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In the December 2008 issue of EFE, in “Fundamentals of Semiconductor C-V
Measurements,” I described how capacitance-voltage testing has long been
used to determine a variety of semiconductor parameters on many different
devices and structures, ranging from MOSCAPs, MOSFETs, bipolar junction
transistors, and JFETSs to III-V compound devices, photovoltaic (solar) cells,
MEMS devices, organic thin film transistor (TFT) displays, photodiodes,
and carbon nanotubes. C-V measurements are widely used in research labs
for evaluating new materials, processes, devices, and circuits. Product and
yield enhancement engineers use them in optimizing processes and device
performance; reliability engineers employ these measurements in qualifying
material suppliers, monitoring process parameters, and analyzing failure
mechanisms. Without a doubt, they are fundamental to semiconductor
characterization and test.

This white paper offers an overview on how to select the most appropriate
type of C-V measurement instrumentation for a particular application, as well
as some of the C-V tests typically performed and their parameter extraction
limits. It also includes techniques for connecting to a probe station and how to
correct to the probe tips. Finally, it addresses identifying and correcting typical
C-V errors.

Three different capacitance measurement technologies are currently
available for semiconductor C-V testing: classic AC impedance capacitance



meters, quasistatic capacitance measurements, and RF technology (which employs a vector
network analyzer and RF probes). Let’s examine each one briefly.

AC Impedance Capacitance Meters

An AC impedance meter, sometimes called an LCR meter (for inductance [L], capacitance
[C], resistance [R]), measures complex impedances with an auto balanced bridge maintaining
AC virtual ground at the sense side of the capacitor. Meters of this type typically have a
frequency range of 1kHz to I0MHz.
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Figure 1. An AC impedance meter

The operation of this type of meter (Figure 1) is relatively simple. It measures AC
impedance by supplying an AC voltage out of the high current terminal (HCUR). The current
through the device is measured by the low current terminal (LCUR), and the voltage across
the device is measured by the high and low potential terminals (HPOT and LPOT). The
voltage and current are measured in a phase-locked manner that precisely identifies the phase
angle between them. By knowing the amplitude and phase angle, it’s possible to calculate any
desired AC impedance parameter.



Z, Theta: Impedance and Phase Angle
R + jX: Resistance and Reactance

C,-Gp: Parallel Capacitance and Conductance Z
Cs—Rs: Series Capacitance and Resistance X
C,-D: Parallel Capacitance and Dissipation Factor 0
Cs-D: Series Capacitance and Dissipation Factor
R
o— D = Gp/WGCp |Z| =VR2+X2  where: Z = impedance
1 Z =R+ jX D = dissipation factor
T 0 = arctan(X/R) 0 = phase angle
—cL_ o— R =ZcosH R = resistance
CRs Co=Gp X = Zsin0 X = reactance
Y =1/Z=G+jB G = conductance

B = susceptance

Figure 2. Basic AC impedance parameters

Obtaining basic AC impedance parameters means measuring the amplitude of the
impedance, which is designated in the graph in Figure 2 as “Z.” It also requires measuring
the phase angle between the current and the voltage, designated as theta. Therefore, in the
polar form, this impedance would be Z at an angle of theta. But it’s also possible to convert
that mathematically to a rectangular form, which would result in the R plus jX designation.
R represents the real, or in-phase impedance vector, while jX represents the imaginary,
or 90° out of phase impedance vector, which is also the capacitance vector. It’s even
possible to convert polar and rectangular forms mathematically into actual capacitance and
resistance values.

There are two common AC impedance models: the parallel model and the series model.
In the parallel model, results are expressed as the parallel capacitance (C,) and the parallel
conductance (G,). In the series model, results are expressed as the series capacitance (C,) and
the series resistance (R,). The dissipation factor (D), the ratio of the real impedance to the
imaginary impedance, is another common parameter that is mathematically derived. When
measuring capacitances on a wafer, always look at the dissipation factor because it is the best
metric for determining the quality of the final C-V measurement. The dissipation factor can
always be easily calculated, whichever AC impedance model is being used.

