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Ultra-Low Noise Defect Probing Instrument for
Defect Spectroscopy of MOS Transistors

Michael Waltl , Member, IEEE

Abstract—It is commonly accepted that the performance and
time-to-failure of modern semiconductor transistors are seriously
affected by single defects located in the insulator or at the insu-
lator/semiconductor interface. The impact of such single defects
on the device current ranges from several pico-ampere up to
hundreds of nano-ampere and their characterization poses a
major challenge for measurement instruments. However, for an
accurate description of the device behavior under operation, the
understanding of the physical mechanism behind single-charge
trapping is inevitable. For this a large variety of defects and
devices with different geometries have to be studied. However, the
impact of single defects on the device current rapidly decreases
with increasing effective gate area. Thus, suitable measurement
instruments have to provide a high current measurement res-
olution at a large signal-to-noise ratio (SNR) for monitoring
single charge transitions. To enable defect spectroscopy at a very
detailed level an ultra-low noise defect probing instrument (DPI)
is invented. The compact implementation and optional usage of
a lead battery supply unit for the DPI guarantees highest SNR
and also long-term stability over more than two years, which is
typically hard to achieve when instruments of different manufac-
turers are connected. Utilizing the DPI a measurement resolution
of a few micro-volts in terms of threshold voltage shift can
be achieved, which fairly outweighs the results obtained with
general-purpose instruments.

Index Terms—Reliability, transistor, defect spectroscopy, single
defects, bias temperature instabilities, 1/f noise, time-dependent
defect spectroscopy.

I. INTRODUCTION

S INCE several decades the performance and also the
geometry of integrated metal-oxide-semiconductor (MOS)

transistors have been continuously improved. This successful
development has led to the fact that electronic devices based
on the complementary MOS (CMOS) technology have become
indispensable in our everyday life. Despite these improve-
ments, however, all MOS transistors suffer from imperfec-
tions at the atomic level which can emerge as electrically
active sites, so-called defects [1], [2], [3]. These defects are
unavoidably introduced during device fabrication and occur at
interfaces between materials with different lattice constants,
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Fig. 1. A schematic showing a typical measurement facility for the defect
spectroscopy. To contact the devices and to provide a stable temperature, com-
mercial probe stations but also special custom-designed furnaces can be used.
The measurements are performed using source-measure-units (SMUs) which
are controlled by a personal computer (PC). An online uninterruptible power
supply (UPS) is highly recommended, especially to guarantee failure-safe long
term measurements, and also to stabilize the frequency of the main power con-
nection, which can improve measurement noise and makes the system more
reliable in harsh environments.

i.e., at the interface between the substrate and the insulator
(Si/SiO2). Especially disadvantageous in MOS transistors is
the fact that these defects can become charged and uncharged
during device operation at nominal bias conditions and so per-
turb the surface potential along the conducting channel. This
behavior gives rise to (i) a drift of threshold voltage �Vth
of the MOS transistors, (ii) reduction of the sub-threshold
slope, (iii) change of the carrier mobility, (iv) and also the
on-resistance can increase. These observations are in summary
commonly referred to as bias temperature instabilities (BTI).
However, not only BTI, but also stress induced leakage cur-
rents [4], [5] where an increase of the gate current is observed,
and hot-carrier-degradation [6], [7] which seriously lowers the
channel mobility due to creation of interface defects affect the
MOS transistor’s performance.

