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AR T, MR OCEEYS — OB AKEBLLTELN T 7 ALY a3
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NiZhdvYart )7 ) RZLVOREFEICETOMEEZITOBICEY ., ¥
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Wa,
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3—3 WEREME

UMFRETIIUMED . BFILFLAFHBOMEZIT-o>TEY . XFHE
ELTOEBRERMEL LTEE~A 77 X~ CVD 2 EE LTHWTE
Too T THBEINEZEEXRBREE ~A 7 077 X~ CVD & Tid,
YAV RERBIZL > TT IR ERETHN, TNEBRTIIHEYEE LR
WERFEZIRXGTFIRIABBETR) e T XAvHFIZIBAIND LBHENICE S
BEZ LCHRBWE £ U BRF IS FRT RGBT R )2 IRAEBZENICHSI L

EVRADZ LN TED, I THRLADOHTADBLEDRIZLY, fEx DM
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Az BT R & LT SiHy X & AV, a-Si:H,SIN RO ERIFZE 24T -
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ZVERL L F ORI, RIERFZB W T CVD EBA o Y a—FHl#HT 5
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BEERLZOINHE L TEERERE LTHWT, Rt - ERSEE2ALIEOH
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ZOFMIIAREZEORMBUTER EN TWVED, BImXIC LB >TET

WWEOAREE L DD, XFOEIMEFIIBZRTIBMAMILE T TH D,
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WCHTHEER, BOWBTEEDT I A<, B57HIC, MFREBERBRE
T X2ITHM LT, BREZITo72, ZTHUC XD SiN BECIHERESEE S
fGeipotz, ¥/, Ho W RABRBT X & LI BABEER T a-Si:H EDHE
FOEEE DN R BN L DO TH o2, BEREMIC LY TAk L\ ) B
EEEl, &6, MPCVD £EBRNOZRE T T X< /35 A —Z ORIFEZITV,
[EHBENTO T T XvD¥— % B 52T L 7 Psian,

(2) a-Si:H JEREF DA 4 FHEDRIIIEREOK FIRE 2 i 3 5 ERE
MBNREFTBIAENTA FT U BEPIZE EED | FET D LWV H{LFER

19



SR E BB BB, 41/@$ﬁﬁmﬁ%TEWmW% PR THREY 5 Z &
Iy, BEREMBGSRELZEEMITHALZL, {LERRDRE OSBEZRE)
Lz, TORR, A FVEER2ITNT, IVIEKBT o ARRREERDLZ
& Eﬁ Sz L [5][10][16]

@) DA AV EHBEZEB I D720, KRERETA L LTHWT a-Si:H
BEEER L, KEVTAWRE., BRERE, P —RABEEZEMLIVENRTA—F
7S a-Si:H JRE 12 5 2 2EEBIZ OV THRET Lz, R, Va=-30[V] (V4=0[V])

DBEIWTIE, ERBESZ 150[CHNCTHZ LICEVF LTV IRy FEE
ERANCTAZENTE L, £, BERZZRICLEGEICE, —REBE
%74%x#%MWKﬁdHé:eK;D&V7Uy&myF&§%¢é
KTBZENTEBDZ EEH LT L 004 |

(4) MPCVD #E % BAVWTv ) a7 U X&) (Si-ne) Z#NERIZE T a-Si:H
F ) R—VEOEREORE 21TV, 74+ P I X vy 22 HTROER
FHEEZHELMNI LT, FOREDOT T a-Si:H F/ R— VIEOEREZ TV,
A A UEEPEE, BHEICE L IEEERN Lz, TORR. BREN
%-80[VI~+40[VIic &bz H Z &I LV 2 — RAEEH-110[V]~-20[V]iZ
BlelL, /1 AV EHBRXNVF—ZRETEDZ B 9holz, £z, Si-nc
AR OB (B LB BRLIRE) 22X 2 FICL DV BADEN LR T
5L & DR %E 5 R8s,

B) Fim, Arrf F B a-SitH /) R—NVEIZITBIAERS L, FOTXILF—
2 a-Si:H F/ A—icftig . a-SitH o —# 23 KkFHBEEh D, b
ERF B LI LD, SiTF s Y RIARREND, D%Y . SiTF /Y
URAZNVNDERIIA FVEBBBER LTS EEZ NS, AERLH#
Tz etk ZnZBHALNILE, EBIZ, AL AV ORT T x L
TEAF—-RBLOa-SiH -/ R —IVOEEEZEZERELT, SiF /7 UREZNL
OB EZHETAHZ LITLY ., FBFTOZEMEDS B LT L 7218,
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@) a L Ea—FHEICL YT ARESLHAEREOREERIEZAIREL LizE
=2 MPCVD #@E% FHWT, a-Si:H & SNy o RALBELZER LUEED
S E (T oo, (B L= LB D SEM BEEH 5 | ZEEMERIFIZI1T 5 SiHy
HAGEEZDRLSTHEILL > T, HEEELES THZ LTIV EREE
RELSETORAESY —CHARLBIRZFRTE2EN Do, &b
CXBEFE—27 b BH LEZBIE 1 AHOBOES»L. ZREDORE D

EX% nm B THIETE S Z R3S o7z, SisN EDE X% —FEI
a-SiH BOEE 2 ETTERLEZZBRONEFHTRILF - FF
v v FOBEBGER L EREITLL—HL TR, RERZBEMERTE X,
Wiz a-SiHBOEEZ—EIZL, SEN BOREEELIETERLEZE
BEORZH TR — N FX Yy v 70 h, SsNdEOE 275 10lnm] L v JE
KB L, BYONENBEEY SN BIZKESEELZRIZT I LBD1-
f:[l][3][7]o

(7) FRSBEOGHE L LT, THEREERE L LTHE, 8k e LTk
BETRICAVLNTNS, JE 1550 md L—¥kz A, EHHK
DEE L L0 +HHBEESBHEE % b B BT R R
BHor ERMBTEX S, YUEEOINE TOMET, ALEREAR T 7#E
WIS TM £ — FISE@ L. TE B— Nidh v b5 &0 ) festr b
ST EEELMIC L, &b, KX T THERICEREH L, a-SiHB%
YR ELFTARILICLY, BEREOGREENENTEIZE2RVEHL
Tna, TNERATHIE T, REBEAEEBEKITE— R T4 A8 L LT
F T2l . —RERBORAA v F L JF AL Adp & OEEH S ER
BF~OABRYHFETE B Z &b o o I4lE]

EREEYEEET 2 Y AIND, EEERRE CITER EOFTEALER
~DREFEEHIHE OB 2R 2T o2, GaAs BR LICEF L —24 (EB) &
EIZEVF ) A—F—DF 4 v T EFERL, TOLEICSFHRIEZF v
(MBE) fRE#1T-7, 2 EREBHRIEDOEARCT v F L &R EOBBDORE
B OEAK 300nm, BEEH20mm OF 4 v T OERBFIREEL 2D . £ DOMIER
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EIZInAs ZHRAY —AMBEIEIZE VK L. T4 v 7R -> T U v ZRICALEH
BEINTBmEN25mm DOF ) J VRAZNVEBLZLENTERE, OB, T4v 7
DVT Y WREEEPBI, BRLDFAIETHI R EOMRR BN, 1B
L7 InAs REZ— U HBEDPDEIRICBITAPLIZIVE—ZJHE 1 4undH %
WD e L bz, BREHOEBNZEEY — R &2z MBE #IC X 5 ESME
ZIER L7z, BIEER 100m LTFTOX L2 b2 BRL. BEETHSE
SR LB F/E (SAM) % EBX A~ X 7 ICHIA LBz ML B >V TR
NEIT>TWS, THOLDORENS, /7 MITERIC XL S BHIEEE AT )
7 Y RINER D B % BTz, fthl, (LEWREERF ) 7 ) AZALNEREL
DMEET & =y 77/ A R & LT, FEEHEERLZFAL-EE— P T
BICAA v FROBRREBRBETFOEARESIELER L, BEFRBIC OV T ORI A
BLCEDEBEORE 2B & & bic, BHELEERL—FRTx k= s
AA v F L TTNRAL ROV THRE TV, T ASHA O =D OEM# 2
PRRE A fRIR LTz,

UTEEORREHEBZ LIZEED D,

(1) MrEHERT Ky L

HEL T 5% 10nm ¥4 XOEF Ry FOMEFHI#EOZDIZIZ, BEFFy b
ERIBEOY A XDONRE - B ERCERTILERHY, TOEDIZEFYE
—4 (EB) Yl ONZ CHoHe 7 R X 5 KISHA 4= v F o ZFRIE) % BV
Too B E LT GaAs Z AV, 2D EIZ SisNs & 75 X< {3 & 8H5E (PCVD)
BICEVHFEL, EFHRLI AN LTZEP-H20 VW, RHLEZEFE—
LBEBNBEEDOE— ADREENE - MBRECRAEZEZER L, £/ F—F—0
MIERE~ORRBEOEARANRNZEL5BHTHD 2006, MMl
R ARy MREXATII TR A VRORE2EBAELZEALTITLDY
TEDRETOWDARNE— b2 Moz, BFHVIA NOBHEHEREF L —
LBERIIBITZBEACT Y TR —LBRLRELBOERBEILOBR. BEWY
300nm DONNEF — OEHXBFEEL I oTr, SHICHEDEK nm A — ¥ —DIEX
DT 4 TOFRRIL SisNy~v 2 7 B RIE £E0&#E I VER LIZ, =0
LR EINT=T ) A= —F 4 v 78T 5 GaAs £ FIZMBE 2 L 0
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GaAs, InAs RO FEN L DL BEEDORELZIT-T-, T H XY —X MBE i
£V InAs ZIREZ8R AR, BREFBEORFEIToTFER, 74 v T IR->THES
% 10nm. 8% 30nm, ERH 400nm 0V SR OMHEERE LN, Th
X In R Asa D~ A 7L —vaitd b, RERT X VDS F 2T 4
YT ORBICHE> TEBENICRE LIRREHEESIND, £, V7 ORMA
WIREERENRBVN SICMA TR TCEEEORWREERBRE LN, E6IC
BT CEE Y — A2 AWz MBE ik v, RO InAs HE#EEIL O
GaAs/InAs/GaAs ZRBHEEOREZRFTT LTz, BEY —XDHBEIIFFHREL
TAsg k725 2 EREMBREHEOBBEN O AFEN T A Y — 2 MBEEDEHE
2 ERERENBL R o7, TR THMIIRICKIE U BERIRE D
RENT, TNHOR/RIY, T/ 3 —F—FT 4> 7OMIEREIZ MBE ik
EATOARTFEN, BRECHEEINEMEBEICERRBICETF My MEBEZTRT
BIDITBOTHEMDRFETHA Z LR T L Z L TE R,

BE, SNETOMERREEEZ. BR lum HTEXLTIETF Ny ME
EOEBREYBE LT, ERE~DRFZ—UERICE L TIE, BEEEK 10nm BE
ORI ER SR, HERSI THEEDOH S B CMEBILESTFE (SAM) 12X
LiBHEESY EB B~ X2 & LTHWSIERFIED GaAs ER~DOEA O
B, BNERENEERT HOICRE— RBRPERLFAEBELTLIRED
FEEL~DOBEHZ, & 512 MBE REICBWTIIZEREE Y — RIEIC L DR
E&RMEOEE, ROEBHEEIC L 288 EBRMENFY - IMTER E~D &R
BETF RNy NOREOBREEEDTWD,

(2) BRET + b=y 7 T A ADEHEWKRT

BT Ry hNOBFTAHRBEENBERAEINI D74 b=y 7T M 2L LT,
BREZEXT7 74 NBERRBVWTEERIEAN v TF, BEREBLFFLZLTHEE
TANEERY BT, BF Ry MEEOEAIZENLL, ThENRT ANA ADHE
FAEIE DWESL, AR EB LT,

AL v FITONTIE, BEECENT-ZE— FTHEEREORFHE O
SHREITR R BREAC LV ERT IHRRT A AEETHLLE— FF
BEEEAY XL vF (MIPS) 2R L. EE 155 um HTEHETD
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InGaAsP/InP % T2 X 244 Ef L, -13dB tWH K7 o R b—7 itk
EBRAVITER L 2090200, X 5z BT ERT 5 mEEE S biha L,
FIEBAFRIT A LICLY 3 X 3L EDER— MEIZ bRRRTRERHT
RS ERST— NTFHEERIEA A vF (MIPS-P) R L. #iTick
DAXLIZBNTHLR—MPOOHAICEHEDH DBENXRA v F L IHE
bNABTEERR L, EEBRMNICL 2 X 2BEICLVERNRRAL vF T
BEBRLZLHSE, TN ERAS v TFIIEMERET Ny bEEATHZLITLY,
BWERTRERBIFREMBIELND D, —BORMEELSFFZETE D,
BFE. MIPS-P OBBEDILRMEIC DWW THBITIC X VBT E1T 5 L & bic, ERW
ICEBRREREDEANIC LB AL v F SO~ BOEMRE{LEED TS,
BREEHMETII. £t — FTHERE L EEALHEESR (SOA) & L. SOA
- OFBREHRTHIHAEFBER XGM) 2FA L7727 /3A X % InGaAsP/InP
FCERI L, EEIC 3dB OBttt 2 ER L, BEEBREFL L TOEE
EEBELLR, ILIMOFEREDRTHY . LIV EDIRBERHFTED
SOA DM EMMEFRDFE XPM) N7 A AEELER L, RIIVEE
EHREMESZER Sz, Zh b SOA ZRAVWEEEE#RE I, &7 Fy MEE
FEATHZEICLY ELIEEWIEREERBOND D, ERRBERERE
EREIFCTE 5, BE, XPMIZ X5 EEEHBFRFOEEEILOBmE ZED T
=

BEZ A NVZIZONTIE, FEALERKIC - ORIBOE LRI 77
Ve ROBMERA LT AT 4 AZ IOV THRE L, FTE® 0.8nm (100GHz)
DEEMBOT 4 NVE ) v TEWEER FEBL L7250 1261, SR EELEFRIA LK
EAEHELITY> LT, BT Fy MEERFEETH D, BE. 7415V 7
BHEOE =2 b7 A MEERUEEFTELIZOW TR Z1T> T\ 5,
WTFRETF A G, MEBERIESNWZEREREERT My PR IhK
BEAL, KHEEBESN - BVFEHELEZRL L THIRELZEDDITETH D,
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Fig.5 X-ray diffraction peak of a-Si:H/SizN4 multilayer
film.
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Fig.9 Near field pattern of emitted light from the slab

optical waveguides.
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Dependence of PL Characteristics of a-Si:H Nanoball Films Fabricated by
Double Tubed Coaxial Line Type MPCVD System on Substrate Position
—EE A FEREE MPCVD 2B 2 AW TIER L7 a-Si:H
F ) R— VIED PL Rt O EAR AL BRI

Takavuki Matsumoto and Isamu Kato

wAR &, g B

School of Science and Engineering, Waseda University,
3-4-1 Okubo, Shinjuku-ku, Tokyo 169-8555
RFRE KRS T, T169-8555 FURENHTE KKAMR 3-4-1

Using a double tubed coaxial line type microwave plasma CVD system, a-Si:H nanoball films which
include Si nanocrystals can be fabricated. The photoluminescence (PL) peaked around 780 nm is
observed at the room temperature after the a-Si:H nanoball film is oxidized by heating in the atmosphere.
We have fabricated a-Si:H nanoball films with varying the substrate position and DC bias substrate
voltage of this system, and discussed the relationship between the film properties and the PL

characteristics of a-Si:H nanoball films.

LIntroduction

We have developed a double tubed coaxial line
type microwave plasma CVD (MPCVD) system.l’z)
Figure 1 shows the configuration of this MPCVD
system. In this system the microwave power is
confined in the cylindrical cavity region, and in the
deposition chamber a spatial afterglow plasma
without injection of the microwave power is
created by the gas flow and diffusion. The
discharge gas (which creates the plasma, but
doesn’t create a deposited material by itself) is fed
to the outer discharge tube which is composed of
fused quartz, and the material gas (which is
dissociated in the plasma and creates a deposited
material) is fed to the inner tube (as shown in Fig.
1). Both gases can be led separately to the
deposition chamber. The discharge gas is ionized in
the cylindrical cavity region by the microwave
power. The material gas is led to the discharge tube
end through the inner tube, flows into the plasma
and is dissociated by the collision with the plasma
particles.

Using Ar gas as a discharge gas and SiH, gas as
a material gas, a-Si:H films are fabricated. In the
case of the low gas pressure in the deposition
chamber by the high speed exhaust, a good a-Si:H
film is created.>® In the case of the high gas
pressure in the deposition chamber by the low
speed exhaust, because the mean free path becomes
short, SiH, radicals are spatially recombined in the
gaseous phase, and forms a spherical cluster (~20
nm in diameter). We name it a a-Si:H nanoball. The

a-Si:H nanoballs deposit on the substrate, and a

" a-Si:H nanoball film is fabricated. The feature of

our system is that it can fabricate both the a-Si:H
film and the a-Si:H nanoball film by controlling the
speed of exhaustion. It is found by X-ray
diffractmeter that a-Si:H nanoballs include Si
nanocrystals (~5 nm in diameter). The
photoluminescence (PL) is observed at the room
temperature after the a-Si:H nanoball film is
oxidized by heating in the atmosphere.

In this study we have fabricated the a-Si:H
nanoball films with varying the substrate position
and the DC bias voltage, and discussed the
relationship between the film properties and the
PL characteristics of a-Si:H nanoball films.
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Fig.1 Configuration of the double tubed coaxial line
type microwave plasma CVD system
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2.Experimental

The experimental conditions are as follows. The
axial distance from the discharge tube end is defined
as z (as shown in Fig. 1). The Ar gas flow rate is 110
ml/min and the SiH, gas flow rate is 30 ml/min. The
microwave power is 150 W. The inner tube end is at
z = —1.4 cm. The gas pressure in the deposition
chamber is set at 250 mTorr by conirolling the
exhaust valve. The substrate temperature is R.T. The
discharge time is 10 min. In this study the substrate
table is set at z = 4, 6, 10 cm and the DC substrate
bias voltage is varied from —80 V to +40 V.

As deposited, the films are thermally oxidized in
the atmosphere. After oxidation the PL spectrum is
measured. The excitation light is Ar’ laser (514.5
nm). The measurement is done at the room
temperature in a vacuum (~2 X 10° Torr) in order to
avoid the thermal oxidation by the laser irradiation
energy. The laser beam is irradiated at an angle of
60° from a normal line of the film. We remove a
scattered laser light by a spectrophotometer and
observe the PL spectrum from a normal line
direction.

3.Results and Discussions

We measured the sheath voltage (V) atz=3,5,9
cm in the pure Ar’ plasma by the single probe
.method when the substrate is set at z =4, 6, 10 cm.
From this result, it is found that the V,;, varied from
=110 V to 20 V with varying V,. from —80 V to +40
V at any substrate position. Therefore, the ion
bombardment energy can control from —110 eV to
—20 eV regardless of the substrate position.

In order to survey the influence of the variation of
the ion bombardment energy on the construction of
the film, we calculate the hydrogen concentration
from the FTIR spectra. It is found that, as the Vy
increases in a negative direction, the ion
bombardment energy increases and the Cy decreases
at any substrate position. This result is considered to
be due to as follows. As the Vj;increases, the Ar’
ions are more accelerated by the sheath voltage and
the Ar’ ions with larger energy are struck into the
film.

Then we calculate dependence of the deposition
rate of the film on the V. It is found that, as the V,
increases in a negative direction, the deposition rate
decreases at any substrate position. This result is
considered to be due to as follows. As the Vg
increases, the mobility of the a-Si:H nanoballs
attached to the substrate is raised by the film surface
heating effect of the ion bombardment, therefore, the
a-Si:H nanoballs deposit densely on the substrate.

Figure 2 shows the dependence of the PL intensity
on the V. It is found that, as the V; increases in a

1500

ul

3 1000

PL Intensity [a

500

Sheath Voltage -V, [V]
Fig.2 Dependence of the PL intensity on the V,

negative direction, the PL intensity increases at any
substrate position. As the substrate position z
decreases, the a-Si:H nanoball deposits more.
Therefore the PL intensity should increases. But the
PL intensity at z = 4cm is weaker than that at z =
6cm. The reason is considered to be as follows. The
SiH, radicals arrive at the substrate before the a-Si:H
nanoballs are created by the spatial recombination.
Furthermore, when z decreases, the amount of ion
bombardment increases as the plasma density
increases. The film surface is heated by ion
bombardment during deposition. The hydrogen
atoms are disconnected from the a-Si:H nanoball
films with increasing the substrate temperature, then
this films become nearer a-Si films. It is more
difficult for the a-Si to be oxidized than the a-Si:H.
Therefore the state that the Si nanocrystals are
embedded in SiO, (Si quantum dot) does not form,
hence the PL is weak.
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Quality of a-Si:H/Si;N, multilayer films fabricated by double tubed coaxial line

type MPCVD system(1II)
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We fabricated a-Si:H/SizN, multilayer films using the double tubed coaxial line type MPCVD System.
We fabricated a-Si:H, SizN,4, and a-Si:H/SisN, multilayer films varying the substrate temperature from
R.T. to 500[°C], and evaluate their quality. We measured X-Ray diffraction peak, dangling bond density,
and optical band gap. As a result, we can fabricated a-Si:H/Si;N; multilayer films of good value by
measuring X-Ray diffraction peak. And we obtained that dangling bond density increase and optical band

gap decrease as substrate temperature is higher.

1. Introduction

We have used the double tubed coaxial line type
microwave plasma CVD system to make
a-Si:H/SisN, multilayer film and to study about its
quality!’). We have studied that optical band gap of
multilayer film with thickness of SisNy4 layer fixed
and thickness of a-Si:H layer varying increases as
the thickness of a-Si:H layer is decreased. And
when thickness of a-Si:H layer is fixed and
thickness of SisN, layer is varied, its optical band
gap is invariable in case of thickness of SisN, layer
is under 10[nm], and increases in case of it is over
10[nm].

In this paper, we fabricated a-Si:H, SizN4, and
a-Si1:H/SisN, multilayer films varying the substrate
temperature and evaluate their quality.

2.Experimental

Figure 1 shows the configuration of the MPCVD
system. In the deposition chamber of this system,
spatial after-grow plasma is formed by the gas flow
and diffusions because the microwave power is not
injected into the plasma in the chamber. The
discharge gas, such as Ar and Ny, is fed to the outer
discharge tube and the SiH, gas is fed to the inner
tube.

The computer all controls inflow of discharge gas
and SiH, gas. As movable parts, such as Short
Circuit Termination and Metal Sleeve, are
controlled by programs, we able to get best
condition of plasma in each discharge. When
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Fig. ] MPCVD system

Making a-Si:H layer, Ar gas is used as discharge
gas, and SiH, gas is used as material gas. Ar gas
flow rate is 110[ml/min], and SiH, gas flow rate is
5[ml/min]. When making Si;N, layer, N, gas is
used as discharge gas, and SiH, gas is used as
material gas. N, gas flow rate is 140[ml/min], and
SiH, gas flow rate is 5[ml/min]. We fabricated films
varying the substrate temperature from R.T. to
500[C1.

3.Result and discussion
Figure 2 shows the X-ray diffraction peak of
a-Si:H/Si;Ns multilayer film deposited on Si
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substrate. An X-ray wavelength scattering films is
1.54[A]. The well-defined peak is shown in Fig 2.
The thickness of 1 period layer of multilayer film
calculated from this diffraction peak is 6.8[nm] in
case of the primary peak, and is 5.5[nm] in case of
the secondary peak. The other one culculated from
the total thickness of multilayer film is 6.8[nm].
The close agreement between the two values is
obtain,

Figure 3 shows dependence dangling bond
density on substrate temperature. In this figure,
dangling bond of a-Si:H films decrease when
substrate temperature is under 250[°C], and increase
when substrate temperature is over 250[ CTl.
Dangling bond density of SizN, films decrease, as
substrate temperature is higher. But, dangling bond
of multiplayer films increase, as substrate
temperature is higher. Although dangling bond
density of a-Si:H and SizN, films decrease with
substrate temperature higher, dangling bond of the
interface increase in according to no lattice
adjustment from crystallization, and distortion from
difference of heat expansion rate. So dangling bond
density of multilayer films increase.

Figure 4 shows dependence optical band gap on
substrate temperature. In this figure, optical band
gap of a-Si:H film decrease when substrate
temperature is higher. We think that a-Si:H films
get near to poly-crystal according to heat the
substrate. optical band gap of SisN, film is about
5[eV] and a little decrease when substrate
temperature is higher. We think that SisN, films also
get near to poly-crystal according to heat the
substrate. Optical band gap of multiplayer films is
almost agreed with that of a-Si:H films. Because
a-Si:H layer becomes well layer of multilayer
films, and optical transport occurs in well layer, so
optical band gap of multilayer films is almost
agreed with that of a-Si:H films.

4.Conclusion

We can fabricate good multilayer film because
the thickness of 1 period layer of multilayer film
calculated from total thickness is agreed with the
thickness calculated from X-Ray diffraction peak.

