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Abstract—A new discharge-based multipulse technique has
been developed in this paper, which overcomes the shortcomings
of the existing techniques, such as the charge pumping, charge
injection and sensing, and two-pulse C–V techniques. It captures
the energy signature for electron traps across high-κ materials
and can be a useful tool for material selection during technology
development. Trap distributions in HfO2, Al2O3, and HfAlO have
been compared to identify the effects of material variation. It is
observed that hafnium gives the shallow traps at about 0.45 eV
above the silicon conduction band bottom (Si ECB), and the deep
traps at 0.8 eV below the Si ECB are caused by aluminum. HfAlO
combines the features in HfO2 and Al2O3. A peak near the Si
ECB has been observed in all the three materials.

Index Terms—Electron trap, energy distribution, Flash mem-
ory, floating gate, high-κ dielectrics, interpoly dielectric (IPD),
pulsed I–V .

I. INTRODUCTION

THE APPLICATION of high-κ materials, such as Al2O3

or HfAlO, is essential for downscaling the Flash memory
technology beyond the 30-nm generation in order to reduce
the leakage current through the dielectric layers [1]–[3]. For
floating-gate Flash cells, planarization is inevitable for further
downscaling, which will result in the loss of the sidewall
overlapping on the floating gate and will lead to a significant
reduction of the coupling ratio. An interpoly dielectric (IPD)
stack with higher dielectric constant will increase the capaci-
tance without reducing its physical thickness and therefore help
in maintaining the coupling ratio [1]. In charge-trapping Flash
cells, such as TANOS (TaN(TiN)/Al2O3/Si3N4/SiO2/Si),
Al2O3 was proposed to replace SiO2 as the blocking dielectric
layer, since its higher dielectric constant will ensure a larger
physical thickness at the same EOT and will suppress the
leakage current [4].
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Fig. 1. CP results on SiO2/HfO2 stacks with different SiO2 thickness (stacks
1 and 4). The sharp increase in the slope at the dotted line is caused by
transition from SiO2 to HfO2. Test conditions are Vcharge = 1.5 V, Vbase =
−1.5−0.5 V, trf = 0.3 μs, and tcharge = 100 μs.

The progress of using high-κ materials for nonvolatile mem-
ory has been held back by the large defect density in high-κ
materials, which is a few orders of magnitude higher than that
in conventional SiO2 [5]–[7]. This limits the memory retention
due to the excessive low-field leakage current induced by trap-
assisted tunneling [8]. For accurate retention prediction and fast
material and processing optimization, characterization of the
low-field leakage current is required. In Flash memory cells,
this current is too small to be detected directly by electrical
measurements. Theoretical modeling is therefore required to
estimate the low-field leakage current. Electron trap energy
distribution in the bulk of high-κ materials is the essential in-
formation required for accurate modeling [8], [9]. However, the
detailed information on the overall distribution is still largely
missing.

Various charge-pumping (CP) techniques have recently been
used to characterize the energy/spatial distribution of electron
traps in high-κ materials [10]–[12]. However, CP can only
reach the traps at around 2 nm from the substrate interface
[13], since its maximum discharge time is limited practically at
10 ms. This can be clearly seen in Fig. 1, in which the results
obtained by the CP technique with variable discharge times
on SiO2/HfO2 stacks with different SiO2 thickness are shown.
The sharp increase in the slope at the dotted line is caused by the
transition from SiO2 to HfO2, indicating that the trap density in
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the SiO2 interfacial layer is much smaller than that in the high-κ
bulk and can be safely neglected. Most traps in thick high-κ
films required for Flash application cannot be probed by CP.
Moreover, CP techniques with variable discharge bias can only
probe traps at energy levels corresponding to the Si bandgap
[12]. No information on trapping at energy levels outside the Si
bandgap can be obtained.

