R )

Investigation of the silicon beading phenomena during zonemelting recrystallization
Z. A. Weinberg, V. R. Deline, T. O. Sedgwick, S. A. Cohen, C. F. Aliotta, G. J. Clark, and W. A. Lanford

Citation: Applied Physics Letters 43, 1105 (1983); doi: 10.1063/1.94242

View online: http://dx.doi.org/10.1063/1.94242

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/43/12?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Doping effects in zonemelting recrystallization of silicon thin films
J. Appl. Phys. 77, 6000 (1995); 10.1063/1.359184

Effect of scanning speed on the stability of the solidification interface during zonemelting recrystallization of thin

silicon films
J. Appl. Phys. 72, 316 (1992); 10.1063/1.352142

Optical effects of multilayer thinfilm structures during zonemelting recrystallization with an infrared heat source
J. Appl. Phys. 70, 7594 (1991); 10.1063/1.349715

Subboundaryfree zonemelt recrystallization of thinfilm silicon
Appl. Phys. Lett. 51, 1256 (1987); 10.1063/1.98697

New capping technique for zonemelting recrystallization of silicononinsulator films
Appl. Phys. Lett. 48, 1300 (1986); 10.1063/1.96959

T T T e T T T e T T T T T T e T T T I T T T T T T TITTITTTTTe T T T T T oo
Confidently measure down to 0.01 fAand upto 10PQ s i
Keysight B2980A Series Picoammeters/Electrometers

KEYSIGHT

TECHNOLOGIES



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=Z.+A.+Weinberg&option1=author
http://scitation.aip.org/search?value1=V.+R.+Deline&option1=author
http://scitation.aip.org/search?value1=T.+O.+Sedgwick&option1=author
http://scitation.aip.org/search?value1=S.+A.+Cohen&option1=author
http://scitation.aip.org/search?value1=C.+F.+Aliotta&option1=author
http://scitation.aip.org/search?value1=G.+J.+Clark&option1=author
http://scitation.aip.org/search?value1=W.+A.+Lanford&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.94242
http://scitation.aip.org/content/aip/journal/apl/43/12?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/77/11/10.1063/1.359184?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/72/1/10.1063/1.352142?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/72/1/10.1063/1.352142?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/70/12/10.1063/1.349715?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/51/16/10.1063/1.98697?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/48/19/10.1063/1.96959?ver=pdfcov

Investigation of the silicon beading phenomena during zone-melting
recrystallization
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During recrystallization of encapsulated silicon films on Si0,, by the graphite strip heater
technique, the silicon sometimes breaks apart and agglomerates into small beads or stripes. By
secondary ion mass spectroscopy analysis, it was found that a high concentration of nitrogen at
the interface between the silicon and the top SiO, capping layer is needed to prevent this from
occurring. Incorporation of hydrogen into the crystallization ambient was found to cause the
beading to occur. The initial stages of the bead formation were investigated by scanning electron

Cross-section microscopy.

PACS numbers: 81.10.Jt, 68.55. + b, 81.10.Hs, 81.40.Ef

During the recrystallization of encapsulated silicon
films on SiO,, by the zone melting technique of Geis ez al.,'
the silicon film sometimes breaks and tends to agglomerate
into small beads or stripes. The visual appearance of this
effect is such that the silicon film seems to be stripped off
from large portions of the surface area and therefore we shall
refer to this phenomenon as stripping.

To avoid the stripping, Maby et a/.? have found it neces-
sary to sputter a thin Si;N, film on top of the chemical vapor
deposited (CVD) SiO, encapsulation layer. On the other
hand, Lam et al.* have found that capping by a plasma CVD
Si0, alone yielded their best results. The stripping pheno-
menon and its causes have not been well understood al-
though it was suggested that the presence of nitrogen in the
encapsulation layers improves the wetting properties of the
molten silicon.'™® In this letter it is shown that interfacial
nitrogen is necessary to prevent the stripping and that hy-
drogen can cause it to occur. Also, the initial stages of bead
formation have been investigated by scanning electron mi-
croscope (SEM) cross-section microscopy.

Our recrystallization experiments were done in a
graphite strip heater oven in a manner similar to that of the
Lincoln Laboratory group.' The wafer was supported on a
graphite heater by means of small quartz spacers of 0.5-mm
thickness. The wafer was first heated to about 1200 °C and
then moved under the top stationary graphite strip at a speed
of 2 mm/s. The top graphite strip was heated to about
1700 °C. Experiments were usually performed in an N, am-
bient and tests were also done in Ar, He, or a mixture of
H,(10%)/Ar(90%) ambients.

