bent waveguide operated
under pulse condition with an emitting wavelength around 1.3um, a
spectral width of above 20nm and an output power above 10mW. The
lasing wavelength of the laser based on second epitaxial structure was
1.27um, the threshold current density was as low as 118A/cm> The
superluminescent diode with anti-reflection coating and straight
waveguide operated at room temperature under continuous current with an
emitting wavelength around 1.27um, a spectral width of about 10nm an
output power above 3mW.

(3) InAs/GaAs quantum dot multilayers on the Si substrate were grown.
Based on the high-quality Si-based GaAs epitaxial layer, the growth of
multilayer quantum dots on Si was optimized by MOCVD equipment. The
GaAs/Si "three-step" epitaxial growth technique was combined with the
GaAs-based quantum dot multilayer growth technique to grow Si-based
hetero quantum dots multilayers with an emission wavelength of 1.3um,
The dots have a good morphology and high density up to 5 X
10'%cm? which was found by atomic force microscopy, and a good
luminescence performance measured by photoluminescence spectrograph.

KEY WORDS: energy level dispersion, theory of fractional
dimensionality in electron-states-architectures, quantum well, quantum dot,

laser, superluminescent diode
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BEEE B MMIRERE, RBEURERFE. mERSENH CEAEEE
AR BT RGNS, LE A AEERER. S RENH B CERK
RNEBMERGTRBH— KBS, TREN THLBEFEEENMEBLAENS,
WHERATERK . H 1963 /R BT RERFANF RLEHICE, T 1970 4F
BT IX -GS AR BOE S 1 S IRELESHPILICK, BB R — IR
BETKENRRE, EMEFEELREEAT, THEBERELSHWIIRE,
FET A PUREE R AR & PO a2 A, SRR E
SHELEEICARE, BREETFHELRY. EFA80EED. B PR
61 gk ek esg&4%, Hr, ULV & InP 251 GaAs & TP BT 7
R, DL InP 3 InGaAsP 82-FBHEOERS NRE, & ZNAT
HIEFERGT, GaAs 2 InGaAs EFHFROLERNT 2 AT BABOLER 0 ki
ERAFBENALATBORIEMIRAE . 250 InP £ 1.3um FHERBOEES KA InGaAsP
ETHMEAFIRX, M InP ZEF[/HRARS, IFHHET InGaAsP #1ELAT InP #18L
FIFTSEZ BN, FENERBOLRNARX SR FHRFISTZ, BEFERT
R, SEROCRMREAAIVRER, T GaAs EEFANESLI 1.3um
BARK—MERTA, FEEFRAE. SEEREHENE, Etkza T
BT . 2480 MBE 4 K GaAs % InAs BT S 065 O 2 B BN keI,
MOCVD 4K & F st 8§ g — teaUonii2, sRm i F 4 K ALHI LKA
BIRHEEKEEZFERF, MOCVD £K 1.3um HE GaAs EF S BULSBFE
FHW3E, {82 MOCVD £ T A =577 H R MBE R # 5 K, —H MOCVD 4
KEFANUEAREH, N TEFAFFNLARKEER, RIWEANKRRET R
#&FH) MOCVD A KEEFEILHNAHME. MUk, HEarFEECEEMRKA
J&, mESMZI THRREZ KT, EXRERASGT, BEEGRBBIFRF
R R R, T4 -V RE T a SEEEE S, BRERX— RN —ME R FE,
E A MOCVD £ KEF A txf z R H MOCVD AEKEEETFABOLE
BE A, WM CBERKRA. 5 U-V RS, MULR BB,
MBS R TR GEESE, SLD) thBE SRR ENNLE, BIEsEE
RNEFFEFEAE, EAFERAN T RO SIRENBECE W, FANEFERNE
MG REFIE, EMSER U EREENHE T L EEE (fiber optic
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gyroscope, FOG) RGN ol LIAT Rl R IR E, 2 %R0 EMF. FOG
T FE T BEAR G 50 (Sagnac) BN (U HT Y Ay Sl L A6 1A, DBl I REA T 245 (148
SRS T BRI BT BB LA, BRI R E IR 1 FOG
RIS, B AR E T L DGET PEAR A RGUR FEF R B, HR DG Th i
RAGUEMR E R, A5 ED RBUE B0 SEO6HE T DARRAROLET b BRI B A8
AFLRBRL S BRI TR E, B PRERAS. i, BRI
WA E T IZ IR (E A AT iR A& (OCT) R GLIRIANT, JLy)=.
WIS TERE R E B R B FRE, AR A E TERERISRTT, B KK R T OCT
RGN HE, RAEERSLRRE .

