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Two-Pulse C–V : A New Method for
Characterizing Electron Traps in the Bulk

of SiO2/high-κ Dielectric Stacks
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Abstract—SiO2/high-κ dielectric stack is a candidate for re-
placing the conventional SiO2-based dielectric stacks for future
Flash memory cells. Electron traps in the high-κ layer can limit
the memory retention via the trap-assisted tunneling, and there
is a pressing need for their characterization. A new two-pulse
C–V measurement technique is developed in this letter, which,
for the first time, allows us to probe the discharge of electron traps
throughout the SiO2/high-κ stack. It complements the charge
pumping technique, which can only probe near-interface traps.
It is demonstrated that a large number of electron traps, indeed,
exist in the bulk of high-κ layer. Bulk electron traps also have dif-
ferent discharge characteristics from those near the SiO2/high-κ
interface.

Index Terms—Al2O3, electron trap, energy distribution, Flash
memory, floating gate, high-κ dielectrics, interpoly dielectric
(IPD) layer, pulsed C–V .

I. INTRODUCTION

THE SCALING of the conventional tunnel and control
SiOxNy in Flash memory technologies is fast approaching

its limits, as the increased leakage current makes the data loss
unacceptable [1], [2]. Introduction of SiO2/high-κ stacks has
been proposed as a potential solution [1]–[3]. Higher dielectric
constant will increase the capacitance without reducing the
physical thickness, help reducing the leakage, and maintain the
coupling ratio to allow the downscaling of the cell size. A large
amount of works [2]–[5] have been carried out to investigate
the capabilities and limits of using high-κ layers in Flash
memory cells.

It has been reported that the density of electron traps in
high-κ layers is orders of magnitude higher than that in con-
ventional SiO2 [6], [7]. Simulation results [8] show that traps
in the high-κ interpoly dielectric (IPD) stack play a dominating
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role in the low-field leakage through trap-assisted tunnelling
and hence determine the memory retention. Traditionally, dis-
charging from the dielectric layer is measured from the shift of
conventional C–V [9] on capacitors and transfer characteristics
on MOSFETs [10]. These measurements generally take from
several seconds to tens of seconds and are too slow for probing
traps in thin dielectric layers. To gain a better understanding of
these traps, several groups have recently used various charge
pumping methods to probe the traps in high-κ layers [11]–[15].
However, charge pumping can only reach the traps within 1 nm
into the high-κ layer when the thickness of interfacial SiO2

layer is around 1 nm [14]. High-κ layers used in Flash memory
cells are much thicker, usually in the range of 5–15 nm. The
interfacial SiO2 layer in Flash memory cells may also be thicker
than 1 nm [2], [3], which in turn reduces the depth in the high-κ
layer that can be probed by charge pumping measurements.
There is an urgent need for developing a technique that is capa-
ble of probing traps throughout the whole SiO2/high-κ stack.
In this letter, a new two-pulse C–V technique is developed to
meet this need.

II. DEVICES

SiO2/Al2O3 MOS capacitors were fabricated at IMEC using
a process flow similar to that used for forming the IPD stacks
in floating gate Flash memory devices. A 2-nm-thick high-
temperature oxide was deposited as a bottom layer on an
n-type Si substrate without p-n junctions. A 6-nm Al2O3 layer
was then deposited by atomic layer chemical vapor deposition,
followed by a conventional post deposition anneal. Device
fabrication was completed by deposition and etching of a TiN
gate. The size of capacitors is 9 × 10−4 cm2.

III. NEW TECHNIQUE AND TYPICAL RESULTS

A. Shortcomings of Conventional Techniques

The charge pumping technique relies on the measurement of
a recombination current, which is proportional to frequency.
The trapping/detrapping times depend exponentially on the
tunneling distance [9]. This requires lower frequency in order to
be able to probe traps situated farther from the Si substrate. The
practical limitation of the frequency is typically around 100 Hz,
giving a tunneling time of less than 10 ms. We will show that the
traps probed within this time are less than 10% of the total in
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a typical sample for Flash memory application. Consequently,
charge pumping is not suitable for probing the bulk traps in
thicker high-κ layers.

The traditional measurements using quasi-dc C–V [9] or
transfer characteristics [10] take at least seconds and are
not suitable for characterizing the stack because of the fast
detrapping near the interface [6], [7]. It will be shown in
Section III-C that even with a 2-nm interfacial layer used in this
letter, detrapping can reach about 30% of the total within 1 s.
Quasi-dc techniques are too slow for characterizing thin stacks.

To overcome the inherent shortcoming of conventional tech-
niques, we will develop a technique based on the fast pulsed
measurement technique that is not relying on the pulse fre-
quency. This allows the detrapping time varying from values
short enough for probing defects close to the interfacial layer to
those long enough for probing traps up to the gate.

