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Formation of a transient Si hydride multilayer and recrystallization of a Si-Si network
during vacuume-ultraviolet-excited Si homoepitaxy from SbHg

Housei Akazawa
NTT System Electronics Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan
(Received 1 June 1998; revised manuscript received 27 Augus) 1998

The mechanism of vacuum-ultraviolet-excited Si epitaxy ofl@) from SkHg has been clarified by
spectroellipsometric measurement. The crystallinity evolution, classified into three types which depend
strongly on the photon flux, is discriminated by distinct shapeglof\) trajectories. The formation of a Si
hydride multilayer at the outermost surface was evidenced by the immediate changeglimthengles when
SibHg is introduced. This layer is decomposed quickly when th&i$Ssupply is terminated. The Si hydride
layer is then converted into a crystalline Si-Si network involving voids due to the photon-stimulated desorption
of H atoms. For the epitaxy is to be maintained, the vacuum-ultraviolet-stimulated rearrangement of the Si-Si
network into a dense Si crystal must further occur at a higher rate than deposition of Si hydrides.
[S0163-182609)02604-1

l. INTRODUCTION mSiH,(a) layer at the outermost surface have been verified
by kinetic monitoring of the dielectric response change. The
Synchrotron-radiation-excited chemical-vapor depositionsecond new content of the present work is its evidence for
(SR-CVD), a growth technique which allows low-temp- the formation of (-SiH-). The dielectric response of
erature epitaxy with angstrom-order controllability of film (-SiH,-) is characterized by vacancies in the network, while
thickness, has recently been used to grow Si films fromhat of mSiH,(a) is characterized by Si-H bonds. It was
Si;Hg (Refs. 1-3 and Ge films from Geli(Refs. 3 and #  found that these two intermediate states can be discriminated
The kinetic pathways of Si-atom deposition include photoly-by their different dielectric functions.
sis of SHg molecules, reactive sticking of the photodecom-  Another content is relevant to the conversion of (-SH
posed fragments, regeneration of dangling bonds by direab the Si crystal. The vacuum-ultraviolétuv)-stimulated
abstraction of H by an impinging H atom, or by photon- crystallization of a Si-Si network has already been
stimulated desorptiolPSD of H atoms? Although these reportec? In the present work this process has been inves-
processes have been identified experimentally, we still do naigated in detail by changing the growth parameters during
know how the Si admolecules introduced at the surface arghe steady-state SR-CVD growth and by post-irradiating an
eventually incorporated into the bulk Si crystal network noramorphouslike overlayer with an intense vuv beam. Amor-
why epitaxy is maintained at temperatures as low as 230 °Cphous Si &-Si) is metastable with respect ©Si. Once
Akazawa and Utsurfiproposed the following sequential exchange of chemical bonds and rearrangement of Si-atom
conversion scheme: positions are triggered, crystallization can proceed continu-
ously if all the heat released is used for advancing the
SiHy(g)—mSiH,(a)—(-SiH,-)—Si crystal, (1)  a-Si/c-Si interface. This happens when recrystallization is
i i , _initiated by a high-power excimer laser pilgkat actually
where SiH(g) denotes photolysis products in the ambient, g thea-Si layer® The photon flux from synchrotron ra-
mSiH,(a) is a silicon hydride multilayer or aggregate giation in a pulse is much lower than that delivered by exci-
formed at the outermost surface, and (-SiHis the infant o |asers. Hence vuv-stimulated crystallization occurs un-
stage of a Si-Si network eventually converted into crystallingyq, microscopically hot but macroscopically frozen
Si (c-Si). The work described in the present paper con-qngitions specific to core electronic excitation. We discuss
firmed the proposed scheme by using ultraviolet spectropqy the breaking of Si-H and Si-Si bonds contributes to

scopic ellipsometrySE) as an analytical method. _ restructuring the network and recrystallization.
The existence of thenSiH,(a) layer was originally in-

ferred from the fact that the activation energies and the
growth rates differ substantially between parallel and perpen-
dicular incidence of SR. The higher growth rate at perpen-
dicular incidence was interpreted as indicating that an addi- The growth experiments were performed using beamline
tional excitation mechanism due to secondary electron3 on the compact electron storage ring “Super-ALIS” at the
enhanced the formation ohSiH,(a) and the conversion of NTT Atsugi Research and Development Center. The beam-
mSiH,(a) to (-SiH,-).1? When the dielectric function of the line components, the growth chamber at the end station, and
overlayer differs from that of the underlying substrate, SEthe gas feeding and exhausting systems are described
can sensitively monitor the changes in the composition, cryselsewheré? Briefly, synchrotron radiation emitted at the su-
tallinity, and surface roughness of the growing material. Theperconducting bending magnet is focused by two toroidal
immediate formation and decomposition processes omirrors onto the surface of a specimen mounted in an

IIl. EXPERIMENT
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ultrahigh-vacuum chambeiase pressure>510 0 Torr). 14— w .
The energy of photons delivered ranges from 10 to 1500 eV, Si buffer layer,” Si(100)
and the maximum flux is at 100 eV. During the 5.5-h interval 121 T.=500°C

between the electron injection times the storage ring current
(Ig) fell from 470 to 250 mA. Correspondingly, the photon
flux density at the specimen surface was between 1.1 and 10 -
0.6x10'%s *mm™2