A new technique, charge injection and sensing (CIS), was
developed to probe trap distribution at the electron injection
level through sweeping the injection bias [14]. However, only
a limited region above the Si ECB within 2–3 nm into the
high-κ bulk can be probed by the CIS technique for a 1-nm/
12-nm SiO2/Al2O3 stack when the maximum charging time
is 2000 s. Majority traps in the bulk cannot be probed. The
traditional C−V/I−V techniques have been used to probe
charge loss at long time scales [15], [16], and photo I–V
technique was used to assess the spatial distribution of charges
[17], but these measurements are too slow to characterize the
defects near the interface because of fast detrapping [6], [7].
The single-pulse I–V technique was developed to overcome
the fast detrapping, but it did not give the energy and spatial
distribution of defects [18]. We have recently developed a
two-pulse C–V measurement technique that can overcome the
shortcomings of conventional techniques and probe the electron
traps throughout the SiO2/high-κ stack [19], [20]. It was shown
that electron traps in the bulk of high-κ layer indeed dominate
the trapping, and the electron trap energy distribution below
Si ECB throughout the SiO2/Al2O3 stack can be obtained.
However, the two-pulse C–V technique cannot probe the trap
distribution above Si ECB in the high-κ bulk, as explained in
Section III-A.

A new discharge-based multipulse (DMP) technique is de-
veloped in this paper, which gives the electron trap energy
distribution both above and below Si ECB throughout the
SiO2/high-κ stack. Limitations in techniques such as CP, CIS,
and two-pulse C–V have been overcome. Trap distributions in
HfO2, Al2O3, and HfAlO have been extracted and compared
to identify the effects of material variation on the distribution.
This paper is organized as follows. After a description of the
devices and measurement setup in Section II, the methodology
used to develop the DMP technique and the detailed procedure
are given in Section III-A. Energy distributions of electron
traps across the dielectric stacks with Al2O3, HfO2, and HfAlO
layers are extracted and compared in Section III-B.

II. DEVICES AND EXPERIMENTS

A summary of the samples used in this paper is given in
Table I. Poly-gate nMOSFETs with SiO2/high-κ gate dielectric
stacks were fabricated at IMEC. Either a 1-nm IMEC-clean
SiO2 or a 2-nm SiON was deposited as the bottom layer. A
10-nm or 12-nm high-κ layer was then prepared by atomic layer
chemical vapor deposition using a process flow similar to that
used for forming the IPD stacks in floating-gate Flash memory
devices. The deposition was followed by a conventional postde-
position anneal for stacks 1, 2, and 4. Rapid thermal annealing
at 900 ◦C was carried out on all samples for 30 s after the n+
poly deposition. The sample-to-sample variation is negligible.

TABLE I
SUMMARY OF THE SAMPLES USED IN THIS PAPER

The pulsed I–V technique [6], [18] is used to measure
the threshold voltage of the device under test. The measure-
ment system consists of an Agilent 81101A pulse generator,
a current–voltage converter, and an Agilent DSO6104 oscillo-
scope. The shift of threshold voltage ΔVth induced by electron
trapping/detrapping is measured at a constant drain current of
1 × 10−4 A with a drain bias at 100 mV. It is then converted to
an equivalent trap sheet density at the substrate interface [16].

III. RESULTS AND DISCUSSIONS

A. DMP Technique

There are two shortcomings for the two-pulse C–V tech-
nique [20]. First, it does not allow probing traps with energy
level above the silicon conduction band bottom ECB, since the
gate bias applied during discharge Vdischarge must be lower than
the flatband voltage VFB [19]. Second, after each discharging
time, the device was stressed again to refill the traps. To obtain a
trap distribution, many time points are needed, and the repeated
stress can damage the device.

The DMP technique is designed to overcome the shortcom-
ings mentioned earlier. Fig. 2(a) shows that the device is only
filled once here. The gate bias is then lowered to Vdischarge1

for discharging. Unlike the two-pulse C–V , Vdischarge1 here
can be higher than VFB, since the discharging is monitored
from the Id–Vg shift obtained by applying reversed short pulses
(5 μs) [21] at various intervals during discharging. Once the
discharging reaches saturation, Vg is lowered to Vdischarge2,
and the process is repeated until the discharge bias becomes
smaller than Vth, and from there onward, the direction of the
short pulses is changed so that Vth can be measured, as shown
in Fig. 2(b).

