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FIGURE 1-1: Standard Symbols Used in this Text

Symbol Prefix Exponent
y yocto- 10724
z zepto- 10721
a atto- 10-18
f femto- 10715
p pico- 10-12
n nano- 1079
n micro- 1076
m milli- 10-3

(none) (none) 100
k kilo- 103
M mega- 106
G giga- 10°
T tera- 1012
P peta- 101>
E exa- 1018
Z zetta- 1021
Y yotta- 1024

Symbol Unit Quantity
v volts EMF
A amperes current
Q ohms resistance
C coulombs charge
s seconds time
W watts power
F farads capacitance
Hz cycles/s frequency
K Kelvin temperature
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1.2

Introduction

DC voltage, DC current, and resistance are measured most often with
digital multimeters (DMMs). Generally, these instruments are adequate for
measurements at signal levels greater than 1uV or 1uA, or less than 1GQ.
(See Figure 1-1 for standard symbols used in this text.) However, they
don’t approach the theoretical limits of sensitivity. For low level signals,
more sensitive instruments such as electrometers, picoammeters, and
nanovoltmeters must be used.

Section 1 offers an overview of the theoretical limits of DC measure-
ments and the instruments used to make them. It includes instrument
descriptions and basic instrument circuit designs. For easier reference, this
information is organized into a number of subsections:

1.2 Theoretical Measurement Limits: A discussion of both the theoretical
measurement limitations and instrument limitations for low level
measurements.

1.3 Instrument Definitions: Descriptions of electrometers, DMMs, nano-
voltmeters, picoammeters, source measure unit (SMU) instruments,
SourceMeter® Source Measure Unit (SMU) Instruments, low current
preamps, and micro-ohmmeters.

1.4 Understanding Instrument Specifications: A review of the terminology
used in instrument specifications, such as accuracy (resolution, sensi-
tivity, transfer stability), deratings (temperature coefficient, time drift),
noise (NMRR and CMRR), and speed.

1.5 Circuit Design Basics: Describes basic circuit design for voltmeter
circuits, ammeter circuits, coulombmeter circuit, high resistance
ohmmeter circuits, low resistance ohmmeter circuits, and complete
instrument block diagrams.

Theoretical Measurement Limits

The theoretical limit of sensitivity in any measurement is determined by
the noise generated by the resistances present in the circuit. As discussed
in Sections 2.6.5 and 3.2.6, voltage noise is proportional to the square root
of the resistance, bandwidth, and absolute temperature. Figure 1-2 shows
theoretical voltage measurement limits at room temperature (300K) with
a response time of 0.1 second to ten seconds. Note that high source resist-
ance limits the theoretical sensitivity of the voltage measurement. Although
it’s certainly possible to measure a 1uV signal that has a 1Q source resist-
ance, it'’s not possible to measure that same 1uV signal level from a 1TQ
source. Even with a much lower 1MQ source resistance, a 1uV measure-
ment is near theoretical limits, so it would be very difficult to make using
an ordinary DMM.

In addition to having insufficient voltage or current sensitivity (most
DMMs are no more sensitive than 1uV or 1nA per digit), DMMs have high

Low Level DC Measuring Instruments
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FIGURE 1-2: Theoretical Limits of Voltage Measurements

1kv [
Noise 1y - Within theoretical limits 100
Voltage
TmV 1073
v 10—
nv _y 1072
Prohibited
by noise
1pV 10-12

100 103 108 109 1012
1Q 1kQ  1IMQ  1GQ  1TQ

Source Resistance

input bias current! when measuring voltage and lower input resistance
compared to more sensitive instruments intended for low level DC meas-
urements. These characteristics cause errors in the measurement; refer to
Sections 2 and 3 for further discussion of them.

Given these DMM characteristics, it’s not possible to use a DMM to
measure signals at levels close to theoretical measurement limits, as shown
in Figure 1-3. However, if the source resistance is 1MQ or less, or if the
desired resolution is no better than 0.1uV (with low source resistance),
the signal level isn’t “near theoretical limits,” a DMM is adequate. If better
voltage sensitivity is desired, and the source resistance is low (as it must
be because of theoretical limitations), a nanovoltmeter provides a means of
measuring at levels much closer to the theoretical limits of measurement.
With very high source resistance values (for example, 1TQ), a DMM isn’t a
suitable voltmeter. DMM input resistance ranges from 10MQ to 10GQ—
several orders of magnitude less than a 1TQ source resistance, resulting in
severe input loading errors. Also, input currents are typically many pico-
amps, creating large voltage offsets. However, because of its much higher
input resistance, an electrometer or high impedance SMU instrument can
make voltage measurements at levels that approach theoretical limits. A
similar situation exists for low level current measurements; DMMs gener-

Input current flows in the input lead of an active device or instrument. With voltage measurements,
the input current is ideally zero; thus, any input current represents an error. With current measure-
ments, the signal current becomes the input current of the measuring instrument. However, some
background current is always present when no signal current is applied to the instrument input. This
unwanted current is the input bias current (often called just the offset current) of the instrument.

The source and test connections can also generate unwanted offset currents and offset voltages.

A leakage current is another unwanted error current resulting from voltage across an undesired
resistance path (called leakage resistance). This current, combined with the offset current, is the total
error current.
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1.3

131

FIGURE 1-3: Typical Digital Multimeter (DMM), Nanovoltmeter (nVM), and
Electrometer Limits of Measurement at Various Source Resistances

1V - 100
Noise
Voltage 1mV - 1073
Electrometer M 4 - 106
DMM 7
nVM v - 1072
pv - . . . . . - 10712

1073 100 103 106 10° 102 1015
TmQ 1Q ke 1MQ 1GQ  1TQ 1PQ

Source Resistance

ally have a high input voltage drop (input burden), which affects low level
current measurements, and DMM resolution is generally no better than
1nA. Thus, an electrometer or picoammeter with its much lower input
burden and better sensitivity will operate at levels much closer to the the-
oretical (and practical) limits of low current measurements.

Instrument Definitions

A number of different types of instruments are available to make DC meas-
urements, including electrometers, DMMs, nanovoltmeters, picoammeters,
source measure unit (SMU) instruments, low current preamps, micro-ohm-
meters, and low current sources. The following paragraphs discuss and
compare the important characteristics of these instruments.

The Electrometer

An electrometer is a highly refined DC multimeter. As such, it can be used
for many measurements performed by a conventional DC multimeter.
Additionally, an electrometer’s special input characteristics and high sen-
sitivity allow it to make voltage, current, resistance, and charge measure-
ments far beyond the capabilities of a conventional DMM.

An electrometer must be used when any of the following condi-
tions exist:

1. The task requires an extended measurement range unavailable with
conventional instruments, such as for detecting or measuring:

* Currents less than 10nA (10-%A).
* Resistances greater than 1GQ (10°Q).

Low Level DC Measuring Instruments
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2. Circuit loading must be minimized, such as when:
* Measuring voltage from a source resistance of 100MQ or higher.

* Measuring current when input voltage drop (burden) of less than a
few hundred millivolts is required (when measuring currents from
sources of a few volts or less).

3. Charge measurement is required.

Measuring signals at or near Johnson noise limitations (as indicated in

Figure 1-2).

Electrometers have four functions: voltmeter, ammeter, ohmmeter, and
coulombmeter.

Voltmeter Function

The input resistance of an electrometer voltmeter is extremely high, typ-
ically greater than 100TQ2 (10™Q). Furthermore, the input bias current is
less than 3fA (3x10-°A). These characteristics describe a device that can
measure voltage with a very small amount of circuit loading.

Because of the high input resistance and low input bias current, the
electrometer voltmeter has minimal effect on the circuit being measured.
As a result, the electrometer can be used to measure voltage in situations
where an ordinary multimeter would be unusable. For example, the elec-
trometer can measure the voltage on a 500pF capacitor without significant-
ly discharging the device; it can also measure the potential of piezoelectric
crystals and high impedance pH electrodes. Electrometer voltmeters are
also used to measure the resistivity of high resistance semiconductor
materials.

Ammeter Function

As an ammeter, the electrometer is capable of measuring extremely low
currents, limited only by theoretical limits or by the instrument’s input bias
current. It also has a much lower voltage burden than conventional DMMs.

With its extremely low input bias current and minimal input voltage
burden, it can detect currents as low as 1fA (10-'°A). Because of this high
sensitivity, it’s suitable for measuring ion beam current, dark current of
photodiodes, gate leakage current, and current output of mass spectrom-
eters and other devices.

