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An Accurate Capacitance—Voltage Measurement
Method for Highly Leaky Devices—Part 11

Y. Wang, Kin P. Cheung, Senior Member, IEEE, R. Choi, and B.-H. Lee

Abstract—In Part I, an accurate C-V measurement based on
time-domain reflectometry (TDR) for MOS capacitors in the pres-
ence of a high level of leakage across the gate dielectric was pre-
sented. This new method is expected to have high accuracy even in
the presence of a very high level of leakage current. In this paper,
the basic TCR-based C-V measurement is extended to handle the
parasitic, allowing the overlap capacitance to be extracted simul-
taneously and accurately without the need for additional measure-
ment. In addition, a detailed error analysis is provided to complete
the description of the TDR C'-V measurement method.

Index Terms—C-V , leakage, RF capacitor, time domain, time-
domain reflectometry (TDR), ultrathin oxide.

I. INTRODUCTION

N PART I, a detailed description of a time-domain-

reflectometry (TDR)-based C—V measurement and its theo-
retical foundation was given. Briefly, a fast voltage step is sent
from the TDR scope via a transmission line to the wafer-level
device under test (DUT; a MOS capacitor). The impedance
mismatch causes the step waveform to be reflected back toward
the TDR scope which makes a record of it. The basic setup is
shown in Fig. 1. The bias tee inserted between the TDR scope
and the transmission line is for the introduction of a dc bias.
Fig. 2 shows the captured step waveforms reflected from an
open circuit, a MOS capacitor under depletion (with negligible
leakage), and the same MOS capacitor under strong accumula-
tion (with high leakage). The inset shows the equivalent circuit
of the MOS capacitor.

A rigorous mathematical expression was derived to extract
the capacitance from these curves

oo

L v 0/ [(RO — ZO) Vopen(t) = Vo (t) | dt

Ot o= %
270 Vstep Ro + Zy
(1)

where M = (Ro + Zp)?/R%.
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Fig. 1. (a) Basic experimental setup for the TDR measurement. A TDR scope
connects to the DUT through a bias tee, a microwave cable, and an RF probe.
The TDR scope sends out a fast step voltage and monitors both the outgoing and
returning waveforms. (b) The step-voltage (200-mV) waveform at points A and
B. The TDR scope monitors the waveform at point A which is the combined
result of the outgoing waveform and the reflected waveform.
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Fig. 2. Reflected waveforms from open circuit (reference) and MOS capacitor
(Si02, 2 nm) at depletion (Vy = 0 V) and accumulation (V; = —1.2 V). The
depletion capacitance is smaller and therefore has a shorter charging time. In
accumulation, high leakage causes the final voltage level to be much lower than
the reference. The shaded area represents the total stored charge in the fully
charge capacitor for the depletion case. The inset shows the equivalent circuit
of the capacitor with thin oxide. Step height = 200 mV.

In the expression, Vopen(t) is the reflected step waveform
from an open-circuit reference, Vrpg(¢) is the reflected step
waveform from the DUT (the capacitor), Viiep is the height of
the step, Zj is the impedance of the transmission line (typically
50 ), and Ry is the sum of series resistance (Rg) and shunt
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Fig. 3. Measured C-V curves of a MOS capacitor with TiN gate and high-x

gate dielectrics (3-nm HfO2 and 1-nm SiO2, EOT = 1.2 nm) from the TDR
method and the conventional lock-in method. In the depletion region where the
conventional method is accurate, good agreement is evidenced. In the region
where leakage is severe, only the TDR method produces the proper C—V” curve.
Step height = 200 mV.

(leakage) resistance (Rp). When Rp > Rg,and Rp > 50 Q,
(1) reduces to

en( t. 2
C= ZZ()VStep 0/ VOp VTDR( )] a ( )

The integral in (2) is the shade area in Fig. 2 between the re-
flected waveforms from the open-circuit reference and from the
MOS capacitor under depletion, which can be found with high
accuracy using numerical integration. The integrand in (1) mul-
tiplies the open-circuit waveform by a fraction to handle the
general case where leakage can be high. With this multiplica-
tion, the magnitude of the reflected waveform from the open-
circuit reference is normalized to the magnitude of the reflected
waveform from the DUT to create an enclosed area for integra-
tion. Intuitively, it is clear that the resulting integral is not the
total charge flowed into the capacitor. However, the correction
factor M in front of the integral restores the capacitance to the
value in the absence of leakage. Fig. 3 shows the extracted C-V'
curve using the TDR method. Also shown is the C-V curve, as
measured by a lock-in amplifier at the frequency of 1 kHz. The
agreement is very good in the depletion region where the lock-in
method is known to be accurate. The agreement in strong accu-
mulation and strong inversion regions are poor. In these regions,
only the TDR method produced the expected C—V shape.

