ELSEVIER

Available online at www.sciencedirect.com

sc.ence@p.“w

Solid-State Electronics 49 (2005) 1974-1977

SOLID-STATE
ELECTRONICS

www.elsevier.com/locate/sse

Simulation of a cobalt silicide/Si hetero-nanocrystal memory

Dengtao Zhao, Yan Zhu, Ruigang Li, Jianlin Liu *

Quantum Structures Laboratory, Department of Electrical Engineering, University of California, Riverside, CA 92521, United States

Received 1 June 2005; received in revised form 19 August 2005; accepted 15 September 2005
Available online 4 November 2005

The review of this paper was arranged by Prof. A. Zaslavsky

Abstract

A nanocrystal memory using CoSi,/Si hetero-nanocrystals as floating gate was proposed. Numerical investigations on the writing,
erasing and retention were performed. The hetero-structure provides an extra quantum well for the charge to achieve much longer reten-
tion time while maintains a writing/erasing speed similar to that of Si nanocrystal memory.
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1. Introduction

Si nanocrystals have been extensively investigated as
floating gates in MOSFET memories [1-5]. Due to electri-
cal isolation between nanocrystals, tunneling oxide can be
very thin (~3 nm), leading to faster programming/erasing
speed. However, the trade-off between long retention and
fast programming/erasing for a traditional Si nanocrystal
memory still remains as an obstacle for its practical appli-
cation. To solve this issue, an interesting approach was
proposed to use Ge/Si hetero-nanocrystals as floating gate
in a p-channel MOSFET memory and the simulations
showed that this structure could significantly prolong the
retention time without decreasing the writing and erasing
speeds [6]. In this paper, we propose a metallic silicide/Si
hetero-nanocrystal memory. Metallic silicide material has
a high density of states around Fermi level, which offers
a strong coupling between the substrate and the nanocrys-
tal [7]. In addition, owing to its metal-like nature, the
valence band edge (E,) and the conduction band edge
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(E.) of some silicide materials, such as TiSi, [8] and CoSi,
[9], are energetically located higher and lower, respectively,
to the counterparts of the silicon. Therefore, a silicide/Si
hetero-nanocrystal can be used for both p- and n-channel
memories. Here we report simulation results on p-channel
memory only to demonstrate the advantages of using
CoSi,/Si hetero-nanocrystals as the floating gate. The same
procedures can be readily used to simulate electron storage
in n-channel memory, which would reach the same conclu-
sion of enhanced performance of hetero-nanocrystal mem-
ory over Si nanocrystal memory and is not shown here. It is
worthwhile noting that TiSi,/Si and CoSi,/Si hetero-nano-
crystals can be easily fabricated using self-aligned growth
technique [8,9] on Si nanocrystals with a thorough compat-
ibility to the existing Si VLSI process.

2. Device structure and simulation technique

Fig. 1 shows the schematic diagram and the band struc-
ture of a CoSi,/Si hetero-nanocrystal memory. It should be
noted that the valence band offset (AE,) between CoSi, and
Siis ~0.55 eV [10] and the band gap for CoSi, is zero. The
charge communication between the control gate and the
nanocrystal is neglected since the control oxide is assumed
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Fig. 1. The device structure (a) and the band diagram (b) of a CoSi,/Si
hetero-nanocrystal memory.

to be 5 nm, which is much thicker than tunneling oxide
thickness assumed in our simulation with which direct-tun-
neling phenomenon normally takes over. For such a p-
channel memory, the writing current, with a negative gate
bias, consists of two components, namely the hole flux
from substrate to the nanocrystals and electron flux from
the nanocrystals to the substrate. Likewise, the erasing cur-
rent is in general composed of electron flux from the sub-
strate to the nanocrystals and hole flux from the
nanocrystals to the substrate. The writing or erasing cur-
rent can be calculated using [117]:

J=a [ TESEERAEE (1)

where f{E) is the impact frequency, p(E) the two-dimen-
sional (2-D) density of states, Fy/,(E) the Fermi—Dirac dis-
tribution function and 7(E) the tunneling probability,
respectively. Eqpnir 1s the Si valence (for writing) or conduc-
tion band (for erasing) shift due to the quantum confine-
ment effect from the small nanocrystal. The impact
frequency reads [11]:
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where 7, ms; |, €ox, Fox, and es; are the reduced Planck’s
constant, the hole (or electron) effective mass perpendicular
to the substrate, the dielectric constant of SiO,, the surface
electric field in SiO, layer, and the Si dielectric constant,
respectively. The tunneling probability 7(E) is calculated
using transfer matrix method [12].

