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A New Charge-Pumping Technique for Profiling
the Interface-States and Oxide-Trapped Charges in

MOSFET’s
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Abstract—A new charge-pumping method has been developed
to characterize the hot-carrier induced local damages. By holding
the rising and falling slopes of the gate pulse constant and then
varying the high-level ( GH) and base-level( GL) voltages, the
lateral distribution of interface-states( it( )) and oxide-trapped
charges( ox( )) can be profiled. The experimental results show
that during extracting ox( ) after hot-carrier stress, a contra-
dictory result occurs between the extraction methods by varing the
high-level( GH) and base-level( GL) voltages. As a result, some
modifications are made to eliminate the perturbation induced by
the generated interface-states after hot-carrier stress for extracting
ox( ).

Index Terms—Charge-pumping method, interface-states,
MOSFET, oxide-trapped charges.

I. INTRODUCTION

T HE charge-pumping technique has become a powerful tool
to quantitatively measure the energy and lateral distribu-

tion of interface-states and the oxide-trapped charges [1]–[5],
and has been utilized extensively to invesigate the hot carrier
degradation induced by localized interface-states and the oxide-
trapped charges [6], [7]. Some researchers [4], [8], [9] had as-
sumed that the initial interface-states of a fresh device were
uniformly distributed on the Si−SiO2 interface and the posi-
tion of the interface-states generated by hot-carried stress could
be easily extracted by some simple transformations. Actually,
the initial interface-states are not necessary to be uniformly dis-
tributed and hence these methods used to extract the damaged
position might not be correct. In some other papers [9], [10],
the “charge-neutralization” technique was used to compensate
the stress-induced oxide-trapped charges, in which carriers of
opposite polarity were injected into oxide layer to make the
damaged region neutralized (i.e. hot-electron injection for hole
traps and hot-hole injection for electron traps). It is extremely
difficult to inject hot-carriers into the gate oxide without gen-
erating extra interface-states. Therefore, the hot-carrier neutral-
ization process may introduce errors and the accuracy of this
technique is doubtful. In fact, it is well known that even no extra
interface-states are generated by the hot-carrier neutralization
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Fig. 1. Experimental setup of the charge-pumping measurement and the shape
of the gate pulse.

process, the injected carriers are not stable and would leak away
as time passed [11], [12]. Besides, charge-pumping measure-
ment is very time-consuming, there is no way to ensure that the
injected carriers would not leak away during charge-pumping
measurement.

In this paper, a new charge-pumping technique for profiling
both interface-states and oxide-trapped charges is presented,
and some unreasonable assumptions are removed.

II. BASIC PRINCIPLE

In this section, the basic principle of the charge-pumping
technique is described, some questionable assumptions are dis-
cussed, and the methods for further improvement are then made.
The experimental setup for charge-pumping current measure-
ment is shown in Fig. 1, where the gate pulse is provided by a
HP 8110A pulse generator, and a HP 4145B parameter analyzer
is used to monitor the charge-pumping current. In this work,
the source/drain and substrate electrodes are always grounded
to prevent any undesirable stress caused by measurement.

The charge-pumping current contributed by a local area can
be written as

(1)

where is the channel width, is the gate pulse frequency;,
is the local interface-state density per area, and the
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Fig. 2. Illustration of the given gate-pulse voltage versus effective charge-pumping area for (a) base-level(V ) and (b) high-level(V ).

integration range from zero to gives the lateral length that
can contribute to the charge-pumpint current. Note that only
the region where the surface potential can fully swing from
accumulation to inversion would provide the charge-pumping
current. Based on this fact, the interface-states and the
oxide-trapped charges on the Si−SiO2 interface can be profiled.

The basic principle is described as follows. As shown in
Fig. 2(a), the pulse generator gives a series of pulses with the
base-level fixed at and high-level starting from a
value slightly larger than to a fixed high-level to ensure
that the charge-pumping current can reach its saturated value.
After this step, the charge-pumping current attributed by the
region between and can be measured. The result of

is shown in Fig. 3. Again, a series of pulses with
the base-level fixed at which is slightly larger than
is generated, then the charge-pumping current attributed by
the region between and can be measured. The result of

is also shown in Fig. 3. Note that the differ-
ence used to extract the interface-states and the oxide-trapped
charges should not be too small, otherwise the noise induced
by the measurement error will be serious. On the other hand,
if the difference is large, the profiling resolution of
interface-states and oxide-trapped charges will decrease. The
difference between and is shown in

Fig. 3. Two charge-pumping currents with different base-levels and the
difference between them.

