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Evolution of structure in thin microcrystalline silicon films grown
by electron-cyclotron resonance chemical vapor deposition
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The growth of microcrystalline silicoryc-Si, films has been studied by infrared spectroscopy and
x-ray diffraction. Thin films of various thickness have been prepared from-3ill mixtures by
electron-cyclotron resonance chemical vapor deposition. Two structural transitions were observed
during film growth. The first transition at a critical thicknessdaf=9 nm manifested itself by a
change from an initially amorphous growth to polycrystalline growth. The second structural
transition was related to an increasing amount of silicon grains of preferred orientatio(lLh@h
lattice planes parallel to the substrate. The population of §lib®)-oriented graindN;;owas found

to become dominant at abotif; ;=310 nm, which may be considered as a second critical thickness
above which the film exhibits €110 fiber texture. The increase 6f; ;o with increasing thickness
follows a d*® dependence. The effect is understood in terms of an interplay between etching and
deposition during growth. €000 American Institute of Physid$§0021-897@0)08719-3

INTRODUCTION tion configuration the preferred orientation may be assumed
, ) ) . . to be of the same symmetry, which is named a fiber

The growth of thin microcrystalline silicon films on oyt re!t |n order to study the evolution of structural prop-
Iarge—arga substrates is a question of key. mtere;t for nexfsties inc-Si we have prepared a set of samples of varying
generation solar ceflend other optoelectronic devicgShe  hickness by electron-cyclotron resonance chemical vapor

microcrystalline Si phaseuc-Si, is considered to be more o 4sition(ECRCVD) and investigated their structure by in-
favorable for certain applications than the related hydroges ;4 eq spectroscopy and x-ray diffraction.

nated amorphous silicoa; Si:H, mainly due to an improved
stability and larger electronic mobiliti€sFor photovoltaic
applications, thin film growth should be performed at tem-EXPERIMENT

perature significantly lower than the softening temperature of 1, wc-Si films were deposited from silane—hydrogen
glass and with a high deposition rate. Thin films, as obtaineqi.ures at a substrate temperature of 325 °C with an ECR
by such processes, generally consist of small silicon crystaljasma-enhanced CVD system. The plasma is produced by
lites exhibiting grain sizes in the 10-100 nm range. resonant absorption of a 2.45 GHz microwave in a 875 G
The efficiency of solar cells made fropc-Si is gener- — agnetic field. The system has been described in detall
ally considered to be strongly influenced by grain boundariegetorel2 Gas flow rates amounted to 4 and 90 scem for,SiH
and grain boundary defects. Therefore, it is concluded that,q H, respectively, and the pressure in the deposition
the efficiency is controlled by the degree of crystallinity and .hamper was regulated by the throttle valve to 7 mTorr. The
various techniques like Raman spectroscopy, x-ray diffracpase pressure prior to deposition was less thar Torr and
tion (XRD), scanning and transmission electron microscopy,q power of the plasma-exciting microwave amounted to
(TEM) have been applied to investigate its microstructureq o w. This set of deposition parameters has been identi-
The Raman spectrum gic-Si films with a high degree of e py 4 preceding factorial analysis campatyaimed at
crystallinity exhibits a strong band at around 520 M the optimization of crystallinity ofuc-Si films as prepared
which is the longitudinal/transversal optical phonon peak of,y his techniqué? Depositions were performed under float-
smgle-crystalll_nle Si. On the other hand, the intensity a4 pias conditions on Mo-coated Corning 1737F glass, the
around 480 cm’, where the signal of a thia-Sifilm would g\ itaces of which were electrically connected to the suscep-
peak, is only small, indicating a small amount of any remainy, A thickness series was prepared by variation of the depo-
ing amorphous phase. Highly crystalline films often exhibit ag;ion time (15, 30, 60, 120, and 240 miwith otherwise
preferred orientation, i.e., texture, where crystallites Withunchanged conditions. Film thicknesskaere derived from
(110 lattice planes are preferably oriented parallel 10 thejyierference maxima in the Fourier transform infra(EalIR)
substrate surfact'® Due to the high symmetry of the dia- rgflection spectrum measured with a Perkin Elmer 2000
mond structure many reflections like the10) in the x-ray 7R for wave numbers 400—8000 cth The refractive in-
powder diffractogram of Si are forbidden, and the texture caryey of crystalline silicomg=3.42 was used for the evalua-
just be monitored by observation of tii220) intensity. FOr 5 of ¢, The obtained values could well be fitted as a func-
vapor-based processes having an axially symmetric deposiy, of time t by the linear relationshim=a+bt, with
parametersa=48(5) nm and b=12.663) nm/min. The
dElectronic mail: birkholz@hmi.de small errors certify a high degree of consistency within the
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FIG. 2. Ratio of XRD reflection intensity,,/1 111 vs film thickness mea-
Raman shift [Cm'1] sured in6—260 geometry. Intensities have been corrected for finite thickness
of the sample, so the values may directly be compared with those of an