The reactant gas was 99.99% purgHgj and the sub-
strates were rectangular pieces X1 mnf) of silicon wa-
fers oriented toward thel00) direction. Before the substrate
specimens were put into the chamber, they were pretreated 6
by dipping them for 20 s in a 2.5% solution of hydrofluoric
acid. According to the literatur, this leaves the surface
significantly rough and terminated predominantly by various
silicon hydrides. In some experiments the HF-treatéd(g)
specimens were used as is, but unless otherwise stated the 2 s t s t
SR-CVD growth was performed after a Si buffer layabout 25 2.6 2.7 2.8 2.9 3
60 nm thick had been grown on the HF-treated surface by Photon Energy (eV)
Si,Hg gas-source molecular-beam epita@SMBE). The ) .
growth temperature for the buffer layer growth was 600°C  FIG. 1. Comparison of thes) spectrum of HF-etched Q00
and the SiH, pressure was 810 Torr. The thermal and for the call_bratlon of the surface temperature. The three solid curves
SR-CVD growth rates were evaluated from some cross/vere obtained only by heater annealing, and the dotted curves were

sectional transmission electron microscap§TEM) images obtained under vuv |_rrad|at|on at 4.3.0’ 400, 350,_and 290 mA of
of thick Si films. storage current, while using additional annealing to ké€p

. . =300°C.
SE measures the rati@ between the complex reflection

coefficients(r, andr) of p- ands-polarized light incident to
the solid surface. The ellipsometric angi¥sand A, corre-
sponding, respectively, to the amplitude and the phase o
are defined by the relatiop=r,/rs=tan¥ exp{A). The
pseudodielectric functiofe) is calculated from these angles

T.=550C

< E o>
®

T.=300C

N

T.=450C

rectangular vuv-irradiated area. Static SE spectra were mea-
i sured before and after growth, both at the growth tempera-
ture and when the sample was cooled to room temperature
after a series of growth. The energy range was from 1.5to 5
; - — iR bt Si 2 eV, in 0.0_5-eV interyals. Kinetic SE data during SR_-CVD
33’[))2 S\I/Cr?ert: Z if{ﬁ?ﬁ;é enstlﬁn(gl eS'(?fz ﬁ]:}agzrgét Iilg):])h{élAl- were ebtalned at a fixed photon energy of 3.4 eV, with data
sfampllng every 10 s.

though SE is generally sensitive to the state of material nea The temperature of the wafer surface was calibrated care-

the surface of a film, its sensitivity to the outermost surfac ully. The temperature monitored by a thermocouple in con-
is lower than the other surface-specific analytical tools. Thu}act with the backside of the wafer is denofeg, and the

the most suitable application of SE is to the monitoring an .
control of nanometer-scale material processing. If the over[e‘r’lI temperature at the front surface is dendigdWhen the

layer film is homogeneous, and optical constants of the el\_/vafer was annealed a;~400°C using a carbon heater

emental phases are known, its thickness and composition ¢ m the backside, _the relatioﬁszTc—_lZO °C was sais-
be determined precisely using the Bruggeman effective—'ed’ which was derived by extrapolating the relationTQf
medium approximation. between 600 and 800 °C with respect to Themeasured by

The SE optics we employed was e an optical pyrometer. The temperature gradient between the

phase-modulation-typ®. This detection technique is appro- front and back stdes ef the wafer was due to d_issipation of
priate for kinetic measurement of vuv-excited reactions af'€ heat radiatively into space and conductively to the
high speed: Because the standard clock frequency for operﬁ‘—"lmple holder.. When .the water surface_ls |rrati|ated by vuv
tion (125 MH2) of the synchrotron is far higher than the photons assoelated Wlth thermal annealing using the heater,
frequency of the photoelastic modulat®0 kH2), the vuv the heat flow is predommantly from the front ,surfece to the
beam can be regarded a direct current. Irradiation with th@ackside of the wafer. In this case the relafit="Tc+ 6T
quasidirect current vuv beam therefore does not interferés satisfied, wherdg and T, are front and backside surface
with the phase-modulated determination of ellipsometrictemperatures under vuv irradiation. The effective tempera-
angles. If the diffusion and recombination of photoexcitedture of the near-surface region, which the UV light can pen-
carriers significantly change the dielectric properties of theetrate, can be defined by the imaginary part of the dielectric
material, these factors could modify tk¥,A) values®® function ((e)=(e1)+i(e,)) of Si(100), because increasing
The vuv beam illuminated the specimen surface at athe phonon population rises the apparent absorption level
angle 12° from the surface normal, and the UV probe lightoelow 3 eV. Plotted in Fig. 1 are a series (@f,) spectra
for SE illuminated the surface at an angle 72° from the surobtained under vuv irradiation =430, 400, 350, and 290
face normal. Birefringings were avoided by using stress-freénA while keepingT, =300 °C by setting the heater power
quartz viewports in the optical path of the UV beam. Theappropriately. Thee,) spectra curves obtained at= 450,
rectangular vuv-irradiated area measureck 18 mnt. The 500, and 550 °C by heater annealing alone are also shown by
sampling region of the SE signal was elliptical, with major solid curves. It is evident that alle,) spectra curves ob-
and minor axes of 10 and 3 mm, and was centered within theained atT;=300 °C are around the curve fdr,=500°C.
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FIG. 3. (e,) spectra obtained from variously treated 180
FIG. 2. Room-temperature) spectra of SL00) after HF treat-  gypstrate surfaces.

ment, after vuv irradiation, and after Si buffer layer growth.

