[#F5EER]

W AR A
U A RARERIC K D 81 R ENRRS SR AR i

W E 4
PR - BB AR AERE « REES:

WHIE A4
FALKRE: « @JRIEMITIERT « T SEfERE

1. 13C®IZ

PR BaSip 14, N2 R v 7230 1.3eV & Si L0 K&, SRR ELAS 1.5eV CThdh Si D 100 £5 & 4
LA RA T A NEERIZILET 513 S TRE < Si(IDERIC o @R THFESL T XX ¥
WVEENARETH D, SHIT, A F—E o Ik EMB LS ¥ U 7 HEEOHIENATEEE VD K
BrdEmbE & L CENT- M2 AT 5, BHEEEIL, Si0, Btk bic, <11I>EA Lz Hifsih T 1 7 e ihe
Si ML A (BER 0.1lum) ZETH2HM2FIH L T, &5, B ECH 5 BaSi, D @ i B B
g (BUEAY 1 um) @ pn #2452 <111>-Si/Si0, M = B X X2 v LAET 5 Z & T, @b 72 RS & K
Wit a EB T 52 LA BEELTWA, AU TIE, MAITEE LK ERO S IFIZE O TREOR
B & ik, X DICHFZER iR 2 9 D T EEM K L EMZE A2 1T 2 & T, LR oOMFgEE I HEE L,
AiEzER T ZE2AMET D,

2. WFERGE

ZHETOWIE T, Al i HE & I (Aluminum-Induced-Crystallization; AIC 1£) % AR EH T & LT,
SiO, (A B0 Fobi 11T Si a2 plR L, RmfE D 9 FILL L T<I>ELM L7z Si ZfEdaE ORI ) L
TWb, LinL, RE<NBREIZZR DD %T LHI LN R o> TWieho o, AFEEIL, AE EITK
L 7= AIC-Si RO & db O FE [ 2 HE 4 5 720 O FEER & 1T - 72,

3. WFFEAR

AIC {ETIE, RS 4L72 Si E(AIC-SHDO (I D) E AN AR FATICEM T 5 Z E MBS ML TWD R, 20D
AHN =AW HFICHFE SN TR otz, 2T, 7T =—/VEIOMBBEHEEER OB T, Al/a-Si iz
FEENE SIO, JB Z 4k AU T2 ASIOy/a-Si S A TERL L. SiO, IIE A28 % 72 & &2, AIC-Si OfEbdEd e &
DX HITEAT 2D, ZDOFER, SiO, EE 2nm 705 10nm ~ & IREBIZEL 72 HITHEV, AIC-Si
OELFAE 23 (100)EL M2 (N DEFICE LT 5 Z &2 A Lz, 61T, AIC-Si R H O in-situ E=% U
TEFHLT, SiO, IENRRKREZWIIE, BEENERT 5 E TORRINENZ &, 512, fmZAeR%E
DORETTIE D REEE DN E Ny oT=, DX H 7, Si0, RIEIC L 5 AIC-Si IO EL A gl D28k % . Si
WIS A OB SR IC E TEDDIF Y, T2 Z LIS Lz, &2, H T AEREROMN MO
L HRERITHRED X ¥ v TREBNE D0 ENC LY AIC-Si BORMMEN ED L 9B DD DN
ONTHRT, ZORE, BRFREROMMMNKEWVIZEE, (MDERANELNT W ERNgnotz, &
HIZ, TEALT 7 ADAEERFEIZ, AZO X° ITO OGSO BB A HERE L= R 2 AW 85481213,
(100)EL [ D AIC-Si (2725 Z &, TE/LT 7 AD SiO, f&X° TiN 2 HERE L 72355 121%, (11DELR O AIC-Si
BENTERREND ZEHRE L, 20k 51T, AIC-Si Ot bliEC e Bk 2 R ESRETEDL S Z LS
Mo,

4. F & O

AIC-Si O FLlhEC MM B A 5.2 535 A—2 L LT, Alla-Si REOIREBOIE S, FERF I DT
HE, S50, ERKRRBTENLNT 7 ATHLRERE TH LD, ZOX D 2flix OFUEREEE 525
TEMNHH L, A% EBICEREZENRD Z LT, (D) EZIXA00)D E B 5 sOF i #E Z Hl4# L <. AIC-Si
AR TED EEZTVD,