Under a given Vdischarge, only electron traps with energy
level higher than the silicon conduction band bottom can be
discharged via tunneling [13], since there are little empty states
in the silicon bandgap. If a gate bias gives the corresponding
potential drop of VSiO2 across the SiO2 layer, the energy level
of electron traps will change by ΔEIL = qVSiO2 in the high-κ
layer at the SiO2/high-κ interface and by ΔEG = qVdielectric

at the gate interface, as shown in Fig. 2(c). The traps within
the energy range of ΔEIL and ΔEG become dischargeable.
The energy spectroscopy of electron traps can therefore be
measured by sweeping the gate bias, and ΔEIL can be used
as an indicator for the energy range [19], [20].
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Fig. 2. (a) Illustration of the waveform for the DMP technique when Vdischarge > Vth. After charging, a number of lower voltages (Vdischarge,1 ∼
Vdischarge,m) are sequentially applied to discharge shallow traps. For each Vdischarge, a new saturated trapping level is observed, and the discharge is interrupted
by short pulses of 5-μs edge time to measure Vth. (b) Illustration of waveform for the DMP technique when Vdischarge is reduced below Vth. The short pulses
change direction in order to measure Vth from the pulse edge. By combining Fig. 7(a) and (b), the energy distribution both below and above Si ECB can be
measured. (c) Energy band diagram of the SiO2/high-κ stack during discharge at a negative gate bias. If a gate bias gives the corresponding potential drop
of VSiO2 across the SiO2 layer, the energy level of electron traps will change by ΔEIL = qVSiO2 in the high-κ layer at the SiO2/high-κ interface and by
ΔEG = qVdielectric at the high-κ/gate interface. Vdielectric is the potential drop across the SiO2/high-κ stack.

Fig. 3 shows the detailed test procedure. Note that, during
discharging, electron trapping level changes significantly due
to the high trapping density in the high-κ layer. This causes
Vth to shift accordingly and, in turn, changes the potential
drop across the SiO2 layer. To take this into account, each Vth

measured at the discharging intervals is used as the monitor of
effective trapping level in the dielectric stack, and the discharge
bias is adjusted accordingly to ensure that VSiO2 and, therefore,
ΔEIL at the SiO2/high-κ interface are kept constant during
discharge [20].

We now discuss the trap filling in more details. In order to
measure the trapping density through discharging across the
high-κ layer, electron traps need to be filled first. By applying
a high positive bias on the gate, electrons can be injected into

the conduction band of the high-κ layer and fill the traps via
scattering. The trap-filling time should be long enough so that
saturation in trapping is achieved. The typical Id–Vg curves
measured by the pulsed I–V technique during charging are
shown in Fig. 4(a), and the extracted ΔVth shift is shown in
Fig. 4(b). It shows that saturation is reached within 100 s for
the samples used in this paper. In order to check if the trap
filling generates new electron traps, the trapped electrons are
completely discharged before a second trap filling is carried out
on the same device. Fig. 4(b) shows that there are few new traps
generated during the first filling, as good agreement is observed
between the first and the second filling.

It is noted that there is also detrapping during the trap-filling
step. Detrapping during the trap-filling step mainly occurs near
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Fig. 3. Flowchart of the test procedure. Vth measured at the end of each
discharge stage is used as the initial Vth of the following discharge stage.

the gate interface and at shallow energy level. The current
technique is unable to probe the traps that cannot be filled
steadily. It should be pointed out that these unfilled traps will
not contribute to ΔVTH for Flash memory. After the trap filling
is saturated, the gate bias is reduced to discharge the electron
traps. Switching to a lower gate bias will reduce tunneling
current and raise the trap energy level against Si ECB. This,
in turn, reduces trapping rate and enhances detrapping so that
further trap filling in the bulk of dielectric during detrapping
must be negligible. It is possible that trap filling near the gate
may increase, but the ΔVTH used here is insensitive to it.

Fig. 5 shows the extracted trapping level at different
Tdischarge during a discharge at Vdischarge = −5 V after the trap
filling. Their difference, DΔVth = ΔVth (end of charging) −
ΔVth (Tdischarge), is the discharge-induced Vth shift, which
can be converted into the equivalent trap sheet density at
the substrate interface, i.e., ΔNDMP. Given a long-enough
Tdischarge and a large-enough negative bias, all traps throughout
the stack can be discharged as DΔVth approaches the trapping
level. This confirms that, unlike the CP and CIS techniques, the
new DMP technique allows probing traps throughout the stack.
The fact that DΔVth saturates at the trap-filling level indicates
that additional trap-filling-induced ΔVth during the detrapping
phase is negligible.