Dangling bond density of multilayer films
increases, as the substrate temperature is higher, and
optical band gap decrease, as substrate temperature

is higher.
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Film quality of a-Si:H/Si;N, multilayer films and propagate properties of optical
waveguides using the multilayer films
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We fabricated a-Si:H/SisN, multilayer films using the double tubed coaxial line type MPCVD System.
We fabricated films varying the substrate temperature from R.T. to 500{°C]. We evaluated the quality of
the multilayer films by measuring the optical energy gap Eo, the refractive index, absorption coefficient
and so on. As a result, we obtained that we can fabricate the good multilayer when the substrate

temperature is more than 250[°C].

We processed the films to slab waveguides, and measured their propagation properties. As a result,
we obtained high extinction ratio when the substrate temperature is 250[°C].

1. Introduction

We have used the double tubed coaxial line type
microwave plasma CVD system to make
a-Si:H/Si;N, multilayer film and to study about its
quality. We processed the film to slab waveguides,
and as a result, we have confirmed that these optical
waveguides have polarization properties that TM
mode was transmited and TE mode was cut. We
obtained that fabricated multilayer slab waveguides
have high extinction ratio that is 17[dB]. Also we
understood that the extinction ratio rise when the
slab waveguides are pumped. In this study, the
relation between the substrate temperature when we
fabricated a-Si:H/SisN, multilayer and quality of
the multilayer has been definitely shown. Also the
relation between the substrate temperature and the
propagation properties of multilayer film optical
waveguides has been definitely shown.

2.Experimental

We fabricated a-Si:H/SisN, multilayer films by
depositing a-Si:H films and Si3;N, films alternately
on the p-Si substrates and on the quartz substrates
using the double tubed coaxial line type microwave
plasma CVD system. We fabricated films varying
the substrate temperature from R.T. to 500[°C]. The
thickness of a-Si:H layers were 10[nm] and the
thickness of Si;N, layers were 30[nm]. We took this
process 15 cycles, and the total film thickness was
600[nm]. We evaluated the optical energy gap Eo,
the refractive index, absorption coefficient from the
spectrum transmission of this multilayer films.

Next we explain how to fabricate the slab

' waveguides. The SisN4 film(about 2 [u m]) was

deposited on p-Si substrate as buffer layer. We
deposited a-Si:H films and Si3N, films alternately
on the buffer layer. We cut the multilayer film using
a diamond cutter and polished up its end face. Then
we fabricated multilayer film optical waveguide
whose length is about 1[mm]. We measured the
propagation properties of the fabricated slab
waveguides using the lensed fiber( 4 =1.55[ u m]).

3.Result and discussion

We measured the optical energy gap of multilayer
films. The dependence of the optical energy gap on
the substrate temperature is shown in Fig.1. By the
Fig.1, it is obvious that optical energy gap decreases
as the substrate temperature becomes higher. The
structure of a-Si:H closes with that of c-Si as the
substrate temperature is higher. The optical energy
gap of ¢-Si is smaller than that of a-Si:H. So, the
optical energy gap is smaller according as the
substrate temperature is higher, and the optical
energy gap of the multilayer films is larger.
Therefore, it is clear that we can control the optical
energy gap by varying the substrate temperature.

To the next, we measured the refractive index of
the multilayer films. The dependence of the
refractive index on the substrate temperature is
shown in Fig.2. It is obvious that the refractive
index is higher according as the substrate
temperature is higher. This shows that the density
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of films is higher according as the substrate
temperature is higher. Namely, the structures of
a-Si:H and Si;N, close with those of c-Si and
c-Si3N, respectively. Therefore, we can control the

refractive index by varying the substrate
temperature.
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Fig.1 Dependence of the optical energy gap
on the substrate temperature
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Fig.2 Dependence of the refractive index
on the substrate temperature

To the next, we measured the absorption
coefficient (at A =1.55[ u m]) of the multilayer
films. The dependence of the absorption coefficient
on the substrate temperature is shown in Fig.3. It is
obvious that the absorption coefficient increases as
the substrate temperature becomes higher. The
absorption coefficient of ¢-Si is higher than that of
a-Si:H in infrared range. This is because the
structure of a-Si:H closes with that of c-Si as the
substrate temperature is highert. By the Fig.3, the
absorption - coefficient is very high when the
substrate temperature is more than 400[C]. From
this result, the suitable substrate temperature for the
optical waveguides is less than 250[C].

We processed the film to slab waveguides, and
measured its  polarization properties. The
dependence of the extinction ratio of the multilayer
film optical waveguides on the substrate
temperature is shown in Fig.4. By the Fig4, the
extinction ratio becomes larger according as the
substrate temperature is higher. When the substrate
temperature is R.T., the interface of a-Si:H and
Si3Ny is not clear, and a-Si:H and SisN4 are
intermixed. So, we cannot fabricate good multilayer
films when the substrate temperature is R.T.

Therefore, the optical waveguides cannot reflect the
TE mode component of propagation lightwave, and
the extinction ratio becomes low. Also, we can
obtain higher extinction ratio when the substrate
temperature is higher. When the substrate
temperature is higher, the structure of a-Si:H closes
with that of ¢-Si, and the conductivity of a-Si:H
becomes higher. Therefore, a quantity of reflection
of TE mode component increases. As a result,
intensity of TE mode transmitted lightwave
decrease, and the extinction ratio becomes higher.
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4.Conclusion

It is clear that we can fabricate the good
multilayer film with clear interface when the
substrate temperature is from 250[°C] to
500[°C]. It is obvious that the optical waveguide
has high extinction ratio when the substrate
temperature is from 250[°C] to 500[°C]. But the
absorption ratio is higher when the substrate
temperature is more than 400[°C]. Therefore
the suitable substrate temperature for the
optical waviguides is 250[°C].
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We have developed the double tubed coaxial line type microwave plasma chemical vapor deposition (MPCVD) system
to fabricate hydrogenated amorphous silicon (a-Si:H) films. We have studied the influence of Ar* ion bombardment during
a-Si:H film growth and clarified that the ion bombardment causes film surface heating effect and ion implanting effect. It is
not sufficient to discuss only whether films are of good quality or not, when the ion bombardment energy is increased. In this
study, we show that the effect of ion bombardment can be separated into the film surface heating effect and the ion implanting
effect and discuss the influence of each effect on the film properties. We also show that the film surface temperature can be
expressed as a function of the sheath voltage. It is clarified that a film with low dangling bond density can be fabricated at low
temperatures if there is no ion bombardment.

KEYWORDS: microwave plasma, spatial afterglow plasma, chemical vapor deposition, a-Si:H, ion bombardment, single probe
method, ion sheath, film surface heating effect, dangling bond density

1. Imtroduction

In recent years research studies on plasma chemical va-
por deposition (CVD) methods using RF discharge and
electron-cyclotron-resonance (ECR) discharge for depositing
a-Si:H films have been widely conducted. Among them are
reports on the influence of ion bombardment on a-Si:H film
properties.? We have developed the double tubed coaxial
line type microwave plasma CVD (MPCVD) system>* and
studied these effects. In this system, discharge plasma with
injected microwave power is confined in a fixed region, and
in the deposition chamber downstream, the gas flow forms
spatial afterglow plasma without injected microwave power.
Substrate is placed in the spatial afterglow plasma, where
film deposition takes place. Sheath voltage in front of the
film can be controlled because only the plasma spatial volt-
age changes as the substrate voltage is varied (distribution of
electron temperature and electron density does not change).
The gas which does not leave deposits after discharge (dis-
charge gas) and the gas which leaves deposits after dissocia-
tion or combination in the plasma (material gas) can be sepa-
rately fed because the system is double tubed. Using a coax-
ial line type microwave discharge tube, the created plasma
is uniformly distributed around the axis” (in this case, the
metallic cylindrical cavity works as the outer conductor and
the plasma as the inner conductor). We have studied the influ-
ences of ion bombardment on a-Si:H film properties when the
ions (A1, H™, etc.) that are accelerated by the sheath voltage
collide with the growing film surface.

We proposed that the effect of ion bombardment consists
of the physical effect (the lattice of film surface is excited to
vibrate), which we call film surface heating effect, and the
chemical effect (implanted ions react chemically in the film
surface, cutting off molecular bonds, and H atoms are pulled
out of SiH, bond by implanted H* ions), which we call ion
implanting effect. The former effect raises the equivalent tem-
perature of film surface, increasing the mobility of arriving
radicals on the film surface so that film structure is relaxed.
The latter effect leaves Ar atoms as impurities in the film thus
increasing the number of dangling bonds and cutting off SiH

and SiH; bonds reducing hydrogen in the film. Therefore, it is
incomplete to discuss the fabrication of good quality films by
considering only the amount of ion bombardment. In this pa-
per, we clarify that the effect of the ion bombardment can be
separated into the physical effect (film surface heating effect)
and the chemical effect (ion implanting effect) and examine
the influence of each on a-Si:H films.

2. Experiment

Figure 1 shows the experimental setup of the MPCVD sys-
tem. The axial distance from the discharge tube end is defined
as z (shown in Fig. 1). In this system, the microwave power is
confined in the cavity, and not injected into the plasma in the
chamber. Thus, in the deposition chamber, the gas flow forms
spatial afterglow plasma with no microwave power injected.
The outer discharge tube is composed of fused quartz and the
inner tube is made of stainless steel. The Ar gas is fed to the
outer discharge tube and the SiHy gas is fed to the inner tube.
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Fig. 1. Experimental setup of the double tubed coaxial line type microwave
plasma CVD system.
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The Ar gas is ionized in the cylindrical cavity region by the
microwave power. The SiH, gas flows into the Ar plasma at
the discharge tube end through the inner tube, and then the
SiH, is dissociated by collision with the Ar plasma particles.
The substrate table area is 40 cm® and is placed at z = 10 cm.
The Ar gas flow rate is 110 ml/min and the SiH, gas flow rate
is 30 ml/min. Sheath voltage (Vy,) can be controlled from 0V
to —95 'V by varying the DC substrate bias voltage (V) from
+40V to —80 V. The value of sheath voltage is obtained from
the following equation:

Vsh = Vg — Vs. €))

Here plasma spatial voltage (Vs) is measured using the single
probe method.%” The probe of 0.05 cm in diameter and 1 cm
in length is used. The measurement is performed at z = Scm
on the deposition chamber axis, which is 1 ¢cm in front of the
substrate table. In the case of the measurement of dependence
on substrate temperature (7;), Vg, is set to OV (namely Vg
is +40V) and T is varied from room temperature (R.T)) to
250°C.

The following are measured: Si concentration, deposition
rate, SiH bond concentration, SiH, bond concentration and
dangling bond density. Si concentration is obtained by mea-
suring the energy spectrum of ions that are scattered back-
ward elastically (Rutherford backscattering) by the Coulomb
interaction after collision with the targeted nucleus in the
film. Deposition rate is obtained by measuring film thick-
ness with a stylus profiler. SiH bond concentration and SiH,
bond concentration are obtained by measuring the area of the
infrared absorption spectra of the a-Si:H film. In the above-
mentioned cases, Si wafers are used. To obtain the value of
dangling bond density, we use the electron spin resonance
(ESR) method to measure the spin angular momentum of non-
paired electron that is affiliated to the radicals such as dan-
gling bonds. In this case, Al substrates are used.

3. Results and Discussion

Dependence of Si concentration on substrate temperature
(T;) and that on sheath voltage (V) are shown in Fig. 2(a).
The dependence of Si concentration on 7 is not affected by
ion bombardment because it is measured under the condition
of Vo = OV. Therefore, film surface temperature is equal
to the substrate temperature. Here we assume that the de-
pendence of Si concentration on Vy, is not influenced by the
ion implanting effect but only by the film surface heating ef-
fect. In this case, the dependence of Si concentration on 75 is
equivalent to that on Vg, and we have the followin g equation:

Ty = aVy + b°C. 2)

Hence the graph of the dependence of Si concentration on Vg,
can be fitted to the graph of that on T} by adjusting the scale
of the former graph. First, the Si concentration at 7, = 28°C
in the graph of the dependence of Si concentration on 7 and
that at Vg, = OV in the graph of the dependence of Si con-
centration on Vg, are the same because the films are deposited
under the same condition (namely b = 28°C). Second, we
obtain the value of the coefficient “a” of eq. (2) using the ex-

perimental values in Fig. 2(a):
Ty = —2.34 x Vg + 28°C. 3)

In this equation, 28 denotes the room temperature and

1. KATO ¢! al. 6405

—2.34 x Vq, denotes the rise in the film surface temperature
caused by the ion bombardment. The dependence of Si con-
centration on 75 and that on Vi, are shown in Fig. 2(b), using
eq. (3). Figure 2(b) shows that the two graphs are in good
agreement. which confirms the above-mentioned assumption.
Thus, the film surface is heated as a result of the ion bom-
bardment even when the substrate is at room temperature.
The film surface equivalent temperature is 68°C when V,
is =17V, 115°C when Vg, is —37V, and 164°C when Vg, is
—58V.

The dependence of Si concentration on 7 is shown in
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Fig. 3(a). Here the parameter is V. The Si concentration
increases when Ty is increased. This is because the vibration
of the lattice in the film is excited and structural relaxation
occurs. The Si concentration increases as a result of the film
surface heating effect when Vg, is decreased.

Considering the film surface heating effect, 7, must be
shifted by 40°C when Vg, is —17 'V, 87°C when Vy, is =37V,
and 136°C when Vg, is —58V [following eq. (3)]. The
curve of dependence of Si concentration on T in Fig. 3(a)
is shifted as mentioned above, and the shifted curve is shown
in Fig. 3(b). Figure 3(b) indicates that the four curves are in
good agreement. This is because the dependence of Si con-
centration on Vg, is not influenced by the ion implanting effect
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Fig. 3. Dependence of Si concentration on Ts. (a) original and (b) result of
shift using eq. (3).
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but only by the film surface heating effect, namely eq. (3) is
reconfirmed. Figure 3(b) also shows that the Si concentration
is constant after 7, reaches about 300°C, which is because the
a-Si:H film is sufficiently dense at that temperature.

The dependence of deposition rate on T, is shown in
Fig. 4(a). Here the parameter is V. The deposition rate de-
creases when T is increased because the film becomes dense.
As Vi, is decreased, the deposition rate decreases because the
film becomes dense as a result of the film surface heating ef-
fect.

The curves of dependence of deposition rate on 7T in
Fig. 4(a) are shifted as mentioned above, and the shifted
curves are shown in Fig. 4(b). As shown in the figure, the
curves of the deposition rate are in good agreement until
T reaches about 130°C but subsequently it decreases faster
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as Vg, becomes low. Differences between the curve for
Vs = OV and the curves for other Vg, in the region where
T; is larger than 130°C are considered to be affected by the
ion implanting. It is experimentally clarified that the ion im-
planting effect does not appear until T; reaches about 130°C
but appears strongly after that [shown in Fig. 4(b)]. Radicals
on the film surface do not migrate before T; reaches about
130°C but the time of migration becomes greater after that,
which means that the film is sputtered more by the Ar™ ions.
Thus the sputtering effect by the Art ions appears markedly
after T, reaches about 130°C, which leads to a decrease in the
deposition rate as Vg, decreases. v

The dependence of SiH bond concentration on Ty is shown
in Fig. 5(a). Here the parameter is Vy,. Next, the curves of
dependence of SiH bond concentration on Ty in Fig. 5(a) are
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Fig. 5. Dependence of SiH bond concentration on ;. (a) original and (b)
result of shift using eq. (3).
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shifted as mentioned above, and the shifted curves are shown.
in Fig. 5(b). SiH bond concentration increases when Vin 1s de-
creased as a result of the ion implanting effect, which means
that the smaller V, is, the larger the ion implanting effect is.
When Vg, is not 0V, SiH bond concentration increases as T, is
increased until it reaches a certain peak value, and decreases
after that. The SiH bond concentration increases because the
hydrogen constituting the SiH, bond is disconnected as a re-
sult of the ion implanting effect. Thus, the ion implanting
effect causes the SiH bond concentration to increase and then
itis considered that the film acquires a better quality.

The dependence of SiH, bond concentration on T is shown
in Fig. 6(a). Here the parameter is Vi,. SiH, bond concentra-
tion decreases as T; is increased. The hydrogen atoms con-

><1021 T T T T
v \/Sh——58\/
0 Vgn=-37V
10r 0 Vep==17V 1

(6218

400

Substrate Temperature [°C)

(a)

X 1021 T T I T T T
v \/sh:—-58\/
0 Vgp=-37V
101 O Vp=—17V ’
& \/Sh= O \/

|

S

Substrate Temperature [°C]

(b)

Fig. 6. Dependence of SiH, bond concentration on 5. (a) original and (b)
result of shift using eq. (3).

Concentration of SiH, Bond [cm™]
S

_44_



6408 Jpn. 1. Appl. Phys. Vol. 39 (2000) Pt. 1, No. 11

stituting the SiH, bond are disconnected as a result of struc-
tural relaxation as T is increased. SiH, bond concentration
decreases as Vg, is decreased.

The curves of dependence of SiH, bond concentration on
T; in Fig. 6(a) are shifted as mentioned above, and the shifted
curves are shown in Fig. 6(b). Only the ion implanting effect
is considered here. SiH, bond concentration is higher when
Vin 1s not 0V, which means that the film quality is degraded.

The dependence of the ratio of SiH bond concentration to
SiH, bond concentration (SiH/SiH,) is shown in Fig. 7(a).
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Fig. 7. Dependence of the ratio of SiH bond concentration to SiH, bond

concentration (SiH/SiH) on 7. (a) original and (b) result of shift using
eq. (3).
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Here the parameter is Vy,. The ratio becomes larger as Ty ik
increased until it gets to about 300°C and decreases gently
after that when Vg, is low. The ratio becomes larger as Van 18
decreased.

The curves of dependence of the ratio of SiH bond con-
centration to SiH, bond concentration (SiH/SiH,) are shifted
as mentioned above, and the shifted curves are shown in
Fig. 7(b). The ratio does not change as T, becomes hi gh when
Vin = OV. When Vy, is decreased, the ratio increases because
more H atoms are pulled out of the SiH, bond by implanted
H* ions and the concentration of SiH bond formed from the
combination of implanted H* ions and Si atoms with dan-
gling bonds increases.

From these points of view, better quality films can be fab-
ricated for lower Vy,. Calculating total H concentration from
Fig. 5(b) and Fig. 6(b), it is clarified that total H concentration
decreases simply as T is increased, which suggests that dan-
gling bond density increases at high substrate temperatures
because more H atoms leave the film. Thus we cannot draw a
simple conclusion that a-Si:H film acquires a high quality as
the SiH/SiH, ratio increases.

The dependence of dangling bond density on 7} is shown
in Fig. 8. Here the parameter is Vy,. The dangling bond
density takes the minimum value at 7, = 150°C when Vin
1s OV. When Vg is not 0V, it takes the minimum value
at 200-230°C. As T is increased, structural relaxation oc-

urs and then the dangling bond density decreases. When T,
is larger than Tymy wheis the dangling bond density is the
lowest, the hydrogen atoms are disconnecied frrm the SiH
bond so that the dangling bond destiny increases. When Vg,
is not O V, which means that the Ar™ ions are implanted, the
film structure is destroyed and the dangling bond density in-
creases. It is clear that the substrate needs to be heated more
for more structural relaxation to occur under the ion bombard-
ment. Therefore, the film with a low dangling bond density
can be fabricated at lower temperatures avoiding the ion bom-
bardment. ’
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4, Conclusion

(1) Considering the relationship between the dependence of
Si concentration on substrate temperature (7;) and that
on sheath voltage (Vy,), we clarified that the relationship
between T; and Vg can be expressed as the following
experimental equation:

Ty = —2.34 x Vg + 28°C. (3)

Figure 2(b) shows that the two curves are in good agree-
ment, which confirms eq. (3).

(2) Figure 3(a) shows the dependence of Si concentration
on I;. Here the parameter is V. As we shift T, fol-
lowing eq. (3) to take into account the film surface heat-
ing effect, all curves are in good agreement as shown in
Fig. 3(b). This reconfirms eq. (3).
Figure 4(a) shows the dependence of deposition rate on
T;. Here the parameter is Vy,. As we shift T, follow-
ing eq. (3) to take into account the film surface heating
effect, all curves are in good agreement at low tempera-
tures (below 130°C) as shown in Fig. 4(b). This indicates
that ion implanting does not affect the dependence of the
deposition rate on T; at low temperatures.

(4) Both SiH bond concentration and SiH, bond concentra-
tion increase when Vy, is decreased as a 1esu]t of ion
implanting effect [shown in Fig 5/b and Fir

(5) From the perspecthe i [oger mn'ln
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i
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achieved as the ratio of SiH bond concentration to SiH,i
bond concentration (SiH/SiH.) is increased, the best
condition would be that V, is low and T, is 400°C-
[shown in Fig. 7(b)]. On the contrary, the dangling
bond density increases as Vi, becomes lower (shown in’
Fig. 8). Thus we cannot draw a simple conclusion that
the a-Si:H film acquires a high quality as the SiH/SiH,
ratio increases.

(6) We clarified that the film with low dangling bond den-
sity can be fabricated at low temperatures avoiding ion
bombardment (shown in Fig. 8). ‘
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Abstract

We fabricated a-Si:H/SisN, Multilayers films using the Double Tubed Coaxial Line
Type MPCVD System. We processed the film to slab waveguides, and measured its
propagation properties. As a result, these optical waveguides have polarization
properties that TM mode was transmited and TE mode was cut. Also, TE/TM extinction
ratio was changed by irradiating light to the waveguides.

1. Introduction )

In recent years, the development of optical communication devices is going on
rapidly. But the research of new photonic materials and new thought devices using the
materials is not advancing much. Our laboratory have studied new photnic materials
using the Double Tubed Coaxial Line Type MPCVD System. One of them, we
succeeded in fabricating the slab waveguides with ultra thin films mutilayer structure by
depositing good a-Si:H films and good SisNy films alternately. We think the optical

waveguides with ultra thin films mutilayer structure that much thinner than
wavelength A of propagation light have specific properties, but there are few
experimental example. In this study, we researched the propagation properties of the
optical waveguides. Also, we study the change of propagation properties of the optical
waveguides by pumping. Therefore functionability can be given to the optical
waveguides, and we can expect the application to optical modulators and optical
switching devices.

2. _Experimental

We fabricated the a-Si:H/SisN4 multilayers films using the Double Tubed Coaxial
Line Type MPCVD System'”’. In the deposition chamber of this system, spatial
after-grow plasma is formed by the gas flow and diffusions because the microwave

power is not injected into the plasma in the chamber. The discharge gas, such as Ar and
Na, is fed to the outer discharge tube and the SiHy gas is fed to the inner tube.
The computer all controls inflow of discharge gas and SiH4 gas. Because movable



parts, such as Short Circuit Termination and Metal Sleeve, are controlled by programs,
we able to get best condition of plasma in each discharge.

First, SizNy4 film(about 2 u m) was deposited on Si substrates as buffer layers. To
the next, We deposited a-Si:H films and SisNy4 films alternately on the buffer layers.
Tab.1 shows the condition of fabricating each film. To the next, we cut the multilayers
films and fabricated the slab waveguides shown in Fig.1.

Tab.1 Condition of fabricating the films
Discharge Gas SiH4 Gas Substrate
Flow Rate Flow Rate Temperature
Buffer Layers N, 140 [ml/min] 15[ml/min] R.T.
a-Si:H Layers Ar 110[ml/min] 5[ml/min] 250°C
SisN4 Layers N, 140[m}l/min] 5[ml/min] 250°C

We measured the propagation properties of the fabricated slab waveguides using the
system shown in Fig.2. We used a black light or a blue LED for pumping the
waveguides.

v
J—/\z
N

Black Light

or Blue LED IR pass Filtet

Laser IR Polarzes
A =156{pm)
Lensed Fiber Object Lens

i
\L \l/ IR Camera
a-Si:H/SipNy Multileyers
Slab Waveguide

0.45( 5 m]

Moltilayers Weveguide  o-Si:H/Si 3N,
2 pm) Bufler Layer  Si gNy oy 74 —

525{ s m]} Substrate Si  n=3.48

Fig.2 Experimental setup for measurement of the extinction ratio

0.1~3[mm]
Fig.!1  Multilayers Slab Waveguide

3. Result and Discussion

Fig.3 shows that pictures of the light out from the end of slab waveguide. Fig(a) is
the light of TM mode and Fig(b) is the light of TE mode. In pictures, the lines of lights
are the lights that have propagated in the optical waveguides. And the things of ellipse
are the lights that have propagated in the Si substrates. It is obvious that TM mode can
pass and TE mode cannot pass. The lights that have propagated in the Si substrates is
not polarized, so these lights can pass in both Fig(a) and (b). As we have seen, it is
obvious that a-Si:H/SisN4 multilayers optical waveguides have the polarization
properties that TE mode cut.

Fig.4 shows that the dependence of the extinction ratio on the thickness of a-Si:H
layers, when the thickness of Si3N4 layers were stabilized with 20nm. The total film
thickness are 450nm. It is obvious that as a-Si:H layer become thin, the extinction ratio
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rise. It is conceivable as a reason that TM mode light is absorbed to a-Si:H layers more,
when a-Si:H layers become thick. Therefore the extinction ratio become worse when
a-Si:H layers become thick.