A. General Measurement Considerations

To study the impact of charge trapping on the overall device
behavior dedicated semiconductor device test stations, as visi-
ble in Figure 1, are used and several measurement techniques
are applied for device characterization. In addition to classical
ID(VG) and C(V) experiments, DCIV [8], [9], [10], measure-
stress-measure (MSM) [11], extended MSM [12], [13] and
charge pumping [14] measurements have been extensively
used in the past. Lots of efforts have also been put into the
development of new methods like an on-the-fly technique [15],
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Fig. 2. When the geometry of MOS transistors becomes reduced towards nanoscale devices the number of active defects is also significantly reduced, but at the
same time the impact of a single defect on the device behavior gets more pronounced. This trend and the consequences for the transient recovery behavior after
NBTI stress has been applied is shown for pMOS devices with three different geometries, (top) W × L = 10µm × 10µm, (middle) W × L = 280nm × 120nm
and (bottom) W × L = 150nm × 120nm. Although nanoscale devices exhibit significantly large discrete steps arising from charge transitions of single defects
available highly optimized measurement tools are inevitable to study the wealth of defects determining the device behavior.

an analog gate bias control circuit [16], [17], but also into
the development of the time-dependent defect spectroscopy
(TDDS) [18], [19]. As the clock frequencies of circuits used
in central processing units or in radio frequency applications
are in the range of several gigahertz, special attention has
been recently put into the development of ultra-fast ID(VG)

techniques [20] but also high-speed C(V) measurements [21]
and the implementation of dedicated ring-oscillator based test
structures [22], [23] in order to study the impact of charge
trapping down to the nanosecond regime.

In general, as long as well-established measurement
sequences are applied, general-purpose instruments
(GPIs) [24], [25], [26], [27] can be used. However, to

compensate for missing features and circumvent various
limitations of commercial setups custom-made solutions
mostly extended with GPIs (digital storage oscilloscopes,
programmable pulse units, lock-in amplifiers, etc.) are more
often used [15], [17], [20], [28], [29], [30], [31], [32].

B. Requirements for Defect Spectroscopy

The requirements for the measurement tools and methods
change with ongoing enhancement of MOS transistors, and
especially with scaling of the device geometries. While in
large-area transistors the cumulative response of many defects
can be observed as continuous drift of the device threshold
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Fig. 3. The limit of the measurement resolution �ID for discrete transi-
tions in the drain current, i.e., single charge capture and emission events,
extracted from single defect studies is shown. For the studies single devices,
but also dedicated array structures, have been used. To record the current either
custom-designed solutions (squares) or general-purpose instruments (GPIs,
diamonds) have been used. In the literature either the value for �ID is avail-
able directly (blue symbols), or has been converted from a given equivalent
threshold voltage shift �Vth (green symbols), or has been given in terms of
�ID/ID (red symbols). It has to be mentioned that �ID depends on the cur-
rent range of the SMU and also on the sampling rate, i.e., signal bandwidth.
Thus, a general comparison is difficult, but the trend clearly shows that high-
est resolutions are obtained from custom-based solutions. Also highlighted is
the measurement limit of �ID=5 nA which is a reasonable approximation for
the limit of GPIs and is used to benchmark the DPI presented in this work.

voltage �Vth, discrete steps in the drain current are observed
in scaled transistors, which are a consequence of single charge
transitions, see Figure 2. Thus, by using nanoscale devices
the charge trapping kinetics of individual defects can be stud-
ied, which is essential for physical modeling of their bias
and temperature dependence. But the characterization of such
discrete transitions poses a formidable challenge for the exper-
imental tools in terms of measurement resolution and also
measurement noise.

In the recent past several groups investigated charge trap-
ping at the single defect level using nMOS and pMOS devices
employing SiO2, SiON or high-k gate stacks, see Figure 3. For
their studies custom-made measurement setups or GPIs have
been used. The achievable measurement resolution for discrete
transitions in the drain current �ID, as shown in Figure 3,
reveals that the highest resolution can be typically achieved
when dedicated custom-based solutions are used. It has to
be noted that the minimum �ID for a specified measurement
series from Figure 3 strongly depends on the overall noise in
the drain current, which is determined by the sampling rate
and bandwidth of the source-measure-unit (SMU), but also
by the trap density of the investigated devices. Furthermore,
the mean of the device current determines the required cur-
rent range of the SMU, and thus also affects the achieved
measurement precision of �ID.

