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High-Program/Erase-Speed SONOS With
In Situ Silicon Nanocrystals

Tsung-Yu Chiang, Tien-Sheng Chao, Yi-Hong Wu, and Wen-Luh Yang

Abstract—In this letter, for the first time, we have successfully
fabricated silicon–oxide–nitride–oxide–silicon (SONOS) devices
with embedded silicon nanocrystals (Si-NCs) in silicon nitride
using in situ method. This process is simple and compatible to
modern IC processes. Different Si-NCs deposition times by in situ
method were investigated at first. SONOS devices with embedded
Si-NCs in silicon nitride exhibit excellent characteristics in terms
of larger memory windows (> 5.5 V), lower operation voltage,
high P/E speed, and longer retention time (> 108 s for 13% charge
loss).

Index Terms—Memory window, nonvolatile memory, retention
time, silicon nanocrystals (Si-NC).

I. INTRODUCTION

A CCORDING to the International Technology Roadmap
for Semiconductors (ITRS), one of the challenges

for floating-gate memories is the scaling of the tunneling
oxide [1]. Metal–oxide–semiconductor (MOS) memories with
embedded silicon nanocrystal (Si-NC) and silicon–oxide–
nitride–oxide–silicon (SONOS) nonvolatile memories have re-
cently obtained a lot of attention due to their feasibility to
overcome the limit of conventional polycrystalline-silicon-
based floating-gate memories [2]–[4]. SONOS memories can
offer several advantages over the traditional floating-gate Flash
memories: simple process, high density, elimination of the
drain-induced turn-on effect, multibit operation, no floating-
gate coupling effect, and excellent immunity to stress-induced
leakage current [5]–[8]. Si-NC memories have attracted a great
interest to improve the problem of retention and endurance
[9]–[15]. The SiN/Si-NCs/SiN trapping layers are used [13];
however, the deposition is not in situ. Hybrid Si-NCs/SiN
trapping layers are reported [14], in which the Si-NCs are not
embedded in nitride. In [15], SiN/Si-NCs/SiN trapping layers
are investigated, but Si-NCs are realized by low-energy SiH4

plasma-immersion ion implantation. In this letter, for the first
time, SONOS memories with embedded Si-NCs formed by
in situ deposition in nitride is proposed. This in situ deposition
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Fig. 1. (a) Cross-sectional scheme of Si-NCs SONOS memory structure with
the nitride film embedded with the Si-NCs. (b) Gas flow of in situ deposition of
Si-NCs in nitride.

method exhibits a simple fabrication process and is compatible
to the modern complementary MOS technologies. At first, we
focus on the comparison of performance and reliability for the
Si-NCs deposition for different times for 10, 30, 60, and 90 s.
SONOS memories with Si-NCs show improved performance
in terms of larger memory windows, lower operation voltage,
higher P/E speed, and longer retention time than without one.

II. EXPERIMENTAL PROCEDURE

Fig. 1(a) shows the device’s structure. P-type silicon (100)
wafers were used. After local-oxidation-of-silicon, or LOCOS,
isolation step, a tunneling oxide was first thermally grown in
N2O (2.5 nm). The in situ step includes three phases. Fig. 1(b)
shows the change of gas flow of SiH2Cl2 and NH3 during these
three phases of deposition step. At the first phase, a 3-nm-thick
silicon-nitride film was deposited in a low-pressure chemical-
vapor-deposition (LPCVD) system using SiH2Cl2 (130 sccm)
and NH3 (30 sccm) at 780 ◦C. In the second phase, in the same
tube, NH3 was turned off. Wafers were then in situ deposited a
thin Si-NCs grown only by using SiH2Cl2 (10 sccm, pressure
∼300 mtorr, at 780 ◦C) for 10, 30, 60, and 90 s, respectively.
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Fig. 2. Program and erase speed of SONOS with different growth time of
Si-NCs.