Quasistatic Capacitance Measurements with Source-Measure Instruments

In quasistatic capacitance measurements, measurements of current and charge are used
to calculate capacitance values. This “ramp rate” method is simple to use, but its limited
frequency range (1-10Hz) means its usefulness is limited to special cases.
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Figure 3. Quasistatic C-V “Ramp Rate” Technique

The ramp rate technique requires the use of only two source-measure units (SMUs). With
the first SMU, one forces a constant current into one node of the device under test (DUT).
That SMU also measures the voltage and the time on that node. Simultaneously, the second
SMU is measuring the current being output from the DUT’s other node. The capacitance can
then be calculated using a simple equation:

I=CdV/dtor C=1/(dV/dt)

This technique is typically useful for measuring capacitances in the range of 100—400pF at
ramp rates of 0.1 to 1V/S.

Using RF Technology to Measure Capacitance

RF technology is the measurement technology of transmission lines. A vector network
analyzer actually measures the scattering parameters (S-parameters), which are the

reflection and transmission coefficients of the incident waves. Although the topic of RF C-V
measurements is beyond the scope of this article, I've included a number of valuable resources
on making these measurements in the references.! >3
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Matching the C-V Measurement Method to the Application

The AC impedance technique is the most commonly used capacitance measurement technique.
It works best for traditional low power gates and works with most test structures and most
probes. Its advantages are that the equipment needed is relatively inexpensive and is readily
available in most electronics labs. However, it does have some disadvantages, including the
fact that the correction techniques are not yet as refined as those used in RF measurements.
Another disadvantage can become evident if the test frequency of the AC impedance is

not close to the DUT’s operating frequency, which may make it necessary to interpolate

some results.

Although quasistatic C-V is the least expensive measurement method of all, in that it can
be performed with just a pair of SMUs, it’s only useful for a limited array of technologies,
such as low leakage high-k materials, organic devices, or display technologies. Unfortunately,
with quasistatic C-V, measurement errors can easily distort the results and it’s particularly
inaccurate for characterizing any device that has even a small amount of leakage.

RF C-V is the best choice for characterizing for ultra-thin-gate, leaky dielectrics. It’s
also very good for modeling RF devices. The correction techniques for RF probes are well
understood and implemented. The disadvantage of the RF method is that it requires very
expensive equipment, expensive test structures, and expensive RF probes; also, it only works
near the 50€2 characteristic impedance of its transmission lines. It becomes inaccurate if
the device is not very close to 50Q2. The setup and analysis of an RF measurement may
be too complex for some applications and users; in these cases, the classic AC impedance
measurement may be preferable.

C-V Parameter Extraction Limits

Before plunging into a discussion of C-V test system setup, it’s important to understand the
limits of semiconductor C-V measurement techniques:

* Capacitors: From <10fF to 1 MICROF.
e Resistors: From <0.1Q2 to 100MQ.
¢ Small inductors: From <InH to 10mH

* Gate dielectrics: It’s possible to extract equivalent oxide thicknesses ranging from
less than ten nanometers to hundreds of nanometers. It’s also possible to detect
contamination in the dielectric ranging from roughly 5€9 ions to about 1lel3 ions per
square centimeter and interface traps ranging from about lel0/cm?/ev to about le13/cm?
charges (depending on the device structure). The very low capacitance measuring



capability of modern instruments and probe stations allows measuring even thick
interlayer dielectrics.

* MOS doping: Doping profiles on MOSFETSs can be extracted, ranging in sensitivity
from about lel4/cm3 to 1el8/cm?, at doping depths from 0.0lum to 10um. Minority
carrier lifetimes from lus to 10ms can be extracted from a C-V measurement.

* PN and Schottky junction doping: Diode carrier concentration can be measured from
about lel3/cm? to 1el8/cm? ions at depths from 0.1um to 100pum.

* FET and BJT modeling parameters: In addition to measuring device and material
properties, C-V is also useful for making direct measurements to establish modeling
parameters in FET and BJT transistors.

