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Abstract

The charge retention characteristics of metal nanocrystal (MNC) and semiconductor nanocrystal (SNC) memory devices are compar-
atively studied in this paper. A charge retention model is proposed, taking into account the quantum confinement effect, to account for
the better retention characteristics of metal nanocrystal memory observed in the experiment. Simulation results are in good agreement
with experimental data, which confirms the validity of this model. The impact of the nanocrystal size, tunneling dielectric materials (espe-
cially high-j dielectrics), and tunneling dielectric thickness on the retention characteristics are all investigated for both the metal nano-
crystals and the semiconductor nanocrystals.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Flash memory based on silicon nanocrystals (NC-Si)
was proposed to meet the challenge of the scaling limits
of traditional floating gate non-volatile memory (NVM)
by Tiwari et al. [1]. The overall performance of such devices
is improved due to discrete charge storage. However, there
is an inherent contradiction between the program/erase (P/
E) time and charge retention time. To enable fast P/E oper-
ation, a thinner tunneling dielectric is needed. But at the
same time, a thicker tunneling oxide is favorable to achieve
an acceptable retention time (e.g., 10 years). In order to
overcome this problem, most of the recent research has
focused on various materials and structures of tunneling
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and control dielectrics [2–6], including the adoption of
high-dielectric constant (high-j) materials. There is, in fact,
another way that can also solve the contradiction. By engi-
neering the shape (either the depth or the structure) of the
potential well where the charges are stored, an asymmetri-
cal barrier between the storage nodes and the substrate can
be created, and thus it is possible to get a small barrier for
writing and a large barrier for retention. Ge/Si hetero-
nanocrystal can be used to achieve this [7]. Unfortunately,
it is difficult to control the formation of this hetero-nano-
crystal structure. For metal nanocrystal memory, however,
which was introduced by Liu et al. [8], it is not the case.
The fabrication process is not complex and the nanocrys-
tals are formed by self-assembly. The availability of various
metal work functions makes it easy to tune the depth of the
potential well.

Recent research has shown that metal nanocrystals
(MNC) have better performance than semiconductor
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nanocrystals (SNC), such as a longer retention time [9].
Previous works have presented several theoretical models
concerning write, erase, and retention characteristics for
SNC memory [10–12], but there is no detailed theoretical
model of MNC memory by far. In this work, we present
a charge retention model, which compares the difference
between MNC and SNC, taking into account the quantum
confinement effect on the energy level of the nanocrystal.
The effect of nanocrystal size and tunneling oxide thick-
ness, as well as the tunneling materials on charge retention
characteristics are investigated and discussed for both
MNC and SNC.
2. Charge retention modeling

The schematic cross-sectional structure of nanocrystal
memory device discussed in this paper is shown in Fig. 1.
Here we define some physical parameters that will be used
in the following discussion: etun and econ are the permittivity
of tunneling and control dielectric; ttun and tcon are the
thickness of tunneling dielectric and control dielectric; enc

and dnc are the permittivity and diameter of the nanocrys-
tal, respectively.
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2.1. Quantum confinement effect

When the size of the nanocrystals comes into the range
of a few nanometers, the Coulomb blockade effect [13] and
the quantum confinement effect becomes a significant phe-
nomenon. The Coulomb blockade effect raises the electro-
static potential of the nanocrystal while the quantum
confinement effect shifts the nanocrystal energy band edge
upward and as a result, the energy band offset between the
nanocrystal and the surrounding dielectric is reduced [10].
In this study, we have focused our attention on the quan-
tum confinement effect which impacts MNC and SNC dif-
ferently. Since there are several physical differences
betweens MNC and SNC such as the energy band struc-
ture, we should separately investigate the impact of quan-
tum confinement effect on the effective barrier height for
both kinds of nanocrystals.