Obmmeter Function

An electrometer may measure resistance by using either a constant-current
or a constant-voltage method. If using the constant-current method, the
electrometer’s high input resistance and low offset current enables meas-
urements up to 200GQ. When using the constant-voltage method, the
electrometer applies a constant voltage to the unknown resistance, meas-
ures the current, and then calculates the resistance. This is the preferred
method because it allows the unknown resistor to be tested at a known
voltage. An electrometer can measure resistances up to 10PQ2 (10'°Q) using
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this method. The constant-voltage method is used to measure the resistivity
of insulators and the insulation resistance of devices such as cables, con-
nectors, and printed circuit boards.

Coulombmeter Function

Current integration and measurement of charge are electrometer coulomb-
meter capabilities not found in multimeters. The electrometer coulombme-
ter can detect charge as low as 10fC (10-C). It’s equivalent to an active
integrator and, therefore, has low voltage burden, typically less than 100uV.

The coulombmeter function can measure lower currents than the
ammeter function can because no noise is contributed by internal resistors.
Currents as low as 1fA (10-°A) may be detected using this function. See
Section 2.3.8 for further details. The coulombmeter function can be used
with a Faraday cage to measure charge on objects or can be used to meas-
ure capacitance using a DC voltage.

The DMM

Digital multimeters vary widely in performance, from low cost handheld
3%-digit units to 8):-digit high precision system DMMs. Although there
are many models available from a wide variety of manufacturers, none
approaches the theoretical limits of measurement discussed previously.
These limitations don’t imply that DMMs are inadequate instruments; they
simply point out the fact that the vast majority of measurements are made
at levels far from theoretical limits, and DMMs are designed to meet these
more conventional measurement needs.

Although low level measurements are by definition those that are close
to theoretical limits, and are thus outside the range of DMMs, advances in
technology are narrowing the gap between DMMs and dedicated low level
instruments. For example, the most sensitive DMMs can detect DC voltages
as low as 10nV, resolve DC currents down to 10pA, and measure resistances
as low as 100u€2 and as high as 1GQ. Although these characteristics still fall
far short of the corresponding capabilities of more sensitive instruments
like the electrometer described previously, all the measurement theory and
accuracy considerations in this book apply to DMM measurements, as well
as to nanovoltmeter, picoammeter, electrometer, or SMU instrument meas-
urements. The difference is only a matter of degree; when making meas-
urements close to theoretical limits, all measurement considerations are
vitally important. When measuring at levels far from theoretical limits, only
a few basic considerations (accuracy, loading, etc.) are generally of concern.

The Nanovoltmeter

A nanovoltmeter is a very sensitive voltage meter. As shown in Figure 1-3,
this type of instrument is optimized to provide voltage measurements
near the theoretical limits from low source resistances, in contrast to the
electrometer, which is optimized for use with high source resistances.
Compared to an electrometer, the voltage noise and drift are much lower,
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and the current noise and drift are much higher. Input resistance is usually
similar to that of a DMM and is much lower than that of an electrometer.

As is the case with electrometers, nanovoltmeters are just as easy
to operate as DMMs. Their distinguishing characteristic is their voltage
sensitivity, which can be as good as 1nV down to a few picovolts. Most
nanovoltmeters aren’t multifunction instruments and are correspondingly
less complex than electrometers.

The Picoammeter

A picoammeter is an ammeter built along the lines of the ammeter function
of an electrometer. When compared with an electrometer, a picoammeter
has a similar low voltage burden, similar or faster speed, less sensitivity,
and a lower price. It may also have special characteristics, such as high
speed logarithmic response or a built-in voltage source.

The Source Measure Unit Instrument

Source measure unit (SMU) instruments, including Keithley’s SourceMeter®
SMU instruments, combine measuring and sourcing capabilities and can
provide four basic functions: measure voltage, measure current, source
voltage, and source current. These functions can be used separately or
together in the following combinations: simultaneously source voltage and
measure current or simultaneously source current and measure voltage.
The addition of four-quadrant sourcing functions makes these instruments
more convenient and versatile than using separate instruments for appli-
cations such as generating I-V curves of semiconductors and other types
of devices.

Some SMU instruments may have a number of electrometer-like
characteristics that make them suitable for low level measurements. For
example, they provide very high input resistance (typically 100TQ or
more), minimizing circuit loading when making voltage measurements
from high impedance sources. Their current measurement sensitivity is
also similar to that of the electrometer picoammeter—typically as low as
10fA. Instruments with triax connectors also allow making extremely low
noise measurements; banana jacks are usually available for more general-
purpose or high throughput production test measurements.

Sweep capabilities are another important advantage that many of these
instruments offer. Either voltage or current can be swept across the desired
range at specified increments, and the resulting current or voltage can be
measured at each step. Built-in source-delay-measure cycles allow optimiz-
ing measurement speed while ensuring sufficient circuit settling time to
maintain measurement integrity.

SMU instruments can display resistance measurements directly, as well
as voltage and current. Unlike a digital multimeter (DMM), which can make
a measurement at only one point, an SMU instrument can generate a family
of IV curves, because it has a built-in source. This is especially useful when
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studying semiconductor devices and making materials measurements.
When used as a current source, an SMU instrument can be used in conjunc-
tion with a nanovoltmeter to measure very low resistances by automatically
reversing the polarity of the source to correct for offsets.

The Low Current Preamp

Some SMU instruments, including SourceMeter SMU instruments, may
have a remote low current preamp. With this design, the sensitive ampli-
fier circuitry is separate from the SMU instrument. This makes it possible
to place the most sensitive part of the instrument very close to the device
being tested, thereby eliminating a major source of error, the noise and
leakage from the cables themselves.

The Micro-ohmmeter

A micro-ohmmeter is a special type of ohmmeter designed especially for
making low level resistance measurements. Although the techniques used
for making resistance measurements are similar to those used in a DMM,
micro-ohmmeter circuits are optimized for making low level measure-
ments. The typical micro-ohmmeter can resolve resistances as low as 10uQ.

Measurements made using the micro-ohmmeter are always performed
using the four-wire technique in order to minimize errors caused by test
leads and connections. The typical micro-ohmmeter also has additional
features such as offset compensation and dry circuit testing to optimize
low resistance measurements. Offset compensation is performed by puls-
ing the test current to cancel offsets from thermoelectric EMFs. The dry
circuit test mode limits the voltage across the unknown resistance to a very
small value (typically <20mV) to avoid puncturing oxides when testing
such devices as relay contacts, connectors, and switches.

The Low Current Source

Low current sourcing is important in a wide range of applications from
R&D to production, including semiconductor, electrochemistry, nanotech-
nology, and superconductor tests. Low current sources are designed to
output a specified current through the DUT and apply whatever voltage is
required to force that current.

Key considerations for using a low current source include the maxi-
mum current, minimum current and step resolution, output settling time
required, and the level of voltage compliance needed. It must also have a
level of noise acceptable for the application and sufficiently high output
impedance. If the source’s output impedance is only 100X higher than
the resistance of the DUT, then the actual current through the DUT will
be off by 1%.

Although it’s possible to create a current source from a voltage source
and series resistor, such “homemade” solutions have several drawbacks,
including no voltage compliance and unpredictable output.

Low Level DC Measuring Instruments
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Understanding Instrument Specifications

Knowing how to interpret instrument specifications properly is an import-
ant aspect of making good low level measurements. Although instrument
accuracy is probably the most important of these specifications, there are
several other factors to consider when reviewing specifications, including
noise, deratings, and speed.

Definition of Accuracy Terms

This section defines a number of terms related to instrument accuracy.
Some of these terms are further discussed in subsequent paragraphs. Table
1-1 summarizes conversion factors for various unit specifications associat-
ed with instruments.

TABLE 1-1: Specification Conversion Factors

Number of time
Portion constants to settle
Percent PPM Digits Bits dB of 10V to rated accuracy

10% 100000 1 3.3 -20 1V 2.3
1% 10000 2 6.6 -40 100mV 4.6
0.1% 1000 3 10 -60 10mV 6.9
0.01% 100 4 13.3 -80 TmvV 9.2
0.001% 10 5 16.6 -100 100 pv 11.5
0.0001% 1 6 199 -120 10 pv 13.8
0.00001% 0.1 7 233 -140 1 v 16.1
0.000001%  0.01 8 26.6 -160 100 nV 18.4
0.000001% 0.001 9 299 -180 10 nV 20.7

SENSITIVITY - the smallest change in the signal that can be detected.
RESOLUTION - the smallest portion of the signal that can be observed.

REPEATABILITY - the closeness of agreement between successive measure-
ments carried out under the same conditions.

REPRODUCIBILITY - the closeness of agreement between measurements
of the same quantity carried out with a stated change in conditions.

ABSOLUTE ACCURACY - the closeness of agreement between the result of
a measurement and its true value or accepted standard value, taking
into account the uncertainty of the standard value.