The cross section of the samples is shown in the inset of
Fig. 1. The bottom SiO, layer was thermally grown to a
thickness of 0.5 or 1 um. The polysilicon film was deposited
by low pressure CVD from SiH, at 620 °C and its thickness
was 0.25 or 0.5 yum. The top SiO, layer was deposited by
atmospheric pressure CVD from SiH,, N,O, and N, at
820 °C and its thickness was 0.5, 1, or 2 um. Finally the thin
(30 nm) Si,N, was deposited by low pressure CVD from
SiH,Cl, and NH, at §20 °C.

Depth profiles of '*N were obtained from a CAMECA
IMS-3F secondary ion mass spectrometer (SIMS). High
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mass resolution was required to discriminate against the
presence of the **Si*~ ion which has an equivalent mass of
14. Nitrogen in the top 30-nm-thick Si;N, layer is evident in
the large initial peaks seen in both curves (b) of Figs. 1 and 2.
The broadly varying nitrogen level within the oxide film is
due mainly to surface charging effects as was determined
from separate profiles of **Si which showed similar level var-
iations. The nitrogen levels within the oxide and at the inter-
facial peaks in Fig. 1 were not calibrated due to the lack of
suitable standards.

SIMS profiles of "*N for samples exhibiting smooth cry-
stallization are shown in Fig. 1 and profiles for samples exhi-
biting stripping are shown in Fig. 2. The appearance of a N
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FIG. 1. Secondary ion mass spectroscopy (SIMS) profiles of '*N for samples
which crystallize smoothly. The nominal thicknesses of the films were
8i;N,:29 nm, CVD top Si0,:902 nm, Si: 260 nm, bottom thermal S$iO,:500
nm. Curve (a) is for a sample whose nitride was etched off and was measured
prior to crystallization in the oven. Curve (b) was measured after crystalliza-
tion with all layers in place. Curve (¢) was measured after crystallization on
a sample which had both the nitride and about a third of the top oxide
etched off.
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FIG. 2. SIMS profiles of !N for samples which exhibited stripping and
silicon beading. Curve (a} is for a sample which did not have a nitride layer
and curve (b) for a sample with the nitride layer as shown in the inset of Fig.
1. Both curves were measured on regions adjacent to the stripped area, after
the samples had been processed in the oven. Notice the absence of the inter-
facial peak which is seen in Fig. 1 at the Si- (top) SiO, interface.

peak at the top SiO,-Si interface (Fig. 1) was found to corre-
late well with the absence of stripping on these and other
samples as well.

Curve (a) in Fig. 1 was obtained from a sample which
had its top nitride film etched off, in hot phosphoric acid and
which did not undergo the recrystallization process. The
data show that the N peak already exists at the interface
prior to crystallization. Curve (b) was taken on a sample after
it had been crystallized, and which had all layers in place.
Curve (c] was taken on a sample which was crystallized after
both the nitride and about a third of the oxide had been
etched off. These etching experiments show that the oxide
thickness and the presence of a top nitride during the crystal-
lization process are not critical for obtaining smooth results.
It is seen that the determining factor is the existence of the
interfacial nitrogen.

The data shown in Fig. 2 were taken on samples which
had been processed in the oven, on regions adjacent to the
stripped area. Curve (a) is for a wafer that had no nitride and
curve (b) is for a wafer that had the nitride film but still
exhibited stripping. It is seen that the absence of the interfa-
cial N peak correlates with the appearance of stripping.

It was already found by Maby et a/.” that CVD nitride
does not yield reproducible results and this was our exper-
lence as well. A CVD process was chosen because it is a
standard process in silicon technology. We have also experi-
mented with sputtered nitride and found that it too pro-
duced variable results depending on the existence of the in-
terfacial nitrogen. The exact composition of this interfacial
region and the mechanism by which it grows still remain to
be identified.

To provide more understanding of the stripping phe-
nomena, the morpohology of the surface after crystallization
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FIG. 3. Optical photomicrographs of samples processed in the oven. (a)
shows smooth crystallization for a sample whose SIMS profile is similar to

" Fig. 1. (b) shows the silicon beads in a sample whose SIMS profile is similar

to Fig. 2. (c) shows a sample processed in H.(109)/Ar(90%). id) shows a
wavy oxide film surrounding a long silicon stripe.

is shown in the series of optical photomicrographs of Fig. 3.
Photograph (a) shows smooth crystallization occurring in a
sample whose SIMS nitrogen profile is similar to that of Fig
1. Silicon beads formed in a sample whose SIMS data are
similar to Fig. 2 are shown in photographs (b). In the lower
{bjphotograph the transition from the nonmelted rough sili-
con film to the stripped beaded area is seen. The smooth
surface around the silicon beads belongs to the top oxide
layer which sometimes remains sticking to the bottom oxide.
In the upper (b) photograph a region where the top oxide film
lifts or pops up is indicated by an arrow. This popping up was
seen sometimes to occur and continue propagating during
the optical microscope observation. It is well known that an
oxide film on silicon is under compressive stress and when it
is released it becomes wavy. Such a wavy appearance is
shown in Fig. 3(d) where the silicon has agglomerated into a
long stripe rather than a bead.

