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Influence of Si-Nanocrystal Distribution in the
Oxide on the Charging Behavior of MOS Structures

Y. Liu, T. P. Chen, C. Y. Ng, L. Ding, M. S. Tse,
S. Fung, and Ampere A. Tseng

Abstract—In this brief, the electrical characteristics of MOS structures
with specially designed distributions of Si nanocrystals (nc-Si) embed-
ded in the oxides were investigated, and very different behaviors in the
electrical characteristics are observed as a result of the difference in
the nc-Si distribution. For the case of nc-Si being confined in a layer in
the oxide close to the gate, charging and discharging the nc-Si lead to a
shift in the flat-band voltage, and a small difference in the location of the
peak concentration of nc-Si can yield a large difference in the memory
programming characteristics. However, for the case of nc-Si distributed
throughout the oxide with a high concentration, charging and discharging
the nc-Si cause a modulation in the capacitance magnitude instead of the
flat-band voltage shift. The difference between the two cases highlights the
importance of the nc-Si distribution in the memory device applications of
the nc-Si.

Index Terms—Charging behavior, nanocrystal, Si-nanocrystal (nc-Si)
distribution.

I. INTRODUCTION

Si nanocrystals (nc-Si) embedded in the gate oxide of MOS struc-
tures have been studied extensively due to their applications in memory
devices [1]–[14]. For the nonvolatile memory application, the nc-Si
is normally confined in a narrow layer in the gate dielectric near
the substrate [1]–[12]. Charging/discharging in the nc-Si leads to
the flat-band voltage shifts in the MOS capacitance–voltage (C−V )
characteristics. There are few detailed studies so far on the electrical
characteristics of MOS structures with different depth distributions
of the nc-Si in the gate oxide. In this paper, the nc-Si with different
depth distributions were embedded in the gate oxide by an ion implan-
tation technique. C−V and time-domain-capacitance measurements
were conducted to study the electrical characteristics of the MOS
structures. Indeed, it is observed that the charge trapping in the nc-
Si with different depth distributions in the gate oxide leads to different
behaviors in the MOS electrical characteristics. It is found that the
charge trapping/detrapping in the nc-Si confined in the gate oxide
leads to flat-band-voltage shifts, while charge trapping/distrapping in
the nc-Si distributed throughout the gate oxide causes a modulation
in the capacitance magnitude. The differences observed in this work
highlight the importance of the nc-Si depth distribution in the memory
device applications of nc-Si.

II. SAMPLE FABRICATION

In the fabrication of the MOS structures with different nc-Si dis-
tributions in the oxide, first a 30-nm SiO2 film was thermally grown
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Fig. 1. Effect of charging the nc-Si by electron injection from the gate on the
C−V characteristics of an MOS structure with the nc-Si confined in a narrow
region in the gate oxide close to the gate. The ion implantation energy is 1 keV.

on p-type (100) Si wafers in dry oxygen at 950 ◦C. The Si+ ions
were implanted to the SiO2 films at 1, 2, or 14 keV. For the 1 and
2 keV implantations, the implant dose is 8 × 1016 cm−2, while for the
14 keV implantation the dose is 3 × 1016 cm−2. Thermal annealing
was carried out at 1000 ◦C in N2 ambient for 1 h to induce nc-Si
formation. Most of the nc-Si (90%) was distributed in a narrow region
in the oxide close to the gate (i.e., 1–7 and 2–12 nm underneath the
oxide surface for the 1 and 2 keV-implanted samples, respectively).
The oxide layer for the 14 keV-implanted sample was thinned at a
rate of 10 nm/min in a HF solution of concentration of 50:1 after the
ion implantation. About 17-nm SiO2 layer was removed such that the
nc-Si was distributed throughout the gate oxide. Secondary ion mass
spectroscopy measurement has confirmed that the nc-Si was distrib-
uted throughout the oxide in this sample (i.e., the 14 keV-implanted
sample after the oxide thinning). For all samples, a 20-nm aluminum
layer was then deposited to form the gate electrodes. The wafer back-
side was coated with a layer of aluminum with the thickness of about
1 µm after removing the backside oxide. Finally, a metal alloying
process was conducted at 425 ◦C in the N2 atmosphere to form ohmic
contacts. The 1 and 2 keV-implanted samples are used to study the
charge trapping in nc-Si confined in a layer close to the gate with
different depths in the oxide. The 14 keV-implanted sample after oxide
thinning is used for the study of the charge trapping in nc-Si distributed
throughout the gate oxide. The X-ray diffraction measurement shows
that the mean size of the nc-Si is 3–4 nm [14]. The experiment of
charging/discharging the nc-Si by applying a constant voltage to the
MOS structures was performed with a Keithley 4200 semiconductor
characterization system, and C−V and capacitance–time (C−T )
measurements were carried out with an HP4284A LCR meter at the
frequency of 1 MHz.

