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Research into charge pumping method technique for hot-carrier
degradation measurement of LDMOS∗
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Abstract: A measuring technique based on the CP (charge pumping) method for hot-carrier degradation measure-
ment of high voltage N-LDMOS is researched in depth. The impact of the special configuration on the CP spectrum
and the gate voltage pulse frequency range which is suitable for high voltage N-LDMOS in CP measurements is
investigated in detail. At the same time, the impacts of different reverse voltage applied on the source and drain
electrodes and of the gate pulse shape on the CP curve change in N-LDMOS are also proposed and analyzed. The
conclusions give guidance on measuring the density of interface states with experimental instructions and offer
theoretic instructions for analyzing CP curves in high voltage N-LDMOS more accurately.
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1. Introduction

Among the large variety of semiconductor devices ad-
dressed to power applications, lateral double diffused MOS
(LDMOS) transistors have been widely used as power
switches in the monolithic integration arena. Nevertheless,
LDMOS devices usually work under high temperature, high
voltage and high power conditions; consequently, they suffer
considerably from hot-carrier effects (HCE), and hot-carrier
degradation of LDMOS devices has become an important re-
liability issue in power integrated circuits[1−4]. In order to im-
prove the understanding of the physical mechanism resulting
in hot-carrier degradation, there is a great need for experimen-
tal results of variations in Si–SiO2 interface state density and
distribution under the gate of the device.

CP (charge pumping) technology is currently the most
reliable and effective method in numerous technologies for
measuring the degradation caused by hot-carrier effects. Groe-
seneken et al. successfully gave a charge pumping current
expression for MOS devices, which can reflect the average
Si–SiO2 interface state density indirectly[5]. Zhang et al. intro-
duced three measuring modes for the CP technique[6], which
will be illustrated in the following section. Chen et al. pre-
sented a new CP method to measure lateral profiling of oxide
charge and interface traps near MOSFET junctions[7]. It is ob-
vious that the CP method has been used in a great deal of work
on hot-carrier effect investigation in MOS devices; neverthe-
less, detailed research into the application of the CP method in
high voltage LDMOS devices has not been reported.

In this paper, the differences between the CP curves of
N-LDMOS and LV-MOS and the special configuration influ-
ences on the CP spectrum are discussed. After that, the gate
voltage pulse frequency range which is suitable for high volt-

age N-LDMOS in CP measurements is presented, and the in-
fluence of gate pulse shape on CP spectra is also discussed. Fi-
nally, the relationships between the CP measuring results of N-
LDMOS and the reverse voltage stresses on source and drain
are revealed. These conclusions give guidance on measuring
the density of interface states with experimental instructions
and offer theoretic instructions for analyzing CP curves in high
voltage N-LDMOS more precisely.

2. Device and measurement description

A cross-section of the device which is used to undertake
CP measurement is illustrated in Fig. 1. Two kinds of devices
(types A and B) with different configurations are adopted in
the experiments. The main geometrical and technological pa-
rameters are listed in Table 1.

In this paper, related measurements are operated by a
Keithley 4200. Figure 2 shows the experimental facilities of
CP measurement for an investigated N-LDMOS in this paper,
and three measuring modes for the CP technique can be seen in
Fig. 3. There are no obvious differences between the measured
results for the three measuring modes. Mode B is selected in
all of the following experiments.

Fig. 1. Schematic cross-section and components of the devices stud-
ied in this paper.
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Table 1. Main geometrical parameters of devices A and B.

Parameter Symbol
Value

Type A Type B

Channel length (µm) Lch 3 1.5
Accumulation region length (µm) Lac 1.5 0.5
Effective drift region length (µm) Ldrift 8 8
Poly overlap field oxide (µm) Lp 4 4
Drain and source length (µm) Ld, Ls 3 3

Fig. 2. Experimental facilities of CP measurement for an N-LDMOS
device.

Fig. 3. Schematic diagram of three measuring modes for the CP tech-
nique. Mode A: keeping the pulse base level in accumulation and
pulsing the top into inversion while increasing the voltage amplitude.
Mode B: varying the pulse base level from accumulation to inversion
while keeping the amplitude of the pulse constant. Mode C: keeping
the pulse base level in inversion and pulsing the top into accumulation
while increasing the voltage amplitude.

3. Measurements and discussion

3.1. CP measurement comparisons for high voltage N-
LDMOS and LV-NMOS (device A is selected to en-
hance the impact on the configuration of N-LDMOS)

Figure 4 displays the CP curves under mode B before and
after a stress time of 104 s at Vgs = –15 V and Vds = 0 V for
a LV-NMOS and a high voltage N-LDMOS respectively. As
clearly shown: (1) The CP curve shape of the unstressed high
voltage N-LDMOS is basically the same as the one for the
unstressed NMOS, but the peak values of CP current and the
horizontal positions of the curves are different from each other.
The difference of the peak CP current is due to the inequal-
ity of the Si–SiO2 interface state quantity and the difference
of Vth and Vfb in the two devices is responsible for the shift

Fig. 4. Measured CP spectra for a LV-NMOS and a high voltage N-
LDMOS.

