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Deposition rate is one of the most important factors for facilitating the practical application
of amorphous silicon alloys to solar photovoltaics. A basic chemical approach has been taken in
the present study to elucidate a key parameter which dominates the reactivity of silanes and then
to predict the possibility of new source gases which could be used for high rate synthesis of
amorphous silicon alloys.

Quantum chemical calculation based on MNDO and ab initio molecular orbitat methods has
been examined as a tool for pre-evaluating the reactivities of three types of source gases:
fluorosilanes, methylsilanes, and phenylsilanes. It was revealed that the bond energies and
frontier orbital levels calculated could qualitatively interprete the reactivity of these silanes in the
formation of amorphous silicon (a-5i) and amorphous silicon carbide (a-SiC) filins by plasma and
photochemical processes.

Specific reactivities predicted for hexafluorodisilane and monofluorosilane were confirmed by
such an experiment as the acceleration of a-5i film deposition from SiH, with the aid of catalytic
effect of Si,Fg. The addition of small amounts of SizF (1 to 5 mol%) to SiH, accelerated a-Si film
deposition up to three times as much as in the case without the addition of Si;Fs, without leaving
a trace of quality deterioration in a-Si films.

Tetramethyldisilane (TMDS}, a new source gas for amorphous sificon carbide, was decom-
posed by the rf glow discharge. Its reactivity in the formation of amorphous films was found to
be higher than a mixture of monosilane and methane. Plasma diagnosis by optical emission
spectroscopy was contrastive between the two source gas systems, being consistent with the
calculated bond energies of the gases. The structure of films prepared from TMDS is suggested to
be different from that prepared from the gas mixture, judging from the rf power and substrate
temperature dependences on the optical band gaps of the films; carbon and silicone apparently
distributed more homogeneously in the former films than in the latter films.

Since the quantum chemical calculation was proved to be useful for predicting the reactivity
and decomposition mode of fiuorosilanes and alkylsilanes, the method has been extended to
evaluate the reactivity of phenylsilane in glow discharge decomposition. Electronic state of
phenylsilane calculated by a semiempirical MNDO-MO method is discussed in relation fo the
applied rf power in the plasma diagnosis and structure analysis of deposited films. The insulating
a-SiC films prepared could be chemically doped to be semiconductive.



Based on the above research, a novel and fast preparation method of amorphous superlattices
has been devised. Chemical reactivity of source gases is again the key problem for developing the
method which we named pulsed plasma and photo (PP & P} CVD. In combination with double
excitations at least one of which is operated in a pulsed mode, an appropriately selected pair of
source gases accumulate continuously the binary layers of amorphous semiconductors. As an
example of the verification of this novel process, an amorphous superlattice composed of a-5iC:
H:F barrier layer and a-Si:H well layer was prepared from a mixture of disilane and carbon
tetraftuoride by using the method operated in a puised plasma and continuous photochemical
excitations. This chemical control process is not only more efficient than the usual processes
which employ mechanical alternations of gas flow and inevitably interrupt the film deposition
periodically but also has wide applicability to the production of a variety of superlattices of
amorphous and crystal materials. The principle of the method, a reactor design, some results of

layered film preparation, and the structure of film are described.

1. HEDERM

EREL Y 3 v, 9B FRF LV AL
F—gEffaptal & LT OTEEERRW S, KB
TP BT EE A & ¢ 3 TEF I HBIRAT
MM TE, B, BakEo/NERETOE
AELTTIHELOEATVWSE, LxL, iV
¥ - TE ARBEREMHL LT, K
R ERLER S i RFRoME LB,
PTH, KB T Ch, H{bodilwiEH
v avBlUy ) ar7oqRiE, EETHERT
4 3 HEOMBEEECHERETH 5,
KHLiE, EE Y s v AR 2 EEREIGE
BT« 3T O VSUTHRIF L, 2 AUk 5US
ok -T, ¥ 3 RIEGBEEESET
W 5L WHESERT A EEENEL
too TENLT % OREE & BERIEN 5, SERIEE
ET, MOMBHEsER Y oA o0T, B
TFALSEFHRLIC & B AT & SE8Rc & 5 RIEH
DR RS, PR A 2 OHERIC X B EliE
Bk LU, BRI, o 3@or
1A EREBWAFIBI YW TEE LT,