B. Energy Distribution of Electron Traps

Energy distribution of electron traps across the high-κ layer
is obtained by using the DMP technique to measure the dis-
charged trap density against the corresponding ΔEIL. A typ-
ical result of discharging under all given Vdischarge against
Tdischarge is shown in Fig. 6(a) for a 2-nm/10-nm SiON/Al2O3

stack. The end point for one curve is the starting point for the
curve immediately above it. It is clear that detrapping occurs
even under a positive bias when its value is reduced, caused
by the discharge of shallow traps. The cumulative ΔNDMP

measured at the last point of each discharge against the corre-
sponding ΔEIL is shown in Fig. 6(b). Nearly 60% of the traps
in Al2O3 are below Si ECB, in agreement with the observation
by using the two-pulse C–V technique [20]. There is a large

Fig. 4. (a) Id–Vg during charging the 2-nm/10-nm SiON/Al2O3 stack
(stack 2) measured by a pulsed technique. Vcharging = 7 V. (b) Trap-charging
kinetics on the fresh and the stressed-then-discharged device. Little trap gener-
ation is observed for the SiON/high-κ stacks used in this paper.

Fig. 5. Trapping level during the discharging of an nMOSFET with 2-nm/
10-nm SiON/Al2O3 gate stack (stack 2). The device was charged at Vcharge =
7 V for tcharge = 100 s and then discharged at Vdischarge = −5 V. DΔVth

is their difference. The pulse rising/falling time on the edge is 5 μs. The
second Y -axis shows the equivalent discharged trap sheet density at the
substrate/dielectric interface ΔNDMP. Vdischarge = −5 V.
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Fig. 6. (a) Typical result of the DMP technique on an nMOSFET with stack 2.
The device was charged at a gate bias of 7 V for 100 s to fill the traps before
the discharging. (b) Cumulative trap density at the last point of each discharge
versus the corresponding energy level and the trap density per electronvolt
versus energy level for stack 2. Nearly 60% of the traps in Al2O3 are below Si
ECB. Three peaks are observed at around Si ECB, 0.5 eV above Si ECB, and
0.8 eV below Si ECB, respectively. Only the peak at 0.5 eV can be measured
by the CIS technique.

amount of discharge when ΔEIL is around 0 eV, indicating a
high trap density at the energy levels near Si ECB.

The ΔNDMP per electronvolt is also shown in Fig. 6(b)
against ΔEIL. The small peak at 0.5 eV above Si ECB agrees
well with that extracted by CIS [14]. The large peak near Si
ECB and the deeper peak below ECB, which could not be
extracted by CIS, actually dominate the trapping. These two
peaks agree with those observed on Al2O3 capacitor samples in
our earlier work by using the two-pulse C–V technique [20].

Detailed distributions for HfO2 and HfAlO are shown in
Fig. 7(a) and (b), respectively. Only two peaks are observed
in HfO2. The one at 0.45 eV above Si ECB is dominant, and
the one near Si ECB is much smaller. Only 10% of traps in
HfO2 are below Si ECB. This means that majority of traps
in HfO2 cannot be probed by the two-pulse C–V technique,
demonstrating the advantages of the DMP technique. There are
three peaks in the 1:1 cycle HfAlO, with peaks at 0.45 eV above

Fig. 7. (a) Cumulative trap density and trap density per electronvolt versus
energy level in HfO2 (stack 4). About 10% of the total traps in HfO2 are below
Si ECB. Two peaks are observed at around Si ECB and 0.45 eV above Si
ECB, respectively. (b) Cumulative trap density and trap density per electronvolt
versus energy level in HfAlO (stack 3). About 30% of the traps in HfAlO are
below Si ECB. Three peaks are observed at around Si ECB, 0.45 eV above
ECB, and 0.9 eV below ECB, respectively.