- 72 -




[#r7Eis]

et B - BRI 1 & D ARIR T T/ W3 A D R i e A

W EE 4
RBRR: - EEEREMEZEAT - 1 L %

WHFE A4
HALKRS: - @B EEERT - 2 % 1 AL 45 B B 2

1. ZLHIZ

% < OGS EHI SR Ma, BN, RS Z2 S ATREY . MERHEIZZN S O RIICHR BB
HZENHMBNTND, TRAXF—E—LHRT, = XX —CRARZZIELZ LICLD, Mo
AT ONE T EERE IR T D Z ENARECTH D, AFFETIE vV Y iR E %2 A9 5 GaN [T H T %
NX—A AW ZhE L, Kz HEd 52 EICE0Hiet / EEEREER LZ0 T, ZOEERIZON
THET D,

2. WFFERRIE

(00011 BT DY 7 74 YHMR EIZEX X2 v kR &7z GaN #IRIZ, ROSMT Au £ 4
VERRE Lz, (D)=L F—2MeV., B 7.35x10%cm™, 5.5 200K (IR FREE0ED | (2)2.5Me V., 5x10%cm™,
620K (i MREERED . (KIEB L OEEA AV BEIX, 20Ty 7 4 v 7 ) — Ay A MNESLHFEFT
BILOrRT 7 RAESHREHIC T T2,

3. WFFEAR

X 10%, (IKEB L OO SRR RE OBEER BSOS N EmOHESGR TH D, BEFROANF T
IZ[11-201CH D, EfREER TIT 7 VY SRS I LA R FEANCINZ T, A A BEHIc kv EA S
[HRMaAS, (0001 [EIZ% L CHATRBIRD a3 T A M & LTEIERENTZ, ZORMOIEKEZ ., K1 (a)
2R, RMEESIC ETORFESNIE 1/3[1-100172 0202 L TR Y . v SRS OFE 8 KON~
FLE—HLTW5, BEFEBICIZIREI TR LEZFHNCEZEARAT VL 28RO a2 w5 2 S IMEET 5,
COfE R AT, BT Ga bR b EEHESND,

B RBEMS I B TR R AT EHIROICECS L. 2 OB IRIRBE R E ) L v b &R RE () D
FINEL o TWDH LI ICRZ D, FEXKNOEES OFEE2FZBINCHRD -0, BT ERETT
STERERZK 1 (B L OAITRT, 7V
RREEIC L D7 7 v 7 K22 T, [0001]
FENZI > CTHEB XKL DA MU —27 23
BEND, 22T, 001 B X003 EHE 0001
FHNZ L TR0, KM EE S L
TWAZ A RLTWAD, FOHZUEIZN 1
©& VW HH1L@DIREL o TS, HE
MR & 3K 8 72 AR 3 L OV R R 3 o 28
SHEENY., FNEFN 48 BLNT7.90nm TH D,
R PR BB C I RS IRF IC [E1E 25 62 = 0 R
BRI/ NS b2, BEXMEN KX
IDZ EIIABEMNTHD, KGR IZEL
HIZK > THHIET 5 2 Ltk s, EBE
R PR R BV 2 i L7 & 2 AL AR
N K& L 05 Z LM ST,

4. F & »
A A TR GaN DM % %0 8 T B

ICE VR A, BB RS RIE S '