Fig. 3, which is the charge-pumping current provided by the
small region between and . behaves
like a standard charge-pumping curve, which consists of a
rising edge and a saturation region with the saturation value
equal to . If the interface-states were generated after
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Fig. 4. Pre-stress and post-stress charge-pumping currents inside a small area
defined by two different base-levels.

hot-carrier stress, the saturation level of would
increase because there are more interface-states to produce
the charge-pumping current. If the oxide-trapped charges were
generated by hot-carrier stress, the rising edge of
would shift parallelly because the local threshold-voltage is
changed by the oxide-trapped charges. If the polarity of the
trapped charges is negative, the curve would shift to right
because the local threshold-voltage increases. If the polarity
of the oxide-trapped charges is positive, the curve would shift
to left because the local threshold-voltage decreases. The
half-maximum value of is chosen to be the reference
point to measure the shift quantity [13], as shown
in Fig. 4. Different base-levels of are related to different
ranges where the potential can be biased into accumulation
as the gate pulse stays low. This range is simulated by a
two-dimensional (2–D) device simulator with a critical surface
hole concentration

if in accumulation

if not in accumulation
(2)

where is the local hole concentration on the sil-
icon surface. By comparing before and after stress,
the total interface-states and the stress-induced oxide-trapped
charges can be extracted by the following two equations:

(3)

and

(4)

where

(5)

Similarly, the interface-states and the oxide-trapped charges
can also be extracted by measuring the curves

Fig. 5. Two charge-pumping currents with different high-levels and the
difference between them.

Fig. 6. Pre-stress and post-stress charge-pumping current inside a small area
defined by two different high-levels.

under different high-levels of , as shown in Fig. 2(b). The
typical and curves are shown
in Fig. 5. It should be noted that during the measurement, the

used should be smaller than the threshold-voltage so that
the measured is mainly contributed by the re-
gion near or inside the gate and drain overlapped area. Further-
more, the curves and (the voltage
shift related to half-maximum value of after stress) con-
tributed by a local area near the drain junction from the differ-
ence of two curves measured at different
levels can be obtained, as shown in Fig. 6. It should be noted
that the after stress slightly falls in lower , because
the charge-pumping current difference contributed
by a small area defined by two voltage levels of is very
small (∼ pA/MHz) even after stress and should be sensitive to
the noise during measurement. Therefore, some measurement
errors due to noise would result in a slight deviation from its
saturated value. The rising edge of will shift to left for
hole-traps and to right for electron-traps due to the change of
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local flat-band voltage. Note that different levels are re-
lated to different ranges where the potential can be biased into
inversion as the gate pulse stays high. This range can also be
simulated by a 2–D device simulator with a critical surface elec-
tron concentration

if in inversion

if not in inversion
(6)

where is the local electron concentration on the sil-
icon surface. Also, the generated interface-states and the oxide-
trapped charges should be written as

(7)

and

(8)

where

(9)

In theory, both the magnitude and the position of and
should be the same if and are correctly extracted

while and would not be identical because the rising
edge of both and curves would
be perturbed by the generated interface-states after hot-carrier
stress; that is, in (4) is underestimated for electron-traps and
overestimated for hole-traps, and in (8) is overestimated
for electron-traps and underestimated for hole-traps. Hence, the
more reasonable method to extract the oxide-trapped charges
should be modified and is described as follows.

and in (4) and (8) can be written as

(10)

and

(11)

where is the shift value due to oxide-trapped charges,
which is positive for hole-trap and is negative for electron-trap;

is the absolute shift value due to generated interface-states
after stress; and the subscripts “fresh” and “stress” mean the
conditions before and after stress. Combining (10) and (11)
gives

(12)

Therefore, the oxide-trapped charges excluding the interfer-
ence caused by the generated interface-states should be written
as

(13)

During profiling the interface-states and the oxide-trapped
charges, the critical surface electron and hole concentrations
must be carefully defined, otherwise the position of extracted in-
terface-states and oxide-trapped charges may be incorrect. The

Fig. 7. I =f � V andI =f � V curves derived from the difference
of two devices with different mask channel lengths.

methods for extracting and are described in the next sec-
tion.