Fig. 5. Configuration difference illustration of N-LDMOS and LV-
nMOS.

of the horizontal points of the curves. (2) The shapes of un-
stressed and stressed NMOS are essentially identical; however,
the peak values of CP current are different, but the reasons
for this are discrepant. It can be concluded that new interface
states have been generated during the stressed process, which
will contribute to the total CP current, increasing the CP cur-
rent. Furthermore, positive oxide charge may occur in the ac-
cumulation at that moment, thereby making Vth and Vfb shift
towards the negative direction of the x axis; consequently, the
CP curve of the stressed NMOS will shift in the same direc-
tion too. (3) It is very obvious that the curve of the stressed N-
LDMOS is different from the other three curves, having two
steps. However, the reasons for the changes of the peak CP
current and the curve’s horizontal position in the stressed high
voltage N-LDMOS are the same as in (2). The cause for the ap-
pearance of two steps in the curve of the stressed N-LDMOS
will be explained in the following paragraphs.

Hot-carrier degradation is not very serious in the un-
stressed N-LDMOS, so the Si–SiO2 interface state quantity
under the gate of the device is finite, which limits the influ-
ence on the CP curve from the N-LDMOS configuration; the
CP curve shape of the unstressed N-LDMOS is therefore ba-
sically similar to that of the unstressed LV-NMOS. However,
once stressed, there are so many interface states generated un-
der the gate that the influence from the configuration of N-
LDMOS cannot be ignored. As shown in Fig. 5, the gate region
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Fig. 6. Perpendicular electric field along the Si–SiO2 interface of the
studied N-LDMOS devices at Vgs = –15 V and Vds = 0 V.

in N-LDMOS consists of two parts: one is the P channel re-
gion (I), and the other is the N accumulation region (II), which
are both pumped in CP measurement. Figure 5 also shows that
Vth, Vfb in the two regions are different, and region I begins
to invert at electron concentration n = 1014 cm−3 but accumu-
lates at hole concentration p = 1014 cm−3, while the region II
begins to invert at hole concentration p = 1014 cm−3 but accu-
mulates at electron concentration n = 1014 cm−3, as defined in
the figure.

If the measurement is operated under mode B, when the
top of the gate pulse reaches Vth of region II, CP current be-
gins to increase, but the current is only contributed by region
II. However, if the pulse top exceeds Vfb of region I, both re-
gions will be pumped, and thus the left step appears. When
the pulse top arrives at Vth of region I but the pulse base does
not exceed Vth of region II, the CP current begins to saturate.
If the pulse base exceeds Vth of region II, the CP current will
decline, and the current from region II becomes smaller and
smaller. Finally, the CP current will be taken on by region I,
and the right step appears[8].

It is very interesting that, according to the report of
Cheng et al.[9], the CP current for N-LDMOS is contributed
by three regions, with the field oxide region also included. It
seems likely that the CP curve for the stressed N-LDMOS in
our experiment should have three steps, but only two steps can
be investigated in this paper. The reason for this can be ex-
plained as follows: from the CP curve of fresh N-LDMOS in
Fig. 4, it can be concluded that the interface state quantity in
the accumulation and field oxide regions is very small for the
investigated fresh N-LDMOS due to the disappearance of the
steps. However, the simulation results in Figure 6 show the
perpendicular electric field along the Si–SiO2 interface of the
stressed N-LDMOS device: it is obvious that the perpendicu-
lar electric field in the field oxide region (from 7.5 to 11.5 µm)
is much smaller than the one in the channel and accumula-
tion regions, which implies that impact ionization generation
along the Si–SiO2 interface is mainly located in the channel
and accumulation regions during stress; this is in agreement
with the result from the report of Cheng et al.[9]. That is to say
that no new interface states and positive oxide charge will be

Fig. 7. CP measurement results with different pulse shapes for the
same device.

generated in the field oxide region during the whole stress;
consequently, the interface state quantity in the field oxide re-
gion is always very small before or after stress, and the third
step cannot be seen in our experiment.

3.2. Influence of gate pulse shape on CP spectra of LDMOS
(device A is selected)

Figure 7 shows CP measurement results with different
pulse shapes for the same device. From Fig. 7, a strong depen-
dence of the CP current on the shape of the applied gate pulse
is observed, which is illustrated under mode B, and the tested
device is unstressed. It is obvious that the peak value of CP
current tested with square pulses is greater than the one with
saw-tooth pulses, which implies gate stress with square pulses
is recommended in CP measurement of N-LDMOS. This phe-
nomenon can be explained by a geometric component, consist-
ing of free minority carriers which do not have enough time to
flow back to source and drain, recombining with majority car-
riers. Therefore, they will also contribute to the CP current. It
is believed that when saw-tooth pulses are used, this compo-
nent could be eliminated because of the longer time available
for the mobile carriers to reach source and drain when driving
the surface back towards accumulation state.