1) 7 viby s VIR: SiH,Fiy 8L SioFs

2) #Fn w5 Y SH,CH- BT

Si,H,(CHa),

3) 7==¥ 5 v SiHaCeHs)

24T, TROOYFREN-RIT, HEEEE
FOEHHREOREERA . 2HORN Y
A A~ FETROA — & — THET 528

eI, BTSRC A S ot E
sh, LA EHEROEEEE LS D
PIeAsiTishb N TV 5, FEENAHAR >\ T
b, ThEZELLERERR T IRTOR
A s, KEBEBIhLHEE > v VX5 25k
Befbd aEfRl s LCRESFshTwS, L
pL, HRHIIVEIEFEVThOBEFZLT
b, TEROVERRRIFERATZOUVELLE, £0
ORISR OBENS & LB L 2IEFICHE
DENT LR TH DB, AR TE, FEHEDBE
FARERT A EBOEE A A, kLT Xwd
WHRBORET ¥ —en L TEL 3ARR
EiEERT C ERFEHL, BETOERERED
A ERE L, SO L WS- (RS
EAme « BEL, EEORCHEAL, THE%E
EHEAA L 720

2, ARAE-E5%

75 X7 BV L AR EE 5 IEREE
HUARE D CVD (FHEfEFRE) O—MRIGR+ — 4
%, Fig. 1 wRd, ERAR (A-BH, 7¥5X<
PTOEEBET LOFHRE, borVRITILF -
ORIk, BHozir¥E— (B KiE
5, OARZERRES SERS TS
Iy, E&LTESRMchEL S YA vEEE
W B, 77 R TH—IA 4 YFELERT 5,
S O—IRSIBEREE, SHEPTEWE, 50
FREUGER A R LR A Lk, MR
CIRRISERE RS, MRS AR L o iE kR



Deposition

AB- A’- B’ Sa (s} San (s)
A~B— +bB *S*g) §*8uls)
Primna Second Ad- and de- Migrn. | Etchi
'decomp. “euction sorption ot |t -5 (o
Vapor phase reaction Surface reaction
Fig. 1. Elementary reactions in CVD process.
Source gas &Wﬁ“ B oS, SHRRIGO XRRT
el 7 EEAL, TORMERS C L8E 1 offEEn
%o
Experimenls MO caleulation PR R N . -
75 AT OHORE T x V¥ - RFEELTER
4 &, SHESUGOR bEANSETE, By 2
reatln S| GOHG! LLHG, 515 DHEFRIETH S 5, REY ) 2 ¥ 13 Si & H
L3, 2.center bond energy > bz Gk 4 - 53] ) e

lntrir:lsic rﬂtar:\cti::)l:gnn:'dinate DHP IS Emﬁf& %E—C & b : .’EH‘-I’ i ti@
G ',D SiH4 fﬁm W ‘5 ?‘L% biy —%ZK b g SiﬂI-I2JI+2 (n
Film = 2) 7 w ’“: 2 AV SiH,,F4_,, & & & variation

Structure: IR, BSCA
Properties: Eopt, 6y, 0,

Fig. 2. Experimental flow of the present study.