III. CRITICAL SURFACEELECTRON ANDHOLE CONCENTRATION

In our experiment, two devices with different mask lengths
are needed to extract critical surface electron and hole concen-
trations [13]. The mask lengths of the two devices are 1.0µm
and 0.8µm, respectively. To extract the critical hole concentra-
tion , the curve under a fixed high-level ,
which can make the entire channel inverted, is applied to the two
devices. These two devices are identical except the mask length
so that the charge-pumping current difference
of the two devices is mainly introduced by a small area inside
the mid-channel region and the charge-pumping current con-
tributed by the source/drain proximity effect can be ignored.
The of the two devices is shown in Fig. 7,
where corresponding to half-maximum of

is set to be the flat-band voltage of the mid-channel re-
gion. is then put into a two-dimensional device simu-
lator to simulate the surface hole concentraion. In our experi-
ment, the simulated value is /cm3 and hence we de-
fine /cm3. Similarly, a series of pulses with
a fixed base-level are applied to the two devices to ex-
tract with the same procedure, the is also
shown in Fig. 7, where corresponding to half-max-
imum of is set to be the threshold-voltage of
the mid-channel region. The simulated surface electron concen-
traion at is /cm3 and can be defined to be

/cm3.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Based on the aforementioned charge-pumping technique,
the interface-states and the oxide-trapped charges generated
by hot-carrier stress are measured. The test devices are LDD
n-MOSFET’s with the mask channel length of 0.8µm, the
channel width of 120µm and the oxide thickness of 110 Å,
the device structure parameters used in 2-D device simulation
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Fig. 8. Distribution of the cumulative interface-states with the stress condition:
V = 7 V andV = 7 V.

are extracted by accurately simulating the curent-voltage (I-V)
characteristics of the fresh device.

As described in Section II, the extraction procedures are sum-
marized as follows.

1) Measure the and curves under
various and conditions, respectively, then the

and curves can be obtained.
2) Extract and from the and

curves, respectively.
3) Extract and from the charge-pumping current differ-

ence and of the specified
two short-channel devices, respectively.

4) Extract according to (3) and (7), and ac-
cording to (12) and (13).

In our experiments, the curves are measured
with varying from−2.4 V to−0.4 V and the
curves are measured with varying from−0.1 V to−1.7 V,
and both the rising slope and the falling slope of the
gate pulse are fixed to ensure that the charge-pumping currents
are contributed by the same band-gap region. In our case, both

and of the gate pulse for measuring the
and curves are set to be 2 V/µs.

In this work, the stress condition of V and
V, which may generate band-to-band tunneling(BTBT)-induced
hot hole [14], [15], is taken for example. As shown in Fig. 8,
the magnitude and the position of interface-states are very
close for the extraction method under different base-levels
of and high-levels of , this confirms the correct-
ness of the extracted critical electron-surface concentration

and hole-surface concentration . It also shows that
the distribution of the interface-states for a fresh device is
not uniform, this result contradicts the basic assumption of
some previous papers [4], [8], [9]. Furthermore, as shown in
Fig. 9, under different high-levels of and

under different base-levels of are extracted,
where the values of become smaller as the stress
time incerases while the values of are nearly

Fig. 9. V andV extracted from�I =f�V and
�I =f � V curves, respectively.

Fig. 10. distribution of the cumulative oxide-trapped charges with the stress
condition:V = 7 V andV = �7 V.

invariant, this is contradictory if the hole-traps are generated
after the BTBT-induced hot-hole stress. As a result, we can say
that the extracted values of were perturbed by the
generated interface-states so that the values of do
not shift to a more negative value with cumulative stress time.
Hence, (12) should be used to modify the contradictory results
mentioned above and the extracted for different stress
times are shown in Fig. 10. Note that as the surface potential
under the gate/drain overlap region would be changed due to
the generated interface-traps and oxide-trapped charges, the
iteration process is necessary to obtain the accurate distribution,
as mentioned in our previous work [5]. It should be noted that
because the charge-pumping currents are very small for fresh
devices, and in (12) are generated
by 2-D numerical simulation instead of experimental results to
prevent the measurement errors caused by noise. From Figs. 8
and 10, the maximum position of generated interface-traps is
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inconsistent with that of oxide-trapped charges. The phenom-
enon is possible due to the fact that the generated electrons will
travel toward the gate edge and the generated interface-traps
are located near the gate edge; and the generated hole will
travel away from the gate edge and the generated oxide-trapped
charges are located away from the gate edge.

V. CONCLUSION

In this paper, the charge-pumping technique has been
successfully applied to the characterization of stressd LDD
n-MOSFET devices. In particular, a new method with mod-
ifying the existing extraction technique of oxide-trapped
charges is presented. By holding the rising and failing slopes
of the gate pulse constant and then varying the high-level and
base-level of the gate pulse, the smooth and

curves related to a localized area near or inside
the drain and gate overlapped region can be easily obtained,
and the interface-states and oxide-trapped charges related to
this area can be calculated at the same time. The experimental
results obtained from and
curves during the extraction of after hot-carrier stress
contradict to each other, and some unreasonable assumptions
are removed to eliminate the interference induced by the
generated interface-states after hot-carrier stress for extracting

.
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