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Abstract

Metal-oxide—semiconductor capacitor structure with metal nanocrystals
embedded in the gate oxide for the application of nonvolatile memory

(NVM) is fabricated. Optimal process parameters are investigated and Au
nanocrystals are adopted in this paper. High-frequency capacitance versus
voltage (C—V') and conductance versus voltage (G—V') measurements
demonstrate the memory effect of the structure which is shown to originate

from the confined states of metal nanocrystals. Capacitance versus time
(C—t) measurement under a constant gate bias is executed to evaluate the
retention performance and an exponential decaying trend is observed and
discussed. It is found that with respect to semiconductor counterparts, Au
nanocrystals can provide enhanced retention performance, which confirms
the high capacity of Au nanocrystals for NVM applications.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Recently, nonvolatile memory (NVM) devices utilizing
discrete nanocrystals (ncs) as floating gate have received
considerable attention due to their excellent memory
performance and high scalability. In nanocrystal floating
gate memory devices, nanocrystals such as semiconductor
[1, 2], metal [3], compound [4, 5] or hetero-nanocrystal
[6] are embedded between the control oxide layer and
the tunnelling oxide as charge storage nodes to replace
the continuous floating gate layer used in conventional
NVM. As a result, the devices can be less sensitive
to local oxide defects.  Thinner tunnelling oxide can
be adopted without significant degradation in retention
performance, the programming voltage can be reduced
and the programming/erase (P/E) speed can be improved
significantly. For compound materials and hetero-nanocrystals
based memory, the somewhat complex fabrication process is
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economically unsuitable. For semiconductor nanocrystal (nc-
Si and nc-Ge) memories, the relatively long retention times
observed in the experiment are suggested to be related to
the traps and defects inside or at the surface of nanocrystals
[7, 8], which are sensitive to the thermal processes in device
fabrication and therefore bringing obstacles for thermal budget
in device integration. Among the research efforts to improve
the overall performance of the nc memory, metal nanocrystal
is proposed as an efficient way to prolong the charge retention
time [9]. Since the availability of various metal work functions
makes it easy to tune the depth of the potential well where
the charges are stored, an asymmetrical barrier between the
storage nodes and the substrate can be created, which makes
it possible to form a small barrier for programming while
a large barrier for retention and thus fast P/E speed and
long retention time can be achieved simultaneously. In
order to characterize the electrical properties of ncs at the
nanometre scale, several groups [10-13] have applied the
conductive atomic force microscopy (C-AFM) technique to
probe the localized charging and discharging behaviour in
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Figure 1. Schematic cross-sectional structure of fabricated
capacitor.

nc-Si. Although the C-AFM technique presents more detailed
and microcosmic information about electrical properties of ncs
as compared with the traditional capacitance versus voltage
(C-V) technique, it calls for delicate experimental installation.

In this study, we investigate the feasibility of several
metal nanocrystals (including Au, Ni and Co) embedded in the
gate oxide of metal-oxide—semiconductor (MOS) capacitor
structure for NVM application.  Metal nanocrystals are
formed by electron-beam evaporation combined with rapid
thermal annealing (RTA) which is a self-assembling process.
The electrical characteristics of a MOS capacitor structure
containing gold nanocrystals (nc-Au) are studied by various
electrical measurement methods.

2. Experiment details

Figure 1 shows the schematic cross-sectional structure of the
MOS capacitor discussed in this paper. After chemically
cleaning the (1 00) p-type silicon wafer (1-10 2 cm), a 5nm
tunnelling SiO, layer is thermally grown in dry oxygen at
700°C. A thin metal wetting layer is then deposited via
e-beam evaporation with the deposition ramp of 0.3 As™!
and chamber pressure of 2.6 x 107 Torr. The thickness
of the thin metal layer is monitored by a quartz crystal
oscillator. RTA under a certain temperature is carried out
in N, ambient to induce the formation of metal nanocrystals.
After this step, the surface morphology of some samples is
characterized by HITACHI S-4800 ultra-high resolution SEM.
Then a layer of 25nm SiO, as control oxide is deposited
by plasma enhanced chemical vapour deposition (PECVD)
with the furnace temperature at 280 °C. After that, 200 nm
aluminium top electrodes with 1073 cm? area are evaporated
using a circle-shaped shadow mask. Control samples without
any metal nanocrystals are simultaneously fabricated with
the same process. The charge storage characteristic of the
metal nanocrystals embedded in silicon oxides is analysed
by high-frequency (1 MHz) capacitance versus voltage (C—V')
and conductance versus voltage (G—V') measurements with a
Keithley 4200 semiconductor characterization system and a
590 C-V analyser at room temperature. The charge retention
performance is also studied through the transient capacitance
(C-t) testing techniques.

