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Abstract—An oxide trap characterization technique by measur-
ing a subthreshold current transient is developed. This technique
consists of two alternating phases, an oxide charge detrapping
phase and a subthreshold current measurement phase. An ana-
lytical model relating a subthreshold current transient to oxide
charge tunnel detrapping is derived. By taking advantage of
a large difference between interface trap and oxide trap time-
constants, this transient technique allows the characterization
of oxide traps separately in the presence of interface traps.
Oxide traps created by three different stress methods, channel
Fowler–Nordheim (F–N) stress, hot electron stress and hot hole
stress, are characterized. By varying the gate bias in the detrap-
ping phase and the drain bias in the measurement phase, the field
dependence of oxide charge detrapping and the spatial distribu-
tion of oxide traps in the channel direction can be obtained. Our
results show that 1) the subthreshold current transient follows a
power-law time-dependence at a small charge detrapping field,
2) while the hot hole stress generated oxide traps have a largest
density, their spatial distribution in the channel is narrowest as
compared to the other two stresses, and 3) the hot hole stress
created oxide charges exhibit a shortest effective detrapping time-
constant.

I. INTRODUCTION

OXIDE trap creation due to bias stress in program/erase
cycles has been recognized as a major reliability concern

in the flash EEPROM technology [1]–[3]. Various reliability
issues such as stress induced leakage current (SILC) [4] and
programming current degradation [5] are related to oxide trap
generation. Previous studies have shown that stress generated
oxide traps can be easily charged and discharged [6]. Device
instabilities resulting from oxide charge trapping/detrapping
such as time-dependent gate current [7], subthreshold current
[8] and GIDL current [9], [10] at a DC bias have been
reported. Previously, stress induced oxide traps were usually
characterized by monitoring a threshold voltage shift. Since
both interface trap and oxide trap have the same charge effect
on threshold voltage, the presence of interface charge may
complicate the characterization and interpretation of oxide trap
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Fig. 1. (a) Illustration of trapped electron tunneling through a trapezoidal
barrier in the detrapping phase and (b) surface potential barrier lowering in
the subthreshold current measurement phase due to oxide electron detrapping.
The solid line and the dashed line represent the band diagrams before and
after oxide electron detrapping, respectively.

effects. Recently, a modified charge pumping (CP) technique
has been developed to circumvent this difficulty [11]. Although
the CP method is able to measure oxide traps as well as
interface traps simultaneously, a precise determination of oxide
trap density requires the knowledge about the interface trap
polarities (donor-like or acceptor-like) [12].

Despite the same charge effect on threshold voltage, in-
terface traps and oxide traps are distinguished by a large
difference in their time-constants. By taking advantage of the
time-constant separation, we proposed a transient GIDL tech-
nique to monitor oxide trap discharging [9], [10]. The unique
advantage of this technique is to allow a direct and continuous
observation of charge exchange between oxide traps and the Si
substrate. However, since band-to-band tunneling is confined
to a certain range of substrate doping in the n-type drain [13],
the GIDL method cannot be utilized to probe oxide traps in the
channel region or to profile an oxide trap spatial distribution.

Unlike GIDL current, subthreshold current flows through the
entire channel (Fig. 1) and potentially can be used to detect
traps in the channel region. Bourcerieet al. reported a sub-
threshold current transient arising from the variation of oxide
trapped charge [8]. In their measurement, the device must be
biased in the subthreshold region in oxide charge detrapping.
Due to a small positive oxide field in the subthreshold region,
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Fig. 2. The Ids–Vgs characteristics before and after F–N stress. Stress
condition: Vgs = 9:5 V for 800 s. Filling condition:Vgs = 2:5 V and
Vbs = �7 V for 100 s.

