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A Robust Data Retention Characteristic of
Sol–Gel-Derived Nanocrystal Memory

by Hot-Hole Trapping
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Pin-Lin Liu, Chiou-Kou Tung, and Ching-Hwa Cheng

Abstract—A new sol–gel-derived TixZry SizO nanocrystal (NC)
memory with a high-performance data retention characteristic is
demonstrated by the hot-hole-trapping method. Prior to rapid
thermal annealing, the high-density NC layer is formed by de-
positing a well-mixed solution of titanium tetrachloride, silicon
tetrachloride, and zirconium tetrachloride. The electrical prop-
erties of the sol–gel-derived NC memory are demonstrated in
terms of memory window, charge retention, program speed, and
endurance. The memory window of the NC memory from the
novel hot-hole-trapping mechanism can be achieved up to 4.18 ±
0.21 V, and long retention times obtained from extrapolation up
to 106 s are observed as 8%, 13%, and 21% window narrowing
under respective temperatures of 25 ◦C, 85 ◦C, and 125 ◦C. The
good electrical performance is attributed to the contribution of the
high density of isolated NCs and hole-trapped into the deep-trap
energy level, so no significant lateral and vertical charge leakage
occurs.

Index Terms—Flash memory, hole trapping, nanocrystal (NC),
sol–gel.

Manuscript received March 9, 2010; revised March 30, 2010; accepted
April 7, 2010. Date of publication May 18, 2010; date of current version
June 25, 2010. This work was supported by the National Science Council,
Taiwan, under Contract NSC-98-2221-E-035-082-MY3. The review of this
letter was arranged by Editor C.-P. Chang.

C.-C. Wu is with the Department of Applied Chemistry, National University
of Kaohsiung, Kaohsiung 811, Taiwan and also with the Research Center for
Biomedical Devices, Taipei Medical University, Taipei 110, Taiwan (e-mail:
half1997tainan@hotmail.com).

F.-H. Ko is with the Institute of Nanotechnology and the Department of
Materials Science and Engineering, National Chiao Tung University, Hsinchu
300, Taiwan (e-mail: fhko@mail.nctu.edu.tw).

W.-L. Yang, C.-C. Yeh, and P.-L. Liu are with the Department of Electronic
Engineering, Feng Chia University, Taichung 407, Taiwan (e-mail: wlyang@
fcu.edu.tw; jamzi228@hotmail.com; pinlin811@pchome.com.tw).

H.-C. You is with the Department of Electronic Engineering, National
Chin-Yi University of Technology, Taichung 411, Taiwan (e-mail: hcyou@ncut.
edu.tw).

F.-K. Liu is with the Department of Applied Chemistry, National University
of Kaohsiung, Kaohsiung 811, Taiwan (e-mail: fkliu@nuk.edu.tw).

C.-K. Tung is with the Department of Electronic Engineering, National
Chin-Yi University of Technology, Taichung 411, Taiwan, and also with the
Graduate Institute of Electrical and Communication Engineering, Feng Chia
University, Taichung 407, Taiwan (e-mail: tungck@ncut.edu.tw).

C.-H. Cheng is with the Department of Electronic Engineering, Feng Chia
University, Taichung 407, Taiwan, and also with the Graduate Institute of
Electrical and Communication Engineering, Feng Chia University, Taichung
407, Taiwan (e-mail: chcheng@fcu.edu.tw).

Color versions of one or more of the figures in this letter are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LED.2010.2048193

I. INTRODUCTION

F LASH memory has attracted more attention because
of its nonvolatile, low-cost, and low-power-consumption

characteristics [1], [2]. However, the conventional design of
floating-gate (FG) Flash memory suffers from the serious
charge loss issue as the feature size of these devices continues
to shrink [3]. A novel nonvolatile memory (NVM) utilizing
nanocrystal (NC) as the charge-storage layer was reported to
replace the conventional FG memory [4]. Due to the benefit
of discrete charge storage node, the NC memory had demon-
strated exceptional properties such as fast program/erase speed,
low programming potentials, and high endurance [5]. We had
proposed a sol–gel spin-coating method on the memory field to
incorporate the high-κ material in the form of NC [6]–[9]. In
comparison with other versatile deposition methods, the rela-
tively cheap, simple, and uniform sol–gel method can mix very
easily a variety of deposited materials without restriction. In
addition, it can be fabricated in a normal atmospheric pressure
instead of a high-vacuum system [10].