As the impact of a certain defect scales inversely with the
effective gate area, an ultra-high �ID resolution would enable
to characterize single charge trapping for a large variety of
device geometries for different technologies. For this purpose,
a new defect probing instrument (DPI) is invented and applied
for defect spectroscopy in MOS transistors.

II. DEFECT CHARACTERIZATION IN TRANSISTORS

The defects prevalent in semiconductor transistors can be
generally grouped into interface states and oxide defects,
depending whether they are directly at the Si/SiO2 interface
or in the insulator (SiO2, SiON or high-k). Each of the defects
can become repeatedly charged and uncharged during device
operation. For the purpose of defect spectroscopy employ-
ing MSM sequences defects are deliberately charged during
the stress phase, i.e., phase at high gate bias, and can emit
their charge during the subsequent recovery phase, when typi-
cally a low gate bias is applied. Each of the charge transitions
occurring for each of the single defects perturbs the surface
potential along the conducting channel, and can so modulate
the drain-source current IDS through the device. As large-area
devices exhibit high defect densities many of such defects
will change their charge state during a single MSM sequence.
However, in large-area devices the impact of each single defect
on the overall current flux is very low, and thus only the aver-
age response of many defects can be measured, as visible in
Figure 2 (top). A groundbreaking progress in understanding
the intricate behavior of the charge trapping kinetics of each
of the defects has been made by investigating random tele-
graph noise (RTN) [53] and later TDDS [17], [54] employing
nanoscale devices. Both methods take advantage of the scal-
ing of MOS structures. With lowering of the device feature
size, the impact of a single defect on the device behavior
becomes more and more pronounced, see Figure 2 (middle)
and (bottom). In such nanoscale devices the single charge
transitions are visible as discrete steps in the drain-source cur-
rent, which can be analyzed. Detailed single defect studies
have revealed that the underlying defect physics is anything
but trivial, as the defects can show intricate and surprising
bias dependencies (switching traps versus fixed traps), can
transform from one configuration into another (neutral, sta-
ble or meta-stable), and can even be randomly deactivated
and reactivated over time [18], [55], [56]. Also the impact
of each single defect on the device current is not always the
same, but strongly depends on the location of the defect with
respect to the conducting channel. As a consequence, the accu-
rate description of the defects’ impact on device performance
requires physical based trapping models, like the non-radiative
multiphonon model [19], in combination with statistical mod-
els describing distributions of defects, as for instance the
cumulative distribution function (CDF) of step heights [49]

1 − CDF

#devices
=

∑
i
NTi exp

(
−�IDS

ηi

)
(1)

with NTi the average number of defects producing an aver-
age shift ηi of the drain-source current by a single charge
transition. To create the complementary CDF the step height
of the single charge transitions from Figure 2 (bottom) are
expressed either directly in terms of currents shifts, or in terms
of by equivalent shifts of the threshold voltage using ID(VG)

characteristics of pristine devices, see Figure 4 [57], given by
�Vth = �IDS/gm(V r

G) with V r
G being the recovery bias applied

at the gate terminal of the transistor. With regard to the CDF,
a very high measurement resolution is important in order to
extract the step height distribution as accurately as possible for
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Fig. 4. The drift of the drain current �ID over time is regularly considered as
equivalent shift of the threshold voltage �Vth. To convert the current values
into an equivalent threshold voltage �Vth the ID(VG) characteristics of virgin
devices is typically used. The transconductance gm provides the conversion
factor between �Vth and IDS. As gm is not constant, the obtained values for
�Vth also strongly depend on the applied gate bias during the measurement.

a large variety of technologies. The high measurement reso-
lution is especially relevant for transistors with dimensions of
several hundreds of nanometers. Furthermore, due to the fact
that the step heights are exponentially distributed, a too coarse
measurement resolution would only enable to study a minority
of defects in detail, and thus many intricate features of their
charge trapping kinetics could not be resolved. However, the
latter is essential for verification and development of advanced
charge trapping models. To enable single-defect spectroscopy
with highest step height resolution at reasonable sampling
rates, the defect probing instrument (DPI) is proposed, and
its concept and features are discussed in the following.

