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ABSTRACT

We investigated a thermally deposited amorphous silicon (TAS) film before and after annealing. We used monosilane
(SiH,) or disilane (Si;H;) as the Si source gas at a deposition pressure of 0.1 to 0.5 Torr. The activation energy of SiH,
deposition was 1.7 €V (560 to 600°C) and that of Si,H; was 0.6 eV (510 to 570°C). From TEM observation, the TAS film from
450°C Si,H; deposition was completely amorphous without crystals and had a smooth surface. Film deposited at 560°C had
a few crystals at the Si/Si0O, interface and had a few bumps on the Si surface. After annealing, the mean grain size of
450°C-S1,H, film was about 2 pm and that of 560°C-SiH, film was about 0.3 um. We also evaluated the crystallinity by XRD
and Raman spectroscopy. Films deposited at lower temperatures after annealing showed strong <111>-orientations and

high crystal qualities.

In ultra large scale integrated (ULSI) device fabrication,
vertical size reduction has become as important as reduced
overall geometries. Higher quality, thinner films (less than
50 nm) and clean interfaces are needed to fabricate shal-
lower structures. High-quality thin polysilicon films are
used as gate electrodes in MOS devices, TFT bodies in
SRAMs, emitter electrodes in bipolar devices, capacitor
electrodes in DRAMs, and resistors. Also, hemispherical
graing (HSG) for capacitor electrodes in 64-MBDRAMs,'?
and selective polysilicon deposition for filling contacts®
have been reported. We reported low-temperature Si film
deposition from Si,H, for TFT bodies and electrodes.**

Little research has been done on Si films deposited at
temperatures below 550°C, because low-temperature depo-
sition is thought to be too slow to be practical. Deposition
from higher silanes, however, is expected to produce higher
deposition rates at lower temperatures. Before and after
annealing, we studied the quality of films deposited from
Si,H; at temperatures ranging from 450 to 620°C. We call
this film TAS to distinguish it from plasma-enhanced CVD
(PECVD) amorphous silicon.

Experiment

We deposited Si films on thermally grown oxide in a low
pressure CVD (LPCVD) reactor. We used SiH, and Si,H; as
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Fig. 1. Preparation of a replica TEM sample.
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Si source gases with the deposition temperatures ranging
from 550 to 620°C for SiH, and 450 to 620°C for Si,H,, and
the deposition pressure from 0.2 to 0.5 Torr. For crystalliza-
tion, we used N, annealing temperatures ranging from 600-
1100°C.

We measured film thicknesses by measuring step heights
after Si etching a masked substrate. We evaluated the crys-
tallinity by transmission electron miecroscopy (TEM),
transmission electron diffraction (TED), x-ray diffraction
(XRD), and Raman spectroscopy. For TED measurements,
we used selected area diffraction. For XRD, we used a spe-
cial apparatus that allowed measurements of films as thin
as 200 nm. We observed surface features with a TEM
replica method and scanning electron microscopy (SEM).
In the TEM replica method, samples were treated as indi-
cated in Fig. 1. We studied crystallization of samples on a
heated stage by micro-Raman spectroscopy.

Results and Discussion

Deposition rate.—We measured the Arrhenius plots for
SiH, and Si,H; at a deposition pressure of 0.2 Torr (Fig. 2).
Flow rates of SiH, and Si,H; were 50 scem and 15 sccm. The
activation energy of SiH, was 1.7 €V {660-600°C) and that
of Si,H; was 0.6 eV (510-570°C). Below 580°C, Si,H; de-
posited Si faster than SiH,, even though its flow rate
was lower. This suggests that the reaction efficiency of
Si,H, is better than that of SiH,, and for deposition temper-
atures below 580°C, SiH, produces unwanted by-products.
Therefore, Si,H, is a good Si source gas for low-tempera-
ture deposition.

Surface features.—We studied the surface features with a
TEM replica method and cross-sectional TEM. Figure 3
shows the surface features of a 450°C-Si,H; film replica
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Fig. 2. Arrhenius plots of SiH, and Si;H, deposition.
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The transmission electron micrograph of a 620°C-SiH,
film surface replica (Fig. 7), and the cross-sectional trans-
mission electron micrograph of a 620°C-SiH, film show a
surface roughness of about 20-30 nm, which is same as that
indicated in other reports.*

We annealed samples at 600°C in N, for 2 h, then we
observed the surface features.