Generally, channel-hot-electron (CHE) injection is used to
program the NC memory. Positive pulses are synchronously
applied to the gate and drain of the device, and hence, electrons
are injected into the charge-storage layer [11]. However, the
study of NC memory programmed by the hot-hole-injection
mechanism is still unavailable. In this letter, a new type of
TixZrySizO NC layer, which was employed as the charge-
trapping layer for the memory, was synthesized and obtained
by the sol–gel method. This NC memory exhibited an inter-
esting hot-hole-trapping property. The electrical characteristics,
including program and erase speeds, retention, and endurance
for the NC memory, are also demonstrated in this letter.

II. EXPERIMENTS

The precursors utilized for the preparation of sol–gel so-
lution were titanium tetrachloride (TiCl4, 99.5%), zirconium
tetrachloride (ZrCl4, 99.5%), and silicon tetrachloride (SiCl4,
99.5%). Ethanol was used as the solvent to disperse the precur-
sors. Hydrochloric acid serving as the catalyst for the purposes
of hydrolysis and condensation was added into the solu-
tion. TiCl4, ZrCl4, SiCl4, and ethanol at a molar ratio of
1 : 1 : 1 : 1000 were mixed and stirred vigorously for 0.5 h to
ensure a homogeneous state. The sol–gel was then spin coated

0741-3106/$26.00 © 2010 IEEE
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Fig. 1. (a) Si 2p, (b) O 1s, (c) Zr 3d, and (d) Ti 2p XPS spectra of the TixZrySizO NC.

Fig. 2. (a) Id–Vg characteristics of the NC memory at fresh, program, and
erase states, respectively. The inset shows the plan-view TEM image of the
sol–gel-derived NCs. (b) P–F plot of the NC memory at different measuring
temperatures.

onto the Si substrate. After thin-film deposition, the samples
were subjected to annealing at 900 ◦C for 60 s in an O2 ambient
to transform into the NCs.

The semiconductor manufacturing of sol–gel-derived NC
memory was started with local oxidation of the Si process on
a p-type (100) silicon substrate. After the cleaning process, a
4-nm tunneling oxide film was thermally grown at 925 ◦C in
a furnace. The sol–gel film was then spin coated, followed by
the RTA process. A 10-nm blocking oxide was deposited by
plasma-enhanced chemical vapor deposition, and a 200-nm-
thick amorphous-Si gate was then deposited. Afterward, the rest
of the subsequent metal–oxide–semiconductor processes were
performed to complete the sol–gel-derived NC Flash memory
devices. The channel width and length of the fabricated memory
are 10 and 0.35 μm, respectively.

III. RESULTS AND DISCUSSION

X-ray photoelectron spectroscopy (XPS) was used to verify
the chemical composition of the TixZrySizO NC. Fig. 1 shows
the high-resolution spectra displaying the Si 2p, O 1s, Zr
3d, and Ti 2p peaks for the sol–gel-derived NC, respectively.
Typical peaks are observed clearly in the figures, suggesting
that the complete structural formation of the TixZrySizO NC
had occurred [12]. It should be noted that the thickness of
the sol–gel spin-coating thin film is only about 10 nm, so the
spectra from XPS analysis should include the substrate effect.
The Si 2p and O 1s spectra are only for reference because the
substrate material is silicon oxide.

Fig. 2(a) shows the Id–Vg characteristics of the NC memories
at fresh, program, and erase states, respectively. The measured
conditions for programming are Vg = −7 V, Vd = 7 V, and
1 ms, and that for erasing are Vg = 7 V, Vd = 7 V, and 1 ms.
Unlike the usual publication of memory that is programmed by
CHE, the Id–Vg curve of the memory in Fig. 2(a) exhibits an

interesting shift to the left after programming, implying that the
trapped charge to the NC is hot hole. Therefore, a band-band hot
hole (BBHH) was used to program, and CHE was used to erase
these devices hereafter. We have tried to program by injecting
the electrons (by applying a positive voltage to both the gate
and drain), but no significant shift of the Id–Vg curve was
observed. On the contrary, the memory window by the BBHH
method can be tuned out to be 4.18 ± 0.21 V (n = 15), which
is significantly larger than that of other reports [1]–[10]. The
inset of Fig. 2(a) shows the plan-view image of transmission
electron microscopy (TEM) of the NC by the sol–gel method.
The density of the NC is estimated to be 2 × 1012 cm−2 with a
size range of about 3–5 nm. The high-density and isolated NCs
are beneficial for better charge trapping performance due to a
sufficient trapping site in the NCs.