FIG. 1. Raman spectra gfc-Si samples measured by exciting with a HeNe infinitely thick powder. The connecting line is a guide to the eye. Broken
laser line. Parameter is the thicknessf the films. Intensities are normal- line at 55% indicates the ratio for a random orientation of grains as observed

ized to the peak intensity at 520 cth The inset displays the dependence of for a powder.
the intensity ratid 55/l 450 ON d.

Thickness d [pm]

data set. An interesting conclusion may be drawn from the ) i
fact thata>0 was found. This suggests that a phase 0theﬁometlmes. be too sma!l_to be detected or may be influenced
than crystalline silicon was grown initially, which has a bY the choice of deposition parameters.
higher index of refractionn>ng;. The large value of the X-ray diffractograms were measured in symmetHe26
constanta in comparison to the linear coefficiebt more-  geometry. A Bruker D8 Advance diffractometer was used
over, can only be understood by assuming the growth of th#hich was equipped with a ®el mirror for parallel beam
initial layer to be faster than the growth of the rest of thediffraction’” and operated with Cla radiation (4
film. =154.06 pm). Diffractograms were recorded with and with-
Raman spectra were measured with a Dilor/ISAout rotating the sample around the substrate normal, but no
LabRAM 010 system using two exciting laser lines, thedependence on the rotation anglewas detected. The re-
632.8 nm line of a HeNe laser and the 457.9 nm line of an Arcorded Bragg reflections could well be fitted by Lorentzian
ion laser. The spectra taken with the red HeNe line werdine profiles and integrated intensities were calculated from
normalized with respect to the maximum intensity at aroundhe line shape parameters. These measured intensity values
520 Cmﬁl, Flg 1. The thinner films exhibit a second local M(hkl) were corrected for finite absorption by d|v|d|ng
maximum at 480 cm', which clearly indicates the presence I hkiy =M iy /A with a thickness-dependent absorption fac-
of an a-Si:H phase within the sampleg. The s'ignallamplitudetOr A= (1—exp(—2udisin),® where p=148cm! ac-
at this wave number decre'ases with increasing thlcknesg andunts for the x-ray absorption coefficient for Si under
almost vanlsh_es for the thlgkest s_a_lmple. The inset in Fig. &,k o radiation® and @ stands for the Bragg angle. Figure 2
shows the ratio of Raman intensities at 520 and 480’cm displays the corrected intensity rafig=1I 250/l 111, for the