BeAh, ASEE = FMERRBEER T 2012 4FHR H 7 R ELAIRE RS, X —3
B4R, BT 04 AR I SE R B, 4RI RE R 9 5y B4k 12 T
RMR 08, AU AFIERTR A =4, 4k, — 4, BUSRHBYRE, BFE
N TRERGEEZ MR DHREE, Bh T og5=42 /., HT 4"
e la) A TERYEN -2 A5%. pHRAEEIERIRN R, EREEERAI, X
— R ] BB EBAR S E RPERE SR AR LA, JF HW AT B &R E] 1
BHEE B ST ST I8 R SEIRUESE , IXFERL TR Bt — P AT Lo kX 7r S 4 g
HIeHHTIOUE, HRMAINER U Ao0BAERNES T, BT 8BSt
Sl R EBIERNBESEHTI, ATMEIES SRR HEiEs
BRIttt . MERTE T o REEHERKBRENEH &2, RIELTE
BEATHIN B RERST E H &, BB NE THEE BT ABEH B
-, T E 2B RR N & I & T 255, Tt — Do 6] 4 S04 AR 5 & B 20k

ZRERTA, BT -V RRARYE SR 545 M BA R ORI A0 28 AR AR 5 AR 5%
RISt RAEERE X,

1.2 HSSERE AT

1.2.1 BESREIER

WRTATIE, RERUREUR AR T 2012 FRHEM—/MIEENY, X—if
SHE R BTRAEA —ERENTRIE, XEITRRBERaE D T &A%
PIREN. L HEF RN SRR AFARMEIREL, AR A S T BH RSB0/
TR AU AL SRR FERER IRHEE 1R, (ERREEIR E L T REIRBERHL, %
MR FARTNHRSAREERY, BEEBIRERANMRME 1, IR
SRFFEERYRIE L. XHER, FORETLEKMERENFE—IE
FIfE, MEBE —ENRFEJLES M. BAFERTAANETERERE T
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e, FRRAMNTA g, e s L2 HESIRI A Z SE i — R A4 SRk 4k, T hg
2 1A R R A, HEFIER R, AT RUA R ES . 15l ABERIREM
wZa, FRETA B AR R e o RERS I IELE A BRI, T2 K
IEREESE . NATBERRHUX — & 5| P2 HAME, BkR A%
AR (ZHRAMEL, ZSNETH —4ME 2. TENET RO BHE,
FESINRESIRRLE, (51 H 7 ABAERRMESE, JFRAE— P E KRR
BTSRRI, B FRBAERE R-FERERIS, KRR IREE S5
AHETHFTELMAHRAGTET NZRHKRAR BRI RS L. AR,
AT B AR IRACA B AR B RE R MUK R AR 70 B 4 B i, HAh B iR
ARSI R R R .

1.22 II-V R F AR

1982 45, HARE KHH Arakwa FUOHEH T EFSE0LE, FTMET A
WOt 5 I RAE AR AR BB A U, FBE BRI R B AR R A T
BEETHEORE . FHETFEALCE, BESNEE KBRS & T ZH4$E
m, IHER W Z XA BHRTEEKNE FABOIRRE. 1994 F, EESH
DTG ET L E R MBE A K 1 ZEKIE T B 1 InGaAs/GaAs & F rUBOLES
[191, 1998 4F, 3£ E ) Huffaker Z A MBE A K E7F &, HiflH 7= 1.31um
Bk ESBS M E T ARG, SMEmEEL 7 aRE, BOGSHBERRE E
9 270A/cm?2, 1999 ££, EEM) Lester EAE R Z N RNEEREERTET
BB E T SEOLE, MITERSE hAs EFAERERX, BETAE
K7 InGaAs EFHfH, BB m4540, ®&E 7T BERREELKE 26A/cm® #
BT AE0LE, BobRKES KA 1.25umP' Y, 4k, %0 7T A FRER A B
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PR 2 21 B M U R R S 40, SR 7 1.55um EGE %4 60nm H
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B, 2014 4, BEEBHOCEEENB AN LT Ge LA Si _LvsT
EEESTE . JUH Ge 25 SLD #SEIAS T 60nm, HESAET 27mW, LK
7E 12520m, FLIELREM 20°CTHETE] 100°CHT, il 50/ 1R E Y Si 2% SLD i
EB|T 114nm, IHERZEH 7 2.6mW, FOPEKLE 1255nm*,

1.3 st RHE

AR DA BIARYE R LA 0 R, R E A VR T H BRI K
HAR FEETE, B A B S r HA4EL R0 5 -V KE FRHATE-F ARIT,
BB ANE, BENEANRDT:

BBENER, MENMBRRXAIRE S, RENHE TR E71 8
WOtHy . BRESENTAIR, &5 RIEBRAR LS HEZE R E T 24+ .

BoETEN PRI ER, IS AIE SRR AR
R, WOLS MEBmEA ROCENEARER; SRR SEME R ER R

(ZEREAENNETMIIRM S TRIMEREAR), LREMBRIEFEA (X G447
. ORBURSE. BT ARRESS, BRI RIREAR (B E LA, S
TRARREARED .

BB R BCRIR IAERNA. X —EF, BRI REHREER LM T
ARSI E T ARRE FBHLEAERELED KRS AREEREN T
HFSEEMENEZM, 26| T A ARLE TETFSERENME, Ht—PEHRT
LG RN E G RBAN, N E TR BETFAEEMAESHEERTE
AERFHIEH.