and 0.8 eV below Si ECB, respectively. While 70% of traps
are above Si ECB, the peak at the Si ECB in HfAlO is much
higher than that in HfO2. The normalized energy distributions
in HfO2, HfAlO, and Al2O3 are compared in Fig. 8. The trap
energy level in Al2O3 is clearly deeper than that in HfO2, and
HfAlO combines the features in HfO2 and Al2O3. The deep
peak at −0.8 eV in Al2O3 and HfAlO agrees well but is missing
in HfO2. HfO2 has a large shallow peak at 0.45 eV, while
Al2O3 has a much smaller one. The shallow peak in HfAlO
is the average of that in HfO2 and Al2O3. We can therefore
conclude that Al induces the deep peak at −0.8 eV and that
Hf induces most of the shallow peak at 0.45 eV. This result
demonstrates that DMP is capable of identifying the trap energy
signature of different high-κ dielectric stacks. Recent retention
test in memory cells confirms that higher Hf content results in a
larger initial Vth-window closure, which can be attributed to the
fast discharge from its larger amount of shallower traps [22], in
agreement with the observation in this paper.
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Fig. 8. Comparison of the trap density per electronvolt normalized by the
total trap density in gate stacks with Al2O3 (stack 2), HfAlO (stack 3), and
HfO2 (stack 4). The area underneath each curve is 1 after the normalization. Al
induces the deep peak at −0.8 eV, and Hf induces the shallow peak at 0.45 eV.

Fig. 9. Energy band diagram of the HfAlO stack (stack 3) at the gate bias of
7 V (solid lines) before and (dashed lines) after the electron trapping. Electrons
can be initially injected into the HfAlO’s conduction band at the interfacial layer
interface and fill the electron traps at all energy levels across HfAlO through
scattering. However, electron trapping in HfAlO reduces the effective voltage
drop across the interface layer so that the shallower traps in the white region
cannot be filled at the end of trap charging.

We now address the trap energy range that can be probed.
Fig. 9 shows that the shallowest level is determined by the Vg

used to fill the traps. During the trap filling under the positive
gate bias, voltage drop across the interfacial layer decreases
when the electron trapping in the high-κ layer builds up. It
also raises the trap energy level against the Si ECB so that the
shallow traps in the white triangle region of the high-κ layer
in Fig. 9 can no longer be filled. For the SiON/HfAlO stack
(stack 3), the initial voltage drop across the interfacial layer
is 2.02 V at a gate bias of 7 V when there is no electron
trapping. This allows for the electrons to be injected into the
HfAlO’s conduction band at the interfacial layer interface and
fill the electron traps at all energy levels across HfAlO through
scattering. However, as the magnitude of electron trapping in
HfAlO is on the order of 1013 cm−2, which gives rise to a
threshold voltage shift of about 4 V, the effective voltage drop
across the interface layer will decrease to 0.71 V at the end of

Fig. 10. (a) Energy band diagram of the Al2O3 stack (stack 2) before the
electron trapping at the gate biases of 7 and 10 V. Electrons cannot be
injected into the Al2O3’s conduction band near the interfacial layer interface
at Vg = 7 V but can be injected at Vg = 10 V. (b) Charging with/without the
precharging at 10 V for 10 μs. One device was charged at 7 V for 100 s, and
the other one was precharged at 10 V for 10 μs, followed by 7 V for 100 s.
(c) There is little difference in the extracted electron trap energy distribution
between electron fillings carried out at 7 V for 100 s only, and at 10 V (10 μs),
9 V (100 μs), or 8 V (100 ms) followed by 7 V for 100 s. The effect of the
additional injection at higher positive bias is negligible.

the trap-charging stage. Therefore, the shallow traps at energy
level within 1.3 eV below the HfAlO ECB near the interfacial
layer interface will rise above the Si ECB and cannot be filled
during the trap charging. This gives the shallowest ΔEIL that
can be measured by DMP of about 0.7–0.8 eV above Si ECB.
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In principle, using higher Vg for trap filling will allow probing
shallower traps, but a higher Vg can break down the dielectric
before trapping saturates, imposing a limit on Vg . The deepest
electron trap energy level that has been measured by the DMP
technique is at about 1 eV below Si ECB. There is no trap
deeper than this energy level because all electron traps in the
high-κ layer can be discharged when biased at this level (see
Fig. 5).