(I520/ 1 40 red Versus film t_hickness. This ratio Is usu_a!ly first two Bragg reflectiong111) and (220 as a function of
taken as a f|gure of merit for the degrge .Of cry;talhmty. thickness, which—after absorption correction—may be di-
(I520/1 480)req iNCreases from 2.2 o 8.4 with increasing film rectly compared with the value for an infinitely thick powder
thickness. We also determined thez/1 40 biue ratio from Jd>1/n). The broken line at 55% represents the expected
spectra that were excited with the Ar ion laser line and foun tatio | 550,/ (111, for a Si powder consisting of randomly ori-

a constant value of about 12 for all film thicknesses. This ted : dina 1o the Joint C itt Powd
different behavior has to be understood by the difference jiipled grains, according 1o the Joint Lommitiee on Fowder

penetration depth which amount joc-Si to about 300 nm  Diffraction Standards card 2_7—146%!t can clearly be seen
for the red and 50 nm for the blue laser liffeThe results that the concentration of grains havit@l0 planes oriented
from both IR and Raman spectroscopy can consistently bBarallel to the substrate increases withFor the thickest
explained by assuming that the initial growth yield amor-Sample the intensity of thel10) reflection is enhanged by a
phous silicon and that after a certain thickness crystallindactor of about 2 compared to the powder case with random
growth takes over. This observation seems to be differerrientation. A comparable plot was obtained for the ratio
from an earlier result obtained quc-Si films deposited by !(220)/!(311) (N0t shown here We conclude that an axially
ECRCVD using a different set of deposition parametéis,  Symmetric texture, i.e., fiber texture, has developed in the
this work a thickness dependence in the so-called crystallin€l10> direction for the thicker films. Moreover, it is seen
fraction as derived from the deconvolution of Raman spectrdrom the figure that th¢110 fiber texture evolved with in-
could not be detected and it was stated that the film had beetreasing film thickness. This observation implies that there is
grown without an amorphous silicon interlayer. It thus ap-a selection process active during the deposition process, fa-
pears that the thickness of the initial amorphous layer mayoring the crystal growth of110-oriented grains.
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' — ] =38.81"6—-17.7 (d in um). Two critical thickness values
kN, (d)=388d " -177 |_. | : . o

110 ) may be inferred from these functions. First, it follows from
N110=0 a value ofd,.=9 nm. For this thicknes$l,;, be-
comes larger than zero, i.e., takes physical meaningful val-
] ues. The thickness,. is accordingly identified with the criti-
i cal thickness for which the amorphous—crystalline transition
occurs. Second, a value af;;;=310nm is derived from
. N110=Nj11. This height is associated with the thickness,
T where the population oft10) grains exceeds that ¢i11),
i.e., the point where the film starts to exhibit(&10) fiber
00 05 10 15 20 25 30 a5 texture. It should be gmpha;ized that {140 population
starts to increase immediately after the amorphous—
crystalline transition and that its increase follows the same
FIG. 3. Average populatiomN,(d) of (111) and (110 grains oriented d/¢ dependence before and after it has exceeded the popula-
parallel to the substrate plane. Dots and error bars account for experimentgon of (111) grains_
data, while the solid and broken lines have been calculated with the depth-  THa presented results from both IR spectroscopy and
dependent population functions given in the insets. . . . . .

x-ray diffraction suggest the following picture. The initial
growth phase is unambiguously associated with the growth
of amorphous silicon. This result is fully compatible with
previous TEM studies of plasma enhan¢Bd&) CVD-grown
In order to accurately elucidate the critical thickness, foruc-Si films?>~2*where an amorphous layer of some 10 nm

which the(110) texture starts to dominate, we carefully ana- thickness was obtained during the initial growth phase. In a
lyzed the measured XRD intensities. The integral intensity oecond growth phase, which starts approximatelydzat

20 = .

-
-~
s
.