by phase-modulated SE, the noise level of which is higher
This kind of analysis confirmed that. differed less than than that of other type of SE opti¢such as the optics using
60 °C between the highest and lowest vuv fluxes investigated rotating-polarizer
in the present work. All SR-CVD growth reported in this  When a Si100) surface is exposed to Sl gas and vuv
paper was conducted at.=300°C, which means thak, photons simultaneously, however, the situation differs from

was between 350 and 410 °C. one in which the only processes are thermal. Figure 4 depicts
a mass spectrum of positive ions resulting from photolysis of
IIl. RESULTS Si,Hg. The spectrum featgres are somewhat distinqt from
_ N _ those measured on beamlin€ A&t the Photon FactorgFig.
A. Formation and decomposition ofmSiH,(a) 2 in Ref. 2: in Fig. 4 signals from doubly excited ions

Prior to kinetic monitoring of SR-CVD growth with SE, (SiH*") appear in addition to signals from'HH, ", SiH,"
the Si substrate was characterized, and the optical constaft=0-2), and SH," (y=0-6). The eight times higher
change responsible for reactive sticking oft&j was evalu- tptal pho_ton flux on be:_:lmlme 7is r_espon5|bl_e for reioniza-
ated. The imaginary part of the room temperature dielectri¢ion Of singly charged ions. There is three times as much
function of the HF-treated 8i00) substrate is shown in Fig. SiHx™ as SjH,". These Si-containing products are sources
2. TheE, (3.4 eV) andE, (4.25 eV} critical-point features Of Si atoms supplied to the surface.
are characteristic o€-Si. Since HF etching increases the  Figure 5 shows how thes) spectrum undergoes change
surface roughness and terminates the surface with hydridekgsulting from two cycles of SHg exposure and evacuation.
the E, amplitude is lower than 42. Subsequent vuv irradia- 250
tion at T,=300°C and a Si buffer layer growth by ,Sig
GSMBE atT,=600 °C changed the surface state. vuv irra- .
diation increased th&, peak amplitude slightly, perhaps SizHg
because of PSD of H atoms and because of a surface flatten- . P =2X10% Torr
ing effect due to the migration of Si atoms. When the surface
was covered by a 60-nm-thick Si buffer layer, the peak
amplitude increased further, to 45, which is a simiarpeak
amplitude to that reported for atomically clean and flat
Si(100) surfaces? This buffer layer was used as the standard
substrate surface for SR-CVD growth in this work.

Figure 3 illustrates the interaction of,8ig with Si(100) in
terms of the(e,) spectra. The three spectra were obtained at 50
T.=200°C from a Si100 surface with a buffer overlayer
grown by GSMBE, from a surface exposed td10 Si,Hg Hy*
(2x103Torrx500s) and then quickly evacuated to 0
1x 10:2Torr, and from a surface in the Bi; ambient at 0 10 20 420 40 5 60 70 80
2X10 > Torr. The three spectra, however, are _V|rtually the Mass Number (amu)
same. Repeating the same measurement with different wafers
and at other temperatu(@.=300 and 400 °Crevealed that FIG. 4. Mass spectrum of positive ions produced from photoly-
any changes in thée,) spectra were too small to be detectedsis of SpHg at 2x107° Torr.
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FIG. 5. Four sets ofe) spectra obtained from surfaces subjected /
to vuv irradiation both under UHVsolid curve$ and when exposed A A A
to Si,Hg (dotted curves
Measurement was done at an appropriate vuv flux, so that th ¥ b B

optical constant of the Si overlayer became stationary. The
corresponding situation in the real space is that the epitaxialg: 470-400mA  400-300 mA  300-250 mA
crystallinity and surface roughness was kept intact, irrespec-
tive of increasing the film thickness. The four sets(e})
spectra show that the peak amplitudes at Eheand E,

critical-point energies decreased when the surface was € yojld-containing polycrystalline Sig— Si) network on the
posed to SHe gas, and that they recovered the initial level growing surface. During type-Ill growth, however, the epi-

when the gas was evacuated. It was confirmed in a contrahxy is terminated halfway. It is worth noting that even at the
experiment that the room-temperatyeg spectrum was en- beginning of growth the growth modes can be judged be-
tirely the same before and after vuv irradiation of the buffercause the directions of the traces in the- A plot for type-Il

Si layer. Since the generation of radicals and ions in theand -Ill growths are clearly distinctive.

ambient does not itself affect the anglds and A, the Figure 7 depictsl — A trajectories produced by intermit-
changes in the optical response must have been due to thent SiH, exposure and evacuation under large vuv fluxes
interaction of the photolysis products with the surface. A(1,=420-370 mA). These trajectories, confined to a range
reasonable explanation for these changes is that a transieféver far from the start point¥ =22.9°+0.2° and A
mSiH,(a) layer more than a monolayer thick produced op-=151.7°+0.7°), indicate type-l growth. Correspondingly,
tical contrast with the underlying Si crystal, and this layerthe (¢) spectra measured during the intervals of between suc-
can exist only when g is supplied. cessive growth steps are actually degenerated, as shown in
Fig. 8. This indicates that the epitaxial crystallinity was
maintained throughout the repeated growth cycles. Si ada-
toms deposited are incorporated in the Si crystal network

The distinct crystallinty of Si films depending on vuv instantly without causing any optical interference between
photon flux has recently been shown by the combined studyhe ¢c-Si substrate.