3.3. Determination of pulse frequency range for high volt-
age N-LDMOS (device B is selected)

In Fig. 8, the gate pulse frequency dependence of the
peak value of CP current is shown; it is obvious that the peak
value of CP current is not always proportional to the gate volt-
age pulse frequency. Hence, the range of gate voltage pulse
frequency which is applied in CP measurement for high volt-
age N-LDMOS needs to be selected correctly in order to get
an accurate result. From the figure, it can be concluded that the
proper pulse frequency range for N-LDMOS is 104–107 Hz, in
which the result is proportional to the gate voltage pulse fre-
quency. If the frequency is less than 104 Hz or greater than 107

Hz, the result always fluctuates, which will influence the accu-
racy of CP measurement. The reasons for this are explained
as follows: (1) When the frequency is less than 104 Hz, the
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Fig. 8. Peak value of CP current as a function of stress frequency.

effect of 1/ f noise must be considered, and the contribution
to CP current by the slow interface state cannot be ignored.
(2) When the frequency exceeds 107 Hz, few inversion and
accumulation charges can form during the sweep, and the ge-
ometric component has to be taken into consideration; at the
same time, high frequency noise can also not be overlooked.

3.4. Relationship between the CP curve and the increasing
reverse voltage for N-LDMOS (device B is selected)

In order to research the Si–SiO2 interface state distribu-
tion along the channel, reverse voltages are often stressed on
source and drain to bring depletion regions on both sides of
the channel during CP measurement, which could shield the
partial channel. In Fig. 9 the CP curves of the unstressed high
voltage NLDMOS are plotted at different reverse voltages (Vr

= 0, 0.5, 1.0 V), while the gate pulses are kept at the same
changing conditions. Due to the length of accumulation re-
gion (Lac = 0.5 µm), which is much shorter than the channel
region (Lch = 1.5 µm), and the fresh condition of the device,
the influence from the accumulation region can be neglected.
As clearly shown: (1) The CP current decreases as the reverse
voltage increases. (2) The Vbase value where CP current just
reaches saturation shifts towards to the positive direction of
the x axis when the reverse voltage increases, while the Vbase

value where CP current just exits saturation basically remains
consistent. (3) The greater the reverse voltage at source and
drain is, the larger the CP current will be at high Vbase. Ac-
cording to Guido Groeseneken’s research[5], the emission time
supported for the electrons or holes which are trapped in inter-
face states is given by Eq. (1).

tem, e/h =
|Vfb − Vth|
|∆VG|

tf, r, (1)

where tem, e/h is the emission time supported for the electrons
or holes, Vth, Vfb are the threshold and flatband voltages, re-
spectively, ∆VG is the amplitude of the gate pulse, and tr and
tf are the rise and fall times of the gate pulse.

When the reverse voltage increases, |Vfb − Vth| will also
increase due to the body effect, resulting in increase of the
emission time supported for the trapped electrons or holes,

Fig. 9. Comparison of CP curves with different reverse voltages (Vr

= 0, 0.5, 1.0 V) for N-LDMOS.

which means that more electrons or holes can escape from
the traps. Consequently, the quantity of recombined electrons
or holes decreases, and then CP current decreases. Similarly,
because of the increase of the threshold voltage Vth, the CP
current needs a greater Vbase to reach saturation; however, the
flatband voltage Vfb is kept constant when the reverse voltage
increases, so the Vbase value where CP current just exits satura-
tion basically remains consistent. At the same time, as a result
of the increase of Vth, the CP current needs a greater Vbase to
return to zero; therefore, the greater the reverse voltage is, the
larger the CP current will be at high Vbase, as can be observed
in Fig. 9.

4. Conclusions

A measuring technique based on the CP method for high
voltage N-LDMOS is developed in this work. The following
items are investigated in detail: (1) The influences of the spe-
cial configuration of high voltage N-LDMOS on CP measur-
ing results, and the reason for the appearance of two steps in
the CP curve of stressed N-LDMOS. (2) The influence of gate
pulse shape on CP spectra and gate stress with square pulses
is recommended in CP measurement of N-LDMOS. (3) The
gate voltage pulse frequency range which is suitable for high
voltage N-LDMOS in CP measurement is presented and our
result is that the range needs to be set between 104 and 107

Hz. (4) The relationships between the CP measuring results
of N-LDMOS and the reverse voltages applied at source and
drain are revealed and explained.

These studies and conclusions not only give guidance on
measuring the density of interface states with experimental in-
structions, but also offer theoretic instructions for analyzing
CP curves in high voltage N-LDMOS more accurately.
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