B. Two-Pulse C–V Measurements

The pulsed C–V technique [16]–[18] is used to measure the
flatband voltage. Similar to the conventional C–V measure-
ments, the rising and falling slopes of a pulse signal applied
to the gate will give rise to a displacement current proportional
to the capacitance and the pulse ramp rate. The ramp rate is set
at a high level of 10 kV/s to minimize the trapping/detrapping
during the ramp. As a calibration of the pulsed C–V , it was
compared with the conventional C–V , and a good agreement
was obtained on a reference SiO2 capacitors [18]. Further
experimental details can be found from earlier works [17], [18].

Since there is a minimum 4-s delay between each measure-
ment due to the equipment initialization, single-pulse C–V
cannot be used to accurately measure the discharging-induced
VFB shift. A two-pulse C–V technique was therefore developed
to measure the flatband voltage shift caused by charging and
discharging the traps in dielectric. A two-pulse signal is gener-
ated by the pulse generator so that the delay between the two
pulses can be accurately controlled to the level of milliseconds.
As shown in the inset of Fig. 1, the first pulse is used to charge
the capacitor, and the flatband voltage after electron trapping
can be determined from its ramp-down trace. The capacitor is
then discharged for a period of time Tdischarge under a gate bias
of Vbase until the beginning of the second pulse. The amount
of discharge can be determined by the flatband voltage shift
between the ramp-up trace of the second pulse and the ramp-
down trace of the first pulse. In this letter, Tdischarge and Vbase

are varied to achieve different levels of discharge. Vtop and
pulsewidth are kept constant to ensure the same charging level
for each pulse measurement.

Fig. 1 shows a typical result of several two-pulse C–V
measurements with variable Tdischarge at Vbase = −1 V. The
first up-trace is from the first pulse on a fresh device without
trapping. The difference between this up-trace and the down-
traces gives the total amount of trapping. The rest of the
up-traces are from the subsequent second pulses. They move
toward the left when Tdischarge increases, indicating an increase
of discharge. VFB does not return to its fresh value even after
100 s of discharge, indicating that some electrons are still
trapped in the high-κ layer.

Fig. 1. Inset shows the waveform of the two gate pulses in a typical two-pulse
C–V test. The first pulse is used to charge the capacitor. The flatband voltage
determined from its ramp-up trace indicates the fresh VFB value without charge
trapping, and the flatband voltage after electron trapping can be determined
from the ramp-down trace. The capacitor is then discharged for a period of
time, Tdischarge, under a gate bias of Vbase until the beginning of the second
pulse. The amount of discharge can be determined by the flatband voltage shift
between the ramp-up trace of the second pulse and the first ramp-down trace.
In this case, the top voltage level of the pulses is 5 V, Vbase = −1 V, and the
pulsewidth is 1 ms. The ramp-up/ramp-down rate on the rising/falling edges is
10 kV/s.

Note that there is a peak or kink on the up-traces at Vg smaller
than VFB. This is caused by the minority carriers (holes) gen-
erated in the substrate during Tdischarge at Vbase = −1 V. For
Tdischarge = 100 s, the device is biased at Vbase = −1 V long
enough so that equilibrium and inversion are approached before
the ramp-up, and the up-trace behaves like the quasi-static
C–V . This is because the recombination of holes with electrons
is a rapid process that can follow the change in Vg and con-
tributes to the displacement current, unlike the slow generation
of minority carriers (holes). The shorter the Tdischarge, the less
holes are available and the weaker the inversion becomes, and
the smaller the kink. For the down-trace, the fast ramp rate does
not allow the minority carrier generation during the ramp-down,
and the down-trace starts from accumulation at Vtop = 5 V and
ends in deep depletion at Vbase = −1 V. Therefore, inversion
is not achieved for the down-trace, regardless of the Tdischarge.
As Tdischarge reduces, the up-trace approaches the down-trace.
The complication introduced by the thermal nonequilibrium at
short time makes the inversion region unsuitable for measuring
discharge. In this letter, we always measure the discharge from
the flatband voltage shift.