Also, Fig.4 shows the extinction ratio when the slab waveguides was pumped by
the black light. It is obvious that the extinction ratio rise when the waveguides is
pumped. Because a-Si:H layer in the waveguides become more metallic by pumping,
TE mode become difficult to transmit. Also, by a-Si:H layers absorb pumping lights, the
absorption of propagation lights decreases, therefore transmittance of TM mode
increases.

O no pumping
& pumped by black light

20}
AN
o o
B, JaN
o
:% A
ja 10~
S °
g |° & “
] © o
ol ]
0 10 20 30

Thickness of a—Si:H layers [nm]

Fig.4 Dependence of the extinction ratio
on the thickness of a—Si:H layers

To the next, we pumped the 350
a-Si:H/SisN4 slab waveguides by blue I
LED. Its thickness of a-Si:H layers were
S5Snm, SisNy layers were 50nm, total film
thickness were 450nm. Fig.5 shows the
dependence of the intensity of TM mode

300\ o

on the intensity of the pumping lights. 2500

Fig.6 shows the dependence of the

Intensity of TM mode [a.u.]
o

intensity of TE mode on pumping lights. -
Fig.7 shows the dependence of the 2% 100 200
extinction ratio on the intensity of the Intensity of pumping light{a.u]
pumping lights. In this experiments, the Fig.5 Dependence of the intensity of TM mode
LED was 1800mcd, whose directivity on the intensity of pumping light

angle was 15 degree.
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By the Fig.5, it is obvious that the 10
intensity of TM mode increase as the

pumping light intensity increase. It is
conceivable in the following reason.
Because a-Si:H layer absorb the pumping
lights, the absorption volume of TM
mode of propagation lights decrease. So
the intensity of TM mode increase.

By the Fig.6, it is obvious that the

intensity of TE mode decreases, as the 0 100 200
intensity of pumping light[a.u]

Intensity of TE mode[a.u.]
3
O

intensity of pumping lights more
increases. Because a-Si:H layer in the Fig.6 Dependence of the intensity of TE moc
waveguides become more metallic by on the intensity of pumping fight
pumping, TE mode become difficult to
transmit.

By the Fig.7, it is obvious that the 15

extinction ratio become better when the

pumping lights increases. Such result was
obtained by the change of TM mode and
TE mode shown in Fig.5 and Fig.6.

10( -

Extinction ratio[dB]
o

4. _Conclusion

a-Si:H/Si;Hy multilayers films have [
polarization properties, TE-mode-cut and % o0 500
TM-mode-pass. The extinction ratio rises Intensity of pumping light[a.u]
by pumped by lights. When intensity of Fig.7 Dependence of the extinction ratio
pumping lights increase, the extinction on the intensity of pumping light

ratio rises.
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Abustract

We were able to control the thickness of a membrane with nano-meter unit from
X-ray diffraction peak of a-Si:H/SizN4 multilayer film. We understood that the defect
density in the multilayer film increases, as the thickness of a-Si:H layer decreases, from
optical absorption coefficient of multilayer films that changes and produces the
thickness of a-Si:H layer.

1. Introduction
We have used the double tubed coaxial line type microwave plasma CVD system(”
to make a-Si:H/Si3;N4 multilayer film and to study about its quality. We have studied that
optical band gap of multilayer film with thickness of Si3Ny4 layer fixed and thickness of
a-Si:H layer varying increases as the 2 26cm "
thickness of a-Si:H layer is decreased. to Vacum Pump
And when thickness of a-Si:H layer is
fixed and thickness of Si3Ny layer is varied,
its optical band gap is invariable in case of
thickness of SizN4 layer is under 10[nm],
and increases in case of it is over 10[nm].

Spatial
Afterglow
Plasma

z=0cm
In this paper, we report that we measured
the optical absorption coefficient, and Cylindrical Chamber '
examined about the quality of Microwave . -

Power I

a-Si:H/Si3N4 multilayer films.

Short Circuit
2. Experiment Metal Sleeve —p Termination
. . R Na. A Outer Discharge
Figure.l shows the configuration of HAT - Tube
Inner Tube

the MPCVD system. In the deposition
chamber of this system, spatial after-grow
plasma is formed by the gas flow and Figl. MPCVD System

SiHs
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diffusions because the microwave power is not injected into the plasma in the chamber.
The discharge gas, such as Ar and Ny, is fed to the outer discharge tube and the SiH,4 gas
is fed to the inner tube.

The computer all controls inflow of discharge gas and SiH4 gas. Because movable
parts, such as Short Circuit Termination and Metal Sleeve, are controlled by programs,
we able to get best condition of plasma in each discharge.

When making a-Si:H layer, SiH, gas flow rate is S[ml/min] and Ar gas flow rate is
110[ml/min]. When making SizN, layer, SiH4 gas flow rate is 5[ml/min] and Ar gas
flow rate is 140[ml/min]. And substrate temperature is 250[C].

3. Result and Discussion

Figure 2 shows the X-ray
diffraction peak of a-Si:H/SisNy4
multilayer film deposited on Si
substrate. An X-ray wavelength
scattering films is 1.94[A]. The
well-defined peak is shown in Fig 2.

The thickness of 1 period layer of
multilayer film calculated from this
diffraction peak is 5.6[nm], and the
other one culculated from the total
thickness of multilayer film is
5.8[nm]. The close agreement

between the two values is obtained.
The multilayer films with thickness of SisNy layer (5.5[nm]) fixed and a range of
the thickness of a-Si:H layer varying from 0.9 to 9[nm] were fabricated, and the optical
energy band gap and the optical-absorption coefficient of these multilayer films were
measured.
Figure 3 shows the dependence of the

optical energy band gap E, on the
thickness of a-Si:H layer. As the thickness
of a-Si:H layer is decreased, E, increases.
This shows that the quantum level is made

g
)

for quantum size effects in the a-Si:H
layers and shows the making of quantum
wells. The solid line in Fig 3 represents a
curve-fitted by a theoretical formula. The
close agreement between the theoretical

Optical energy band cap [eV]

N
— T

curve and the experimental values is 0 ok s 10
. . . The thickness of a~Si:H layer [nm]
obtained, and this figure shows that the Fig.3. Dependence of optical energy band gap

multilayer films of fine quality can be on the thickness of a-Si:H layer
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fabricated. When this theoretical curve was estimated, 1.71[eV] was used for E, of the
a-Si:H layers and the effective mass of the electron in these multilayer films was used
0.34 times as heavy as the one of free electron.

Figure 4 shows the dependence of the , ;

optical-absorption coefficient on the Bl oem =
. . . T ® 1.8[nm}

photon energy for multilayer films with £ o 26w e o
the thickness of a-Si:H layers varied. As % e vomm
the photon energy is increased, the optical E . . .
absorption coefficient increased. And then ¢ )

02 F s ® E
as the thickness of a-Si:H layers is ‘Sim 3 .
decreased, the optical absorption & . . ¢
coefficient decreased. However, as the e e : °

.
thickness of a-Si: H layer is decreased, the ©

10° * :

proportion of the increase of the optical

—

2 3
Photon energy [eV]
Fig.4 The depndence of optical absorption coefficient
on photon energy with varying the thickness
of a—Si:H layer

absorption coefficient associated with the
increase of photon energy is decreasing.
We suggested that the optical transport is
prevented, because the defect density in a multilayer film increases with the thickness of
a-Si: H layers increased.

On the other hand, maltilayer films with thickness of a-Si:H layer (3[nm]) fixed
and a range of the thickness of SisNy4 layer varying from 3 to 30[nm] were fabricated,
and the optical energy band gap and the optical-absorption coefficient of these
multilayer films were measured.

Figure 5 shows the dependence of 2.1 , . .

the optical energy band gap E, on the
SisN, layer thickness. E, is constant with ]
about 1.83 [eV] in case of the thickness E 2r o ° 7
of SisNy layer is under about 10 [nm], § ]
but as the thickness of SisNy layer is § 'o o © ]
increased, E, increases in case of the ?T o
thickness is over 10[nm]. While the & o o © ]
optical transport between the quantum % 1.8r 7
level in a-Si:H is dominant in case of the © | ]
thickness of SizNs layers is under 17 , , .

0 10 20 30

10[nm], its transport exerts an influence
largely to SisN4 layers in case of the
thickness is over 10[nm].

The thickness of SizN, layer [nm]

Fig.5. Dependence of the optical energy band cap
on the thickness of SizN, layer

Figure 6 shows the dependence of the optical-absorption coefficient on the photon
energy for multilayer films with thickness of SisNy layers varied. As the photon energy
is increased, the optical absorption coefficient increased. And then as the thickness of
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SisNy4 layers is increased, the optical :

absorption coefficient decreased. In this .
figure, there is almost no difference . 10° ° :zi:; .
between the curves of the 2 thinnest é + 1) °
SisNy layers, because a sub band by a 8§ T ‘
tunnel effect is formed. However, other é 3 -
curves show the value of the optical g 10 . 1
absorption coefficient that relied on the % ° .
thickness of SisN, layer, because the sub gl s 8 B
band is not formed. I

10° 2 3
4, Conclusion Optical energy [eV]

The thickness of the 1 period layer Fig.6 The dependence of optical absorption coefficient
. . . . on photon energy with varying the thickness
of  a-Si:H/SisNs  multilayer  film of SizN, layer
calculated from the total thickness of the
multilayer film and the thickness calculated from a X-ray diffraction peak of the
multilayer film agreed very well.

A theoretical curve and an experiment value of optical energy band gap of
multilayer films with thickness of SizsNy layer fixed and a range of the thickness of
a-Si:H layer varying were agreeing well, and we able to fabricated the multilayer films
of good quality.

That the defect density in the multilayer films increases, as the thickness of a-Si:H
layer decreases from the optitical absorption coefficient of the same multilayer films,
understood.

We understood that optical transport exerts an influence to SizN4 layer largely in
case of the thickness is over 10[nm] from optical energy band gap and optical
absorption coefficient of the multilayer films with thickness of a-Si:H layer fixed and a

range of the thickness of SizNy layer varying.
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Abstract

Using a double tubed coaxial line type microwave plasma CVD system, a-Si:H nanoball
films which include Si nanocrystals can be fabricated. The photoluminescence (PL) is
observed at the room temperature after the a-Si:H nanoball film is oxidized by heating in the
atmosphere or the pure oxygen gas. We have fabricated a-Si:H nanoball films with varying
the DC bias substrate voltage of this system and discussed the influence of the ion
bombardment energy on the film properties and the PL characteristics. We have also analyzed
the mechanism of the creation of Si nanocrystals and estimated theoretically the number of
the Si nanocrystals.

Introduction

We have developed a double tubed coaxial line type microwave plasma CVD (MPCVD)
system'?. Figure 1 shows the configuration of this MPCVD system. In this system the
microwave power is confined in the cavity region, and in the deposition chamber a spatial
afterglow plasma without injection of the microwave power is created by the gas flow and
diffusions. The discharge gas (which creates the plasma, but doesn’t create a depositional
material by itself) is fed to the outer discharge tube and the material gas (which is dissociated
in the plasma and creates a depositional ) 260m
material) is fed to the inner tube (as shown in to Vacugm Pump
Fig. 1). Both gases can be led separately to the
deposition chamber. The discharge gas is
ionized in the cavity region by the microwave
power. The material gas is led to the discharge Sfj,f;‘;low
tube end through the inner tube, flows into the  Plasma it atormm —
plasma and is dissociated by the collision with Cylindrical Chamber [\
the plasma particles. ' Microvnve_

Using Ar gas as a discharge gas and SiH4
gas as a material gas, a-Si:H films are
fabricated. In the case of the low gas pressure s Outer Discharge
in the deposition chamber by the high speed Inner Tube Tube
exhaust, a good a-Si:H film is created®*. This SiH4
film is suitable for a solar battery and a thin

film transistor. In the case of the high gas Fig.1 Configuration of the double tubed coaxial line type
microwave plasma CVD system
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pressure in the deposition chamber by the low speed exhaust, because the mean free path
becomes short, SiH radicals are spatially recombined in the gaseous phase, and become
a-Si:H nanoballs (~20 nm in diameter). The a-Si:H nanoballs deposit on the substrate, and an
a-Si:H nanoball film is fabricated”. It is found by X-ray diffractmeter that a-Si:H nanoballs
include Si nariocrysta]s (several nm in diameter). The photoluminescence (PL) is observed at
the room temperature after the a-Si:H nanoball film is oxidized by heating in the atmosphere
or the pure oxygen gas.

In this study we have fabricated the a-Si:H nanoball films with varying the DC bias
substrate voltage and discussed the influence of the ion bombardment energy on the film
properties and the PL characteristics. We have analyzed the mechanism of the creation of Si
nanocrystals and estimated theoretically the number of the Si nanocrystals from the results .

Experimental
The experimental conditions are as follows. The axial distance from the discharge tube end

is defined as z (as shown in Fig. 1). The Ar gas flow rate is 110 ml/min and the SiH, gas flow
rate is 30 ml/min. The microwave power is 150 W. The substrate table is set at z = 10 cm. The
inner tube end is at z = —1.4 cm. The gas pressure in the deposition chamber is set at
250 mTorr by controlling the exhaust valve. The substrate temperature is R.T.. The discharge
time is 10 min. In this study The DC substrate bias voltage is varied from —80 V to +40 V.

As deposited, the FTIR absorption is measured in order to calculate the hydrogen
concentration of the film, the X-ray diffractmeter in order to calculate the diameter of Si
nanocrystals included in the film by the Scherrer’s formula, and the SEM image in order to
observe the film surface and the cross section.

The other films are oxidized in the atmosphere at 220 °C for 60 hours. After oxidation the
PL spectrum is measured. The excitation light is Ar" laser (514.5 nm). The measurement is
done at the room temperature in a vacuum (~2x107 Torr) in order to avoid the thermal
oxidation by the laser irradiation energy.

Results and discussions

We measured the sheath voltage (Vi) at z = 9 cm in the pure Ar® plasma by the single
probe method when the substrate is set at z = 10 cm. Figure 2 shows the dependence of the Vy,
on the Vg. It is found that the V;, was varied from —110 V to —20 V with varying V. from —80
V to +40 V. Therefore, the ion bombardment energy is varied from —110 eV to —20 eV

+ . . . . .
because the Ar’ ion hardly collides with any other plasma particles in the sheath.
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Fig. 2 Dependence of the Vj, on the V,, Fig. 3 Dependence of the Cy on the V,



In order to survey the influence of the variation of the ion bombardment energy on the
construction of the film, we calculated the hydrogen concentration (Cy) from the FTIR
spectra. Figure 3 shows the dependence of the Cy on the V. It is found that, as the Vj,
increases in a negative direction, i.e. the ion bombardment energy increases, the Cy decreases.
This result is considered to be due to as follows. As the Vy,increases, the Ar” ions are more
accelerated by the sheath voltage and the Ar” ions with larger energy are struck into the film.

Figure 4 shows the dependence of the deposition rate of the film on the V. It is found that,
as the Vg, increases in a negative direction, the deposition rate decreases. This result is
considered to be due to as follows. As the V increases, the mobility of the a-Si:H nanoballs
attached to the substrate is raised by the film surface heating effect of the ion bombardment’,
therefore, the a-Si:H nanoballs deposit densely on the substrate.
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g |
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Sheath Volitage —V, [V] Sheath Voltage —V, [V}
Fig. 4 Dependence of the deposition rate Fig. 5 Dependence of the diameter
of the film on the V, of the Si nanocrystal on the V,

Figure 5 shows the dependence of the diameter of the Si nanocrystal on the V. It is found
that, as the V, increases in a negative direction, the diameter of the Si nanocrystal increases.
This result is considered to be due to as follows. As the ion bombardment energy increases,
the diameter increases because the Si nanocrystal is created by the ion bombardment (as
mentioned later).

Figure 6 shows the dependence of the PL intensity on the V. It is found that, as the Vj
increases in a negative direction, the PL intensity increases. From this result it is considered
that the number of the Si nanocrystals in the a-Si:H nanoball film increases, because the PL

intensity is supposed to be in proportion to the

1000 number of Si nanocrystals in the film. This result is
] ] explained by the analysis of the mechanism of the
creation of Si nanocrystalls as follows. The Ar’
ions are struck into the a-Si:H nanoball deposited
on the substrate and provide their energy to the
a-Si:H nanoball. Moreover the a-Si:H nanoball
itself has the thermal energy when created in the
gaseous phase. Then the energies is used to
T disconnect some hydrogen atom connected to the
Sheath Valtage ~V,, [V] a-Si:H, and, moreover, to crystallize the a-Si.

Fig. 6 Dependence of the PL intensity on the V;;,  Therefore, the Si nanocrystal is created in the
a-Si:H nanoball film by the Ar” ion bombardment.
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PL intensity [a.u.]
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In order to confirm this analysis, we estimated the number of Si nanocrystals existing per unit
area of the a-Si:H nanoball film i.e. the concentration of Si nanocrystals per unit area (n(Vs))
from the measured results mentioned above. n(Vy,) is expressed as follows.
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Abstract

We have fabricated a-C:H films using the double tubed coaxial line type MPCVD system.
H, gas was used as the discharge gas and CH, gas was used as the material gas. In this study,
in order to deposit the polymer-like a-C:H films, the gas pressure in the deposition chamber is
made high by exhausting using only the rotary pump. ( between 180 mTorr and 500 mTorr ).
Also the substrate temperature is R.T. . Under this condition we are able to deposit transparent
and soft polymer-like a-C:H films. We discuss the influence that the H, gas flow rate gives to
the pure H, plasma parameter, the deposition rate, the hardness, and the optical energy band

gap.

1.Introduction

Figure 1 shows the double tubed coaxial line type microwave plasma CVD (MPCVD)
system. The discharge gas is fed to the fused quartz outer discharge tube and the material gas
is fed to the stainless steel inner tube. H, gas was used as the discharge gas and CHy4 gas was
used as the material gas. H, gas is ionized in the discharge region by the microwave power.
The inner tube leads CHy4 gas to the discharge tube end, and CH, gas is dissociated by the
collision with the H, plasma particles.

An iris is put on the end of the outer discharge tube (figure 2). This is in order to make the
gas pressure high in the discharge tube. In this way, we could create high density H, plasma
and deposit the a-C:H films fast at the low pressure.[1]. Furthermore, the coil is set up around
the cavity of the system in order to create the stable and high density plasma. And the
magnetic field along the gas flow is applied to the discharge area to suppress the diffusion to
the discharge tube wall. Using this system, we fabricate the polymer-like a-C:H films at the
high pressure. |

2.Experiment
The axial distance from the end of the discharge tube is defined as z. At z=2 cm in the

deposition chamber, the plasma parameters of pure H, plasma are measured, where the H; gas
flow rate is varied from 110 to 400 ml/min and the magnetic flux density at the center of the
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Fig 3 shows the dependence of the gas
pressure on z in H, gas flow rate=400
ml/min. The gas pressure in the discharge
tube is high when we used the outer
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coil is varied from 0 to 2000 Gauss. The ' :
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The polymer-like a-C:H film is fabricated S o
on the substrate table at z=2 cm, where the % o
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discharge tube with the iris. But the gas pressure at z=5 cm in the deposition chamber is same.
The plot at z=-7 cm is the gas pressure in the discharge region. We can create the stable and
high density plasma, because the gas pressure in the discharge region is high.

Fig 4 shows the dependence of the electron density on the magnetic flux density at z=2 cm.
The electron density increases with increasing the magnetic flux density. And the electron
density is saturated when the magnetic flux density is more than 1300 Gauss. The electron
density is increased because it is suppressed by applying the magnetic field that the electron
diffuses to the discharge tube wall. So we fabricate a-C:H films under the condition of
magnetic flux density =1500 Gauss.

Fig 5 shows the dependence of the electron temperature on the magnetic flux density at z=2
cm. The electron temperature increases with

4 T T H T
increasing the magnetic flux density. The

electron that has high energy is easy to diffuse
to the discharge tube wall without the
magnetic field. With applying the magnetic
field, it decreases that such an electron
disappearing by the surface reconnection on
the discharge tube wall. As a result, the

Deposition Rate [ u m/h]
N

electron temperature increases because the
ratio of such an electron is increased.
Fig 6 shows the dependence of the °

deposition rate on the H, gas flow rate. The 0 200 200
deposition rate decreases with increasing the Flow Rate of H, gas  [ml/min]

H, gas flow rate. This is because the electron fig.6 Dependence of Deposition Rate

temperature decreases with increasing the H, on Flow Rate of H, gas
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gas flow rate.

Figure 7 shows the dependence of the hardness of a-C:H films on the H, gas flow rate. The
hardness was measured by micro vickers hardness tester. The hardness of diamond-kike
carbon film is known to be about 1000~4000 kg/mm®* The a-C:H films fabricated by this
system are softer than it.

Figure 8 shows the dependence of the optical energy band gap on the H; gas flow rate. The
optical energy band gap doesn’t depend on the H; gas flow rate. It is about 2.8 eV. The optical
energy band gap of a-C:H films deposited at the low pressure (4mTorr) were about 2.2 eV. We

could deposit the transparent polymer-like a-C:H films at the high pressure. The color was
light yellow.
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Fig.7 Dependence of Hardness Fig.8 Dependence of Optical Energy band gap (E )
on Flow Rate of H ,gas on Flow Rate of H, gas

4.Conclusion

The gas pressure of the discharge region in the discharge tube is able to be high by using
the outer discharge tube with the iris. As a result, we can create the stable and high density H,
plasma when the magnetic flux density is more than 1300 Gauss.

At the high pressure and room temperature, the transparent and soft polymer-like a-C:H
films are fabricated. The optical energy band gap is about 2.8 eV.
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Abstract

We have fabricated a-Si:H films using double tubed coaxial line type microwave plasma
CVD system. We fabricated a-Si:H films using Ar plasma, but there were some problems, one
of which was that Ar atoms were implanted as the impurities. To solve these problems, we
have used H; plasma to fabricate them. This time we use the sheath voltage (Vi) on the film
surface as the parameters, fabricate a-Si:H films varying substrate temperature (T;). The
sheath voltage is obtained by subtracting the plasma space potential from DC substrate bias
voltage (V).

1.Introduction

We have studied the influence that each parameter, which are magnetic flux density, SiH4
flow rate, H, flow rate, substrate temperature and sheath voltage, exert on a-Si: H film quality
using H, plasma. (11123 31 (4] 157 We Jearned that the dangling bond density can be minimized
at Vg=-30[V] (V4=0V), Ts = 150°C ,and can be made smaller by putting Vg, closer to OV
from minus regionws]‘

In this paper, we fabricated a-Si:H film varying substrate temperature and use Vg as a
parameter, study the influence of T; on its quality. Also we compare the quality of it with that

of one which was fabricated using Ar plasma in a same condition.

2. Experiment

Fig.1 shows the configuration of longitudinal magnetic field applied double tubed coaxial
line type MPCVD system. In this system the microwave power is confined in the cavity. The
H; gas is fed to the outer discharge tube and the SiHy gas is fed to the inner tube. The H; gas
is ionized in the cavity region by the microwave power. The SiH4 gas flows to the discharge
tube end through the inner tube, then the SiHy is dissociated by the collision with the H»
plasma particles.

The coil is set up around the cavity of the system, so we can create stable and dense H;
plasma. This is because the magnetic field along the gas flow (longitudinal magnetic field) is
applied to the discharge area to suppress the diffusion to the discharge tube wall. The axial
distance from the discharge tube end is defined as z.
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_ The substrate table area is 40 cm” and the table is placed at z=10 cm. The magnetic flux
density is 1750 Gauss. H, gas flow rate is 400 ml/min and SiH,4 gas flow rate is 30 ml/min.

The DC substrate bias voltage is +40V, 0V and
The substrate temperature is varied from R.T. to
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3.Result and Discussion

B.2.1.1 HBSRIMN - S5 FaE % EMPCVDEE

We have studied influences of the ion bombardment on a-Si:H films and clarified
that an ion bombardment has a film surface heating effect (ions excite vibration of
lattice of atom surface) and ion implanting effect (ions accelerated by Vg, implant into

the substrate) on the film First of all, in the case

of using H; gas as the discharge gas, we

assume that the latter is neglected, and we consider only the former. But in the case of
using Ar gas as the discharge gas, we should consider both effects. So the film surface
heating effect and the ion implanting effect of the ion bombardment should be
separately studied and discussed.”When we study the film quality in the case of using

Ar plasma, we shift Ts by the heat which the
substrate is given through the film surface
heating effect. For example, T is shifted
40 °C when Vg is -17V ,87 °C when Vg is
-37V and 136 C when Vg is -58V. So in
this paper, Ts is shifted in the case of using Ar
plasma.