(FELT3 YA i, HERmCIER LRES
Bo MBICEHE2EEM (YA —9—) {3,
B &S, S50 - REE@pELo-
RRE AL, e ofictaisasE vk
EEED % b7 — 7 IH0AE A,
SHERIE & FHEIGO W3 hs, Bk ke
TR E LD hE, SEREE G g
WO, - -FiEEE gLy bR
b2 R 5w v, IRAAEIR A s b iR E)
Ik - TR 5h B S0 O 4 OIEHEREE
&, BMURER & oRBIGETOWIh, B
DHERDERE L OGS - i EE 7 %
PEHELTHETE S, 73 X< CVDIRLD
SIH, M oRBETEAZ 7 20 T v (-8 H)
EVER & &, WERGEE R, SHED0 SiH BB
FECRIEEf L, B (<300°C) IKIREFEL
e COMBISHBITRBYAES VL SIH,
OERPEETH BT LERET Z, —F, Fih
DORERDIEESE— F (Si-H, SiH, 75 &) 38K
BEIARE KFEL, BoisE i d RHRIGOR
BoKEw, AMEOENTH 3 v 2 »RIER

WHRETH 2, ERIEBE Y YT v h =4 F
@SIC) DT oM BEVTIE, FEiE0MERD
MBS SIEd 3,

AP TR, EPOFEEERICES B
HEAS, EES 2 0RIEETFNESR 7,
LCAO-MOELIcE S HFHBED = : L F—
E2hlEA T A VF -0 EE, & LTER
B4 MNDO D 70 75 A 2 WTHFH -
fro TRz AAF—UEMO X DERMITES BL
CEBTRHEIRED 5 0N RRBOHE I3,
621 GFEERIE A B\ A ab initio (Gaussian-
82) HEEfViz, HERTNT, BEAKTEER
£ v ¥ — DI M280H A\ 1z,

—, Fig. 21SRd &9, SHickiy 57EH:
BogHilEofr 52 5 Y ¥—va vicfdd 3
EEREIT L TRV, B EEHECESF
& LLERE Lz, 779 X CVD K X BIEDFE
BT, AF v L AEESF ¢ v oPFIETERDY
rf (13.56 MHz) B ME L 7oA RS G TG0 &
& UTHEWE, RIBEREE 0.3 Torr, HiR
BEEIL 300°CTH B, 77 A<hORERE, A
BA A L TH T 2552580 (0ES) Ui,
FIGTHPD A A YR EIPERC & b, PUERE
BOAWEHCHAL, 4447454 off @
IREETHIE L 72, Corning #7069 # 5 A EidR Hic

— 15 —



Table 1. Frontier orbital and 2-center bond energies for fluorosilanes calculated by
MNDO-MO method.

Orbifal energy {eV) 2-Center bond energy (eV)

Compound

LUMO HOMO 4E Si-H Si-F Si-Si
SiH, 0.14 —12.97 12.91 —10.01
SiHF —-0.54 —1245 11.92 —10.06 —18.34
SiHF» -1.18 —12.60 1143 —9.84 —18.86
SiHF, —1.18 —13.92 12.14 —9.22 -~19.40
SiF, —2.01 ~15.83 13.82 -20.22
SiyH; —143 —10.97 5.54 —9.80 —7.64
SipFg ~5.30 —13.08 7.78 —18.95 0.84

C-H c-C

CH, 4.46 —13.95 1841 —12.55
C.Hs 3.96 —~12.87 16.83 —12.52 - 14.51

- 389.501

—389.60

ree)

—389.70

Total energy (Hart

. B ! ! i 1 r
W 1517 18 18 20,

Reaction coordinate (Si-F of Si-H), A)

Fig. 3. Intrinsic reaction coordinates for triplet
SiHgF and SiH..
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Table 2. Reaction conditions for various silane gases and properties of a-Si films preparad.

Gas Flow rate RF power Depo. rate Eg  Conductivity (S-cm™)
(scem) (W) {um-hY (eV) Dark Photo

SiH, 4.0 3 116 177 14X107% 65x10°5
SiF, 10.0 20 —0.44™ o — -
SiF4/H, 18.0/2.0 20 0.56 1.93 L7XE0™®  1.7xi078
SisF, 5.0 20 0.10 - — —
SiyF, 20 3 0.05 2.05 3.0x1077 48x107°
Si,Fy 4.0 1.6 0.16 2,35 50x1077 1.5x1077
Si,Fs/H, 5.0/2.0 20 0.79 - 1.3x107"%  1.3x1077
SiHF, 10.0 30 0.69 178 14X 1078 22x%10°¢

Press.: 300 mTorr, Substrate temp.: 300°C. @ Etching
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Fig. 4. RF power dependence of a-Si deposi-
tion from fluorosilane gases.