For MNC, according to Kubo theory [14], the quantum
confinement effect makes the continuous energy band of
MNC split into separated energy levels. The average energy
spacing d can be calculated as:
NC
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Fig. 1. Schematic cross-sectional structure of p-substrate memory device
using nanocrystals as floating gate. All nanocrystals are assumed to be in
the same plane and have the same size.
d ¼ 4EF=ð3NÞ ð1Þ

Here, EF is the Fermi potential of the bulk metal. N is the
total number of conductive electrons in the nanocrystal.
The relationship between energy E and charge density n

is given by:

EðnÞ ¼ �h2

2m�
ð3p2nÞ2=3 ð2Þ

From Eqs. (1) and (2), we can calculate the splitting
energy spacing d for any given metal nanocrystal. Taking
NC-Ni and NC-Au for example, using the parameters as
follows: EFNi = 11.7 eV, EFAu = 5.53 eV [15] and m* = m0

(m0 is the free electron mass: 9.1 · 10�31 kg), we can get
the relation between d (in eV) and the diameter d (in nm)
for NC-Ni and NC-Au as follows (d is the diameter of
MNC):

dNi ¼
0:1639

d3
Ni

ð3Þ

dAu ¼
0:2388

d3
Au

ð4Þ

For SNC, the quantum confinement effect will result in
widening of band gap and the upward shift of the conduc-
tion band minimum (CBM). Niquet et al. studied the elec-
tronic structure of Ge nanocrystals, using sp3 tight binding
method and the analytical law for the CBM, valid over the
whole range of sizes, is derived as [16]:

ECðdGeÞ ¼ ECð1Þ þ
11:8637

d2
Ge þ 2:391dGe þ 4:252

ð5Þ

Here, the energies are in eV, EC(1) is the conduction band
minimum for bulk Ge, dGe is the diameter of NC-Ge in nm.
Using the same form of Eq. (5), we fit the experimental
data on the conduction band edge up-shift of
NC-Si reported by van Buuren et al. [17] as follows:

ECðdSiÞ ¼ ECð1Þ þ
1:39

d2
Si þ 1:788dSi þ 0:668

ð6Þ
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Fig. 2. The conduction band minimum up-shift of SNC and Fermi level
up-shift of MNC as a function of nanocrystal size.
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Fig. 3. Schematic energy band diagram of MNC and SNC memory
during retention, demonstrating the reduced effective barrier offset caused
by quantum confinement effect. (a) The up-shift of Fermi level was little
for metal nanocrystals. (b) The up-shift of CBM is significant and the
effective barrier offset is reduced notably for semiconductor nanocrystals.
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As shown in Fig. 2, the CBM up-shift of NC-Ge is larger
than that of NC-Si, which indicates that the quantum con-
finement effect affects NC-Ge more than NC-Si. The Fermi
level up-shift of NC-Ni is also demonstrated in Fig. 2. For
nanocrystals of the same size larger than 2 nm, the Fermi
level up-shift of MNC is much smaller than the CBM up-
shift of SNC. This may be due to the fact that MNC
contains a large number of electrons even when the nano-
crystal size is small. As a result, the quantum confinement
effect will have less impact on the MNC.

2.2. Discharging dynamics

In order to model the charge retention characteristics of
the nanocrystal memory device, we should first make clear
the charging and discharging mechanism.

During programming, a positive gate bias was applied
and electrons were injected from the inverted substrate into
the nanocrystals (NCs). In our model, electrons are
assumed to be stored in the conduction band minimum
for SNC and the Fermi level for MNC, respectively. The
charge stored in the NCs will change the threshold voltage
of the device, the magnitude of which can be described as
[1]:

DV th ¼
Q
etun

tcon þ
1

2

etun

enc

dnc

� �
ð7Þ

In the equations above, Q is the charge density in the nano-
crystal layer (C/cm2). The other parameters are those
defined at the beginning of this section.

During retention, a discharging current caused by the
hole tunneling is not taken into account because of the rel-
atively large barrier height at the tunneling interface for the
hole. For electrons, there are three main discharging paths:
discharging from NCs to the control gate, discharging from
one NC to the adjacent nanocrystal, and discharging from
NCs to the substrate. Since the control dielectric is always
thicker than the tunneling dielectric, discharging current
via the control dielectric can be neglected. The discharging
current from one nanocrystal to the adjacent nanocrystal
can also be neglected. This is reasonable due to the strong
Coulomb block effect of the nanocrystal and the large spac-
ing between nanocrystals. In our model, the discharging
current during retention is dominated by electrons tunnel-
ing out from NCs to the substrate. Since the control gate is
zero biased during retention and the number of charges
stored in the nanocrystals is limited, the electric field in
the tunneling dielectric is low. Therefore, the tunneling
mechanism is direct tunneling.

Based on the above discussion, a one-dimensional (1D)
retention model, considering vertical discharge via direct
tunneling, is presented. Fig. 3 shows the schematic energy
band diagram of MNC and SNC memory during retention.