In this paper, the basic TDR method is extended to handle a
more complex but realistic situation of transistorlike capacitors.
The accuracy of the TDR method is discussed in detail and is
experimentally verified.

II. EXTENDING THE METHOD—HANDLING
THE OVERLAP CAPACITANCE

Inversion capacitance is part of the C-V curve that is highly
important for CMOS technology. When leakage is high, the
traditional low-frequency method for producing the inversion
portion of the C-V curve does not work because the little
inversion charges that can be generated are leaked across the
dielectric to the gate. For highly leaky dielectrics, transistorlike
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Fig. 4. Reflected voltage curves from the SiO2 capacitor. Only the negative-
bias curves are included to highlight the nonsingle time constant charging
behavior. The curves from open circuit and from strong inversion are also
shown for reference. (Inset) Illustration of two additional capacitors existing
due to the presence of source and drain. One is the overlap capacitor Coy, and
the other is band-bending capacitor Cgy,.

capacitors with source and drain tied to the substrate are needed
to support the inversion charge [1]-[7]. The capacitor that
produces the C-V curve, as shown in Fig. 3, is transistorlike,
and the measured C-V curve includes the overlap capacitance.
In most C-V measurements, we need to separate the channel
capacitance from the overlap capacitance. Measuring the over-
lap capacitance using a conventional LCR meter suffers from
the same high level of leakage problem. Thus, it is important
to be able to extract the overlap capacitance using the TDR
method and preferably not requiring a separate test structure
(the RF design for such a structure will be extremely difficult).

Fortunately, the TDR method can extract both the channel
capacitance and the overlap capacitance simultaneously and ac-
curately from the same reflected voltage waveform. Thus, it ac-
complishes the task without requiring a separate measurement.

Fig. 4 shows the reflected voltage waveforms for the SiO2
capacitor under negative biases ranging from depletion to accu-
mulation. It is clear that, under negative bias, there is a faster
rising section at the beginning of the capacitor charging curves.
These waveforms behave like two capacitors being charged in
parallel, with the smaller one charging up much faster than the
larger one. What is this additional capacitor?

Parasitic capacitances due to probe pads and cables are not
possible candidates because we would see them in the reference
waveform as well. An immediate suspect for the small capacitor
is the overlap capacitor C,,. However, an additional capacitor
due to surface band bending also exists, as shown in the inset
of Fig. 4. On the other hand, this capacitor is much smaller.
Thus, the source of the additional small capacitor is the overlap
capacitor.

The equivalent circuit of the oxide capacitor (Cyc) plus
the overlap capacitor (Cyy) is shown in the inset of Fig. 5.
The overlap capacitor and the oxide capacitor will both be
charged by the step function. In the case of accumulation, at
the beginning of charging, because the series resistance of the
substrate contact (R acc) is larger than the series resistance
of the source/drain contact (Rs7inv), the overlap capacitor path
has lower impedance and therefore dominates the overall im-
pedance and the reflectivity. With larger current and smaller
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Fig.5. Comparison of the fitting curve with the experimental reflectivity curve
of the capacitor at Vi, = —1.2 V. A simulation with a single capacitor charging
is also included to show that it provides a poor fit. (Inset) The equivalent circuit
of the oxide capacitor with the overlap capacitor.

capacitance, the overlap capacitor charges up quickly. The rapid
charging of the overlap capacitor continues until the current
ratio of the two paths reflects the capacitance of the two
capacitors. At this point, the impedance of the oxide capacitor
path is much lower and dominates the overall impedance.

The aforementioned parallel charging process can be simu-
lated [8] if all the circuit components are known. Conversely,
we should be able to extract the overlap capacitance from the
reflectivity curve extracted from the TDR measurement using
the equivalent circuit, as shown in the inset of Fig. 5.