RELATIVE ACCURACY - the closeness of agreement between the result of a
measurement and its true value or accepted standard value but with-
out taking the uncertainty of the standard value into account.

ERROR - the deviation (difference or ratio) of a measurement from: its true
value. Note that true values are by their nature indeterminate.
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RANDOM ERROR - the mean of a large number of measurements influ-
enced by random error matches the true value.

SYSTEMATIC ERROR - the mean of a large number of measurements influ-
enced by systematic error deviates from the true value.

UNCERTAINTY - an estimate of the bounded interval around the measured
value, which is likely to contain the true value.

“Precision” is a more qualitative term than many of those defined here.
It is often applied in the context of repeatability or reproducibility, but it
shouldn’t be used in place of “accuracy.”

Accuracy

One of the most important considerations in any measurement situation is
reading accuracy. For any given test setup, a number of factors can affect
accuracy. The most important factor is the accuracy of the instrument itself,
which may be specified in several ways, including a percentage of full scale,
a percentage of reading, or a combination of both. Instrument accuracy
aspects are covered in the following paragraphs.

Other factors such as input loading, leakage resistance, electrostatic
interference, and thermoelectric EMFs may also have a serious impact on
overall accuracy. These and many other important measurement consider-
ations are discussed in detail in Sections 2 and 3.

Measurement Instrument Specifications

A typical expression of accuracy is *(gain error + offset error). However,
manufacturers can use different formats to express accuracy, so it can be
difficult to compare instruments. Gain and offset errors are sometimes
combined into a specification that expresses accuracy in terms of a percent-
age and counts or parts per million.

The graph in Figure 1-4 shows the relationship of the offset and gain
errors over a measurement range. Note that the offset error is constant over
a particular range. When the reading is at a lower percentage of full scale of
range, the offset error is the dominant term. When a reading is taken near
the full-scale value of a selected range, the gain error becomes significant.

Instrument accuracy is often specified as a percentage of reading,
plus a percentage of range (or a number of counts of the least significant
digit). For example, a typical DMM accuracy specification may be stated
as: +(0.005% of reading + 0.002% of range). The percentage of reading
term represents the gain error and the percentage of range term is the
offset term.

Accuracy may also be specified in ppm (parts per million). Typically,
this accuracy specification is given as *=(ppm of reading + ppm of range).
For example, the DC voltage accuracy of a higher resolution DMM might be
specified as =(25ppm of reading + 5ppm of range).
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FIGURE 1-4: Relationship Between Offset and Gain Errors

Error vs. Percentage of Measurement Range
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The resolution of a digital instrument is determined by the number of
counts that can be displayed, which depends on the number of digits. A
typical digital electrometer might have 5’ digits, meaning five whole digits
(each with possible values between 0 and 9) plus a leading half digit that
can take on the values 0 or *1. Thus, a 5/-digit display can show 0 to
199,999, a total of 200,000 counts. The resolution of the display is the ratio
of the smallest count to the maximum count (1/200,000 or 0.0005% for a
5%-digit display).

For example, the specification of +(0.05% + 1 count) on a 4%-digit
meter reading 10.000 volts corresponds to a total error of =(5mV + 1mV)
or =6mV out of 10V, or *(0.05% of reading + 0.01% of range), totaling
+0.06%. Generally, the higher the resolution, the better the accuracy.

Sensitivity

The sensitivity of a measurement is the smallest change of the measured
signal that can be detected. For example, voltage sensitivity may be 1uV,
which simply means that any change in input signal less than 1uV won't
show up in the reading. Similarly, a current sensitivity of 10fA implies that
only changes in current greater than that value will be detected.

The ultimate sensitivity of a measuring instrument depends on both its
resolution and the lowest measurement range. For example, the sensitivity
of a 5/-digit DMM with a 200mV measurement range is 1uV.

Absolute and Relative Accuracy

The absolute accuracy is the measure of instrument accuracy that is direct-
ly traceable to the International System of Units (SI) through the primary
standards at the National Institute of Standards and Technology (NIST) or
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other National Metrology Institute (NMI). Absolute accuracy may be spec-
ified as +(% of reading + counts), or it can be stated as =(ppm of reading
+ ppm of range), where ppm signifies parts per million of error.

Relative accuracy specifies instrument accuracy without taking the
uncertainty of the standard into account. As with absolute accuracy, rel-
ative accuracy can be specified as (% of reading + counts) or it may be
stated as +(ppm of reading + ppm of range).

Transfer Stability

A special case of relative accuracy is the transfer stability, which defines rel-
ative instrument accuracy over a very short time span and narrow ambient
temperature range (typically within five minutes and =1°C). The transfer
stability specification is useful in situations where an instrument is used in
conjunction with a more accurate standard to transfer a quantity value to
a third device.

Calculating Uncertainties from Instrument Accuracy Specifications

Instrument accuracy specifications can be expressed in a variety of ways.
To illustrate how to calculate measurement uncertainty from instrument
specifications, here are three examples of calculations — one measuring
voltage and two measuring resistance.

Example #1: DC Voltmeter Accuracy Calculation
Input Signal = 1.5V
Voltage Range = 2V
Accuracy Specification = +(25ppm of reading + 5ppm of range)
The potential error contribution based on the specifications is calculated as:
Error = *[1.5V(25 x 10-%) + 2V(5 x 10-9)]
= %[(375V x 10-6) + (10V x 10-9)]
= +475V x 10-¢
= +475uV
Thus, the reading in this example could fall anywhere within the range

of 1.5V * 47.5uV, an uncertainty of +0.003%.

Example #2: Calculate the Accuracy of a Resistance Measurement
Made Using a DC Voltmeter and a Current Source

This example shows how to calculate the accuracy of a resistance
measurement that is made using two separate instruments, a voltmeter
and a current source. First, the accuracy of each instrument is found
separately. Then, the expected resistance accuracy is calculated using
the root-sum-square (RSS) method.

Device to be measured = 202 resistor using 100mA test current

Low Level DC Measuring Instruments



Current Source Accuracy:

Current Output = 100mA on 100mA range
Accuracy Specification = *(0.066% of output + 20uA)
Error (AI)= +[(100mA x 0.000606) + 20uA]
= +(66uA + 20uA)
= +86uA
Voltage Measure Accuracy:
Input Signal = (202 x 100mA) = 2V
Accuracy Specification of 2V Range = *(0.012% of reading + 300uV)
Error (AV) = £[(2V x 0.00012) + 300uV]
= *(240uV + 300uV)
= +540uV
Because R = V/I, the error of the resistance can be calculated using the
following root-sum-square equation:
-
R I A\

2

Substituting the calculated AI and AV values into the equation:

Total resistance uncertainty = / ‘&&‘ﬁ ‘540 V 2=9.01x10-*or +0.0901%
100mA 2V

Example #3: Calculate the Accuracy of a Resistance Measurement

Made Using an SMU Instrument

For calculating the resistance accuracy for an SMU instrument, use the
summation method. With this method, the accuracy of the source and
measurements are found separately and then added together. For higher
accuracy measurements, use the Source Readback function of the SMU
instrument to measure the source output. In this case, both the current
and voltage measurement accuracy specifications are used in the uncer-
tainty calculation of a 20Q resistor with 100mA test current:

Current Measure Accuracy (Source Readback enabled):
Input Signal = 100 mA on 100mA range (this is the current output)
Accuracy Specification = +(0.055% of reading + GuA)
Error% = +0.061%

Voltage Measure Accuracy:
Input Signal = (20Q x 100 mA) = 2V
Accuracy Specification of 2V Range = *(0.012% of reading + 300uV)
Error% = £0.027%

Total resistance uncertainty using Source Readback = +(0.061% + 0.027%)
= *0.088%

The preceding examples are simplified to demonstrate calculating
uncertainties from product specifications and combining them when using
multiple instruments. In formal practice, the calculation involves reducing
the system uncertainties to a single standard deviation, combining these
uncertainties, then expanding the final system uncertainty to describe the
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relationship of the reported value to the true value based on a probability
distribution. For details, please refer to the ISO Guide to the Expression of
Uncertainty in Measurement.

Deratings

Accuracy specifications are subject to deratings for temperature and time
drift, as discussed in the following paragraphs.

Temperature Coefficient

The temperature of the operating environment can affect accuracy. For
this reason, instrument specifications are usually given over a defined tem-
perature range. Keithley accuracy specifications on newer electrometers,
nanovoltmeters, DMMs, and SMU instruments are usually given over the
range of 18°C to 28°C. For temperatures outside of this range, a tempera-
ture coefficient such as *£(0.005 % + 0.1 count)/°C or *=(5ppm of reading
+ 1ppm of range)/°C is specified. As with the accuracy specification, this
value is given as a percentage of reading plus a number of counts of the
least significant digit (or as a ppm of reading plus ppm of range) for digital
instruments. If the instrument is operated outside the 18°C to 28°C tem-
perature range, this figure must be taken into account, and errors can be
calculated in the manner described previously for every degree less than
18°C or greater than 28°C.

