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–– Organic material devices
–– Nanotechnology devices
(Graphene, CNT)
–– Magnetic material (MTJ)
–– Super conductors
–– Compound semiconductors
(GaN, SiC)

Introduction
Understanding the properties of materials (both natural and man-made) is important for a variety of
reasons.
Materials such as metallic materials, semiconductors, organic materials (such as polymers) and compound
semiconductors have provided profound benefits over the last century. New and emerging materials such
as oxide semiconductors, carbon nano tubes (CNT) and graphene promise to provide new benefits over the
coming century.
Every material is unique in in terms of its electrical, optical and structural properties. It is these unique
material properties that allow devices and components such as solar cells, sensors, logic devices, memories, interconnect, displays, emitters, packaging materials to perform their specified tasks. In turn, the
devices and components just described can be used in other equipment such as machines, transportation
equipment, IT gadgets, etc.
For these reasons, innovations in material science and engineering form the basis for many next generation
technologies and products. The various test methods discussed in this document then form an important
basis for these innovations.
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Figure 1. Material science forms the basis for a broad range of innovation
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Material Examples
We will review some typical materials and explore their various applications. We will also
highlight some of their characteristics, applications and evaluation challenges.

Organic materials
Polymers are one of most important organic materials; they consist of macromolecules
containing carbon covalently bonded together and with other elements of low atomic
number (such as H, N, O or S). Since polymers have long linear structures that are held
together with van der Waals bonds, they have low melting points. In addition, their low
density makes polymers light weight, easy to process, and flexible in shape. Finally,
polymer molecules are varied enough to permit a wide range of conductivities (from
insulator to organic metal).
Polymers show promise for applications such as Organic EL (Electrical Luminescence),
TFT, solar cell, flexible device, organic LED, photoelectric conversion element, organic
memories and sensors. In fact, polymers are already being used for some of these
purposes.
Some of the challenges facing the commercialization of organic materials are their
reliability and an incomplete understanding of their conduction mechanisms. In addition,
their characteristics tend to change quickly when exposed to air, which makes handling
of test samples challenging.

Graphene
Graphene is a layer of pure carbon atoms that are bonded together in a hexagonal
honeycomb lattice. It has some amazing properties, and it is the lightest and strongest
material known today. It also has superior electrical and thermal conductivity, a high
Young’s modulus, and is non-permeability.
Due to its high electrical and thermal conductivity, graphene has many expected
applications. Potential devices that could use graphene in the future include super
high-speed transistors, single electron transistors, spintronics devices, NEMS (Nano
Electromechanical Systems) and sensors.
Unfortunately, since graphene is a zero-bandgap semiconductor controlling its insulation
behavior is a big challenge. In addition, it will take years for graphene to be widely
adopted because its manufacturing process is still immature.

CNT (Carbon Nanotubes)
A carbon nanotube is a cylindrical nanostructure made with allotropes of carbon. It has
properties similar to those of graphene, although its electrical properties depend on its
structure (length, diameter and chirality). Just like graphene it has high conductivity, a
high Young’s modulus and high thermal conductivity. However, unlike graphene it has an
adjustable band gap so that it can be made both resistive and highly conductive.
CNTs have been used in sport and bicycle components. Future electronic applications
could include high performance interconnects high-speed transistors, single electron
transistors, sensors and field emitters.
Some of the challenges facing the industrialization of CNTs include reliability, low yields
and manufacturing repeatability (since CNT electrical properties strongly depend on
chirality).
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MTJ (Magnetic Tunnel Junction)
A MTJ consists of two ferromagnets separated by a thin insulator. Electrons can tunnel
from one ferromagnet to the other if the insulating layer is sufficiently thin. MTJs exhibit
a magnetoresistive effect called Tunnel magnetoresistance (TMR). Since the direction
of the ferromagnet’s magnetization can be switched by an external magnetic field or by
forcing a spin-polarized current through the material, it can be used as a memory cell.
Moreover, an MTJ device can be both small in size and consume little power.
MTJs have been used in HDD (Hard Disk Drive) sensor heads as well as for MRAM
(Magnetic RAM) and STT-MRAM (Spin Transfer Torque MRAM) applications. They have
also been used as magnetic sensors.
The most difficult challenge facing MTJ commercialization is increasing the TMR ratio.

Super conductor
A super conductor is a material that can conduct electricity with no resistance under
specific conditions. The phenomenon is observed when the superconducting material is
cooled down below a characteristic critical temperature.
Since the discovery of high-temperature superconductors in 1986 (which have critical
temperature above 90K), researchers around the world have expended a lot of effort to
find super conductors with higher critical temperatures.
Potential applications include low loss power transmission and highly efficient
transportation systems utilizing super conductors’ zero resistivity. Super conductors
can also generate very powerful magnetic fields, making them ideal for use in NRI/NMR
machines. Super conductors are also used to build SQUIDs (superconducting quantum
interference devices), which are highly sensitive magnetometers.
The main challenge facing super conductors is finding materials with higher critical
temperatures.

GaN (Gallium Nitride)
GaN is a III/V semiconductor material that falls into the category of wide band gap
materials. A wide band gap provides benefits that are not possible with conventional
semiconductor materials. For example, wide band gap light emitting diodes (LEDs)
can provide much brighter light and are especially useful for violet lasers. A wide band
gap provides higher breakdown voltages, lower on-resistances and higher thermal
conductivity, all of which are essential properties for high power device applications.
In addition, wide band gap transistors have switching speeds much faster than
conventional power devices. Besides GaN, SiC (Silicon Carbide) and Diamond are other
wide band gap materials with similar properties.
Besides the blue or violet laser diode applications mentioned previously, GaN shows
great promise for use in high power electronic devices. It has potential applications in the
communications industry where power devices need to operate at high frequencies.
Although GaN is already being used for blue or violet laser diodes, further improvements
in gallium nitride’s basic properties and reliability are necessary for it to be used more
widely in power electronics applications.

