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Amorphous-crystalline phase transition during the growth of thin films:
The case of microcrystalline silicon
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Thin silicon films of varying thickness were deposited on foreign substrates by electron-cyclotron resonance
chemical vapor deposition from SjHH, mixtures at 600 K. Optical thickness measurements, Rutherford
backscattering, and transmission electron microscopy reveal that a thin amorphous interlayer of some 10 nm
thickness has formed upon the substrate, before the growth of a microcrystalline layer begins. The amorphous
layer is found to be deposited with a higher rate than the crystalline phase. Since similar effects have been
observed for a large variety of deposition techniques, the amorphous-crystalline phase transition is considered
as an inherent property of the growth of thin silicon films on foreign substrates at low homologous tempera-
tures. The change in growth mode is interpreted in terms of Ostwald’s rule of stages, which predicts the
evolution of film growth to proceed via a set of phases of descending metastability and nucleation rate. In
applying capillarity theory a criterion is derived from the ratio of amorphous-phase and crystalline-phase
nucleation rated, /J. . This ratio is developed into basic thermodynamic functions and is shown to govern the
formation of either the stable or metastable phase. The approach is of general validity for thin-film deposition
processes. In the case of microcrystalline silicon, experimental measures can be derived from the developed
model to directly design the evolution of film structure.
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INTRODUCTION talline Si films, however, the formation of aaSi interlayer
is generally undesired, since the charge carrier mobility in
The growth of thin films at low temperatures is associatedthe amorphous phase is low in comparisorci8i (Ref. 19
with a variety of morphological and structural peculiarities. and a band discontinuity would be introduced via the forma-
Among these phenomena are the increase of density wittion of ana-Si/c-Si heterojunction. Because of these consid-
increasing thickness, initial amorphous layers, or pronouncedrations, an improved understanding of the amorphous-
columnar structures:® In the case of the preparation of in- crystalline phase transition is required—for one reason, to
tentionally crystalline silicon films from silane-hydrogen avoid it, and for another reason, to directly control its occur-
mixtures an amorphous interlayer has often been observed tence.
occur for depositions at low temperatures of abdut We will present in this work the results obtained for a
=<850K. Before the growth of the crystallireSi phase be- series of thin silicon films, for which the amorphous-
gan, a layer of amorphous silicaaSi was formed directly crystalline phase transition was investigated by measure-
on the substrate. The phenomenon was observed for a largeents of the optical thickness, by Rutherford backscattering
variety of chemical-vapor depositiqeVD) processes, such (RBS) and by transmission electron microscdEM). The
as plasma-enhanced CUPECVD),*~° very-high-frequency  phase transition will be analyzed according to Ostwald’s rule
(VHF) PECVD!%! electron-cyclotron resonancéECR)  of stages. This rule predicts the initial formation of meta-
CVD,'? and hot-wire (HW) CVD.*!* In most cases the stable phases during the growth of crystals or thin solid films
phase transition was observed for depositions on foreign subrom a supersaturated liquid or gas phase, before the most
strates such as fused silica, bare and metallized glass, stable phase starts to gré%?! In some cases the formation
oxidized Si wafers. Thus, it is of importance for applicationsof metastable phases during thin film growth has already
in large-area electronics, where devices such as solattellsbeen qualitatively interpreted in terms of Ostwald’s rule, as
or thin-film transistors should be configured on glass or othemn the Ti systerf and the Fe-C systeRi.lt thus appears very
low-cost substrates. Some electronic devices are being develell suited to be applied to the amorphous-crystalline phase
oped, for which thea-Si/c-Si heterojunction is of direct rel- transition in thin silicon films that was so often observed in
evance for its function® and there is also a growing interest previous investigations. It will be shown in the following
in phase mixtures o&-Si and c-Si preferably deposited at quantitatively that Ostwald’s rule does indeed predict an ini-
temperatureI <500K (Refs. 11, 17, and 18&hat may ex- tial amorphous growth to occur during the solidification of
hibit new and interesting properties such as improved stabilsilicon from the gaseous Si-H system at low homologous
ity against light exposure. For applications of thin polycrys-temperatures.