It is also noted that all the ramp-down traces in Fig. 1 are
overlapped, suggesting that the total trapping level changes
little during each measurement. Similar results have been ob-
served and confirmed by using conventional HF C–V mea-
surements. This can also be clearly seen in Fig. 2, where a
number of two-pulse measurements were carried out with Vbase

sweeping from −3 to 1.7 V at a step of 0.1 V and Tdischarge =
1000 s. While the flatband voltage on the up-traces of the
second pulse decreases when Vbase gets more negative due to
the increased discharge, the flatband voltage on the down-traces
and, therefore, the total trapping level are not affected by the
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Fig. 2. Trapping levels during a number of charging and discharging cycles
with Vbase sweeping from −3 to 1.7 V at a step of 0.1 V and Tdischarge =
1000 s. Symbol “♦”: The flatband voltages measured on the down-traces
represent the total trapping level after the charging. Symbol “�”: The flatband
voltages measured on the up-traces represent the trapping level after the
discharging. Symbol “∆”: The difference between the corresponding flatband
voltages on the up- and down-traces represents the amount of discharge.

number of pulses, indicating that the traps are as-grown, rather
than generated by the stress. This allows us to simplify the test
procedure by using the VFB taken from the down-trace of the
second pulse instead of that from the first pulse as the charged
value. The difference between the up- and down-traces, ∆VFB,
will be used as a measure of the discharged trap density in this
letter.

Typical two-pulse C–V test conditions used in the letter are
as follows. The top voltage level of the pulse is 5 V and the
pulsewidth is 1 ms, to emulate the voltage drop across the IPD
layer in floating gate memory cells during a typical program-
ming session. The base voltage level Vbase is varied between
−3 V and the flatband voltage. The minimum Tdischarge is
limited to milliseconds, but there is no limit on the maximum
Tdischarge. This provides an effective way to probe defects
across the whole high-κ stack.

C. Electron Traps Probed by the Two-Pulse C–V Technique

In the following tests, it will be demonstrated that there
are, indeed, a large amount of electron traps located deep in
the high-κ bulk that can be probed by the two-pulse C–V . A
number of two-pulse C–V with various Vbase and Tdischarge

were measured, and the ∆VFB induced by discharge is given in
Fig. 3. Several features can be observed, as detailed next.

1) It has been reported [14] that the detrapping time for traps
situated at 2 nm from the Si/SiO2 interface is on the order
of 100 ms. Fig. 3 shows that the discharging within this
time is less than 20% of the total trapping. Trapping is
dominated by the high-κ layer, which cannot be probed
by charge pumping in our case. The discharging within
1 s is about 30% of the total, which will be missed if the
slow quasi-dc techniques were used.

2) When the discharging front reaches the SiO2/Al2O3

interface, a change in the slope of ∆VFB versus

Fig. 3. Discharge-induced ∆VFB against discharge time at various Vbase.
The test procedure is the same as that in Fig. 2. The dashed horizontal line is
the total trapping level. The two dotted lines are linear fittings to the data at
Vbase = −3 V before and after the slope changes. Their intersection at 200 ms
indicates the transition time from SiO2 to Al2O3.

log(Tdischarge) can be clearly observed, as illustrated by
the two dotted lines, which are linear fittings to the data
at Vbase = −3 V for relative short (≤ 200 ms) and long
(≥ 500 ms) time. At a constant discharge bias, this slope
is proportional to the local trapping density [9], [11]. An
increase of the slope when moving into the high-κ layer
confirms that trapping density in Al2O3 is higher than
that in SiO2. The two lines intersect at about 200 ms,
which corresponds to the transition from SiO2 to Al2O3

and agrees well with the calculation in [14]. The change
of the slope is less prominent at a lower Vbase, such as
1 or 0 V where only partial discharge in the high-κ layer
is achieved.

3) For the highest bias |Vbase = −3 V|, ∆VFB saturates after
1000 s approximately. To find if this saturation origi-
nates from a complete discharge of trapped electrons,
the ∆VFB corresponding to the total amount of trapped
charge is plotted as the dashed horizontal line in Fig. 3.
The excellent agreement between the discharge saturation
and total trapping level confirms that 100% discharge was
achieved. This demonstrates the capability of the two-
pulse C–V technique for probing traps throughout the
whole stack. The high workfunction of the TiN gate used
here prevents charging from the gate during the discharge
at negative Vbase.

4) It is also observed that, at long discharge times, the
amount of discharge increases when Vbase becomes more
negative. This indicates that electron traps with deeper
energy levels may exist in the bulk of Al2O3 layer, which
can only be discharged at larger gate bias [12]. This
awaits further investigation.

In summary, for the first time, a new two-pulse C–V mea-
surement technique is developed in this letter. When compared
with the charge pumping, the main strength of this technique
is that there is no limitation on the maximum discharging
time, so that the new technique can probe traps throughout
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the whole stack. It is found that electron trapping in the 2-nm
SiO2/6-nm Al2O3 stack is dominated by Al2O3 layer, which
cannot be reached by charge pumping. This makes the two-
pulse C–V a powerful tool for characterizing traps in high-κ
stacks with a thickness suitable for future Flash memory
applications.
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