Ferromagnetic
Tunneling layer
Ferromagnetic
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Techniques for the Electrical Measurement of Materials
and Their Challenges
In this chapter we will discuss typical electrical measurement methods for a variety
of materials. Every testing method has its unique challenges when applied to material
testing.

Resistivity/conductivity measurement
Resistivity (ρ) and conductivity (σ) are fundamental material characteristics because they
measure a material’s ability to conduct electrical current. According to their conductivity,
materials can be categorized as conductors, semiconductors and insulators. The
resistivity of a material is the inverse of its conductivity. (ρ =1/σ)
The resistance R of a piece of conducting material is proportional to its resistivity and to
its length (L), and it is inversely proportional to its cross sectional area (A). (R=Lρ/A )
To measure resistivity or conductivity, a direct current is applied to a material. The
current I through the material and the voltage drop on two potential probes are recorded
as shown in Figure 2.
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Figure 2. Resistance measurement technique for a conductor

The resistivity can then be calculated using the following equation.
ρ=

V W*d
I *
L

Sheet resistance is calculated from ρ using the following equation.
Rs =

ρ
d

The variation in conductivity amongst different materials is quite astonishing, spanning
over 25 orders of magnitude. For this reason in many cases ultra-low signal level
measurements are necessary to precisely characterize a material. For example, insulating materials require very high voltages and ultra-low current measurement capability to
evaluate their resistivity and conductivity.
The Van der Pauw method is a common resistivity measurement technique. It is
discussed later in this chapter because it is important when measuring carrier mobility,
which is also discussed later in this chapter.
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Four point probe measurement
The four point probe measurement technique is well established for semiconductor
materials and devices. While the two point probe method is easier to implement, it does
not always yield accurate results. Figure 3 (a) shows a two point probe measurement
example. The DUT’s resistance is not accurately measured due to the parasitic resistance
in the wires (Rr1, Rr2).
Figure 3 (b) shows a four point probe measurement example, which is necessary when
measuring low resistance materials or sourcing high current into a material. Although
the voltage measurement path contains parasitic resistances Rr3 and Rr4, the current
flowing through the voltage measurement path is almost zero due to the voltmeter’s high
input impedance. Therefore, the voltage drop across Rr3 and Rr4 is negligibly small. The
four point probe or four wire measurement is often referred to as Kelvin measurement in
honor of its inventor William Thomson (aka Lord Kelvin).
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Figure 3. Two terminal and four terminal resistance measurement circuits

When measuring materials the resistivity is calculated using the equation shown in
Figure 4.

I = const.
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(c: geometry dependent correction factor.)
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Figure 4. Four point probe measurement
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Depending on the sample dimensions, a different correction factor (c) needs to be used
as shown in Figure 5.
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Figure 5. Geometry correction factors for four point measurement

To make an accurate four point probe measurement, an accurate current source is
necessary. Also, care needs to be taken so that the applied current does not heat up the
material being tested and so that extreme surface potential that induce surface band
bending do not occur. The probing material also needs to be solid enough to provide a
good Ohmic contact but soft enough so as not to damage the surface.
Finally, many materials require equipment capable of measuring ultra-low signal levels.
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Current – voltage (IV) measurement
A current versus voltage measurement displayed in graphical format provides important
insights into the electrical current behavior of a material as the voltage stimulus varies.
For example, underlying physical mechanisms that impact the current flow as the applied
voltage varies can be identified by looking at inflexion points in the IV curve when it is
plotted on linear-linear, linear-log or log-linear formats.
For active devices such as FETs (Field Effect Transistors) constructed from semiconductor materials, IV curves provide information on the device’ conductivity which varies with
the voltage applied to control terminal (e.g. gate) of the device.
To measure current-voltage characteristics, staircase shaped voltages are applied to the
device and the current is measured at each step of the staircase voltage as depicted in
Figure 6.
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Figure 6. IV measurement method

To make this measurement the sources and meters need to be well synchronized. Also,
wide current and voltage ranges are necessary to cover all materials and applications. In
addition, as in previous examples equipment capable of measuring ultra-low signal levels
is necessary. For example, insulating materials require very high voltages and low current
measurement capabilities.
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Pulsed IV measurement
Applying an electric current to a material will induce heat (the Joule heating effect),
which affects the device’s characteristics. As device geometries continue to shrink
Joule self-heating is more evident since smaller devices are more strongly impacted by
self-heating. One practical method to reduce Joule-heating when testing materials is to
use pulsed signals. Short pulse widths with long duty cycles are necessary to accurately
characterize many materials and devices.
To measure IV characteristics and avoid self-heating effects, a pulsed staircase voltage
waveform is applied to a material and current is measured in synchronization with the
pulse as shown in Figure 7.
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Figure 7. Pulsed IV measurement method