According to our discussion above, the density of dis-
charge current dominated by direct tunneling from NC to
the substrate can be expressed as [18]:
J DT ¼ AE2
tun exp � B

Etun

/3=2
b � ð/b � qV tunÞ

3=2
h i� �

ð8Þ
Here, A ¼ q3m0=ð16p2�hm�tun/bÞ, B ¼ 4
ffiffiffiffiffiffiffiffiffiffiffi
2m�tun

p
=ð3�hqÞ, q is

the charge of a single electron, m0 the mass of a free elec-
tron, �h the reduced Planck’s constant, m�tun the effective
mass of electron in tunneling dielectric, /b the barrier
height from NC to substrate which can be given as:
/b0 � /up, /b0 is the barrier offset for bulk material, and
/ up is the energy band up-shift when considering the quan-
tum confinement effect. Vtu is the voltage drop across tun-
neling dielectric layer which can be written as Etunttun. Etun

is the electrical field in tunneling dielectric. In our model,
we approximately describe each nanocrystal and the sub-
strate area underneath as a plate capacitor and the electric
field caused by a neighboring NC is neglected. As a result,
the electrical field intensity is expressed as:

Etun ¼
Q

etunR
ð9Þ
Here, R is the nanocrystal coverage ratio. With electrons
tunneling out of the nanocrystal layer, the charge density
Q decreases and we have the following relationship
between Q and JDT:

dQ
dt
¼ �J DTðtÞ ð10Þ
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Fig. 5. Retention time for various nanocrystal materials and the impact of
the size of nanocrystal on retention performance. The parameters used in
simulation are as follows: R=30%, DVth(0) = 1 V, ttun = 3.5 nm, tcon =
15 nm. The tunneling dielectric is SiO2.

W. Guan et al. / Solid-State Electronics 51 (2007) 806–811 809
Notice that Eqs. (9) and (10) provide an intuitive under-
standing of the charge retention characteristics of nano-
crystal memory. When the device programming process
was finished at t = 0, the programmed charge density in
the NCs had its maximum value. According to Eq. (9),
the electrical field in the tunneling dielectric is the strongest.
As a result, the discharging current in the largest and the
charge loss is the fastest at the beginning of the retention
period. With electrons tunneling out of NCs, the charge
density Q as well as the electrical field decrease. Thus the
process of charge loss becomes slower and slower.

3. Results and discussion

The nanocrystal coverage R in Eq. (9) and the initial
value of the charge density Q(0) at t = 0 as the boundary
condition for Eq. (10) can be extracted from the experimen-
tal retention data. Using Eqs. (8)–(10), we can numerically
calculate the transient charge density Q and thus the
threshold voltage shift. Fig. 4 shows the experimental and
the simulated DVth as a function of time. The experimental
data was obtained from the work of Lee and Kwong [19].
As it is shown, the simulated results are in good agreement
with the experimental data, which validates the physical
retention model described in Section 2.

Fig. 5 shows the retention time versus the size of nano-
crystals for various nanocrystal materials. Note that the
retention time we derived from the simulation result is
defined as the time when 50% of the charges escaped from
the nanocrystals. For the same nanocrystal size, NC-Au
and NC-Ni show better retention performance than NC-
Si and NC-Ge. There are two reasons for this result: one
is the higher electron barrier height from MNC to the sub-
strate. Another reason is the weaker quantum confinement
effect of MNC, which is ignored by Lee and Kwong [19]. In
fact, because of the up-shift of the conduction band, even if
the electron barrier was the same for bulk metal and semi-
conductor materials, the retention performance of MNC
can still be better than that of SNC. For metal nanocrystal
memory, the longer retention time of NC-Au than NC-Ni
is the result of the larger work function and thus the higher
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Fig. 4. Experimental and simulated threshold shift as a function of time.
barrier height. It is also found that the retention time for
both NC-Au and NC-Ni changes a little when nanocrystal
size changes from 2 to 10 nm. This is due to the weak quan-
tum confinement effect in this size range for MNC as
shown in Fig. 2. For semiconductor nanocrystal memory,
when the size of SNC is small (<5 nm), the retention time
increase notably with the increase of nanocrystal size.
And when the size of SNC is relatively large, the retention
time reaches a stable stage. NC-Ge shows a worse retention
performance in the small size region and a little better when
the size is large. This can be explained by the impact of the
quantum confinement effect on the energy band structure
shown in Fig. 2. The difference of CBM up-shift between
NC-Ge and NC-Si decreases from 0.75 eV for 2 nm nano-
crystal down to 0.25 eV for 5 nm nanocrystal. In other
words, when the nanocrystal size increases, the difference
of conduction band up-shift becomes small. Since /b for
bulk Ge (3.23 eV) is a little larger than bulk Si (3.15 eV),
the effective barrier height of NC-Ge is a little larger than
NC-Si in the large size range where the quantum confine-
ment effect has little impact. As a result, NC-Ge shows a
little better retention performance than NC-Si.