Figure 2. High resolution SEM planar images of the metal ncs
formed under different process parameters: (a) Au with an

initial thickness of 1.5 nm and annealed at 600 °C. (b) Ni with an
initial thickness of 1 nm and annealed at 800 °C. (¢) Ni with

an initial thickness of 2 nm and annealed at 800 °C. (d) Ni with an
initial thickness of 2 nm (note that the Ni thin film under this
condition is fabricated through sputtering, not e-beam evaporation)
and annealed at 800 °C.

Table 1. Impact of the fabrication process on the formation of metal
nanocrystals.

Metal Initial thickness Annealing Size range Density
material (nm) temperature (°C) (nm) (cm™?)
Au? 1.5 600 67 4x10"
Co® 1.5 700 7-14 1.6x 10"
Ni 1 800 8-20 2x 10"
Ni 2 800 4-8 2.5x10!
Ni¢ 2 800 10-20 1.6x10"

* The condition we used to fabricate the MOS capacitor structure.
® SEM image not shown here.

¢ This Ni wetting layer is fabricated through sputtering not e-beam
evaporation.

3. Result and discussion

In our experiment, three kinds of metals (Au, Ni and Co) are
utilized and it is found that the initial metal wetting layer
thickness and the post-RTA temperature have a significant
impact on the quality of the nanocrystals. With a thicker
initial wetting layer, it is hard to form discrete ncs under any
post-RTA condition. A thickness below 2 nm can induce the
formation of ncs, even without the post-RTA processing. With
the same thickness for a given metal material, although the RTA
process facilitates the nucleation of the metal wetting layer, an
over high RTA temperature deteriorates the nc quality. As a
result, a moderate RTA temperature is favoured for a given
metal material. Figure 2 shows part of the scanning electron
microscope (SEM) planar images of the metal nanocrystals
formed under different process parameters and the results are
summarized in table 1. It is found that an Au wetting layer
with an initial thickness of 1.5 nm annealed at 600 °C for 30 s
produces nanocrystals with the most satisfying qualities such
as uniformity, small size and relatively high density. The
high resolution image of the nc-Au (figure 2(a)) shows that
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Figure 3. Typical high-frequency C—V hysteresis under different
bi-direction scan voltage ranges.

their average diameter is about 6-7 nm and that their shape is
mainly spherical. The nanocrystals are separated well from
one another and distributed uniformly. No aggregation of the
nc-Au is observed. The estimated density of the dispersed
nc-Au is about 4x 10! cm™2. As a result, e-beam evaporation
combined with RTA is an effective method to form high quality
gold nanocrystal arrays. Unless otherwise mentioned, the
following discussion concerning the electrical performances
is restricted to the MOS capacitor with nc-Au embedded.
The charging characteristics of Aunanocrystals embedded
in silicon oxide analysed by 1 MHz C-V measurement at
room temperature (300 K) are shown in figure 3. The dc gate
bias is swept from a negative voltage to a positive voltage
and then returns to the initial value. As a result, the quasi-
MOS structure is swept between accumulation and inversion
regions. As shown in figure 3, the C—V curve of the control
sample without nc-Au (stars) exhibits negligible hysteresis
which is similar to the ordinary MOS high-frequency C-V
curve. A conspicuous counterclockwise hysteresis, however,
is observed for the MOS capacitor with nc-Au embedded
when the gate bias is swept back and forth. Note that the
centre of the hysteresis curve is around —2 V, which, in ideal
conditions, should be near 0 V. This deviation may be caused by
the excessive immobile positive charges existing in the oxide
layer and the work function difference between the Al electrode
and silicon [14]. The observed counterclockwise hysteresis is
attributed to the charging and discharging process in the MOS
capacitor structure. When a positive bias is applied, electrons
are injected from the inversion layer of the Si substrate into the
gate oxide matrix. When a positive bias is applied, electrons
are ejected from the MOS gate matrix into the Si substrate
(equivalent to hole injection). As indicated in figure 3, the
left three branches represent hole charging states while the
right three branches represent electron charging states and it
is obvious that electron charging is the dominant mechanism
in our samples due to the larger shift of the flat-band voltage
(Vi) in the right branches than the left branches. The injection
of electrons or holes leads to Vj, shift (so-called memory
window), the magnitude of which is found to be dependent
on the voltage sweeping range. For example, the memory
window is about 4.5V for a £16V sweep, 3V fora £14V
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Figure 4. High-frequency C—V and G-V curves measured under
+12V back and forth sweep.