The equivalent circuit, as shown, has six elements. If we
let them all be fitting parameters, the outcome will not be
very meaningful. Therefore, we must pin down the value
of as many elements as possible independently. Using the
methodologies discussed in Part I, we can extract the total
capacitance (Cr = Cyc + Coy) and series resistances R acc
and R inv. The ratio of Cy,, and Cr is simply the ratio of
the area of the overlap region over the total capacitor area f.
This area ratio can, in theory, be known from the mask layout.
However, in practice, the ratio in an as-fabricated device is quite
different from the designed ratio. We are now down to three
parameters.

For the shunt resistances R, ¢z and R, ., their sum at accu-
mulation (—1.2 V) can be obtained from the current—voltage
(I-V') measurement of the capacitor. According to the band
diagram (inset of Fig. 6), for the gate bias from O V to the
flatband voltage (—0.65 V), the channel region is at depletion,
whereas the full gate voltage drops across the gate dielectric
in the highly doped overlap region. The leakage current is
therefore completely dominated by the overlap region. We can
thus fit confidently the leakage current in this range with the
known tunneling function [9] and then extrapolate the leakage
current from the overlap region up to —1.2 V. With the overlap
region’s leakage current for the entire voltage range being
known, it can be subtracted from the measured leakage current
to obtain the leakage current from the channel region, as shown
in Fig. 6. With that, we are down to one fitting parameter which
is the area ratio f.

The area ratio f and, therefore, the overlap capacitance
can be found from the best fit of the equivalent circuit to
the extracted reflectivity curve (Fig. 5). The reflectivity curve
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Fig. 6. I-V curve of a 2-nm SiO2 MOS capacitor. Leakage current from the
zero to the flatband (—0.65-V) gate bias range was fitted with a known tunnel-
ing function and then extrapolated to —1.2 V to get the leakage component from
the overlap region. The leakage current from the channel region is obtained
by subtracting the leakage current of the overlap region from the measured
total leakage current. (Inset) Band diagram of the overlap and gate-to-channel
regions, showing that the overlap region completely dominated the leakage at
low gate bias.
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Fig. 7. (Upper curve) Measured C—V curve for the 2-nm SiO2 capacitor with

1400-pm? area and (lower curve) the corrected C=V curve after the removal
of the overlap capacitance.

at strong accumulation (V; = —1.2 V) was selected for the
fitting procedure because it produces the largest difference in
capacitance between the channel and the overlap region. The
best fit was found for f = 0.142, and the fit is excellent. Also
shown in Fig. 5 is the result for fitting the reflectivity curve to a
single capacitor. Clearly, the two-capacitor charging process is
necessary to explain the experimental data.

With 23 pF as the total capacitance under this condition
(2-nm SiOs at V, = —1.2 V; see Part I), the overlap capacitance
works out to be 3.27 pF. We can now remove the overlap
capacitance from the measured C—V curve of the capacitor to
obtain the channel capacitances. The result is shown in Fig. 7.

As discussed in the section of series resistance extraction
(Part 1), the reflectivity curve is particularly prone to noise
near time zero. We can (and did) avoid using the reflectivity
data at very early time in our extraction of series resistance.
For overlap capacitance extraction, because the faster charging
event happens at early time, we must use as much of the early
time data as possible. Thus, before we leave this section, we
need to discuss an important experimental detail.

As in most RF measurements, the reference device must
be designed carefully. In our case, we have an open-circuit
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Fig. 8. Reflectivity of DUT before and after correction with inductance is

shown. The bump in the reflectivity is due to the inductance, and its disappear-
ance after correction indicates the success of the correction procedure. (Inset)
Inductance arises from the current loop, as indicated by the arrows.

reference that contains merely the ground—signal-ground probe
pads. When the step function is reflected, the return current
flows directly across the probe pads. For the actual capacitor,
the return current travels an additional loop, as shown in the
inset of Fig. 8. This introduces an additional small inductance
that affects the reflected waveform at very early time. This
additional feature in the reflectivity curve will impact the ex-
traction of overlap capacitance and can lead to serious error.
To accurately determine this additional inductance and to
remove it, we introduced a hard breakdown in a capacitor (on
a neighboring die) and used it as a short-circuit reference.
Between this short-circuit reference and the open-circuit ref-
erence, the inductance effect on the reflectivity can be quanti-
tatively measured. Once the inductance effect is quantified, it
can be removed from the reflectivity curves of our experiments,
as shown in Fig. 8. Of course, if we have a properly designed
open-circuit reference, this would not have been necessary.