Having precise control over the pulse width, period, leading/trailing edges, and voltage/
current peak levels is important for detailed material characterization. The pulse width
and the period necessary to suppress Joule-heating is different for every material. Some
materials require sub-microsecond pulses while other materials do not exhibit heating
even with a DC signal applied. Of course, synchronization between pulse sources and
meters is important to make accurate pulsed IV measurements. Note that some materials require equipment capable of measuring ultra-low signal levels in pulsed IV mode.
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Time domain I/V measurement
A material’s response to an external electrical signal is affected by many factors such
as interface traps, stray capacitance, internal resistance, etc. It then follows that a
material’s response to electrical signals can provide this type of information. Therefore,
monitoring the response of a material to electrical stimulation over time is very
important.
Time domain I/V measurement is also important to understand the reliability of a
material or device. A material’s response to single or continuous electrical stresses over
time is crucial to understanding its reliability.
Figure 8 shows a typical test method to monitor time domain I or V over time.
In this configuration a shunt resistor is used to determine the current flowing through
the sample, but it also adds a voltage drop that detracts from accurate characterization.
While fast sampling rates are necessary to capture transient material behavior, achieving
speed and accuracy is difficult. For example, although oscilloscopes can measure very
fast signals they do not have enough voltage (or current) measurement resolution for
accurate material characterization.
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t
Figure 8. Time domain I or V measurement
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Capacitance – voltage (CV) measurement
Capacitance measurement provides charge or carrier related information for semiconductor materials. It can be used to derive many key parameters such as carrier density,
doping profile, impurity distribution and insulation layer thickness.

LCR meter

C

V
Figure 9. Capacitance measurement method

An LCR meter is the instrument used to perform CV measurements.
Many materials require CV equipment capable of measuring ultra-low signal levels.
Moreover, a thorough knowledge of capacitance measurement theory is necessary to
prevent measurement errors. For example, compensation needs to be performed to
remove parasitic elements from the measurement paths and (if measuring on-wafer) the
appropriate measurement frequency needs to be chosen to avoid signal leakage through
the chuck capacitance. In addition, some materials (such as wide band gap semiconductors) require DC voltages in the thousands of volts, which is much more than LCR meters
can provide.

Quasi - static CV (QSCV) measurement
Quasi-static CV measurement is required to evaluate quantity of charge trapped in the
interface states of MIS (Metal-Insulator-Semiconductor) structures.
To measure Quasi-static CV characteristics, a ramp voltage
with a constant slope is applied to the material and the
current is measured during the voltage ramp. The capacitance can then be determined using the following equation.

I

A

C (V) = I (V) / dV
dt
It is difficult to make accurate QSCV measurements if large
leakage currents are present, which is a common issue in
the early stages of material development and in modern
semiconductor devices with small geometries. Of course,
synchronization of the ramp voltage source and the current
meter is essential to obtain accurate QSCV measurements.
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Figure 10. QSCV measurement method
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Charge pumping measurement
The charge pumping measurement method is used to measure trap density at a semiconductor/insulator interface. Unlike CV measurements that require large diameter MOS
capacitors, a small geometry MOSFET can be used as the DUT.
To perform charge pumping a pulse train (in various shapes such as square, triangular,
trapezoidal, sinusoidal, or tri-level) is applied to a MOSFET structure with the source and
drain tied together and slightly reverse biased. The resulting current is then measured
through the substrate.

Figure 11. Charge pumping method

For a square pulse train the interface state density can be calculated from the measured
current using the following equation.
Nit =

Icp
q * f * Ag

For a triangular pulse train the interface trap density can be calculated from the measured current using the following equation.

Dit =

Icp
q * f * Ag * ∆E

Ultra-low current measurement capability (sub-pA level) is necessary because charge
pumping currents are typically small. Also, detailed control over the pulse width, level,
leading/trailing edges and period is necessary in order to extract all of the parameters.
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Van der Pauw measurement
The resistivity measurement method described in the four point measurement method
section is applicable to shapes such as rods, semi-infinitely extended bulk layers, or
thin layers. However, a more general method known as the Van der Pauw measurement
technique can be performed on any irregularly shaped flat sample if the following
conditions are met.
–– The contacts are at the perimeter of the samples and sufficiently small
–– The sample is uniformly thick
–– The sample does not contain isolated holes
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3
Figure 12. Van der Pauw method

Consider the flat sample shown in Figure 12. The current I12 is defined as the current
entering through contact 1 and leaving through contact 2 and the voltage V34 = V3 – V4 is
the voltage difference between contact 3 and 4. The resistance R12,34 is defined as follows.
V34

R12,34 =

I12

The resistivity is given by
ρ=

πd (R12,34 + R23,41)
In(2)

2

F

where F is a function of the ratio Rr = R12,34/R23,41, satisfying the relation
Rr - 1
Rr + 1

=

F
In(2)

arccosh (

In(2)
exp[ F ]
2

)

For a symmetrical sample such as a circle or square, Rr =1 and F = 1. Then the resistivity
is given by:
ρ=

πd
In(2)

R12,34

Similar to other measurements, many materials require equipment capable of measuring
ultra-low signal levels. Also, to avoid changing the resistivity the applied current must
not heat up the material being tested. Since having a good Ohmic contact is essential to
making this measurement, applying sufficient pressure with the probe to make an Ohmic
contact is very important.
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Hall Effect measurement
Hall Effect measurements are fundamental to material characterization. The measurement provides the Hall voltage (VH), from which majority carrier concentration (p, n),
type and mobility (µ) can be derived.
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Figure 13. Hall effect measurement method

Hall measurements can be performed on the same sample used for Van der Pauw
measurements. A magnetic field applied to a conductor in a direction perpendicular to the
current flow produces an electric field perpendicular to the magnetic field and current as
shown in Figure 13.
Hall voltage (VH) can be expressed as follows
VH = 1 1 IB
pq d
If VH is known, then p (carrier concentration for p type) can be calculated using the other
known parameters. The RH (Hall constant) is defined as 1/pq for p-type and -1/nq for
n-type, with the sign depending on the carrier type. Thus, the Hall Effect can be used
to determine the dominant carrier type of an unknown semiconductor sample. Once the
carrier concentration is known, the carrier mobility can be calculated using the following
formula where ρ (the resistivity) can be determined from a Van der Pauw measurement.
µH =

1
pqρ

Hall Effect measurements have the same challenges as do Van der Pauw measurements.
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Time of flight measurement
A time of flight measurement determines the time it takes minority carriers (primarily
generated by light) to travel from one side of a sample to the other. From this data, it is
possible to determine the minority carrier velocity. Once the minority carrier velocity is
known, the carrier mobility can be calculated as:
µ= v = W
E E * tt

Figure 14. Time of flight measurement method

Although the concept behind the time of flight measurement is simple, getting accurate
measurement results is not easy. Besides needing good synchronization between the
light (UV) source and the measurement resources, detecting the current or voltage
requires high measurement resolution. Oscilloscopes generally do not provide sufficient
low current or voltage detection capability to make time of flight measurements.