Figure 8 shows the transmission electron micrograph of a
450°C-Si,H; film surface replica, and Fig. 4b shows the
cross-sectional transmission electron micrograph. We ob-
served a 20-pm length of the sample using 100,000 magni-
fied micrographs. Even after the film was crystallized com-
pletely by annealing, the surface remained smooth. This
may be due to a native oxide cover or less thermal energy
for surface migration. We observed the surface features of
a b560°C-SiH, film after annealing using a TEM
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e

Fig. 3. Surface replica TEM image of SiH, film deposited at 450°C.
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Fig. 5. Surface replica TEM image of SiH, film deposited at 560°C.
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Fig. 4. Cross-sectional transmission electron micrographs and TED
patterns of SiH, films deposited at 450°C {a) as deposited, and (b)
after N, annealing at 600°C for 2 h.

observed by TEM. In a cross-sectional-view transmission
electron micrograph (Fig. 4a), we observed a 10-pm length
of the sample using 50,000 to 300,000 magnified micro-
graphs. The transmission electron micrograph of the = -
replica shows a very smooth surface, and the cross-sec-
tional TEM observation shows a flat surface. Figure 5
shows the transmission electron micrograph of a 560°C-
SiH, film surface replica. Observing a 390-um? area of this
sample using 25,000 magnified micrographs, we found
50-nm diam bumps on the flat surface. Figure 6 shows the
cross-sectional transmission electron micrograph of this
sample. Observing a 70-pm length of this sample using
50,000 to 100,000 magnified micrographs, we found a
smooth surface with a few bumps 30 nm high. The bumps
look like the hemispherical grains (HSG) reported by
Watanabe et al.’ They noted that a surface migration of Si
atoms during annealing under reduced pressure after depo- Fig. 6. Cross-sectional transmission electron micrographs and TED
sition forms 0.1-pm HSGs. pattern of an SiH, film deposited at 560°C.

surface

interface
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sition temperature, above which a polycrystalline structure
forms, is about 580°C at a pressure of 0.2 Torr."* Because the
deposition temperature of 450°C was much lower than the
transition temperature, we obtained completely amor-
phous silicon. Also, the deposition rate is a key
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Fig. 7. Surface replica TEM image of SiH, film deposited at 620°C.

Fig. 9. Cross-sectional fransmission electron micrographs and TED
h‘erlr‘l of an SiH, film deposited at 560°C after annealing ot 600°C
or 2 h.
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Fig. 8. Surface replica TEM image of Si;H; film deposited at 450°C
after N, annedling at 600°C for 2 h.

image of the surface replica and a cross-sectional-view
TEM image along a 36-um length of the sample using
50,000 to 100,000 magnified transmission electron micro-
graphs (Fig. 9). The surface features were not changed by
annealing.

We also observed the surface features of a 620°C-SiH,
film after annealing using a TEM image of the surface
replica and a cross-sectional-view TEM image. The surface
features changed little.

From these results, lower deposition temperature
films deposited from Si,H; have smooth surfaces even after
crystallization. Polysilicon with a smooth surface is advan-
tageous in fabrication of TFT bodies, and gate and capaci-
tor electrodes, because rough surfaces cause dielectric
breakdowns.

Crystal quality—TEM observation.—Using TEM, we
evaluated the films’ crystallinity before and after anneal-
ing at 600°C for 2 h.

Figure 4a shows the cross-sectional transmission elec-
tron micrograph and the TED pattern of a 450°C-Si,H, film
before annealing. We observed a 10-pm length of the sam-

ple using 50,000-300,000 magnified micrographs. The film Fig. 10. Plane-view transmission electron micrographs and TED
was not crystalline, with the TED pattern exhibiting broad, pattern of an Si;H, film deposited at 450°C after N, annealing at
diffuse rings characteristic of an amorphous film. The tran- 600°C for 2 h.
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Fig. 11. Plane-view transmission electron micrograph and TED pat-
tern of an SiH, film deposited ot 560°C.
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Fig. 12. TEM observation summary.

to producing a completely amorphous structure, since
higher deposition rates reduce the surface mobility of
adatoms at lower deposition temperatures and prevent for-
mation of crystalline structures. The opposite case is epi-
taxial films, which form at higher temperatures and lower
deposition rates.

