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Abstract The surface morphology and grain growth of amophous silicon (a-Si) films deposited by low

pressure chemical vapor deposition (LPCVD) have been investigated as a function of deposition and in
situ annealing condition. The film deposited at the amorphous to polycrystalline transition temperature
has an extra-rough, rugged surface with (311) texture. At the same deposition temperature, the grain
structure tends to shift from the polycrystalline to the amorphous phase with increasing the film thick-
ness. It is found that nucleation of a-Si during in situ annealing at the transition temperature without

breaking the vacuum starts to occur from surface Si atom migration in contrast to a heterogeneous nu-

cleation during film deposition.

1. Introduction

silicon  (poly-Si)  films
formed by low pressure chemical vapor deposi-
tion{L.LPCVD) of silane (SiH,) are widely used

in integrated circuits for various applications

Polycrystalline

as MOS gates, interconects, resistors, and
emitter contacts. Other applications include
photovoltaic conversion, thermal and mechani-
cal sensors, and thin film transistors (TFTs)
for large area liquid crystal displays (LCDs).
The electrical performance of the poly-Si is

strongly determined by its microstructure,

which depends on deposition parameters| 1, 2 |.

Electrical properties of poly-Si formed under -
amorphous and polycrystalline phase have
been investigted by a number of authors[3, 4].
It was suggested that deposition temperature
should be as low as possible to obtain high con-
ductivity and carrier mobility.

It is well known that the surface roughness
of polysilicon degrades the electrical character-
istics of dielectric film on the poly-Si|5, 6].
However, in order to get the sufficient storage
capacitance required for 64M bit dynamic ran-
dom access memory and beyond, some fabrica-
tion technologies having uneven surface of
film

hemispherically grained(HSG) poly-Si
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have been suggested for increasing cffective
surface areal 7, 8{. Solid phase growth(SPG)
of amorphous silicon (a-Si) on a SiO:; layer
has been investigated with the a-Si film pre-
pared by LPCVD, [9, 10| ultra-high vacuum
(UHV) evaporation, | 11, 12] and self-implan-
tation[ 13-15] followed by the annealing for
crystallization of the a-Si in vacuum or an
inert ambient.

In this paper, we will present the experimen
tal results of the grain growth of the LPCVD
poly-Si followed by in situ annealing at the
amorphous to crystalline transition tempera
ture range without breaking the vacuum. In
this experiment, it was found that the nuclea-
tion preocess during annelaing is different
from that of deposition ; grain growth starts
to occur from surface silicon atom migration
during 1n situ annealing, while grain growth
starts from a nucleation on the substrate dur

ing deposition.
II. Experimental

The experiments were carried out in an in-
duction heated hot wall horizontal reactor
under 0.25 Torr. Undiluted SiH, gas as a sih-
con source was supplied from both sides of
tube and was evacuated using a rotary pump.
The starting wafers were CZ(100) p-type sili-
con, covered with 1000 A thick SiO.. The thick-
ness of poly-Si film, measured using ellipsome-
ter, was approximately 1000 A unless other-
wise Indicated. The surface morphology and
microstructure were investigated using plane
and cross sectional scanning electron micro-
scope (SEM) and tranmission electron micro-
scope (TEM).

The preferred orientation (texture) of the
films was performed using X-ray
diffractometer (XRD) with a glancing incident
angle to reduce the penetration depth of x-
rays and hence the diffraction from the
substrated silicon. The texture of the films was
measured by comparing the intensity of dif-

fraction peaks with those obtained on random-

ly oriented polycrystalline film. In order to
quantify the texture of the films, the relative
unit(r.uy,) for each diffraction plane (hkl} is

normalized to {111} plane as follows.
Wi = L/ I (1)

where, L and I are intensities of {hkl} and
{lil} planes, respectively.

The effective surface area of the film was
determined from the capacitance values mea-
sured at 10ktlz and 0 voltage with a HP
4275A 1L.CR meter. The capacitor dielectric
film consisted of 10 A oxide/60 A nitride film.
The dielectric breakdown voltage was mea-
sured by taking |-V (current-voltage) curve
with a HP 4145B semiconductor parameter
analyser. The breakdown voliage was deter-
mined by the voltage at which current density

reached 10 1 A/cni.
. Results and Discussion

Figure 1 shows bright-field TEM photo-

graphs of the films deposited at various tem-

peratures. L.arge grains and microcrystallites

Fig. 1. Bright-field TEM photographs of films deposited
at (a) 570°C, (b) 580°C, and (c) 590°C, (d) the selected
area diffraction (SADP) pattern of a).
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were observed in the films deposited at 570°C.
The films have large grains with {111} twin
boundaries as shown in selected area diffrac-
tion pattern (SADP). It is found that with in
creasing the deposition temperature, the grain
diameter decreases and the grain density in-
creases due to the increase in number of nucle
ation sites and erystallization rate. This results
suggests that nucleation rate increases faster
than grain growth rate as depositioin tempera
ture increase.