AC impedance spectroscopy
AC impedance spectroscopy (sometimes called Electrochemical Impedance spectroscopy (EIS)) is used to measure the impedance of an electrochemical system or material
versus frequency. It can also be used to derive various material physical
parameters such as carrier mobility, recombination time, and interface
state profile.
The measurement is performed by applying a small sinusoidal signal
(V = V0 exp(iωt)) to a material and measuring the response current
(I = I0 exp[i(ωt + ϕ)]). The impedance can then be calculated using Ohm’s
law (Z = V/I). The impedance can also be plotted on the complex plane
(Cole-Cole plot), which is a representation of the material’s or device’s
equivalent circuit.
The peak of the differential suceptance (∆B) vs. frequency gives the carrier
transit time. Therefore, mobility (μ) can also be derived from this method.
Unfortunately, interpreting the measurement results is not always easy as
materials can have complex internal elements that create very complicated
Cole-Cole plots. Other factors that can impact this measurement include
insufficient test equipment measurement accuracy and the poor Ohmic
contacts at the probe tips.

I = I0exp{i(ωt+φ)}

V = V0exp(iωt)

-Im Z (Ω)
C

R

R
Figure 15. AC Impedance spectroscopy method
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Temperature dependency measurement
Thermal energy supplied to or removed from a material changes the kinetic and potential
energy of its constituent atoms or molecules. Therefore, measuring a material’s characteristics as a function of the ambient temperature can provide useful insights into the
characteristics of that material.
Electrical characteristics such as IV or CV are measured while the DUT temperature is
held to a specific temperature using some sort of thermal management equipment (e.g.
Cryostat). Typically a thermocouple is used to monitor the DUT temperature.
Temperature measurements can take a long time, although the use of a forced air system
can reduce the time needed to switch from one temperature to another. In addition,
ultra-low signal level measurement is necessary for many materials.

Test
instrument

To DUT

DMM
To Thermocouple

Cryostat

Figure 16. Temperature dependent measurement configuration

Reliability test
A material’s reliability is obviously important when it is put into practical use.
There are many types of reliability tests. Some tests apply higher stresses than the
actual operating voltage or current in order to accelerate the material degradation,
and some of them apply the operating voltage or current for the stress and monitor
degradation over a long period of time. In both case the concept is to apply stress
to a material or device and to continuously monitor changes in its short or long
term behavior change.
Reliability measurement times are in general very long; some of them can take
days or weeks. In addition, the failure mechanism can be different from sample
to sample. This means that testing multiple samples is necessary to statistically
identify the major failure mechanisms and improve the material’s reliability.
Therefore, to obtain accurate stress and measurement information it is important
to have correct synchronization between the stress sources and meters.
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Figure 17. Reliability test method
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Materials vs. measurement methods
These measurement methods can be applied to a wide variety of materials.
The following table shows which test methods can be applied to the indicated material.

Grpahene

CNT
(Carbon Nano Tube)

MTJ
(Magnetic Tunnel
Junction)

Super
conductor

GaN

Y

Y

Y

Y

Y

Y

4 point probe test

Y

Y

Y

Y

Y

Y

IV

Y

Y

Y

Y

Y

Y

Pulsed IV

Y

Y

Y

Y

Time domain

Y

Y

Y

Y

Y

Y

CV

Y

Y

Y

Y

Y

Y

QSCV

Y

Y

Y

Charge pumping

Y

Van der Pauw

Y

Y

Y

Y

Y

Hall effect

Y

Y

Y

Y

Y

Time of flight

Y

AC Impedance
spectroscopy

Y

Y

Y

Y

Y

Y

Temperature
dependency

Y

Y

Y

Y

Y

Y

Reliability

Y

Y

Y

Y

Y

Y

Organic
material
Resistivity/Conductivity

Y

Y
Y

Note: Permittivity and permeability measurement are alternative methods for characterizing some of these materials.
Refer to Keysight Application Notes 5989-2589EN and 5980-2862EN for more detailed information.
5989-2589EN: Basics of Measuring the Dielectric Properties of Materials
5980-2862EN: Solutions for Measuring Permittivity and Permeability with LCR Meters and Impedance Analyzers

Challenges in material testing
From all of the previous discussions it is clear that a number of measurement challenges
are common to many different material characterization needs.
–– Accurate measurement at ultra-low signal levels
–– A broad current and voltage range
–– The ability to source both voltage and current
–– Fast pulsing with control over the pulse waveform
–– Fast sampling speeds to reveal transient characteristics
–– Material / device probing capability with good near-Ohmic contacts
–– The ability to make sensitive measurements with minimal measurement error
–– The synchronization of various types of measurement resources
–– The long times necessary for reliability and temperature dependent measurements
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Keysight Building Blocks and Solution Examples for Material Testing
Keysight Technologies has many different test instruments that can be used for material characterization. The building blocks that
Keysight can provide for assembling material testing solutions are summarized in the following table.
Type