only trapped oxide electrons near the poly-gate can be removed
via tunneling. In this work, we propose a transient oxide trap
characterization technique including two alternating phases;
One is an oxide charge detrapping phase and the other is the
subthreshold current measurement phase. The principle of this
technique is illustrated in Fig. 1. The band diagrams in the
detrapping phase and in the measurement phase are drawn in
Fig. 1(a) and (b). In the detrapping phase, an applied negative
gate bias causes trapped oxide electrons to tunnel to the Si
substrate. As a result of negative charge detrapping, not only
the surface field in the vertical direction but also the potential
barrier in the lateral direction reduces [dashed lines in Fig. 1(a)
and (b)]. Consequently, the subthreshold current increases
after each detrapping phase. By monitoring the evolution of
the subthreshold current with cumulative detrapping time, the
escaping oxide charge density can be deduced. Furthermore,
by varying the gate bias in the detrapping phase and the
drain bias in the measurement phase, the detrapping oxide
field and the position of the maximum surface barrier are
modulated, respectively. Thus, the field dependence of oxide
charge detrapping and the spatial distribution of oxide traps
can be obtained by using this technique.

In measurement, a conventional source/drain n-MOSFET
with 100 Å gate oxide, 0.6 m gate length, and 20 m
gate width was used. Three bias stress conditions which may
occur in flash EEPROM operation are studied: 1) channel
Fowler–Nordheim (F–N) stress; 2) hot electron (HE) stress;
and 3) hot hole (HH) stress. The stress biases are V
and V for the F–N stress, V and
V for the HE stress, and V and V for
the HH stress. After stress, substrate hot electron injection
at V and V was performed to fill the
generated oxide traps with electrons. A gate current about
several picoamperes was measured in trap filling. The step
of oxide trap filling is important since only the charged
traps can be detected by an electrical measurement such as
subthreshold current measurement. The effect of oxide trap
filling is exemplified in Fig. 2 where the solid line is the
pre-stress – , the dashed line is the – measured
immediately after the F–N stress and the dotted line represents
the result after the oxide trap filling. The trap filling effect is
demonstrated by the rightward shift of the – curve.

II. M ODELING OF A SUBTHRESHOLD CURRENT TRANSIENT

The dependence of subthreshold current on a gate bias is
expressed as follows [14]:

(1)

where is flat-band voltage and is the slope of the sub-
threshold current. The relationship betweenand temperature
is approximated by [14]

(2)

where the parameter can be evaluated directly from the
– in a measured device.
The stress generated oxide charges are assumed to have

a distribution in the vertical direction and the corre-
sponding detrapping time-constant is . is the distance
from the trapped charge to the Si/SiOsurface. The oxide
charge detrapping rate is

(3)

and

(4)

As a result, the change of flat-band voltage due to oxide charge
detrapping is

(5)

where is the gate oxide thickness. Substituting (2) and (5)
into (1), we arrive at

(6)

where the integral term stands for the magnitude of a sub-
threshold current transient and is inversely proportional to
temperature. Since subthreshold current exhibits an exponen-
tial dependence on oxide charge, a small change of oxide
charge can result in a significant variation of a subthreshold
current. The escaping oxide charge in the measurement
period therefore can be evaluated from the evolution of a
subthreshold transient as follows:

(7)

where is defined as the equivalent areal oxide charge
density at the Si/SiOsurface. It should be pointed out that in
case both interface traps and oxide traps are present, (6) still
holds except that the parametershould be replaced by the
interface trap degraded.

The relationship between the trap time-constantand the
trap position is determined by an oxide field and the trap
energy. For example, if the oxide field is large and the trap
energy is relatively small, trapped electrons escape through
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a triangular barrier. By assuming a single trap energy and
neglecting a local distortion of the electric field due to the
trapped charge, the electron tunneling time is given by [15]

(8)

where is the tunneling characteristic time, is the electron
trap energy measured from the conduction band, is the
oxide field, and other variables have their usual definitions. In
this case, the trap time-constantis independent of and the
subthreshold current transient becomes a double exponential
function of time, i.e.,

(9)

On the other side, if the trap energy is large and the oxide
field is small, trapped oxide electrons tunnel to the Si substrate
through a trapezoidal barrier. is then given by [15]

(10)

with

Following the derivation in [10], the time-dependence of a
subthreshold current transient is obtained in the following:

(11)

By neglecting the term and assuming a uniform oxide
charge distribution, it can be shown that the subthreshold
current transient follows a power law time-dependence

with (12)

The power factor is positive for electron detrapping. It should
be mentioned that by taking into account the second-order field
effect in (10), the power factor becomes slightly dependent on
oxide field and increases with it.