0163-1829/2001/68)/0854029)/$20.00 64 085402-1 ©2001 The American Physical Society



M. BIRKHOLZ et al. PHYSICAL REVIEW B 64 085402

TABLE |. Deposition timet, optical thicknessnd, absolute wd 12 —— o mr———-3.5 : ; ; 1.2nd
thicknessnd/ng;, area densityNd, and thend/Nd ratio as mea- (um d (um)
sured for the series of investigated samples. Values in parenthese 10+ 7(2”21) - 11.0
give the estimated standard deviation from the numerical regres: '
sion nd = (165£16) nm + los
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4- {0.4
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®Nd of the thickest film is estimated from the linear extrapolation of |G, 1. Optical thicknesad as determined for five different thin
Nd(t). Si films deposited on Mo-coated Corning glass vs deposition times

EXPERIMENTAL AND RESULTS t: (& nd(t) coqlq very preusely be approxim.ated by a Iingar func-
tion. (b) Magnification of the linear regression and the first data

Thin silicon films were prepared by p|asma-enhanced)0int of nd for the initial growth phase. The growth rate for the
CVD from silane-hydrogen SifHH, mixtures. The plasma initial layer is seen to be larger than that for the main body of the
was generated by an ECR source operating with a 2.45 GH#M-

microwave of 1000 W power that was coupled into the active 71 ) ) ]
region through a fused silica window. The deposition systenf00—8000-cm™ range. The optical thickness of each film

has been described in detail previou®tfthe substrate tem- Was determined from the positions of interference fringes.
perature was set to 600 K, while gas flow rates amounted tfigure Xa) displays thend values versus deposition tinte
4 and 90 SCCMstandard cubic centimeters per minufier that were obtained for a thickness series comprising five
SiH, and H,, respectively, which corresponds to a hydrogensamples; see also Table I. The measured data points could
dilution Fy=[H,]/([ SiH,]+[H,]) of aimost 96%. The total Very precisely be described by the linear approximatiah
pressure in the deposition chamber was adjusted by a throttie @+ bt, with a=165+16 nm andb=43.5+ 0.3 nm/min. It
valve to 0.93 Pa. The deposition parameters applied in thi§an be concluded frora#0 that the growth kinetics at the
work were previously identified by a factorial analysis thatinitial stage is different from that in the higher-thickness re-
aimed at the optimization of crystallinity as determined bygime. It has recently been shown by Raman spectroscopy
Raman spectroscop§.The average grain size in the poly- that the initial layer in these samples consists of amorphous
Crysta”ine films was determined by X-ray diffraction and Silicon.12 We will therefore discuss the eXperimental data in
TEM to be in the nanometer ranéﬁa?“ However, we follow terms of a two-layer model, which assumes the film to be
the usual convention to characterize the crystalline part opuilt up from an intermediate amorphous laysubscripta)
the thin films by the expression “microcrystalline silicon.” adjacent to the substrate and a microcrystalline layer on top
Depositions on different substrates were performed withifSubscriptc). Regarding the interpretation ofi(t) curves of
the same run and the results of thin films on Mo-coatec® two-component film, it has to be noticed that both the
Corning glass and fused silica will be presented in the folrefractive index and the growth rate may be different for the
lowing. two subsequent phases,#n. and R,#R.. The optical
In order to investigate the thickned®f prepared samples thickness will be assumed to be a linear superposition from
in combination with the internal structure, we measured bottihe optical thickness of the two layers, i.ead=n;Rato
the optical thicknesad (n is the index of refractionand the ~ +NcRc(t—tg) or
areal densityNd of silicon atoms(N is the number densijy
The first quantity was determined by Fourier-transform infra-
red (FTIR) reflection spectroscopy, while the latter was mea-
sured with RBS. The area densid and the optical thick-
nessnd may both be determined with high accuracy. Thewhered, andt, denote the critical values for which the
measurement errors as obtained in this woFable ) are  phase transition occurs. The situation becomes simplified for
maximally in the 1% percent range. While the first figure is alarge deposition timest>t,, or large thicknessi>d,. It
measure for the optoelectronic properties or the polarizabilcan be seen in this limit thatd~n.Rt, i.e., the optical
ity, the latter reflects the structural properties or packing denthickness is practically determined by the second phase layer
sity of the sample under investigation. The combination ofand unaffected by the initial one. In consequenc®, may
both techniques may yield interesting information on the in-be derived from thé parameter of the linear fit. It can be
ternal structure of thin films as has only recently beenseen from the enlargement ofi(t) for the initial growth,
showrf® and as will be demonstrated in this work also. Fig. 1(b), thatn,R,>n.R, must be valid. A numerical evalu-
FTIR reflection spectra of samples on Mo-coated glassition of these parameters became possible by the inclusion of
were measured with a Perkin EImer 2000 spectrometer in thiurther measurement data.