The writing and erasing times are defined as the product
of the elementary charge and the reciprocals of the tunnel-
ing currents in the writing and erasing processes, respec-
tively. In the writing process, since the valence band edge
of CoSi, is energetically higher than that of the Si substrate,

f(E) =0.6 x

the presence of CoSi, will not affect the hole current from
the substrate to the floating gate. The hole erasure in a
nanocrystal is mainly due to the electron current from the
substrate to the nanocrystal. The hole current from the
nanocrystal to substrate during erasing operation is orders
of magnitude lower since the hole barrier (5.1 eV) is much
higher than the electron barrier (3.1 eV). Therefore, the
erasing has a speed similar to the writing process. The reten-
tion process is a two-step case: the hole, which is originally
stored in the CoSi, region, first needs to be thermally acti-
vated to a quantum level of an energy equal or higher than
the valence band edge of the substrate then has a probabil-
ity to tunnel back to the substrate. The two-step case has a
much lower probability than a single-step case for the car-
rier in a Si nanocrystal memory. In other words, it is
expected that a CoSi,/Si hetero-nanocrystal memory would
have a much longer retention time than a Si nanocrystal
memory. The retention time is defined as the time when 1/e
charge remains [6], where e is the napierian base. Retention
time then can be obtained by using a similar method to
that used in [13] for a defective Si nanocrystal memory. In
our case, we substitute the defect level with the effective
quantum well (SiO,/CoSi,/Si) depth, namely [14]:

1
S, exp (FUSE) £(B) T (E)

where E;, E,, Kg are the ith excited state and ground state
(for holes) in the hetero-nanocrystal and Boltzmann’s con-
stant, respectively. The integer number ‘%’ is the quantum
number from which the wave function spreads over both
silicide and Si regions of the hetero-nanocrystal. The effec-
tive masses for the electron (2m,) and hole (4m) in the
CoSi, are taken from Ref. [10]. The eigen-energy levels
are calculated with an improved shooting method [14] by
simplifying a real quantum dot to a quantum box. As
has been implemented in [13], the leakage current from
the substrate to the nanocrystals is not considered during
retention due to the fact that the electrostatic potential
across the barrier layer is very small.

T =

3)

3. Results and discussion

Fig. 2 compares the writing and erasing characteristics
of a CoSi,/Si hetero-nanocrystal memory device with a Si
nanocrystal memory device, where the Si dot height is fixed
at 3 nm and the CoSi, dot height is 4 nm and 2 nm, respec-
tively, with the base width all fixed at 3 nm. The tunneling
oxide thickness is 1.9 nm. One observes that a much faster
writing for the memory device with Si nanocrystals than
the ones with CoSi,/Si hetero-nanocrystals at gate voltage
lower than 1.1 V only. This is attributed to the difference of
electron current from the nanocrystals to the substrate at
negative writing voltages. Since the conduction band edge
of the CoSi, is lower than that of the Si nanocrystal, the
electron emission rate from the Si nanocrystals is much
higher than that from the CoSi,/Si hetero-nanocrystals,
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Fig. 2. The writing and erasing times with negative and positive voltage,
respectively, as functions of the operation voltage for different nanocrystal
sizes with the tunneling oxide thickness fixed at 1.9 nm for p-channel
memory devices.

leading to a faster writing characteristics at lower voltage.
Nevertheless, the difference in writing time tends to disap-
pear as the writing voltage exceeds 2.0 V. It is clearly
shown that both the 4-nm and the 2-nm CoSi, layers on
the 3 nm Si dot produce the same writing characteristics.
The writing time can achieve 0.3 us at —5 V, which is very
promising.