III. RESULT AND DISCUSSIONS

Fig. 1 shows the C−V characteristics of an MOS structure with
nanocrystals confined in a narrow layer in the gate oxide close to the
gate of the 1 keV-implanted sample after a negative voltage (−4 V) was
applied to the gate for 10 s. The negative gate voltage caused electron
injection from the gate to the nc-Si. Charge trapping in the nc-Si leads
to a flat-band-voltage shift of about 0.7 V. As can be seen in Fig. 1,
the flat-band voltage is shifted to a more positive voltage, showing
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Fig. 2. Effect of charging and discharging the nc-Si on the MOS capacitance
for the case of the nc-Si being distributed throughout the oxide. Note that both
the charging and discharging occur under the same gate voltage.

electron trapping in the nc-Si due to the electron injection from the
gate under the negative gate voltage. The situation here is similar to
the flat-band-voltage shift caused by electron trapping in the nc-Si as
a result of electron injection from the Si substrate in a conventional
nc-Si memory device [2], [3].

Fig. 2 shows the C−V characteristics of the MOS structure with
nc-Si distributed throughout the gate oxide (i.e., the 14 keV-implanted
sample after oxide thinning) obtained by sweeping the voltage from
−3 to 1 V. As shown in Fig. 2, the application of a −3 V for 200 s
reduces the MOS capacitance to an extremely low value (< 700 fF)
that is close to the measurement limit of our C−V measurement
system; however, after a second application of −3 V for 60 s, the
capacitance is recovered but is lower than the virgin capacitance. The
reduction in the capacitance is due to the charging up in the nc-Si.
The application of −3 V for 200 s leads to the charging up of most of
the nc-Si. The charged nc-Si does not respond to the small ac signal
(15 mV) as the Coulomb energy is ∼ 90 mV for a nc-Si with a size of
4 nm in this paper. Therefore, the capacitance of the nc-Si decreases,
and thus the total MOS capacitance is reduced. On the other hand, the
trapped charge in the nc-Si is released by the second application of
−3 V for 60 s, leading to the recovery of the capacitance, as shown in
Fig. 2. However, the capacitance after the recovery is still lower than
that of the virgin case. The partial recovery of the capacitance indicates
that not all the trapped charges due to the first application of −3 V are
released during the second application of the voltage. Fig. 2 clearly
shows that the charge trapping in the nc-Si distributed throughout the
gate oxide results in a magnitude modulation in the MOS capacitance.
This situation is very different from the flat-band-voltage shift shown
in Fig. 1 for the charge trapping in the nc-Si confined in a layer.
Therefore, it is obvious that the different nc-Si distributions lead to
very different charging effects on the C−V characteristics.

In the case of nc-Si being confined in a layer in the oxide, even
a small difference in the depth location of the peak concentration of
nc-Si, which can be realized by varying the Si+ implantation energy,
can yield a significant difference in the memory programming charac-
teristics. This situation is clearly demonstrated by the dependence of
the flat-band-voltage shift (∆VFB) on the charging voltage (Fig. 3)
and the charging time (Fig. 4) for a small difference in the nc-Si
depth distribution between the 1 and 2 keV ion implantations. As
shown in Fig. 3, for both ion implantations, no flat-band-voltage shift
is observed when the magnitude of the gate voltage is less than 1 V,
and the flat-band-voltage shift increases with the magnitude of the gate

Fig. 3. Comparison of the dependence of the flat-band voltage shift (∆VFB)
on the charging voltage between the 1 and 2 keV ion implantations for the case
of the nc-Si being confined in a narrow region in the oxide. The charging time
is 1 s.

Fig. 4. Comparison of the dependence of the flat-band voltage shift (∆VFB)
on the charging time between the 1 and 2 keV ion implantations for the case of
the nc-Si being confined in a narrow region in the oxide. The charging voltage
is positive 15 V.

