New features of the layer-by-layer deposition of microcrystalline silicon
films revealed by spectroscopic ellipsometry and high resolution
transmission electron microscopy
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Spectroscopic ellipsometry and high resolution transmission electron microscopy have been used to
characterize microcrystalline silicon films. We obtain an excellent agreement between the multilayer
model used in the analysis of the optical data and the microscopy measurements. Moreover, thanks
to the high resolution achieved in the microscopy measurements and to the improved optical
models, two new features of the layer-by-layer deposition of microcrystalline silicon have been
detected(i) the microcrystalline films present large crystals extending fronmat®&H substrate to

the film surface, despite the sequential process in the layer-by-layer depositiofii)amgorous

layer exists between the amorphous silicon substrate and the microcrystalline silicon filtr296
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In situ ellipsometry is a powerful nondestructive tech- us to improve the optical models and reveal new features of
nigue providing detailed information on the growth mecha-the layer-by-layer deposition qfc-Si.
nisms and optical properties of thin filmhdn order to get Microcrystalline silicon films were codeposited on dif-
information on the composition of a film, the re@d;) and  ferent substrates by the layer-by-layer technique. Figure 1
imaginary(e,) parts of the pseudodielectric function of the shows the experimental and calculated real and imaginary
system film plus substrate, deduced from the ellipsometrigarts of the pseudodielectric function of a system consisting
anglesA andW, are compared to those of an optical modelof a uc-Si layer grown on ara-Si:H film deposited on a
based on Bruggeman'’s effective-medium theofhe differ-  crystalline silicon substrate. TreSi:H film was obtained by
ences between the measured and calculated data are mifire rf glow discharge decomposition of pure silane. After its
mized by a linear regression analysis. In recent years Weyposure to air this film was loaded along with other sub-
have applied this technique to study the layer-by-layer deposirates for the layer-by-layer deposition of a microcrystalline
sition of microcrystalline silicon film&.In this method, mi- silicon layer. We have previously reported that the native
crocrystalline silicon films are obtained by alternating theoxyde layer on thea-Si:H substrate has no effect on the

deposition of hydrogenated amorphous sili¢arSi:H) dur- — growth of theuc-Si film.® The details of the deposition sys-
ing a timeTg; with its exposure to a hydrogen plasma during

a timeTy. The major conclusions deduced from these stud-
ies are:(i) the nucleation of a crystalline phase within the
a-Si:H network takes place once the initially deres&i:H 20
film has been converted into poroasSi:H by the hydrogen
plasma exposuré(ii) the crystallization of thea-Si:H film
deposited during the tim&g; is related to the diffusion of 10k

hydrogen, leading to nanovoid and broken bond formation g
processes,and (jii) there is a substrate dependence of the E i i
long term evolution of the properties of the already deposited Kok ]
films.6 Fa=7%, Fc=66% | 61 A+4A

Because most of our previous results were basethon | | Faz6% Fo=91% | snAz17A 7
situ ellipsometry and because of the increasing complexity of oL | Fas®%Fe0% | 2085A68A _
optical models used to fit the experimental data, we have Crystalline Silicon
performed an independent validation of the optical models T35 4 s
by high resolution transmission electron microscopy Photon Energy (eV)

(HRTEM) measurements. An excellent agreement betWeeIrZIIG 1. Experimentalcrossesand simulatedsolid line) real and imaginary
the results of the OptICE?'ll mOde_IS and the HRTEM meaSL_”ef)arts of the pseudodielectric function of a microcrystalline silicon film de-
ments has been achieved, in agreement with previoUgosited on ara-Si:H film deposited on a crystalline substrate. A schematic
reports7. Moreover, the HRTEM measurements have allowedview of the optical model used to fit the experimental data is shown in the
figure. F, and F represent, respectively, the amorphous and crystalline
fractions, the difference to 100% corresponding to the void fraction. Note

3E|ectronic mail: roca@poly.polytechnique.fr the poor quality of the fit in the low energy part of the spectra.
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tem have been published elsewh&fEhe uc-Si layer was
obtained by repeating 50 cycles &fSi:H deposition during

a timeTg=20s and exposure to a hydrogen plasma during a
time T,=40s. The ellipsometric angles were measured with
a UVISEL spectroscopic phase modulated ellip-
someter’. In accordance with the deposition sequence, the
optical model used to fit the experimental data consisted of a
crystalline silicon substrate, aSi:H layer, auc-Si layer,

and a surface roughness layer. As shown in Fig. 1, the fit to
the experimental data is excellent, except in the low energy
part of the spectrum. This discrepancy suggests that the bot-
tom part of the film is not well described by the present
model. Indeed, this model gives a void fraction for the
a-Si:H layer (11%) much higher than expectg@%) from

the deposition conditions. Of course, it is possible to improve
the optical model by adding more layers. However, without
complementary measurements it would be difficult to say
whether the improvement in the fit has any physical mean-
ing.