Since the electron tunneling current between the sub-
strate and the hetero-nanocrystal is dominant, particularly
at higher gate voltage, which is mainly because of the lower
electron’s barrier (3.1 V) than the hole’s barrier (4.5 eV),
the erasing has a similar speed to that of the writing. Sim-
ilar to the writing case, there are no obvious difference
between a CoSi,/Si hetero-nanocrystal memory and a Si
nanocrystal memory in erasing process at higher erasing
voltage. Nevertheless, the nanocrystal’s electrostatic poten-
tial for the electrons is decreased as a result of to the pres-
ence of the holes, which are written during the writing, the
erasing possesses a higher efficient compared with the writ-
ing case and erasing occurs at very small gate voltage. The
erasing time reaches 1.1 pus at 5'V.

Though the presence of CoSi, on Si nanocrystal intro-
duces no notable changes to either writing or erasing per-
formance at higher voltages, it can significantly improve
the retention time compared to a Si nanocrystal memory.
Fig. 3 shows the retention characteristics as a function of
the tunneling oxide thickness, where both the cases with
defect-free Si nanocrystals and CoSi,/Si hetero-nanocrys-
tals are exhibited. Two Si nanocrystal sizes, namely 3 nm
and 6 nm are investigated. To obtain a 10-year retention
time for a Si nanocrystal memory, the tunneling oxide
thickness should be as thick as 3.7 nm and 3.9 nm for the
cases of 6 nm and 3 nm Si nanocrystals, respectively. With
the same tunneling oxide thickness, the smaller (3 nm) Si
dot leads to a shorter retention time due to the quantum
confinement effect that raises the energy levels and
increases the charge loss speed. Using such thick tunneling
oxide, the writing and erasing of a Si nanocrystal memory
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Fig. 3. The retention time as a function of the tunneling oxide thickness
for a CoSi,/Si hetero-nanocrystal memory and a Si nanocrystal memory as
well. The presence of CoSi, on Si dot dramatically enhances the retention.

would need high bias in the real device operation. This
issue is easily solved by using CoSi,/Si hetero-nanocrystals,
as shown in Fig. 3, where it is found that even a 1.9 nm
thick tunneling oxide achieves a 10-year retention time by
using the CoSi,/Si hetero-nanocrystals. However, using
the same tunneling oxide thickness, a Si nanocrystal mem-
ory only shows a retention time of about 3 ms and 30 ms
with Si dot size of 3 nm and 6 nm, respectively. The reten-
tion time improvement rate by adding CoSi, on Si nano-
crystal can be as high as 10°. Additionally, different from
the case in a Si nanocrystal memory, the Si and CoSi,
dot sizes of a CoSi,/Si hetero-nanocrystal memory do not
play important roles in affecting the retention time. The
retention is only dominated by the tunneling oxide thick-
ness, as is clearly illustrated in Fig. 3. This retention immu-
nity from the dot size would greatly benefit the device
fabrication tolerance and simplify the process. It is also
noted that the retention improvement factor is based on
the assumption that the Si nanocrystals are defect-free.
Practical Si nanocrystals contain more or less defects,
therefore charge traps, which improve the retention signif-
icantly [4], as also shown in Fig. 3. In our device, the deep
quantum well with a band offset ~0.55 eV is artificially cre-
ated by forming CoSi,/Si structure, which leads to greater
improvement, as clearly demonstrated in Fig. 3.

4. Conclusion

A CoSi,/Si hetero-nanocrystal memory has been pro-
posed and numerically simulated. It shows that for a
CoSi,/Si hetero-nanocrystal memory, the retention time
of 10 years can be achieved with a 1.9 nm tunneling oxide.
The sizes of CoSi, and Si nanocrystals do not influence the
writing, erasing and retention characteristics for a CoSi,/Si
hetero-nanocrystal memory. With the same tunneling oxide
thickness (1.9 nm) and Si nanocrystal size, the retention
time for a Si nanocrystal memory is only several millisec-
onds. The erasing and writing times for the CoSi,/Si het-
ero-nanocrystal memory reach 1.1 us and 0.3 us at
+ 5V, respectively. It concludes that the CoSi,/Si hetero-
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nanocrystal memory exhibits an obvious advantage over Si
nanocrystal memory in data storage without affecting the
writing/erasing performances.
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