with SE and XTEM’ The growth modes inferred from the In the first round of growt{GR1) the (¥,A) point moved
kinetic SE data can be categorized into three groups schgg the left (trace A— B) immediately after the beginning of
matically illustrated in Fig. 6. The absolute vuv flux when the SjH, exposure at X 10~3 Torr. The time for this part of
each growth type manifests itself is changed byHgipres-  the trajectory was 10-20 s, whereas thgHSipressure sta-
sure (deposition ratg temperatur(_a, and the initial condition pjlized within 3 s of when the gas injection started. The
of the substrate surface. The figure was drawn under thgynger time needed for the SE signal to settle indicates that
assumption that the $i, pressure was 810 °Torr, T, the change in tha angle (6W|=0.2°) is caused not by the
was 300 °C, and the @00 substrate was with a Si buffer presence of ambient $is gas but by surface passivation
layer. Numbers of growth experiments showed that whign with mSiH,(a). We confirmed that starting and stopping
was between 220 and 320 {€orresponding to &; between the SpHg gas exposure in the absence of the vuv beam does
300 and 400 °Cthe crystallinity depended little ofig but  not produce (¥,A) angle changes of a similar scale
much more on the vuv flux. During type-Il growth the epi- (|6¥|<0.025°). This is also evident from the identity of the
taxy is maintained, but is accompanied by the building up ofe) spectra shown in Fig. 3.

FIG. 6. Three types of vuv flux-dependent growth modes and
correspondingV — A plots (the photon energy is 3.4 ¢V

B. Photon-flux-dependent¥ — A trajectories
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¢ (deg) FIG. 9. ¥ —A plot representing the type-1l growth occurring
during seven 15-min cycles of Jlg exposure and evacuation. For
clarity the trajectories denoted by odd numbers are plotted as thin
solid lines, and the trajectories denoted by even numbers are plotted
as dotted lines. The ring current decayed from 370 to 280 mA
during these seven cycles, and the,Hgi pressure was

3x 10 3Torr.

FIG. 7. ¥ — A plot representing the type-I growth resulting from
four cycles of SjHg exposure and evacuation. The ring current
decayed from 420 to 370 mA during the growth, and thgHSi
pressure was X103 Torr. The growth times forGR1, GR2,
GR3, andGR4 were 7, 7, 14, and 14 min, respectively.

During steady-state growth, th&,A) point first moved  to the disappearance aiSiH,(a). We emphasize here that
downward slightly(traceB—C) and then upwardtraceC  the instantaneous trajectory resulting from turning th¢1Si
—D) again. The Si film growth rate was 0.36 nmminand  supply on and off is primarily in the direction, whereas the
a film 2.5 nm thick was grown during the time the point trajectory during the bulk of a Si film growth is primarily in
moved fromB to D. These observations suggests that thethe A direction. Thus the formation ofmSiH.(a) can be
surface roughness initially increased as two-dimensional Slearly distinguished from the bulk Si growth.
island nucleated over the surface, but became flat again when For the second and third rounds of growiGR2 and
the islands coalesced into large domains. Similar closed-loogR3) the changes if¥,A) angles were similar to those in
trajectories were observed by Létal!® during SpHs  GR1. From GR1 to GR3, however, thecoordinate of the
GSMBE at 600-700 °C. end pointE increases. A largeh in this system is equivalent

When the SiHg gas was evacuated, thel,A) point  to a higherE, peak amplitude in thée,) spectrum, so this
moved immediately to the riglitraceD — E) corresponding increase reflects the improvement of the flatness and/or crys-

tallinity of the Si overlayer. SR-CVD under a high vuv flux

40 ‘ ‘ . ‘ . therefore can be used to grow a Si buffer layer for the sub-
T.=300°C 40 sequent epitaxy process. For GR4 thecoordinate of the
35 end pointE was smaller than that of the start poit From
30 GR1 to GR4 the ring current decayed from 420 to 370 mA.
30 The observation of increag&R1, GR2, and GR3and de-
crease(GR4) in the A coordinate means that both improve-
20 o5 ment and degradation in the crystallinity and/or surface flat-
A e A ness are possible as a result of SR-CVD. It is seen that the
(:; 20 8 efficiency of recrystallization near the threshold storage cur-
v 10 Y, rent depends very much on the vuv flux.
\o.] 15 Figure 9 depicts a type-Il trajectory resulting from inter-
‘ mittent SpHg exposure under irradiation with a medium flux
0 10 of vuv photons. In each cycle a 16-nm-thick Si film was
grown. In GR1, as in Fig. 7, thel,A) point moved imme-
= diately to the left when the g@ig was introducedtrace A
-10 = . 0 —B), and moved immediately to the right when thetgi
15 2 25 3 35 4 45 5 was evacuate@traceC— D). The lengths of these two vec-
Photon Energy (eV) tors are the same but their directions are opposite. The

lengths (6¥|=0.2°) are also similar to the lengths of the
FIG. 8. Evolution of the realdotted curves and imaginary  corresponding vectors in Fig. 7, even though thgd§pres-
(solid curve$ parts of the(e) spectra corresponding to the growth sure differed by a factor of 3 between the experimental con-
shown in Fig. 7. ditions used to gather the data shown in the two figures. This
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FIG. 10. Simulated type-ll trajectories for various overlayer
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FIG. 11. Evolution of the realdotted curve and imaginary

compositions. In each trace the overlayer thickness at the end poiitolid curves parts of the(e) spectrum corresponding to the growth
is 10 nm. The envelope linB-C-F of the experimental trajectories shown in Fig. 9. The numbers indicate the order in which the spec-

in Fig. 9 is best fitted by the trajectory far-Si (70%) plus void
(309%9.

tra were measured.

Figure 12 shows type-lll trajectories resulting from five

S|m||a.r|ty indicates that the thickness of the Si hydnde paS'Cyc|eS of grow‘[h process under a small vuv flux. The |Onger
sivation layer is self-limited. The envelope line of the tracestrajectory, compared with those in Figs. 7 and 9, indicates

during the stationary growtllline B-C-F), on the other
hand, indicates the deposition of a Si-Si network with a crys-
tallinity different from that ofc- Si. This deposition produced
optical contrast between the substrate Si medium.