In order to get complementary information on the struc-
ture of the film, the same sample was prepared in the follow-
ing manner for transmission electron microscopy measure-
ments: 2 mm wide stripes were cut with a diamond saw. Two
stripes were bonded with the films facing each other with an
M-BOND 610 glue, and again a series of 3%0n thick
stripes were cut with the same saw. These stripes were
thinned down to 3Qum with silicon carbide and aluminum (b)
oxide abrasive papers of decreasing grain $iZg 9, 3, 1,
and 0.3um). At this point the specimens are mounted on a
copper grid and introduced into a Gatan 600 ion milling
system which uses two 5 kV Arion guns with an incidence
angle of 15° with respect to the surface. The ion current was
0.5 mA for each ion gun. The milling is stopped when a hole
is detected by optical microscopy in the region of interest.
The cross section of the samples was observed by high reso-
lution transmission electron microscoRTEM) in a Phil-
lips CM30 microscope with an acceleration potential of 300
kV.

Figure Za) shows a TEM micrograph of the whole film
in which the crystalline substrate, tleeSi:H layer and the
uc-Sl layer are clearly differentiated. In thec-Si layer
grains with lateral sizes up to 250 A and extending vertically
from thea-Si:H substrate to the film surface are clearly ob-
served. This columnar-like growth was not expected from
the layer-by-layer process in which a 20-A-thiekSi:H
layer is deposited at each cycle. Moreover, diffraction pat-
terns taken at different points of the sample did not show any
preferential orientation. Further work is necessary to under-
stand why the crystal grains extend through the whole film :
thickness. Figures(B) and Zc) show HRTEM images of the (©)
crystalline silicona-Si:H interface and of theuc-Si layer.

While the c-Si/a-Si:H interface is abrupt, tha-Si:H/uc-Si  FIG. 2. High resolution transmission electron microscopy images)af w
nerface i rough, he hickness oftisinteface berh0 3,17, IS Y 1 Y e, e e
A and comparable to the surface roughness of ioeSi D g et i and (@ the 20-81 fim, &

layer. The top part of Fig.(2) corresponds to the M-BOND

610 glue used to prepare the samples. The HRTEM observa-

tion of the uc-Si layer[Fig. 2(c)] suggests that this layer is fringes® produced by two crystals, one lying on top of the
completely crystallized, without any remaining amorphousother with slightly different orientations. Moreover, the
phase. In this figure one can observe some fringes with &l,1,1) planes ofc-Si can be clearly distinguished in Figia®
large separation corresponding to moireterference for the c-Si substrate. By using the expected distance be-
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tween these plang8.1356 A we have calibrated the thick-
ness of the different layers with a precision better than 2.7%. 20t
The following values have been deducedSi:H layer 2000
A; uc-Silayer 550 A; surface roughness and thickness of the i
a-Si:H/uc-Si interface<100 A. These values are in excel- 10
lent agreement with these deduced from the optical model

=

(Fig. 1), despite the poor quality of the fit in the low energy % " T
part of the spectra. The high crystalline fraction obtained ko) ol ]
from the SE modelFig. 1) shows that the crystallites ob- Fa= 7%, Fo= 66% | 6133 A
served in the HRTEM images dominate the optical proper- r ]F::jgjv;cﬂl% §‘;‘3’§§§ 1
ties, and that the grain boundaries, where an amorphous tis- 10l Fa= 99% 1564445 A |
sue can be present, have very low influence. Crystalline Silicon

Turning our attention to the SE models, the HRTEM R S E—
pictures suggest that the-Si:H/uc-Si interface should be Photon Energy (eV)

included in the optical model. Therefore, we added a new
layer in the optical model formed by a mixture afSi:H, FIG. 3. Experimentalcrossesand simulatedsolid line) real and imaginary
,LLC-Si and voids, as is the case for the surface roughneggarts of the pseudodielectric function of a microcrystalline silicon film de-
laver. Indeed. addina a new laver improved the fit Howeverposited on ara-Si:H film deposited on a crystalline substrate. The optical
yer. ] 9 .y. . P . ’ model used to fit the experimental data has been improved with respect to

when running the model to minimize the @fference betweennat shown in Fig. 1 by inserting an interface layer between the
the experimental and calculated values, it appeared that thesi:H substrate and thec-Si film, suggested by the micrographs shown in
essential feature of the interface layer was not its crystallinityFig- 2.
but rather its higher porosity when compared to that of the . ) o .
underlyinga-Si:H or to that of theuc-Si layer. As suggested with high resolution transmission electron microscopy mea-
by the HRTEM pictures, we can force the presence of grsurements. More_over, the HRTEM measurements have re-
interface layer which would be 40 A thick with a composi- Vé@led the formation of large crystals by layer-by-layer depo-
tion of F,=43% andF.=53%. However, this interface sition of uc-Si, while refinement of the optical models
layer does not improve the fit. This may result from the factcOnfirms the importance of the formation of a porous phase
that its thickness is of the order of the precision of the ellip-N the nucleation of crystallites. , o
sometric models. The only way to improve the fit in the low The authors acknowledge the collaboration of Scientific-
energy part is the introduction ai~400 A thick a-Si:H Technical Services of the Universitat de Barcelona, where
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experimental data as Fig. 1, along with the results of the fith€ Universitat de Barcelona was supported by DGICYT of
using the model schematically described in the lower part of€ Spanish Government under Program MAT94-0262,
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the spectrainterference fringesis well described by the PY @ JOULE Il Contract No. CEE JOU2.CT 940403.
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