III. DEFECT PROBING INSTRUMENT

In order to provide a measurement instrument which enables
full controllability of the experimental parameters, that are (i)
the output voltages and the corresponding switching behav-
ior between different voltage levels as well as (ii) different
data acquisition schemes for current monitoring and (iii) addi-
tional control outputs, all at lowest noise levels, the defect
probing instrument (DPI) has been invented. Initially designed
and optimized for single-defect spectroscopy in Si and wide
band-gap MOS transistors [58], [59], [60] the DPI also
allows characterization of large-area transistors using MSM
schemes [58], [61], [62], [63], [64] and C(V) characteris-
tics [65]. Furthermore, the DPI enables automated characteri-
zation of array structures [66], and also devices based on 2D
materials like MoS2 [67].

To ensure a high degree of flexibility for constantly evolv-
ing requirements, the DPI is based on a modular design
concept, see Figure 5. The main configuration of the DPI
consists of a three-channel pattern generator unit (PGU) to
provide programmable bias signals, one device connector unit
(DCU) which converts the device currents into an equivalent
voltage, and up to two data acquisition units (DAU) which
record the voltage signals provided by the DCU. All units
are synchronized employing a backpanel bus system, and can
be individually configured via USB connection. It has to be

Fig. 5. The defect probing instrument (DPI) is based on a modular design
concept and comprises pattern generator units (PGUs) which provide pro-
grammable output voltage signals, device connector units (DCUs) which
convert the device currents into an equivalent voltage signal and data acqui-
sition units (DAUs) to record voltage signals. All units are synchronized via
a shared parallel bus and can be further controlled directly by a measurement
host via USB interface.

Fig. 6. The schematic of the pattern generator unit (PGU) shows the three
parallel digital to analog converter (DAC) stages together with the correspond-
ing output filters and amplifiers. The digital control lines of the processor are
decoupled from the analog area. The processor itself is connected to a back-
bone bus system for data exchange with other modules and synchronization
purposes.

mentioned that a major advantage of the selected design con-
cept is that the individual units can be continuously improved
independently of each other to further improve the SNR and
measurement resolution. Also features like fast ID(VG) or fast
C(V) methods can be added to the system at reasonable efforts.

A. Pattern Generator Unit

The schematic of the pattern generator unit (PGU) is shown
in Figure 6. As indicated in the schematic, a fundamental
design strategy for the entire DPI is that the digital and analog
components are strictly electrically isolated from each other in
order to guarantee lowest noise in the analog signal paths.

The output signals of the PGU are controlled by an ARM
processor, which also provides the USB interface for commu-
nication with the measurement host. Furthermore, the proces-
sor is connected to an internal bus system to exchange control
information with other modules and to provide an exactly syn-
chronized timing behavior. When switching between defined
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Fig. 7. The analog input signal is passed to the input filter with or with-
out subtraction of a programmable offset voltage. A high precision analog
to digital converter stage converts the analog signal to a digital word and is
controlled by an electrically decoupled processor. Furthermore, the processor
unit provides programmable external digital control lines to control and syn-
chronize operations with external general-purpose instruments. Similar to the
PGU, for the communication with the measurement host a USB interface is
provided.

voltage levels the output voltage characteristics are of partic-
ular interest. On the one hand the switching transient has to
be as short as possible, while on the other hand any volt-
age overshoot has to be avoided, because the steeper the
switching transient becomes, the larger the corresponding volt-
age overshoot might be. To compensate for the detrimental
voltage overshoot, several techniques such as pole compen-
sation, gain compensation, lead and lead-lag compensation
are typically used in OPAMP circuits [68]. The compensated
switching transient of the PGU exhibits a smooth transition
between distinct bias levels with a rise time and fall time
of tr = tf ≈ 200 ]ns enabling a maximum output frequency
of fmax = 1MHz. To extend the applicability of the defect
spectroscopy employing the DPI to wide band-gap technolo-
gies like SiC and GaN the output bias range of the PGU can
be configured up to ±48 V .