R ST T e N R I (C) | - . -

O EEIES LB Ko ZHE A s K1 (ac) KR & Ob,d) s R R O 1

XL NP BN RoT, B ST S fRREs L BRI,

B 5

- 73 -




Mo PR O 4
EHEFE F—t 7 GaAs 7D OE— Y634 I1CBE T 2 5L

WHIEREE 4
EERT - HTERER - ROz

WHFEs 84
EERERT - TR - AEids

1. 1Ztoic
B SRS a— 2R OB HFREMCBOD TH—EFRAEFROERIIEELREDO —>OT
b5, TNETIZ, ZOEBUIMIT T, PEERET Ny MEEOFIHSK A P FHOER-ZELIZE D
AP OLOFHREDT T —FRRELNTWD, ZOLD 7T e —FIZx LT, Hald, Pk
WRPTIIZ R—E 7 LT BRI RIS K58, WEBBIMNPREL, B2 7 V¥ AR Emd &
WIHOBNMEEZFFSZ LD, TNEH - TRAICHHAT D Z L 2HMNE LTHFZEEZ T2 > T 5,
AILFEFIH T, 7— U = BHRI I E VT, RAMEIRD I AT MV EET S Z &I
KoT, BT RAEICE o TORIT & 72 2 8 EP ORE X v U 7 IRE A2 IEMENICEHME L, 3Bt /E
BEMZ 7 4 — RNy 7 EF DRy 7 7T 0 REREOBEEEP LT HZ EEHME L,

2. WF7ERkiE

AR TIE, BT —b s WIAKERIMH= XX —2 T, ERETFE -7
GaAs #1EBL L., ZHAEFMA L7, {ERL7Z3BHZOWT, RS v U 7R 2 JERHER IR+ 2 720
W AREFEFRIFIC L T, 77—V = BHARN 62 T, ROMEIRD 53 YIS R AT SV JIE LT,
KERART Vg END, HHS YV TICX D7 A~o#EEsE, 74/ VKT ) oo X2
WAEET—FRZBEBLTCHITL., BB YV TEEBLOF U E LV IR EZ ROz, 26 O R %2 EHE
AR ST, £, 7— U B RN CE 21772 o T2l 0 b OFERE ZITV, 2 DOfh
REMBT D LT, N 7T REXOEBIZO W THE LT,

3. WFFERR

HERBROF E LT, X1 (@2 GaAs RN S5 LN RAEK O KR ASLT MV ERT, v
UTRENRENT & &L TR BB v U 7RO ENRB N, E<IZLO 74/ OEE
BT EFIZ B WD TR B R ZE < D3/ & 72 D REI R LTV B,

1.0 1.0
(a) (b)

0.8 0.8
8 3
s 06 S 06
o 0.4 s 0.4
s &

0.2+ 0.2

0.0 : . : : : 0.0 . I \ | \

100 200 300 400 '1 00 200 300 400

-1
Wavenumber (cm ) Wavenumber (cm’)

1 (a) GaAs ZER DB IR FFRANT ML (b) BERETE F—E2 7 GaAs DR FFERALT ML

- 74 -



K 1T ERFE B F— 7 GaAs 2> b5 DIV RIMEIR D 0 eI R AT MV E R, R
DELNTIENHRART "V EFRESERY REASYVTRECEKNIEAZKMLTC, BEFY VT
WA DR L, LO 7 4 /¥ O @B ST =M/ & 70 2 IR A BRI B S b, fifAT OfE
%#671//@ﬁxfxﬁwﬁ%ﬁW®%ka&Tmé< fEmtEb Lz ERbhotz, kD
EMNS, ZORBHZIBW TR, EFRFR TR F—t 70nEE v ) 7TIRES GaAs OFGMmIEICERE L &
Hbfwfw&w:k@ BENTZ, THUSOEETYERL L 7230HT s LT b MO RIE B L O %
1T, RBLOIERISAE~D T 4 — KXy 7 2 {T 72 o T,

K22, M7+ M x vy AEHOTHIE L, R 8 F—v 27 GaAs FOERF X
Lo TR ENZHE - %EBF+T7 v 70D 5D07 4+ bRy B ARARY MVEIRT, 1.444 eV O
TRV X MBI, BB T v SISO RN G o Nz, 2, ZOEBF T v SICE DR
tu%@ﬂ/ﬁﬁ7ﬁ/F%ﬁ FEAER N7, ZOREHZOWTIX, 7 — U =B HIRI8
ERAWTHIE LD ERART bADL LRy ) TIREIIELS, 74/ v OX BV TREL /N
SWIERHENPDOENTEY, "o 7T FEENBIFEAER NPTz, ZO X IICARKFERH
WCE o T, XY ) TIREMIWRETIX, My 2 770 REERIMZ LN LW DA
N Ay i