Keysight Products

Key Usage for Material Test

Source

–– To build a test system with
meters

B2960 Low Noise Power Source
Meter

–– To build a test system with
voltage or current sources

B2980 pA meter
Electro Meter

34420A DMM

E4980A LCR Meter

Ocsilloscope

1ch/2ch SMU

–– To conveniently and
efficiently use for
initial chraracterization of
material
B2900 Source Measure Unit

Integrated
instrument

B1500A SDA

B1505A PDA

B1507A PDCA

–– To characterize finctional
device
–– To provide advanced
measurement features
such as capacitance or
pulse related test

E5270B/6xA

SWM

–– To increase number of
devices to simultaneously
apply or measure signal,
typically for reliability test
B2200A/B2201A

E5250A

34420A DMM

B1500A Semiconductor
Device Analyzer

B5270B/B526xA
Precision IV Analyzer

B1505A Power Device
Analyzer

B1507A Power Device
Capacitance Analyzer

Y

Y

Y

Y

Y

Y

Y

Broad current and voltage range

Y

Y

Y

Y

Y

Y

Y

Y

Both voltage and current sourcing capability

Y

Y

Y

Y

Y

Y

Fast pulsing with control over pulse waveforms

Y

Y

Y

Y

Y

Y

Fast sampling speeds to reveal transient characteristics

Y

Y

Y

Material / device probing with good near-Ohmic contacts

Y

Y

Y

Delicate measurements that are prone to measurement error

Y

Y

Y

Synchronization of measurement resources

Y

Y

Y

Y

Y

Y

Y

Y

Reliability and temperature dependent measurements take lots of time

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Y

Oscilloscope

B2980 Electrometer

Y

B2200A/B2201A/
E5250A SWM

B2960 PS

Accurate measurement at ultra low signal levels

E4980A LCR Meter

B2900 SMU

Keysight’s building blocks can provide solutions for the key material testing challenges discussed in the previous chapter. The solutions
to each challenge that the building blocks can are cross-referenced in the following table.

Y

Y

Y

Y

Y

Y
Y
Y

Y

Y

Y

Y
Y

Y

Y
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Resistivity/Conductivity measurement example using an SMU
A Keysight SMU (Source Measure Unit) is the ideal solution for resistivity/conductivity
measurement. SMU technology combines a dynamic configuration with accurate
measurement capabilities. As shown in Figure 18, an SMU combines two source and two
measurement functions into a single instrument. The B2900A SMU shown in Figure 18 is a
bench top type of SMU with a graphical user interface that makes it suitable for the initial
stages of material characterization.
The SMU shown has a 4-wire configuration (equivalent to the four point measurement
configuration) that eliminates measurement error caused by residual lead resistance. A
built-in compensation feature also eliminates the effects of offset voltages and thermal
electromotive force. In addition, guarding technology ensures accurate low signal level
measurements by eliminating leakage currents from the signal line to ground.
Voltage
source

Current
meter

Solution with B2900A

A
A
V

V

High Force

High Sense

DUT

Low Sense
Low Force

Current
source

B2900A with N1294A-002 Banana-Triaxial
Adapter for 4-wire connection

Voltage
meter

Equivalent circuit of SMU (Source Measure Unit)

Figure 18. Resistivity/Conductivity measurement using B2900A with N1294A-002

As shown in Figure 19, SMU technology is key to making ultra-small signal measurements.
SMUs can operate in either voltage source or current source mode, and an internal
feedback loop ensures that the intended voltage or current is always applied to the DUT.
Guarding is another technology that is crucial for accurate low current measurement. The
principle is to surround the force/signal line with conductive material that is actively held
at the same potential as the force/signal line. Guarding technology requires triaxial style
connectors and cables.
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The voltage at point A is relayed back to point B using a
feedback circuit. Changing R1 to different values maintains the
desired voltage at point A regardless of the voltage drop
across Rr and other residual resistances. Even in voltage force
mode, for SMUs a Kelvin connection is used to measure the
true voltage at the DUT.

VA = - (R2 / R1) * Vset
Figure 19. SMU technology

The voltage at point F is equal to Iout * Rr, which is relayed
back to point B using a feedback circuit. The current at point A
can be maintained at its intended value by controlling Iref
because R1, R2 and Rr all have known values.

IA = - (R2 / R1) * Iref / Rr
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Without Guard
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Figure 20. Guarding technology

Volume/surface resistivity measurement
Depending on the material, volume or surface resistivity measurements may be
necessary for characterization. Both of these measurements can be simply and
accurately performed using the B2985A/B2987A Electrometer and 16008B Resistivity
Cell fixture. Using this setup, parasitic leakage currents flow into the guard path so that
they do not affect the measurement.
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16008B provides both of above connections. Selector switch on the 16008B changes the test circuit to either of above connections
Figure 21. Volume/surface resistivity measurement using the B2985A/B297A and 16008B
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Four point probe measurement
Accurate four point probe measurements require both a precise current source and
electrometer. The B2961A 6.5 Digit Low Noise Power Source is an ideal choice for a current
source and the B2987A Electrometer is an ideal measurement instrument for this application.
Since the B2961A is a stable and accurate current source with 10 fA of resolution, it is possible
to minimize joule heating effects. The B2987A has battery operation capability, providing
power line noise free voltage measurement. In addition, since both instruments support the
LXI interface you can control them using a PC, which facilitates the automated calculation of ρ
(using the appropriate geometry dependent correction factors).

I = const.