B. Data Acquisition Unit

The data acquisition unit (DAU) records an analog input
voltage at a high sampling rate of up to fs,max = 1MHz with
a resolution of Vres ≈ 75µV. Before the analog input signal is
converted into a digital word it is filtered and pre-amplified,
as shown in Figure 7.

Both, the filter and the pre-amplifier stage, are carefully
calibrated to the input bandwidth of the analog to digital con-
verter stage in order to guarantee lowest noise and at the same
time take advantage of the high sampling frequency. Another
important feature of the DAU is the analog voltage level shifter
which can be directly applied to the input signal. This signif-
icantly extends the measurement range without any loss in
accuracy as it allows to shift the mean value of the input sig-
nal in order to remain within the bias ranges of the analog
to digital converter stage. This is particularly important for
single-defect spectroscopy where the currents during recovery
phase of the MSM sequences needs to be recorded at highest
accuracy over a wide gate bias range.

Fig. 8. The schematic of a typical transimpedance amplifier (TIA) circuit is
shown with capability to operate as source and measure unit when a bias at
VS is applied.

Fig. 9. The current converter unit (CCU) provides seven input current
ranges selectable using synchronized switches. Again, the analog and digital
components are electrically isolated.

Fig. 10. The current ranges of the current converter unit (CCU) are shown
together with the bandwidth of each channel. Towards smaller current res-
olution the bandwidth of the TIA also decreases. The light areas show the
theoretical bandwidth, i.e., 3dB bandwidth, while the dark areas provide the
bandwidth when 99.9% of the transient process when a current step function
is applied at the input has decayed. Also the typical single defect range for
pMOS transistors (W × L = 150nm × 120nm) from Figure 11 is shown.

C. Current Converter Unit

The current converter unit (CCU) is built around the tran-
simpedance amplifier (TIA), as shown in Figure 8. When
considering an ideal operational amplifier (OPAMP), i.e.,
the input bias currents and offset voltage of the OPAMP
is neglected, the absolute value of the current through the
selected feedback resistor is given by Vo/R. Thus, the OPAMP
adjusts its output voltage in order that the current through
the feedback loop equals the current through the transistor. A
source and measure unit can be obtained when a bias VS is
applied at the positive input of the OPAMP. Due to the virtual
ground pin, the same potential is then available at the source
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Fig. 11. (left) The emission events of 65 pMOS transistors (W × L = 150nm × 120nm) have been extracted from the recovery traces recorded after each
device has been stressed for ts = 1ks at Vs

G = −2.4V. To account for device-to-device variations of the Vth between seemingly identical transistors and to
ensure that each device recovers at the same oxide field, the recovery bias is selected according to the constant current criteria, i.e., Vr

G = VG(IDS = −500nA).
The single defect detection limit considered with �Ilim ≈ 5nA at a bandwidth of at least 1kHz is highlighted in red. (right) The complementary CDF of step
heights follows an exponential characteristics. Using GPIs approximately only around 40% of defects can be measured compared to the presented DPI.

terminal of the transistor. The parallel capacitor placed in the
feedback loop determines the bandwidth of the TIA and is
used to increase the phase margin of the OPAMP.

As for the defect spectroscopy highest current measure-
ment resolution is required in order to resolve discrete current
transitions in the sub-pico-ampere regime the input leakage
currents and offset biases of the OPAMP are crucial param-
eters. To suppress leakage currents at its best OPAMPs with
FET inputs are preferably used within the CCU. To cover a
large current range several different gains, i.e., feedback resis-
tors, of the TIA are required. Each single gain defines one
of the seven single channels of the CCU, see Figure 9, and
are selected using mechanical relays. These are preferred to
integrated switches as the latter typically exhibit too large leak-
age currents. Additional hardware components are required to
remove the source bias VS from the output voltage signal of
the TIA, before a filter stage limits the signal bandwidth to the
maximum sampling frequency of the DAU. The corresponding
current ranges and the achieved maximum signal bandwidth
is shown in Figure 10.