PL intensity (arb. units)

MMMWW

1.440 1.444 1.448
Photon energy (eV)

K2 ZHRETERIR—ELT GAs FOR—ZEF L N7 v 7 DOELONEM 7+ MVI Xy BV ARARY b

4. £ & ®

BEEHRERICRB W CEELE 25 B RAEFROEBIC T T, &8RPI /AT “%E/fbt
BHRIFTFRIC L DRCOFIHEZ B E Lo —# & LT, ALEFH T, 7 U =M ARIN Sy
FAWT, FAERDO IR ARY MV ERIET S Z Lick» T, B34 kof@%i&&é
HIBRPOERE T v ) TIREST + /) VDX TR FEREERN L L 7, if_ Ih o DRER%E
AEHERISG I S D Z LIk o T, B R REDH T L2207 7T 00 REENEEALE R
WERFAE R—t 7 GaAs Z2ERI4 25 Z LTk L7z,

[1] T. Makimoto, H. Saito and N. Kobayashi, Jpn. J. Appl. Phys. 36, 1694 (1997).
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A novel way of preparation of high quality substrate material for highly efficient solar cells
W FEE 4

Mukannan Arivanandhan

1. IZL®IZ

Boron (B)-doped c¢-Si degrades under illuminations which results in a low minority carrier lifetime thereby low
efficiency. Thus, it is essential to find a practical means of defect suppression to avoid the LID effect. Based on
our previous experiments, Ga-doped Si; yGey (0 < x < 0.1) alloy single crystal was proposed as a novel substrate
material for solar cell with high MCL thereby high efficiency and no LID effects. To study the effect of Ge on
GMD suppression, the Ge composition was increased in Ga-doped Si;_,Gey crystal.

2. Wit

Ga-doped Si; 4Gey single crystals with x= 0, 0.006, 0.03, 0.045 and 0.06 were grown by Czochralski method.
Where x is the initial concentration of Ge in Si;,Geyx melt. The growth conditions were optimized for all the
experiments. The grown ingots were sliced as wafers and cleaned by etching process. The minority carrier
lifetime of the sliced wafers were measured by surface photovoltage method. The FPD of the wafers were
analysed by Secco etching process.

3. WoERCR

Bulk Si;,Gey alloy single crystals were grown along <100> orientation by CZ method using Si seeds. Ge poly
crystal (6 N) and Si poly crystal (9 N) were charged together into a fused-Silica crucible. Pure Ga (6N) was
added directly into the molten Si;,Gex using a quartz jig to suppress the Ga evaporation. The growth
parameters such as seed rotation rate, crucible rotation rate were controlled for all the experiments. The pulling
rate of the crystal decreased as the Ge composition increases in the crystal since the growth rate decreases with
Ge composition. The grown crystals were sliced as wafers and chemically mirror finished by acid mixtures. To
analyse the impact of Ge composition on the defect and photovoltaic properties, the selected wafers from the
known positions of the each ingots were subjected to etching and lifetime analysis. It was found that the
minority carrier lifetime was increased as the Ge composition increases up to x=0.03 and the lifetime started to
decrease when the Ge composition increases beyond 0.03. However, the results have to be re-investigated with
different range of Ge compositions. On the other hand, the FPD density was decreased drastically in the
beginning (when x < 0.006) and increased as the Ge composition increases in the Si;_4Ge,. From the results it is
clear that the Ge plays an important role in the grown-in micro defect formation in dislocation free Si; Gex
single crystals. At low Ge composition (when x < 0.006) the types of grown-in micro defects are almost the
same as the growth rate of the crystals are constant (0.7 mm/min). When the Ge composition increases (x >
0.006) the growth rate of the crystals continuously changes with Ge composition. So the types of grown-in
micro defects are possible to change. The FPD represents only the grown-in voids and other types of grown-in
micro defects like swirl defects are not visible. So, further investigation is needed to clarify the effect of Ge on
the point defect formation in Si;.«Ge, single crystals.