A

I

V
B2961A 6.5 Digit Low Noise
Power Source

V

s

s

s

B2987A Electrometer

Figure 22. Four point probe measurement using the B2961A and B2987A

Low resistance measurement
For materials that have low resistance (such as metals or highly doped semiconductors), the
combination of the B2960A and the 34420A is an excellent solution. This solution combines
well-established error cancelation techniques with the ability to make ultra-low-level
resistance measurements.
The B2960A Precision Power Source provides the flexibility to optimize the current range
for low resistance measurements. Since the B2960A can supply up 3 A (as compared to
the 34420A’s 10 mA limit), this solution provides 300 times better resolution than can a
standalone 34420A solution.
Offset errors can be eliminated using an alternating polarity test current scheme shown in
Figure 23.
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Figure 23. Low resistance measurement with error cancelation using the B2960A/34420A
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Current – Voltage (IV) measurement
SMUs have sweep measurement capability, which makes it easy for them to perform precise
IV measurements. Either voltage or current can be swept as a staircase waveform, and both
current and voltage can be measured at each step along the voltage or current. There are four
SMU sweep modes available: Linear single, Linear double, Log single and Log double. Keysight
has a broad portfolio of SMU-based instruments (e.g. B2900 series, E5270B, E5260A, B1500A,
etc.) that cover a wide range of currents and voltages. Synchronization between the source and
measurements circuits is guaranteed, and the results can be displayed in a variety of formats
(such as current vs. voltage graphs). SMUs also support ultra-low current measurement.

V

A

t

V

DUT

B2912A Precision Source Measure Unit

Figure 24. IV measurement solution using the B2912A

Pulsed IV measurement
The B1500A has a wide variety of pulsed IV measurement capabilities available to it. Each
solution also has ready-to-use applications provided in the B1500A’s resident EasyEXPERT
software. Using the B1500A, pulse widths ranging from 10 ns to 10 s can be applied to
materials and devices and the subsequent current can be monitored.
The pulse width, maximum current and maximum voltage for the gate and drain for all of the
B1500A based solutions are summarized in Figure 25. Also shown are some example pulse
waveforms created using the B1542A Pulsed IV Parametric Test solution.

B1542A(10 ns to1 µs )

Max. Drain current
Max. Gate/Drain voltage

80 mA
4.5 V/10 V

WGFMU (100ns to10 s)

10 mA
10 V/10 V

HVSPGU (5µs to 10 s)

1A
30 V/30 V

MCSMU (50µs to 2 s)
SMU(500µs to 2 s)
Pulse width coverage of
Keysight Pulsed IV
parametric test solution

5 ns

400 mA
40 V/40 V

1A
200 V/200 V
10 ns

100 ns 1 µs

10 µs 100 µs 1 ms

Figure 25. Pulsed IV solution available for B1500A

10 ms 100 ms 1 s

10 s

B1500A with B1542A Fast Pulsed IV package
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Time domain I/V
The Waveform Generator Fast Monitor Unit (WGFMU) is an optional module for the
B1500A that provides precise and fast time domain current and voltage measurement. The
WGFMU combines four measurement functions (pulse generator, function generator, SMU,
and oscilloscope) into a single module as shown in Figure 26.

Pulse Generator

PG mode
B1500A rear view

B1530A WGFMU

50 Ω V
Output

Arbitrary linear
waveform
generator

A

V

Fast IV mode
25 µs

+

+
Function Generator

Source Measure Unit

Oscilloscope

Figure 26. Time domain I/V measurement with WGFMU

The voltage pulse is programmable with 10 ns resolution. Measurements can be
performed with a minimum 5 ns sampling interval. The effective current measurement
resolution is 2 nA, which is much better than the best resolution obtainable using an
oscilloscope and a current probe. In addition, because there is no shunt resistor to cause
a voltage drop, the specified voltage is always applied to the DUT making the entire
measurement very easy and accurate. The WGFMU module allows you to measure and
view quantities impossible to see using conventional test equipment.

- Fast µA level time domain
evaluation in 25 µs
- Then, fast IV results are derived
from those results
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Capacitance – Voltage (CV) measurement
Auto balancing bridge technology provides accurate (femtoFarad level) CV measurement
regardless of the DUT impedance. All Keysight LCR meters employ auto balancing bridge
technology, with the E4980A being one of the most popular. The auto balancing bridge
method keeps the low potential port (Lp) at zero volts. The impedance of the DUT is then
given by the equation shown in Figure 27.
All Keysight CV measurement solutions support open/short/load calibration in order to
provide accurate capacitance measurement results.
The B1500A has both IV and CV measurement capabilities. It also supports an optional
SMU/CMU unify unit (SCUU) that provides automatic connection changing between IV and
CV measurements.
Up to 100 V of DC bias is supported on the B1500A when used with SCUU. Up to 3 kV of
DC bias is supported on the B1505A and B1507A.
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Feedback signal
to Lc in order to
keep the Lp
potential to ‘0V’.
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DUT
High

OSC

Zx
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Calculated parameters:
Cox, Cmin, tox, ni, Nsub, Pfermi, Cfb, Vfb, Vth

Rr

Vx

Vr

Vx / Zx = Ix = Ir = Vr / Rr
Zx = Vx / Ix = Rr * Vx / Vr

Figure 27. Auto balancing bridge technology

E4980A
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Quasi-Static (QSCV) measurement
The conventional QSCV measurement method does not work when the DUT has leaky
characteristics. In contrast, the voltage step QSCV method supported by the B1500A
and B1505A can perform accurate QSCV measurement even in the presence of leakage
currents.
The voltage step QSCV technique does not use a voltage ramp, but instead uses a
waveform similar to that of a standard staircase sweep. The key difference from a standard
staircase sweep is that a user-specified ΔV is applied at each point on the sweep as shown
in Figure 28. A corresponding ΔQ is calculated by measuring the current induced by the
applied ΔV and then numerically integrating the area under the current versus time curve.
This allows the capacitance at each point along the sweep to be calculated by dividing
ΔQ by ΔV. The ΔV can be set independently from the step voltage of the staircase sweep,
allowing more freedom to optimize the QSCV measurement parameters.
In addition to measuring capacitance at each point in the sweep, the step voltage QSCV
algorithm also supports the ability to remove leakage current caused by electron tunneling
through the insulating dielectric. This is done by measuring the leakage current before and
after applying the ΔV, and then subtracting out the leakage current before calculating the
capacitance as shown in Figure 28.
The B1500A’s superior resolution (down to 0.1 fA), leakage compensation, offset
compensation and precise timing control work together to provide accurate QSCV
measurement.