voltage. However, the dependence of the flat-band-voltage shift on the
charging voltage for the 2 keV ion implantation is much stronger than
that for the 1 keV ion implantation, and the 2 keV ion implantation
has a much larger ∆VFB than the 1 keV ion implantation when the
magnitude of the charging voltage is larger than 15 V. On the other
hand, the two ion implantations also show a large difference in the
dependence of ∆VFB on the charging time, as shown in Fig. 4. The
charging experiment of this figure is carried out with the gate voltage
of 15 V. For the 1 keV ion implantation, a charging time of shorter
than 1 ms does not lead to an obvious flat-band voltage shift, and 1 s
of charging can produce a ∆VFB of only 0.6 V. In contrast, for the
2 keV ion implantation, 60 µs of charging has led to a ∆VFB of 0.65 V,
and the ∆VFB increases with the charging time. The difference in the
memory programming characteristics shown in Figs. 3 and 4 between
the 1 and 2 keV ion implantations highlights the importance of the
nc-Si distribution in a memory device performance. The difference
is actually related to the difference in the distribution of the electron
trapping in the gate oxide as a result of the difference in the nc-Si
distribution. If the electron trapping is closer to the gate-oxide/Si
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Fig. 5. Capacitance modulations in the C−T measurement under a constant
gate voltage of −3 V for the case of the nc-Si being distributed throughout the
oxide.

substrate interface, then a larger ∆VFB will be produced. The 2 keV
ion implantation leads to an nc-Si distribution deeper towards the
interface, and thus the charge trapping is more effective in shifting the
flat-band voltage.

Fig. 5 shows the time-domain-capacitance characteristic for the case
of nc-Si distributed throughout the oxide. As can be seen in this figure,
the MOS structure shows capacitance magnitude modulations, which
is very different from the case of the nc-Si being confined in a layer
in the gate oxide. Such a C−T measurement is carried out under a
constant gate voltage of −3 V. After about 150 s of the application
of the voltage, the MOS capacitance was reduced drastically from the
initial value of ∼ 1.0 nF to ∼ 600 fF. In other words, the electrical
state of the MOS device was switched from a high-capacitance state
(State 1) to a low-capacitance state (State 2). As discussed early, the
low capacitance corresponds to a charged state of the nc-Si, while
the high capacitance corresponds to a discharged state of the nc-Si.
Therefore, State 1 represents the discharged state and State 2 rep-
resents the charged state. State 2 can be maintained for ∼ 110 s.
Then, the MOS device was switched to State 3 with a capacitance of
∼ 0.8 nF, which is much larger than that of State 2 but lower than that
of State 1. This indicates that not all the trapped charges associated
with the State 2 have been released. Thus, only a partial recovery
of MOS capacitance can be achieved. If the time scale is extended,
switching between different states, which is a random event, can be
observed continuously.

The observation of the modulation in MOS capacitance in the case
that nc-Si is distributed throughout the gate oxide can be explained in
the following. The total capacitance C of the MOS structure can be
expressed as

C =
(Cnc + C′

ox)CD

(Cnc + C′
ox) + CD

(1)

where Cnc′ , C′
ox, and CD are the capacitance of nanocrystals, the re-

maining gate-oxide capacitor and the Si-depletion layer, respectively.
As CD is very large under accumulation at −3 V, the total capacitance
is approximately equal to (Cnc + C′

ox). C′
ox is much smaller than the

conventional gate-oxide capacitance (Cox) without the nc-Si because
of the existence of a huge amount of implanted Si atoms in the oxide.
Actually C′

ox is found to be less than ∼ 700 fF. Furthermore, as
there is a high concentration of nc-Si distributed throughout the gate
oxide, the nanocrystals easily respond to the small ac signal in the

capacitance measurement if they are uncharged or neutral (i.e., no
charges trapped in them). The virgin Cnc (i.e., the nc-Si capacitance
before charge trapping) should be very large due to the existence of
a high concentration of nc-Si. Therefore, the MOS capacitance C is
approximately equal to Cnc, and it will be very large when most of
the nc-Si are uncharged. Obviously, the capacitance reduction can be
explained in terms of the charge trapping in the nc-Si. With charge
trapping in the nanocrystals, the charged nc-Si does not respond to
the small ac signal (15 mV) as the Coulomb energy is ∼ 90 mV for a
nc-Si with a size of 4 nm in this brief. The nanocrystal capacitance Cnc

should decrease as the number of uncharged nanocrystals responding
to the small ac signal in the capacitance measurement is reduced. If all
the chargeable nanocrystals are charged up, then Cnc should approach
zero. Thus, the MOS capacitance is very small as it is now determined
by the remaining gate-oxide capacitance C′

ox(< 700 fF). On the other
hand, if the charges trapped in the nc-Si are released, then Cnc should
increase leading to an increase in the MOS capacitance. This explains
the experimental results shown in Figs. 2 and 5.