It’s important to remember that a number of variables will impact these parameter
extraction limits, such as maximum voltage levels, device sizes, and oxide thicknesses.
Fortunately, a variety of literature is available that can help researchers and engineers
determine if the range of measurement desired is a good match with the capabilities modern
C-V measurement techniques can provide.* > ©

Making Connections, Making Corrections

Although many C-V measurement techniques are themselves relatively simple, the same
cannot always be said for connecting a C-V instrument to a probe station in a manner that
ensures quality measurements. There are a wide variety of manipulator and probe cards
designed for use with probe stations, which can create some real problems when trying to
support I-V, C-V, and pulsed or ultra-fast I-V measurements on a single probe station. When
making I-V, C-V or ultra-fast I-V measurements, the quality of the measurement result is
directly proportional to the quality of the cables and probe station setup used.

DC I-V measurements are best made using low noise triaxial cables and remote sense
leads. C-V measurements demand the use of coaxial cable with remote sense leads and very
precisely controlled cable length. Ultra-fast I-V testing requires a 50€2 coaxial cable, but the
remote sense leads create an impedance mismatch problem for ultra-fast I-V testing. RF C-V
measurements require the use of special RF cables and Ground-Signal-Ground probes, along
with calibration substrates. Unfortunately, none of these cabling methods are compatible with
the others.

4. D.K. Schroder, Semiconductor Material and Device Characterization, 3rd edition, New York; Wiley-IEEE
Press, 2006.

5. E.H. Nicollian and J.R. Brews, MOS Physics and Technology, 1st edition, New York; Wiley-

Interscience, 1982.

6. S.M. Sze and K.K. Ng, Physics of Semiconductor Devices, 3rd edition, New York: Wiley-Interscience, 2006.



Figure 4. American Probe & Technologies probe head setup

Experimentation in Keithley’s labs has led us to choose a probe head setup (Figure 4)
supplied by American Probe & Technologies (73 Series or 74 Series), which has the advantage
of being available from most probe station vendors. This particular probe head is coaxial
and has a Kelvin connection. The body and shields are floating, so it can be used as a driven
guard for I-V measurements, or jumpered to give a short ground path for C-V and ultra-fast
I-V measurements. The connectors on this probe type are called SSMC. Three types of cables
are available for making high quality connections to the probes: the SSMC-to-triax cable is
good for DC I-V and general usage (direct or indirect connections), the SSMC-to-coax cables
can be used for C-V or ultra-fast I-V testing (indirect connections), while the more specialized
SSMC-to-SMA cables will give the best performance for C-V measurements, particularly at
higher frequencies (direct connections). Figure 4 illustrates two probes set up to make a C-V
measurement; each probe has a pair of coax cables attached to it, which provide a remote
Kelvin sense connection. Note the very short wire jumper between the bodies of the two probe
heads. This helps ensure a good ground connection between the probes, which is important for
any high frequency measurement.
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Figure 5. Pictograph of jumpering coax shields



Good C-V measurements depend on the quality of the ground jumper. As the frequency
increases, a good ground jumper becomes even more important. The probe head bodies
must be jumpered together because the shield of the coaxial cable is actually part of the
measurement path for a C-V system. If the shields are not connected close together, a large
loop area will be created, resulting in a large inductance directly in the measurement path,
which will create large errors in a capacitance measurement.

The drawback to jumpering the probe bodies together in this way (Figure 5) becomes
obvious when someone wants to make DC I-V measurements using the same probe and cable
system set up for a C-V measurement. For good DC I-V measurements, the probe body must
be floated at guard potential, which means the jumper must be removed when converting from
C-V to I-V. If the probe station is switched between I-V and C-V tests frequently, removing and
replacing this jumper can quickly become a frustrating and time-consuming process.
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Figure 6. New approach simplifies I-V, C-V, and ultra-fast I-V test cabling configuration