The Poole–Frenkel (P–F) current is proposed to explain the
interesting hot-hole-trapping effect of memory [13]. The P–F
current is used to describe the field-dependent thermal emission
of the carriers in the trap. The expression for current density
according to P–F emission can be written as [13]

JFP = cEox exp
[(

(dEox)1/2 − ϕt

)
q/kbT

]

where Kb, T , c, d, and ϕt are the Boltzmann’s constant, the
measurement temperature, a constant that depends on the trap
density, a constant that depends on the electric permittivity, and
the depth of the trap potential well, respectively.

Fig. 2(b) shows the plot of ln(J/E) versus square root of
applied electrical field at different temperatures by hole trap-
ping. To simulate hot-hole programming of memory, a negative
voltage was applied on the gate from 0 to −20 V, with a constant
drain voltage of 4 V during the measurement. The barrier
height of the trap for TixZrySizO to silicon oxide is extracted
to be 1.15 eV for hole trapping by the P–F current [13]. We
also measured the P–F current of hot-electron programming
by applying a positive gate voltage. However, the obtained
curve is not linear. Good linear fitting of the measured curve is
observed by the Fowler–Nordheim (F–N) tunneling expression,
implying that F–N tunneling plays a major role for electrons in
the TixZrySizO NC memory.

Although the large window is observed for the TixZrySizO
NC memory, the operation speed is a concern due to the heavy
effective mass of the hole. Therefore, the program and erase
speeds of the NC memory were measured under various bias
conditions. Fig. 3 shows program and erase characteristics
under different operation conditions. As can be seen in Fig. 3,
the program speed is 97 μs with a −2-V Vt shift for the program
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Fig. 3. (a) Program and (b) erase characteristics of the NC memory device
under various operation conditions.

Fig. 4. (a) Retention characteristics of the NC memories at measurement
temperatures of 25 ◦C, 85 ◦C, and 125 ◦C. The postcycling retention at
25 ◦C is also shown. (b) Endurance characteristic of the NC memory device.

conditons of Vg = −7 V and Vd = 7 V, while only 2.5 μs is
required with a 2-V Vt shift for erase operation at Vg = 7 V and
Vd = 7 V. The fast transient of erase characteristics originates
from hot electrons, which exhibit higher mobility than holes. As
compared to previous reports [1]–[3], [6], [7], this new type of
sol–gel-derived NC memory exhibits a relatively fast operating
speed under similar condition. This result indicates that the
sol–gel-derived NC memory yields a high-efficiency charge-
storage layer with fast operation speed and low applied voltage
by the hot-hole-trapping method.

The retention characteristics of the NC memory devices at
erase and program states are shown in Fig. 4(a). The retention
times are extrapolated up to 106 s with only about 8%, 13%,
and 21% window narrowing at 25 ◦C, 85 ◦C, and 125 ◦C
measurements, respectively. As compared to previous reports
of sol–gel-derived NC memories [6]–[10], the retention charac-
teristic by the hot-hole-trapping mechanism is much improved.
The superior performance is attributed to the effects of the
isolated NCs and hole-trapped into the deep-trap energy level,
so no significant lateral and vertical charge leakage occurred.
For ease of comparison, the retention after 10 000 programming
and erasing (P/E) cycles is also shown in Fig. 4(a). The window
narrowing of postcycling retention demonstrates a worse prop-
erty than that of fresh retention. For example, the narrowing is
about 19% for the postcycling retention data at 103 s, while
only 2% narrowing for the fresh retention data is observed.
Although postcycling retention is unsatisfactory, the window
narrowing remains below 50% for extrapolating up to 106 s.
The endurance of the NC NVM extrapolated up to 107 P/E
cycles is shown in Fig. 4(b). The measured conditions for
programming are Vg = −7 V, Vd = 7 V, and 1 ms, and that

for erasing are Vg = 7 V, Vd = 7 V, and 1 ms. The memory
window narrowing after 107 P/E cycles is estimated to be
20.7%. The shifts of threshold voltages in programming and
erasing states are slightly after a couple of cycles. The good
endurance characteristic indicates that the amount of operation-
induced trapped charges is very small.

IV. CONCLUSION

In this letter, we have proposed a new sol–gel-derived
TixZrySizO NC memory by utilizing hot-hole trapping to pro-
gram. The XPS analysis confirms the chemical composition of
the TixZrySizO NC. Owing to the merit of high-density NCs
and hot-hole-trapping mechanism, this NC memory exhibits
excellent electrical performance in terms of large memory win-
dow, high operation speed, high data retention, and exceptional
endurance.
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