FER NV IREFHAE RS0 A, X—EhRINETREEFH
HAT TEOEES SBESE M E TE. BENET InP & InGaAsP BT
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KBRS ERRT I L SR InAs EF SMEHAMEA KT, B4R GaAs
BE/ZE InAs EF A MOCVD 4K, i 7T &EMAEKFZMENT hAs BF 4
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B (R UMY, R RS R i R EROK, IRGIE MGR, BTSSR R 2=
BWAHAn, BAEBELFMOFHE R, AOBREESANEROVES, BPEXI
SEA 1. TERNZE MK PRRMEEETE. SHARULTFERENE
A Z T E
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BoE BREMSERBEAR

Ridge width

Active layer

B 22 AR FHARKBDFER

BATESE Li=lmm. Ly=1mm, An=0.005 (E[& R LI 5N 1.005),
BRI 1.31pm, 30=10°0, TATREKFEERZIUTHROS g S0
WEFENRLME, B2-3 BART 2um. Spm. 10um. 20pm XPUFE R FHE
i SHFE, FTLAEH 2um FIRHMRIRFEIR R, FREME] Spm B, #RFERD,
GeREME 10pm, THEASE/D, ARKESEEEMNE 20um, RATK
W, SEERHBRFEAERT 10pm TS X AT, XRAKITEARRE N EH LM
BHRFEE K.

Ridge width=2um, L,=1mm, L;=Imm, 0=10° Ridge width=Sum, L,=lmm. L,=lmm, 6=10°
Pathway. Pataway.
1 Monitar: { Montar:
1.0 F _1.0
1, Mode -10001 g L 1, ode 10001 ;
> o za -
i L |5 L g
| J g ~ 1} |
i »
ei 14 - ]
| 4 1k
B .
o _
.
§ . -
nnnnnnnnn 2.0 LI 2% £ Bk 2 0.0
o 10 05 090 0 50 100 150 1.0 0.5 0.0
X {um) Monitor Vaiue (a.u.) X {pm) Monitor Value {a.u.)
Ridge width=10um, L,=Imm, L,=Imm. 0=10° Ridge width=20pm, L;=Imm, L,=Imm, 6=107
Patray. / Palhway,
Monits Mantor:
1.0 1.0
1B 18
1, Mode -10001 | 1, Mode - 10001 1
1 &
||||||||| 0.0 T 0.0
10 345 0.0 10 05 0.0
Monitor Value {a.u.) X {(um} Monitor Vaiue {a.u.)

B 2-3 RE AT T ik F 6944t
B, RIOXEE TERBEAERET, EEStaEaEn, SHhKks
TR, BAMKIEER Li=lmm. Ly=1mm, An=0.005, YaH¥ KA 1.31um,
RIEREEFEEN 10um, BB HAEOMNME, FHMN 62ENE 12°, HEAH

15



LS AR R FEE AR

2°, BUESdifmEaRR 60, 8, 10°, 12°. ME 2-4 FEEMBIAENE L, M
T A ERNIEK, BEERINEAARK RSN, B SKRFEEM.

Ridge width=10um, L,=imm, L=1mm, 0=6° Ridge widih=10pm. L;=lmm. L,=1mm, 0=8°
Patway, Pathvay,
Monitor: Moo
1.0
. Mode - 1. Mode - 10001
i
8
: L REREEERE 84 BE AN R £ e Ranaan aearaens st e 6.0
0 50 100 1.0 05 0.0 0 50 100 150 1.0 a5 0.0
X () Monitar Value {a.u.} X (um) Monitor Value (a.u.)
Ridge width=10pm, L;=Imm. L,=Imm, (=10° Ridge width=10pum, L,=Imm. L,=lmm, 6=12°

Patway,

g
§

J -

o ©

1 "
R

0.0
Monitor Value (a.u.) X (pm) Monitor Value (a.u.)

B 2-4 REE i AR T T sk $ 69304

BRETRESRESAESN, Lh LEFHRESEMITHEENA KRR
BR, EHRIEXE LA BERPIEE, KAn 7701 EH 0.001. 0.002.
0.005 5 0.01, Al S HBEATEEN Li=1mm, L=1mm, 8=10°, 6 KKK N 1.31um,
BFREER 10pm. w0 2-5 fiax, FIEEH, An 25 0.001 A1 0.002 HIRf (&, ¥
SHMFEAZKR, HAn K 0.005 BHHRFER/DN TRE, HAndEMNE 0.01 B, HSF
R IRAEIR DN, XU, ERE T RSREENSHAZNELT, REEEHK
FRARIHE, STRADAESHIRFER— NG RAERE, BAXTHELMBRHFT
T, BRERESHITHRFTERIIEMAN R E R, X AERIERART
EHMETIRT, SZ ARG IR IR E S R/NE SRR, AR &SR0T
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BoE BREMSEREAR