Fig.2 shows the dependence of the
deposition rate on the substrate temperature
with Vy, as the parameter. In the cases of both
using Ar plasma and using H, plasma, the
deposition rate decreases for all parameters
when T; is increased. This is because the film
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density increases as the substrate is heated. & HoVp=0V)

Fig.3 shows the dependence of the ?”E" * ZS;%::Z%V)
concentration of SiH bond on the substrate = . ; 2%;%:};3%
temperature with Vg, as the parameter. In the g | ® o * ?HZV:»ssv)) ]
case of using H, plasma, the concentration of I s Z ° i Aot
SiH bond increases until T, gets to 100C % o ; . .
because the hydrogen constituting the SiH, bond % © - " ]
is disconnected. But after that it decreases § [o ® o E@D' ° &° g "
because amount of the hydrogen disconnected § 5 g oo
from SiH, is larger than that of the hydrogen % 200 ' 400
disconnected from SiH. In both cases of using H, Substrate Temperature [*C]
plasma and using Ar plasma, the concentration M2 L—XBEENSTA—FELE
of SiH bond increases because of ion [x10™) SHEEROLRERMKAE
implanting effect. 10 ; RGN = =

Fig4 shows the dependence of the 7. | gg;%ss::?x;v) |
concentration of SiH, bond on the substrate % I ‘g/:!r(\\//shi-_%\\//) T
temperature with Vg, as the parameter. In the % I o ‘f ﬁ?{\\//:EZ%gV) |
cases of both using Ar plasma and using H, iu i oy w Ar(V=-58V) |
plasma, the concentration of SiH, bond & St . ]
decreases for all parameters as T, becomes g 8 @D' g ]
higher. This is because the hydrogen E ¢ o B . .
constituting the SiH, bond is disconnected g | ® % i Bn &
when the substrate temperature is increased. In é O- ] . © @
both cases of using H; plasma and using Ar 0 200 400
plasma, the concentration of SiH bond increases Substrate Temperature [C]
because of ion implanting effect. H3 L—RBEENTA—4E LT

Fig.5 shows the dependence of the ratio of the SiH, & BOBIREEKEN
concentration of SiH bond to the concentration
of SiH2 bond on the substrate temperature with 6 J ‘ | ’
Ve as the parameter. In the case of using H, g?r((\\/;s’;;%\\//)) : :f((\‘/’sh:::\\/’))
plasma, it increases until Ts gets to about @ Hy(Vey=—17V) " 1
200°C,and after that it decreases gradually .It is & ArlVe==17V)
considered that this is because the concentration 4'; 2;(\\,/:::2?\\,/)) ]
of SiH, bond decreases steeply at around % | é |
200°C,but the concentration of SiH bound dose U;) 0% ©° g &
not so. 2t ® .-

Fig.6 shows the dependence of the dangling 8 - E .
bond density on the substrate temperature with 8 - B o ;
Vs as the parameter. In the case of using H, 00 Do - =™ l? o LTI |

plasma, it remains minimum at T,=150°C for all
parameters. And it increases when Vg, is
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increased. It is considered that this is because
hydrogen ions accelerated by Vg, cut off Si-Si
bond and Si-H bond.

Fig.7 shows the dependence of the optic energy
band gap on the substrate temperature with Vg, as
the parameter. In the cases of both using Ar
plasma and using H, plasma, the optic energy
band gap decreases for all parameters when Ts is
increased.

4.Conclusion

We fabricated a-Si:H film using double tubed
coaxial line type microwave plasma CVD system.
In the case of using H, gas as the discharge gas,
the deposition rate decreases when T; is increased,
and decreases when Vg is
concentration of SiH bond takes a maximum
value at Ts=150, and it increases when Vg, is
increased. The concentration of SiH; bond

decreases when T is increased. The dangling

bond density can be minimized at
Ts=150°C,V4=0V. The optic energy band gap
decreases for all parameters when T is
increased.
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Using a double tubed coaxial line type microwave plasma CVD system,
a-Si:H nanoball films which include Si nanocrystals can be fabricated. The
photeluminescence (PL) is observed at the room temperature after the
a-Si:H nanoball film is oxidized by heating in the atmosphere or the pure
oxygen gas. We have fabricated a-Si:H nanoball films with varying the
parameters of fabrication conditions and oxidation conditions, and discussed
the film properties and the PL characteristics of a-Si:H nanoball films. We
have also discussed the influence of the ion bombardment energy and
analyzed the mechanism of the creation of Si nanocrystals and estimated
theoretically the number of the Si nanocrystals. '

INTRODUCTION

We have developed a double tubed coaxial line type microwave plasma CVD (MPCVD) system™.
Figure 1 shows the configuration of this MPCVD system. In this system the microwave power is
confined in the cavity region, and in the deposition chamber a spatial afterglow plasma without
injection of the microwave power is created by the gas flow and diffusions. The discharge gas (which
creates the plasma, but doesn’t create a depositional material by itself) is fed to the outer discharge tube
and the material gas (which is dissociated in the plasma and creates a depositional material) is fed to the
inner tube (as shown in Fig. 1). Both gases can be led separately to the deposition chamber. The
discharge gas is ionized in the cavity region by the microwave power. The material gas is led to the
discharge tube end through the inner tube, flows into the plasma and is dissociated by the collision with
the plasma particles.

Using Ar gas as a discharge gas and SiH, gas as a material gas, a-Si:H films are fabricated. In the
case of the low gas pressure in the deposition chamber by the high speed exhaust, a good a-Si:H film is
created®. This film is suitable for a solar battery and a thin film transistor. In the case of the high gas
pressure in the deposition chamber by the low speed exhaust, because the mean free path becomes
short, SiH, radicals are spatially recombined in the gaseous phase, and become a-Si:H nanoballs
(~20 nm in diameter). The a-Si:H nanoballs. deposit on the substrate, and an a-Si:H nanoball film is



fabricated®. It is found by X-ray diffractmeter that a-Si:H nanoballs include Si nanocrystals (several nm
in diameter). The photoluminescence (PL) is observed at the room temperature after the a-Si:H
nanoball film is oxidized by heating in the atmosphere or the pure oxygen gas. This Si luminescent
material is suitable for optelectronic monolithic integrated circuits by combination with the SiON
waveguides about which we published elsewhere®. »

In this study we have fabricated the a-Si:H nanoball films with varying the parameters of fabrication
conditions and discussed the film properties and the PL characteristics of a-Si:H nanoball films. We
peculiarly have discussed the influence of the ion bombardment energy on the film properties and the
PL characteristics. We have analyzed the mechanism of the creation of Si nanocrystals and estimated
theoretically the number of the Si nanocrystals from the results .
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Fig. 1. Configuration of the double tubed coaxial line type microwave plasma CVD system
EXPERIMENTAL

The basic experimental conditions are as follows. The axial distance from the discharge tube end is
defined as z (as shown in Fig. 1). The Ar gas flow rate is 110 ml/min and the SiH, gas flow rate is
30 mVmin. The microwave power is 150 W. The substrate table is set at z = 10 cm. The inner tube end
is at z = —1.4 cm. The gas pressure in the deposition chamber is set at 250 mTorr by controlling the
exhaust valve. The DC bias substrate voltage is 0 V. The substrate temperature is R.T.. The discharge.
time is 10 min.

The parameters of the fabrication conditions are varied as follows. The Ar gas flow rate is varied
from 90 ml/min to 130 ml/min. The SiH, gas flow rate is varied from 10 m¥/min to 50 ml/min. The
microwave power is varied from 110 W to 190 W. The substrate position is varied from z = +2.5 cm 1o
17.5 cm. The substrate temperature is varied from R.T. to 400 °C. The discharge time is varied from
1 510 1800 s. The DC substrate bias voltage is varied from —80 V to +40 V.

As deposited, the FTIR absorption is measured in order to calculate the hydrogen concentration of
the film, the X-ray diffractmeter in order to calculate the diameter of Si nanocrystals included in the
film by the Scherrer’s formula, and the SEM image in order to observe the film surface and the cross
. section.

The other films are oxidized in the atmosphere at 220 °C for 60 hours or in the pure oxygen gas at
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200 °C for 2 hours. The oxidation temperature and time are varied in order to clarify their influence on
the PL characteristics. After oxidation the PL spectrum is measured. The excitation light is Ar* laser
(514.5 nm). The measurement is done at the room temperature in a vacuum (~2x10° Torr) in order to

avoid the thermal oxidation by the laser irradiation energy.

RESULTS AND DISCUSSIONS
The dependence on the oxidation time and temperature

Figure 2 shows the PL spectra from the a-Si:H nanoball film which is oxidized at 200 °C in the pure
ox,gen gas. In the figure the parameter indicates the oxidation time. The PL spectra have a peak at
aboui 780 nm. The PL cannot be observed from the films before oxidation, but after oxidation the PL is
observed at the room temperature and its intensity increases as the oxidation time gets longer.

PL Intensity [a.u}

120 min |
90 min |
60 min
' 0mn |
0 min

700

800 500
Wavelength [nm}

From the above result it is considered that the
a-Si:H is oxidized and becomes SiO,, so that the
Si nanocrystals are buried in the SiO,.

In order to see the dependence of the oxidation
temperature on the PL characteristics, we also
measured the PL intensity from the films oxidized
at the different temperatures (i.e. 80, 150, 220 °C
in the atmosphere and 200, 300, 400, 500 °C in the
pure oxygen gas). Figure 3 show the dependence
of the PL intensity on the oxidation time. In the
figures the parameters indicate the oxidation
temperature. It is found that, in the case of the
atmosphere (a), as the temperature is higher, the

Fig. 2 PL spectra from the a-Si:H nanoball film
the other hand, in the case of the pure oxygen gas (b), the PL intensity of each temperature saturates

PL intensity is stronger and saturates sooner. On

sooner than those in the case of the atmosphere.
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Fig.3 Dependence of the PL intensity on the oxidation time in (a) the atmosphere
and (b) the pure oxygen gas

The influence of the substrate temperature

We fabricated the films with varying the substrate temperature from R.T. to 400 °C. From the SEM
image, we observed the structure of the films. The ones at 200 °C and below consist of the distinct balls
depositing, but, about the ones at 300 °C and 400 °C, the balls seem to break in smaller particles and
they deposit. Figure 4 shows the dependence of the PL intensity on the substrate temperature. The PL is
observed from the films fabricated only below 100 °C and the PL intensity increases as the substrate
temperature becomes lower. From this result it is considered that, as the substrate temperature is higher
than 100 °C, the film becomes hard to be oxitized, so that the PL from the films fabricated only below

100 °C can be observed.
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The dependence on the substrate position

~ We fabricated the films with varying the substrate position from z = +2.5 cm to +17.5 cm. Figure 5
shows the dependence of the PL intensity on the substrate position. It is found that, as the substrate is
set nearer to the discharge tube end, the PL intensity increases and has its maximum nearby
z = 5,7.5 cm and decreases drastically at z = 2.5 cm. This result is considered to be due 1o as follows.
As the substrate position z decreases, the density of SiH, radical in front of the substrate increases, so
the film thickness increases. Therefore the PL intensity increases. But when the z is as small as 2.5 cm,
SiH, radicals arrived on the substrate before the a-Si:H nanoballs are created by the spatial
recombination, and, in addition, the substrate was heated by the ion bombardment. Therefore, the PL
intensity decreases. The effect mentioned above and these two effects are considered to lead the result
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Fig.6 (a) Dependence of the film thickness on the discharge time
(b) Dependence of the PL intensity on the film thickness

The dependence on the discharge time

In order to estimate the process of the deposition of the film, we observed the SEM image of the
surface and the cross section of the films fabricated with varying the discharge time from 1s to 1800 s.
Figure 6 (a) shows the dependence of the film thickness on the discharge time. It is found that, as the
discharge time increases, the thickness increases and saturates nearby 1500 s. From the SEM image of
the cross section a-Si:H nanoballs are found to have deposited on the substrate taking the form of
pillars with a space. From the above results it is considered that, as the discharge time increases, the
pillars grow upward to some extent of height, and after that they get fat, hence, the film thickness
saturates. Figure 6 (b) shows the dependence of the PL intensity on the film thickness. It is found that,
as the film thickness increases, the PL intensity increases not in proportion to the thickness and
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saturates. This result is considered 1o be due to as follows. When the film is thin, the whole film can be
oxidized, but, when the film is thick, the space between the pillars become narrow, then the film is hard
to be oxidized totally, hence, the PL intensity saturates.

The influence of the ion bombardment energy

In order to see the influence of the ion bombardment energy on the film properties and the PL
characteristics, we fabricated the films with varying the DC bias substrate voltage (V,.) from -80 V to
+40 V.

We measured the sheath voltage (V) atz = 9 cm in the pure Ar* plasma by the single probe method
when the substrate is set at z = 10 cm. Figure 7 shows the dependence of the V, on the V.. It is found
that the V,, was varied from -110 V to ~20 V with varying V,, from —80 V to +40 V. Therefore, the ion
bombardment energy is varied from -110 eV 10 ~20 eV because the Ar* ion hardly collides with any
other plasma particles in the sheath.
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Fig. 7 Dependence of the ¥, on the V, Fig. 8 Dependence of the Cy; on the V),

In order to survey the influence of the variation of the ion bombardment energy on the construction
of the film, we caiculated the hydrogen concentration from the FTIR spectra. Figure 8 shows the
dependence of the Cy, on the V,,. It is found that, as the V,, increases in a negative direction, i.e. the ion
bombardment energy increases, the C,; decreases. This result is considered to be due to as follows. As
the V,, increases, the Ar* ions are more accelerated by the sheath voltage and the Ar” ions with larger
energy are struck into the film.

Figure 9 shows the dependence of the deposition rate of the film on the V. It is found that, as the V,
increases in a negative direction, the deposition rate decreases. This result is considered to be due to as
follows. As the V,, increases, the mobility of the a-Si:H nanoballs attached to the substrate is raised by
the film surface heating effect of the ion bombardment’, therefore, the a- Sl H nanoballs deposit densely
on the substrate.
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Figure 10 shows the dependencc of the
diameter of the Si nanocrystal on the V. It is
found that, as the V,, increases in a negative
direction, the diameter of the Si nanocrystal
increases. This result is considered to be due to as
follows.. As the ion bombardment energy
increases, the diameter increases because the Si
nanocrystal is created by the ion bombardment (as
1 mentioned later).

Figure 11 shows the dependence of the PL
intensity on the V,,. It is found that, as the V,,
increases ‘in a negative direction, the PL intensity
increases. From this result it is considered that the
number of the Si nanocrystals in the a-Si:H
nanoball film increases, because the PL intensity is supposed to be in proportion to the number of Si
nanocrystals in the film. This result is explained by the analysis of the mechanism of the creation of Si
nanocrystalls as follows. The Ar* ions are struck into the a-Si:H nanobali deposited on the substrate.
-Then its energy is used to disconnect some hydrogen atom connected to the a-Si:H, and, moreover, 1o

crystallize the a-Si. Therefore, the Si nanocrystal is created in the a-Si:H nanoball film by the Ar* ion
bombardment. In order to confirm this analysis, we estimated the number of Si nanocrystals existing
per unit area of the a-Si:H nanoball film from the measured results mentioned above. The method of
calculation is shown as follow.

PL Intensity [a.u]
o :
f==
(=]

n " n 1 i A ) 1 L
0 50 100 .
Sheath Voltage —Vyy, [V]

Fig. 11 Dependence of the PL intensity on the ¥,

The energy (E,,(V,)) provided by the bombardments of the Ar* ions per unit time and unit area of
the substrate is expressed as follows by the sheath voltage (V,;), the current (I,) which flows into the
substrate table while deposition and the area of the substrate table (S). The measured 1, is a certain
value of 3 uA independent of the V.

E,,)="uls ~ [I/m*s) . 1)

The energy which is necessary for the disconnection of the hydrogen atoms per unit time -and unit
area is defined as E (V). Where the number of the hydrogen atoms which are disconnected per unit
time and unit area (D,(V,;)) is expressed as the function of V,, by the hydrogen concentration (Ci(V,,.)
and the deposition rate (RAV,,)) as follows. The C(V,;) and R(V,;) is obtained from Figs. 8 and 9.

Dy(Va)=CyV =0 R, =0)-C4 (V) R, (%) [L/m™s] - @
The binding energy of Si-H is 295 kJ/mol 8 Therefore,

295x10°

coriom Cu W= 0 Ry =0-C, ) R 0,) IS ()

EyVy)=

It is considered that the energy of £, — E;; is consumed to create the Si nanocrystals.

Next, the energy which is necessary for the creation of a Si nanocrystal is defined as E, (V,,). As the
lattice constant of Si crystal is 5.43 A and a unit lattice has 8 Si atoms, the number of Si atoms
consisting a Si nanocrystal (Ng(V,)) is expressed as the function of V,, by the radius of the Si
nanocrystal (r(V,,)). The r(V,,) is obtained from Fig. 10 as the half value of the diameter.

8 4m(,) O)
(5.43x1070)° 3

N&'(V:h)=
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The energy necessary for the phase transition from a-Si to Si crystal is 11.9 kJ/mol °. Therefore,

_119x10° 8 4w )] )
6.02x10% (5.43x107)° 3

Eac (V:h)

The number of Si nanocrystals created per unit time and unit area is calculated as the E, ~ Ey
divided by the E,.. Therefore the number of Si nanocrystals existing per unit area of the a-Si:H nanoball
film, i.e. the concentration of Si nanocrystals per unit area (n(V,.)), is expressed as follows by
multiplying it by the discharge time of 600 s.

nVy) = E"E” Ex v 600
v,I, 295x10° 6.02x10% (5.43x107°)° * 3
=t 2 - {C, (0)-R,(0)~-C R . . . x 600
{S 6020105 Cr O RO-C1 ) dcm)} Tox 10 P P S
| (1/m?) ©

Where, the C;(0) and &,{0) are estimated from the Figs. 8 and 9 by extrapolation.

Now the n(V,;) can be estimated ivom Figs. 8, 9 and 10 by above method. Where, the solid lines of
those figures are drawn as the curve of secondary degree obtained by the method of least squares, and
are used for the calculation. Figure 12 shows the dependence of the n(Vy,). It is found that, as the V,
increases in a negative direction, the n(V,,) increases almost linearly. : '

Figure 13 shows the dependence of the PL intensity (/) on the n(Vy,) calculated from Figs. 11 and 12,
Where, the plots present the experimental result and the solid line presents the theoretical one which is
obtained by vertical transition of the solid line of Fig. 12 in order to agree with the plots. Comparing
the two results from the figure, it is found that they are in a good agreement. But it is found also that
the analysis is not perfect because the PL intensity is not 0 when the concentration of Si nanocrystals is
0 as shown in Fig. 13. However, the agreement of their tendencies shows the appropriateness of our
theoretical analysis. Now we are improving this analysis.
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Fig. 12 Dependence of the concentration Fig. 13 Dependence of the PL intensity
of the Si nanocrystals on the Vg on the concentration of Si nanocrystals
CONCLUSION

We fabricated a-Si:H nanoball films by a double tubed coaxial line type microwave plasma CvD
system with varying fabrication conditions and oxidation conditions and discussed the PL
characteristics and the film properties. .

(1) After the films are oxidized by heating, the PL is observed at the room temperature. The PL
intensity from the films oxidized in the pure oxygen gas saturates sooner with the increase of the
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oxidation time than that in the atmosphere. _

(2) As the substrate temperature during deposition is higher, the PL intensity decreases, and the PL
cannot be observed at 100 °C or over, because the films become hard to be oxidized.

(3) When the substrate is set at 5~7 cm away from the discharge tube end, the PL intensity is
strongest.

(4) As the discharge time increases, the film thickness increases and then saturates nearby 1500 s.
As the film thickness increases, the PL intensity increases and then saturates.

We also fabricated a-Si:H nanoball films with varying the DC bias substrate voltage in order to
discuss the effect of the ion bombardment energy on the PL characteristics and the film properties.

(5) The sheath voltage (V,;) was varied from —110 V to —20 V with varying the DC bias substrate
voltage from -80 V to +40 V.

(6) As the V, increases in a negative direction, the hydrogen concentration decreases, the
deposition rate decreases and the diameter of the Si nanocrystal increases.

(7) Analyzing the mechanism of the creation of Si nanocrystals in the film, we estimated
experimentally and theoretically. the relation between the PL intensity and the number of Si
nanocrystals. The experimental result and the theoretical one are found to be qualitatively in a
good agreement.
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Photo Luminescence from Si Films Fabricated

by Double Tubed Coaxial Line Type Microwave Plasma CVD Apparatus

Isamu Kato and Yoshio Kawahara

Department of Llectronics, Information and Communication lkngineering, School of Science and Iingineering,
Waseda University, 3-4-1 Okubo, Shinjuku-ku, Tokyo 169-0072, Japan

Using a microwave plasma CVD apparatus we fabricate a-Si:H nanoball filns. It is found by X-ray
diffraction that there are nanocrystal Si in the a-Si:H nanobail. When the a-Si:H nanoball fils are
oxidized in the atmosphere. the photo luminescence is observed at room temperature. In this study. we
fabricate films with varying the fabrication conditions (i.e. SiH, gas flow rate, microwave power and
substrate temperature), and discuss how the variations affect the photo luminescence characteristics,

1; Introduction

. We have developed a double tubed coaxial line
: type microwave plasma CVD (MPCVD) apparatus.
Figure 1 shows the configuration of this MPCVD
“apparatus. In this apparatus the microwave power is
confined in the cylindrical cavity region, and in the
deposition chamber a spatial afterglow plasma
“avithout injection of the microwave power is created
“by the gas flow and diffusion. The discharge gas
“(which creates the plasma, but doesn’t create a
-j‘ﬂeposition material by itself) is fed to the outer
“discharge tube and the material gas (which is
ygdlssocxatcd in the plasma and creates a deposition
jg] aterial) is fed to the inner tube (as shown in Fig. 1).
Both the gases can be separately led to the
j‘» deposmon chamber. The discharge gas is ionized in
thc cylindrical cavity region by the microwave
power. The material gas is led to the discharge tube
end through the inner tube and flows into the plasma
.and is dissociated by the collision with the plasima
" pamcles
Using Ar gas as a discharge gas and SiH, gas as a
:"'ﬁmaterial gas, a-Si:H filims are fabricated. In the case
=nfthe low gas pressure in the deposition chamber by
the high exhaust speed, a fine a-Si:H film is created.
This film is suitable for a solar battery and a thin
film transistor. In the case of the high gas pressure in
the deposition chamber by the low cxhaust speed,
i because the mean free path becomes short, SiH,
iradicals are spatially recombined in the gascous
i-phase and become a-Si:H nanoballs. The a-Si:H
i:nanoballs deposit on the substratc and an a-Si:H
s nanoball film is fabricated". It is found by X-ray
siffraction that there arc nanocrystal Si (scveral nm

i3

in diameter) in the a-Si:H nanoball (~20 nm in

~diameter). After the a-Si:H nanoball film s

thermally oxidized in the atmosphere, the photo
luminescence (PL) is observed at room temperature.
In this study we fabricate the a-Si:H nanoball films
with varying the parameters of various fabrication
conditions and discuss the characteristics of the
photo luminescence.
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Fig.1. Configuration of the MPCVD apparatus

2. Experiment

The basic experimental condmom are as follows.
The axial distance from the discharge tube end is
defined as z (as shown in Fig. 1). The microwave
power is 150W. The substrate table i1s placed at
z=]0cm. The mner tube end 1s at z=-1.4cm. The gas
pressure in the deposition chamber is sct at
250mTorr by controlling the exhaust speed. The DC
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substrate bias voltage is O0V. The substrate
temperature is RT. The Ar gas flow rate 1s
110mV/min and the SiH, gas flow rate is 30ml/min.

The parameters of the fabrication conditions are
varied as follows. The SiH, gas flow rate is varied
from 10ml/min to 50ml/min, the microwave power
from 110W to 190W, the substrate temperature from
R.T. to 400°C.

The pumping light is Ar* Jaser beam (514.5nm).

3. Results and Discussion

Figure 2 shows the spectrum of the PL from the
a-Si:H nanoball films which are oxidized at 150°C
in the atmosphere. In the figure the parameter is the
oxidization time. The PL spectrum has a peak at
about 800nm. The PL cannot be observed from the
films before oxidization, but after oxidization the PL
is observed at R.T. and its intensity increases as the
oxidization time gets longer.

Therefore, in order to see the dependence of the
PL intensity on the oxidization temperature, we also
measured the PL from the films oxidized at different
oxidization temperatures (i.e. 80, 150, 220°C). From
the result, it is found that, as the temperature is
higher within the measurements, the PL intensity is
stronger and becomes saturated earlier.

From the above result it is considered that, when
the a-Si'H nanoball film is oxidized, the a-Si:H
becomes Si0,, so that the nanocrystal Si is buried in
the S10,.