4. £ & ¥

Single crystals of Si;Ge, up to x= 0.06 were successfully grown by CZ method. The grown ingots were
sliced as wafers and mirror finished by etching process. The results of lifetime measurements and FPD analysis
show that the lifetime was increased as the Ge composition increases up to x=0.03 and started to decrease when
x > 0.03. The FPD density was decreased drastically when x < 0.006 and increased when the x was beyond
0.006 as the growth rate of the crystal also started to decrease when x > 0.006. However, further investigation is
needed to clarify the effect of Ge on the point defect formation in Si; Gey single crystals.

- 76 -




[#F5EER]

D/ -
ZnO FERz 2 2= b -8 IS IR O 1R

MR EE 4
FORURE: « AEPEBANMTIERT - BRI I

WHIE A4
FORUREE « AEPERATRIERT - /AR 18

1. [ZL®IZ

GaN (2R ESNDEAL PR W=7 4 b= 755 <0 I B OB 100 T i g,
ZIVET, GaN IIITE R AR TEE LR 212720 | AT R AR v L RSB D& B D
it B K BaEANRIEE 22> TR, o2 13 GaN R AR EL T ZnO ZEA L., 7 VAL HERS A
(PXD)IZEAIEIR X o v VR EHNT A WA ZE T, @i SO (ERZ B L C)hD,

L2L7e35, ZnO Ff EIZVERIE U7 GaN A FERR I e, LRAR QED 72 L\ 3284 ikt
BIO BRI R T AR NENZ0D | @B E DT IAD N EH LW EN TSNS, ABFFETIX, 20
RIBEAARIR S DI20I2, T ¥ vy TG DR R ERIMEEZI TV, TOREMRTLZEEZHET D,

2. WFgERE

* PNV A RNy ZHERRIEIZ K % ZnO B b~ B SEIR DO = 2 2 v )L plR 0 FEBL
« ARTELAG A Bl R B & ARV T ZnO BeAR 2R L 72 B B IR ORI = & — L > PR O EE
* ZnO FER LZA LB R IR DR 7B A LOLER ST PE D B LR 2 R 1]

3. WFFEER

1) “Dependence on composition of the optical polarization properties of m-plane InxGal—xN
commensurately grown on ZnO”
H. Tamaki, A. Kobayashi, J. Ohta, M. Oshima, and H. Fujioka
Appl. Phys. Lett. 99, 061912 (2011).

2) “Coherent growth of r-plane GaN films on ZnO substrates at room temperature”
A. Kobayashi, K. Ueno, J. Ohta, and H. Fujioka
Phys. Status Solidi A 208, 834 (2011).

3) “X-ray reciprocal space mapping study on semipolar InAIN films coherently grown on ZnO substrates”
T. Kajima, A. Kobayashi, K. Shimomoto, K. Ueno, T. Fujii, J. Ohta, H. Fujioka, and M. Oshima
Phys. Stat. Solidi RRL 5, 400 (2011).

4. £ & ®

AAEREIE, B LWDRIERS SR EHIN TH 5 7OV A 2%y X HEREE % V2 ZnO Fab B2 -8R o
EEREAICE Y MLA TS, RS, B EZFIHAT S 2 & T HERIC TSN ERIEE A RESHBAT
ab—L Y MNRENRFERTDHIZEERE L, /2. ab—L v MRE U7 EBR @S O =0 8
PEL TR D RFEEZA L TVDZ L2 ERIICHAM L, BRI LV ZoRFEEZH M L,
ASBIZINODMAE TS, B E R B U7 R 2 A S IR o (ERLCER Y fTe,

- 7] -




[#F5EER]

k=11{[}
HE

W e =

HIRAEIE 2 W o RN SiGe BRI 7 + b7 4 7 7 Z — D%
e EE 4

FOARTIRS: « MMBATZERT « AR WEHE

e A4
FORA TR - S0AWFZERT IR AR, PR BRfd, AR M, T3 K—, &0 52
FALRS: - EMEHESERT - FEE kR

1. [ZL®IC

Silicon photonics are believed to be a promising solution for the bottleneck of signal interconnection in
integrated circuits (IC). So far, silicon-based waveguides, electro-optic modulators, and
multiplexers/de-multiplexers with high performances have been demonstrated. But for active
photonic devices such as light emitting devices (LEDs) and photodetectors (PDs), there are still
problems due to indirect band gap nature of silicon.