III. ERROR ANALYSIS

Accurate C-V characteristics are very important for device
parameter extraction, such as EOT, substrate doping, interface
state density, and so on. Therefore, it is of great importance
to address the accuracy of this new measurement method,
particularly in the presence of a very high leakage current.

A. Accuracy of Capacitance Extraction

For the accuracy of capacitance measurement, we can mea-
sure known capacitors (control experiment). A 221-pF ceramic
capacitor (1% tolerance) is used in this procedure. The tests are
done by adding series and shunt resistances to this capacitor
to see if the TDR method can accurately determine the capac-
itance of the capacitor. The capacitor alone was first measured
by the lock-in method and was found to be 221.1 pF. Because
it agrees with the factory specification, we consider this to be
the true value of the capacitor. We note that the adding of
series and parallel resistors to the capacitor inevitably adds an
inductive loop. However, this inductive loop should not affect
the capacitance extraction in the TDR method.

Table I shows results extracted by TDR in the presence of
various shunt/series resistances. Results measured by the lock-
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in method under the same condition are also listed for compar-
ison. Error is defined by comparing the TDR result to 221.1 pF.
As expected, under low-shunt-resistance (high-leakage-current)
conditions, the conventional C-V method becomes problem-
atic, whereas the TDR method can still measure the capacitance
to within 1% error. Only when the shunt resistance drops to be-
low 20 €2 did the error increase rapidly. A 20-(2 shunt resistance
is equivalent to a 4000-A/cm? leakage current density on our
1400-2m? MOS capacitor with 1 V across the oxide. Because
we can reliably measure capacitance down to a few picofarads
(small area), the upper limit of leakage current density for the
TDR method can reach 100000 A/cm? if the required accuracy
is maintained at 1%.

B. Accuracy of Series Resistance Extraction

Series resistance extraction was discussed in Part I. It is
based on the fact that the capacitors behave like a short circuit
at time zero. Thus, to find the series resistance is to find the
reflectivity at time zero. For nonideal step waveform used
in actual TDR measurement, time-zero reflectivity cannot be
measured directly and must be extracted. We will now analyze
the accuracy of the series resistance extraction method. For
series resistance extraction, we do not have the means to
perform a controlled experiment and must therefore rely on
analysis. Because we use a known function to fit a good range
of relatively low-noise reflectivity data, the basic method of
finding the reflectivity at time zero is highly dependable and
extremely accurate. The main source of error is from the deter-
mination of time zero. As shown in Fig. 9 (same as the inset
in Fig. 9 of Part I), which has an expanded time scale, the
shaded area in the figure is the introduced error. It represents
the total charge already flowed into the capacitor at time zero,
as defined by our method. This is an error because the capacitor
acts like a short circuit only when it has not been charged to any
degree.

To see how much error this introduces to the determination
of time zero, we need to keep in mind that we are seeking the
time zero of an ideal step function. For the ideal step function,
the reflected waveform at time zero has the same magnitude
as the step function. The charge flowed into the capacitor per
unit time at time zero is therefore proportional to twice the step
function’s magnitude. To find the time-zero error, all we need to
do is to find the area (magnitude x time) of the shaded region
and divide it by twice the step function’s magnitude. Thus, the
small amount of charge in the shaded area translates into an
extremely small time-zero error that is smaller than the timing
jitter associated with the TDR instrument, which is about 10 ps.
From the slope of the reflectivity curve near time zero, we can
estimate that the 10-ps jitter will contribute to 1% error in the
extracted reflectivity. The error in the extracted series resistance
is therefore roughly 1%.