Time Drift

Most electronic instruments, including electrometers, picoammeters,
nanovoltmeters, DMMs, and SMU instruments, are subject to changes in
accuracy and other parameters over a long period of time, whether or not
the equipment is operating. Because of these changes, instrument specifi-
cations usually include a time period beyond which the instrument’s accu-
racy cannot be guaranteed. The time period is stated in the specifications,
and is typically over specific increments such as 90 days or one year. As
noted previously, transfer stability specifications are defined for a much
shorter period of time—typically five or 10 minutes.

Noise and Noise Rejection

Noise is often a consideration when making virtually any type of electronic
measurement, but noise problems can be particularly severe when mak-
ing low level measurements. Thus, it’s important that noise specifications
and terms are well understood when evaluating the performance of an
instrument.

Normal Mode Rejection Ratio

Normal mode rejection ratio (NMRR) defines how well the instrument
rejects or attenuates noise that appears between the HI and LO input
terminals. Noise rejection is accomplished by using the integrating A/D
converter to attenuate noise at specific frequencies (usually 50 and 60Hz)
while passing low frequency or DC normal mode signals. As shown in
Figure 1-5, normal mode noise is an error signal that adds to the desired
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input signal. Normal mode noise is detected as a peak noise or deviation
in a DC signal. The ratio is calculated as:

k 1 i
NMRR = 20 log [ peak normal mode noise ]

peak measurement deviation

FIGURE 1-5: Normal Mode Noise

Measuring
Instrument yi
HI

Normal mode noise can seriously affect measurements unless steps are
taken to minimize the amount added to the desired signal. Careful shield-
ing will usually attenuate normal mode noise, and many instruments have
internal filtering to reduce the effects of such noise even further.

Common Mode Rejection Ratio

Common mode rejection ratio (CMRR) specifies how well an instrument
rejects noise signals that appear between both input high and input low
and chassis ground, as shown in Figure 1-6. CMRR is usually measured
with a 1kQ resistor imbalance in one of the input leads.

FIGURE 1-6: Common Mode Noise
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Instrument
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— Signal

LO
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— (usually 1kQ)

AV > Noise

Although the effects of common mode noise are usually less severe
than normal mode noise, this type of noise can still be a factor in sensi-
tive measurement situations. To minimize common mode noise, connect
shields only to a single point in the test system.
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Noise Specifications

Both NMRR and CMRR are generally specified in dB at 50 and 60Hz, which
are the interference frequencies of greatest interest. (CMRR is often spec-
ified at DC as well.) Typical values for NMRR and CMRR are >80dB and
>120dB respectively.

Each 20dB increase in noise rejection ratio reduces noise voltage or
current by a factor of 10. For example, a rejection ratio of 80dB indicates
noise reduction by a factor of 10% but a ratio of 120dB shows that the
common mode noise would be reduced by a factor of 10°. Thus, a 1V noise
signal would be reduced to 100V with an 80dB rejection ratio and down
to 1uV with a 120dB rejection ratio.

Speed

Instrument measurement speed is often important in many test situations.
When specified, measurement speed is usually stated as a specific number
of readings per second for given instrument operating conditions. Certain
factors such as integration period and the amount of filtering may affect
overall instrument measurement speed. However, changing these oper-
ating modes may also alter resolution and accuracy, so there is often a
tradeoff between measurement speed and accuracy.

Instrument speed is most often a consideration when making low
impedance measurements. At higher impedance levels, circuit settling
times become more important and are usually the overriding factor in
determining overall measurement speed. Section 2.6.4 discusses circuit
settling time considerations in more detail.

Circuit Design Basics

Circuits used in the design of many low level measuring instruments,
whether a voltmeter, ammeter, ohmmeter, or coulombmeter, generally use
circuits that can be understood as operational amplifiers. Figure 1-7 shows
a basic operational amplifier. The output voltage is given by:

Vo=AV;-Vy

The gain (A) of the amplifier is very large, a minimum of 10% to 105,
and often 10°. The amplifier has a power supply (not shown) referenced
to the common lead.

Current into the op amp inputs is ideally zero. The effect of feedback
properly applied is to reduce the input voltage difference (V; - V,) to zero.

Voltmeter Circuits

Electrometer Voltmeter

The operational amplifier becomes a voltage amplifier when connected as
shown in Figure 1-8. The input bias current is low, so the current flowing
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FIGURE 1-7: Basic Operational Amplifier

| _ COMMON ‘

O O
% Vo=A (V; - V)

through R, and Ry is the same. Assuming the gain (A) is very high, the
voltage gain of the circuit is defined as:

Vo =V, (1 + Ry/Rp)

Thus, the output voltage (V) is determined both by the input voltage
(V,), and amplifier gain set by resistors R, and Rg. Given that V, is applied
to the amplifier input lead, the high input resistance of the operational
amplifier is the only load on V,, and the only current drawn from the
source is the very low input bias current of the operational amplifier. In
many electrometer voltmeters, R, is shorted and Ry is open, resulting in
unity gain.

FIGURE 1-8: Voltage Amplifier

O ’ * O
% Vg = V, (1 + Ry/Rp)

SECTION 1



1.5.2

Nanovoltmeter Preamplifier

The same basic circuit configuration shown in Figure 1-8 can be used as
an input preamplifier for a nanovoltmeter. Much higher voltage gain is
required, so the values of R, and Ry are set accordingly; a typical voltage
gain for a nanovoltmeter preamplifier is 103.

Electrometer and nanovoltmeter characteristics differ, so the opera-
tional amplifier requirements for these two types of instruments are also
somewhat different. Although the most important characteristics of the
electrometer voltmeter operational amplifier are low input bias current
and high input impedance, the most important requirement for the nano-
voltmeter input preamplifier is low input noise voltage.

Ammeter Circuits

There are two basic circuits used for making current measurements: these
are the shunt ammeter and the feedback ammeter circuits. DMMs and older
electrometers use the shunt method, but picoammeters, SMU instruments,
and the ammeter function of electrometers use the feedback ammeter
configuration only.

Shunt Ammeter

Shunting the input of a voltmeter with a resistor forms a shunt ammeter,
as shown in Figure 1-9. The input current (I;y) flows through the shunt
resistor (Rg). The output voltage is defined as:

Vo = Iiv Rg (1 + Ry/Rp)
For several reasons, it’s generally advantageous to use the smallest
possible value for Rg.

First, low value resistors have better accuracy, time and temperature
stability, and voltage coefficient than high value resistors. Second, lower

FIGURE 1-9: Shunt Ammeter
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Vo = IiyRs (1 +Ra/Rg)
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resistor values reduce the input time constant and result in faster instrument
response time. To minimize circuit loading, the input resistance (Rg) of an
ammeter should be small, thus reducing the voltage burden (V,). However,
note that reducing the shunt resistance will degrade the signal-to-noise ratio.

Feedback Ammeter

In this configuration, shown in Figure 1-10, the input current (Iyy) flows
through the feedback resistor (Rg). The low input bias current of the amplifier
(A) changes the current (I;y) by a negligible amount. The amplifier output
voltage is calculated as:

Vo = -InRe

Thus, the output voltage is proportional to the input current, and over-
all sensitivity is determined by the feedback resistor (Rg). The low voltage
burden (V,) and corresponding fast rise time are achieved by the high gain
op amp, which forces V; to be nearly zero.

FIGURE 1-10: Feedback Ammeter

Re
L YW
O—F—
T #
nput Vo Output
O ® * | O
Vo= -linRe

Picoammeter amplifier gain can be changed as in the voltmeter circuit
by using the combination shown in Figure 1-11. Here, the addition of R,
and Rg forms a “multiplier,” and the output voltage is defined as:

Vo = -InRg (1 + Ry/Rp)

High Speed Picoammeter

The rise time of a feedback picoammeter is normally limited by the time
constant of the feedback resistor (Rg) and any shunting capacitance (Cp). A
basic approach to high speed measurements is to minimize stray shunting
capacitance through careful mechanical design of the picoammeter.

Remaining shunt capacitance can be effectively neutralized by a slight
modification of the feedback loop, as shown in Figure 1-12. If the time
constant R;C; is made equal to the time constant RzCy, the shaded area of
the circuit behaves exactly as a resistance Ry with zero Cg. The matching

SECTION 1



FIGURE 1-11: Feedback Ammeter with Selectable Voltage Gain
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FIGURE 1-12: Neutralizing Shunt Capacitance

of time constants in this case is fairly straightforward, because the capaci-
tances involved are all constant and aren’t affected by input capacitances.

