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Preparation and properties of polycrystalline silicon seed layers on graphite
substrate�
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Abstract: Polycrystalline silicon (poly-Si) seed layers were fabricated on graphite substrates by magnetron sput-
tering. It was found that the substrate temperature in the process of magnetron sputtering had an important effect
on the crystalline quality, and 700 ıC was the critical temperature in the formation of Si (220) preferred orientation.
When the substrate temperature is higher than 700 ıC, the peak intensity of X-ray diffraction (XRD) from Si (220)
increases distinctly with the increasing of substrate temperature. Moreover, the XRD measurements indicate that
the structural property and crystalline quality of poly-Si seed layers are determined by the rapid thermal anneal-
ing (RTA) temperatures and time. Specifically, a higher annealing temperature and a longer annealing time could
enhance the Si (220) preferred orientation of poly-Si seed layers.
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1. Introduction

Polycrystalline silicon (poly-Si) films are considered as
one of the most prospective materials in microelectronics and
photovoltaic technology because of their similar electrical
properties to bulk crystalline silicon, high optical absorption
coefficient and light stabilityŒ1; 2�. Varieties of promising tech-
niques have been proposed to fabricate poly-Si films, includ-
ing chemical vapor deposition (CVD)Œ3�, liquid phase epitaxy
(LPE)Œ4� and magnetron sputtering (MS)Œ5�. CVD technology
is widely used in deposition of poly-Si films for its low cost,
high output, and ease of scaling-up. However, direct deposition
of poly-Si films by using CVD technology on heterojunction
substrates typically results in small grainsŒ6; 7�. Therefore, solid
phase crystallization (SPC) of conventional annealingŒ8�, rapid
thermal annealing (RTA)Œ9� crystallization, and laser annealing
crystallization (LAC)Œ10� techniques are often used to obtain
larger grains. Another possible way is the so-called “seed lay-
ers approach”. The seed layers approach involves a two-step
process in which very thin poly-Si seed layers are fabricated
firstly, and then thick films are epitaxially grown on the seed
layers by CVD technology.

Seed layers have a great influence on the crystalline qual-
ity of subsequently grown thicker poly-Si films. Seed layers,
with a large grain size and certain preferred orientation, can be
used to produce large-grained poly-Si thick films with the same
preferred orientationŒ11�. In addition, poly-Si films are usually
fabricated on low-cost substrates, such as glassŒ12�, mulliteŒ13�,
and graphiteŒ14�. In recent years, graphite substrate has become
a research focus due to its high temperature endurance, low re-
sistance, and similar thermal expansion coefficient to silicon.

In this paper, poly-Si seed layers were firstly fabricated
on the graphite substrates by magnetron sputtering, and fur-
ther crystallization were carried out by using the RTA method.
The effects of the substrate temperatures, RTA temperatures,
and time on the structural properties of poly-Si seed layers
were systematically investigated. The results revealed that the
Si (220) preferred orientation and the grain size of poly-Si seed
layers in the process of magnetron sputtering were greatly af-
fected by the substrate temperatures. Moreover, during the pro-
cess of RTA, the Si (220) preferred orientation became en-
hanced with increasing RTA temperatures and time.

2. Preparation of poly-Si seeds on graphite sub-
strates

The poly-Si seed layers were prepared on graphite sub-
strates by use of the magnetron sputtering technique. The
graphite substrates were 50 � 50 mm2, and 1 mm thick. Both
sides of the graphite substrate were polished and cleaned before
the sputtering.

The pressure in the magnetron sputtering chamber is
0.5 Pa, and under a flowing argon ambience of 60 sccm
(standard-state cubic centimeter per minute). The graphite sub-
strates are placed in parallel to the target of un-doped silicon.
The sputtering power is fixed at 200 W, and the reverse sput-
tering power is lower than 2 W. The sputtering period is also
fixed at 2 h. The sputtering speed of the magnetron sputtering
equipment had been calibrated. Under the sputtering power of
200 W, the sputtering speed is about 0.7 �m per hour. So, the
thickness of poly-Si films sputtered for 2 h is about 1.4 �m.
In order to obtain the optimal substrate temperature, a series of
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Fig. 1. XRD profile of as-sputtered silicon film on graphite substrates.

sputtering experiments under different substrate temperatures
of 200, 400, 600, 700, 800, and 850 ıC were carried out, re-
spectively.

The samples sputtered at different temperatures were eval-
uated by X-ray diffraction (XRD) measurements, and the re-
sults showed that only the peaks from the substrates were de-
tected, as shown in Fig. 1. These results indicated that the as-
sputtered silicon films were amorphous. In order to crystallize
the sputtered Si seeds, the samples of sputtered Si films on
graphite were further annealed by using the RTAmethod under
the same temperature of 800 ıC, and the same time of 200 s.

The optimal annealing temperature and timewere obtained
by changing the annealing temperatures and time, respectively,
for the same sputtering samples at a fixed substrate tempera-
ture.

3. Results and discussion

3.1. The influence of substrate temperatures on sputtered
poly-Si seed layers

Because the as-sputtered silicon films were amorphous, as
shown in Fig. 1, the samples of sputtered Si films on graphite
were annealed by using the RTA method under the same tem-
perature of 800 ıC, and the same time of 200 s. Figure 2 shows
the XRD profiles of the samples with different substrate tem-
peratures. In Fig. 2, the diffraction peaks corresponding to the
(111), (220) and (311) crystal planes of silicon were clearly ob-
served, which demonstrated that the samples were highly crys-
tallized. All of the sputtered-Si on graphite with different sub-
strate temperatures transformed into poly-Si by annealing at
800 ıC for 200 s. It can also be seen in Fig. 2 that the diffrac-
tion peak from Si (220) increased obviously for the samples
with substrate temperatures higher than 700 ıC.