V
∆Qn = ∫

tn

I dt – ∆t•(Ileakn – Ileakn-1)

tn-1

Standard staircase sweep

V

C=

t
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∆V
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Sweep step

Waveform for voltage step QSCV

∆t

t
I

QSCV set up screen on EasyEXPERT

t

∆Qn
Ileakn
Ileakn-1
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tn

Figure 28. Voltage step QSCV method supported by the B1500A and B1505A
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Example test results
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Charge pumping measurement
The B1500A’s Semiconductor Pulse Generator Unit (SPGU) and SMU modules are ideal
tools with which to perform accurate charge pumping measurement. The B1500A can
provide full control over pulse parameters as well as low current measurement capabilities,
both of which are essential for charge pumping measurement. A wide variety of interface
trap parameters related can be obtained using different pulse waveforms. Figure 29 shows
derived parameters for different types of pulse waveforms and measurement examples
using the B1500A. Sample application tests for charge pumping measurement are included
with the B1500A.
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Drain
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amplitude
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Pulse base voltage
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Time
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Triangle
pulse
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Dit
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Stepping frequency of triangular pulse

B1500A

Triangle pulse method

Pulse
amplitude

Trapezoidal
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Dit@energy
level

SPGU voltage
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Time
Stepping pulse leading time

Square pulse method
Time

Figure 29. Charge pumping measurement using the B1500A

Trapezoid pulse method
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Van der Pauw measurement
There are many different instrument configurations capable of performing Van der Pauw
measurements. A precision power source and electrometer is one possible configuration,
as is an SMU (for example like the B2900 SMUs). An integrated analyzer (such as B1500A)
is convenient for performing operations such as post-test resistivity calculations.
The B1500A has multiple SMU modules that can be used to apply current and measure
voltage. The B1500A’s HRSMU (High Resolution SMU) module has 1 fA resolution. All of
the B1500A’s SMUs are synchronized, and their measurement results are available to the
B1500A’s EasyEXPERT group+ software for data analysis. Since the Van der Pauw method
requires the ability to the switch current input ports and voltage measurement ports to
measure the resistances required for the ρ calculation, it is convenient to have available
the B1500A’s data handling capabilities. If a switching matrix (such as the E5250A or
B2201A) is used with B1500A, the entire measurement sequence can be fully automated.
The B1500A’s EasyEXPERT software can control these switching matrices and make the
necessary connections to perform a Van der Pauw measurement.

1
A
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2

V

3

V

Low
A

SMU

Data

Test CPU

V
A

SMU
SMU

Display

Windows CPU

V
A

SMU

V

SMU

A

CMU

B1500A with 4 HRSMUs

E5250A Switching matrix

Figure 30. Automated Van der Pauw measurement with B1500A and E5250A

Hall Effect measurement
The same configuration used for Van der Pauw
measurements can be used for Hall Effect
measurements by just adding a magnetic field
perpendicular to the direction of the current flow.
The B1500A’s EasyEXPERT software supports a
“user function” feature that supports equation
definitions to calculate parameters using
measurement results. The parameter calculation
is done automatically during the measurement.
Figure 31 shows an example user function
definition for Hall mobility and majority carrier
concentration calculation.

Figure 31. User function to calculate Hall Effect parameters
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Time of flight measurement
Time of flight measurements requires accurate low current measurement instrumentation
(milliamp resolution or below) in the time domain with fast sampling speeds of less than
one microsecond. However, conventional current probes do not provide enough accuracy
to perform this type of measurement.
The Keysight N2820A current probe can measure currents as low as 50 μA over a wide
dynamic range while maintaining a wide bandwidth. An accurate time of flight
measurement system can be created using an InfiniVision Oscilloscope, an N2820A
current probe, a B2961A Low Noise Power Source and a UV light source as shown in
Figure 32.
All of instruments can be connected together using LXI, USB or GPIB interfaces, which
allows synchronization, data correction and subsequent parameter (μ) calculation.
Another option is the B1500A’s WGFMU module, which has a 5 ns sampling interval with
very accurate current measurement resolution.

DUT

hν

p+ p

n+

I(t)

-V1
B2961A 6.5 digit
Low Noise Power
Source

N2820A high-sensitivity, high dynamic range current probes
Figure 32. N2820A current probe and Time of Flight test system example

InfiniVision
N2820A Oscilloscope

Example Time of Flight test system configuration
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AC impedance spectroscopy
The B1500A’s Multi-Frequency Capacitance Measurement Unit (MFCMU) provides simple
and accurate AC impedance spectroscopy. The MFCMU supports frequency dependent
capacitance measurements (i.e. C-f characteristics). The vector ratio detector in the
MFCMU’s auto-balancing bridge separates measured impedance into real and imaginary
parts. If the real and the imaginary components at each measurement frequency are plotted
on the complex plane, a Cole-Cole plot is obtained as shown in the Figure 33.
The B1500A’s EasyEXPERT group+ software can automate the entire measurement and
analysis process .
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Figure 33. AC impedance measurement using the B1500A’s MFCMU module