III. RESULTS AND DISCUSSIONS

A. Time-Dependence of a Subthreshold Transient

Fig. 3 shows the measured pre-stress and post-stress (after
filling) subthreshold currents in three measurement/detrapping
cycles. The biases are V and V in
the measurement phase and V and V
in the detrapping phase. The corresponding oxide field in the
detrapping phase is about 6.0 MV/cm. Notably, the pre-stress

Fig. 3. Pre-stress (solid line) and post-stress (dashed line) subthreshold
currents in three measurement/detrapping cycles. The voltages areVgs = 1:2

V andVds = 0:1 V in the measurement phase andVgs = �7 V andVds = 0

V in the detrapping phase.

Fig. 4. Pre-stress and post-stress subthreshold currents versus cumulative
detrapping time. Full circles represent the measurement data points.

subthreshold current (solid line) does not change with time.
After stress, the subthreshold current (dashed line) remains
almost constant during a measurement phase and is enhanced
significantly after each detrapping phase. The evolution of
the subthreshold current with cumulative detrapping time is
plotted on a log-log scale in Fig. 4. Because interface traps
have time-constants several orders shorter than those of oxide
traps, the observed transient on a time scale of tens of seconds
is certainly due to oxide trap discharging. The stress induced
subthreshold current transient follows approximately a straight
line in Fig. 4. This observed characteristic agrees with (12) and
confirms that oxide charge detrapping is through a trapezoidal
barrier at the present detrapping gate bias. The power factor

in Fig. 4 is about 0.55. By using
[16], eV [17], the extracted oxide charge volumetric
density is about /cm .

B. Field and Temperature Effects

To analyze the field effect on oxide charge detrapping, the
gate bias in the detrapping phase is adjusted from4 V to

7 V in Fig. 5. The measured device was F–N stressed for
2000 s. As the negative gate bias (or oxide field) increases in
Fig. 5, the time needed for the current to reach the same level
becomes shorter. In other words, the effective detrapping time
is a decreasing function of an oxide field. Such field depen-
dence also provides evidence that field enhanced tunneling is
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Fig. 5. Oxide charge detrapping induced subthreshold current transients in
a F–N stressed device with various detrapping gate biases. The stress time is
2000 s. The measurement biases areVgs = 1:65 V andVds = 0:1 V.

Fig. 6. Subthreshold current transients measured atT = 290 K and
T = 350 K. The device was F–N stressed atT = 350 K for 2000 s.
The symbols are the measured data points.

a major mechanism in oxide charge detrapping. With respect
to the temperature effect, the subthreshold current transients
at two different temperatures K and K were
measured in Fig. 6. The same detrapping gate bias V
was applied. The slope of the measured transients is inversely
proportional to temperature, as shown in (12).

C. Lateral Profiling of Oxide Traps

Lateral profiling of the stress generated oxide traps in
the channel is achieved by varying the drain bias in the
measurement phase. As the drain bias increases, the drain
depletion region gradually extends from the drain edge toward
the source. Fig. 7 shows the measured transients in a HE
stressed n-MOSFET at various drain biases. Due to the nature
of localized trap generation by the HE stress, the oxide trap
induced transient diminishes as the drain depletion extends
over the entire trap region. Fig. 8 shows the lateral distribu-
tions of oxide charge at different stress times. In the figure,
the escaping oxide charge density in the measurement period
is calculated from (7). The relationship between an applied
drain bias and the width of the drain depletion region is
estimated from an analytical model in [18]. As a first-order
approximation, the drain induced barrier lowering (DIBL)

Fig. 7. Subthreshold current transients withVds = 0:1 V, 2:0 V, and3:5 V
in the measurement phase. The device was HE stressed for 104 s.

Fig. 8. Lateral profiling of the escaping oxide charge density in the mea-
surement period.q is the elementary charge. The detrapping condition is
Vgs = �7 V for 300 s. The stress times are 102 s, 103 s, and 104 s,
respectively.