IV. RESULTS

At the beginning the cumulative CDF of step heights of
mid-scaled transistors is measured employing the DPI. Then
the charge transitions are extracted from each recovery trace
and their distribution is evaluated. As will be demonstrated,
the single-defect spectroscopy requires high current measure-
ment resolution at reasonable bandwidth as otherwise only a
small fraction of the full distribution of step heights can be
measured. An important parameter of high-resolution measure-
ment instruments is the intrinsic noise of the system, which is
discussed next for the DPI. Finally the distribution functions
of different device geometries are discussed.

A. Extraction of Step Height Distribution Function

The charge transition events extracted from 65 nanoscale
pMOS transistors are shown in Figure 11 together with the
corresponding CDF. As can be seen the current measurement

resolution of the instruments is a crucial parameter as it deter-
mines the number of defects which can be accessed during the
measurement. The average detection limit for single charge
transitions using GPIs from Figure 3 is around �Ilim ≈ 5nA
at a sampling rate of at least 1kHz. Considering this limit
one can see that approximately two times more defects can
be clearly resolved with the new DPI compared to existing
instruments. The main drawbacks of the limited measurement
resolution are that

(i) In order verify defect models and to improve the accu-
racy of simulations and device lifetime calculations the
charge trapping kinetics of a large number single defects
have to be studied.

(ii) Furthermore, the individual defects reveal interesting
physical properties which are important for physical
modeling which one would otherwise not be able to
explore, and

(iii) As the step heights of the defects become smaller with
increasing channel area, the defect spectroscopy applied
with available instruments is limited to devices with
W × L < 200nm × 200nm only.

B. Intrinsic Noise of the Defect Probing Instrument

To analyze the intrinsic noise of the DPI the root-mean-
square (RMS) value of the measured current of each channel
is evaluated at different sampling rates. Therefore, a reference
resistor which equals the value of the gain of the TIA has been
connected to the input of the DCU and the bias is provided
by the PGU. As can be seen in Figure 12, the measurement
resolution gets significantly better with increasing integration
time. Thus, a trade-off between signal bandwidth and current
resolution has to be found. It has to be noted, that the observed
ultra-low intrinsic measurement noise allows to record the
data at higher sampling rates, which significantly reduces the
overall measurement time. For instance, to record the com-
plementary CDF of step heights from Figure 11 the recovery
traces of 65 devices have been recorded for tr = 1ks after each
of the devices has been stressed for ts = 1ks. One solution
to compensate a possible poor SNR could be to increase the
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Fig. 12. The high current resolution for the single channels of the DCU is
shown at different sampling rates. Each data point is the root-mean-square
(RMS) value of the current which has been measured by applying the voltage
signal provided by the PGU to a test resistor. The dashed lines provide the
resolution of the least significant bit of the ADC of the DAU. As can be seen,
with decreasing sampling rate, i.e., increasing integration time, smaller steps
can be resolved. In the background the complementary CDF of step heights
measured from pMOS transistors (W × L = 150nm×120nm) from Figure 11
is given.

gain of the current-to-voltage converter, which would inher-
ently lead to a decrease of the signal bandwidth. In order to
record the recovery traces for same number of decades in time
at lower bandwidth, the recovery time tr has to be increased.
An increase of the recovery time from tr = 1ks to tr = 10ks
would lead to a massive increase of the measurement time. In
this case the recording of a single complementary CDF would
take 65 · 9ks ≈ 7 days longer compared to the previous case.
Such an increase of the recovery time would make the TDDS
inapplicable as typically 100 stress/recovery sequences have
to be recorded to extract a single charge emission point at a
given stress/recovery bias and temperature.