C

R
nd=(na—ncR—)d0+ n.R.t=a+bt, @
a
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9.0 T T T " T " ] TABLE II. Physical parameters from the analysis of measured
1 10 ] nd(t) andNd(t) values in the framework of the two-layer model:
86 T8 ] refractive index, packing densityp=N/Ng;, and growth ratdR (in
= nm/min). An estimation of the critical thicknesd, (in nm), for
] T 4 which the phase transition occurs, is also given.
o 821 ) -
‘“; 1 % 460 sd0 1200 1600 Ne Pe Re do Na Pa Ra
< 787 Nd (10° nm™®) ]
E ] 1 3.42 0.92 12.7 70 4.2 0.7 22
T A i
E { Limit for sample series: n/N_= 7.40x10% nm®
7.0- _ 2 3 i can be deduced. A packing density of 92% appears reliable,
| Value for bulk c-Si: 6.84x10" pm~ since microcrystalline Si films prepared from $iH, mix-
6.6 — — : tures typically contain, first, hydrogen in the percent range
0 50 100 150 200 250 and, second, a micronetwork of voids. Such effects are invis-
Deposition time (min) ible to RBS and we expect both of them to contribute in
comparable amounts to the lack in Si number density.
FIG. 2. Ratio of optical thicknessd over area densitiNd vs The determination of the other physical parameters of in-

deposition timet. The straight line shows the model function as terest,n,, N,, R, andd,, can be derived by equating the
calculated with. parameters given in Tablg Il. The inset displays th%ppropriate coefficients in Eq$l) and (2). However, the
nd vs Nd function, from the slope of whicm./N. can be deter-  system of equations is not complete, since there are only four
mined. equations for seven quantities, and therefore the derivation of
) ) ) gquantitative values deserves physical argumentation. The
The atomic area densitid of each sample of the thick-  most plausible values for all physical parameters that are in
ness series was measured by RBS. The samples were irradiccordance with the various investigations of these samples
ated with a total dose of 6.2610'°1.4-MeV « particles Per  (this work and Refs. 12, 24, and R&re compiled in Table IL.
cn? and measured under a detector angle of 170°. Si atoMccording to these data, the amorphous layer is character-
area densities were determined from the simulation of thg,gq by a high index of refractiom,=4.2, and a small pack-
measured spectra and the results are listed in Table I. Thﬁg density,p,=0.7. The index of refraction appears large
obtainedNd values as a function of deposition time could \ynen compared witng;=3.42. However, such large values
also accurately be described by a linearMd(t)=A+Bt,  haye already been measuredaitsi:H; see Ref. 26. For ex-
with A=644=13nm? and B=585-2 nm *min"* (with-  ample, an index of refraction of the same magnitude was
out figure. Again, it appeared reliable within the two-layer opserved for thin films prepared by argon rf sputtering under
model to account folNd by a linear superposition oNd  high-power conditions. The low packing density either points
values from both layers, which yields a result analogous tq, 5 large hydrogen content or a high density of microvoids
Eq. (D) within this layer. The value obtained fdg will be discussed
in the following section, where the results of TEM investi-
gations will be presented. Regarding the errors of the quan-
tities presented in Table Il it is evident that there are larger
errors associated with the intermediate amorphous layer than
Because of the separate measurememtdbind Nd for all ~ with the—much thicker—microcrystalline layer that builds
five samples it became possible to determine alsothi®&ld  up almost the total film volume. The most important source
ratio, which is shown in Fig. 2. A strong decrease can bef error is related to the rough interfadgson top of the film
realized with increasing deposition time. There is also giverand (ii) between both silicon layers. Rough interfaces will
in the plot the valueng;/Ng=6.84x 102 nn? as calculated cause a scattering of the probing ir radiation causing a sys-
for bulk-crystalline silicon. For the thinnest prepared film thetematic violation of the assumption of smooth interfaces as
nd/Nd ratio lies significantly above the-Si value, from they are implicitly assumed by interpretimgl data within
which it may be concluded that the film exhibits either athe appropriate formalisfh?®of the two-layer model. There-
much larger index of refraction or a smaller packing densityfore, we consider the physical parameters of the microcrys-
thanc-Si or both properties. For large deposition times thetalline layer more precise than those of the amorphous one.
difference shrinks continuously, but never approaches thiserting the values given in Table Il into the formulaes
c-Si value—even ift,d—o. The precise limiting value can given fornd andNd, we are now in the position to calculate
be obtained from the slope dfd vs nd; see the inset of Fig. the nd/Nd model function, which is shown as a solid line in
2. Avalue ofn./N,=7.40x 10~ 2 nn? is obtained for the top Fig. 2. The agreement between the measured data and the
microcrystalline Si phase, which is 8% larger than the valuamodel function is seen to be very good. It can be concluded
for bulk-crystalline silicon. We assign this deviation in total from these investigations that the prepared samples may be
to a deviation of the packing density.=p.Ng; from the  adequately described by a two-layer model. The initial
ideal c-Si value, i.e.,p,=0.92. The index of refraction is growth yields an intermediate amorphous layer of some 10
assumed to be the same as in crystallinengi ng;=3.42,  nm thickness upon which a microcrystalline silicon layer is
from which a deposition rat®R.=n.R./ng;=12.6 nm/min  situated. Si number densities in both layers are significantly

R
Ndz(Na— NCR—C do+ N.R;t=A+Bt. )
a
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amorphous-crystalline phase transition is well known from
other chemical vapor deposition techniques like low-pressure
CVD (LPCVD),?® PECVD®®0r hot-wire CVD! its ex-
amination by TEM is novel for ECR-prepared silicon films.