600 . , ;
SiH, Gas Flow Rate
72 hours—, 1 30mi/min
48 hour Microwave Power
. 150W
36 hour Substrate
5 400r Temperature: R.T
S,
=
[
=
2
=4
— 200

o s 1000
Wavelength [nm)

Fig.2. PL spectrum

We fabricated the films with varving the substrate
temperature from R.T. to 400°C. From the SEM
picture, we observed the structure of the films. The
ones at 200°C and below consist of the a-SiH
nanoball, but about the ones at 300°C and 400°C,
the a-Si:H nanoballs seem to have broken and the
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smaller particles seem to have deposited. The PL is
observed from the films fabricated only below
100°C and the PL intensity increases as the substrate
temperature becomes lower. From this result it is
considered that, as the substrate temperature is.
higher than 100°C, the a-SitH nanoball film-
becomes the fine a-Si:H film, which is suitable fora.
solar battery and a thin film transistor, so that the PL.
from the films fabricated at 100°C or over cannot be-
observed. ‘

We fabricated the films with varying the SiH, gas’
flow rate (i.e. 10, 20, 30, 40, SOmU/min). Figure 3’
shows the dependence of the PL wavelength on the’
SiH, gas flow rate. From the figure, it is found that
the PL wavelength is very long at 10ml/min and
becomes shorter as the SiH, gas flow rate increases.
The surface of the film at 10m{/min looks smooth.
From these results, it is considered that at 10ml/min
in SiH, gas flow rate the probability of the spatial
recombination is small and the a-Si:H nanoballs:
don’t grow up so large. The film surface becomes
smooth and the PL intensity 1s small.

900f Microwave Power: 150W
Substrate Temperaiure: R.T.

E
=
= 850"
=)
[~
2
[
>
©
b4
T 800r

750 . . : \ ;

0 20 40 60

SiH, Gas Flow Rate {mi/min}
Fig.3. Dependence of the PL wavelength on SiH,

Conclusion

We fabricated a-Si:H nanoball films using a
MPCVD apparatus at the high gas pressure. After
the films are thermally oxidized in the atmosphere,
the PL (~800nm) is observed at room temperature.
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SUMMARY

This research is intended to obtain a stable plasma
with a low gas pressure by applying a magnetic field
parallel to the gas flow in the discharge region of a double-
tubed coaxial line-type microwave plasma CVD system so
that the diffusion of the plasma in the radial direction is
suppressed. The stability of the plasma is studied by the
width of variation and temporal change of the electron
saturation current. In the case where the Ar gas flow rate is
30, 20, and 15 ml/min, the stability of the plasma is good.
Improved stability is seen on application of a magnetic
field. Also, in the case of Ar gas flow rate of 10 and §
ml/min, the plasma is unstable without a magnetic field. By
applying a magnetic field of more than about 500 gauss, the
diffusion of electrons to the discharge tube wall is sup-
pressed and as aresult the extinction of electrons at the wall
is reduced. Hence, a stable microwave plasma is obtained
even at a Jow gas pressure (low gas flow). © 1998 Scripta
Technica, Electron Comm Jpn Pt 2, 81(3): 10-16, 1998

Key words: Microwave plasma CVD; longitudinal
magnetic field; stability; radial diffusion; low gas pressure.
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1. Introduction

Plasma CVD is used for fabrication of thin films and
is amethod indispensable for fabrication of electron devices
and photonic devices. In order to realize plasma suitable for
CVD, much research has been carried out on the plasma
intended to be used for CVD. The authors have been carry-
ing out research on plasma for fabrication of high-quality
hydrogen amorphous silicon films and silicon nitride films
[1,2].

In the plasma generation equipment such as the RF
plasma CVD widely used as a plasma source, electric power
is injected into the film deposition region and hence the film
quality is degraded due to ion bombardment on the film
surface. In the authors’ laboratory, research and develop-
ment have been carried out for a double-tubed coaxial
line-type microwave plasma CVD system in which a spa-
tial afterglow plasma without the electric power injection
into the film deposition chamber can be generated [3-7].
Asfundamental data for fabrication of thin films, measure-
ment of plasma parameters in the deposition chamber has
been carried out [1-3].

Recently, for advancement of the plasma process, the
following three points are required: density enhancement
of plasma, uniformity of plasma in line with a large aper-
ture, and film fabrication under a Jow gas pressure. In order
to realize these objectives, extensive research has been

CCC8756-663X/98/030010-07
© 1998 Scripta Technica



carried out on various types of plasma generation equip-
ment such as ECR plasma equipment [9]. In the authors’
laboratory, the uniformity of the plasma in line with a large
aperture diameter and the film fabrication under a low gas
pressure have almost been attained using present equipment
[1,2,6,7,9, 10]. Hence, in the present study, in order to
obtain a stable plasma with a high density under a low gas
pressure, stabilization of the plasma is investigated by a
longitudinal magnetic field (parallel to the gas flow) applied
in the discharge region of the present equipment so that the
diffusion of plasma in the radial direction of the discharge
tube is suppressed.

2. Experiment

In the experiment, the double-tubed coaxial line-type
microwave plasma CVD equipment shown in Fig. 1 is used
[4, 5, 10]. As the plasma generation condition, the micro-
wave input power and the microwave reflected power are
100 and 30 W constant. In the outer discharge tube, Ar gas
is flowing as the discharge gas. The gas flow rate is varied
between 8 and 30 m/min. In the inner tube made of stain-
less steel, the material gas such as SiH, can flow which is
not used in the present experiment. The gas pressure in the
deposition chamber varies linearly between 0.5 and 3.0
mTorr by the Ar gas flow rate. The current in the longitudi-
nal magnetic field application coil (shown in Fig. 1) is
between 0 and 6 A. Then the magnetic flux density gener-
ated at the center of the coil is between 0 and 1986 gauss.

The deposition chamber in this equipment is a cylin-
der with an internal diameter of 15 cm. The distance along
the axial direction of the deposition chamber from the
discharge tube edge, or the interior wall of the flange of the

Microwave 2.45GHz

" Rectangular Waveguide
\

Metal Sleeve

N

Inner Tube

{ {
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deposition chamber, is defined as z while the distance in the
radial direction from the center axis is r (see Fig. 1). The
single probe method is used for measurement of stability.
The probe has a diameter of 0.05 cm and a length of 1 cm
and is cylindrical. Also, the measurement positionisz=1.5
cm and r = 0 cm. The location of the inner tube edge is z =
—2.0 cm as the state of the film fabrication by the present
equipment [5].

3. Coil Characteristics

The present research is intended for studying possible
variations in the plasma when a magnetic field is applied to
the plasma and for obtaining stable plasma suitable for
CVD. Therefore, it is necessary to eliminate as much as
possible the problem areas not existing in the absence of the
applied magnetic field. Hence, there are possibilities for
problems such as the loss of uniformity of the film quality
due to anisotropy in the plasma if a strong magnetic field
leaks into the film fabrication region.

In the present equipment, the coil is surrounded by a
soft iron plate that forms a magnetic circuit. In addition, the
flange between the deposition chamber and the coil is made
of a 1.5-cm-thick soft iron plate (shown in Fig. 1) so that
the magnetic field does not leak into the deposition cham-
ber. ‘ ~
In Fig. 2, the spatial distribution of the magnetic flux
density in the deposition chamber is shown. The figure is
for the case where the coil current is 3.0 A. It is seen that
the magnetic flux density on the z axis decays quickly from
82.3 gauss to 6.6 gauss for z ranging between 0 and 2 cm.
Subsequently, as z is increased, the density gradually decays
to 2.5 gauss. Also, in the range of z > 4 cm, the variation of
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Fig. 1. Double tube coaxial line-type microwave plasma CVD system.
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‘Fig. 2. Spatial distribution of magnetic flux density
(outside of coil).

the magnetic flux density in the r direction is slight. From
the above, it is concluded that no magnetic field leaks that
generates anisotropy to the plasma in the deposition cham-
ber.

Next, in order to study the effect of the longitudinal
magnetic field on the plasma in the discharge region (the
meshed area in Fig. 1), the magnetic flux density is meas-
ured in the discharge region.

Figure 3 shows the measured results of the magnetic
flux density on the z axis where r = 0 cm. It is seen that the
magnetic flux density increases in proportion to the current
I in the coil. Also, the magnetic flux density reaches a
maximum on the z axis when z=-4.6 cm. This value almost
coincides with the center of the coil. In the following, the
value of the magnetic flux used in this paper is defined to
be that at the center of the coil.

From the above results, it is considered that the
applied magnetic field does affect the discharge plasma in
the area meshed at the end of the discharge shown in Fig. 1
but does not affect the plasma in the deposition chamber, or
the spatial afterglow plasma.

Let us investigate the effect of the magnetic field on
the probe measurement. First, the reason why the probe is
located at z = 1.5 cm as described above is to make the probe
current sufficient for measurement as shown later in Fig. 7.
Next, the magnetic flux density atz=1.5cmand r=0cm
is 17.2 gauss even when the coil current is a maximum at 9
A as is clear from Figs. 2 and 3. Since the magnetic field is
very low at this probe location, the effect of the applied
magnetic field on the probe measurement is nil.
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Fig. 3. Spatial distribution of magnetic flux density (on
z axis).

4. Results and Discussion

Under no magnetic field, the I,~V,, characteristics of
the probe are observed in the measurement of the plasma
parameters in a low-gas-pressure Ar plasma when the Ar
gas flow rate is 8 and 10 ml/min. It is then found that the
waveform varies significantly in time in the electron current
refuted region and in the electron current saturation region.
Figure 4 shows an example of the [,~V, characteristics for
the probe in the case where the Ar gas flow is 8 ml/min.
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Fig. 4. Probe I,~V), characteristic in unstable plasma.



These four waveforms are arbitrarily selected from continu-
ously swept waveforms at every 10 ms. It is seen that there
are fluctuations in the waveforms. Hence, the fluctuations
of the space potential V, of the plasma (Fig. 4) are first noted
and the stability of the plasma is discussed. Figure 5 shows
the dependence of the fluctuation range of the space poten-
tial on the magnetic flux density. In this figure, the meas-
ured values of V at each magnetic flux density are averaged,
and this averaged value is determined to be V; at each
magnetic flux. Then, the difference AV, between each
measured value and the average value V| is shown. From
the figure, it is found that V, has an almost constant fluctua-
tion range regardless of the applied magnetic flux density
at any gas flow rate. Also, it is found that the fluctuation
range is only £ 1-2 V and is slight. We thus conclude that
the fluctuation of the measured data is not dependent on the
magnetic flux density but on the error caused in the proc-
essing of data. Hence, the plasma stability due to the
strength of the applied magnetic field cannot be discussed
from the fluctuation of V,. However, since the fluctuation
range is larger for a plasma with a lower gas pressure (and
hence a lower gas flow rate), the stability is considered to
be better in the case of Ar gas flow of 30 ml/min than for
one of lower gas pressure.

Since the fluctuation of the [,~V), characteristics of
the probe does not significantly affect the fluctuation of
V., it is not possible to discuss the plasma stability due to
the intensity of the applied magnetic field based on the
fluctuation of V. Hence, the plasma stability is discussed
by studying the fluctuation along the longitudinal direction
in the 1,~V, characteristics of the probe in Fig. 4.
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Fig. 5. Dependence of fluctuation range of space
potential V; on magnetic flux density.

Figure 6 shows the dependence of the fluctuation
range of the electron saturation current I, or the probe
current 1, at V, = V,, on the magnetic flux density. In this
figure, /.., is normalized by the average value of I, ateach
magnetic flux density. It is seen that the fluctuation range
of I, becomes smaller by application of a magnetic field
stronger than about 500 gauss at any gas flow rate. Namely,
for any gas flow rate, the plasma stability can be improved
by applying a magnetic field stronger than about 500 gauss.
If the gas flow rate is large (30 ml/min), the plasma is
already stable and its fluctuation range is small.

From the above experimental results, it is found that
the fluctuation range of 1, is reduced by the application
of a magnetic field. In order to study this phenomenon in
more detail, a constant voltage equal to V; (the average
value of measured space potentials described above) ateach
gas flow rate and magnetic flux density is applied to the
probe and the time variation of 1,,,, is measured so that the
effect of the applied magnetic field on the plasma stability
is discussed. As shown in Fig. 7, V, changes significantly
depending on the gas flow rate and the applied magnetic
flux density. Therefore, if the probe voltage V,, is identical
at all experimental conditions, no objective measurement
of stability is accomplished unless V), is equal to V,, since
the electron saturation current is not measured. Hence, the
value of V, is made equal to V; under each experimental
condition. As shown in Fig. 7, when the Ar gas flow rate is
30 ml/min and the applied magnetic flux density is 0 gauss,
the probe measurement resulted in V, = 25 V. Under this
condition, the time variation of the probe current is meas-
ured with V,, = 25 V. Under other experimental conditions,
V,, is similarly determined.
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Fig. 6. Dependence of fluctuation range of electron
saturation current on magnetic flux density.
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The results are shown in Figs. 8(a), 8(b), and 8(c).
From Fig. 8(a), it is found that I, is constant in time at any
magnetic flux density when the Ar gas flow rate is 30
ml/min. Hence, the plasma stability is considered excellent
regardless of the applied magnetic flux density when the Ar
gas flow rate is 30 ml/min. From Figs. 8(b) and 8(c), it is
found that ,,,, varies significantly in time with no applied
magnetic field but the fluctuation range is decreased by
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applying a magnetic field in the case of Ar gas flow rate of
10 and 8 ml/min. Hence, it is concluded that unstable Ar
gas plasma with a low gas pressure and low gas flow rate
under no magnetic field can be stabilized by applying a
longitudinal magnetic field.

A similar experiment has been carried out in the case
where the Ar gas flow rate is 15 and 20 ml/min. Like the
case of Ar gas flow rate of 30 ml/min, the stability is
excellent without a magnetic field. No significant change is
observed by applying a magnetic field.
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Fig. 8. Variation of probe current with time.

14

*81_



When the gas pressure is reduced, the generation rate
of electrons is decreased so that the discharge becomes
unstable and halted. Hence, by applying a longitudinal
magnetic field, the diffusion of electrons in the radial direc-
tion is suppressed. Then, a stable discharge can be main-
tained even at a low gas pressure, since the extinction rate
of the electron decreases.

By way of this stabilization, the deposition speed at
an Ar gas flow rate of 8 ml/min becomes more than ten times
faster than one without 2 magnetic field so that a sufficiently
practical deposition speed (about 0.5 nmy/s) can be obtained.

5. Conclusions

A method has been studied for evaluation of the
plasma stability from the current—voltage characteristics of
the probe. By choosing the probe voltage at the average
value of the plasma space potential V,, the time fluctuations
of the probe current (electron saturation current) are meas-
ured to evaluate the plasma stability equally under various
conditions.

From this method, the following results are obtained.
(1) When the Ar gas flow rate is 15, 20, and 30 ml/min, the
plasma stability is excellent even without any magnetic
field. By applying a longitudinal magnetic field, the stabil-
ity is improved. (2) In the case of a low gas pressure with
an Ar gas flow rate of 8 and 10 ml/min, the plasma is
unstable without any magnetic field. By applying a longi-
tudinal magnetic field, the plasma can be stabilized. Hence,
by applying a longitudinal magnetic field to the plasma, the
diffusion of electrons into the discharge tube wall can be
suppressed so that the extinction rate of electrons at the
discharge tube wall is reduced. Hence, a stable microwave
plasma can be obtained at a low gas pressure.
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Abstract

The longitudinal magnetic field is applied to the cavity of the double tubed coaxial
line type MPCVD system to decrease the surface recombination of electrons and ions on the
discharge tube wall. And the stable and high density H, plasma is created. Therefore, using
H,/SiH, plasma to fabricate the a-Si:H film, the deposition rate of a-Si:H films becomes fast
enough for practical use. The SiH bond density of the film fabricated in H,/SiH, plasma
becomes numerically superior to that of the film fabricated in Ar/SiH, plasma.

1. Introduction

The double tubed coaxial line type MPCVD system has the double tube structure
that consists of the fused quartz outer discharge tube and the stainless steel inner tube. The
discharge gas is fed to the outer discharge tube and the material gas is fed to the inner tube.
The discharge gas is ionized in the discharge region by the microwave power. The inner tube
leads the material gas to the discharge tube end, and the material gas is dissociated by the
collision with the plasma particles. In this system, when pure H, gas was used as the discharge
gas and SiH, gas was used as the material gas, the deposition rate of a-Si:H film was much
slower, because the electron density of H, plasma was low. Then, in order to create the stable
and high density plasma, the coil is set up around the cavity of the system. And the magnetic
field along the gas flow (longitudinal magnetic field) is applied to the discharge area to
suppress the diffusion to the discharge tube wall. Using this stable and high density plasma,
the a-Si:H films are fabricated . '

2, Experiment
Figure 1 shows the setup of the longitudinal magnetic field applied double tubed
coaxial line type MPCVD system. This system has the structure that the magnetic field does
not come in the deposition chamber, because the coil is covered by a soft iron and the flange
of a chamber is made of a soft iron to form the magnetic closed circuit [1]. The microwave
electric field in the discharge area is the fundamental mode of the coaxial line and is parallel
with the gas flow, namely, with the applied magnetic field. Therefore, the electron cyclotron
resonance (ECR) doesn’t fundamentally occur.
" The axial distance from the end of the discharge tube is defined as z. At z=1,5,10 cm
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in the deposition chamber, the plasma parameters of H, plasma are measured, where the H,
gas flow rate is 400 ml/min and the magnetic flux density at the center of the coil is varied
from 0 to 2600 Gauss. A probe of 0.05 cm diameter and 1.0 cm length is used. The a-Si:H
film is fabricated on the substrate table at z=10 cm, where the magnetic flux density is 1750
Gauss, the H, gas flow rate is 400 ml/min, and the SiH, gas flow rate is 10 to 50 ml/min. The
substratc is not heated by a heater.
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Figure 1 Setup of Longitudinal Magnetic Field Applied NPCVD System
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density increascs with increasing the & 1070 E
magnetic flux density. And electron 5
density is saturated when magnetic flux > . ﬁ;g'ﬁ,‘i@ﬂﬂ:
density is more than 1600 Gauss. This is 2
because that the effect of suppressing the a 0% E
diffusion of electrons is saturated [2]. The g Ha 4?___0(')“'4"25” :
stable and high density H, plasma can be 2 0 z= 1cm
created when magnetic flux density is : ‘2 2218 gg
more than 1600 Gauss. The a-Si:H films 10 0005500
are created under the condition of Magnetic Flux Densily [Gauss]
magnetic flux density = 1750 Gauss.

Figure 3 shows the dependence Figure 2 Depoendence of Electron Density
of the deposition rate at z = 10 cm on the on Magnetic Flux Density

SiH, gas flow ratc.
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In this figure, [J plot shows the value of the deposition rate in the case Ar gas flow
rate is 110 ml/min, SiH, gas flow rate is 30 ml/min. The deposition ratc when H, gas is used
as the discharge gas is one forth of the deposition rate when Ar gas is used as this discharge
gas. This deposition rate is fast enough for practical use.

Figure 4 shows the dependence of the ratio of the SiH bond density to the SiH, bond
density on SiH, gas flow ratc. As the SiH, gas flow rate is increased, the SiH bond density
becomes numerically inferior to the SiH, bond density. Namely, when the deposition rate
becomes faster, the disconnection of Hydrogen atoms from the film surface hardly occurs.

The SiH bond density of the film fabricated in the H,/SiH, plasma is numecrically
superior to that of the film fabricated in the Ar/SiH, plasma.

Figure 5 shows the dependence of the total hydrogen concentration on the SlH4 gas
flow rate. When the SiH, gas flow rate is increased, the total hydrogen concentration
decreases and increases. The effect of H, plasma during the film deposition decreases with
increasing the deposition rate. But, as the deposition rate becomes much faster, the surface
reaction like the disconnection of hydrogen atoms from film surface becomes slow, so the
hydrogen concentration in the film increases. Compared with the case of Ar/SiH, plasma, the

“total hydrogen concentration of a-Si:H film fabricated by H,/SiH, plasma is less than that of
a-Si:H film fabricated by Ar/SiH,. Because H, plasma has the great effect on the
disconnection of hydrogen atoms on the surface of a-Si:H film.

Figure 6 shows the dependence of the dangling bond density on the SiH, gas flow
rate. The relaxation of the dangling bond decreases with increasing the deposition rate. When
the SiH, gas flow rate is 30 ml/min, the dangling bond density is the samc in the cases of

- Ar/SiH, plasma and H,/SiH, plasma.

Zg D o H, - o H, ]
= 20 oA ] TOTO ‘oA
g iy :
@ T |
s | | 2 ’
% 10} o . oL
) 0.5
0 n i
- D =
N o
1 i H 1 1 i i ] 1 L ] )
0 ' 20 40 ' 60 0 20 40 60
SiH4 Gas Flow Rate [mi/min] SiH4 Gas Flow Rale [ml/min]

IFigure 3 Dependence of Deposition Rate Iigure 4 Dependence of Sill/Sill12

on Silly Gas Flow Rate on Sill, Gas Flow Rate
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The stable and high density H, plasma is created by the applied longitudinal

magnetic field.

The high speed deposition rate is possible by using the stable and high density H,
plasma and SiH, gas. And the a-Si:H film whose SiH bond is numerically superior can be
fabricated, compared with the film fabricated by Ar/SiH, plasma.
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Abstract

In this study, using MPCVD coaxial line type we fabricate the Si nanoball films with varying
DC substrate bias voltage (Vdc) in order to vary an ion bombardment cnergy, and discuss how
the ion bombardment affects the properties and optical characteristics of the Si nanoball. As a
result, the size of nanocrystal Si(nc-Si) in the Si nanoball increases a little with increasing the
ion bombardment energy. And it is considered that the PL intensity increascs because the
number of nc-Si in the Si nanoball increascs by the ion bombardment.

LIntroduction

We have developed the double tubed coaxial linc type microwave plasma CVD (MPCVD)
apparatus. Using this apparatus we have reported that an ion bombardment energy can be
controlled by varying Vdc when a-SitH films arc fabricated in the low pressure (which is
about 4.2mTorr) in the deposition chamber!. Also we have reported that a Si nanoball film is
fabricated in the high pressure (which ranges between S5mTorr and 400mTorr) in the

deposition chamber. In this paper we report that ‘ ‘ 26em ‘
I 1
to Vacuum Pump

how the ion bombardment affects the qualities
and optical characteristics of the Si nanoball
film which is grown by the volume reaction in Substrate Table

the high pressure. In addiction, at the day of \‘\(;—5
presentation we will report the characteristic of S Ve

Si nanoball deposited with varying the rate of
dissociation of SiH,.

z rrrr

I77TTITT I rorrrrrrrrrrd) —  —— 2=0cm
| 1« Cylindrical
lEXp_Qﬂmg;nI Chamber [ !‘ Cavity
Figure 1 shows the configuration of the J\u
. Microwave@!y g
MPCVD apparatus. In this apparatus, a 't
discharge plasma is .only created in the cavity

region. In the deposition chamber, a spatial
supply -of the
microwave power is created by gas flow and

afterglow plasma without

diffusion. The discharge region of the apparatus
has the double tubed structure that consists of
the fused quartz outer discharge tube and the

—140-
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stainless steel inncr tube. The Ar gas is fed to the outer discharge tube and the SiH, gus is fed
to the inner tube. Ar atoms are ionized in the cavity region by the microwave power. The
inner tube leads the SiH, gas to the discharge tube end ,then the SiH,is dissociated by the
collision with the Ar plasma particles. When the gas pressure is high in the deposition
chamber, SiHx radicals are spatially reacted several times in the process of the transportation
to the substrate table, und become the Si nanoball. After that, the Sinanoballs are deposited
on the substrate table.

The experimental conditions arc as follows. The axial distance from the discharge tube end
is defined as z. The microwave power is 150W. Ar gas flow rate is 110ml/min and SiH, gas
flow rate is 30ml/min. The substrate table is placed at z=10cm. The gas pressurc in the
deposition chamber is set at 250mTorr by controlling the exhaust valve. Under these
conditions, Si nanoball films arc fabricated when Vdc is varied from =80V to +40V. The
Photoluminescence(PL) spectrum from these films is measured under R.T. at the vacuity of 5
X 10”Torr to avoid an oxidation of the films by laser hcating. The excitement light is Ar?
laser whose wavelength is 514.5nm.

60 ¥ T ¥ T T T T T T ¥ L T T
3 Results and Di . z | |
£
From SEM picture, Si nanoballs are B0
. . .O "
observed, and the size of Si nanoballs arc %
about 20nm. Figure 2 shows the ?, - 1
: i - Si e . 5
dependence of the SIZC. of th-c Sl' nanoball 820|- 0— 0~ O—0wws O - ]
on Vdc. The plots in this figure are o
. . @
measured from SEM pictures. The size of & T
the particles are almost constant with B T SRR
50 0
varvi . . DC Subslrale Bias Vallage Vdc
arying Vde Fig.2 Dependence of the size of Signanob:;}i/}on Vdc

Figure 3 shows the PL spectra from Si
nanoball films which arc oxidized by

heating at 80°C in the atmosphere for 48 a8 ho‘urs’\A | ?s\/léiczti!gg\yy

hours. Before the oxidation films, the PL 20F 24 hours ]

intensity can be seen a little, but the PL 3 12 hours

intensity increases as the oxidation time i 0 hour 1

becomes longer. From now, we cxpress g

that “the films just after leak™ is “the films _%10 |
o

before the oxidation”, and “the films after
heating at 80°C in the atmosphere for 48

. : Y e ¢ 1 <. o sa AL A2 Y A N At B I “0 M
hours to oxide” i1s “the films after the & Qs %% " ln?ﬂ()]o 1000
oxidation”. Fig.3 PL spectra 1rgom Si nanoball

. oxided for 0,12,24,48 hours
Figure 4 shows the two FTIR spectra of

the films before the oxidation and the films

after the oxidation. From the absorption spectrum of the film beforc the oxidation, much
absorption of the SiH, and (SiH,)n can be seen. But from the absorption spectrum after the
oxidation, absorption of SiH, and (SiH,)n cannot be seen and much absorption of Si0 can be
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seen. This is becausc (SiHpn and SiH,
become SiO by the oxidation. The figs.3 and
4 arc measured about the film fabricated at
Vde=-60V, the same tendency can bc scen
from the films fabricated at other values of
Vdc.