Figure 10 shows trajectories simulated assuming a uni-
form deposition of films of various compositions. The trajec-
tories extend radially from the start poidt(corresponding to
the pointB in Fig. 9), and their directions are determined by
the composition of the material. The directions of the trajec-
tories fora-Si (100%, a-Si (80%) plus void (20%), p-Si
(100%), and p-Si (80%) plus a-Si (20% deposition differ
even qualitatively from that of thB-C-F line in Fig. 9. The
best-fit result was obtained by the trajectory for teSi
(70%) plus void (30% component, which is denoted
(-SiH,-) in scheme(1). Figure 11 is a summary of the)
spectra measured during the intervals between successive
growth steps. Thé&; andE, peak amplitude gradually de-
creased as the thickness of the film increased, whileEthe
andE, critical point features were conserved. The reduction
in amplitude is consistent with the buildup of a void-
containing crystalline Si overlayer. A¥ in Fig. 9 varied
from 22.5° to 21°, a Si film 80 nm thick was grown, but the
thickness of the overlayer at the poitin Fig. 10 is only 5
nm. This disagreement indicates that, lik&iH,(a), that
forms and decomposes, a void-rich Si overlayer (;SjHs
continuously forms frommSiH,(a) and is converted to-Si
during SR-CVD. Such a dynamical process can also be in
ferred from the discrepancy between the end pBinvhen
the SpHg supply is stopped and the start polibf the next
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O 140

@

o
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<
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125

120

a-Si(60%) — e
+void(40%)

a-Si(50%) GR3
+v0id(50%)

21.5

25.5
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23

the more greatly deteriorating crystallinity frocnSi to a- Si.

FIG. 12. ¥ — A plot representing the type-lll growth resulting
from five 15-min cycles of SHg exposure and evacuation. For
clarity the trajectories denoted by odd numbers are plotted as thin
solid lines, and the trajectories denoted by even numbers are plotted
as dotted lines. The ring current decayed from 290 to 270 mA
during the five cycles, and the By pressure was 810 3 Torr.

The broken lines are a simulated trajectory obtained by assuming
the buildup of ana-Si (60%) plus void (40%) layer, and that ob-

growth cycle in Fig. 9. Obviously, the void layer was recrys- tained assuming the buildup of anSi (50%) plus void(50%) layer

tallized during the time that the S5l supply was turned off.

from thec-Si interface. The thick solid line is a simulated trajectory

R?nySta”izaﬂon occurs FhrOUQhOUt the grOYVth process, _andbtained assuming the deposition of a 3.3-nm-tiieRi (50%) plus
if it does not keep up with the supply of Si atoms, a void- void (50%) layer (traceA— B) followed by deposition of a 7.5-nm-

containing network gradually builds up.

thick a-Si (60%) plus void (40%) overlayer(traceB—C—D).
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FIG. 14. ¥ — A plot for a 30-nm-thick Si film grown on a HF-
treated surface by SR-CVQraceA—B—C—D—E) and contin-
ued irradiation(trace E—~F—G). The ring current was between

15 2 25 3 35 4 a5 5 430 and 400 mA.

Photon Energy (eV)
] i i lighting the post-irradiation effect of vuv photons. The sub-
FIG. 13. Evolution of the realdotted curvesand imaginary — girate for this growth was the HF-treated ($00) without a
(solid curves parts of the(e) spectrum corresponding to the growth buffer layer. TraceA— B again corresponds to the formation
shown in Fig. 12. The numbers indicate the order in which the s . . .
spectra were measured. of amSiH,(a) layer. From pointB to pomtI_E.the trajectory
was that of type-Ill growth because the initial surface was
Another notable_differe_nce is that the trajectories are arrough, and just when the amorphous phase was going to
ranged consecutively without overlapping one another. Thigycleate(at pointE), the SiHg supply was turned off. Trace

suggests that the crystallinity was not affected at all by thg_,r  \vhich corresponds to the disappearance of
small vuv flux during the spectrum measurement time an%SiHX(a), took 50 s. During the continuing irradiation the

that crystallization stimulated by vuv photons is necessary i . .
low-temperature epitaxy is to be maintained. Once a closel \P'Ar)] plomt mﬁved r:romF o G, a(\jr_1d this t:novementdwas
packed, disordered Si layer is deposited, it is resistant t§"Uch slower than that corresponding to the prompt decom-

restructuring because a very high activation barrier must b0sition ofmSiH,(a). Because tracé —G is almost paral-
overcome if Si atoms in a densified film are to be displacedlel to the growth traceC—D—E, it evidently reflects a
The simulation curve fitted to the experimental trajectoriesdrocess that is the reverse process but withouttBeH, (a)
was obtained by assuming deposition of a 3.3-nm-thickayer. That is, the nominal thickness of the Si overlayer with
p-Si (50%) plus void(50%) layer (trace A—B) followed inferior crystallinity decreased gradually. Hence, what oc-
by deposition of a 7.5-nm-thicka-Si (60%) plus void curred during the tracE— G was the solid-phase epitaxy of
(40%) overlayer (trace B—C—D). Neither the trajectory a Si film overlayered on the epitaxial Si film. Numbers of
obtained assuming the buildup of anSi (60%) plus void measurement of th&e) spectra before and after post-
(40%) layer nor that obtained assuming the buildup of anirradiation confirmed the recrystallization. For such recrys-
a-Si (50%) plus void(50%) layer from thec-Si interface tallization to occur after a few hundred A of Si are grown,