Ridge width=10um, L,=Imm, L,=lmm, 0=10°, An=0.001 Ridge width=10pm, L =Imm, L,=imm, 0=10°, An=0.002
Pathwa
1 3 [ Monitor
F 10
[ /1 1. Mode 10001 | !
B /L —
/! / )
_ =2 IF e [ i
E i _— s g
Z 1000 - - :
3 ] 1
] [ i
1 b
i (32 108 LEELAS il 6 A Rd 82 B 5 e B B8 3 50 55 B‘o
100 200 1.0 0.8 0.0 1.0 05 0.0
X (um) Monitor Value (a.u.) Monitor Value (a.u.}
Ridge widtdh=10pm. L=Imm. L,=imm, 0=10°. An=0.005 Ridge width=10um, L,=Imm, L=Imm, 0~10°, An=0.01
Pathway. Palaway.
F Morsier: Monitor:
1.0 1.0
1, Mode -10001 ! 1, Mode -10001 5
' | I
’ LB A0 A0 4 54 58 52 5 A 0 0 FHERESIESTRNS- T 0.6
200 10 05 0.0 1.0 05 0.0
X {am) Monitor Value (a.u.) X {um) Menilor Vaiue {a.u.}

B 2-5 A FAn T 5 #if F 6 404€
B EERMAES T TR TS HhERNRFEE, BT RAE S R FEES
BEREGRER, RITEXEN A —MET —EFRENEEF SRR EE
RIO6I, AT e A BRI A S AE R TI R S AP, P, HMERIT A 2,
SRR NG moa» WERFERE A, RFEUREEFHn,,, SFMHEHNE
RIBEEE Ay, = c/ngy, 2K EAL, B4, TSI ERIIRE ST EREE
TR R TR T .

dp* hawv,,
P - Gmoa =) P @+ g @17)
P~ haw,,
) (o — ) P @+ 2 218)
B0 el i) 0 s s WS
PYt(2) =P} -G +a-{G(z)— 1} (2.19)
P-(2)=P - GL—-2)+a-{GL—2)—1} (2.20)

ERF, TR0 F L RRFE =0 1 =L BH{ThER, BSR4 MsmmRIeIhE.
_ nsphwvgr Imod

a
2L Gmod — %

(2.21)
G (2) 3 3K T

17



JEATAR AR B 2 i

G(2) = exp{(gmoa — a7} (2.22)

B RFEA
Pr =R P (223)
P =Ry Py (2.24)

Ry FN Ry 43 ] 9 2% 5 4t TR A0 5 i T PO A R A 236, R LTI s 37 2%
%, TATRESHES H 8 N SIS T AL AL TR I T,

L LHGMDRy G —1) (2.25)
1—G2(L)R,R; '
1+G(L)R,
"1-G2(L)R,R,

T %A A T SR A48 T 2% P 3B I T Ak R Th R v 48 200 469 38 43, B L
HEThR 5 EG R N7 EIMETHE, Tl TR0 25 5 K8 ITHE 61 A7
BSOS EAVIIRSE (LT 0), XFE, BRI N TG Mg 5
BRI B, N E R KA K 3dB 7 98 S A BE R kG 0 i, 3RAT LA
Al3 R B RBCRFRFG 1 3dB W98, HPBERIFG AL/ @ny,oL), XREAFEIIET)

+ _
P =a

Py =a (G- 1) (2.26)

1+ Go(L)Ry
1— Go(RL)RyR;
< 1+ Gy(L)Ry

'1—Go(2L)R,R;

FHEPRKFH, PATTERTF,

2
P =B, =% NsphWoVgro  Gmod,o Al ngphc 9mod,0
= Mefr% = Mefr = BAzgp - 3
2L Imod,o — %ipo A3 9mod,o — Aig

B B R IR AR AR SR AL A i S s B Rk, KRR, AR
ATRAES BT AT S R AR S A T R B R R A £

(Go(L)—1)- T (2.27)

Py (Go(L)=1)-Tp (2.28)

(2.29)

2.2 Bk OV EHEINERAR

22.1 &RANUKESERE

WA REERKEZEFARHMTE, —MEEBEVAZESAHI (MOCVD),
FI—FRR S FIRIMNE (MBE). HLETE, MBE f] LU SRR FEEKD
WFE, FTRLEKHRABEEM R E, EASUENAT Z, &1, MBE REAE
wEmEST (UHV) THTAK, UNV R4, ik MBE REW&IET &,
HEHAEFRNEFE &L N FER, XSENMASKNATESHRERE, 4145
HERWAHRSEERAKRRLY. MOCVD, X##HA MOVPE (£/EHHL
SAHSME). OMVPE (FHL&@BAMHSME) %5. [l MBE ALk, MOCVD FyAK

18



FoE BEREMSRBIA

WEFE G, FltE®hEE, RSk rSusEaHIER T ZRMHE. A
N FERA MOCVD A KAHIAM B R A 451, [RE e &3 TR MBE 4K
RS HMNE BT L2 & .

