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The early stages of hydrogenated nanocrystalline silicon (nc-Si:H) films deposited by plasma-enhanced chemical

vapour deposition were characterized by atomic force microscopy. To increase the density of nanocrystals in the nc-Si:H

films, the films were annealed by rapid thermal annealing (RTA) at different temperatures and then analysed by Raman

spectroscopy. It was found that the recrystallization process of the film was optimal at around 1000 °C. The effects

of different RTA conditions on charge storage were characterized by capacitance—voltage measurement. Experimental

results show that nc-Si:H films obtained by RTA have good charge storage characteristics for nonvolatile memory.
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1. Introduction

Hydrogenated nanocrystalline silicon (nc-Si:H)
films have been widely used in solar cells,™!) light emit-

[l single electron memory,® and thin

ting devices,
film transistors!!) for their unique material proper-
ties. Especially in the application of semiconductor
charge storage devices, nanocrystalline silicon layer
has the potential to replace the continuous thick
poly-Si charge storage layer of traditional floating
It has the benefit of a separated

storage mechanism, which can realize thinner tun-

gate memory.

nel oxide, lower operation voltage, and shorter writ-
ing time.l®! Normally, low-pressure chemical vapour
deposition (LPCVD) is widely employed to deposit
silicon nanocrystal layers.[6=9 The nc-Si:H films de-
posited by plasma-enhanced chemical vapour depo-
sition (PECVD) are rarely used as charge storage
layers due to the low density of silicon nanocrys-
tals and the existence of partial amorphous silicon in
the film. However, the amorphous silicon in nc-Si:H
(or a-Si:H) films can turn into nanocrystalline silicon
when the films are processed under proper conditions,

such as high-temperature thermal annealing and laser
annealing.[19~1% Moreover, rapid thermal annealing
(RTA) can induce high-density, size-limited recrystal-
lization in nc-Si:H film. This means that a nc-Si:H
film can be easily changed into a nanocrystalline sili-
con layer to satisfy the requirements of a nonvolatile
memory device. In the work reported in this paper,
hydrogenated nanocrystalline silicon films deposited
by PECVD were recrystallized under RTA processes.
Capacitance—voltage (C'—V') measurements were used
to characterize the influence of nc-Si:H films obtained
at different RTA temperatures on charge storage. The
experimental results show that the nc-Si:H films ob-
tained by RTA had good charge storage characteris-
tics.

2. Experiments

The nc-Si:H films were deposited on SiOs
(2.5 nm)/p-Si(100) substrate using radio frequency
(RF,13.56MHz) PECVD. They had a crystalline vol-
ume fraction (X.) of over 40% and were grown under
the following conditions, which we collectively denote
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by ‘condition A’: Hy dilution ratio (R = Hy/SiHy) ~
99, deposition pressure ~ 120 Pa, deposition tempera-
ture ~ 250 °C, negative bias voltage ~ 220 V, and RF
power density ~ 0.8 W/cm?. The reference samples,
which were completely a-Si:H films, were fabricated
under the same conditions except for the following dif-
ferences, which we collectively denote by ‘condition B’:
the negative bias voltage and RF power density were
changed to 50 V and 1.6W/cm?. During the fabrica-
tion, film thickness could be monitored in situ by a
film thickness measurement instrument. The surface
morphologies of the nc-Si:H films were characterized
by atomic force microscopy (AFM). Then the RTA
processes were carried out under Ny atmosphere at a
heating rate of 120 °C/s. Finally, 20 nm of control ox-
ide and Al were deposited and evaporated, separately,
on top of the nc-Si:H film to form a metal-oxide-
nanocrystal-oxide—silicon structure for the C—V mea-
The area of the MIS (metal-insulator—
silicon) capacitor was 0.1 mm?, and the C' — V mea-

surement.

surements were performed with an HP 4284A.
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3. Results and discussion

The AFM images of the thin nc-Si:H films de-
posited under condition A, with thicknesses of 10 and
20 nm, are shown in Figs.1(a) and 1(b), respectively.
Nanocrystalline silicon dots can be seen, which could
be single silicon nanocrystals or clusters of several
For the 10 nm nc-Si:H film, the sta-
tistical values of the nanocrystalline silicon dots are:
diameter ~(15 to 30) nm, height ~ (1 to 3) nm, and
density ~ 1 x 10*°/cm?. For the 20 nm film, the
dot diameter and the height increase as the density

nanocrystals.

decreases. This means that the dot density will de-
crease with the increase of the film thickness in the
early stages of the growth of nc-Si:H films. But this
trend will not continue, and stacks of silicon nanocrys-
tal dots will appear when the film thickness reaches a
certain value. In order to observe the obvious mem-
ory characteristics, the 10 nm-thick nc-Si:H films are
chosen here for C' — V' measurements.
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Fig.1. AFM images of nc-Si:H film surface. (a) 10 nm film thickness, (b) 20 nm film thickness.