For the Al2O3 stack (stack 2), the initial voltage drop across
the interfacial SiON layer is 1.73 V for a fresh device without
trapping during the trap-filling stage at Vg = 7 V. Given the
2.6-eV band offset between the conduction band bottom of Si
substrate and the Al2O3 layer, electrons do not have enough
energy to be injected to the Al2O3 conduction band at the
SiON/Al2O3 interface. They can only be injected into the
conduction band in the bulk of Al2O3, as shown in Fig. 10(a).
This raises the question that whether electron traps near the
interfacial layer interface can be filled, as shown in the gray
region in Fig. 10(a), and whether this will have significant
effects on the extraction of trap energy distribution. To address
this potential uncertainty, a large gate bias of 10 V is applied for
a short period of 10 μs on a fresh device to inject electrons into
the Al2O3 conduction band at the IL interface, as also shown
in Fig. 10(a), which results in a large trapping density on the
order of 1013 cm−2. A gate bias of 7 V is then applied for 100 s
to ensure the saturation of trapping. As shown in Fig. 10(b),
electron injections at 7 V with and without the precharging at
10 V lead to the same trapping level at 100 s, indicating that
the effects of the precharging at higher gate bias are small. The
extracted energy distributions with and without the precharging
are compared in Fig. 10(c), where no significant difference is
observed. Similar results are also observed on two other devices
with injection at 8 and 9 V followed by 7 V for 100 s. This result
indicates that the effects of the electron injection at higher gate
bias on the electron trap energy distribution are negligible here,
supporting that traps in this gray region in Fig. 10(a) can be
filled at Vg = 7 V through an inelastic process.

It is also worth noting that ΔEIL is the trap energy level
measured at the SiO2/Al2O3 interface during the discharge.
The energy levels of electron traps measured in the bulk are
shallower than that at the interface under the positive bias
and are deeper under the negative bias. Therefore, the probed
energy range varies from ΔEIL at the IL/high-κ interface to
ΔEG at the high-κ/gate interface, as shown in Fig. 2(c). The
trapping density is estimated from the measured ΔVth in the
DMP technique, and its accuracy is affected by the actual trap
spatial distribution. To extract the energy distribution at each
spatial position, complex modeling and numerical simulation
are needed, which are beyond the scope of this paper. Here, we
propose a simple method for capturing the “average” energy
signature across the high-κ layer by completely discharging
traps in the high-κ layer step by step in energy ranges. Since
the traps are discharged in energy step by step in the DMP
technique, the impact of trap spatial location on the analysis
can be limited within a specific energy band, therefore greatly
reducing the effects of the convolution between the trap energy
level and the spatial location. Further work is needed to take
this effect into account when analyzing the detailed energy

distribution against their spatial locations, which requires a
complex numerical modeling process and is beyond the scope
of this paper.

It has been observed that, although annealing condition can
affect the trap energy distribution in either Al2O3 or HfO2

stacks, the signature of the trap distribution remains unchanged.
Al in dielectric causes deep trap peak around ΔEIL = −0.8 eV,
which is always absent in HfO2. As a result, the DMP technique
provides a simple semiquantitative method that can capture the
“signature” of the trap energy distribution without complex
modeling and simulation, particularly useful when comparing
different materials, as shown in Fig. 8. While the technique
has limited accuracy, it does reveal the differences in materials;
therefore, it can be a useful tool for carrying out fast evaluation
during the device development, not only for Flash memory but
also for CMOS applications.

IV. CONCLUSION

A new DMP technique has been developed in this paper,
which provides the signature of electron trap energy distribution
across the high-κ dielectric layer. Trap energy distributions in
HfO2, Al2O3, and HfAlO have been extracted and compared. It
has been observed that hafnium is responsible for the shallow
traps at about 0.45 eV above the silicon conduction band bottom
and that aluminum causes the deep traps at 0.8 eV below the
Si ECB. HfAlO combines the features in HfO2 and Al2O3. A
peak at Si ECB has been observed in all three materials. The
DMP technique is a simple tool for capturing the trap energy
signature that can assist in material selection during technology
development.
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