A new cabling technique (Figure 6) Keithley has developed can reduce the re-cabling
time needed when switching between I-V, C-V, and ultra-fast I-V testing, while eliminating the
measurement errors associated with cabling problems. This technique uses a special triaxial
cable to connect directly to the probe heads, but the inner shield is left floating or isolated
from the C-V coaxial shield. This allows actually jumpering the outer shield together, leaving
the inner shield to float as a DC I-V driven guard. The triaxial connectors allow an easy, direct
connection to the DC I-V triax output. The C-V outputs are converted from coax to triax,
leaving the guard disconnected, which means the same cable can be easily switched from the
DC I-V to the C-V terminals. The triax cables are specifically designed to have matched 100€2
impedances, so the same cables can be tee’d together and directly connected to the ultra-fast
I-V instrumentation. This setup allows the shield jumper to remain connected all the time,
making for a fast, easy transition between DC I-V, C-V and ultra-fast I-V testing.

Common C-V Measurement Errors

Offset and gain errors (Figure 7) are the most common errors in C-V measurements.

The x-axis represents the actual value of a capacitor on a log scale, from a picofarad to a
nanofarad. The y-axis represents what the system is really measuring, including measurement
errors. If the measurement system were perfect, the measured values would exactly match the
actual values, and they could be plotted as a straight line at a 45° angle, which is shown in
Figure 7 by the black line. In reality, however, gain and offset errors (the blue and red lines)
always come into play and must be corrected for.
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Figure 7. Gain and offset errors in a capacitance measurement

Given that the axes are logarithmic, the offset error, plotted with the blue line, represents a
small error at small capacitances and a big error at big capacitances. Because the offset error
varies so much, two different things must be done to correct for it. When measuring very
small capacitances (<10pF), otherwise known as very large impedances, the best correction



to use is the Open correction. When measuring larger capacitances (up to the 10nF range),
otherwise known as very small impedances, the Short correction is the best choice.

Figure 7 also represents a gain error, which is shown in red. Gain error changes based on
the amount of capacitance being measured and they are a little more difficult to correct for
than offset errors. A Load correction is one way of correcting for a gain error. Performing a
Load correction requires connecting to a known standard load, measuring it, and calculating
a ratio to make the measurement match the known load. One limitation of Load correction is
that it works best when the load is close in value to the device to be measured. For example,
if the task is to measure a 5pF capacitor at 10MHz, this represents a load of about 3k€2. Load
correcting this measurement would therefore require finding a 3k€2 standard. This can be
impractical if the sizes of the devices to be measured vary a lot, which is usually the case, so
Load correction is really not particularly useful for general lab applications.
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Figure 8.

What are Open, Short, and Load corrections actually doing? Figure 8 shows a simplified
model of an AC impedance test system with lumped elements added to represent the open,
short, and load error terms. Everything in the measurement system—all of the cables, all
of the probes, all of the chucks—has been lumped together and represented by the Z open
(the open impedance error), the Z short (the short circuit impedance error) and the Z load
(the load correction element). The first step to perform a correction on this test system is to
apply a short across the probes, typically by setting the two probe heads down on the same
contact pad. Then the capacitance meter measures the value, and stores that as the residual
Short Impedance. The next step is to lift the probes, keeping them in an orientation that
approximates where they will be when the actual device is measured. Then the capacitance
meter measures the value, and stores that as the residual Open Impedance. If necessary, a
known impedance load can be applied across the probes and the capacitance meter measures
that value, and stores it as the Load correction. The following equation is used to apply these
corrections to the measurement:
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Zfinal = 1 1

(Z"/LoadRa ti 0) % %

= the final, corrected impedance measurement

where: Z, .,
Z . = measured impedance

Load ratio = measured Load correction
Z, = measured Short correction

Z, = measured Open correction

The Z,,,,, 1s the end result of applying these correction values according to this formula.
If a correction value is turned off, it goes to a default state, which makes it invisible to this
equation. It’s important to note is that if the corrections are not performed correctly, they will
actually make the final measured values less accurate than if there was no correction at all!
Fortunately, for ease of use, most AC impedance meters today already have Open, Short and
Load corrections and equations built in.