Further analyses indicated that the peak intensity and
sharpness of Si (220) were strongly influenced by substrate
temperatures. A critical temperature was found in the diffrac-
tion of Si (220). That is, the peak intensity and sharpness of
Si (220) did not significantly change below 700 ıC. While the
substrate temperature was higher than 700 ıC, the peak inten-
sity and sharpness of Si (220) was increased obviously with in-
creasing substrate temperature. However, Si (111) and Si (311)

Fig. 2. XRD profiles of the samples prepared at different substrate
temperatures and annealed at 800 ıC for 200 s.

Table 1. Structural parameters of the Si (220) diffraction peak of poly-
Si seed layers deposited at different substrate temperatures and an-
nealed at 800 ıC for 200 s.
Substrate temperature (ıC) FWHM (ı) Grain size (nm)
200 0.584 14.849
400 0.528 16.413
600 0.485 17.892
700 0.322 26.929
800 0.267 32.425
850 0.195 38.941

diffraction peaks were barely influenced by the substrate tem-
peratures. The diffraction peak from the sample sputtered un-
der 850 ıC was the sharpest which indicated the Si seed layers
were Si (220) preferred orientation after the annealing.

To evaluate the grain size of the poly-Si seed layers, Scher-
rer’s formulaŒ15� was used to calculate the size of the crystallite
oriented along (220) plane. Scherrer’s formula is

D D k�=ˇ cos �; (1)

where D is the grain size, k is the correction factor taken as
0.90 in the calculation, � (1.5 Å) is the wavelength of X-ray
radiation, ˇ is the full width at half maximum (FWHM) of the
diffraction peak, and � is the Bragg diffraction angle. The cal-
culation results of FWHM and the grain sizes of Si (220) are
shown in Table 1. It can be seen from Table 1 that the grain
size was small and did not change significantly below 700 ıC.
However, the grain size became much larger and increased ob-
viously when the substrate temperature was higher than 700 ıC.
It indicated that 700 ıC was the critical substrate temperature
in the formation of Si (220) preferred orientation.

This behavior of crystalline with varying substrate temper-
atures can be explained by classical nucleation theoryŒ16�. In
the process of crystal nucleation, when the substrate temper-
ature is higher than a certain temperature, the increase of the
critical nucleus size induces the enlargement of the frequency
for a single atom to join a critical nucleus. Meanwhile, the con-
centration of the critical nuclei is enhanced. Hence, the nucle-
ation rate is increasedŒ17�.

Based on the theory of grain growth in thin filmsŒ18; 19�,
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Fig. 3. XRD profiles of poly-Si seed layers annealed at (a) 700 ıC, (b)
800 ıC, (c) 900 ıC, and (d ) 1000 ıC.

grains of different orientations compete with each other. But
grains with a lower surface energy tend to grow preferentially
to minimize the total system energy. When the temperature
was lower than 700 ıC, the close-packed Si (111) surface grew
faster than the Si (220), because the Si (111) surface had the
lowest surface energy. But when the temperature was higher
than 700 ıC, the nucleation rate of Si (220) was distinctly en-
hanced. Meanwhile, Si (220) planes could form a tetragonal
columnar structure, which restrained or inhibited the growth of
Si (111)Œ20�. Thus, the Si (220) preferred orientation of poly-Si
seed layers could be obtained.

3.2. The influence of annealing temperatures on poly-Si
seed layers

As discussed above, the poly-Si seed layers had highly
(220) preferred orientation when the substrate temperature was
850 ıC after annealing. Consequently, samples prepared at
850 ıC were further analyzed with the same annealing time
(200 s) and different annealing temperatures, as illustrated in
Fig. 3. Diffraction intensities of Si (220) were intensively influ-
enced by annealing temperatures. It can be seen in Fig. 3 that
the diffraction intensities of the Si (220) plane became obvi-
ously stronger and sharper with the increase of temperature. It
indicated that the Si (220) preferred orientation of poly-Si seed
layers was enhanced by increasing annealing temperatures.

3.3. The influence of annealing time on poly-Si seed layers

The samples that were sputtered at the substrate tempera-
ture of 850 ıC and annealed at 1000 ıC had the optimal Si (220)
preferred orientation. To further explore the influence of RTA
time, a series of experiments under different annealing times
of 60 s, 90 s, 120 s, and 200 s were carried out, respectively.

Figure 4 shows the XRD profiles of poly-Si seed layers an-
nealed at 1000 ıC under different annealing times. The diffrac-
tion intensities of the Si (220) plane increased with prolonging
the annealing time, which indicated that longer annealing time
could also enhance the Si (220) preferred orientation of poly-Si
seed layers.

Fig. 4. XRD profiles of poly-Si seed layers annealed for (a) 60 s, (b)
90 s, (c) 120 s, and (d ) 200 s.

4. Conclusions

In this paper, poly-Si seed layers were fabricated on
graphite substrates by magnetron sputtering, and then annealed
by using the RTA method under different temperatures and
times. The effects of substrate temperatures, RTA tempera-
tures, and time on the structural properties of the poly-Si seed
layers were systematically investigated.

All the samples sputtered below 850 ıC were amorphous
evaluated by XRD measurements, and the samples showed
post crystalline characteristics after they were annealed by us-
ing RTA methods. It could be concluded that with higher sub-
strate and annealing temperatures, and longer annealing times,
a better preferred orientation of Si (220) can be obtained. It
should be emphasized that the Si (220) was not preferred if
the substrate temperatures were lower than 700 ıC regard-
less of the annealing temperatures, and the Si (220) became
obviously preferred when the substrate temperatures reached
850 ıC while sputtering.
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