DISCUSSION

Before analyzing the amorphous-crystalline phase transi-
tion, it should be mentioned that the microscopic mecha-
nisms of amorphous and crystalline thin-film deposition from

FIG. 3. Cross-sectional TEM micrograph of Si film in the vicin- SiHeH, mixtures  at .IOW homologous temperatures by
ity of the fused silica substrate. The substrate-film interface haplasma-asssted.CVD is not fully understood as yet. .For In-
been marked by arrrows. The film starts to grow as an amorphou$t@nce, there exists no consensus about many details of the
layer, from which wedge-shaped crystalline columns evolve. complex plasma chemistry and growth mechanisms in the

solid phase. Although the understanding of certain aspects of
smaller than in bulk-crystalline silicon, which is understoodthe PECVD process has considerably improved during the
from the inclusion of microvoids and the integration of hy- last decadé? the state of affairs is far distinct from the the-
drogen. The deposition rate is higher for the initial amor-oretical insight into medium-temperature LPCVD of poly-
phous phase than for the microcrystalline phase. crystalline silicon, where chemical-kinetic models allow for

TEM was applied to investigate the internal structure andhe accurate simulation of the process; see Ref. 31 and ref-
morphology of thin silicon films prepared under the condi-erences cited therein. We will therefore consider in the fol-
tions given above. For this purpose a high-resolution Philipgowing the overall chemical reaction, SjH: Si(s) + 2H,, for
CM300UT microscope—operated at 300 keV—was usedvhich thermodynamic functiondG and AH are well
that had a point-to-point resolution of 0.17 nm. Cross-known?3?at least for Si¢) associated with crystalline silicon.
sectional specimens were prepared conventionally by dim¥he practically universal occurrence of the amorphous-
pling and ion milling to electron transparency in a liquid- crystalline phase change implies consideration of the effect
nitrogen cooling stage. Figure 3 shows a cross-sectionals an inherent property of the growth of thin silicon films on
micrograph that was taken from a 1.na-thick Si film as  foreign substrates. Hence, we interpret this behavior as an
deposited on a fused silica substrate. The picture displays trexample for Ostwald’s step rule or Ostwald’s rule of stades.
interfacial region close to the deposit-glass interface in darkAccording to this rule, the condensation of a solid phase
field contrast mode, where crystalline regions can be distinfrom a supersaturated solution or gas phase first leads to the
guished from amorphous regions of the layer. The growth oformation of metastable phases, before the most stable phase
the crystalline layer starts from wedge-shaped cones withifs finally condensed and continuously formed from that
the amorphous interlayer. The film-substrate interface hapoint?! During this process of structural evolution the nucle-
been highlighted by small arrows. The amorphous layer aation velocity and growth velocity of the condensate de-
the interface had a thicknedg of about 30—70 nm followed crease successively from one phase to the next phase. The
by microcrystalline columnar Si growth. Due to the fact thatamorphous silicon and microcrystalline silicéubscriptsa
the Si layers were deposited on glass it is difficult to deterand c) will be associated with the metastable and stable
mine the true edge-on orientation of the glass substratgghase, respectively. The thermodynamic quantities that gov-
which would be possible in the case of a crystalline subern the phase transition are the difference in free energy
strate. Thus the determined value of the thickness of thAG.,=AG,—AG. and enthalpyAH.,=AH,—AH_. be-
amorphous interlayer can just be estimated with a large errotyveen amorphous and crystalline silicon, which both are
but the result is in accordance with the estimation ofdge positive due to the metastability ai-Si with respect to
value from FTIR and RBS measurements for the set of-Si3*3*
samples deposited on Mo-coated Corning glass as presentedFigure 4 presents a scheme for the growth of thin silicon
in the previous section. films showing the variations of the free ener@yr) of so-