Logarithmic Picoammeter

A logarithmic picoammeter can be formed by replacing the feedback resis-
tor in a picoammeter with a diode or transistor exhibiting a logarithmic
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voltage-current relationship, as shown in Figure 1-13. The output voltage
(and the meter display) is then equal to the logarithm of the input current.
As a result, several decades of current can be read on the meter without
changing the feedback element.

The main advantage of a logarithmic picoammeter is its ability to fol-
low current changes over several decades without range changing.

The big disadvantage is the loss of accuracy and resolution, but some
digital picoammeters combine accuracy and dynamic range by combining
autoranging and digital log conversion.

If two diodes are connected in parallel, back-to-back, this circuit will
function with input signals of either polarity.

FIGURE 1-13: Logarithmic Picoammeter
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FIGURE 1-14: Dual Polarity Log Current to Voltage Converter
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Using a small-signal transistor in place of a diode produces somewhat
better performance. Figure 1-14 shows an NPN transistor and a PNP tran-
sistor in the feedback path to provide dual polarity operation.

Remote Preamp Circuit (Source V, Measure I Mode)

Figure 1-15 illustrates a typical preamp circuit. In the Source V, Measure
I mode, the SMU instrument applies a programmed voltage and measures
the current flowing from the voltage source. The sensitive input is sur-
rounded by a guard, which can be carried right up to the DUT for fully
guarded measurements. The remote preamp amplifies the low current
signal passing through the DUT; therefore, the cable connecting the remote
preamp to the measurement mainframe carries only high level signals,
minimizing the impact of cable noise.

FIGURE 1-15: Remote Preamp in Source V, Measure | Mode
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Coulombmeter Circuit

The coulombmeter measures electrical charge that has been stored in a
capacitor or that might be produced by some charge generating process.

For a charged capacitor, Q = CV, where Q is the charge in coulombs on
the capacitor, C is the capacitance in farads, and V is the potential across
the capacitor in volts. Using this relationship, the basic charge measuring
scheme is to transfer the charge to be measured to a capacitor of known
value and then measure the voltage across the known capacitor; thus,
Q=CVW

The electrometer is ideal for charge measurements because the
low input bias current won'’t alter the transferred charge during short
time intervals and the high input resistance won't allow the charge to
bleed away.

Electrometers use a feedback circuit to measure charge, as shown in
Figure 1-16. The input capacitance of this configuration is ACy. Thus, large
effective values of input capacitance are obtained using reasonably sized
capacitors for Cy.
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FIGURE 1-16: Feedback Coulombmeter

T

High Resistance Ohmmeter Circuits

Electrometer Picoammeter and Voltage Source

In this configuration (Figure 1-17), a voltage source (V) is placed in series
with an unknown resistor (Rx) and an electrometer picoammeter. The
voltage drop across the picoammeter is small, so essentially all the voltage
appears across Ry, and the unknown resistance can be computed from the
sourced voltage and the measured current (I).

The advantages of this method are that it’s fast and, depending on
the power supply voltage and insulating materials, it allows measuring
extremely high resistance. Also, with an adjustable voltage source, the
voltage dependence of the resistance under test can be obtained directly.

Usually, this method requires two instruments: a voltage source and
a picoammeter or electrometer. Some electrometers and picoammeters,
however, have a built-in voltage source and are capable of measuring the
resistance directly. SMU instruments that measure very small currents (less
than nanoamps) can also be used.

FIGURE 1-17: High Resistance Measurement Using External Voltage Source

Vs
RX RX = T
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HI

Electrometer
Picoammeter
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Electrometer Obmmeter Using Built-In Current Source

Figure 1-18 shows the basic configuration of an alternative form of elec-
trometer ohmmeter. A built-in constant-current source, formed by Vg and
R, forces a known current (I) through the unknown resistance (Ry). The
resulting voltage drop is proportional to the unknown resistance and is
indicated by the meter as resistance, rather than voltage.

FIGURE 1-18: Electrometer Ohmmeter with Built-In Current Source

Built-In Current Source
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Vo = V4 | |
v 1]}
R
Vi = IRy R |
Vv
RX_IJ
. N
R« G

The disadvantage of this method is that the voltage across the
unknown is a function of its resistance, so it cannot be easily controlled.
Very high resistances tend to have large voltage coefficients; therefore,
measurements made with a constant voltage are more meaningful. In addi-
tion, the response speed for resistances greater than 10GQ will be rather
slow. This limitation can be partially overcome by guarding.

Electrometer Obmmeter with Guarded Obms Mode

Figure 1-19 shows a modification of the circuit in Figure 1-18 in which
the HI input node is surrounded with a guard voltage from the operational
amplifier output. The amplifier has unity gain, so this guard voltage is vir-
tually the same potential as V; and the capacitance (Cg) of the input cable
is largely neutralized, resulting in much faster measurements of resistances
greater than 10GQ.

The guarded mode also significantly reduces the effect of input cable
leakage resistance, as discussed in Section 2.4.2.
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FIGURE 1-19: Electrometer Ohmmeter with Guarded Ohms
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Electrometer Voltmeter and External Current Source

In this method, shown in Figure 1-20, a current source generates current
(I), which flows through the unknown resistor (Ry). The resulting voltage
drop (V) is measured with an electrometer voltmeter, and the value of Ry
is calculated from the voltage and current.

If the current source has a buffered x1 output, a low impedance volt-
meter, such as a DMM, may be used to read the voltage across Ry. This
arrangement is shown in Figure 1-21.

DMM Obmmeter

For high resistance measurements, a DMM may use the ratiometric method
shown in Figure 1-22. This technique is only used on the higher resistance
ranges (10MQ2 and 100MQ) to allow the lowest noise performance. Test
current for this method is generated by a built-in voltage source (Vsoyrcr)
through a reference resistance (Rygp) as shown.

Because the DMM voltmeter has very high input impedance (>10GQ),
current through the voltmeter branch is insignificant and can be discount-
ed. Therefore, Iygp equals the current of the unknown resistance (Ix). The
voltage drop across the unknown resistance (Ry) is measured by the DMM
voltmeter (V) and the resistance (Ry) is calculated.

Low Resistance Ohmmeter Circuits

Nanovoltmeter and External Current Source

If the electrometer in Figure 1-20 is replaced with a nanovoltmeter, the
circuit can be used to measure very low resistances (less than micro-ohms).
Using a four-wire method eliminates any lead resistance from the measure-
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FIGURE 1-20: High Resistance Measurement Using External Current Source with
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FIGURE 1-21: High Resistance Measurement Using a True Current Source
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FIGURE 1-22: Two-Wire Ratiometric Method of DMM to Measure High Resistance
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ment. A current source that can automatically change polarity can be used
to correct for offsets. First, a voltage measurement is taken with positive
test current, then another voltage measurement is taken with negative
test current. Averaging the difference between the two readings cancels
the offsets.

DMM Obmmeter

For making low resistance measurements, the typical DMM will use a four-
wire constant-current source method as shown in Figure 1-23. Using this
method, the DMM sources a constant current (I) to the device under test
(Ry) and measures the voltage (Vy,). Resistance is then calculated using the
known current and measured voltage. In the four-wire mode, the voltage is
measured at the DUT so that the voltage drops due to the lead resistances
will not affect the measurement accuracy. A DMM capable of measuring
low resistance usually has a way of compensating for voltage offsets.

The test current sourced to the DUT depends on the selected mea-
surement range. For example, a DMM with a 100Q range may have a test
current of ImA.

FIGURE 1-23: Four-Wire Constant-Current Source Method
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Some DMM ohmmeters may have a dry circuit mode. Dry circuit ohms
uses a constant current source with voltage monitoring that is used to
clamp the current source voltage. The current source will remain constant
as long as the monitoring voltage is <20mV. When voltage exceeds 20mV,
the current source shunts current internal to the DMM until 20mV is main-
tained at the DUT.

Complete Instruments

Digital Electrometers

Figure 1-24 is a block diagram of a typical digital electrometer. The analog
section is similar to the circuitry discussed previously. An electrometer
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FIGURE 1-24: Typical Digital Electrometer
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preamplifier is used at the input to increase sensitivity and raise input
resistance. The output of the main amplifier is applied to both the analog
output and the A/D converter. Range switching and function switching,
instead of being performed directly, are controlled by the microprocessor.

The microprocessor also controls the A/D converter and supervises
all other operating aspects of the instrument. The input signal to the A/D
converter is generally 0-2V DC. After conversion, the digital data is sent to
the display and to the communications interface (IEEE-488, RS-232, USB,
or Ethernet).

