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Abstract—Fast-CV measurements are frequently being used
to study transient phenomena associated with advanced
devices. In this study, we show that many artifacts plague
this measurement and then provide a proper method to
legitimize fast-CV measurements as trustworthy. We show a
remarkably accurate correspondence between a complete
fast CV measurement, from accumulation to inversion, and a
conventional CV measurement on the same device. The
results distinguish fast-CV as a powerful tool for device
characterization and reliability measurements.
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L INTRODUCTION

Transient phenomena, which impact the performance and
reliability of advanced devices, have captured a lot of recent
attention [1-4]. Both charge pumping and fast-IV have been
used extensively to characterize the post-stress degradation
and trap filling aspects of these transient phenomena [5-8].
However, the complex nature of transient phenomena has
lead researchers to examine the feasibility of using fast-CV
[3, 9-12]. Fast-CV measurement artifacts have limited its
usage to merely a monitor of stress-induced deviations in
accumulation capacitance [3,9, 12-14]. In this work, we
present a methodology to measure the full fast-CV
characteristic accurately. These results establish fast-CV as
an extremely powerful tool for present and future advanced
device characterization and reliability studies.

As shown in Fig. la, the as-measured fast-CV without
using our methodology is error ridden and can lead to a
misinterpretation of the results. With careful consideration
of the experimental approach and the sources of
measurement  error, accurate and precise fast-CV
measurements are readily possible, as shown in Fig. 1b. In
this study we identify and eliminate the major error sources
to achieve accurate fast-CV device characterization.
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Fig. 1. a) Erroneous fast-CV and b) accurately measured fast-CV
during ramp-up and ramp-down. a) is an example of the susceptibility
of fast-CV to measurement errors. b) is obtained by careful
consideration of the experimental approach and the sources of error on
the same device as in a).
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II. EXPERIMENTAL

For conventional CV measurements utilizing an LCR
meter, the gate voltage (Vg) is stepped slowly (minutes)
between accumulation and inversion with a phase sensitive
impedance measurement at each Vg step as shown in Fig. 2a.
In the fast-CV measurement, Vg is subject to a fast (100’s of
ns) trapezoidal pulse spanning accumulation to inversion
while the displacement current is monitored during the entire
sweep (Fig. 2b). The result is two fast-CV curves for each
pulse (ramp-up/ramp-down). A simple schematic of the
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experimental set-up for fast-CV is shown in Fig. 2c. The
voltage is applied at the gate using a pulse generator. The
transient current through the substrate, source and drain is
measured using a current amplifier. Conventional CV (LCR)
and fast-CV measurements were all performed on 10 um x 10
um nMOSFETs with 1.6 nm EOT SiON gate dielectrics. All
conventional CV measurements were performed at 1 MHz.
For simplicity, pad capacitance has not been corrected for in
any of the measurements.
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Fig. 2. Schematic diagram of a capacitance measurement using a) an
LCR meter b) fast-CV. For a) the voltage is swept at a very slow rate
and a small ac signal is applied at each step to measure the capacitance
using a phase sensitive detector. ¢) experimental set up of the fast CV
measurement.

The measured fast-CV transient current, as presented in
Fig. 2b, is the summation of displacement current (Zgispiacemner
= C*(dv/dt)) and leakage current through the gate dielectric.
Fig. 3a shows this transient current waveform. Fig. 3b
shows the leakage current waveform obtained by slowing
the Vg ramp rate by a factor of 1000. The slower ramp rate
ensures that the displacement current is a negligible
component of the total measured current. The purely
capacitive displacement current waveform (Fig. 3c) can be
obtained by subtracting the leakage (Fig. 3b) from the
measured transient current (Fig. 3a). Knowing the ramp rate
(dv/dt) of gate voltage (Vg), the CV characteristic can be
extracted using the displacement current (Lyispiacemner
C*(dv/dt)). The extracted value of the capacitance versus the
Vg is shown in Fig. 3d.
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Figure 3. Fast CV waveform response to a ramp voltage applied to the
device. a) the measured transient current is equal to the displacement
current plus the leakage current through the gate. b) 1000x smaller ramp
voltage compared to a) to measure leakage current. c) displacement current
obtained after subtracting the leakage current. d) fast-CV curve obtained
using the displacement current shown in c).

III. MEASUREMENT CONSIDERATIONS AND
DISCUSSION

As shown in Fig 1 one can easily obtain a fast CV curve
that is plagued with measurement artifacts and far from the
actual CV. Some of the measurement considerations to avoid
such artifacts and there impact on the interpretation of the
CV measurement are discussed below.