failed to reproduce the experimental trajectories. the storage current must be more than 400 mA when the
As seen from Fig. 13, the shape of t{# spectrum mea- Si,Hg supply is shut off.
sured at intervals throughout the ,8f exposure time Figure 15 shows a trajectory obtained during SR-CVD

changed quickly. Th&; andE, critical-point features were (traceA—B—C—D—E) and post-irradiatiorftraceE— F
absent after GR3, and were replaced by a single broad peak G) when using a buffer-Si-grown substrate. Its shape dif-
centered at 3.3 eV, reflecting the deposition of an amorfers from that of the trajectory in Fig. 14 because of the
phouslike overlayet® A shift in the growth mode from type different growth history due to the different initial surface
Il to type Il occurs when imperfections such as point defectsoughness. Trac€—D indicates type-1l growth, and the
and stacking faults involving higher-order hydrides begin togrowth of the epitaxial Si film was accompanied by the
accumulate at a rate greater than that at which they can Bmuildup of a void-containing Si layer. At poii2 the direc-
repaired and the network kept crystalline. tion of the trajectory changed, indicating the onset of disor-
dered network nucleation. When thel3i supply was shut
off at point E, the mSiH,(a) layer decomposed within 40 s

Figure 14 depicts an example of the overall trajectory(trace E—F). After that the trajectory was directed toward
during growth and after the $ig supply was stopped, high- the start point by post-irradiatiofiraceF — G).

C. Recrystallization of Si films
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154l ' ' ‘ ] Now consider the effect of vuv flux. For crystallization in
the bulk network, we expect the vuv flux to be more impor-
152 [ ] tant than the irradiation time. This means that if the vuv flux
is not sufficient, even prolonged irradiation may improve the
150 [ ] crystallinity very little. 1t was found, for example, that the
crystallinity of a film grown atlz=450mA and P=
148 | . 3x10 3 Torr was superior to that of one grown &k
3 =300mA andP=2x10"3Torr. In the high-current case,
146 ] the rate at which Sikradicals are supplied and the rate of H
< removal by PSD are 1.5 times higher than they are in the
1441 ] low-current case. We note that differs by only 50 °C be-
142 [ ] tween the high and low storage currents, while the power
v density of photons delivered in the film differs by a factor of
140 [ ) ] 1.5. This indicates that the photochemical reaction is initi-
(SizH; off) ated 1.5 times more frequently in the high-current case. The
138 L : L ‘ L w crystallization being dominated by the vuv flux suggests that
223 224 225 226 227 228 229 3 Si-Si network rearrangement at theSi interface throughout
Y (deg) the growth process is important for maintaining epitaxy.

FIG. 15. ¥ —A plot for an 80-nm-thick Si film grown on a
Si-buffer layer by SR-CVOtraceA—B—C—D—E) and irradia-
tion continuedtraceE— F— G). The ring current was between 450 A. Dynamical processes in the ambient
and 390 mA. and at the outermost surface

IV. DISCUSSION

When the network restructuring was completed, however, The dissociative chemisorption of B on Si (100
the end points in Figs. 14 and 15 were not at the start point proceeds according to the following established schefés.
which defines the optical constant ofSi. Either the crys-

tallinity of the film is inferior to that of the substrate, or the Si,He(g)— Si,Hg(a), 2
surface of the film is rougher than that of the substrate, or

both. When voids in the as-deposited film disappear, the film Si,Hg(a)+2_—2SiHy(a), 3)
shrinks and has an inhomogeneous distribution of defects as

well as microscopic surface roughness. For the thickness uni- SiHs(a) + _— SiHy(a) + H(a), 4

formity of an atomic order to be maintained, there must be a
mechanism for flattening the surface. In GSMBE conductedvhere(g) and(a), respectively, designate gas and adsorbate,
at high temperatures, for example, Si adatom migration reand where_ is a dangling-bond-terminated surface site. If all
duces the microscopic roughness, and layer-by-layer growtflangling bonds are consumed, the saturated surface would
can therefore be achieved. hypothetrically be covered by a half-monolayer of monohy-
How the radiation effect contributes to recrystallization dride [H(a)] and a half-monolayer of dihydrideSiH,(a)].
was investigated by changing growth parameters during thElowever it is not, because steric hinderance preventdsSi
type-1l growth(the transition regime between type-I and -1ll molecules from reaching the sites available for dissociation.
growths. Consider first the effect of growth rate. The results The extremely small change in the optical constaee Fig.
of about 50 growth experiments confirmed that epitaxial3) indicates that the coverage of $iia) is far below the
growth was maintained longer at lower,i8j pressures. For submonolayer level.
a given ring current, the crystallinity of a film grown at ~ The prompt increase and decrease‘invalue that are
1x 102 Torr for 20 min, for instance, is superior to that of a associated with GHs exposure and evacuation under vuv
film grown at 2x10 3 Torr for 10 min. At pressures be- irradiation are evidence of the formation and decomposition
tween 102 and 10 2 Torr the SR-CVD growth rate is pro- Of a transienimSiH,(a) multilayer. Concerning the decom-
portional to SjHg pressuré, but the PSD rate is in principle Position mechanism, recombinative, idesorption from hy-
independent of S$Heg pressure. We therefore compare thedrides by a thermal mechanism can be ruled out because a
crystallinities of films of the same thickness. In the formerdesorption rate comparable to that observed in the present
case(1072 Torr for 20 min), twice as much time is available Study would be obtained only &t above 500 °C. A photo-
for PSD to remove H atoms and for a Si-Si network to bechemical mechanism is therefore likely. Few of the SiH
formed. The results of these experiments support the conte@dmolecules will be removed as result of electronic excita-
tion that vuv irradiation prevents the growth of a hydroge-tion rupturing entirely covalent Si-SiHbonds. The most
nated amorphous network. If the rates of H removal andprobable decomposition pathway is PSD of H from
surface flattening are insufficient, the amount of H atomgnSiH,(a). Time-of-flight mass spectroscopy using single-
incorporated greatly exceeds the solubility limit, and thesdounch operation of a synchrotron radiation ring has in fact
atoms become a source of lattice imperfections and degradgown that H is the primary desorption product obtained
crystallinity. If SiH, radicals are supplied slowly, there is from Si surfaces and that Si-containing ions such as SiH
enough time for H atoms to be removed from the surface andnd S&Hy+ are never observeld.Observation of the surface
for Si adatoms to migrate to the exact crystal nucleatiorstructure with reflection high-energy electron diffraction re-
sites. vealed that an atomically flat $100) surface is conserved
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even after vuv irradiatioR’ This suggests that the damage onsurfactant effect that suppresses the migration of adatoms.
the flat Si surface is negligible. The resultant Si adatomdncorporation of excess H atoms bonded to dihydrides or
having dangling bonds may be incorporated as constituentsihydrides into the bulk is detrimental to the crystal
in the Si-Si crystal network and cannot be optically discrimi-growth?®