Fig. 9. Comparison of the HE stress, HH stress and F–N stress induced
subthreshold current transients atVds = 0:1 V and 3:5 V. The sequence
of the transient magnitude is HH> HE > F–N at Vds = 0:1 V and
F–N > HE > HH at Vds = 3:5 V. The stress time is104 s for the HE
stress, 300 s for the HH stress and 400 s for the F–N stress.

effect [19] was neglected in the calculation of the oxide charge
density.

The subthreshold transients by the F–N stress, HE stress and
HH stress are compared and are shown in Fig. 9. Before the
transient measurement, all of the stressed devices were subject
to the substrate hot electron injection for oxide trap filling.
Therefore, only the acceptor-like oxide traps are measured for
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Fig. 10. Lateral profiling of the HE stress, HH stress and F–N stress created
electron trap distributions.q is the elementary charge.

the donor-like oxide traps are not charged when filled with
electrons. In the figure, the F–N stress transients at
V and V are identical. Among the three stresses the
HH stress transient shows a largest magnitude at V
and a smallest magnitude at V. This result implies
that the HH stress generated oxide traps have a largest density
whereas their spatial distribution in the channel is narrowest
as compared to the other two stresses (Fig. 10). There are
two reasons for the feature in Fig. 10; First, the lateral field
distribution in the channel is more restricted in the HH stress
than in the HE stress from a two-dimensional simulation,
which consequently gives rise to a narrower oxide trap region
in the channel. Second, the hole injection has a higher energy
threshold than the electron injection because of a larger
Si/SiO interface barrier for holes. In addition, Fig. 9 reveals
that the two hot carrier stress induced transients at
V exhibit a crossover around s. The crossover can
be realized due to a smaller effective detrapping time of the
HH stress generated oxide traps. Our result is consistent with
the findings by Weberet al. that the hole stress induced
electron traps are located closer to the Si/SiOsurface [20]
and thus the HH stress induced traps have a shorter detrapping
time-constant. Moreover, a strong nonlinearity is observed in
the HH stress transient in Fig. 9. This characteristic can be
possibly explained by a strongly nonuniform oxide charge dis-
tribution in the vertical direction caused by the HH stress [20].

D. Coexistence of Interface Traps and Oxide Traps

The feasibility of using this oxide trap technique in the
presence of interface traps is examined. Two hot electron stress
methods are utilized, maximum stress and maximum
stress. It was reported that the traps created by the maximum
stress are mostly oxide traps while interface trap generation is
dominant by the maximum stress [21]. Fig. 11 shows the

– characteristics in three test devices, (a) a fresh device,
(b) a maximum stressed device, and (c) a maximum
then maximum stressed device. Interface trap generation
is evidenced by the degradation of the subthreshold slope after
the maximum stress. The corresponding subthreshold
transients in the three devices are plotted in Fig. 12. The
device (c) shows a less pronounced transient effect than the
device (b) due to a degraded subthreshold slope. Although the

Fig. 11. TheIds–Vgs subthreshold current characteristics in three test de-
vices. Isub stress:Vgs = 2:5 V and Vds = 5 V for 5000 s. Ig stress:
Vgs = 6:5 V and Vds = 5 V for 104 s.

Fig. 12. Oxide charge detrapping induced subthreshold current transients in
the three test devices.

Fig. 13. Measured oxide trap distributions in the max.Ig stressed device
and in the max.Ig and then max.Isub stressed device.

transient magnitudes in the devices (b) and (c) are different,
the extracted oxide trap densities and distributions in the two
devices agree with each other reasonably well in Fig. 13.
In other words, the oxide trap characterization result by this
technique is not affected by the existence of interface traps.

IV. CONCLUSION

We have proposed a transient oxide trap characterization
technique. This technique is found to be extremely sensitive
to oxide charge variation. By taking advantage of the time-
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constant separation between interface traps and oxide traps,
this transient technique allows the oxide trap characterization
separately in the presence of interface traps. The obtained time-
dependence of a subthreshold current transient confirms that
oxide charge detrapping is through a trapezoidal barrier tunnel-
ing. Oxide charge creation under various stress conditions has
been studied. As compared to the HE stress and the F–N stress,
the HH stress generated oxide charges can be characterized
by a shorter effective detrapping time-constant and a more
restricted spatial distribution in the channel.
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