Figure 4b shows the cross-sectional transmission elec-
tron micrograph and the TED pattern of an annealed sam-
ple. Observing a 20-pm length using 100,000 magnified mi-
crographs revealed a large monocrystalline grain with twin
boundaries and the TED pattern had twin spots. Polysili-
con deposited at 620°C using LPCVD shows a ring-and-dot
pattern. The crystal quality of 450°C-Si,H, film after an-
nealing was better than that of conventional LPCVD
polysilicon.

Figure 10 shows the plane-view transmission electron
micrograph and the TED pattern of a 450°C-Si,H; film af-
ter annealing. Upper and lower micrographs correspond to
bright and dark field images. We observed a very large
grain of about 3 wm with twin boundaries and small de-
fects, and the TED showed a spot pattern. The mean grain
diameter was about 2 um, calculated™®

d=151/mn

where d is the mean grain diameter, [ is the line length on
the micrograph, m is the micrograph magnification, and n
is the number of grain boundaries crossed by the line. We
used 26 transmission electron micrographs and 12 cross-
sectional-view transmission electron micrographs to cal-
culate the mean grain diameter.
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The reason for the larger grain formation is considered to
be less nuclei in the amorphous film, One cause of nucle-
ation is thought to be stress at the Si/SiQ, interface,’ where
crystal growth begins.™

We observed a 560°C-SiH, film before annealing by
cross-sectional TEM (Fig. 6). These micrographs indicate
crystals at the Si/SiO, interface. Because the deposition
temperature of 560°C was close to the transition tempera-
ture, crystallization occurred during deposition due to in-
terface stress," microcrystallites, and/or particles.

The upper micrographs in Fig. 6 show bumps on the Si
surface, and the left and right micrographs correspond to
bright and dark field images. We performed TED at the
bump, and the spot pattern indicated that the bump was
crystalline.

At the fransition temperature, local epitaxial growth
may occur. For example, Ohmi et al. reported epitaxial
growth at 550°C using Si,H;. * Tt is possible that, during
deposition, nuclei crystallized in a gas phase deposited on
the surface and/or nuclei were caused by the surface mi-
gration of adatoms. Crystalline bumps were then grown
selectively. Shimizu et al. observed large bumps on the
polysilicon film and they thought the formation mech-
anism was a local selective growth.'®

Figure 9 shows the cross-sectional transmission electron
micrographs and the TED pattern of a 560°C-SiH, film
after annealing. Upper and lower micrographs correspond
to bright and dark field images. A few grains were verti-
cally stacked and the polysilicon had a random structure
with the bumps on the surface acting as crystallization
nuclei. The TED pattern showed spots indicating that
the crystal quality of the film was better than that of con-
ventional polysilicon but worse than a 450°C-Si,H film
after annealing.

Figure 11 shows the plane-view transmission electron
micrograph and the TED pattern of the film. From Ref. 12
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Fig. 16. SEM images of films thinner than 5 nm deposited at (a)
625°C from SiH,, and (b) 450°C from SiH;.

the average grain size was about 0.3 pm. The
TED showed strong and weak spots, indicating that the
crystal quality of the film was better than conventional
polysilicon.

Figure 12 summarizes the TEM observations. The colum-
nar structure of the 620°C-SiH, film was unchanged during
N, annealing at 600°C for 2 h.

We can conclude that crystals in the amorphous phase
must be eliminated to obtain large grains after annealing,
and for this, low-temperature deposition and a high depo-
sition rafe are promising.

X-ray diffraction.—We studied the relationship between
deposition temperature and x-ray diffraction patterns be-
fore and after annealing for a film 0.2 wm thick. The nor-
malized peak intensity for the samples before annealing
(Fig. 13) shows that below 560°C, the films have no peaks.
A 560°C-SiH, film is basically amorphous with crystals at
the Si/SiO, interface, as we saw by TEM. Above 570°C, we
saw peaks, and at 590°C, <311>-orientations dominate.
Above 590°C, <220)-, and <311>-orientations increase
rapidly, and polycrystalline structures form.

The normalized intensity for samples annealed at 1100°C
for 30 min in N, (Fig. 14) shows that at lower deposition
temperatures, peaks are observed and <111>-orientations
dominate. The peak intensity of lower temperature deposi-
tion is larger. At 590°C, <311>-orientations dominate and
<111>-orientations are minor. At 620°C, <111>-orientations
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increase, but <220>-orientations still dominate. Changes
during annealing are the least in at 620°C-deposited filrs.