The growth mode of the crystalline part of the film is lidified grains as a function of a size parameterhis energy
essentially columnar. Voids between the columns as oftefs an extensive quantitydimensionalityJ) and its depen-
observed in the literatut®are not pronounced. The columns dence o is visualized by the left-hand side ordinate in the
were found to be mostly parallel to the growth direction orfigure. For the following considerations use has been made
only slightly tilted with respect to each other as was visibleof capillarity theory for heterogeneous nucleatfomhich ac-
from diffraction experiments. It has to be noted that the crys-counts for the formation and decay of condensed clusters by
tallites forming the columns are strongly twinned as is vis-the interplay between surface energynd free energh G
ible from intracrystalline twin lamellae that reside parallel to of the appropriate volume phase. The latter quantity is the
the interface. We conclude that the occurrence of an amointensive Gibb’s energy specifying the difference in chemical
phous interlayer in this sample can clearly be stated and potentials(dimensionality J/mogland the final states for both
was also observed for two other Si films prepared under difphases are given on the right-hand side in Fig. 4. The zero
ferent deposition conditiongot shown herg Although the level represents the starting energy associated with the SiH
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£ G(r) /T AG / Jmol14 Jalde=exd (G¥ —G¥)/KT] &)

is of crucial importance. Here, the reliable assumption was
. made that the preexponential factors—accounting for the
surface diffusion and desorption of precursors on the
substrate—are the same for both phases. The observation of
————————————————— > r initial amorphous growth then simply implies that the prob-
ability for the formation ofa-Si nuclei is much larger than

for those ofc-Si, or J,/J.>1. Consequently, Eq3) yields

B AGgy, - the condition
1 J
- A T>10(AGa/AG)®> (Yagpl Yegp® (4
L T 9 AG, ¢
] T~ 1 AG, for initial amorphous growth. Regarding the left-hand side in
T Eq. (4), the proper Gibb’s enthalpy has to be selected, which

-------------- S is different from the usually considered physical vapor depo-
FIG. 4. Schematic drawing of the growth of silicon nuclei in the Sition (PVD) process. For the solidification of a one-
initial phase of film deposition in the framework of capillarity cOmponent system by PVD the value ofAG
theory. The evolution of free energy of solidified grains is given as= — (KT/v)In(ps;i/pe) is derived from the actual Si partial
a function of size parameter A condensed cluster first has to Pressuredg; over the equilibrium pressure: .> Here, in the
surmount a critical free-energy barrié*, after which an energy case of chemical-vapor deposition of silicon from silane, the
gain of the chemical reaction is realized. The zero level ofal®  dynamic equilibrium between solid Si and the major silicon
axis is the Gibb’s enthalpy of SiH Ostwald's rule of stages pre- gas-phase component has to be considered. Therefore, the
dicts the metastable phase to form filsiver G* andr*), although  negative Gibb's enthalpies AGgip, of SiH, with respect to

the free-energy gain realized in the finally solidified film volume is amorphous and crystalline Si have to be inserted, and we

smaller for the metastable phase. obtained instead of Ed4)

precursor molecule. A condensed cluster first has to sur- AGg \2 [y 3

mount a critical free-energy barri@*, after which an en- (1— NS . >( a'gp) : (5)
ergy gain of the chemical reaction leads to the stable mini- SiH, Ye-gp

mum. The solidification of silicon from SiHs an exergonic ko, the evaluation of the right-hand side of Hd) use is
reaction, such that reaction products are finally found ap,aqe of the proportionality between surface energy and the
negativeAG levels. The enhancement of the silane decomyo4t of sublimation Yool Ve. p)3=(AHasub/AHc R
position by a plasma or a hot wire has only the meaning Qi hods, if the pressu?g-volame prody is small and

prodL_Jce the _adequate precursor molecules that Wi" help thean be neglected. Again it has to be argued that the evalua-
reaction to climb up the hill of critical cluster formation, with 0 o the Ya-gp! Ve.gp Tatio would account for the one-

the detailed reaction path of it being unconsidered here. O%’omponent PVD process, where the retransition from solidi-

twald's rule predicts the ”?etas“’?b'e phase to form fi.rs't,. alfieq species into the gas phase is accounted for by the heat of
though the free-energy gain realized in the finally solidifiedg piimation. In the case of the CVD process investigated

film volume is smaller for the metastable phase. A point ofpere: however, the solidified silicon phase does not equili-
intersection must therefore appear for b@i{r) curves. As a0 with a hypothetical phase of gaseous silicon atoms, but
will be shown, amqrphous nuclell'are formed |n|t|ql!y on the i SiH, molecules. The appropriate generalization for

substrate with a higher probability, since the critical free-CVD processes would accordingly be to make use of the

energy barrieiG; to be surmounted is smaller than for the heat of formation of Siljinstead ofAH, . We, therefore,
c-Si phase,G% . The same holds for the critical radii} finally write condition(4) in the form

<rg , which account for that size below which the clusters
may disintegrate by chance. According to capillarity theory AGg, \? AHg, \ 3

the critical free-energy barrier depends likeG* n n : (6)