nated from the substrate Si atoms. TimSiH,(a) is an in- Although PSD is usually treated as a surface phenom-
termediate state between photolysis products and a Si ne¢non, its mechanism is also relevant to the electronically
work. excited bond-breaking processes occurring inside the bulk

The thickness of thenSiH,(a) layer under conditions of material®® i.e., reaction(5) can be applied to near-surface
creation-annihilation equilibrium can be estimated from theH-terminated Si-Si network. The total cross section of PSD
(e) spectra. The relation betweés) and the substrate dielec- involving all Si-H bonds in the Si-Si network is substantial.
tric function (g5) of an overlayer with thicknessis given by  If the temperature is high enough, the H atoms ejected into
(e)=es+4mide 2 "1, where is the wavelength of the interstitial spaces can migrate into the bulk. When two H
light.?* This relation is valid when the amplitude of the over- atoms encounter one another, they can recombine and desorb
layer dielectric function is much smaller théey|. Applying as H, from the surface. The dangling-bond-terminated
this formula near th&, energy in Fig. 5 yieldsi=0.3nm.  branch of the network (-SiH-), on the other hand, will
The difference between the optical propertiesmiH,(a)  seek for a new bonding partner to reduce its free energy. The
andc-Si can be ascribed to the intrinsic optical response o¥ibrational motion of these chains enhances their mutual in-
Si-H bonds??2%Most of the H atoms bonded to Si hydrides, teraction and facilitates substitutional reactions leading to
however, are not eventually incorporated in the Si crystalnetworking:

Measurement by secondary-ion-mass spectroscopy has in . . . .

fact revealed that the concentration of H atoms in the Si film -SiHy—y- +-SiHy—-SiH,—1-SiHy_; +H. (6)

is 10°°- 1 cm™3.%* This indicates that the Si atoms making If the two chains are located in nearest-neighbor positions,
up the crystal network are those deprived of H atoms, angheir overall reaction can be expressed by

that the H atoms included in the Si crystal are restricted to

grain boundaries or point defects. -SiH+-SiH, +hv—-SiH,_;-SiH,_;+H,. (7

The passivation of the surface by hllgher-o'rder hydrldezsl.his scheme,
was also inferred from the growth kinetics of silane plasma

enhanced chemical-vapor depositigdRECVD). Miyazaki : .
et al?® confirmed by F%urier—t?ansf(grm infrzired yspectros—W'th vuv photons, strong fidesorption was observed even at
' T.=100°C. Similar low-temperature ,Hdesorption has

copy that the predominant surface species during S“angéen observed when SiNH films are irradiated with vuv

PECVD is a polysilane consisting of (Sj{ chains termi- > . ) .
nated by SiH. The other available evidence is that exposingphomnss' The cpmbmed reactior(§) and(6) or r_eactlon(7.)
will therefore trigger the nonthermal networking of Si ad-

the growing surface with silicon hydride radicals and atomic lecul
hydrogen alternately facilitates layer-by-layer deposition of anoecules.
wc-Si film at temperatures as low as 250%&/ This can be
interpreted as indicating that higher-order Si hydrides like
SiH; can be removed by reacting with atomic H to form a  As identified by the formation of thenSiH,(a) layer, Si
stable SiH molecule and are thus not destined to contributeepitaxy by SR-CVD proceeds by a multilayer mode rather
to epitaxy. Monohydrides and dihydrides bound to substrat¢han in a layer-by-layer manner. Since the random making of
atoms by two or three backbonds, on the other hand, arsonds between Si hydride admolecules or ($iHchains
stable species resistant to attack by atomic H and are readibyontained inmSiH,(a) does not necessarily produce a Si
incorporated into the film. Therefore most of the surface unepilayer, a certain mechanism must serve to rearrange the
der steady-state growth conditions is passivated by higherandom network into an ordered Si crystal lattice. Although a

involving H-H bond formation, has a low-
‘energy cost! In fact, when anma-Si:H film was irradiated

C. Microscopic processes for vuv-induced recrystallization

order hydrides. T, greater than 650 °C is needed to induce solid-phase epi-
taxy by simple thermal annealing <410 °C in the present
B. Network restructuring in the near-surface region SR-CVD system.