It is considered that in the completely amorphous phase,
grains tend to be <111>-oriented, and at the transition re-
gion, crystallifes act as the nuclei of crystallization. So,
above the transition region, the dominant texture remains
unchanged during annealing.

Raman spectroscopy.— We evaluated the relationship be-
tween annealing temperature and crystallinity using Ra-
man spectroscopy at 520 cm ™. *'® We annealed samples for
30 min in N, (Fig. 15). An SiH, film deposited at 620°C
shows a peak gradually increasing with annealing temper-
atures above 620°C. In contrast, an SiH, film deposited at
560°C drastically changes when annealed at 570°C. Below
570°C, there was no peak around 520 cm™?, but above
570°C, we observed a large peak whose intensity increased
with the annealing temperature. An Si,H, film deposited at
450°C had this same feature with a higher intensity when
annealed above 570°C. This change at 570-600°C occurs at
the poly/amorphous transition region during LPCVD. We
studied the activation energy of crystallization (Fig. 15)
and found that at 570-600°C, it is about 7 eV, and above
600°C, it is about 0.2 to 0.4 eV. The silicon self-diffusion
process has an activation energy of about 5 eV, which is the
same as the Si realignment process." Therefore, during the
change, the Si realigns and dehydrates. The 450°C-Si,H,
film had 7 atoms percent (a/o) hydrogen.™

The Raman intensity at 520 cm ™ indicates the Si crystal-
linity,'"'® with the crystal quality above the transition tem-
perature given as follows:

Good
450°C-Si;H; film > 560°C-SiH, film > 620°C-SiH, film
Poor

Results indicate a lower deposition temperature produces
better crystal quality.

Initial stages of deposition.—To examine the difference
of deposition mechanisms between conventional polysili-
con and TAS, we observed films thinner than 5 nm. Since
the deposition rate of 625°C-SiH, was 9 nm/min, we de-
posited for 33 s obtaining a film thinner than 5 nm on a
substrate with thermally grown oxide (Fig. 16a). Since the
deposition rate of 450°C-Si,H, was 2 nm/min, we deposited
for 150 s. We observed crystallite nuclei with nucleus densi-
ties of about 7 X 10 em~2 This indicates that nuclei have
formed and were coalescing. Films thinner than 5 nm can-
not be deposited under conventional polysilicon deposition
conditions.

It has been reported that increasing deposition tempera-
tures decrease the nucleus density and increase the nucleus
size.?’ When sites are distributed on an SiO, surface, Si
adatoms will migrate towards the sites to make Si nuclei,
which tend to grow larger at higher temperatures.

The opposite case is thought to be TAS film deposition.
When the deposition temperature is low, the migration
length is short and the nuclei will be small. If the deposition
rate is high at a low temperature, the adatoms may cluster
during the deposition and form a film of small clusters.
Figure 16b shows an SEM image of a 450°C-Si,H; sample of
a film with a smooth surface. Because we only considered
the deposition rate, we assumed the deposited film to be
5 nm thick. In general, however, an incubation time exists
before deposition, therefore, the deposited film is actually
thinner than the calculated thickness, especially in the
early stages of deposition.

Conclusions

The activation energies of SiH, and Si,H; deposition
were 1.7 and 0.6 eV. Below 580°C, Si,H; deposited Si faster
than SiH,, despite the lower flow rate of Si,Hs. This sug-
gests that Si,H; is a good Si source gas for low-temperature
deposition.

The surface of 450°C-Si,H; film was very smooth, with
the smooth surface retained during crystallization. The un-
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changed surface features may be due to a native oxide
cover or less thermal energy for surface migration.

The 450°C-8i,H; film was completely amorphous before
annealing and had mainly <111>-oriented large grains
about 2 um in diameter after annealing. The completely
amorphous structure causes large grain formation after
crystallization.

The 560°C-SiH, film had crystalline bumps on a smooth
amorphous surface, which acted as nuclei during crystal-
lization. As a result, after annealing, a few grains with di-
ameters of about 0.3 pm were stacked vertically.

The activation energy at the transition was about 7 €V,
which suggests that the Si realigns and dehydrates at the
transition.

The 625°C-SiH, sample with depositions less than 5 nm
showed nuclei, but the 450°C-Si,H; sample with deposi-
tions less than 5 nm showed a film with a plane surface. In
the initial stages of deposition, crystallites act as nuclei in
conventional polysilicon, but small clusters act as nuclei
and form a thin film in TAS.
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