=167 y>1v*f(a)/3AG? on the surface energy of film clus-

ters with respect to the vapor phase, that will be accountedhe negative sign in front of the fraction on the right-hand
for by y,.qp @andy,.gp for the two phases under consideration side(rhs) of Eqg. (6) now stems from the fact that the heat of
with subscript gp indicating the gas-plasma phase above thgublimation ofa-Si is smaller than foc-Si, which is another
silicon nuclei. The molar volume of amorphous and crys- formulation of its metastability. The thermodynamic func-
talline Si differ by only a few percent and will therefore be tions AH., and AG., have already been determined by a
assumed to be equal for both phasisy) describes a geo- number of workers; see Ref. 35 for some referendds,,
metrical function of the contact angle of a nucleus with values were found to vary according to whether the amor-
respect to the substrate plane that will be assumed to be thahous silicon was in the stressed state or in the relaxed state,
same for both phases. The ratio of nucleation rdtés the  respectively. We make use of the data of Donogtaal., who

two phases estimated both functions from calorimetric measurements
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Temperature (K) TABLE lll. Surface energies,, according to Ref. 29, number
] 0300 400 500 600 700 800 900 1000 1100 1200 densities,,; and specific surface energies per atofy, of selected
O T 1 L ] Si (hkl) surfaces.
0.9
0] b p— (1—AG£4/}§§@5_)L~_. /7 1"10: (hkl) (100 (110 (111)
© 110) e "
%0-7 = J10° € Yot (10743 cm?) 2.13 1.51 1.23
206 3 N (10 at./cnd) 6.78 9.59 5.87
% 0.5 3107 5 ohi (eV/at) 1.96 0.98 1.31
% 0'4—- 8 é
8034 10" 2 . . . .
E (1-aH JA 3 S For n either c or a will be inserted according to whether
024t ea Hgi\a) 140° N i i i
___________________________________ J10° & crystalline or amorphous nuclei shall be considered. The
oad T @ contact anglex is approximated to become equal for both
0.0 L— ———— . e ——T — 107 5 sorts of nuclei.
100 200 300 400 500 600 700 80C 900 We now assume that first crystalline nuclei have con-
Temperature (°C) densed within the amorphous layer, and it will be shown that

o . : , the probability for a continued crystalline growth may ex-
FIG. 5. Visualization of inequality6) with Ihs and rhs of Eq(6) eec?the prob);bility for an amorph)clmus grow?h which isyiden-

indicated on the left ordinate. In the framework of the presented... . .
formalism, amorphous Si nuclei can be seen to nucleate faster thetllwﬁed with J./J,>1. For analyzing the growth upon crystal-

crystalline ones. The figure includes the crystallization velocities '€ gfa'”s' the subscrlmihaslto be inserted farin Yoqng’_s
Wy, for the three most prominent crystallographic directions in Si,equa“on' If t_he same formallsm as used for the derivation of
i.e., (hkl)=(100), (110, and (111, that were taken from the re- Egs.(4)-(6) is applied, the equivalence

view of Olson and RotltRef. 39, right ordinate. The bars indicated 3 2

by different (hkl) on the left side account for (Lo ,¢/oni)’; the £> 1©<M) >|1— AGca (7)
significance for the change in growth mode is outlined in the text. Ja Ye-gp~ Yee AGsiH4