BRAKEE © O SHITETE ORRIRIF R EE %, ab
initio & (Gaussian-80, 6-21G*EE) ¢ L b &t
Blf, — M SFHEAE SIF AL D 655
G HIRLPTVWEELI G TV, L,
SiHF Tl 3 BIRFHER B, & SiF fE& 0%
WHTAMES B &0 SEHEEER (Fig. 8) #1854,
o7 wiby 5 v EREBFIEHEATHEE RS,

LACOMRER S S Bk S B KSR s
17 oAby 7 Y RIIEEA 2 2B WTC (SHEE
O BLT b3 VIHTFEORE), 73X~
CVDIC & B a-Si RO/l ER L -, fERO—I
% Table 2, Fig. 4 I&FR4,

SiF EAKBEBREMSIEEL DV & a-Si A AR
T, Hoh LY aSiirEiR bcfiseTs

CETIXwz o F IR B,

Lz, SipFg @it cEWSEk 7 —©
b7 o—RESIRL, HEBWPD 7 v B a-Si
AR T 5o KEFRTFORISTS SiF,/H, %
&0 SEETIEERMEC 3, £/, SIHF 2
SiHF;  SiH,F, & 0 bafid, SiH, &EEoi#EE
T, BVLREEE T ABAERT 2, bdo T
&, SI-SiEEA T 2L F - DEW SLF, 13, B
THIEER L, SiIF, KD BVRIEHESTRT, Lk
L, IR~ DR 0HGAA P 2 2 L IS EIREA &
9, SipFe % a-Si BoOXFEHC AWV S T & Ik
TEER & AN,

Si;Fs O ORI = FIB T 25 LWk
LT, MR RonREE AR L, b
B, aSiWERO—NAETH B Sill, 0
o —REEAERIC, SiFs 2HMAEMT 5 &ic
& SIS ONEEEEE & L 7o, #5874 Fig.5 1
R,

FAER D,  SiFs OFERIIT & BT O Enid L
PR E NI, R, BT — R TR B
THO, 1%DERMCHEFGEE T 3 L,
g5 Si-Si S EH ¢ 5 Si,F M ELH I ST HE
L, DIRERY & SiH, © 2 KIFIRIC X - T
a-Si BIEREOIEMRE (SiH; 72 &) OFeEATt
hoeELLNE,

Si,Fg —— 2SiF,

SiFy--SiH, — SiHF,;+ SiH,
SipFe @ ¥ i SiF, AL T & magh 8 ik
HAlShiT v, 75 X=ho 5, SiH Hotis




T T T 3 T ]
2.0+ i
<
5W
. 1sh i
£
= [m]
%, 3w
N
Q
E
e
[~
£ 10k :
g
Iy
s
o
05k W E
O 1 1 1 i L
0 1 3 5

v/ %

r=Gi,Fe/Sit.

Tig. 5. Acceleration of amorphous silicon film
deposition by the addition of catalytic
amounts of Si.F in 5it, glow discharge
system.

[ I D HERRRRE 1 IR L, SioFs ORI
I Lz, RF -7 — OREKITHE D ek
OIETF I3, SiH, OEBESHOFSHHEINLAT
LickatEPNE, IRZX~<Z MIPESCAD
e, M7 » ROEFERAD bREV,
Fig. 6 ictd, 63 & CMEEIEH, #E/ ¥ 7 ¥
HRpOEMLEEFETHSE T LAERT, TH
hB, SiLF EORSPYEcELEEA LT
L5, HERGERE RS b X8 ARUERIERETRY
T & AN L foo