sweep and 2V for a £12'V sweep, respectively. Generally,
the memory window is found to increase with increasing gate
bias, indicating more charges are injected. According to the
formula given by Tiwari et al [1], it is able to approximately
quantify the average amount of electrons per nanocrystal after
programming. For instance, the voltage shiftof 2 Vata+12V
sweep corresponds to a charge density of 1.6 x 10'2cm™2.
Considering the density of ncs in gate oxide as 4x 10'! cm~2,
it can be estimated that there are about four electrons per
nanocrystal on average, which suggests that it is a few-electron
device.

Up to now, though several groups have carried out
experiments to investigate the charge storage mechanism for
nanocrystal memories [7,15-17], discrepancies exist. For
example, Shi et al [7] and Koh et al [8] suggest that the traps
internal to or on the surface of nc-Si (or nc-Ge) have a strong
influence on charge storage behaviour. Huang et al showed
that in their samples, neither an interface defect nor a deep
defect is dominant for the charging and discharging processes,
using C-V and G-V testing techniques [15]. As we can
easily tell, there are four main charge storage locations in MOS
capacitors with nanocrystals embedded: (1) the interface states
between the SiO, and the substrate, (2) the traps or defects
distributed in the SiO, layer, (3) nanocrystal confined states
and (4) the interface states between the nanocrystals and the
surrounding Si0O, matrix [16]. Since the control sample has the
same processing flow with the sample containing nc-Au, the
absence of hysteresis for the control sample can exclude
the possibility that the charging effect for a MOS capacitor
containing nc-Au originates from the interface states between
the silicon substrate and SiO, as well as the traps or defects
inside the SiO, layer. The charging effect is then naturally
attributed to the existence of metal nanocrystals, either in the
confined states or in the interface states with surrounding SiO,.
This conclusion is also supported by the high-frequency G-V
measurement under a 12 V bi-direction sweep, as shown in
figure 4. The position of the conductance peak close to Vg,
in either sweep direction confirms the observed hysteresis and
peak shifts should be both related to metal ncs [15]. However,
it is worth noting that using such a comparison between the
samples with and without ncs, it is still impossible to further
clarify whether the charges are stored in the nanocrystal or at
the interface state with the oxide. The most recent experiment
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done by Liu et al suggests that the nanocrystals, rather than
the nc/SiO, interface, play the dominant role in the charging
effect [17]. In our case, because of the huge number of
electrons for Au nanocrystals (thus a high density of states),
the effect of traps and defects can be ruled out as the dominant
mechanism for charging behaviour [9]. Therefore, we can
cautiously come to the conclusion that in the MOS capacitor
with nc-Au embedded, the confined states of nc-Au are the
predominant mechanism for electron charging.

In order to analyse the charge retention capacity of nc-
Au embedded MOS capacitor structure, capacitance versus
time (C—t) measurement under a fixed gate bias is performed.
Figure 5 displays the normalized capacitance—time curve for
the fabricated structure with nc-Au. The transient capacitance
is measured after charging nc-Au by applying a +12V gate
bias for 5s and then fixing the gate voltage to a constant
negative bias (—1V) around the flat-band voltage (—2V in
our case). As shown, after a period of time for negative
bias stress, the capacitance of the MOS capacitor is reduced
by some degree, which suggests that the electrical state of
the MOS capacitor is altered. Since the higher capacitance
corresponds to the electron charged state of the nc-Au and
the lower capacitance corresponds to the electron discharged
state, the diminishing trend of the C—¢ curve can be translated
into the charge decaying behaviour of nc-Au. Note that the
C—t plot displays obvious two-stage behaviour: the initial fast
decaying stage and the subsequent slow decaying stage, which
can be understood as follows: when the programming process
is finished at time ¢ = 0, the charge density in the ncs has its
maximum value. The electrical field in the tunnelling dielectric
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Figure 5. Normalized capacitance versus time (C—t discharging
curves (C(t) — C(sat))/(C(t = 0) — C(sat)) for MOS capacitor
structure with nc-Au embedded, C(sat) denotes the capacitance at
the end of the test. It is performed after charging the MOS structure
at 12'V for 5s and under a gate stress voltage of —1 V. The inset
shows the semi-logarithmic plot.