B A KO AR 4, 2488 MOCVD HABI4, MOCVD 4K [
dRESEZEEAX, AFEHRN%. GRElE. Rz HFE., EEKmdRE
W, BEAEAEA, Ed e EaA e FEE AN G, A EREREN TR
WREIEE, & O REEmE RN =, s B S RIEN 22 DLA
W CAREE RFECAVE S DRI RGEAE, Blani T E2as) |’
B (BERAAEASHER) #AZIRMNES, SAESRAENANSR, AEE
BB, ERRRERERMN, BAKRNMNAEHESESR, S/FEF. R
By, RIEY 8 RN SHBZ . BRMEEE. B SER R EN
NN E IR R DB EAME R E S . BEES%. UL Gaas I, EHA
SRR, SA8TEBE =FEE (TMGa) MR, REEaSFSET=
REENRAEARN S, FEEEE (AsH) BHEARNE, £—ChE GB%
£ 600°C5 750°CZ[A]) [ GaAs #JRKH, =HEEESMEKENT M.

(CH3)3Ga + AsH; — GaAs + 3CH, (2.30)

MREREA=HESE (TMAD, FBAMSEE AlkGaixAs =TT R, KR
RianF -

(1 —x)(CH3)3Ga + x(CH3)3Al + AsHy — Al,Ga,_,As + 3CH, (2.31)

WEBMNT MOCVD &KFEES I REBARRERIEL, M5 V EE
KREAK, BEKEEN, ATEKERN —REKERE I RENRE, £K
HERRTTEEB. MOCVD AJLL#HT KA MEZ AR, AL -b, %
BB WAL MOCVD —IRATAEKH H UL E.

A AR K48 B 92 Thomas-Swan CCS-MOCVD &4, B TR/E(LP)
MOCVD %%, & MOCVD KM EHHXNTHE MOCVD RM=ETME, HA
AFED. BT HEBRRMNENRESIXTR . 6EENFERNSHEZ. B
FT RGBS SHEDSIME. BIEkBFNEKN BB, AT LEAMEXSBRIRKAE
KR E . AT LM B RERERSREIIE. EE KRG, FIAFR B
B R 7403 100torr (13.33kPa), fa B AHH K& 5E A 100r/min.

AR SR MOCVD #EAT B -7 5 /B 45 de BUIR 4R 45 ) (50 A2 A BT A A T AR
FEA=HEE (TMGa). =FE4 (TMAD. =HEM (TMIn), FrRAR V ik
TR R EE(AsH: ) B GE(PH3 ), BITSR A B35 2RV A I ke (SiHe) . — ZEFE(DEZn).
£ I RYEH, =REREREANE, RABNERERS, HFEEEED
teem, FARTAT e iR N AR KA, JFHEAKNERETR, NG kAR
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LSRR £ 1 -2 A gL

RBION. AR, KRBT BT ASHHN EBREAEEKRE. 1=
Bk YRR A KR SHAT AL

& 2-6 MOCVD %2 & B

2.2.2 5 FRIMNE

4+ FRAME (Molecular beam epitaxy, MBE) & SAM R AE KK —Fp
HEE, BFET L 60 £, RESSET THTRAEIEEKK—FTT
¥, HEI MBE & EMNAAEBREKAT. BaB, 5 FRIERFIFS
F (REF) MREREURFENARES), #HmERRREFTIE. mE
2-7 FiiR, A FRAMER ENAEK RE T ERE . WIRMAS RARTHEHK,
A KEZE—RES R TR BFATH X (RHEED) H LA T R AL 85 M, PLsE
i T RREREKRRE. S8RE. FEESEEERE. MBE HAKERERS TR
MG ERER RN E A KERER, MIERFERERE, LEFRE
FF MR ER, AR EREN, XEFEFHS FRENRNRERETE.
TR R R B SESh 1 R, I R AT R EEE  WIRERE R,
Bk, £ MBE AEKERED, HREEURERRIEREAREEZENERKSEMS
RAALE 2. P GaAs #TE L4 K GaAs AP, F£FFH MBE 31T GaAs BJ4EK
B, Sin#arf3E Ga fl As FIIEY, Ga fl As A ZHAER, URHHER
8117 GaAs #TERRH, MA, HEMAECDLFFRMAR T REXEE, Gafl
As RTE GaAs HRRMEARE LR —RFITFE, RAEREINES GaAds B

Bk, MBE EFUT/INEEMFA: MBE REERETZHET
BHATHMEA K, EKPHERRESIAE KRR, £18 MBE SMEHKERESR
REMZEE; MBE SMERREMR, 7 LAH b FRE B TR AK T 51 21 &gk
Ad; MBE FEHEATAKA, LR HIERRIETHE S T RS ET
£, FEHEKHEERE, FRTAKBEEEHPINERES.
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FoE BREMSTEREA

RHEED gun
Liquid nitrogen * H}“"’ escent Stationary
cooled panels SerECH substrate heater

Beam f{lux
q - £ monitoring gauge
F%h i /
H 1 i

| / : | -ﬁ}ﬁ

Yiewport

Rotating substrate

holder
Quadrupole

mass spectrometer

B 2-7 MBE & &7 & B 1]