Digital Multimeters (DMMs)

Most DMMs include five measurement functions: DC volts, AC volts, ohms,
DC amps, and AC amps. As shown in Figure 1-25, various signal processing
circuits are used to convert the input signal into a DC voltage that can be
converted to digital information by the A/D converter.

The DC and AC attenuator circuits provide ranging for the AC and DC
functions. The AC converter changes AC signals to DC; the ohms converter
provides a DC analog signal for resistance measurements. Precision shunts
are used to convert currents to voltages for the amps functions.
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FIGURE 1-25: DMM Block Diagram
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Once the input signal is appropriately processed, it’s converted to digi-
tal information by the A/D converter. Digital data is then sent to the display
and to the communications interface (IEEE-488, RS-232, USB, or Ethernet).

Nanovoltmeters

A nanovoltmeter is a sensitive voltmeter optimized to measure very low
voltages. As shown in Figure 1-26, the nanovoltmeter incorporates a low
noise preamplifier, which amplifies the signal to a level suitable for A/D
conversion (typically 2-3V full scale). Specially designed preamplifier
circuits ensure that unwanted noise, thermoelectric EMFs, and offsets are
kept to an absolute minimum.

FIGURE 1-26: Typical Nanovoltmeter
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In order to cancel internal offsets, an offset or drift compensation
circuit allows the preamplifier offset voltage to be measured during
specific phases of the measurement cycle. The resulting offset voltage is
subsequently subtracted from the measured signal to maximize measure-
ment accuracy.

Once the preamplifier amplifies the signal, it’s converted to digital
information by the A/D converter. Digital data is then sent to the display
and the communications interface.

Source Measure Unit (SMU) Instruments

Source measure unit (SMU) instruments, which include SourceMeter SMU
instruments, provide four functions in one instrument: source current,
source voltage, measure current, and measure voltage. These instruments
have four-quadrant source functionality, which provides for a sink capabil-
ity, so they can be used as electronic loads. Some also have resistance mea-
surement and pulsing capabilities. Figure 1-27 illustrates the Source I and
Measure V mode of an SMU instrument with a driven guard. In this config-
uration, the instrument functions as a high impedance current source with
voltage and current measurements and voltage limit capability. The driven
guard (X1 Buffer) ensures that the Guard and Force HI terminals are
always at the same potential. Proper use of guarding virtually eliminates
leakage paths in the cable, test fixture, and connectors.

FIGURE 1-27: Source | and Measure V Mode of Source Measure Unit (SMU)
Instruments
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Selecting either local or remote sense determines where the voltage
measurements will be made. In local sense, the voltage is measured
between the Force HI and Force LO terminals. In remote sense (Kelvin or
4-wire mode), the voltage is measured at the device under test, between
the Sense HI and Sense LO terminals, eliminating any voltage drops due
to lead resistance.

When configured to Source V and Measure I (as shown in Figure 1-28),
the instrument functions as a low impedance voltage source with current
and voltage measurements and current limit capability. Sense circuitry

monitors the output voltage continuously and adjusts the voltage source
as needed.

FIGURE 1-28: Source V and Measure | Mode of Source Measure Unit (SMU)
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Introduction

As described in Section 1 of this handbook, measurements made from high
resistance sources include DC voltage, low DC current, high resistance, and
charge measurements. The instruments used to make these high impe-
dance measurements include electrometers, picoammeters, and source
measure unit (SMU) instruments. Section 1 described the basic circuits of
these instruments and their measurement functions. Section 2 offers more
detailed information about these functions, various interferences and error
sources, and ways to maximize the accuracy of measurements made from
high resistance sources. For easier reference, the information in Section 2
is organized into these subsections:

2.2 High Impedance Voltage Measurements: A discussion of loading
errors and the use of guarding to minimize these errors, as well as
information on insulating materials used for making high impedance
measurements.

2.3 Low Current Measurements: Information about making successful low
current measurements is described with such topics as leakage current
and guarding, noise and source impedance, zero drift, generated cur-
rents, voltage burden, overload protection, and using a coulombmeter
to measure low current.

2.4 High Resistance Measurements: Describes the constant-voltage and
constant-current methods for measuring high resistance.

2.5 Charge Measurements: A discussion of the error sources and ways to
minimize them, zero check, and extending the range of the charge
function of an electrometer.

2.6 General Electrometer Considerations: A discussion of techniques and
error sources that affect high impedance measurements in general.
Some of the topics include measurement connections, electrostatic
interference and shielding, environmental factors, speed consider-
ations, etc.

2.7 High Impedance Measurement Optimization Summary

Voltage Measurements from High Resistance Sources

Measurements from voltage sources with high internal resistance are sub-
ject to a number of errors, such as loading errors from the voltmeter’s input
resistance and input bias current, as well as from external shunt resistance
and capacitance. The following paragraphs discuss these error sources and
ways to minimize their effects. For a discussion of errors due to improper
connections and electrostatic interference, see Section 2.6.
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Loading Errors and Guarding

Input Resistance Loading

Voltage measurements from high resistance sources are subject to loading
errors from the meter input resistance, as well as the leakage resistance of
the connecting cable. A practical voltmeter may be represented by an ideal
infinite input-resistance voltmeter (V) in parallel with a resistor equal to
the specified input resistance (Rpy), as shown in Figure 2-1. When a source
whose Thevenin equivalent is Vg in series with Rg is connected to the input,
the voltage (V) appearing across the meter input terminals is reduced by
the voltage divider action of Rq and Ryy as follows:

Vy = Vg [N
M7 SRy + Ry

For example, assume Rg = 100kQ2 and Ryy = 10MQ. If Vg = 5V, the
actual voltage measured by the meter is:

Vy=5 107
M (105+ 107)

Vy = 4.95V

Thus, input resistance loading would result in an error of 1% in
this example.

The meter input resistance should be much higher than the source
resistance. For example, if the desired accuracy is 1%, then the meter

FIGURE 2-1: Effects of Input Resistance Loading on Voltage Measurement Accuracy
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resistance must be more than 100 times the source resistance. For higher
accuracy, this ratio must be correspondingly higher.

The connecting cable ordinarily isn’t a factor, but with very high source
resistances (>10GQ) or under extreme environmental conditions, it can
cause significant loading errors. It may be possible to guard the cable and
thus reduce its loading on the measurement. This is discussed in the para-
graphs on Shunt Resistance Loading and Guarding.

Input Bias Current Loading

Another consideration when measuring voltages from high resistance
sources is the input bias current of the voltmeter. The input bias current
flows at the instrument input due to internal instrument circuitry and the
internal bias voltage. As shown in Figure 2-2, the input bias current (Igs)
develops an error voltage across the source resistance (Rg). Thus, the actual
measured voltage (Vy,) differs from the source voltage (V) as follows:

Vi = Vs £ IyjasRs
For example, assume the following parameters:
Igus = IpA  Rg = 10GQ Vg = 10V
The actual voltage measured by the meter is:
Vy = 10 % (10712 - 1019)
Vp = 10 £ 0.01

Vu = 9.99V or 10.01V (depending on the input bias current polarity)

FIGURE 2-2: Effects of Input Bias Current on Voltage Measurement Accuracy
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Thus, the error caused by input bias current would be about 0.1% in
this example.

DMMs and nanovoltmeters have bias currents from 1pA to 1nA,
although DMM bias currents are not always specified. Electrometers are
known for their low input bias current, which is usually a few femtoamps.
The input bias current specification of an electrometer is often listed in
the ammeter section of the specifications even though it affects all of the
instrument’s functions. Picoammeters and SMU instruments also have very
low input bias currents, although usually not as low as an electrometer’s.

Although input bias current is a common source of this type of error,
currents generated by external circuits can also result in errors due to
voltage drops across the source resistance. Typical sources of such offset
currents are insulators and cables.

Shunt Resistance Loading and Guarding

External shunt resistances, such as leaky cables and dirty insulators, may
also cause loading errors.

Any external shunt resistance across the voltage source will attenuate
the measured voltage, as shown in Figure 2-3. As in the case of input
resistance voltage loading, the shunt resistance (Rgyynr) and the source
resistance (Rg) form a voltage divider that reduces the measured voltage
(Vy) as follows:

Vy, = Vi ( Riunt )
Rsnunt + Rg
For example, assume Ry = 10GQ and Rgypynt = 100GQ. If Vg has a
value of 10V, the measured voltage (Vy,) is:

1011
Vi =10 (1011 T 1010)

Vyy = 9.09V
In this instance, the error due to shunt loading is approximately 9%.
Cable leakage resistance is a common source of shunt resistance load-

ing, as shown in Figure 2-4. In this case, the measured voltage (V) is
attenuated by the voltage divider formed by Rg and the cable resistance (Ry):

vV, =V Ry
M™ S R + Ry

To reduce errors due to shunt resistance, use cables, connectors, and
test fixturing with the highest possible insulation resistance. In addition,
the use of guarding will eliminate any residual errors.