3.2 AFNLITvOBFRELRIGHE

aSi L bIEVSY F¥Fy v 7E2FT S aSIC
i, KB oEBYEORL S 4 — FE LD
HElE LTEHEES ATV S, FiREELTOT AV
v s VHOTEREMCERL, 79 A<CVD
YL IAFNYS Y (DMS)EF P I AFNY
v 5 v (TMDS) 7 5 @ a-SiC EOHERTRE, &
O L e, EEMV Sh B SiH/CH,

T T T T T
T T S & o25%
O 1.25% O 5%
1581 .
-
@
~ f2 8-
o7l e e
3
16§ J
t } } '. }
-4+ o N o
g ¢ 8
-5} s, .
=~ —6¢ J
E
vo=T7) ]
w2
~
5 gl N
4]
=2
—0F Oy n
A -
o} 3% -
.
—-11F i
i [ 1 1 1
i 1 2 3 4 5

RF Power/W

Fig. 6. Optical band gaps and dark (o) and
photo (g,) conductivities of a-Si films pre-
pared by glow discharge decomposition of
SiH, in the presence of various amounts of
SiFe.

Press: 300 mTorr, Substrate temp. (7):
300°C, SiHy 4.0 scem.

(1/2) B& 7 A FEROBE LIBHRET L, oh
5o EUE A i B B BB S T Yl ik
(MNDO ) O HiEHE % Table 3 ©RT.
DMS, TMDS i Si-C #&13, C-H % Si-HiE
ArhEVEST A NE-FHAT B, STCHG
R L DR OERIC LD, SIECOD
Sy OGRS, WEAV SN B SiH,/CH, iR
&7 A DA & IR B RO AN L fo E
B DMS, TMDS WR&#W AR LD &EMT
A-GiC AR B, BONHEMNY FFE v v T
(Eq) @ RF 7¥7 —{REFHEE b, Fig. 7 lc7R9ER
EIEMRVIEE B,

Sil1,/CHy(1/2) & o OEld, DMS ® TMDS pap
6@&&@@K.Nvﬂ®ﬁk&t@mEmﬁk
x ¢ 115, SiH, &0 bHETFVF-OREL



Tabie 3. Two center bond energies and frontier orbital en
methylphenylsilane calculated by the MNDO® method.

ergies for methylsilane, phenylsilane and

Two center bond energy (eV)

Molecule -
Si-H Si-C(Me) Si-C(Ph) C-H(Me)} C~H(Ph) C-C
MeSiH, —12.38% —14.67 - 12.30
PhSiH, ~12.68 —16.30 —12.90 —20.01
MePhSiH, -12.30 —-14.51 —156.87 —12.30 -12.90 —-20.01
Orbital energy (eV) Total eaergy (eV)®
HOMOY LUMO® AR G T AEy
MeSiH, --11.53 2.54 14,067 —301.1 —295.5 5.6
PhSil; ~8.38 0.17 9.55 —967.8 —065.8 2.0
MeFPhSiH, —9.38 0.18 9.56 —1,124.7 -1,122.8 1.9

* Modified Neglect of Diatomic Overlap.

® Highest Occupied Molecular Orbital,

9 Lowest Unoccupied Molecular Orbitai.

¥ Energy difference between HOMO and LUMO.

* G: Ground staie energy, Ty Triplet lowest excited state energy, JE,=T,—G
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Fig. 7. Opticat band gaps of a-3iC films pre-
pared by plasma CVD under various rf
power conditions.

Other conditions are the same as in Fig. 2.
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Fig. 13. Basic concept of the continuous depo-
sition of amorphous superlattices by using
differential photochemical reactivities of
component source gases. ¢, The sequence of
each excitation source. 4, Band diagram of
the superlattice prepared by PPP CVD in
the excitation sequence mode shown in a.
The optical band gaps of barrier layer and
well layer are represented as E and Egy,
respectively. The film thicknesses of barri-
er layer and well layer are represented as dg
and dw, respectively.
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Fig. 14. X-ray diffraction pattern of an a-Si:
H/a-8iC:H:F (50 A-50 A, 41-40 layers)
superlattice prepared in a continuous de-
position by PPP CVD using disilane and
carbon tetrafluoride as source gases.
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