during solid-phase crystallization of amorphous siliéd#*  can be derived. This expression can now be evaluated in
Regarding the uncertainty due to the stress state of the amasrder to decide whether amorphous or crystalline nuclei are
phous silicon interlayer in our samples, both thermodynamidormed with higher probability on crystalline grains. The sur-
functions are given byAH.,=13.4kJ/mol andAG., face or interfacial energy between the nuclei and underlying
~12.9 kd/mol with appropriate precision in the 300—1100 Kgrain will be assumed to be negligible smajl,.~0. Re-
temperature range. The enthalpy and free energy of, SiHgarding the interface energy between amorphous and crystal-
under standard conditiondH{=34.3kJ/mol and AG? line silicon, the same value is used as in the theoretical mod-
=56.9kJ/mol are taken from Ref. 32. Inserting the givenelling of solid phase crystallization, i.eq,.=0.1eV/at®®
values, it can be realized that conditi¢®) or J,/J.>1 is  7Yc.gp accounts for the surface energy of Si faces, which is
indeed satisfied. Hence, the amorphous phase would nucleatgll known to depend on the crystallographic orientation.
faster than the crystalline one. Criterié®) should even hold The vy, values in units of Jlcknfor the three most promi-
for conditions other than only standard conditions, but itsnent orientations t{kl)=(100), (110, (111) according to
general validity shall not be investigated in this work. We Ref. 29 are given in Table Il together with the surface num-
have solely calculated the temperature dependence of Eber densityn,,, and the specific surface energyy, in eV/at.
(6), which is given in Fig. 5 and from which the validity of The ratio of surface energies, given in Ed), finally reads
Eq. (6) for all relevant temperatures can be seen. (1— o4/ o). This expression has been calculated with
Also the transition from amorphous-to-crystalline growth the values given in the table and the results are included in
and the continued formation of microcrystalline grains onceFig. 5. It can be seen that criterid) would be fulfilled for
after the transition has occurred may be understood withimewly formed Si nuclei upon all given surfaces, while it
the developed concept. These effects may be motivated byould not be fulfilled above a certain temperature for nuclei
the probabilistic nature of nuclei formation. During the first growing on(110 faces. The transition from amorphous-to-
stages of film growth crystalline nuclei are formed with a crystalline growth would accordingly proceed in dependence
J:/J, smaller probability than amorphous ones. Once thdrom the crystallographic faces formed, i.e., would become
first crystalline grains are formed, however, the situation isorientation-selective. We will not overinterpret this effect be-
fundamentally different for the subsequent growth processcause of the limited precision of the material constants in-
At that stage of deposition the surface energy of newly formvolved. It just should be noted that an orientation selection
ing nuclei equals the surface energy of that surface, on whicimay be introduced via the ratio of surface energies and that
they are deposited, and the continued formatiorc-&fi is  this effect would be a consequence from the force equilib-
supported. The change in growth mode will become apparentum among the different interfaces of the nuclei, i.e., a pure
by reformulating Eq.(4). For this purpose use is made of mechanical phenomenon.
Young's equation,yn.qp=("vs-gp— ¥ns/COSa, describing the Since the energy gain associated with the condensation of
mechanical equilibrium among the interfacial tensions be<-Si surmounts that of-Si, the growing nuclei occupy
tween substratéindex s), nucleus(n), and gas phas@gp).? more and more area and even expand in the plane perpen-
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dicular to the growth direction. Typical growth morphology going considerations that the structure of Si films deposited
results, built up by crystalline cones that start some dozeby CVD from SiH, is governed by a competition between
nanometers above the substrate and which are embeddeddaposition ratek and crystallization velocityv. This conclu-
an amorphous matrix—as depicted in Fig. 3. Beyond a cersion is illustrated by Fig. 5. It can be seen from the plot that,
tain film thickness the interface between the gas phase arfdr instance, in a typical LPCVD deposition temperature at
solid phase is completely composed of the crystalline phas®00 K an impractical high deposition rat of some 100
and solely microcrystalline silicon is formed during subse-nm/min would become necessary to avoid the crystallization
quent deposition. It has to emphasized, however, that th&ont to overtake and thereby producing an amorphous sili-
material constantsr,. and o, as used in the derivation con film. Vice versa, the LPCVD process of Si films from
above have been determined for hydrogen-free silicon, whilénon-H-diluted SiH, may be regarded as a two-step process
for the material system in our investigation, hydrogen isthat is composed of the deposition of an amorphous layer
present in large amounts, causing all surfaces to becom@nd its subsequerm situ crystallization. As long as the de-
hydrogen-terminated. Unfortunately, the appropriate surfaceign rule R<w is fulfilled during the deposition this phe-
energies are not available yet in the case of H-terminated $iomenon will not be observed for the sample as investigated
surfaces. The foregoing discussion should therefore be comfterwards.
sidered as a demonstration of the line of arguments how Furthermore, the effect of hydrogen dilution on the phase
capillarity theory can account for a transition from transition may be interpreted in terms of the proposed model.
amorphous-to-crystalline growth of silicon. Many investigations have shown theSi phase to form

It furthermore may be expected that more details of thepreferably under high hydrogen dilutionghigh Fy
deposition process will be understood by application of thevalues,?13243%which is assigned to the ability of hydrogen
presented formalism, from which a kinetic aspect shall beof etching away weak or strained Si-Si bonds. It may be
mentioned. The crystallization ad-Si proceeds spontane- argued within the framework of the above considerations that
ously at elevated temperatures due to its metastability, anthe nucleation ratd, of amorphous clusters is reduced in a
this effect is used for the preparation of crystalline layers vighydrogen-rich atmosphere, thus leading to a decredgklj
solid phase crystallizatiofr*® The availability of crystalline ratio. This would cause the critical thickneds to shrink
nuclei provided, the rate-determining step of this process isvith increasingFy and to become even untraceable for high
the motion of the crystallization front into the amorphousF values. In terms of a statistical interpretation of the nucle-
phase. Parameters of the crystallization velocity ation rateJ, the same space of amorphous cluster configura-
=w, exp(—E, /kT) have been determined in different experi- tions would have to be traversed in the two cases of the
ments, and thev, parameter has moreover been identified tohydrogen-poor and hydrogen-rich gas phase. In the first case,
vary with crystallographic orientation; for a review see OI- most of the deposited Si clusters would remain on the film
son and Roti® The physical meaning of the activation en- surface and will finally build up the two-layer film. In case of
ergy E,, is the mobilization of the Si-Si bond to surmount the high Fy conditions, however, a large number of formed
energy barrier associated with the rearrangement into an oamorphous clusters would be etched back and the silicon
dered state. The set of published data indicates that the cryspecies from which they are composed of would reevaporate
tallization velocity in the(100) directionw; o enters the nm/ into the gas phase. Films as prepared under high hydrogen
min range at about 800 K. The crystallization velocitiesdilution would accordingly be characterized not only by re-
w(T) for the three most prominent crystallographic direc-ducedd, values, but also by low deposition rates. The com-
tions have been included in Fig. 5, whetg,=2.8eV has bination of the two phenomena has indeed been observed
been inserted according to Olson and Roth. experimentally>3’ In order to deposit thin silicon films of