2.3 ¥ JEHBRIEZRAR

2.3.1 X S&kATht

X 1264741 (X-Ray Diffraction, {&FR XRD), & FRHTFIHTEE R RikLE
M —MFR, REEAXA X HFLBEFERS, NBAIMATH BEFETHT, *
BHEES AMEFERS FREWSRESERER. FRXFLRATAIINZ
BEARASPHRNRIPENS X FRATHN BRAOTAERM RS T RS+
JRIRIKNZE . =0 A4 AlGaAs 414y, ZETFHIHNANERES. ¥ X 4
RHtE &4 EEHE, BTREASHRELE, X FEESTEHTEEMAETE
g, METREHEEST4 T, EHSBHEAEERMEKNERER T H L,
W I X STRATH LR,

H2-8X HE&THFEH
WA 2-8 fian, PR X STERAIEREZEN AD+CD=2dsing, JHEENEK
RIEHAREE, BT X HETEEE, B, TEmRgRets:
2dsind = ni (2.32)
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Bl D e e 21479

BB R, EEATF, dEREERE, 0RAHFLE. RFELSEE
Z g S, s, BARRATRREA, 2087 A, BASES R4
ZEMFA, nRTHEE (B0, RN X SERKEK. £RRXH, B

THIEH Gads. AlGaAs SHITET 4, HRMEEN = =S, % LT

MRTFH, aRBEER, h. k. IRAERY. £RRSOPATINER, MESR

R (004) FMEAIATS, FHHB 1 ZEMEEITHA, h=0k=0,1=4,n=

1, BIIAENE AlGaAs FISMEE RN, Mg EETLlEA:

\/7__1_—_‘1’(:2___-11—23in6 = \/ﬁ-—z+4isin8 = -g-sine (2.33)
3R, @i XRD 15 SR KA bk AR, (0 AR 2] S S w5

Bl E F S EME InP AR AR 31.669° , TRAIFTAK X HL&KB

KA 1.540568, HBHEHMARBKAMEFRARIRR.33)F, FaTLHERE P &

BHEBCON 5.8686 A, FIRER, 3507 MARE ST DURSE Rit E 18 H S kA he

WAKE. B 2-9RA&i63H XRD JEA ArfE A K XRD & £YWHE.

A = 2dsing = 2

A 2-9 XRD & &8

232 RBERX

HEURH (Photoluminescence), XHRANRKN, &FFPL, ZI8WER s
HEGERFATFEEFAHATFIIRE. HEEFAUHERRNT: JMEHL
BFRFEME (Bl Eme), bt PReEEERS N FPRET, BTFRIECH
FHRERIZRW, M TUHTRETBEFOEDTG BFHFHETSER
HFRAERERE, IS WPFHETFEREENFTFARABRESMEFRNTERES, BT
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FoE HREMYTRER

RTERT R ERA, FHaRE H—A0T, ZETHEER SR TFRTE/MY
REEMA, HRERSSHAN G2 MAZEFRERR. FEBUR KRR
ZRTURBHMEHEEFER, i GaAs MR EEN 1.424eV, H
HERMKKFAE 870nm. T InP MEIIZEWREN 1.344eV, HABARAEKE
922nm. JEBURIEIEE T LR B H 2 FAEMEK R LG, BRFaRREER.
FFA LMK RACEEOLLIR. XREDHE. R Al BREE
FEHTM, LBREARFESHMAETM. RS RE, XE—R OB,
FIRR B GRS ERERETIRER L, OB K/ATTCLEY, #RZREOLH
BR, FERBERN, BREBHRGETRHR. BEASHATIREN, RS
BRMBFEE . RUBFOMEETTFL, #EW0EE CCD. InGaAs HRIMUEE. Ge HEF
%, AXHFTRIER PL R FRMEE K2 8 InGaAs HAIE .

¥

HHé o

B 2-10 AR AAERETER
233 B FHENH

RFHEREE (Atomic force microscope, iR AFM) RHEETR ERMEDN
— 5, PSR RRE R FZ B LR ET /RN R AR MR E SR
B 2-11 2 AFM N TERERFERE, mBEfR, REREESE L, BotRs
2B L2 FS R FIFRNEL, REERMRTHITER, aTREARAENR
R, RS ERTNERTLETES EHER), EBHLHMEERE
RIBET L TEs), FbRGERAFRBLSE,, REFERUE EFHERUE]
FIEBE AL AR R AN, XHEE R HFERREESNT,. BBERHNBEH
B, REPERTHIIBEEREATSEMESNEE, WU, ESHEEKT,
XFE, AR EEE THARAN T @ EFR/NIBE), TSRS ENE],
AH, FEtEHARRENAEESFEAFRANEERZGREUR, NSRS
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LA R K 2 A 3

EWEINESRERML, REAEETHMHRENTGH E AFM BERERH
R, BEWS, ATLLAR 1A IFRHER.