From the profile of X-ray diffraction ,it is
clear that the nc-Si exist in the Si nanoball.
Then, the size of the nc-Si is estimated from
integral width of profile by using equation of
Scherrer. Figure 5 shows the dependence of
the size of nc-Si on Vdc. The size varics from
3.7nm to 4.3nm when Vdc are varied from
+40V to —-80V. Namely, the sizc of nc-Si
increases  with  increasing  the  ion
bombardment energy.

Figure 6 shows the dependence of the size
of nc-Si on the peak position at PL spectra,
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£ | R
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I
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Fig.5 Dependence of the size of nc-5i on Vdc
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4

The Size of nc-Si [nim]
Fig.7 Dependence of PL intensity
on the size of nc-Si

The peak positions are about 810nm without regard to the size of nc-Si.
Figure 7 shows the dependence of the PL intensity at peak position on the PL spectrum of the
size of nc-Si. Figs. 6 and 7 are measured about the films after the oxidation. The PL
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intensity increases with increasing Vdc negatively. As a result, the PL intensity at 4.3nm is 4
times as much as that at 3.7nm. Namely, the PL intensity incrcases when the ion
bombardment encrgy increcases. Generally, it is said that the PL intensity does not change,
even if the size of nc-Si varies about 1nm. And then it is estimated that the number of ne-Si in
the Si nanoball increascs 4 times.

We have reported that film surface heating cffect of an ion bombardment has an increasing
effect of Si concentration and disconnection effect of H atoms®. Then, figure 8 shows the
dependence of Si concentration which is measured by RBS on Vdc. Si concentration increases
- with increasing Vdc negatively. Figure 9 shows the dependence of relative number of (SiH,)n
which becomes SiO by oxidation on Vdc. The relative number of (SiH,)n decreases with
increasing Vdc negatively. According to figs.8 and 9, Si concentration increascs and (Sitl,)n
concentration decreases by the jon bombardment. As the results, it is estimated that the
number of nc-Si in the Si nanoball incrcases. Namely it is considered that the PL intensity
increases depending on the number of ne-Si.

4.Conclusion

The size of nc-Si increases a little with increasing an ion bombardment cnergy. The PL
intensity increases with increasing an ion bombardment encrgy, because the number of ne-Si
in the Si nanoball increases by an jon bombardment.
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Abstract  Generally in a plasma CVD method , a substrate table is placed in the
discharge plasma and films are fabricated under the ion bombardment. We have studied
influences of the ion bombardment on a-Si:H films and clarified that an jon bombardment
has a film surface heating effect that excite vibration of lattice of atom surface and ion
implanting effect in films [1][2](3]. In this paper we use the sheath voltage (V) on the
film surface subtracted the plasma space potential from DC substrate bias voltage as
parameter, fabricate a-Si:H films with varying substrate temperature and study the effect
of ion bombardment.

; 26cm 4
] IDtIQd]lQIiQD to Vacuum Pump
We have used the double tubed coaxial line N
type microwave plasma CVD system to study the Substrate Table \ er
effect of jon bombardment during fabrication of X‘éﬁ
a-Si:H films. In this system, the microwave power Ve
is confined in the cavity. In the deposition chamber, 'Tz /
a spatial af’ter-g.low plasma is forr'ncd by the gas W 'éfc;iggétfi;l“‘—“““m
flow and diffusions because the microwave power Chamber i Cavity
is not injected into the plasma in the chamber. /—\J
Figure 1 shows the configuration of the MPCVD M =i~—
system. The Ar gas is fed to the outer discharge
tube and the SiH, gas is fed to the inner tube. The Shon Circut
Ar gas is ionized in the cavity region by the Metwl Steeve > Outer Discharge
microwave power. The SiH, gas flows to the Inne’“::—‘ Tube
discharge tube end through the inner tube, then the s;ﬂu.

SiH, is dissociated by the collision with the Ar  pjg 1. Configuration of the MPCVD system
plasma particles. In this paper, the sheath voltage

(V) on the film surface subtracted the plasma space potential from DC substrate bias
voltage is set on several points, and the a-Si:H films are fabricated with varying substrate
temperature.

2.Experiment
The axial distance from the discharge tube end is defined as z shown in Fig.1. The
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substrate table area is 40 cm® and the table is
placed at z=10 cm. Ar gas flow rate is 110 ml/min
and SiH, gas flow rate is 30 ml/min. The DC
substrate bias voltage is varied +40V, 0V and -20V.
Then each V is 0V, -17V and -37V[2]. The
substrate temperature (T,) is varied from R.T. to
400°C,

The dependence of Si concentration on T, and
V., is shown in Fig.2. Because the dependence of
Si concentration on T, is mesured under the
condition of V, = 0 V, there is no ion
bombardment on the film surface. This dependence
is equivalent to the dependence of Si concentration
on the film surface temperature. Here we suppose
that the dependence of the Si concentration on V,,
is not influenced by ion implanting effect but only
influenced by film heating effect.
Therefore the dependence of Si concentration on T,
is equivalent to that on V_,. So we have the
following equation.

T,=1(V,) (1)
Hence the graphs of the dependence of Si
concentration on T, and that on V_ can be fitted
togethér by adjusting the scale of the dependence
of Si concentration on V. First, the Si
concentration at T, = 28°C and that at V=0V are
the same because they are deposited under the
same condition. The two points at V, = -95 V and
T, = 250 “C in the curves of the dependence of Si
concentration on T, and V_ in Fig.2 are fitted
together, then the two curves of the dependence of
Si concentration on T, and V, are
Hence, the

surface

shown in Fig.3.
above-mentioned supposition is
confirmed to be correct. We can get the following
equation using the experimental values.
T,=-232XV, +28 (2)

In this equation, 28 means the room temperature and
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-2.32 XV, means the amount of

rising film surface temperature caused by the jon bombardment. Namely, the film surface

temperature is equivalent to 68 C when V_, is

-17V and 115 "C when V, is -37V.

The dependence of Si concentration on T, is shown in Fig.4. Here the parameter is V-



The Si concentration increases when T, is increased.
This is a reason why the vibration of lattice in the
film is exited and the structure relaxation is occurred.
The Si concentration is increased by the film surface
heating effect when V, is increased.

The dependence of Si concentration on T, is
shifted 40 °C when V,, is -17V and 87 C when V,;
is -37V considering the film surface heating effect in
fig.5. We can fit together three curves as shown in
fig.5. This reason is that the Si concentration is
influenced by not the ion implanting effect but the
film surface heating effect. From this, the above-
mentioned equation appearing the rise of film surface
temperature is reconfirmed to be correct.

The dependence of deposition rate on T, is shown
in Fig.6. Here the parameter is V. The deposition
rate decreases when T, is increased. The deposition
rate decreases because the the film density increases
by the film surface heating effect mentioned above
when V, as parameter increases.

The dependence of deposition rate on T, is shifted
40 C when V,, is -17V and 87 C when V,, is -
37V considering the film surface heating effect in
Fig.7. From the figure each graph of the deposition
rate is fitted until T, gets to 130 “C. But after that T,
gets to 130 °C, it decreases faster when V, becomes
high. This effect of the decrease of the deposition rate
when V, increases is the ion bombardment effect. It
is clear that ion implanting effect does not appear
until T, gets to about 130°C but appears markedly
after that T, gets to about 130 °C.

The dependence of the dangling bond density on
T, is shown in Fig.8. Here the parameter is V. The

dangling bond density decreases until T, gets to.

150 °C, but after that it increases when V, is 0 V.
The dangling bond density decreases until T, gets to
200 °C, but after that it increases when V_, is -17 V.
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The dangling bond density decreases until T, gets to 250 °C, but after that it increases
when V_ is -37 V. When T, increases, the structure relaxation. occurs and then the
dangling bond density decreases. When T, increases more than T, that is minimum point

of the dangling bond density, the hydrogen atoms are disconnected and then the dangling
bond destiny increases. When V,, increases and the ion bombardment energy increases,
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the film structure is destroyed and the dangling bond density increases. It is clear that the
substrate needs to be heated higher to occur the structure relaxation under this ion
bombardment.

The dependence of dangling bond destiny on T, is shifted 40 C when V,, is -17 V
and 87 °C when V,, is -17 V considering the film surface heating effect are shown in
Fig.9. When the curves at V, = 0 V in the fig.9 is shifted along the arrows, that is fitted
with curves at V, = -17 V and V_, = -37 V. This amount of shift is that of the destruction
of the film structure caused by the ion implanting effect. Namely, the film of which

dangling bond destiny is low can be fabricated at lower temperature avoiding the ion
bombardment.

4.Conclusion

From the relation between the dependence of Si concentration on T, and V
relation between T, and V, is shown the following experimental equation,

T,=-232XV_+28 : ,

From the figure of the deposition rate, it is clear that the ion implanting effect does
not appear at low temperature but appears after that T, gets to about 130 °C.

It is clear that if there is no ion bombardment, the film of which dangling bond
destiny is low can be fabricated at lower temperature.

sh’a
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InGaAsP/InP semiconductor photonic switches using multi-mode interference (MIPS) are proposed for monolithic photonic
integrated circuits. Changing the refractive indices of index-modulated regions located in the center of a multi-mode waveguide,
controls its switching functions. It is predicted from calculations by an FD-TD (finite difference time domain} method that
these devices can operate in various kinds of output schemes with typical device dimensions of about 8 um width and 540 um
length. 1 x 2 InGaAsP/InP MIPS’s with a high-mesa structure have been fabricated, and fundamental switching characteristics
were measured. At the preliminary stage, switching was observed at 20 mA current injection with about 37% extinction ratio.
Switching efficiency and cross talk of the MIPS can be improved by optimizing the device dimensions and structure. The
flexibility of setting the index-modulated regions suggests versatile operation of the MIPS, such as a photonic space division

switch, a variable power splitter, or as an optical modulator.

KEYWORDS: photonic switch, multi-mode interference, photonic integrated circuit, FD-TD, switching characteristics

1. Introduction

For advanced multi-media communications, network sys-
tems consisting of mixed point-to-point and broadcasting
connections will be needed to satisfy huge transmission ca-
pacity demand, and to provide flexible network configura-
tions, lightwave communication network systems are essen-
tial. Photonic switches and couplers are indispensable for the
realization of optical cross-connection, interconnection and
distribution, and will become more and more important in ad-
vanced large-scale systems. Photonic switches used in these
systems are needed to be versatile, high-speed, compact and
suitable for monolithic integration. For the actual application
to lightwave communications at long wavelength range InP-
based photonic devices are desirable.

Multi-mode interference® effects are used in many kinds of
optical passive devices such as ultra-compact couplers,” fil-
ters® or free splitting ratio couplers.”) For instance, semicon-
ductor multi-mode interference (MMI) couplers,s’é) are very
attractive devices for monolithic photonic integrated circuits
because of compactness, polarization and wavelength insensi-
tive characteristics, fabrication process tolerances, and more-
over, versatile operation. Thus using multi-mode interference
is very advantageous, even in optical switches such as the dig-
ital optical switch.”

In this paper, we propose InGaAsP/InP multi-mode inter-
ference photonic switches (MIPS), which are based on a dif-
ferent operation principle than that of ref. 7. Since the pro-
posed devices have a simple electrode structure, it is easier
to design and fabricate. Moreover, functional operation such
as 3dB-coupling is also possible. The structure and various
kinds of switching operations of the MIPS are described in
§2. In §3 fundamental switching characteristics are analyzed
by an FD-TD method, and preliminary experimental results of
the fabricated MIPS are shown in §4. Conclusions are sum-
marized in §5.

2. Structure

Switching operation of an MIPS is obtained by changing
the effective multi-mode interference waveguide width and
length by reducing the refractive indices of index-modulated

regions. The fundamental beat length of multi-mode interfer-
ence® is related to the waveguide parameters as
o 4nW;

Bo — B 3%
where By and f8; are the propagation constants of the funda-
mental and first order lateral modes, respectively, Ao is the
free space wavelength, » is the effective index, and W, is the
effective width. The field intensities in the multi-mode inter-
ference waveguide exhibit various distributions, as they prop-
agate, related to the beat-length L.

Figure 1 shows a schematic structure of the proposed MIPS
device, equipped with two index-modulated regions at the
center of the multi-mode waveguide. The width of the index-
modulated regions is s, and the refractive indices are 7, and
n3. The length and the width of the multi-mode waveguide
are designed such that output light emits from a cross port,
which requires L = 3L, in case of uniform index structure,
ie., ny = ny = n3 = nyg. The output light can be switched
from the cross port to the straight one by reducing the in-
dices ns and n3, and can even emit from both ports when
either n, or ns is reduced. This partial index reduction can
be attained by current injection into the InGaAsP waveguide
layer through the electrodes formed at the top of the respective
index-modulated regions. The switching speed of the MIPS
is expected to be rather high determined by carrier lifetime of
less than a few ns.

Ly (D

3. Analysis

Switching characteristics of the MIPS are analyzed by an
FD-TD method.” The length and width of the multi-mode
waveguide are L = 540 um and W = § um, respectively.
The refractive indices of the waveguide and the cladding re-
gions are n; = 3.358 for InGaAsP with a bandgap wave-
length of 1.24 um and ns = 1.45 for SiO,, respectively, in a
high-mesa structure. The lengths of the index-modulated re-
gions are chosen to be half of the length of the multi-mode
waveguide, and the widths are 2 um. The input field intensity
at a wavelength A = 1550 nm is assumed to be in Gaussian
distribution with a spot size of s = 2.0 um, and is coupled
at a position separated from the side edge of the multi-mode
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waveguide by x = 1.5 um. The peak intensity of the input
field is set to 1.0. In this analysis reduction of the refractive
index of the index-modulated regions is assumed to be 1%,
which is a reasonable reduction value attainable by current
injection.

Calculated results of the two-dimensional (2D) propagated
field intensity distributions and the relative output intensities
are shown in Fig. 2. In the case that all regions have the
same refractive indices such that n; = 1, = n3 = n4, the
input field intensity propagates in the multi-mode waveguide
as shown in Fig. 2(a-1), and the output field intensity cou-
pled to the cross output port is shown in Fig. 2(a-2) with a
very small cross talk as is expected from the characteristics of
the multi-mode interference. On the other hand, when both
n, and n3 are reduced to 3.324 (by 1% reduction), the out-
put is obtained from the straight port as a result of formation
of a nearly single mode waveguide, as shown in Fig. 2(b-1)

/Output light/f
Index-modulated
regions (n,, n,;, n,)

Input light

Fig. 1. Schematic structure of the proposed multi-mode interference pho-
tonic switch (MIPS).

S.NAGAl et al.

and (b-2). Although a cross talk of about 11.3% appears in
this case, it can be much reduced by optimizing the waveg-
uide structures as addressed later. When either 1, or 15 are
reduced to 3.324, the output field intensity is obtained from
both output ports as shown in Fig. 2(c-1) and (c-2) since the
length of the multi-mode waveguide becomes about half of
that for the case of the cross-port output. As the propagation
field in the multi-mode interference region does not become
single mode in the case of the index reduction, a beating of
the excited modes in the multi-mode interference region ap-
pears in Fig. 2. This beating effect leads to a perturbation in
the output field intensity distribution. However, the beating of
the propagating modes would disappear when the input field
intensity had a wider spot size.

These results show the potential of the MIPS as functional
photonic switches with not only line switching but also broad-
casting behavior. These operations may be attained by only a
few tens of mA. current injection into each index-modulated
region if the width and the lengths of these regions are as de-
scribed above.

In order to reduce the cross talk that appeared for the high
mesa structure, we calculated the characteristics of the MIPS
by changing the structural parameters. First, when a ridge
waveguide structure is adopted, which means an increase of
the cladding index from 1.45 to 3.250, the cross talk can be
reduced from 11.3% t0 9.2%. The reason why the cross talk is
reduced is that the distribution of propagated field intensity is
shifting less toward the index-modulated regions due to the al-
most symmetric waveguide structure to the propagated field.
Second, by increasing the width of the index-modulated re-
gions from 2 pm to 4 um, the cross talk can also be reduced
from 11.3% to 6.8%. This is because the evanescent field ex-
tending into the region of n4 can be reduced.

Although using these methods optimization of its structural
parameters can reduce the cross talk of the MIPS, it may still
remain a few %, as mentioned above, as long as the index-
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Fig. 2.

6
Position x (um)

8

Position x (pm)
(c-1)

(b-1)

2D intensity distributions in the multi-mode waveguide (* — 1), and output intensities (* — 2) of the MIPS for various index

changes: (a ~ *) no index-change (n1, n2, n3, nq = 3.358), (b — #) nz and n3 reduced by 1% (17, n3 = 3.324), (c ~ %) only 1z

reduced by 1% (np = 3.324).
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modulated regions are located at the center of the multi-mode
waveguide, which is aimed for a 2 x 2 MIPS configuration.
On the other hand, if the n4 region also plays a role as an
index-modulated one, and its index is reduced to 3.324 (by
1% reduction), the cross talk can be much reduced down to
—20dB, as shown in Fig. 3. In this case, the MIPS operates
as a 1x 2 switch. Although the other input port cannot be used
in this structure, good switching characteristics are expected
from this calculation. Although excess loss due to free carrier
absorption is not taken into account in this analysis, it may
contribute to further reduction of the cross talk in the actual
case under current injection.

4, Experimental Results and Discussions

1 x 2 MIPS’s were fabricated with a high-mesa structure as
shown in Fig. 4, with a single electrode controlling index re-
gions n,, nsz, and ng. The wafers of the MIPS were grown
by liquid phase epitaxy (LPE) method, and the waveguide
structures were made by conventional photolithography and
wet chemical etching. The thickness of an n-InP buffer layer,
an InGaAsP waveguide layer of the bandgap wavelength of
1.24 um, an InP cladding layer, a p*-InGaAsP cap layer and
an Si0; film were about 0.5 um, 0.2 pum, 0.8 um, 0.3 um and
0.1 um, respectively. Due to the preliminary stage, we fab-

Cross port

<

Straight port
0 — |

5
P

S

hl% index change
30

no index change

| l ] ] ]

0 1 2 3 4 § 6 7 8
Position x (um)

Relative output intensity(dB)

Fig. 3. Output intensity distributions of a 1 x 2 MIPS with additional index
change of ng.

Tnput light Index-modulated

‘13uﬂ1~
dum: P-InGaAsP
u ? i / p-InP
A\ R S InGaAsP
(Ag=1.24pm)

n*-InP Substrate

(b) A-A' cross-section

l lOutgut Iightl l

Straight port Cross port
(a) schematic view

Fig. 4. Structure of the fabricated MIPS (a) and a waveguide cross-section
in the multi-mode interference region (b).
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ricated the MIPS with the length deviated from the intended
dimensions (L = 3L;) as a result of unwanted side etching
or so on in the process. The width and the length of the multi-
mode waveguide were W = 13 um and L = 870 um, re-
spectively, and the dimensions of the index-modulated region
were s = 4 umand! = 820 um. The index-modulated region
was formed along one side end of the multi-mode waveguide
as shown in Fig. 4.

Considering that the actual current flow injected through
the electrode may spread laterally in the InGaAsP waveguide
layer, we made the width of the index-modulated region elec-
trode of the 1 x 2 MIPS narrower than that used in the sim-
ulation in order to compensate for this current spread. The
light of 1.55 um wavelength was input into the MIPS at the
straight-side input port by a lensed single mode fiber as in
Fig. 4(a), and the output light was observed by an infrared
camera through a low-pass optical filter, not to detect the
emitted light at 1.24 um wavelength. In the measurements,
direct current was injected in the MIPS’s.

The propagated light through the InGaAsP multi-mode
waveguide layer of the MIPS was observed at the cross port
under no current injection, as shown in Fig. 5(a). On the other
hand, the output light was switched to the straight port by an
injected current of 20 mA, as shown in Fig. 5(b).

Figure 6 shows the switching characteristics of the relative
peak intensity of the output light from each port as a function
of injected current with approximate fitting curves. Although
the total output power equals the spatial integral of the out-
put light intensity, we have plotted the peak values only for
convenience. Because the length of the fabricated MIPS did
not correspond to 3L, some optical power appeared at the
straight port under no current injection corresponding to a
cross talk of 52%. Its value can be reduced by fabricating
the MIPS with a length more closely to L = 3L,.

The output field intensity at the straight port increased in
proportion to the injected current, and that at the cross port de-
creased abruptly as the current increased, then saturated under
more than 5mA current injection. The cross talk and extinc-

" | (b

Straight port Cross port

Fig. 5. Measured output field intensities from the MIPS under no current
injection (a) and under 20 mA current injection (b).
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Fig. 6. Measured peak intensities of the output light as a function of in-
jected current. Data shown by circles and squares are for the straight and
the cross ports, respectively.

tion ratio at the cross port were 46% (relative to the straight
port) and 37%, respectively, under 20 mA current injection. It
should be noted that this rather inefficient switching behavior
may be attributed to the fabricated device structure deviat-
ing from the designed one due to technical limitations in the
fabrication process, such as wide access waveguides of about
7 um, and almost no separation between the access waveg-
uides at the interface of the multi-mode waveguide. The ac-
cess waveguide should be single mode, located at a well-
defined input position of the multi-mode waveguide for the
predicted operation. In addition, the existence of higher-order
modes in the fabricated access waveguides was also responsi-
ble for the poor cross talk at the off-state. The steep decrease
of the output power at the cross port under small current in-
jection was clear evidence of refractive index reduction due to
current injection, but unwanted field coupling at the cross port
waveguide led to the saturating cross talk level in the on-state.

As for the output at the straight port, since the coupling re-
lied on the field distribution which was dependent on the in-
dex profile resulting from current injection, lateral spread of
the index reduced region in accordance to the increase of cur-
rent released the mismatch of the field distributions between
of the multi-mode waveguide and of the access waveguide,
and the output field intensity increased only slightly as a re-

. sult. The index-modulated region has to be fabricated such as
to take out the straight output light efficiently under current
injection. ,

‘We could not measure the characteristics under more than
25mA current injection because of spontaneous emission
from the waveguide layer, which was not able to cut by the
low-pass filter anymore since the wavelength of the emitted
light incréased due to the increase of temperature. As for in-
sertion loss, it was predicted that absorption loss due to free
carriers would lead to excess loss of the device, since the

S. NAGAl eral.

switching operations of the device were controlled by carrier
injection. A precise evaluation is left to study.

5. Conclusion

In summary, we proposed novel InGaAsP/InP multi-mode
interference photonic switches (MIPS), in which various
kinds of switching operation can be attained by introducing
index-modulated regions in multi-mode interference waveg-
uides. The fundamental characteristics analyzed by an FD-
TD method show that the MIPS’s are quite promising as func-
tional photonic switching devices. It is predicted that the
switching characteristics can be improved by optimizing the
waveguide structure, such as using a higher cladding index,
wider index-modulated regions and so on. From these calcu-
lations, small cross talk of less than —20 dB and large extinc-
tion ratio are expected for a 1 x 2 MIPS.

We have fabricated a 1 x 2 MIPS, and switching opera-
tion was confirmed. The cross talk and the extinction ratio
were 46% and 37%, respectively, under an injected current
of 20mA. These switching characteristics are expected to be
surely improved by fabricating the designed device structure
more accurately. This preliminary experiment also revealed
that it is important to restrict current flow for index-modulated
regions especially at the center of the multi-mode waveguide
by some method such as partial pnpn regions, semi-insulating
regions, and so on. Though there remain several problems to
be overcome yet, we have demonstrated the advantage of the
MIPS as a versatile photonic switching device for monolithic
photonic integrated circuits.
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Abstract

We propose novel InGaAsP/InP semiconductor photonic switches using multi-mode interference
(MIPS). Switching functions are controlled by changing the refractive indices of the index-
modulated regions which are located at the center of the multi-mode waveguide. It is predicted from
the calculations by FD-TD (finite difference time domain) method” that these devices can operate in
various kinds of output schemes, with device sizes of about 8um wide and 540um long. The
characteristics can be improved by optimizing cladding index and/or index-modulated region’s width.
Actually we fabricated the InGaAsP/InP MIPS with partial current injection regions, and at present

preliminary transmission property with no index change was observed.

I . Introduction

In advanced lightwave communication network
systems, as like wavelength division multiplexing
(WDM), photonic switches are very important
besides optical filters. These devices are needed to
be versatile and high-speed, compact and suitable for
monolithic integration.