is then the strongest. As a result, the discharging current is the
largest and the charge loss rate is the fastest at the initial stage of
the retention period. With electrons tunnelling out of ncs, the
charge density as well as the electrical field decreases. Thus,
the process of charge loss becomes slower and slower.

Another interesting phenomenon is that unlike the
reported logarithmic decaying shape of the C—¢ curve [18,19],
which involves a variation of the tunnelling probability with
time, the C—t curve under our testing conditions exhibits
an exponential variation with time. As shown in figure 5,
the experimental data fit the exponential function (f(z) =
o - exp(—t/ty) + B) quite well. This suggests a constant
tunnelling probability and thus a constant electric field in the
oxide during the transient capacitance measurement. It can be
understood as follows: according to Busseret e al [18], the
electric field in the gate oxide comes from two components:
one is the gate bias and the other is the stored charges in
the nanocrystals. The effective field is the sum of them. In
the reported C—t results [18, 19], they select the flat-band
voltage (V) as the gate stress bias and thus the field due to
the gate voltage equals zero. As a result, the electric field in
the oxide is only due to the stored charge in the nanocrystals.
However, things are different in our case: the voltage we choose
as the gate stress bias (—1 V) is not the flat-band voltage (—2 V)
in our measurements. From the fact that the experimental C—¢
data fit the exponential function quite well, we can conclude
that, under our test conditions, the gate bias plays a dominant
role in determining the electric field in the gate oxide and the
electric field due to the stored charge in ncs is negligible or not
significant and thus the electric field in the oxide as well as the
tunnelling probability is nearly constant during measurement
which will result in the exponential decaying shape of the C—¢
curve [18].

When compared with the retention performance for the
MOS capacitor with semiconductor nanocrystals embedded
[8, 20], the retention time of nc-Au is greatly enhanced,
as summarized in table 2, in which the retention time is
defined as the time taken for the capacitance to decrease
to 50% of the initial value and all the data are based on
the same normalized methods: (C(¢) — C(sat))/(C(t =
0) — C(sat)). All measurements are performed at room
temperature. With comparable device parameters and more
severe stress condition, the MOS capacitor with nc-Au
embedded in this work shows prolonged retention time with
respect to the semiconductor counterparts. This is consistent
with the results reported by Lee and Kwong [21] and Zhao [22].
Therefore, the nc-Au based structure is promising for NVM
applications.

Table 2. Comparison of the retention performance for MOS capacitors with metal and semiconductor nanocrystals embedded.

Tunnelling Retention
nc nc size barrier Stress condition  time (s)
Ge [8] 5.67+£1.31nm 5nmSiO, Vj 90
Ge [20] Unknown 5nm SiO;, Vg 80
Au [This work] 6-7nm 5nm SiO,  —1Vunder Vi 300
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4. Conclusions

MOS capacitor structure employing metal nanocrystals as
floating gate, prepared by e-beam evaporation combined with
RTA, is fabricated for the application of NVM. The influence of
the different process conditions on the formation and quality
of the metal nanocrystals is investigated. Gold nanocrystals
(nc-Au) with an average size of 6 nm and density of 4 x
10! cm™~2 are used to study the electrical characteristics of
the MOS capacitor. The charging effect is identified through
high-frequency (1 MHz) C-V and G-V measurements. The
flat-band voltage shift found in the C-V curves is attributed
to the electron injection from the inversion layer in the Si
substrate to the Au nanocrystals through the tunnel oxide.
The memory window increasing with the increase in the gate
bias suggests that more electrons are stored. The transient
capacitance measurement technique is used to evaluate the
retention performance of MOS capacitor structure with nc-Au
embedded in the gate oxide. The different appearance of
the C—t curve between the reported results and our work is
observed and discussed. The nc-Au with high work function
(5.0eV) shows enhanced charge retention time with respect to
semiconductor nanocrystals, and thus the high potentiality of
Au nanocrystals for NVM applications is confirmed.
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