JET 1 BRERIAR 2 =Ea. BAest. JREMR. B, &
BAL R SHEGEROMERIETIE, TEEEELRE LR F KR,
HASki, B TER MR ARR, 7T BLABhE KR 5 SRR B 1E
71, SR BEFEILA RRERR R, SEAEZERS A, BT, RE%H%
SER R SRR, ERAZNF. BT EME TR
RE—EEM GEEERE/MT 1lom), RNAESZIRA, FERERHOREHRE
5 ZERE RIS . FEA R T, WA RRTEREM, —RITF
FEEE LRI IR PRSI DX, R, SR SRR AR R A BT,
MEERRE, E&REBHRKFEMINR. B U—ERMERY, 223
P REKER AN, HRGHRE. ML, SESLRERN, EdXREE
SHTAE, FURGHAMGRANEREM, ATRE-ENERREEM, Hit
BETXIRE AR TE LR RN, A RLRRIAN R ERE MM R M . B
BRAN T b B AN ARt 02 18], 7R R s TR I 3F— B AN dh i
fit, T2 [R] BT M SRR A, OB BRI G T — ELMIAE dn A AN T 78 50 3 AT SR 15 H B
FFE R 5 R BRI BT B, e e R IR MR GE
i R A AR ERN AR . A0 EEFR AFM X ET R ST
WK, T AFM AR BT B TR R K.

M2-11 RTHERGERETER

23.4 HRERKR

HARR AR AL BE BB A RE(Ecy), BT EME(SEM),
BHETEME (TEM) . Ecv MIRBARRA TR RRA 75070, H
B Ut AT BARI B A T A1 L B8 2R 1 gt AT W0, AT o] AR 8 J K45
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BoE BHREMSTREA

RRSHEMIMEREFM, WBRETER . SEM BT ERBEN—, BE%
BT S BRFRETICR, REILRERGATRITERRRE, &7 58
HEERFEZRET. BRSTET. XHREEMES, XEESHERES M
PRAF AR BIRFER K, BRI, #THOR. L%, HiBEIRES Bk
RS AH BRI, TEM 27| FZES B RxF & A4 HE
BT, B TREAFOETESICREITERSLE, FEFRK, ERTFL
FRRERET, BT5HRETZREEMDLERT S, X, BEETE
STETHRARNERER, ETMNEE R FETAE, ZERE. ATHTR
RIFEREI5S, BN BT TEM R, X TEEREE 8 SEZHTH
PR, FmERTRERRE, —AREJLTAJLEHRER.

2.4 SFAHHIEZMREAR

24.1 HAB/BEHEFHETE

A S E B R SEHO R, WA 2-12 PR, HUARS
FHI&, EXFERHBRERNEEES, HABEXRIERHTRER, 2 BT
— RIS, . ERSTERE, BEHE NSNS M, REHTR
R MRS, N TARESBATS, SOt 5REM SN & TSR,
LR, MR SR S MR TTRAR. EEHESRE, BLREEER
WERE T USRS, XN TEERSHROBERSETNS, NETEEE X%
R RS, MHERERRHE.

Substrate

B 212 AR ERATER
BUMEARTIZSBN BT :
1. XTANE G ATIEGE
KR ICFXIE A BV TSR KIKARE ZEEXOE TR e,
ENHITEAER, UEBRE ERENER. REREBETFKEE.
2. %zl
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BB KA AR S

Sz B BRI (ORI BT RS b, ezl
KRR : HAERFRIRE L—EXZE, RRERR BT it
F B2 BRI R RO BESRREB I . B 20 A IR A B 82 7 K 95 1 > Zik:
IR RZIRR R E R EP), RE AR @ BT, BRSO
ZIRAERR TR BT R & A R IOEZIR L, IR 7 LR e b
KRB, SEBTHDG. BARERE, FEHTEY (BRI zIRERE 65, #
HENFFEER P BATIEFE S M REDD, MFIERME, LKA Lih
RNJE, B XIS 3 B iR iR, i, JezIhR b BB B 77 20
ZR L BEEES, ARG A REA BB — 2|, RGO T8
WECSERE , FRK R RCE BRI T R, B RN TR K
W — YR, IWIMEB R E A IRAE, E5R%t & R MR R, B
i Jm 82 T2 S it

3. T2y vk

HRNGERG, 2R E BB B2k b, X i), (80T DL T2k T2,
ZIT TR E R S L5 BT 2 PO R S RN T VA R SR R i, RS
TR AE A FVEHOR IS T i Fr . T2 AR 37 B XS U AN B S o, 3, B 1ok
H TR LN [RRER R R E SRR R D AR R K DA ()45
KRTE . FALERKIBERMTEERFRENERKRE, AR IR EME
B8] TR % H A R S SE A% (ICP) . R B F R ZIH (RIE)
%, XWMZIMTEHRRAMARERZRENTBTENSES FAERIH. KigF
(RS HIBE R I, X F InP EH4H, EEMFPAEKERMELE, £/
HCl B hixt InP [REIZHATEM, SEMREMIIEME LER, BTk
#H— R InGaAsP, #H—SMARBFMES(FL. ST GaAs BHIEMNEE
JBrE LR, BAMEEREBMBRORIL. BE. TR RT LR
e R R hEI . ¥ SRS, AR S REK 2L, #£F
3 B A ) 555 B Ak 20 P b 47 5L (8] A 201 ol R 2= B T 14

4. MIBRELN =

W FATERE, FEERE SRS PIRANR—EEEN 5, A
B AAEHIER, Rt n] LG FI R ZI e ) 55 7 3R T . B E RAMAELEf
“EMAE. AME. BRIEKS, AP EERASE FERILFESAHIR
(PECVD) AKM_SMNWEHEALENTRE.