Delays associated with cable length and amplifier can
result in small timing skews between the Vg pulse and the
measured current waveform. If unaccounted for, this skew
mimics a flatband voltage shift and can easily be
misinterpreted. One such example is shown in Fig. 4. Small
skew in the actual and the measured Vg as shown in the inset
of the Fig. 4a leads to shift in the ramp up and down CV
curve in reverse direction as shown in Fig. 4b. This difference
in the ramp up and down CV curve can easily be mistaken as
the difference in the flatband shift during ramp up and down.
Furthermore, for a fixed timing skew, a faster ramp rate leads
to a larger discrepancy between ramp-up /ramp-down CV
curves. This rise time-dependent CV curve shift can easily be
mistaken as a device transient phenomenon and lead to a
misinterpretation of the device physics [13].
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Fig. 4. a) skew in ramped voltage sweep compared to the actual voltage
sweep and b) resultant CV curve skew due to the ramped voltage skew
in a). The CV curve during ramp-up shifts to the negative voltage as the
measured voltage sweep is lower than actual voltage. The same is true
during ramp-down.
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Another important factor is the bandwidth limitation of
the current amplifier. Fig. 5 compares a fast CV
measurement with the LCR meter CV. The fast CV in Fig 5
clearly does not follow the LCR meter measurement. This is
due to the slow response of the amplifier while measuring
Liispiacemens- The bandwidth must be sufficient to capture the
displacement current which is the capacitance transient.
Note that this much faster than the rise time of the Vg pulse.
Fig 5 clearly shows that fast CV measured with slow
amplifier would lead to an incorrect estimation of threshold
voltage, V.
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Fig. 5. Plot comparing LCR meter CV and fast-CV done at 25 MV/s using
an amplifier with 14 MHz bandwidth. This bandwidth is insufficient to
correctly capture the displacement current in response to the ramped
voltage. For this particular measurement, an amplifier with 62.5 MHz of
bandwidth is required.

(@

I'sIS. 2.5 —— Ramp up

~ 2 4.---Rampdown oo

8 N

S 1.5 -

x

@ 11 ..

Q

8 05 . .
-1.5 -0.5 0.5

Voltage (V)
—~ 2.5
L.
(b) = ) —— Ramp up
9 TS = -Ramp down [,
d

€ 15 -

>

3 11

Q.

8 0-5 ] L]
-1.5 -0.5 0.5

Voltage (V)

Fig. 6. Ramp-up and ramp-down CV curve a) with and b) without
error in correcting temperature dependent amplifier offset. If the offset
measurement is not done at the time of CV measurement, the
measured offset might deviate from the actual offset leading to
erroneous results.
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Current amplifiers also have an inherent temperature
sensitive DC offset which can result in an apparent DC shift
in ramp-up/ramp-down capacitance. Fig 6 shows
ramp-up/ramp-down with (Fig 6a) and without (Fig 6b) DC
offset error in the displacement current measurement. This
offset must be properly calibrated within the same time frame
as the fast-CV measurements to minimize temperature drift
induced offset errors. Otherwise, the fast-CV measurements
which fail to account for amplifier offset can easily result in
€ITONEeOUs Z,y.

A careful examination of the fast-CV characteristics in Fig.
7a reveals a systematic discrepancy between the
ramp-up/ramp-down inversion transitions. This error is due to
deep depletion (even though a transistor is used). For these
relatively large area devices (10 x10 umz), there is not
enough time (during the fast ramp pulse) for inversion
carriers to diffuse from source and drain regions into the
channel as shown in Fig 7b. The time taken for the inversion
charges to diffuse certain distance L is given by the equation
in the inset of Fig 7b. The deep depletion [15] issue is more
pronounced for ramp-up as inversion is already established
during ramp-down. Ramp-up/ramp-down deep depletion
discrepancies can be avoided by better matching ramp rates
with appropriate channel lengths.
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Fig. 7. a) Fast-CV obtained during ramp-up and ramp-down compared
to CV with LCR meter on device with 10 pm channel length with
deep-depletion occurring at inversion and b) schematic showing
inversion carrier diffusion from source and drain during inversion. It is
the time taken by the inversion carriers to diffuse into the channel of
length L in a substrate with diffusion coefficient of D.
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Intuitively, fast-CV measurements can handle highly
scaled devices (small capacitances) via an increase in the Vg
ramp rate. This makes the displacement current larger
therefore making it easier to measure. Since the ramp rate is
higher, amplifier with larger bandwidth will be required.
Therefore the key limiting factor is the current amplifier as
larger bandwidth usually leads to higher noise. If proper care
is taken to choose the appropriate amplifiers and careful
experimental set-up, we expect this approach to extend the
fast-CV measurement to =~ 1{F level.

IV. CONCLUSION

Fast-CV can be an accurate and trustworthy technique
which (with proper measurement care) is well suited to
characterize highly scaled devices. Measurement artifacts
due to careless high speed measurements and error inflicted
by choice of amplifier are some of the challenges limiting
highly accurate fast CV measurements. However, none of
these challenges are impossible to resolve. We have
discussed how all of these possible errors should be
approached and outlined a methodology to correct for them.
Thus, this approach opens up the efficacy of fast CV
measurements for future studies of a variety of transient
phenomena.
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