IV. CONCLUSION

In conclusion, MOS structures with nc-Si embedded in the oxide
were synthesized by the ion implantation technique. It is found that the
nc-Si distribution has a strong influence on the MOS C−V character-
istics. For the case of nc-Si confined in a layer in the oxide, charging
and discharging the nc-Si lead to a shift in the flat-band voltage, and a
small difference in the location of the peak concentration of the nc-Si
can yield a significant difference in the memory programming charac-
teristics. However, for the case of the nc-Si distributed throughout the
oxide with a high concentration, charging and discharging the nc-Si
cause the modulation in the capacitance magnitude instead of the flat-
band-voltage shift. The difference between the two cases highlights the
importance of the nc-Si distribution in the memory device applications
of the nc-Si.
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From Wafer-Level Gate-Oxide Reliability Towards ESD
Failures in Advanced CMOS Technologies

A. Kerber, M. Röhner, C. Wallace, L. O’Riain, and M. Kerber

Abstract—The impact of a short-term electrical overstress on dielec-
tric reliability is thoroughly investigated using a dedicated experimental
equipment for measurement times in the millisecond and microsecond
range. Based on significant statistics, it is confirmed that the dielectric
stress-induced damage is cumulative in nature. In addition, the voltage
acceleration is shown to follow the power-law model towards the time
range of electrostatic discharge and furthermore the breakdown statistics
remain unchanged. These results justify the assessment of a short-term
electrical overstress in advanced CMOS technologies by using a conven-
tional reliability prediction methodology.

Index Terms—Breakdown statistics, dielectric reliability, electrostatic
discharge (ESD), voltage acceleration.

I. INTRODUCTION

The gate-oxide reliability assessment is primarily focused on the
prediction of the end of lifetime failure probability at operation condi-
tions. The two important parameters for the evaluation are the voltage
acceleration and the spread in the time to breakdown (TBD). These
parameters are extensively discussed in the literature for stress times
from 1 to 10 000 s and less frequently up to 107 s. In the nanosecond
to microsecond timeframe, only a few reports are available [1], [2]
and their statistical basis is not sufficient to validate reliability models
in the microsecond regime. The short-stress times, however, are of
particular interest for the prediction of the failure probability due
to a short-term electrical overstress or electrostatic discharge (ESD),
caused by the penetration of voltage spikes into logic cores of multiple-
gate-oxide processes.
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Fig. 1. (a) Schematic drawing of the reliability test setup including a con-
ventional SMU, (b) PCI card with an I−V converter, and (c) PGU stress unit
combined with an SMU sense unit. For the PGU–SMU setup, the alternating
connections were made through a switching matrix.

II. EXPERIMENTAL

n-channel MOSFETs were fabricated using a state-of-the-art CMOS
process with a gate-oxide thickness of 1.5, 2.2 and 5.2 nm and test
structures down to 0.12 µm2. The gate-oxide reliability tests were car-
ried out at 140 ◦C using several experimental setups optimized to study
the dielectric breakdown from conventional wafer-level test times
down to microsecond breakdown times. In particular, a conventional
source measurement unit (SMU) setup, a fast measurement setup based
on a peripheral computer interconnect (PCI) card [3] and a combined
setup of a pulse generator unit (PGU) for stressing and an SMU for
sensing were used (Fig. 1). For the PGU–SMU setup, the alternating
connection of the device under test (DUT) to the stress and sense unit
was provided by a switching matrix. All experiments were carried out
in inversion mode and the stress bias was applied to the gate of the n-
channel MOSFET while source, drain, and substrate were connected
to a ground potential. For breakdown times from 1 to 10 000 s,
the conventional SMU setup was used. In order to record breakdown
times in the millisecond regime, a PCI-card setup was developed where
the stress bias (Vout) is set by a digital-to-analog converter to the
reference input (Vref ) of an external current–voltage (I−V ) converter.
The stress voltage and current for the DUT are provided by the input
terminal of the converter, which is at the same potential as the reference
terminal (Vi = Vref ). The output voltage (Vo) of the I−V converter
is proportional to the logarithm of the current flowing at the input
terminal and recorded by the analog-to-digital converter of the PCI
card. A time resolution of ∼ 20 µs is achieved with this setup [3].
For microsecond breakdown times the stress pulse was provided by a
PGU and the intermediated monitor current recorded with the SMU.
In order to prevent fusing of the metal connections during the break-
down event, a 100-Ω resistor was put in series to the standard 50-Ω
output resistance of the PGU.

The TBD distributions based on a constant voltage stress (CVS) are
provided in Fig. 2 for the PCI-card setup and the SMU setup with
and without an intermediate monitoring step. As can be seen, the TBD
distributions obtained with the conventional SMU and the PCI-card
setup are neither dependent on the measurement setup nor on the stress
procedure, which validates the use of the PCI-card setup for dielectric-
reliability tests.

III. RESULTS AND DISCUSSION

At first, the voltage acceleration and breakdown statistics were
determined for the 1.5-nm gate oxide based on current time traces
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