From the cross sectional TEM(X-TEM) pho-

tographs shown in Fig. 2, it was observed that

(c) & \ 100nm

Fig. 2. X-TEM photographs of films deposited at (a)
570°C, {(b) 5807, and (¢) 590°C.

small grains start to grow from the oxide sub-
strate and a large grain protrudes from the a-

Si surface at 570°C(a). With increasing deposi-
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tion temperature, many grain boundaries im
pede lateral grain growth, resulting in a HSG
growth at 580°C(h) and further increasing the
temperature, resulting in cylindrical and/or co
lumnar grain growht above 590°C(c¢) as ob-
served by Tee et al. | 4],

In order to examine an initial stage of the

grain growth phenomena, the film thickness

was varied. Figure 3 shows SEM photographs

Fig. 3. SEM photographs of [ilms deposited at 580°C
with (a) 500 A (b) 1000 A ,and {c¢) 2000 A thickness.

of 500, 1000, and 2000 A thick films deposited
at 580°C. Cylindrical grains were observed at
500 A thick film, however, they disappered and
both an amorphous film and hemispherical
grains appeared in the 2000 A thick film. With
increasing film thickness, the surface morphol
ogy changes from cylindrical to hemispherical
shape and the amorphous phase increases.
From Figs. 2 and 3, it can be said that eyhin-
drical grain is the nucleation step which ap-
pears in an carly stage of films growth,
Crystal structures of the films were ana-
lyzed using XRD. Three x-ray diffractioin
peaks showing {111}, {110}, and{311} reflec-
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tions were detected for the samples deposited
at and above 570°C. Figure 4 shows the ratios
of {110} and {311} intensity to {111} intensi-
ty as a function of deposition temperature. For
a randomly oriented polysilicon film, the val-
ues of I,o/L and Iy,/1), are 0.6 and 0.35,
respectively. The film deposited below 560°C is
amorphous due to no detection of XRD peaks.
It was observed that the {311} component
dominated for the films deposited in the tem-
perature range from 580°C to 600C and the
{110} component was a major peak for the
films deposited above 620°C. The dramatic in-
crease in {110} texture above 620°C implies
that the preference for {110} texture is a
growth phenomena rather than nucleation be-
havior. Comparing XRD data with film mor-
phology, the undoped film deposited at the
transition temperature has a rugged surface

with small {311} texture.
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Fig. 4. Relative unit of {110} and {311} intensity to

{111} intensity as a function of deposition tempera-

ture.
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Although the surface morphology of as-de-
posited film is almost unchanged with subse-
quent annealing after exposuring in air, it is

possible to change the morpholgy by in situ an-

100nm

Fig. 5. X-TEM photographs of films deposited at 560°C
and in situ annealed at 570°C for 10min without break-
ing the vacuum.

nealing without breaking the vacuum. Figure 5
shows that X-TEM photographs of the film de-
posited at 560°C and annealed at 570°C for 10
min without breaking the vacuum. In contrast
to grain growth from the substrate in Fig. 2, a
large grain is observed on the surface in the
amorphous phase and the surface sinks in
around the grain and some microcrystallites
are also observed on the substrate. The density
of the hemispherical grains on the surface in-
creases with increasing the annealing tempera-
ture and time. This result 1s in agreement with
the result of A. Sakai et al.[6] obtained by the
subsequent annelaing under UHV of 1x10°
Torr. Thery observed that mushroom-shaped
grains are formed on the a-Si surface and pro-
trude from the original a-Si plane. This result
suggests that grain growth process during in
situ annealing 1s different from a conventional
solid phase growth ; the grain growth starts to

occur from surface Si atom migration during
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in sttu annealing, while grain growth starts
from nuclei on substrate during deposition and
a conventional solid phase growth. In case of
the film deposited at 560°C and subsequent an-
nealed at 570°C after exposing in air, nuclea-
tion occurs at the a-Si/Si0, interface and den-
dritic grain structure with flat surface is ob-
served. It is believed that native oxide on the
films exposed in air inhibits surface Si atom
migration during the conventional solid phase
growth.

In order to calculate the increase in surface
area of the polysilicon film and examine the
degradation of dielectric film on the polysilicon
film, effective surface area and breakdown
field were measured from capacitance value

and 1-V characteristics of the capacitor dielec-
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Fig. 6. Normalized surface area and breakdown field of
capacitor dielectric film on polysilicon as a function of
deposition temperature.

tric film, respectively. Figure 6 shows norma-
lized surface area and breakdown field of ca-
pacitor dielectric film on polysilicon as a funec-
tion of deposition temperature. It is found that
the surface area of the film deposited at transi-
tion temperature is more than 1.5 times larger
than even surface. The fact that breakdown
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field of dielectric film slightly decreases with
increasing the surface area is probably due to
the increase in local electric field at the un-
even surface. From the consideration of the en-
largement of surface area and breakdown
strength, uneven surface film deposited at
transition temperature is suitable for further
scaled DRAM device.

V. Conclusion

In summary, microstructure and grain
growth of poly-Si films have been Investigated
as a function of deposition temperature, film
thickness and subsequent annealing.. Film de-
posited at amorphous to polycrystalline transi-
tion temperature has a rugged suface. At a
fixed deposition temperature, the grain struc-
ture tends to shift from polycrystalline to
amorphous phase with increasing the film
thickness. Nucleatiion during deposition starts
to occur from substrate, while nucletion during
in-situ annealing at transition temperature
without breaking the vacuum starts to occur

from surface Si atom migration.
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