Semiconductor multi-mode interference couplers
(MMIC) are very attractive devices for monolithic
photonic integrated circuits because of compactness,
polarization-insensitive ~ characteristics®®  and,
moreover, versatile operations.

In this paper we propose novel InGaAsP/InP
multi-mode interference photonic switches (MIPS),
in which various kinds of switching operations are
realized by changing the refractive indices of the
partial waveguide regions. Fundamental switching
characteristics are evaluated by FD-TD method.
And actually InGaAsP/InP MIPS’s were fabricated.

I. Structure

Figure 1 shows the structure of the proposed
MIPS device, and it is equipped with two index-
modulated regions at the center of the multi-mode
waveguide, of which width is s and refractive
indecies are n, and n;. The dimensions of the
multi-mode waveguide are 540um long and 8um
wide, and are designed so that an output light emits
from a cross port in case of uniform index structure,
ie,n;=n,=n; = n, The output light can switch
from the cross port to the straight one and can even
emit from the both ports when both and either

/ Output hght/1

mdex modulated

? s p*-InGaAs
e / p-InP

(b) A-A’ cross-section

Input light () schematic view
Fig.1 Structure of the proposed multi-mode
interference photonic switch (MIPS)
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Fig.2 Structure of non-blocking 4 X 4 matrix
switch with four-stage MIPS's

indices of n, and n; are reduced, respectively. This
index reduction can be attained by current injection
into the InGaAsP waveguide layer by forming
electrodes at the top of the index-modulated regions.
The switching speed of the MIPS will be high
determined by carrier life time of a few ns.

Figure 2 shows one of the applications of the
MIPS’s to a non-blocking 4 x 4 matrix switch with
as small as 20pum X 1800 wm dimensions. It shows
that the MIPS is suitable for monolithic photonic
integrated circuits.

II. Analysis

The analysis of switching characteristics is based
on FD-TD method. The input light of the
wavelength A =1550nm is assumed to be in Gaussian
distribution with a spot size of 2.0um, and is input
at the position away from the side end of the multi-
mode waveguide by x = 1.5um. The peak intensity
of the input light is set 1.0. The refractive indices
of the waveguide and the cladding regions are
n,=3.358 for InGaAsP layer of the bandgap
wavelength of 1.24um and n;=1.45 for SiO,,
respectively, as a high-mesa structure. The lengths
of the index-modulated regions are chosen to be half
of the length of the multi-mode waveguide, and the
widths of these are 2um. In this analysis the
reduction of the index of the index-modulated
regions is assumed to be 1% as reasonable reduction
limit by current injection.

In the case that all regions have the same
refractive indices such as n, = n, = n; = n,, the input
light propagates in the multi-mode waveguide as
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Fig.3 2D intensity distributions in multi-mode waveguides: (a-1), (b-1), (c-1),
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shown in Fig.3 (a-1), and the output light is obtained
from the cross output port as shown in Fig.3 (a-2)
with very small cross talk as is estimated by the
characteristics of the multi-mode interference.

On the other hand, when both of n, and n, are
reduced to be 3.324 (by 1% reduction), the output is
obtained from the straight port as a result of
formation of single mode waveguides, as shown in
Fig.3 (b-1) and (b-2). Though the cross talk of
about 11.3% appears in this case, it can be much
reduced by optimizing the waveguide structures as
addressed later.

And when only n, or n; are reduced to 3.324, the
output light is obtained from both output ports as
shown in Fig.3 (c-1) and (c-2) since the length of the
multi-mode waveguide is made half of that for the
case of the cross-port output. Though the output
intensity of both ports is not equal, it may be able to
be improved by optimizing the length of the region
of n,. These results show the potential of the MIPS
as functional photonic switches with not only line
switching but broadcasting behavior, and these
operations can be attained by about 35mA current
injection to each index-modulated region if the width
and the lengths of these region are 2um and 270um,
respectively.

In order to reduce the cross talk of the MIPS when
n, and/or n, are reduced as described above, we
calculate the characteristics of the MIPS by changing
the structure parameters. Figure 4(a) shows the
case when the ridge waveguide structure is adopted.
The cross talk can be reduced to 9.2% from 11.3%

no index chang

Relative output intensity(dB)
o
S

S N R S

23 45 6 7 8
position (u m)

Fig.5 Output intensity of 1 X2 MIPS
(ny, nyand n, are reduced by 1%)

by increasing the cladding index to be 3.250 from
1.45.- The reason why the cross talk is reduced is
that the distribution of propagated light is less
inclining toward the index-modulated regions due to
the almost symmetric waveguide structure to the
propagated light.

And by increasing the width of the index-
modulated regions to 4um from 2um, the cross talk
can also be reduced to 6.8% from 11.3% as in Fig.4
(b). This is due to that, the evanescent field to the
region of n, is reduced. In those methods, the cross
talk of the MIPS can be reduced by optimizing its
structure. ‘

The cross talk is still remained a few %, as
mentioned above, if the index-modulated regions are
located in the center of the multi-mode waveguide,
which is aimed for 2X2 MIPS configuration. On
the other hand, if the n, region is also made as an
index-modulated one and its index is reduced to
3.324 (by 1% reduction), the cross talk can be much
reduced down to -20dB. In this case, the MIPS
operates as 1 X 2 switch, Figure 5 shows its
characteristics. Though the other input port cannot
be used in this structure, the good switching
characteristics as the 1X2 MIPS are expected from
this calculation.
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IV. Experiment

We fabricated the MIPS with the structure in Fig.1.

The width and the length of the fabricated MIPS is
13um and 1200um, respectively. The thicknesses
of an InGaAsP waveguide layer of the bandgap
wavelength of 1.24pm and a p-InP and a p*-InGaAs
layers are 0.3um, 1.5um and 0.05um, respectively.

The propagated light through the InGaAsP multi-
mode waveguide layer of the MIPS was observed by
an infrared camera as expected under no current
injection, as shown in Fig.6. But switching
operation of the MIPS has not obtained by current
injection, because the injected current may have
spread laterally in the whole InGaAsP layer, and the
index changed uniformly. This preliminary
experiment claims that some methods to restrict the
current flows only through the center index-
modulated regions are needed, such as partial pnpn
regions, semi-insulating regions and soon. Andal
X2 MIPS may be rather easier to fabricate under
sacrifice of one input port.

V. Conclusion
In summary, we proposed novel InGaAsP/InP
multi-mode interference photonic switches (MIPS),
in which various kinds of switching are attained by
introducing patterned index-modulated regions.
The fundamental characteristics evaluated by FD-TD
method show that the MIPS is quite promising as

Fig.6 Output light from MIPS under no current
injection

functional photonic switching devices. It is
predicted that the switching characteristics can be
improved by optimizing the waveguide structures
such as higher cladding index, wider index-
modulated region and so on.

We fabricated the MIPS actually, but it was found
that the region where the injected current flows is
needed to be restricted in the MIPS. And we are
attempting to fabricate the improved MIPS and the 1
X 2 MIPS and expecting to demonstrate the
fundamental experimental results at the conference.
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Abstract

We propose two types of MIPS-P’s for current-
definition. Both types of MIPS-P’s can be expected to
realize switching operation with very low crosstalks
of less than -20dB clarified by wide-angle finite-
difference beam propagation method (WA-FD-BPM)
analysis. Experimentally a fabricated MIPS-P with a

groove region exhibited preliminary switching
behavior according to current injection.

Introduction

Photonic  switching is gathering increasing
expectation in accordance to recent explosive
development of photonic networks. For these

applications, photonic switches may be needed to be
versatile, high-speed, low power operation,
polarization insensitive, wavelength insensitive,
compact and suitable for monolithic integration.
Multi-mode interference (MMI) waveguide devices
are attractive candidates for such functional photonic
devices [1]. Previously we proposed a new structure
of multi-mode interference photonic switches with
partial index-modulation regions (MIPS-P) to realize
versatile power switching among multi ports [2],[3].
For proper operation of the MIPS-P, formation of the
index-modulation regions with desirable sizes and
positions is important. Actually positioning in
accuracy in the fabrication process of the device and
carrier diffusion of current injection for the index-
modulation may deform the effective sizes of the
index-modulation regions. In this paper, we discuss
current-defining structures for the partial index-
modulation regions in terms of low crosstalk
operation, and report preliminary experimental
characteristics of a MIPS-P with the current-defining
structure.

Device Structure

A schematic of the 2x2 MIPS-P we investigated is
shown in Fig.1. The width and the length of an
MMI waveguide are W=12 4 m and L=1296 4 m,
respectively. L is selected to be 3L ., which is the
coupling length of the MMI waveguide, where L,
=41, W3 A . iy 1S the equivalent refractive index,
and A is the wavelength of light in vacuum. This
means that an asymmetric output light is emitted from

a cross port in the case of no index modulation. The
length of the index-modulation region is /=24 4 m,
and its width w, is adjusted in accordance with the
current-defining width w,. The length [ is selected so
as to obtain a phase change of -7T with a refractive
index change of -1%.

The switching principle is as follows. By setting the
index-modulation region at an appropriate position
and utilizing mode conversions in it, the multi-mode
interference patterns after passing the region can be
manipulated, and the output light can be switched to
arbitrary output ports. Both 2x2 MIPS-P and 3x3
MIPS-P can realize switching operation with low
crosstalks of less than -20dB as a result of the
analysis by wide-angle finite-difference beam

_propagation method (WA-FD-BPM) using (3,3) Pade

approximate operators with transparent boundary
conditions.

Structure of Current-Definition

For the MIPS-P, index-modulation only at
appropriate positions is essential. So we propose two
types of structures for current-definition, that is, a
groove region and proton-bombarded regions, as
shown in Fig.2 (a) and (b), respectively.

The MIPS-P with a groove region is fabricated by
etching the side of an index-modulation region in an
MMI waveguide, as shown in Fig.2 (a), and
consequently lateral diffusion of carriers by current
injection can be avoided. The effect on switching
characteristics against the sizes of the groove is
analyzed by WA-FD-BPM for a 2x2 MIPS-P. Fig.3
shows the relation between the crosstalk and the
width of the groove w; with its length of /=24 L m.
We also calculate the relation between the crosstalk
and the length of the groove /. These results indicate
that the 2x2 MIPS-P with a groove region can attain a
very low crosstalk of less than -30dB on the condition
that w,=0~4 L m and /<35 Lt m.

On the other hand, proton-bombarded regions
exhibit high resistivity due to depletion of carriers,
and prevent the carrier diffusion as like the groove
region. It is noted that the carrier depletion associates
a refractive index increase at the same time, therefore
its influence on switching characteristics is analyzed
by WA-FD-BPM for a 3x3 MIPS-P. The change ratio
of refractive index against carrier density is assumed -
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7.2x10%cm® [4], and the initially doped carrier
density of an InP-cladding layer is assumed
5x10"7/cm®. The calculated results show very low
crosstalks of less than -20dB as well as low insertion
losses less than -0.2dB. The MIPS-P with proton-
bombarded regions is expected to the application to
larger switching scale of NxN.

Experiments

The preliminary switching characteristics of the
fabricated 2x2 MIPS-P with a groove region were
measured. The width and the length of the MMI
waveguide were W=12 4 m and L=1250 4 m,
respectively. And those of the groove were w;=2 U m
and [=24 i m, respectively. The relative output
intensities as a function of injection current are shown
in Fig.4. By current injection, the relative output
intensity of the cross port decreased by 6.8dB, and
that of the straight port increased by 5.5dB. The
crosstalk value at no current injection was far from
the desired one, since the fabricated device sizes were
deviated from the designed values. But the
preliminary switching was obtained, and the effect of
the current-defining structure was confirmed. The
device characteristics can be improved by forming
the groove more properly and by avoiding the heat
problem due to current injection. MIPS-P’s with
proton-bombarded regions are under investigation.

Conclusion

We proposed two types of MIPS-P’s for current-
definition, that is, a groove region and proton-
bombarded regions. Both types of MIPS-P’s can be
expected to realize switching operation with very low
crosstalks of less than -20dB by WA-FD-BPM
analysis. Besides a fabricated MIPS-P with a groove
region exhibited preliminary switching behavior
according to current injection. It is expected that
desirable switching operation can be realized by to
optimizing the device structures of MIPS-P’s.
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Versatile multimode interference photonic
switches with partial index-modulation
regions

M. Yagi, S. Nagai, H. Inayoshi and K. Utaka

A new structure is proposed for multimode interference photonic
switches which have partial index-modulation regions to obtain
control of the power switching between multiple output ports.
The switching characteristics for a 3 X 3 configuration are
analysed by the wide-angle finite-difference beam propagation
method. This analysis confirms that complete switching can be
obtained with low crosstalk levels of ~23dB.

Introduction: 2 x 2 multimode interference photonic switches
(MIPS), the switching operation of which is achieved by control-
ling the confinement of the propagating light, have been proposed,
and 1 x 2 switching operation has been experimentally demon-
strated [1]. The advantages of utilising multimode interference
(MMI) waveguides for photonic devices are that they are compact
and polarisation-insensitive, have large optical bandwidth and
improved fabrication tolerances, and that they are flexible to
scale-extensions [2 — 5].

In this Letter we propose a new structure for multimode inter-
ference photonic switches, the switching operation of which is con-
trolled via phase modulation. By changing the refractive indices of
these index-modulation regions installed in the multimode
waveguide, N x N switching functions can be controlled. Funda-
mental switching characteristics are analysed by the wide-angle
finite-difference beam propagation method (WA-FD-BPM) [6],
and the potential for a wide range of applications is described.

L=1296pm

322/1
Fig. 1 Structural parameters of MIPS-P for 3 X 3 configuration

Device structure: A schematic structure of the multimode interfer-
ence photonic switch with partial index-modulation regions
(MIPS-P) is shown in Fig. 1 for a 3 x 3 configuration. The width
and the length of the MMI waveguide are W = 12 and L = 1296
um, respectively. L is selected to be 3 L,, where the coupling
length of the MMI waveguide L, = 4np,,W2/3A with the equiva-
lent refractive index #,,,, and A is the wavelength of light in a
vacuum [2]. This means that the asymmetric input light is emitted
from a cross port without any index modulation. The lengths /;, &,
[, and the widths w;, wa, wy, 1w, of the index-modulation regions
are 24 and 6pm, respectively. The equivalent refractive index of
the MMI region 11, and the cladding region n,,, are 3.219 and
3.058, respectively, assuming an InGaAsP/InP ridge structure for
A = 1.55um. The lengths of the index-modulation regions are
selected so as to obtain a phase change of ~x for a refractive index
change of —1%.

The index-modulation regions denoted by (n;, 1) and (1, n3)
are placed at the positions in the MMI waveguide where a pair of
images of an input signal are obtained for symmetric and asym-
metric interference, respectively [2]. For example, in the case of a
change in phase of one of the pair images in the MMI waveguide
by —m, an even mode is transformed into an odd mode, and vice
versa (‘transformation’). Also the unification of modes (i.e. both
modes become the same type) (‘unification’) or the division of
both modes (‘division’) can be realised by changing the phase of
either symmetric image by —n/2. By utilising these mode conver-
sions, the multimode interference patterns after further propaga-
tion in the MMI waveguide can be manipulated, and the output
light is switched to arbitrary ports by setting the partial index-
modulation regions at appropriate positions.

ELECTRONICS LETTERS

Analysis: The fundamental switching characteristics of the MIPS-P
were analysed by WA-FD-BPM using (3, 3) Padé approximant
operators with transparent boundary conditions. TM polarisation
was considered.

The light propagation characteristics and output intensities for
the case where the input light was fed from port | are shown in
Fig. 2. Without the index modulation the propagating light is
emitted from port 6, as shown in Fig. 2¢, since L = 3L,. When
the refractive index n, or n is decreased by ~1%, a transformation
between the even and odd modes takes place at z = L/2, and the
multimode interference patterns for further propagation after z =
L2 are inverted. Therefore, the light is emitted out from port 4, as
shown in Fig. 2¢. Simultaneous decreases in the refractive indices
ny and n, by ~0.5 and —1%, respectively, give rise to a unification
of modes such that both become odd at z = L/2 and subsequently
to even modes at z = 5L/8, so that the light is emitted out from
port 5, as shown in Fig. 2b.
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0246
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Fig. 2 Light propagation behaviour and output intensities

(Input: port 1)

Black and grey regions indicate where refractive indices are decreased
by -1 and -0.5%, respectively

@ n» or ny decreased by -1%

b ny decreased by -0.5, ny decreased by ~1%

¢ Without index modulation
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Fig. 3 Light propagation behaviour and output intensities
(Input: port 2)
a n, decreased by —1%, iy decreased by ~0.5%

b Without index modulation
¢ ny decreased by ~0.5%

Fig. 3 shows the calculated results for the case where the input
light is fed from port 2. Since the input light is fed from the centre

16th March 2000 Vol-3813No. 6 1



of the MMI waveguide, only even modes are excited. Without
index modulation the light output is obtained from the centre port
5, after four cyclic self-imaging-length propagations, as shown in
Fig. 3b. Refractive index changes in »n; by —1% and »; by -0.5%
cause the unification to odd modes and the division of both modes
at the respective positions, resulting in an output from port 4, as
shown i Fig. 3a. Fig. 3¢ depicts the case where n, is decreased
by —0.5%, instead of n;, showing the output from port 6.
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nofr
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position, pm
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322/4
Fig. 4 Light propagation behaviour and output intensities as 3dB cou-
pler

a Even modes
b Even modes (different input port from Fig. 4a)
¢ Odd modes

The MIPS-P can be operated as a 3dB coupler that branches
out the input light into two ports, ports 4 and 6, even if the input
light is fed from any port. These functions are realised by finally
converting the modes into even modes, as shown in Fig. 4a and b,
or odd modes as shown in Fig. 4c.

A decrease in the refractive indices can be easily attained by
current injection, and increases can also lead to the same charac-
teristics.

Conclusion: We have proposed a new structure for multimode
interference photonic switches with partial index-modulation
regions (MIPS-Ps), and demonstrated the possibility of complete
switching and also 3dB branching with low crosstalk levels of
<-20dB. The proposed MIPS-Ps can be expected to be used as
versatile functional photonic switching devices for advanced phot-
onic network systems.
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Abstract: We propose a new structure of multi-mode interference photonic switches with partial index-modulation
regions to realize flexible power switching among multi-ports. The switching characteristics for 3x3 configuration

are analysed to show potential for versatile functions.

Introduction

Photonic switching is gathering increasing expectation in
accordance to recent explosive development of photonic
networks.  For these applications, photonic switches may
be needed to be versatile, high-speed, low operation power,
polarization insensitive, wavelength insensitive, compact
and suitable for monolithic integration.  Multi-mode
interference (MMI) waveguide devices are attractive
candidates for such functional photonic devices /1/- /3/ and
we developed multi-mode interference photonic switches
(MIPS) to demonstrate 1x2 switching and 3dB branching
theoretically and experimentally /4/.

In this paper we propose a new structure of multi-mode
interference  photonic  switch ~ (MIPS-P),  which
accommodates index-modulation regions at appropriate
partial regions in the MMI waveguide. It can operate in
versatile functions as flexible power switching among
multi-port output waveguides. Fundamental operational
characteristics are analysed by wide-angle finite-difference
beam propagation method (WA-FD-BPM) /5/, and
potential for versatile wide application is described.

Device structure

A fundamental structure of a multi-mode interference
photonic switch with partial index-modulation regions
(MIPS-P) is shown in Fig.1 for a 3x3 configuration. It
accommodates partial index-modulation regions at such
regions in the multi-mode interference (MMI) waveguide
as those where propagated beams tend to be focused in
order to effectively modulate the phases of specific guided
modes, and consequently propagation behaviors can be
controlled due to the change of interference among the
propagated modes. Here, a 3x3 configuration is drawn as
an example, but this operation concept can adapt to larger-
scale multi-port structures. Fundamental switching
characteristics are analysed by WA-FD-BPM using (3,3)
Pade approximate operators with transparent boundary
condition.

In the analyses, the device structure which is composed
of two MMI regions with different lengths and widths is
used, as shown in Fig.1, for improved output beam profiles.
The total device length is about 950um. The refractive
indices of the core and the cladding regions of the MMI
waveguide are nyy=3219 and n,,=3.058, respectively.
The input light at the wavelength of 1550nm is assumed to

be in Gaussian distribution with a spot size of 1 um, and
TM polarization is considered.  As partial modulation
regions, three regions are taken, as shown in the figure
denoted by n,, n, and n,, to demonstrate various output
behaviors from three ports. The lengths I , [, and the
widths w,, w,, w, of all these regions are 24um and 6um,
respectively.

Figure 1: Schematic structure of 3x3 configuration

MIPS-P
L, = 6481m L, = 300um
Zum
o
Port 1— 2| ° i = Port 4
1]
Port 2+ 2 i+ Port 5
]
Port3— 2} 7 " —Port 6
—
2
Analyses

Figures 2 show the beam propagation characteristics for
the case that the input light is fed into Port 1 without (a)
and with (b) partial index-modulation at the region denoted
by n,. Without index modulation an input light propagates
and emits out from a cross port, Port 6, since the effectively
total length of the MMI waveguides L (=L;+L,) is selected
to be effectively 3L, where L =4ny, W¥3A (A the
wavelength in the vacuum) is the coupling length
determined by the lowest two-ordered modes. This means
L, and L, are chosen to be 3L/2 for each MMI width W,
and W,  When the refractive index of the index-
modulation region n, is decreased by 1%, the output is
switched from the cross to the straight ports, as shown in
Fig.2 (b). The switching characteristics as a function of
refractive index change -An, are shown in Fig.3 with two
cases of the lengths of the partial modulation regions [,
25um and SOpm. It is seen that these switching behaviors
are quite similar to those of a Mach-Zender interferometer.
By decreasing n, to attain the corresponding phase change
of &, complete switching is realized with a low cross-talk of
about -25dB with a wide tolerance in /,. 1t is noted that the
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same characteristics are obtained even if the index-
modulation region is formed at the opposite side of the
MMI wavegnide n,, giving the same phase effect to the
propagated modes.

. Figure 2: Beam propagation for the input light in Port
1: without (a) and with (b) index-modulation of n,
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Figures 4 show the output light distributions under the
various modulation schemes on n,, 1, and n, for the case of
the center-fed input light into Port 2. The structure is
designed so as to include four equivalent units to project
the same center-fed input image after one-unit-length
propagation. Therefore, an output light emits out from the
center port, Port 5, for the case of no index-modulation. By
decreasing the refractive indices n,, n, and n, appropriately,
the output switching among three ports can be realized.
The switching behaviors by various modulation schemes
('Anh 'AHZ’ ‘Ana) of (a)(l%v 0: 05%): (b)(07 07 0)7 and
(©)(1%, 0.5%, 0) are shown in Fig.4. Here, the refractive
index n, is not changed. A 1x3 switching operation is
realized by just a single chip. It is noted that there are
several choices for the positions of the partial index-
modulation regions and the length of the MMI waveguide
to attain the same operations. Adoption of two MMI
regions realizes complete single-mode outputs from the
access waveguides. These results evidently show the
potental for versatile switching functions.

Figure 3: Switching characteristics as a function of the
decrease of n,

Light intensity (dB)

0 001 0.02 003 004 005
Reduced indices -An,

Conclusion

structure of multi-mode
interference photonic switches with partial index-
modulation regions (MIPS-P). By forming the partial
index-modulation regions in the MMI waveguide and
appropriately changing the refractive indices, versatile
photonic switching operation can be realized to get the
outputs from arbitrary waveguides of the multi-port
structure with very compact chip size. The proposed
MIPS-P's are expected as versatile functional photonic
switching devices for advanced photonic network systems.

We proposed a novel

Figure 4: Various switching behaviors for the input
light in Port 2
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Abstract: Compact and simple-structured wavelength converter using multi-mode interference semiconductor optical
amplifier is proposed. Fundamental characteristics of cross gain modulation with gain suppression of about 3dB

were observed,

Introduction

For future advanced wavelength division multiplexing
(WDM) optical network systems, a wavelength converter
(WC) is expected to be one of the important devices, since
it can remove wavelength blocking and provide flexible
high capacity network by effectively managing finite
wavelengths in interconnections.  For this purpose,
semiconductor optical amplifiers (SOA’s) are promising.
So far, a lot of studies on wavelength converters using
cross gain modulation (XGM) /1/, cross phase modulation
(XPM) /2/, four wave mixing (FWM) /3/ and so on /4/ have
been reported. On the other hand, photonic devices using
multi-mode interference (MMI)/5-7/ are very attractive
from the viewpoint of compactness, polarization and
wavelength insensitive characteristics.

We propose a novel multi-mode interference wavelength
converter (MIWC) based on XGM in an MMI-SOA.
Although conventional wavelength converters, in most
cases, need additional optical components like a filter or a
coupler for separating a converted light from a signal light,
the MIWC does not need these components, so compact
WC configuration is attainable.