Cable length compensation is an often-overlooked correction technique. It corrects for
phase offsets for the specific cables provided by the instrument vendor. It takes a finite
amount of time for an AC signal to propagate down a cable, which creates a phase shift in the
measurement that’s proportional to the cable length and to the propagation delay. Remember
that an AC impedance meter is actually measuring impedance and phase, so any phase shift
caused by the cables shows up as a direct error in the measurement. Most AC impedance
meters allow selecting for compensation for a pre-determined set of cable lengths, such as zero
meters, 1.5 meters, or 3 meters.

C-V measurements become increasingly sensitive to phase error as the test frequency
increases, particularly at frequencies greater than 1MHz. Different switch matrices, probe
station cables, or probe needles mean different path lengths, which must be taken into account
and corrected for. Different cables also have different propagation delays and, therefore,
different phase errors. Choosing a random off-the-shelf coax cable is a bad idea because it may
not match the propagation delay the vendor’s capacitance meter anticipated. Fortunately, some
newer C-V meters, such as Keithley’s Model 4210-CVU, allow measuring and tuning the phase
error to compensate for different cable systems and different path lengths.

On some probe stations, the chuck itself has very long cables leading out of the probe
station, which might not match the cable type connected to the manipulators. This creates
problems when making chuck-based measurements. The solution, if possible, is to do dual
top-side contacts. If that’s not possible, attempt to match the cables attached to the chuck with
those attached to the manipulator. Most AC impedance meters are best used with a Kelvin set
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of cables, one for the force and one for the sense, but sometimes it’s impractical to have both
cables in the system. In that case, the Kelvin leads are tee’d together, and only one cable is
connected to the device. This can lead to gain errors, particularly with large capacitors.

The chucks themselves represent a very heavy, complex load and can impact measurement
accuracy. Attaching the AC drive terminal (normally called the high current terminal) of the
AC impedance meter to the chuck and attaching the current sense terminal (normally called
the low current terminal) to the manipulator will give the best results.

Different cable types and cable impedances can also create a problem. For example,
some C-V meters are 100€2 systems and some are 50€2 systems. It is normally best to use the
cables recommended by the AC meter vendor. Switch matrices create lengthy and, in some
cases, uncontrolled impedance pathways. Reducing the test frequency will usually improve a
measurement made through a switch matrix. Probe needles can add contact resistance in series
with the measurement, which can be compensated for by using the Short correction method

Table 1 summarizes typical sources of C-V errors and offers suggestions for
corrective actions.

Table 1.
Error Source Results Corrective Action
Cable length * Gain error at higher frequency » Use correct cable length

* Software correct for cable length
e Reduce test frequency

Probe arm, manipulator | Gain error at higher frequency ¢ Software correct for cable length
length  Reduce test frequency

Chuck cables don’t ¢ Gain error at higher frequency e Use dual top side contacts

match probe cables * Offset capacitance * Software correct for cable length

¢ Reduce test frequency

Cable length after the * Impedance gain/offset errors * Keep cables short

Kelvin point  Use Open/Short correction

Chuck is a heavy, * Gain error at higher frequency * Use dual top side contact

complex load e Measured C too low  Connect high current terminal to the chuck
* Noisy measurements * Increase AC drive level

¢ Reduce test frequency

e Jumper chuck grounds to cable grounds

Cable types and * Impedance gain/offset errors that cable | Use factory recommended cables
impedances length correction doesn’t fix « Be aware of cable impedance (50Q, 75Q, 100€)
Switch matrices e Impedance gain/offset errors, noisy ¢ Reduce cable length
measurements.  Reduce test frequency
Probe needle contact * Poor repeatability e Change probe needles
resistance .

Use Open/Short correction
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Conclusion

Semiconductor C-V measurement accuracy depends on a combination of high accuracy
instrumentation, well-thought-out cabling, and a good understanding of the underlying

theory of these measurements. Armed with this understanding, you’ll be ready to choose the
hardware and cabling configuration designed to complement the needs of your test application.
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