The error due to cable leakage can be greatly reduced by the use of
guarding, as shown in Figure 2-5. In the guarded configuration, the cable
shield is now connected to the output of the guard buffer instead of the
voltmeter LO terminal. R; represents the resistance from the cable shield

Measurements from High Resistance Sources
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FIGURE 2-3: Effects of Shunt Resistance on Voltage Measurement Accuracy
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FIGURE 2-4: Effect of Cable Leakage Resistance on Voltage Measurement Accuracy
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to voltmeter LO, and I is the current through Rj as a result of driving
the shield to the same potential as the input HI terminal. This current is
supplied by the guard buffer, not the voltage source. The voltage across
Ry is now many decades lower, so the leakage current will be negligible
in most cases.

N/

By definition, a guard is a low impedance point in the circuit that’s at
nearly the same potential as the high impedance input terminal.
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FIGURE 2-5: Guarded Configuration

Connecting Cable

an < \ HI
Cable
R Shield
Rs
]
GUARD
)
—_— VS A\
Re i'c
LO &
Voltage Source Voltmeter with Guard Buffer

In modern electrometers, the preamplifier output terminal is such a
point, and can be used to reduce the effect of cable leakage, as shown in
Figure 2-5. An additional benefit is that the effective cable capacitance is
also reduced, making the response speed of the circuit much faster. This
is discussed in detail in the paragraphs on Shunt Capacitance Loading
and Guarding.

The source measure unit (SMU) instrument can also be used to mea-
sure voltages from a high resistance source and the Guard terminal will
make a similar improvement.

The circuit of the electrometer when used as a voltmeter is actually as
shown in Figure 2-6. The guard amplifier is a unity-gain amplifier with
very high input impedance. The open-loop gain, Agyarp, ranges from 10%
to 10%. The leakage resistance (R;) is multiplied by this gain and the mea-
sured voltage becomes:

Vo =V AguaroRL
M S\ Rs + AguaroRy

Example: Assume Rg has a value of 10GQ and R; is 100GQ. If we
assume a mid-range value of 10° for Agysrp and a value of 10V for Vy, the
voltage measured by the meter is:

0 1016
Vv =1 —_—
M (1.000001 x 1016)

Vi = 9.99999V

Thus, we see the loading error with guarding is less than 0.001%. In
contrast, the unguarded error voltage with this combination of source and
shunt resistances would be about 9%.

Measurements from High Resistance Sources
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FIGURE 2-6: Guarding Leakage Resistance
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Shunt Capacitance Loading and Guarding

The settling time of a voltage measurement depends both on the equiv-
alent source resistance and the effective capacitance at the input of the
voltmeter; this input capacitance consists of the meter input capacitance
in parallel with the input cable capacitance. Even a small amount of shunt
capacitance can result in long settling times if the source resistance is high.
For example, a shunt capacitance of 100pF (including the input cable) and
a source resistance of 20GQ will result in an RC time constant of two sec-
onds. Ten seconds must be allowed for the measurement to settle to within
1% of the final value.

Figure 2-7 demonstrates the effects of shunt capacitance loading on
the input of a typical high impedance voltmeter. The signal source is rep-
resented by Vg and Rg, the shunt capacitance is Cgyyny, and the measured
voltage is Vy;. Initially, the switch is open, and Cgynr holds zero charge.

When the switch is closed, the source voltage (V) is applied to the
input, but the measured voltage across Cgyyynr doesn’t rise instantaneously
to its final value. Instead, the voltage rises exponentially as follows:

VM = Vs (1 - e*l/R\‘CSHlJN]‘)
Also, the charge (Qqy) transferred to the capacitor is:

Qv = VsCshunt
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FIGURE 2-7: Shunt Capacitance Loading
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The charging of Cgyyny yields the familiar exponential curve shown in
Figure 2-8. After one time constant (t = RC), the measured voltage rises
to within 63% of its final value; final values for various time constants are
summarized in Table 2-1.

FIGURE 2-8: Exponential Response of Voltage Across Shunt Capacitance
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TABLE 2-1: Settling Times to Percent of Final Value

Time Constant (v*) Percent of Final Value

1 63 %
2 86 %
3 95 %
4 98 %
5 99.3%

*7 = RC, where R = resistance (ohms), C = capacitance (farads)
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Example: Assume Rg = 10GQ and Cgyynt = 100pF. This combination
results in an RC time constant of one second. Thus, it would take five sec-
onds for the circuit to settle to within less than 1% of final value. With a
10V change in Vg, a total of 1nC of charge would be transferred to Cgyynt
using the equation Qpy = VsCsyynr-

Although the primary advantage of guarding is a reduction in the
effects of shunt resistance, another important aspect is the reduction in
the effects of shunt capacitance. As shown in Figure 2-9, the guard buffer
significantly reduces the charging time of Cgyynt because of the open-loop
gain (Agyarp), Which is typically 104 to 10°.

FIGURE 2-9: Guarding Shunt Capacitance
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With guarding, the rise time of the measured voltage (V) now becomes:
VM = Vs (1 - e—tAGUAr(D/'RsCSHL.\JT)
and the charge transferred to Cgyyyy is:
VsCshunt
o - (Yo )

AGUARD

Example: Assume Rg = 10GQ and Cgyyny = 100pF, as in the unguard-
ed example given previously. With a nominal value of 10° for Agyarp, We
can see the guarded RC settling time to 99.3% of final value is reduced to
approximately 5s/10° = 50us, an insignificant period of time compared to
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the time it typically takes an instrument to process a single reading. Note
that with a 10V change in Vy, the charge transferred (Qyy) is only 10fC, a
reduction of 10°:1.

Example: To illustrate the effects of guarding, a 1.3V voltage source
(Vg) with an internal resistance of 100GQ (Rg) was connected to an elec-
trometer voltmeter using a 2m triax cable (Cgyyn)- Voltage measurements
of this high impedance voltage source were taken by an electrometer with
and without the use of guarding. The graph in Figure 2-10 indicates the
measured voltage as a function of time showing both cases. Without guard-
ing, the voltage measurements took about nine seconds to settle. With
guarding, the voltage measurements settled within about two seconds.
Thus, guarding drastically reduced the effects of the shunt capacitance
on timing.

FIGURE 2-10: High Impedance Electrometer Voltage Measurements Taken With
and Without Guarding
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2.2.2 Insulation Resistance of the Test Circuit

Electrometers and some SMU instruments as voltmeters are characterized
by high input resistance. High resistance insulation in the test circuits is
one of the first requirements of making successful electrometer measure-
ments. Thus, a knowledge of the various types of insulating materials and
how to apply them properly is important. To measure voltages from high
resistance sources accurately, the insulation leakage resistance of the test
fixtures, test leads, and measuring voltmeter must be several orders of
magnitude higher than the Thevenin equivalent resistance of the circuit
under test, depending on the number of decades of precision, resolution,
or accuracy required. If the insulation resistances aren’t decades higher,

Measurements from High Resistance Sources



TABLE 2-2: Properties of Various Insulating Materials

Volume Resistance  Minimal Minimal Minimal

Resistivity to Water Piezoelectric Triboelectric Dielectric

Material (Ohm-cm) Absorption Effects’ Effects  Absorption
Teflon® PTFE ~ >10'8 + - - +
Sapphire ~ >10'® + + +
Polyethylene 101 0 + 0 +
Polystyrene ~ >10'¢ 0 0 - +
Kel-F2  >10 + 0 - 0
Ceramic 10'#-10" - 0 + +
Nylon 103-10% - 0 - -
Glass Epoxy 1013 - 0 - _
pPvC 5x10% + 0 0 -

KEY: + Material very good in regard to the property.
0 Material moderately good in regard to the property.
- Material weak in regard to the property.

1 Stored charge effects in non-piezoelectric insulators.

FIGURE 2-11: Approximate Resistivity of Various Insulating Materials
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the shunting effects of the insulation will reduce the source voltage being
measured, as discussed previously.

Detecting inferior insulation in test setups is difficult because the
erroneous reading can appear well-behaved and steady. Therefore, it’s
prudent to measure the insulation resistance of the test fixtures and cables
periodically with an electrometer ohmmeter to ensure their integrity. If
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deficiencies are discovered, either cleaning or replacement of the defective
insulator is in order.

Choosing the Best Insulator
In evaluating an insulating material, consider these material properties:
* Volume resistivity: leakage of current directly through the material.