Structure

The proposed MIWC has an active multi-mode
interference region integrated with passive 2x2 access
waveguides, as shown Fig.1. In the MMI-SOA region, a
large optical cavity structure was adopted. As the length of
the MM region is chosen 3Lx, where Lxt is defined as Lx
= 4nW¥3A (W and n: the width and refractive index of the
MMI waveguide, respectively, A: the wavelength in the
vacuum), input lights from any ports can be taken out from
its cross ports. Therefore, efficient separation between a
signal light and a converted light is possible without
additional filters even for both cases of co-directional and
counter-directional configurations, as long as they are fed
from different ports. Moreover, since the amplified signal
light emitted from one MIWC can be reused in the next
MIWC arranged in the cascade, wavelength conversion
from one wavelength to multiple ones can be realized. The
width and length of the MMI-SOA are W = 8um L =
540um, respectively, so the MIWC is quite a compact WC.

It is noted that since the MIWC is wider than conventional
single-mode SOA’s, larger gain is expected.

Figure 1: Structure of the MIWC
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(a) schematic view
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Experimental results

The MIWC were fabricated with a high-mesa structure, for
1550nm wavelength range operation as shown in Figure 1,
by liquid phase epitaxy ( LPE ) method, and the waveguide
and MMI-SOA structures were made by conventional
photolithography and wet chemical etching. The thickness
of an n-InGaAsP waveguide layer of the bandgap
wavelength of 1.24um, an n-InP buffer layer, an active
layer of the bandgap wavelength of about 1.55um and a p-
InP cladding layer, a p*-InGaAsP cap layer were about
0.25um, 0.15pum, 0.20um, 0.50um, and 0.20um,
respectively. The width and the length of the multi-mode
waveguide were W = 11pm and L = 870um, respectively.

The gain characteristics of the fabricated MIWC as a
function of injection current are shown in Fig.2. In this case,
the wavelength and the power of the input light in the
launching fiber were 1536nm and - 10dBm, respectively.
The gains were measured by the change of the output light
power from the MIWC, so it corresponds to a small signal
gain characteristics since the coupling from the input fiber
into the high-mesa waveguide was estimated to be small.
The gain reached a peak and then decreased as the current
increased, which was attributed to heat rise since the device
was not bonded on a heat sink. The maximum gain was
about 12dB around 8mA current injection, and the peak of
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the ASE spectrum was about 1515nm. The reason why the
gain of the MIWC varied by changing the current may be
due to the refractive index change associated with current
injection.

Figure 2: Gain characteristics of the MIWC
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In Fig. 3 the gain suppression of the MIWC by SmA
current injection was observed. The wavelength of a CW
light was 1536nm and that of a signal light was 1534nm.
The input powers of the CW light and the signal light in the
launching fibers were about -20dBm and -10dBm,
respectively. In this case, the transmitted light power of the
CW output light corresponding to the converted light was
less than - 60dBm without current injection to the MIWC.

The power of the converted light was - 43.9dBm when the
signal light did not fed to the MIWC, but it reduced to -
47.5 dBm by feeding the signal light. The gain suppression
rate was about 3dB. The signal light appeared in Fig. 3
because a co-directional configuration was adopted and the
length of the MMI region was different from that
correspondung to 3L, It shoud be noted that in the case of
a counter-directional configuration, the signal light can be
eliminated entirely at the converted output port.

Figure 3: Gain suppretion of the MIWC byfeeding
' signal light
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Summary

We proposed a novel wavelength converter (MIWC) with
an active multi-mode interference region, which does not
need to be equipped with an additional filter to separate a
signal from a converted lights. The maximum optical gain
of the fabricated MIWC was about 12dB. Though the
experiments are still at preliminary stage, the cross gain
modulation between the wavelengths of 1534nm and
1536nm was obtained with cross gain suppression of 3dB.
Higher performances are expected by improving the
launched power in the MMI-SOA and the device reliability,
adopting a ridge or a buried heterostructure waveguides,
and also optimizing the device dimension parameters.

Acknowledgement

The authors would like to thank to Mr. H. Inayoshi of
Waseda University for his help in the experiment. This
work was supported by Grant-in-Aid 09305021 for
Scientific Research from the Ministry of Education,
Science, Sports and Culture, and by International
Communications Foundation.

References

/1/ T. Durhuus, B. Mikkelsen, C. Joergensen, S. L.
Danjelsen, and K. E. Stubkjaer : *“All-Optical
Wavelength Conversion by Semiconductor Optical
Amplifiers” Journal of Lightwave Technology, Vol.
14, No. 6, pp. 942-954 (1996)

12/ C. Joergensen, S. L. Danielsen, T.Durhuus, B.
Mikkelsen, K. E. Stubkjaer, N. Vodjdani, F.
Ratovelomanana, A. Enard, G. Glastre, D. Rondj, and
R. Blondeau : *"Wavelength Conversion by Optimized
Monolithic Integrated Mach-Zehnder Interometer”
IEEE Photonics Technology Letters, Vol. 8, No. 4, pp.
521-523(1996)

/3/ R. Schanabel, W. Pieper, R. Ludwig and H. G.
Weber : “Multiterahertz frequency conversion of a
picosecond pulse train using nonlinear gain dynamics
in a 1.5mm MQW semicondtctor laser amplifier”
Electronics Letters, Vol. 29, No. 9, pp. 821-822(1993)

/4/ K. Inoue : “Dependence of Frequency Chirping on
Bias Current in LD Wavelength Conversion” IEEE
Photonics Technology Letters, Vol. 8, No. 6, pp. 767-
769 (1996)

/S/ L. B. Soldano and E. C. M. Pennings : “Optical
Multi-Mode Interference Devices Based on Self-
Imaging: Principles and Applications ” Journal of
Lightwave Technology, Vol. 13, No. 4, pp. 615-627
(1995)

/6/ E.C.M. Pennings, R. J. Deri, A. Scherer, R. Bhat, T.
R. Hayes, N. C. Andreadakis, M. K. Smit, L. B.
Soldano, and R. J. Hawkins : "Ultracompact, low-loss
directional couplers on InP based on self-imaging by
multimode interference” Applied Physics Letters Vol.
59, No. 16, pp. 1926-1928 (1951)

/77 8. Nagai, G. Morishma, M. Yagi, K. Utaka : "
InGaAsP/InP  Multi-Mode Interference Photonic
Switches For Monolithic Photonic Integrated Circuits
“: Japanese Journal of Applied Physics, Vol. 38, Pt. 1,
No. 2B, pp- 212-215 (1999)

- 118 -



11:00 - 12:3¢
WP-11

2001 International Conference on Indium Phosphide and Related Materials
Conference Proceedings
13th IPRM 14-18, May 2001 Nara, Japan

Fundamental Evaluation of Semiconductor Waveguide-type In-line
Wavelength Selective Filter with Fabry-Perot Etalon Resonator

M. Otaka, S. Takahashi, K. Utaka, M. Horita*, and T. Yazaki*

Department of Electronics, Information and Communication Engineering, Waseda University
3-4-1 Okubo Shinjuku Tokyo, 169-8555 JAPAN
(Tel) +81-3-5286-3394 (Fax) +81-3-3200-2567 (E-mail) utaka@mn.waseda.ac.jp
* KDD R&D Laboratories

Abstract
As compact filtering devices easily integrated with semiconductor waveguides and also for the
application to a multi-wavelength light source, we fabricated an InGaAsP/InP semiconductor
waveguide-type in-line wavelength selective filter with a Fabry-Perot etalon resonator.  Filtering
effect was obtained with an almost-designed transmission wavelength interval of 0.8nm.
Fundamental characteristics of the fabricated devices were evaluated, and the structures to improve

a method of the contrast ratio are discussed.

1. Introduction

There are accelerating demands to expand the
communication capacities associated with explosive
deployment of internet, mobile phone and other media.
For this purpose the modulation rate in the
communication systems are also increasing, and 40Gb/s
systems are expected for the next generation ones.
However, further high-bit rate systems seem difficuit due
to the limit of operation speed of electronic circuits at
present, and instead Wavelength Division Multiplexing
(WDM) systems are promising. Especially, Dense
Wavelength Division Multiplexing (DWDM) networks
have been intensively investigated on the basis of ITU-T
Recommendation G.692. To increase the channel
numbers, the interval of adjacent two wavelengths is
made extremely narrow, and the center wavelength
should be properly defined in the systems. For example,
the standard values of the interval and the center
wavelength are 0.8nm (100GHz) and 1552.524nm,
respectively. Wavelength selective filters that are highly
stable and accurately locked at the allocated wavelengths
are essential to realize these systems. In addition, these
filters should also be easy for tuning of the interval and
the center wavelength, easy for integration with other
optical devices such as a light source, a detector and a
channel waveguide, and independent of polarization of
light. To satisfy these requirements semiconductor
waveguide-type in-line wavelength selective filters are
quite promising.  These kinds of filters are also
effective in the respect that a multiple resonator
configuration can manipulate the transmission
characteristics and realize wide-range wavelength tuning.
In this paper, we present the structure, fabrication
process and fundamental filtering characteristics of an
InGaAsP  semiconductor  waveguide-type  in-line

0-7803-6700-6/01/$10.00 ©2001 IEEE

wavelength selective filter with a Fabry-Perot etalon
resonator operating at the 1550nm wavelength range.

II. Fabrication

A structure of the device we fabricated is shown in
Fig.1. The devices were fabricated by liquid phase
epitaxial (LPE) growth method on InP substrates. The
thickness of each layer was as follows: an InP buffer
layer of 0.4um, an InGaAsP waveguide Ilayer
(Ay=1.24um) of 0.3um, an InP cladding layer of 1.0pm,
and an InGaAsP cap layer of 0.1um. These layers were
not doped intentionally. After the growth, a SiO; film
was deposited on the surface as a mask before
photo-resist coating.  In the photolithography, line
patterns were first exposed to define waveguides, and
then groove patterns forming the resonator regions were
exposed by Laser Beam Direct Drawing (LBDD). This
two-time exposure was adopted because of the difficulty
to form narrow grooves by the simultaneous
photolithography for waveguides and resonators. The
waveguides and resonators were inclined up to 7 degrees
from the <011> direction to suppress spurious resonant
modes generated between the cleaved facets.!!!  The
width of the grooves, that is, the spacing between the
waveguide and the resonator became about 1um after the
development process. After the photolithography
process, the InGaAsP cap layer, the InP cladding layer
and the InGaAsP waveguide layer were etched down by
the combination of Reactive Ion Etching (RIE) and wet
chemical etching methods in order to eliminate
introduced damages and to reduce roughness of the
dry-etched surface. The dry etching process was
carried out under the conditions of mixed gases of
CH4:H,=10scecm:40scem, an RF etching power of 100W,
a pressure of 6.4Pa and the etching time of 15 minutes.?!
After the dry etching process, the surface of the InP
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less than 1pm

InP-substrate 011)

Fig.1 Schematic device structure

buffer layer and the sidewall of the InP cladding layer
were etched by an etchant of HCI:H;PO.=1:3 for 5
seconds, and the sidewall of the InGaAsP waveguide
Jayer by an etchant of H,SO,:H;0,:H,0=1:8:4 for 30
seconds. Though these wet chemical etching processes
helped the dry-etched rough facet to become smooth, it
also posed a side etching, which led to a narrower
waveguide and a wider spacing between the waveguide
and the resonator than the designed ones. The spacing
expanded to about 1.3um (though a designed value was
1.0pm) because of these etching processes, as shown in
Fig.2. As a waveguide, a high mesa structure with a
width of 5um was adopted. In order to attain a desired
wavelength interval AA, a length of the resonator L is
determined as L=7\2/2neffA)\, where A is the input
wavelength and n.4 the effective refractive index of the
resonator. Here, L was designed to be 469.2um for
AX=0.8nm using n.4=3.20 at 1550nm wavelength. A
spacing between the waveguide and the resonator was
designed to be less than 1.0um for low-loss coupling.

Fig.2 Surface of the device

II1. Characteristic Evaluation

Fundamental filtering characteristics of the fabricated
device with a total device length of 5-6mm were
measured. As an input light source, amplified
spontaneous emission of Erbium Doped Fiber Amplifier
whose emission wavelength range was from 1.3um to
1.6um was used. An output spectrum of the device is
shown in Fig.3. Fabry-Perot resonant characteristics
were observed with a designed equal wavelength interval
of 0.8nm (100GHz) and a pass-stop contrast ratio of
1.5dB. The low contrast ratio is considered to be due to
rather poor facet flatness, as shown in Fig.2, as well as a
propagation loss in the resonator, which came from a
residual absorption loss and a side-wall scattering loss of
about 2.7dB/mm (6.4cm™). This facet roughness led to
reduction of the reflection coefficient.!®]  The power
reflection and transmission coefficients were estimated
to be 12% and 51%, respectivity, on the basis of these
evaluated loss value and contrast ratio.  Since the power
reflection coefficient at a cleaved mirror facet is 27%, it
is one of the issues to further reduce roughness of the
mirror facets and to make them like cleaved ones. To
flatten the resonator facets, the etching processes have to
be optimized, which can reduce a scattering loss at the

same time. We are able to reduce the scattering loss
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Fig.3 Output Spectrum of the device
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also by adopting a ridge structure. The fabrication
process optimization will also lead to the realization of a
narrower spacing between a waveguide and a resonator,
which leads to a lower coupling loss than the estimated
value of about 6.7dB!! for a spacing of 1.3um. Inorder
to realize a higher contrast, introduction of high
reflection (HR) structures is effective, which will be
discussed later. It is noted that spurious ripples were
successfully suppressed by introducing the angled facet
relative to the waveguide, which might degrade the
coupling losses between the waveguide and fibers. In
order to tune the wavelength intervals and the resonant
wavelengths for practical applications, we are trying to
introduce the mechanism to change the refractive index
of the resonator region by heat control.

IV. Discussion

In order to evaluate the effect of HR structures and
design the structures, we simulated the filtering
characteristics. Usually HR coatings are composed of
the multilayer deposition of metal films or dielectric
films. However, for application of the devices which
use a transmitted light like this case, metal film coating is
not effective because of large absorption loss.
Therefore, this simulation premises on dielectric thin
films generally used. These kinds of dielectric
materials, i.e., silicon dicxide (SiO,), amorphous silicon
(a-Si) and InGaAsP/InP, are used. Their refractive
indices n are assumed 1.40, 3.65 and 3.22, respectively,

and that of air is set to 1.0. These three thin dielectric

films and air gaps with each thickness of A/4n or 3A/4n
are deposited or installed on the facet of the resonator.
The calculated results of reflectivity are shown in Fig.4.
In the calculation, existence of the waveguide was also
taken into account for actual situations. As for the
cases of Fig.4 (c) and (d), a-Si films are assumed to be
deposited only on the facets of the resonator.
According to Fig.4, even when a single film of a-Si is
deposited, the reflectivity of the mirror facet increases to
be about 74%. A semiconductor post with two air gaps
realizes quite high reflectivity of about 96%, as shown in
Fig.4 (a) and (b). It is noted that deposition of films or
installation of posts with thicknesses of A\/4n are
covering quite a wide band for high reflectivity, as
shown in Fig.4 (a) and (c), though they may need precise
fabrication process, such as Electron Beam Lithography
(EB). On the other hand, thick films of 3)/4n are easier
to fabricate and still keep high reflectivity band at
1500nm wavelength range, as shown in Fig.4 (b) and (d).
But, the spacings between the resonator and the
waveguide render wide, which may degrade coupling
efficiencies.  Actual spacings are 895nm, 2686nm,
494nm and 1481nm for the cases of Fig.4 (a), (b), (c) and
(d), respectively. If the spacings are smaller than 1pm,
the coupling loss is not so large. Under the conditions
of the power reflectivity of 96% and 74% for HR
structures as the cases of Fig4 and using an
experimentally evaluated transmission loss of 2.7dB/mm
(6.4cm™), filtering characteristics are calculated as
shown in Fig.5. The contrast ratios are mostly

determined by the reflectivity of the facets, and high
contrast ratios of 16dB and 11dB are attainable for Fig,5
(1) and (2), respectively. It is noted that existence of
the propagation loss in the resonator seriously degrades
the transmissivity. Therefore, the loss has to be reduced
as much as possible, and compensation of the loss by a
semiconductor optical amplifier is also very effective.

100
9 B —
80 /4)
;0" 10 o e — e —
Hy—=
£ 50
% 40 I
rz 30 I
20
10 I [
0
1300 1400 1500 1600 1700

Wavelength [nm]

Fig.4 Reflective characteristics of HR structures ;
(1) The case of a semiconductor post with two air gaps.
Respective thicknesses are (a) A/4n and (b) 3A/4n.
(2) The case that a single film of a-Si is deposited.
Thicknesses of the film and an air gap are (c) A/4n
and (d) 3A/4n, respectively.
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Fig.5 Transmlssnon spectra w1th a propagation
loss of 2.7dB/mm (6.4cm™) ;
The reflectivity is (1) 96% and (2) 74%.

V. Conclusion

We reported the structure, fabrication process and
fundamental filtering characteristics of an InGaAsP
semiconductor waveguide-type in-line  wavelength
selective filter with a Fabry-Perot etalon resonator.
Experimentally, we obtained a designed 0.8nm
wavelength interval with a contrast ratio of 1.5dB.  Low



contrast 1atio can be improved by optimizing the
fabrication process and the waveguide structure, and by
introducing HR structures. Design consideration for
HR structures were discussed.
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1. ABSTRACT

We propose an InGaAsP waveguide-type in-line
wavelength selective filters with a Fabry-Perot etalon
resonator that correspond to the ITU grid of the DWDM
system. Designed wavelength intervals 0.8nm was
achieved, and fundamental pass band-stop band contrast
ratio 1.5dB was obtained. In this paper, we present the
structure, fabrication process, fundamental evaluation of
filtering characteristics operating at the 1550nm-
wavelength range, and the discussion on the evaluation
result is given.

2. INTRODUCTION

The systems of the next generation Dense
Wavelength Division Multiplexing (DWDM) networks
have already been ruled by ITU-T Recommendation
G.692. To increase the density of multiplexing, the
interval of adjacent two wavelengths is made extremely
narrow, and the center wavelength should be properly
defined in the systems. For example, the standard values
of the interval and the center wavelength are 0.8nm and
1552.524nm, respectively. In addition to these strict
definitions, the allowable deviation of each wavelength
is within £0.2nm, so wavelength selective filters that are
highly stable and appropriately tunable at the allocated
wavelengths are desired in the systems.

As one of the devices that can fulfill those
requirements, an InGaAsP waveguide-type in-line
wavelength selective filters with a Fabry-Perot etalon
resonator is promising in terms of easy tuning and easy
integration with other optical devices such as a light
source, a detector and a channel waveguide. These kinds
of filters are also effective in the respect that a multiple
resonator configuration can realize the control of the
pass band shape and manipulate the transmission
characteristics.

3. DEVICE STRUCTURE

The structure of the fabricated device is shown in
Fig.1. The thickness of each layer is as follows: an InP
buffer layer of 0.4um, an InGaAsP waveguide layer
(Ay=1.24pum) of 0.3um, an InP clad layer of 1.0um, and
an InGaAsP cap layer of 0.lum. As a channel

less than 1um

less than Tm

InGaAsP-cap

InP-substrate

Fig.1: Schematic device structure

waveguide, a high mesa structure with a width of Sum
was adopted for single mode propagation. In order to
attain a desired interval AX of adjacent two wavelengths,
the length of the resonator (L) is determined as

2
L==2
2N, BA

where A is the input wavelength and N, the effective
refractive index of the resonator. Here, L is designed to
be 469.2um for AA=0.8nm using N,=3.20 at 1550nm
wavelength. The space between a waveguide and a
resonator was designed to be less than 1.0um for low-
loss coupling. Furthermore, waveguides and resonators
were inclined up to 7 degrees from the <011> direction
to suppress spurious resonant modes generated between
the cleaved facets'",

O

4. FABRICATION PROCESSES

The device was fabricated by liquid phase epitaxial
(LPE) growth method on a (100) InP substrate. Each
layer was not doped intentionally to reduce transmission
loss.

After the growth, SiO, was deposited on the surface
as a mask before photo-resist coating. We adopted the
Laser Beam Direct Drawing (LBDD) method for minute
photolithography processes. Firstly, line patterns for
waveguides were exposed with a certain exposing
condition. Then, isolation patterns to separate resonator
regions from waveguides were exposed with a different
condition. The individual proper selection of the
exposure conditions were inevitable and quite effective
for the fabrication of a narrower space and saving
exposure time. The actual space between the waveguide
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Fig.2: Scanning Electron Microscopic image
of the fabricated device

and the resonator became about
development process.

After the photolithography process, an InGaAsP cap
layer, an InP clad layer and an InGaAsP waveguide layer
were etched down by the combination of Reactive lon
Etching (RIE) and wet chemical etching methods in
order to eliminate introduced damages and to suppress
roughness of the etched surface. First, the dry etching
process was carried out under the conditions of the
mixed gas of CHj:H,=10sccm:40scem, the power of
100W, the pressure of 6.4Pa, and the time of 15
minutes!. Second, to remove carbonized remains the
ashing process was carried out under the conditions of
the 30scem O, gas, the power of S0W, the pressure of
6.4Pa, and the time of 10 minutes. Third, this device was
immersed in HF solution for 60 seconds to remove the
oxygenated layers generated by the ashing process.
Finally, the dry-etched mirror facets of the InP clad layer
and the InGaAsP waveguide layer were etched by the
successive wet chemical etchant of HCl:H;PO,=1:3 for 5
seconds and of H,SO,:H,0,:H,0=1:8:4 for 10 seconds.
Though this wet chemical etching process can help the
etched rough facets to become flatter mirror facets, it can
also pose side etching, which leads to a narrower
waveguide and a wider space between a waveguide and a
resonator than the designed one. After this etching
process, the space expanded to about 1.3um in contrast
to the designed value of 1.0um, as shown in Fig.2.

1.0um after the

5. FILTERING CHARACTERISTICS

The fundamental filtering characteristics of the
fabricated device with a total device length of 2-3mm
were measured. As an input light source, amplified
spontaneous emission (ASE) of Erbium Doped Fiber
Amplifier (EDFA) whose emission wavelength range
was from 1.3um to 1.6um was used. The output
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Fig.3: Output Spectrum

spectrum of the device is shown in Fig.3. Fabry-Perot
resonant characteristics were achieved with an equal
wavelength interval of the designed 0.8nm, and a pass
band - stop band contrast ratio of 1.5dB. In the
measurement, no current or heat was injected to the
device. It is also noted that spurious ripples were
successfully suppressed by introducing the angled facet.
The extremely low contrast ratio is considered to be
attributed to a low reflectivity of the mirror facets of the
resonator due to rather poor facet flatness, as can be seen
in Fig.2, as well as a high transmission loss estimated
about 2.7dB/mm in a resonator, which came from a
residual absorption loss and a side-wall scattering loss.

We calculated the dependence of the power
reflectivity R, power transmissivity 7 and attenuation
constant « of a mirror facet on the transmission
characteristics, as shown in Fig.4. In theory, the power
reflectivity of a completely flat semiconductor mirror
facet without any reflection films is about 0.27 on the
condition that effective refractive index of the waveguide
Negr is 3.20 and refractive index of air N, 1.00. The
calculation based on the values of R=0.27, 7=0.73
and o=0cm™ denotes that the pass band — stop band
contrast ratio of a resonator without any reflection films
is at most 4.8dB (Fig.4 (a)). The calculation enabled us
to estimate the values of R, T and « for the fabricated
device. The result indicates that R was about 0.12 at the
highest, which was also based on the estimated 7 of 0.51
and & of 6.4cm™, corresponding to measured 2.9dB/facet
and 2.7dB/mm, respectively. This brings the result that
the excess loss on the facet was estimated to be 0.37
(Fig.4 (b)). The calculation also proved that high
reflection coating (HR coating) on the etched mirror
facet is a promising technique to obtain higher contrast
ratio. For example, the high contrast ratio as high as
11.8dB can be attained with the coating films for £=0.80,
7=0.20, and a=6.4 cm™ (Fig.4 (c)). The total insertion
loss from fiber to fiber was estimated to be 34dB, in
which the one of this in-line Fabry-Perot etalon
resonator itself was 6.4dB at present.

We have adopted the combination of dry etching
and wet chemical etching to fabricate reflection mirror
facets, but the latter etching process will cause the
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Fig.4: Transmission characteristics

expansion of the space between a waveguide and a
resonator. To solve this problem, the dry etching
conditions such as gas flow or RF power should be
optimized, and this will be conductive to elimination of
the wet etching process. The fabrication process
optimization will make the space between a waveguide
and a resonator narrower, which can improve an
insertion loss, and it will also lead to flattening of
resonator facets, which can increase facet reflectivity and
decrease waveguide scattering loss at the same time.

In order to tune the wavelength intervals and the
resonant wavelengths for practical applications, we are
introducing the mechanism to change the refractive
index of the resonator region by heat control. The
experiment is under way.

6. CONCLUSION

We report the structure, fabrication process and
fundamental filtering characteristics of a semiconductor
waveguide-type in-line wavelength selective filter with a
Fabry-Perot etalon resonator. We achieved the designed
0.8nm wavelength interval, and observed 1.5dB contrast
ratio. Low contrast ratio and adjustment to the ITU-T
recommendation wavelength allocation can be improved
by optimizing the fabrication process and the waveguide
structure.
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