First, the optimal crystallized temperature should
be found so that it can be used to recrystallize nc-Si:H
films and improve the silicon nanocrystal density in
the films. In order to do this, 200 nm-thick a-Si:H
films were deposited on quartz substrate under con-
dition B and subjected to RTA. Raman measurement
was then used to characterize the results of the RTA
processes so as to choose a suitable annealing condi-
tion. The reason for using quartz substrate was to

avoid the influence of Si substrate during the Raman
measurements. Figure 2 shows the Raman spectra
of the deposited films at different RTA temperatures.
We cannot see a clear and sharp Raman peak from
the sample without annealing, as shown in curve a
in Fig.2, since there are no nanocrystals in the film.
Furthermore, no distinct Raman peaks of silicon crys-
tal can be seen when the RTA temperature is 800 °C

and the annealing time is 30 s or 90 s, as shown in
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curve b, which is similar to curve a. Hazra et all'®

also claimed that 4 nm a-Si:H film would not crys-
tallize under RTA at 800 °C. However, clear Raman
peaks of silicon crystal appear when the RTA tem-
perature is 1000 °C and the annealing time is 30 s.
With the prolonging of the annealing time to 90 s at
1000 °C, a sharper Raman peak of crystallized silicon
can be observed, which indicates better crystalliza-
tion. The size of a silicon crystal could be determined
to be 5 nm from the Raman peak shift using the for-
mula d = 27(B/Aw)"/?, where d is the diameter, B
a constant (2.12 nm?-cm™!), and Aw is the Raman
peak shift. Hence, we have determined the optimal
annealing temperature to be 1000 °C for crystalliza-
tion.
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Fig.2. Raman spectrogram for various samples at differ-
ent annealing temperatures. (a) as-deposited, (b) 800 °C
(30 s) RTA, (c) 1000 °C (30 s) RTA, (d) 1000 °C (90 s)
RTA.

The charge storage characteristics of nc-Si:H films
deposited under condition A were evaluated by C —V
The
dc voltage scan range was from —8 to 2 V. Figure 3
shows the C' — V' hysteresis curves for different RTA
temperatures and different annealing times. The sam-

measurement using 10 nm-thick film samples.

ple without annealing has a small flat band voltage
shift (—0.4 V), which might be caused by a low sili-
con nanocrystal density. Then the RTA process was
used to obtain higher crystalline density for the nc-
Si:H films. Because the annealing time was short, the
growth of silicon nanocrystals was limited. Moreover,
the oxide interfaces in the nc-Si:H film also restrained
crystal growth. The C' — V hysteresis loop for the
sample annealed at 800 °C is similar to that of the

non-annealed sample. For the RTA temperature of

1000 °C, as the annealing time changed from 30 to
60 s, the flat band voltage changed from 1.2 to 1.6 V.
However, it did not change further for the annealing
time of 90 s. It seems that extending the annealing
time beyond 60 s does not improve the charge stor-
age characteristics of nc-Si:H film any more. There-
fore we conclude that RTA at 1000 °C for 60 s is the
optimal condition for the recrystallization of 10 nm
nc-Si:H film. The centre of the hysteresis curves is
near —3 V, which, in principle, should be near 0 V.
The difference might be caused by an excess of im-
mobile charges remaining in the 20 nm control oxide
layer, which can be partly eliminated by optimizing
the fabrication process.
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Fig.3. The C' — V hysteresis under —8 V and 2 V bidi-
rectional scan for samples at different annealing tempera-
tures.

C'—V measurements under different scan voltages
were performed for the further analysis of charge trap
characteristics. For the thinner tunnel oxide (2.5 nm),
a direct tunnelling mechanism explains the electron
injection from the channel into the nc-Si (write opera-
tion) or the driving-out of the trapped electrons from
the nc-Si into the channel (erase operation). When ap-
plying a positive gate voltage to the device, electrons
in the channel will tunnel into the nanocrystalline sili-
con layer and be blocked by the control oxide (20 nm);
when applying a negative voltage, electrons will escape
from the nc-Si layer. For the p-type silicon substrate,
the C' — V curve will shift to the right because of the
negative charges stored in the nc-Si floating gate when
The
right shift will be larger when the applied positive gate

the scan range starts from a positive voltage.

voltage increases. Correspondingly, the C' — V' curve
will shift to the left when the scan range starts from
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a negative voltage.
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Fig.4. The threshold voltage shifts for different scan volt-
ages. The inset C'—V curves were measured under a —8 V
to 3 V bidirectional scan range and show the comparison
between the nc-Si:H film and a-Si:H film samples, which
were subjected to the same RTA process.

Figure 4 shows the C' — V curves of RTA sam-
ples annealed for 60 s at 1000 °C. As the scan range
changes from —6 — 0 V to —8 — 4 V, the flat band
voltage shift increases from 0.6 to 1.9 V, as shown in

Fig.4, which indicates that the nc-Si:H film subjected
to the RTA process has good charge trap character-
istics. The inset in Fig.4 shows a C — V comparison
between the nc-Si:H film and a-Si:H film, which had
the same thickness (10 nm) and were subjected to the
same RTA process for 60 s at 1000 °C. Corresponding
to the same scan voltage range (—8—3 V), the nc-Si:H
film has a larger flat band voltage shift. The reason
for this phenomenon might be that there are more nu-
cleated centres in the nc-Si:H film, which can result in
a higher nanocrystalline density than the a-Si:H film
under the same RTA processing conditions.

4. Conclusions

In conclusion, RTA helps to increase the density of
nanocrystals in hydrogenated nanocrystalline silicon
(ne-Si:H) films deposited by PECVD. Raman spec-
troscopy analysis showed that RTA at 1000 °C is the
optimal processing condition for the recrystallization
of the film. It was found that nc-Si:H film subjected
to this optimal condition has better charge storage
characteristics for the nonvolatile memory.
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