Although Si-H bonds are easily broken through an elec-
nic mechanism, an entirely covalent Si-Si bond is much
rder to break because valence electrons nonlocalized over

For themSiH,(a) multilayer to be transformed into a Si
film, the Si admolecules or chains must become chemicall%

bonded to one another. The representative effect occurrin - .
b 9 e network facilitate faster hopping decay of valence holes.

the surface irradiated by vuv photons is PSD. Slightly ionic . 2 .
Si-H bonds are efficiently broken by the direct Auger- Another reason for the stability of Si-Si bonds in the network

stimulated desorption initiated by core electronic is that t\.NO or three backbonds WUSI be broken S|mplta-
excitation?® The H is then ejected into the ambient, regener—ggoéjiz:g/la'lfcz1 dSIHa(:ﬁ::ne(;g?:llpei[tergcmwnzegfetrﬁle SSIiaSt(i)?eStvl\?oJ;i
ating a dangling-bond-terminated siteS{H): to occur, a greater number of valence holes must be localized
“SiH,+hv—-SiH,_;- +H(H"). (5) than in the case of the Si-H bond.

The density of excited atoms, however, is too low to
This H removal process increases the growth rate by produ@ause multiple photon processes. Absorption of vuv photons
ing vacant sites that can accept incoming Silidicals and in the solid material occurs predominantly through the exci-
by triggering bonding between the Sildpecies. Epitaxy is tation of a Si(3) or Si(2p) core electron. For photons with
also promoted by the consequent weakening of the hydrogesnergies ranging from 100 to 300 d¥host of the vuv pho-
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tons used in the present experimentie extinction coeffi-

cient in the bulk Si is approximately 2@8m™. This means
that 63% of photons are absorbed within 50 nm of the sur- SiaHs eas
face, a region containing 2:510*°Si atoms per 1 mfsur- radical% ’
face area. Given the photon flux ox110'®s *mm™2 at I and ions
=440 mA, each Si atom is excited only four times per sec-
ond.

When the normal Auger decay process follows, two holes
are created in the valence orbital. If shake-up or shake-off mSiHx(a)
ionization occurs, however, three and four holes are eventu- layer
ally created. From the state in which multiple holes are lo- .
calized, strong Coulomb repulsion between holes causes a (-SiHx-)
breaking of multiple bonds, which is referred to as a Cou- layer
lombic explosion. Another possible route for the network c-Si
restructuring is electron-stimulated migratioieSM) of epitaxial
adatoms33* The mechanism underlying ESM involves layer
highly mobile species produced by electron attachment to
adatoms. Since numerous photoelectrons, Auger electrons, i
and secondary electrons are emitted with absorption of vuv Si(100)
photons, ESM is likely to contribute. In addition to these substrate
electronic processes, ‘“suprathermal” or “hot atom” reac-

tions would also occur in such highly excited stié®
When the valence hole is quenched by electron-hole recom-
bination, a potential energy higher than a few eV is released.
The energy is imparted to nearby atoms, and this is equivaion, amSiH,(a) layer is created quickly. When the gas is
lent to very local heating. The energy transfer from these hoevacuated, this layer promptly decomposes by PSD of H
atoms to the surrounding atoms may cause suprathermatoms. During the steady-state growth, three vuv flux-
bond-exchange processes. dependent growth modes have been identified. They are
Figure 16 shows a model of the structure of the outermostharacterized by the evolution of dielectric function change
surface and near-surface region during SR-CVD. From th@nd can be distinguished by differences in (deA) trajec-
ambient to the substrate, the layers consist gHSimol-  tories. When the vuv flux is sufficiently large, the Si adatoms
ecules and photolysis products such as,Séfhd SjH,, are instantaneously incorporated into the network of the Si
mSiH,(a) at the outermost surface, a near-surface networlepitaxial layer, and the dielectric function ofSi is main-
of (-SiH,-), and a Si epilayer. The growth pathway is sum-tained. When a smaller vuv flux is applied, bothand A
marized as follows. The reaction is initiated by photolysis ofangles decrease as a result of the building up of a crystalline
Si,Hg both in the gas phase and at the surface. The, SiHnetwork including voids. The deposition rate higher than the
radicals impinge on the surface and forrm&iH,(a) passi- recrystallization rate is responsible for the formation of this
vation layer. At this stage the SjHragments inmSiH,(a) (-SiH,-) layer. The transient formation @hSiH,(a) can be
are not bound to one another. vuv impact stimulates bondingistinguished from the building up of the (-Si) layer by
between these fragments and results in the formation of the direction of(¥,A) trajectories. At still smaller vuv fluxes
void-containing crystalline network. This network is further the crystallinity deteriorates rapidly as growth proceeds. The
transformed into a compact Si crystal by vuv-stimulatedcontinuous crystallization improvement due to the vuv flux is
bond-rearrangement processes. needed to maintain epitaxy. The radiation effect includes
photon-stimulated desorption of H atoms that generates
dangling-bond-terminated sites, and the electronically ex-
cited Si-Si network rearrangement into a crystalline network.

Spectroellipsometric measurement during SR-CVD veri-
fied that schemé€l) accounts for the conversion of photoly-
sis products of SHg into a Si epitaxial film. At the outer-
most surface there is a precursor state leading to networking: | thank S. Matsuo for supporting this research program,
when the Si surface is exposed tgtgj under vuv irradia- and T. Hosokawa for useful discussions.

FIG. 16. Structural model of type-Il Si growth on &i00).

V. CONCLUSION
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