Thickness d [um]

DISCUSSION

a Bragg reflection from a thin film is given by =10nm above the substrate—film interface, crystalline sili-
_ con grains begin to grow. The amorphous—crystalline transi-
Ini(d)=k-L-m-D-Npgq(d)-A, (1) tion has been observed in various studies to occur with depo-

wherek is a constant independent 6fhkl, andd. L denotes  sition techniques such as low pressure and PECVD, and hot-
the Lorentz-polarization factom the multiplicity of the re-  wire CVD.??>"*We are presenting the same result obtained

flex, andD the temperature factot., m, and D are well by an ECRCVD process. It thus appears that the structural
defined functions, into which eithetor known material pa- Phase transition during growth is as an inherent property of
rameters entefisotropic Debye—Waller factoBg;=0.53 A2 the growth ofuc-Si films on foreign substrates at low tem-

(Ref. 21]. Nyq(d) is the average number of grains that re- Peratures. It has to be added, however, that the critical thick-
flect into the detector. It is given by the weighted integral"€ss Of the amorphous interlayer can be reduced by deposit-

over the depth-dependent population of gralifs;(d) ing it in a high hydrogen dilution reginie?® We showed, in
. addition, that the crystalline growth is associated with a
T _a-1 _ . steady increase dfL10)-oriented grains with the concentra-
Nia(c)=A jo Nhw(2)exp —2uzlsin6)dz @ tion of (111)-oriented grains remaining constant. The in-

: 116 i
with the weight function accounting for the sample’s absorp- o0 of the(110 population Ny, follows ad”* depen

tion. In the case of random orientation of grains M, dence for the thin films prepared by ECRCVD at low

. . temperatures in this study.
become equal and independent of thickness. We have calcue— %e atures. sS udy_ )
ne possible explanation for the occurrence of fiber tex-

lated the quantitkNpy(d) for both the(111) and the(220)  res s related to the minimization of elastic energy due to
reflections by dividinglnq(d) by L-m-D-A. The depth-  gyess or strain imposed on the film through its interaction
dependent population functiomé,(d) were then obtained it the substrate. In the case of low-temperature deposition
by solving the integral Eq(2) through fitting with reliable ¢ high-melting point elements the biaxial stress model gen-
model functions like polynomials and rational functions. Theerally applie2’ The model predicts a certain preferred ori-

choice of appropriate model functions was restricted by theynation of grains determined by the elastic constants of the
fact that only five data points were available for the fitting material under consideration. If the biaxial stress model is

procedure. The results are given in Fig. 3, where dots angnjied to the growth of Si films and the elastic constants of
error bars represent experimental iata and the solid and brgjicon are inserted it turns out that a(111) fiber texture
ken lines show calculated valuesldfl,, (d) when the fitted  would be more favorable than(@10) fiber structure. This is
population functiondN(d) are inserted. For an interpretation in contradiction to the experimental observations. An alter-
of the figure, the depth-dependent distribution functifl)  native explanation is based on growth velocity differences of
should not be confused with the average populatigp(d), silicon lattice planes along distinct crystallographic direc-
see Eq(2). On the one hand, it may be seen from the figuretions. Such a model has been put forward by Kamins and
that the population of(111)-oriented grains suddenly in- Casé and later adopted by Bisaret al® This explanation
creases at some 100 nm and then remains at a constant valueuld only apply if(110) grains would increase in size with
kN;1.(d)=14.2. On the other hand, the population(820)  increasing film thickness. In order to elucidate this question,
or, equivalently,(110 grains follows the relatiorkN;;¢(d) grain sizes were determined from the line broadening of
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XRD reflections under the assumption that line broadeningccording to al'’® dependence. At a second critical thickness
effects due to strain and lattice faults like twinning andd;;oo0f about 310 nmN4,oexceeddN,,; and the film starts to
stacking fault$® may be neglected. Average vertical dimen- exhibit a (110 fiber texture. It has been successfully at-
sions in the 21-26 nm range were then obtained(fdi0)-  tempted to solve for the depth-dependent population function
oriented grains, which turned out to be independent of depthof (110-oriented grains from XRD intensities. The evolution
Both models thus lead to either wrong predictions or contraef preferred orientation is interpreted by the interplay be-
dictions to other observations and, therefore, have to be exween nucleation and etching pfc-Si grains.
cluded to account for the effect. Kakinuma has proposed a
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