The possibility to activate the solid-phase crystallizationhigh crystallinity within acceptable deposition times, some
of amorphous silicon has important consequences for thgroups have introduced a two-step proshat operates
amorphous-crystalline phase transition during the growth ofinder highF; conditions initially to minimized,, but that
thin Si films. If an amorphous interlayer would form in the switches to lowefF values and higher deposition rates after
critical temperature rang@ situ crystallization of the amor- the film growth has passed the critical thickness. We expect
phous phase—starting from the amorphous-crystalline intetboth mentioned effectsn situ crystallization and hydrogen
face and moving towards the substrate plane—would bedilution, to govern the broad variety of morphologies ob-
come possible during film growth. The amorphous layerserved for the amorphous-crystalline phase transition in thin
would shrink more the higher the deposition temperature andilicon films.
the longer the deposition time after the phase transition. In an Regarding possible sources of error in the presented
extreme case, the formation of the two-layer structure coulanodel, it may be argued that an analysis in terms of atomistic
be impeded or completely covered by the competition betheories of nucleation such as the Walton-Rhodin approach
tween amorphous deposition amdsitu crystallization. Also  would have been more appropriate, since the critical clusters
the occurrence of partiallin situ crystallized films with an in the investigated temperature range would only include
upside-down layer sequence—having the amorphous phasery few atoms. The choice in favor of capillarity theory was
on top of the crystalline one—would become possible by thisnade because of the insufficient knowledge of the micro-
mechanism. Such inverted layer samples have indeed beegopic processes that act in the low-temperature deposition
prepared by Bisaro and co-workers for LPCVD films grownof thin silicon films by plasma-assisted CVD as was men-
at 850 K? It is evident from their experiments and the fore- tioned above. As long as these questions remain unsolved,
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important parameters are missing for the application of thdilms prepared at low homologous temperature$T,, by
atomistic approach. We think that to develop a full under-ECR CVD. All characterization technique indicate the initial
standing of the phenomena, the proper inclusion of atomistiéilm growth to yield an amorphous silicon layer of some 10
and kinetic factors will clearly be needed. It is of interest,nm thickness. A technique of analyzing the combination of
however, to realize how the capillarity approach already ledptical thickness and atomic area density data has been in-
to predictions in accordance with well established experitroduced that enables the deconvolution of area demsity
mental results. refractive indexn and film thicknessl in a double-layer sys-
Finally, it should be pointed out that the derivation of tem from FTIR and RBS measurement results. As a key ex-
criterion (6) is of more general validity than solely relevant perimental result the growth rate of the amorphous interlayer
for the a/c-Si system. The criterion depends on basic therdis found to surmount that of the microcrystalline top layer,
modynamic functions\H and AG of the stable phase and although deposition conditions remained unchanged.
the metastable phase The successive occurrence of meta- The amorphous-crystalline transition is proposed to be in-
stable phases in the sequence of increasing stability is knowterpreted as an example for Ostwald’s rule of stages, sihce
from other material systems prepared at low homologoushe phases are formed in the sequence of increasing stability
temperatures. A recent example is the case of the Al-O sysand (ii) the nucleation velocity of metastabée Si exceeds
tem, where it was observed for the preparation ofOjl that of the stablec-Si phase. A criterion was derived that
films at 300—800 °C by pulsed magnetron sputtering that thgoverns the occurrence of metastable phases during film
evolution of phases during film growth proceeds in the segrowth, which occur because of their faster nucleation veloc-
quence of increasing stabilif§.Many other examples were ity. The criterion depends on basic thermodynamic functions
already given in the early review of the issue by Chdpra. and can easily be applied to other material systems for which
The significance of Oswald’s rule of stages for thin film these functions are known. Applying the criterion to the
growth has been first recognized by Buck&Rccording to  growth of thin silicon films, important experimental phenom-
the derived criteria the driving force for the occurrence ofena such as the effect of high hydrogen dilution can consis-
metastable phases is due to their enhanced nucleation atehtly be understood.
growth rate. The observed sequence of increasing stable lay-
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