To sandwich Si-NCs in nitride, a final top 4-nm silicon nitride
was deposited in the same tube by turning on the NH3 gas again
at the third phase. These Si-NCs can be easily in situ embedded
into nitride by the alternative switching of NH3 gas. All these
three steps were executed in the same tube and at the same
temperature. Hence, wafers do not need to change tube during
fabrication. The mean size of Si-NCs and aerial density turned
out to be 7–10 nm and 7−9 × 1011 cm−2, respectively. We
found that a longer deposition time results in a larger Si-NCs
size. A blocking oxide about 20-nm was then deposited using
high-density plasma CVD. A 200-nm-thick poly-Si film was
deposited as the control gate. Standard MOSFET fabricating
steps were followed to complete final devices.

III. RESULTS AND DISCUSSION

Fig. 2 shows the program and erase speed characteristic
for all samples. We programmed and erased each sample by
using channel hot-electron injection and band-to-band hot-
hole injection for NOR-architecture application, respectively.
Programming was set at VG = VD = 6 V, while erasing was
set at VG = −8 V and VD = 8 V. The zero point of Vt shift
in the figure is the initial state before programming in program
speed and programmed before erasing in erase speed. The shift
of threshold voltage (memory window) of SONOS with Si-NCs
deposition for 10, 30, 60, and 90 s are 4.4, 6.1, 5.5, and 5.7 V,
respectively. We found that the optimum time of deposition is
30 s in P/E speed characteristic. Since a typical sense amplifier
can be designed to detect shift of memory window as low as
0.5 V [16]. Therefore, the resultant memory window about
5.5 V is large enough for multilevel operation. From these
curves, we found that a relatively fast programming (t = 10 μs)

Fig. 3. Data-retention characteristic of different samples after programming
ΔVt = 4 V at T = 25 ◦C and programming ΔVt = 2 V at T = 150 ◦C.

Fig. 4. Endurance characteristics obtained for the SONOS with in situ Si-NCs
memory device with 30-s deposition time.

and erasing (t = 100 μs) time can be achieved for a 2.3-V shift
of threshold voltage. This significant improvement of devices
with in situ Si-NCs can be attributed to newly created trapping
site in Si-NCs, or at the interface of silicon nitride and Si-NCs.
Therefore, a relatively large resultant memory window and
faster P/E speed can be obtained for SONOS with embedded
Si-NCs. It is noted that SONOS with only 10-s deposition time
has less performance improvement which could be due to the
smallest Si-NCs size and density among these samples.

The data-retention characteristics of the different Si-NCs
memories at room temperature (T = 25 ◦C) and high temper-
ature (T = 150 ◦C) are shown in Fig. 3. At room temperature,
the charge loss was below 13%, as extrapolated to 108 s. When
operated at 150 ◦C, it exhibits only 10% charge loss for 104 s.
With Si-NCs, deep charge-trapping level can be created at the
interface of Si-NCs and nitride, resulting in an improved data
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TABLE I
COMPARISONS OF P/E VOLTAGE, P/E SPEED, CHARGE LOSS AT ROOM TEMPERATURE (T = 25 ◦C), AND HIGH TEMPERATURE (T = 150 ◦C)

retention. This result suggests that further tunneling-oxide scal-
ing is possible using this structure. We found that the optimum
time of deposition is 60 s in the data-retention characteristic.
Fig. 4 shows the endurance characteristics of 30-s deposition-
time sample. The memory window of about 2.5 V is maintained
after 1000 time cycles. A small drift of 10% in the threshold
voltage for both P/E operations is observed after 103 P/E
cycles. The threshold-voltage shift upward is due to interface-
trap generation and the electron trapping in the tunneling oxide
[17]–[20]. Some memories with high-k materials, such as
Si3N4, La2O3, HfO2, and HfZrO [21]–[24], are compared in
Table I. It is found that our devices can be operated at lower
voltage and higher program/erasing speed with a better charge
retention at the same time.

IV. CONCLUSION

For the first time, we have successfully demonstrated
SONOS memories with embedded Si-NCs in silicon nitride
using in situ method. This novel structure has excellent char-
acteristics in terms of larger memory windows, lower operation
voltage, faster P/E speed, and longer retention time than those
of control ones.
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