While the sample shown in Fig. 3(b) is an example of
results obtained in a N, or an Ar ambient, the sample shown
in (c) was done in a hydrogen-containing ambient (109% H,/
90% Ar). It is seen that the beads are smaller and more nu-
merous, presumably because more holes form in the silicon
film during the initial stage of the stripping, which is de-
scribed below.

The initial stages of the stripping and bead formation
are shown in Fig. 4 The SEM micrographs were obtained
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from a cross section of a sample where the stripping was
frozen by impinging a He flow on the sample in a manner
similar to Geis et al.'

Micrograph (a) shows the beginning of bead formation.
Notice the gradual increase in the silicon film thickness
towards the center of the micrograph. The top oxide film
smoothly covers the silicon and is broken on the left side
where it hangs over the curved edge of the silicon film. A
magnified view of this corner is shown in (b). The contact
angles between the frozen silicon and either the top or bot-
tom oxide layers are about 110°-120". Such a contact angle
indicates poor wetting between the films. Similar contact
angles are seen in micrograph (c) which shows another loca-
tion where holes in the silicon film have just formed. We
have seen numerous holes like these and observed also other
contact angles, an example of which is shown in micrograph
(d).

The contact angle between molten silicon and quartz is
known to be* 87°. The contact angle observed here is differ-
ent because it is produced by the freezing of the molten sili-
con, which expands upon solidification, and by the stresses
exerted on it by the oxide layers. The contact angle between
Si and Si,N, is known to be’ about 50°, indicating a better
wetting of molten silicon to nitride than to oxide. The pre-
vention of stripping caused by the interfacial nitrogen ob-
served in the SIMS profiles, may therefore be a simple matter
of better wetting provided by a thin nitride layer formed at
the top SiO,-Si interface.

We have also found that hydrogen affects the stripping.
It was already discussed above that H, in the ambient caused
smaller beads to form [Fig.3(c)]. A flow of H, was also im-
pinged on a good sample during the course of its smooth
crystallization and it caused stripping to occur immediately.
These observations suggest that hydrogen may be the pri-
mary cause of the effect.

The hydrogen content of the CVD oxide film was mea-
sured by the resonant nuclear reaction® of protons and '*N
and it was found that a density of 0.5 % 10> cm~* of H atoms
is approximately uniformly distributed in the oxide film
(about 8% atomic ratio). This high H level was reduced,
however, to below the background sensitivity of the tech-
nique ( <0.02 X 10°* cm ™ ?) in 2 sample which was preheated
in the oven to 1200 °C. It is possible that enough hydrogen
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FIG. 4. SEM cross-section micro-
graphs obtained from a sample in
which the stripping was frozen by a
sudden jet of He gas. (a) shows the
initial stage of bead formation: no-
tice the gradual increase in the sili-
con film thickness. (b) is a magni-
fied view of the left edge of
micrograph (a). Holes formed in
the silicon film in other locations
are shown in (¢} and (d).

{d)

remains in the oxide cap and it may diffuse to the silicon
surface and deteriorate its wetting properties by saturating
silicon bonds. Hydrogen gas may also permeate into the
holes that open in the silicon film (as seen in Fig. 4), the
hydrogen can then reach the bottom silicon surface and dete-
riorate the adhesion there as well; it can also provide pres-
sure within the holes to further cause the silicon film to ag-
glomerate into beads. In addition to improving the wetting,
the role of the interfacial nitrogen may therefore be to pre-
vent the hydrogen from deteriorating the silicon interface
adhesion.

In summary the appearance and causes of the beading
or stripping of the silicon film during its recrystallization
have been investigated. SEM cross-section microscopy
shows that the initial stage of bead formation occurs by holes
forming in the silicon film with the top oxide layer remaining
intact. The contact angles between the solidified silicon and
the oxide layers indicate lack of wetting. The stripping was
found to be enhanced in a H,-containing ambient which sug-
gest the possibility that hydrogen in the CVD oxide film
could contribute to this effect.

SIMS profiles of nitrogen through the capping layer
have shown a good correlation between the occurrence of an
N peak at the top SiO,-Si interface and the prevention of
stripping. This interfacial nitrogen may be needed to im-
prove the wetting between molten silicon and S$iO, and possi-
bly also to prevent hydrogen from further deteriorating the
interface.

Z. A. Weinberg is indebted to M. W. Geis (of the MIT
Lab.) for many illuminating discussions. The help of the Sili-
con Processing Facility at IBM is greatly appreciated.
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