Cole-cole plot example on solar cell
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Temperature dependency measurement
Temperature dependency measurements should be automated because they are delicate,
tedious, and time consuming tasks. To perform automated temperature dependent
measurements, some sort of thermal management equipment (such as a cryostat, a
thermostatic chamber, or a Thermostream) is necessary along with thermocouples to
monitor the temperatures at multiple points.
Equipment needs to have interfaces to both the thermocouple and the thermal management
equipment. The thermal management equipment needs to be remotely controllable through
a GPIB, LXI or USB interface.
The B2980A Electrometer and the B1505A Power Device Analyzer with the N1265A Test
Fixture have thermocouple interfaces. Moreover, Keysight test equipment supports GPIB,
LXI or USB interfaces that can be used with thermal management equipment.
Figure 34 shows two example solutions. One is a system to measure super conductor
resistivity using the B2961A Low Noise Power Source and B2987A Electrometer. The other is
an automatic thermal measurement solution using the B1505A. The B1505A has an available
thermal test enclosure that interfaces with a Thermostream system. Once a DUT is placed
in the enclosure the B1505A takes full control over the Thermostream, monitoring the
temperature through thermocouples. The thermostream allows extremely fast temperature
dependent measurements. An entire series of measurements from -50 ˚C to +220 ˚C takes
less than an hour, which is almost 10 times faster than conventional test method. All of the
necessary libraries are built-in to the B1505A.

B2961A
Thermocouple

B1505A

B2987A
Thermal
controller
inTest Thermostream
Thermal test enclosure

Solution with B2987A and B2961A

Figure 34. Example solutions for temperature dependency measurement

Automatic thermal solution with B1505A
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Reliability test
As described in the previous chapter, a statistical approach is necessary to reliably
determine the failure mechanism of a given sample. The Weibull plot shown in Figure 35 is
typically used for this type of analysis. Many reliability test systems have multiple channels
to support simultaneous (parallel) measurement on a large number of samples.
Some systems perform parallel test using a large number of test resources (E5270B
example) while others operate with a limited number of test resources that are routed to
multiple pins through a switching matrix (B2985A and E5250A example). Please refer to
Figure 35.

Solution with B2985A and E5250A
0.99
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0.90
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0.50
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Solution with E5270B
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Figure 35. Weibull plot and example reliability test systems using Keysight products
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As summarized in the following table, Keysight can provide a variety of solutions that can be used for different types of material evaluations. Figure 36 shows current and voltage
ranges that are achievable with different Keysight solutions. The current and voltage ranges for each solution are displayed graphically to simplify the selection process.

Keysight Solution Portfolio
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Figure 36. Current and voltage ranges of Keysight Solutions

In many cases, improvements in device performance begin with a thorough characterization of the material or materials from which
that device is constructed. Once these material characteristics have been fully understood and optimized, a functional or active device
created from the material can be made and studied.
For initial material characterization, basic instrumentation (such as the single channel B2901A SMU) is often preferable because it
is low cost, flexible and easy to use (with its graphical user interface). As evaluation moves into functional device fabrication, a more
complex instrument (such as the B2902A or B1500A) may become necessary. In addition, it is likely that eventually capacitance, pulsed
IV and automated analysis will be required.
Keysight provides a variety of instrument solutions to meet these needs. The B2900 series can be used as economic IV analyzer for
transistor measurement and analysis by controlling them using EasyEXPERT group+ software. For more advanced material characterization needs, a configurable device
analyzer such as the B1500A is a
Material
Functional device
better choice.
EasyEXPERT group+ supports the
B2900, E5270B, E5260A, E5262A,
B1500A, B1505A and B1507A. It also
comes with a large library of furnished
application tests that cover most of
the measurement methods discussed
in this document. Thus, you can use
the same user interface through all
phases of material evaluation.

Single channel SMU

OR

Power source +
Electrometer

Dual channel SMU
Economic IV analyzer

Device analyzer with
various functions (CMU,
Pulse, WGFMUs, etc.)
Device analyzer with
multiple SMUs

Figure 37. Typical instrument solutions used when moving up the value chain from a material to a functional device
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Device Fixturing Solutions
The physical interface from the measurement resource to the DUT is a very important part
of the material test system solution.
One typical tool is the wafer prober or probe station. It is used to probe materials and
devices. Various companies provide manual and semi-automatic prober solutions that
enable accurate measurement results when used with Keysight instruments. Keysight has
been working with and will continue to work with these prober venders to provide accurate
and reliable test systems.

Guarded probes are provided to make
ultra low current measurement

Guarded chuck provides ultra low
current measurement when used with
Keysight SMUs

Figure 38. Wafer probing solutions 38. Wafer probing solutions

Keysight can also provide a fixture for resistivity measurement as shown below. It is the
16008B Resistivity Cell and it can be used with the B2985A/B2987A Electrometer/High
Resistance Meter. Both the surface and volume resistivity of a material can easily and
accurately be measured using these two pieces of equipment together.

Summary
The field of materials science and engineering is continuously innovating to improve the
performance of devices and equipment. Accurate and efficient material evaluation is the first
step in this process. Many different aspects of material performance need to be evaluated,
and there are a variety of measurement methods available for this purpose.
Keysight can provide many types of test equipment and expertise to meet these needs.

WGFMU on a wafer prober with RF
probe
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United Kingdom

0800 001122
0800 58580
0800 523252
0805 980333
0800 6270999
1800 832700
1 809 343051
800 599100
+32 800 58580
0800 0233200
8800 5009286
800 000154
0200 882255
0800 805353
Opt. 1 (DE)
Opt. 2 (FR)
Opt. 3 (IT)
0800 0260637

For other unlisted countries:
www.keysight.com/find/contactus
(BP-9-7-17)
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