5. ZIRGEZ

HTENREAZEE, BN SEE%ERT, IFARRESE 7HR
FEANRGEE, R FERITE ZJOZ], R K S G2 R ERN mREE R,
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BoE HREMSELREA

DA 5 G2 7 ol Y FE AR A, FTIT AR E O, N AR ALEIE . thROe IR R
58— RAZEFHE, FEFEZNEHE T HREE RS 5 EEAE, RN
HTEZNRE NI, HREEREAEARTAER SR, XK ELE
FHER T EOEZIR B PR iR Z R R, IF BAEEZIE I X R AT 4t i
RERFBNEZNRE.

6. It AR AE

PRI, EREAEE L R ZRER S & B, X, F
B T BT IR, KRR A AN R (AR e, FTOFERRE
H, {5145 & i b B I RR # fid J22 2  tH R A JE 8 1Y) e AR 1) % (v 45

7. =IHZ|

AR E DTG, JREE(ErT LU T p MERK T, B2 E R HIkaTE
BANGBRREEES LR, AFTZ/EH bar 250 AR B CAERE, BRI E
FE % p TH FLAR Z B AT — k6%, g R B X 38, Z 0+ B 82 58 ik
JG, BRSNS LRI ER, XIBIMEZIRRHE .

8. Wi &)E Bk

BRI TERRE . (B8] AT p T ARSI &, A8 S0 R F RS IR 5k
Hil % p HFEAR, WS RIBMEBEFELRME, RE LM R R RR T
MIPTAR . AE SS9 AR FR2E A Ti/PYAu. PUTI/PYAu %5, T&ST5EmE, Xt
A THE, B TERRESINER T HRESEZE, &M RABRES,
NRRERE, KB NEBERE S RE, BRXENMERE KB HE
A L.

9. RIEME

R REEX @A BATREE, DRB/NSFRIERE, 72X s T mEfmn
Jt. FIAENIEY/NI TR R REES] 120 KL, REFARNERE /N
HIRI R % e IR AT, 25 BRI AT SR LR B -

10. N TH EHR

BHEE, ERAEEBRN/ZEKN B8R, EXLTH, WT GaAs. InP #K
RIS, N HE£E N HERNEBEZENREKN AuGeNi/Au, RERETS
HERY (R RUERBHIRE, FHER, ZREERKNK FEMRRERS,
MR RERNERE. 208 P {4+, WFERATIREN Prvau RER.
AuGeNi/Au ZE R TERUG » ¥ di i BN BRGEIR K HR T AR 3T & &L AREE, Y8/
PR, SEI KA .
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2.4.2 HOeRR/BEHERREAR

BRI Z TR, TESTIRCARAEE MR . RATFTINA A2 R
o ThER-BR (PD #hsk. HER-BEMLZE (V). B K (Electroluminescence,
EL) %%, XJLARS R RIESFHENEEFER, IV &2 804 0 8%-
R, HILTTCAAR S GRTT R R, BEEMEYE, AEMNRIEPHEY
M B REMEEEMRERK, XR\B[APAIEFAELLNBRMTE. pn &
HFLERBERY, Pl LRSI RS BRI L, R A
HEOLSE RE BT BENAEYERSE, PLS IV EAE T I EH B4R HEt
HHE . HEBUR GG WAL DL SRR B IR T RAROLIK . LI R
.

AWRIH, M IV LA PTH SR KEITHLEY & EIER, HXR
Z= BT LA B I R FR R B LR, BRI R St A R, R PR A R A
WA AT ERNE . #ET PL BHZRANRRT, R ERERHATIERBRIE,
B E M BEREA SIS G R, REFERRSRNS[4HETADIRBPR. £X12
X, Priifgns Pl R FEABR, —MEEEERAFMETUNE, Ho—H
TR A TG, SR F M ERKEAN 0.2ms, HFHHN 10%, Bk
MW ESHEN S00Hz. WE EL ¥ RATHRMEA LRIERIE SR BIR,
FERG FMAR B, RERAEEATRESHITRE, AR~
B, BTG MWK, ERE, TSR H BT RIRE (Degree of
polarization, DOP) JUiX, XB 5 LR MK E—8, REK Edte#HA
RIRIEET, BIeer i —smiEA DOP MR .

B 2-13 4K R4 S

2.5 ABNG

FERMNEENR T EREMMTREON, EEREMITH, BINFENA
THSREERREMNELARS . BOtREBHN ENERTR IR LR AR,
FESERBARTTEH, BINH 7 EIEMBRISERAR . RIEBAR #4451 & L8
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AR KoM ER RS & mA L Z AR 7 T RIME, RALBARIA]
FENH T X FEATS RBOOE. JJF I EHEE, BN 7 SR %
TZHE LS PV, SEiER4%.
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