The complementary CDF from Figure 11 is also shown in
the background Figure 12. As can be seen, for the selected
technology the DCU with gain G = 106 at a sampling
frequency of 100kHz enables to characterize more than 70%
of the defects for this kind of pMOS transistor. More accu-
rate measurement resolution is obtained by either reducing
the sampling frequency, i.e., increase the integration time for
a single data point, or select another channel of the DCU
with a larger gain. Alternatively, the DAU provides logarith-
mic sampling of the input signals. Thus the integration time
successively increases during the recording of a single recov-
ery trace. This enables on one hand to measure the fast charge
transition events in the microsecond range, but also enables to
measure at highest resolution at larger emission times.

C. Single-Defect Spectroscopy of Scaled Transistors

As mentioned before, the understanding of the charge trap-
ping kinetics and the physical influence of single defects on
the overall behavior of transistors is essential for accurate
performance analysis and time-to-failure predictions. However,
the average influence of a single defect on the current

Fig. 13. The cumulative CDF of step heights is shown for pMOS tran-
sistors of the same technology but with different geometries. As visible, the
distribution functions follow approximately an uniform distribution with a
tail at large step heights for each device geometry. The step height resolu-
tion achieved with GPIs is highlighted in red. For the smaller geometries the
observed step heights cannot be resolved with existing instruments anymore.

flow η decreases very strongly with increasing gate area,
see Figure 13. Thus, the characterization of single defects in
pMOS devices with a gate area exceeding A > 8×10−2(µm)2

is typically very difficult to achieve with existing measure-
ment solutions, as large integration times are required leading
to excessively long measurement times. However, the high
resolution of the DPI makes it possible to measure single
defects up to structures with at least A > 1.2(µ)2 (≈ 15 times
larger gate area) at sampling rates up to 1kHz. Even more out-
standing is the improvement in single defect characterization
which can be achieved for nMOS transistors. As the nMOS
technology exhibits an approximately ten times lower defect
density as its pMOS counterparts [69] only a few lucky defects
would be accessible with GPIs, as visible in Figure 13. This
can inevitably lead to a massive overestimation of the defect
distribution when a uni-modal complementary CDF is consid-
ered for statistical description. The large deviation between
the distribution measured due to limited measurement resolu-
tion and the one obtained with the DPI is very large, and
thus the step distribution would be approximated too pes-
simistic. Furthermore, the step distribution measured with the
DPI no longer appears as uni-modal distribution, but follows
a bi-modal trend. Furthermore, similar to the pMOS cases, the
larger nMOS structures can not be analyzed with GPIs on a
microscopic single defect level, a serious limitation which can
be overcome with the DPI.
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Fig. 14. For nMOS transistors the single-defect spectroscopy becomes more
challenging than for pMOS devices. As can be seen from the complementary
CDF the number of defects is way smaller compared to the pMOS technology.
Thus, a high measurement resolution is inevitable for proper defect character-
ization. A too coarse step resolution immediately leads to an overestimation
of step height distribution. Furthermore, the bi-modal characteristics of the
complementary CDF becomes evident with the high resolution provided by
the DPI. Also, the larger nMOS transistors could not be studied at the single
defect level without the DPI.

V. CONCLUSION

The characterization of defects in semiconductor devices
at high current resolution represents a major challenge for
measurement instruments. However, in order to investigate the
physical roots and the impact of single defects on the device
characteristics in detail, the defect characterization is unavoid-
able. In this work a newly developed defect probing instrument
(DPI) is discussed which enables to seize single defects much
more exactly than it has been possible with available systems
so far. This enables the single-defect spectroscopy also for
comparatively large pMOS and nMOS transistors. The new
advancement in instrumentation is especially advantageous
for correct statistical modeling of defects in semiconductor
devices and for further device simulations and performance
and lifetime estimations for a large variety of technologies,
i.e., Si devices, SiC based high-power devices, but also for
future technologies employing 2D materials.
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