In this collaborated research project, we are trying to develop these active devices with Si/Ge
nanostructures, due to their process compatibility with CMOS techniques and operation wavelength
in the telecommunication band. Resonant cavities are then used to enhance the light emission and
absorption efficiency.

2. WRERH

(1) Material growth

We grown two types of Si/Ge nanostructures: SiGe/Si multiple quantum wells (MQWSs) for PDs and
Ge self-assembled quantum dots (QDs) for LEDs in the Institute for Materials Research (IMR) at
Tohoku University. The started substrate was SOI wafer with 160nm-thick top silicon layer and
2um-thick buried oxide (BOX) layer. For Ge QDs samples, the top silicon layer was first thinned to
about 60nm though thermal oxidation and HF wet etching. We went to IMR twice in the last year to
grow these samples, each time both types of materials were grown. For SiGe/Si MQWs, since we have
never grown such kind of structure in IMR, we had to optimize the growth condition first. A lot of
MQWs samples with different gas flow rate, growth time were tried.

(2) Material characterization

The grown samples were taken back to the Advanced Research Laboratories (ARL) at Tokyo City
University and characterized. For MQW samples, the Ge composition in the SiGe layer, thickness of
SiGe and Si were characterized by XRD. For Ge QDs samples, low temperature photoluminescence
was performed to verify their light emission properties.

(3) Device fabrication

The proposed devices were then fabricated in ARL.

For RCE waveguide PDs, the bus waveguide-coupled microdisks with different radii were first
defined by EBL and ICP-RIE dry etching. Grating couplers were then defined similarly on the input
and output waveguides for light coupling. After that, selective ion implantations were performed to
fabricate the P+ and N+ doping areas. After SiOz deposition by PECVD, contact holes were made by
EBL and ICP-RIE dry etching. Al metals were evaporated and lifted-off at last to form the electrodes.
For microcavity LEDs, we fabricated 2D photonic crystal nanocavities and microdisks/microrings on
the grown Ge QDs samples through EBL and ICP-RIE dry etching.

(4) Device characterization

The optical performances of the RCE waveguide PDs were characterized by a waveguide transmission
measurement system and their electrical properties were measured by a semiconductor parameter
analyzer.

The light emission properties of Ge QD LEDs were characterized by a micro-photoluminescence
system under CW laser excitation.

3. WFFERCR

(1) SiGe/Si MQWs-based RCE waveguide-integrated photodetector

10-period SiosGeos/S1 MQWs were grown on SOI wafer. XRD profile shows that the SiGe layer is
strained. Room temperature PL spectrum shows that the band gap of SiGe is around 0.8eV, indicating
that the material is appropriate for photo-detection around 1.5um wavelength. Resonant peak were
clearly seen in the optical transmission spectrum of waveguide-coupled microdisk fabricated from this
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material, verifying our design of optical structure.
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Fig. 1. Left: XRD profile of SiGe/Si MQWs; center: room temperature PL spectrum of SiGe/Si MQWs; right:
optical transmission spectrum of waveguide-coupled microdisk
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(2) Light emitting devices based on Ge self-assembled quantum dots embedded in optical cavities
Strong resonant PL was successfully demonstrated from photonic crystal nanocavities and
microdisks/microrings under optical pumping, as shown in Fig. 2. Sharp resonant peaks with Q-factor
up to 1000-4000 appeared in the PL spectra around 1.3-1.6pm wavelength.
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Fig. 2. PL spectra of photonic crystal nanocavity (left) and microring (right) with Ge QDs

4. ¥ & ®

We have grown Si/Ge nanostructures, including SiGe/Si MQWs and Ge self-assembled QDs for
photodetectors and light emitting devices respectively, on SOI wafer by using GS-MBE in Tohoku
University. Combining with the semiconductor fabrication facilities in Tokyo City University, the
optical structure of microdisk-based RCE waveguide photodetector and optical-pumped light emitting
devices with photonic crystal cavities and microdisks/microrings, were successfully demonstrated.
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