It is instructive to see how much a 1% error in series
resistance extraction affects the measurement of the capacitance
using the TDR method. From Fig. 6 of Part I, the error in
capacitance extraction is about twice the ARg/(Rs + Rp).
Because Rp is larger than Rg in almost all cases, the effect
on capacitance extraction accuracy is less than 1%.
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TABLE 1
RESULTS OF THE CONTROL EXPERIMENT BY TDR AND LCR MEASUREMENTS
220pF Capacitor with | Obtained by Lock | Extracted in TDR Percentage of Error
different Rp and Rg in Amp Crock result CTDR (221.1 pF-CtpR)/221.1 pF
Rs=43 Q, Rp=1K Q 221.1 pF 221.3 pF 0.09 %
Rs=43 Q2 ,Rp=500 Q 212 pF 221.5 pF 0.18%
Rg=43Q Rp=220 Q 185 pF 221.0 pF 0.04 %
Rg=43Q Rp=100 Q 135 pF 221.3 pF 0.09 %
Rg=10 Q ,Rp=47 Q N/A 221.5 pF 0.18 %
Rg=35 Q ,Rp=47 Q N/A 221.7 pF 027 %
Rg=5 Q ,Rp=20 Q N/A 219.1 pF 0.90 %
Rg=20 Q, Rp=20 Q N/A 218.9 pF 0.99 %
Rg=10 Q , Rp=10 Q N/A 201.1 pF 9.04 %
= 02 — S gEREEEEE 0-9998 L f=0.142
2 < o | Maximum R?
S L
z T 0.9994 - %
g o Vg=0V I %
2 [¢] g H %"\
& fl.l'.. F % 959 fid
0 P“'""!'-; ______ | % % confidence range
0 50 100 150 200 0.999 —————t 1
Time (ps) 0.1 0.1 0.14 0.16 0.18

Fig. 9. Reflected waveforms, expanded in time scale, showing time zero are
determined by extrapolating the steep rising edge of the open-circuit reflection
to 0 V. The shaded area represents charges already flowed into the capacitor at
time zero and, therefore, a small error.

C. Accuracy of Overlap Capacitance Extraction

In the overlap capacitance extraction procedure, we perform
a fitting of the equivalent circuit to the measured reflectivity
data. Because we independently determine five out of the six
parameters of the equivalent circuit and the accuracy of their
determination has already been discussed earlier, we assume
them to be accurate. In other words, in this analysis, we ignore
error propagation and focus on assessing the accuracy of the
area ratio extraction that has a direct bearing on the accuracy of
the overlap capacitance extraction. The main task is therefore to
determine how well the fitting process can pin down the value
of the area ratio f. The goodness of fit (R? value) is a good tool
for this purpose.

The R? as a function of the f value used for fitting is
shown in Fig. 10. The best fit (maximum R?) is f = 0.142.
The 95% confidence limits are f = 0.142 + 0.003 or 2%. The
uncertainty (95% confidence) will, of course, depend on each
capacitor design. We expect that the uncertainty will decrease
with the larger value of f. While it is more desirable to design
transistors with lower f, the trend in practical reality is the
opposite. Thus, we expect the overlap capacitance extraction to
remain highly accurate as CMOS technology continues to ad-
vance. It is instructive to note that the 2% error is referring to the
area ratio, not the actual overlap capacitance. The total capaci-
tance can be determined to better than 1%. The small 2% error
in separating the channel capacitance and overlap capacitance
essentially leaves the determination of the overlap capacitance
with the same (percentage) accuracy as the total capacitance.

f=covlctotal

Fig. 10. R? value of the fitting with different ratios of overlap capacitance to
total. The best fit is at the maximum R? condition with f = 0.142. The shaded
range is the 95% confidence limit.

IV. CONCLUSION

In summary, the new TDR-based method to measure C—V'
can be extended to handle the inevitable parasitic such as
overlap capacitance. Thus, the TDR method can extract capaci-
tance, series resistance, and overlap capacitance simultaneously
from the same measurement. The accuracy of the extracted
capacitance, series resistance, and overlap capacitance are very
high even when the capacitor is extremely leaky. The ability to
accurately measure the series resistance at inversion raises the
possibility of measuring the series resistance of a transistor—a
long standing challenge. If this could be done, the transistor
effective channel length measurement will be greatly simpli-
fied. The ability to measure both the channel capacitance and
overlap capacitance allows the split C—V -based measurement
of mobility to be done quickly and reliably.
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