Fig. 6 demonstrates the retention time as a function of
tunneling dielectric thickness. As can be seen, for the same
tunneling dielectric thickness, metal nanocrystal memory
shows better charge retention characteristics. A tunneling
oxide of 3.6 nm is thick enough to guarantee the 10 years
retention for NC-Au. However, due to the stronger quan-
tum confinement effect, SNC requires a thicker tunneling
oxide to achieve this goal. Therefore, memory structure
employing metal nanocrystals can provide a greater margin
for the tradeoff between fast P/E operation and long reten-
tion time.

Recently, high-j dielectric material has received great
research interest for the application of nanocrystal memory
[2–4]. For NC memories, the use of high-j materials as tun-
neling dielectrics will have two major effects on device
retention performance. The first is the different energy bar-
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device retention characteristic. The parameters used in simulation are
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tunneling dielectric. Various combination of different nanocrystal and
high-j materials are shown. The parameters used in simulation are
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15 nm.
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rier height at the interface between nanocrystal and high-j
material. The second effect is caused by the different dielec-
tric constant (e) with respect to SiO2, which contributes to
the decrease of the electrical field according to Eq. (9).
These two impacts are summarized in Table 1. It should
be noted that besides the influences of the energy barrier
height and dielectric constant, effective mass of electron
in tunneling dielectric (m*) is another important parameter
which may have impact on the tunneling current and m* is
dependent on the material. For example, Hou et al. indi-
cates a lower effective mass for HfO2 dielectric [20]. In this
study, we make the assumption that m* is the same (0.5m0)
with various tunneling dielectrics for simplicity.

The impact of tunneling dielectric and nanocrystal mate-
rial on the device retention characteristic is shown in Fig. 7.
For a specific high-j material, MNC memory shows better
retention. However, due to the different energy barrier
height at the interface of NC/high-j materials, there seems
to be no obvious relationship between the permittivity of
high-j material and the retention time. The retention time
is the collective result of barrier height at the interface of
NC/ high-j materials and the permittivity of high-j dielec-
tric. However, according to Eq. (9), when all the other
parameters are unchanged, a larger etun can reduce the elec-
trical field in the tunneling layer during retention and thus
improve the device retention performance. As a matter of
fact, as shown in Fig. 8, with the same equivalent oxide
Table 1
The energy barrier height for electrons at NC/high-j dielectric interface
and the permittivity of tunneling dielectric used in simulation

SiO2

(e = 3.85)
Si3N4

(e = 7)
Al2O3

(e = 9)
ZrO2

(e = 25)
HfO2

(e = 30)

Si 3.15 2 2.3 1.4 1.5
Ge 3.25 2.1 2.4 1.5 1.6
Ni 3.6 2.35 2.65 1.75 1.85
Au 4.0 2.75 3.05 2.15 2.25

All data are in eV.
thickness (EOT), high-j tunneling materials can greatly
improve the charge retention performance, especially when
combined with high work function metal nanocrystals (e.g.,
NC-Au in our case). This is consistent with the experimen-
tal observation [19]. Therefore, MNC memory is a promis-
ing candidate for the application of non-volatile memories.
4. Conclusions

A theoretical model and numerical calculations concern-
ing the retention characteristics of metal and semiconduc-
tor nanocrystal non-volatile memory are presented,
taking into consideration the different impact of the quan-
tum confinement effect on the energy band structure. Sim-
ulation results are in good agreement with experimental
data. According to the model, due to the less disturbance
of the Fermi level caused by quantum confinement,
MNC memory devices have a better retention performance
than SNC memory. It is also found that when combined
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with high-j tunneling dielectrics, MNC memory can
improve the retention performance greatly. As a result,
nanocrystal memory devices employing high work function
metal nanocrystal and high-j gate dielectrics are promising
for the application of non-volatile memories.
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