* Surface resistivity: leakage across the surface, a function primarily
of surface contaminants.

* Water absorption: leakage dependent on the amount of water that
has been absorbed by the insulator.

* Piezoelectric or stored charge effects: the creation of charge
unbalances (and thus current flow or voltage shift) due to mechan-
ical stress.

* Triboelectric effects: the creation of charge unbalance due to fric-
tional effects when materials rub against each other.

* Dielectric absorption: the tendency of an insulator to store/release
charge over long periods.

Table 2-2 summarizes important characteristics of insulators. Figure
2-11 shows their resistivity ranges. Insulator characteristics are described
further in the following paragraphs.

Teflon®

Teflon is the most satisfactory and commonly used insulator for the impe-
dance levels encountered in measurements of currents greater than 10-4A.
It has high volume resistivity and water vapor films don’t form readily on
its surface. Its insulating properties, therefore, aren’t severely impaired
by humid air. Teflon is chemically inert, is easily machined, and can be
readily cleaned. Teflon PTFE is the type of Teflon most commonly used in
electronics.

Teflon’s principal shortcoming is that charges appear internally when
it's deformed, causing spurious voltages and currents. With ordinary
care, however, these characteristics aren’t serious for currents greater
than 10-13A.

Polystyrene

Polystyrene is much less expensive than Teflon, and was the general pur-
pose standard before Teflon was available. It machines easily, but internal
crazing often develops. This characteristic doesn’t impair its insulating
properties unless the cracks reach the surface. The volume resistivity of
polystyrene is similar to that of Teflon, but water vapor films form on its
surface when humidity becomes high, significantly reducing its surface
resistance.

Measurements from High Resistance Sources
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Kel-F®

Kel-F has volume and surface characteristics nearly as good as Teflon, it
machines easily, and it doesn’t craze.

Polyethylene

Polyethylene has excellent volume resistivity and surface characteristics
similar to polystyrene. Because it’s flexible, it'’s used extensively for insu-
lating coaxial and triaxial cable. These cables are excellent for general-pur-
pose electrometer work because the surface leakage in this application
is relatively unimportant. However, polyethylene melts at a relatively low
temperature, so leads into ovens should use Teflon insulation rather than
polyethylene.

Glass and Ceramics

Glass and ceramics also have high volume resistivity, but poor surface
properties at high humidity and often-poor piezoelectric properties. Glass
or ceramic cleaned with methanol and dipped in boiling paraffin has a
good, but not durable, insulating surface. Various silicone varnishes can
also be baked or air-dried onto glass or ceramic surfaces, but even after
this treatment, handling can easily spoil the insulators. Glass and ceramics
are difficult to machine, although they can be molded. They are used prin-
cipally when their mechanical properties are mandatory.

Sapphire

Sapphire is one of the best insulators. Very little charge is generated in it
when it’s stressed mechanically. It’s used most often in measuring currents
in the 10-'8A to 10-1°A range. The use of sapphire is restricted by its cost and
because the material is difficult to machine and form.

Quartz

Quartz has properties similar to sapphire, but considerably higher piezo-
electric output, so it’s rarely used in electrometer circuits.

Other Insulating Materials

Practically all other insulating materials have unacceptably low volume
resistivity or unsatisfactory surface characteristics for electrometer use.
Vinyl, nylon, and Lucite® are markedly inferior to Teflon, polystyrene,
polyethylene, sapphire, or quartz.

Keeping Insulators Clean

As with any high resistance device, mishandling can destroy the integrity
of insulators. Oils and salts from the skin can degrade insulator perfor-
mance, and contaminants in the air can be deposited on the insulator
surface, reducing its resistance. Therefore, insulator handling should be
minimized; under no circumstances should the insulator be touched with
the hand or with any material that might contaminate the surface.
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If the insulator becomes contaminated, either through careless hand-
ling or from deposits, it can be cleaned with a degreaser to remove oils,
and de-ionized water to remove ionic contamination. After cleaning, the
insulator should be allowed to dry for several hours at low humidity.

Low Current Measurements

A number of error sources can have serious impacts on low current meas-
urement accuracy. For example, the ammeter may cause measurement
errors if not connected properly. (Refer to Sections 2.6.1 and 2.6.2 for more
information on how to make properly shielded connections.) The amme-
ter’s voltage burden and input bias current may also affect measurement
accuracy. The source resistance of the device under test will affect the noise
performance of a feedback ammeter. External sources of error can include
leakage current from cables and fixtures, as well as currents generated
by triboelectric or piezoelectric effects. Section 2.3 addresses low current
measurement considerations in detail and outlines methods for minimiz-
ing the effects of error sources. It also includes information on using the
electrometer’s coulomb function to make very low current measurements.

Leakage Currents and Guarding

Leakage currents are generated by stray resistance paths between the
measurement circuit and nearby voltage sources. Leakage current is an
error current that flows (leaks) through insulation resistance when a volt-
age is applied. It generally becomes an issue when the impedance of the
device under test is comparable to that of the insulators in the test circuit.
This current can degrade the accuracy of low current measurements con-
siderably. To reduce leakage currents, use good quality insulators, reduce
the level of humidity in the test environment, and use guarding. Guarding
will also reduce the effect of shunt capacitance in the measurement circuit.

Using good quality insulators when building the test circuit is one
way to reduce leakage currents. Teflon, polyethylene, and sapphire are
examples of good quality insulators, but avoid materials like phenolics and
nylon. Refer to Section 2.2.2 for further discussion on choosing the best
insulating materials.

Humidity may also degrade low current measurements. Different types
of insulators will absorb varying amounts of water from the air, so it’s best
to choose an insulator on which water vapor doesn’t readily form a contin-
uous film. Sometimes, this is unavoidable if the material being measured
absorbs water easily, so it’s best to make the measurements in an environmen-
tally controlled room. In some cases, an insulator may have ionic contam-
inants, which can generate a spurious current, especially in high humidity.

Guarding is a very effective way to reduce leakage currents. A guard
is a low impedance point in the circuit that’s at nearly the same potential
as the high impedance lead being guarded. The guard on the electrometer

Measurements from High Resistance Sources
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FIGURE 2-12: Guarding as Applied to an lonization Chamber
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ammeter and picoammeter differs from the guard on the SMU instrument
ammeter. The use of guarding can best be explained through examples.

The Use of Guarding Using an Electrometer Ammeter
or Picoammeter

The guard terminal of the electrometer ammeter or picoammeter is the LO
input terminal. The guard can be used to isolate the high impedance input
lead of the ammeter from leakage current due to voltage sources. Figures
2-12 and 2-13 illustrate examples of guarding.

Figure 2-12 illustrates guarding as applied to measuring the ion cur-
rent (Ic) from an ionization chamber. An unguarded ionization chamber
and the corresponding equivalent circuit are shown in Figure 2-12a. The
equivalent circuit shows that the full bias voltage appears across the insu-
lator leakage resistance (R;), therefore, a leakage current (I;) will be added
to the measured ion current (Iy; = I + I;). The leakage resistance is due
to the insulator of the ionization chamber and the coax cable.
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In Figure 2-12b, a metal guard ring is added to the ionization cham-
ber. This guard circuit splits the leakage resistance into two parts. The volt-
age across R;; is the picoammeter voltage burden, normally less than one
millivolt, so the resulting current will be quite small. The full bias voltage
appears across Ry ,. A leakage current will flow around this loop, but won’t
affect the measurement, because it doesn’t flow through the ammeter.

Guarding may also be necessary to prevent leakage current due to test
fixturing. Figure 2-13 shows a high mega-ohm resistor (Rpyy) supported
on two insulators mounted in a metal test fixture.

FIGURE 2-13: Guarding to Reduce Leakage Currents
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Figure 2-13a is the unguarded circuit. The leakage current (I}) through
the stand-off insulators will be added to the measured current (Iy).

As illustrated in Figure 2-13b, this circuit is guarded by connecting
the LO of the picoammeter (Iy,) to the metal mounting plate. This will put
the bottom of the right insulator at almost the same potential as the top.
The voltage difference is equal to the voltage burden of the picoammeter.
The voltage burden is small, less than 200uV. The top and bottom of the
insulator are at nearly the same potential, so no significant current will

FIGURE 2-14: Guarding the Leakage Resistance of a Cable with an SMU Instrument

a) Unguarded Circuit

Force/Output HI

Im Guard
2fFo
v

T Force/OutputLO
\J

Rpyr

SMU Instrument R, = Coax Cable Leakage Resistance
I, = Leakage Current
Rpyt = Resistance of Device Under Test

Iw=lpur + 1L

b) Guarded Circuit

SMU Instrument R, ; = Triax Cable Inside Shield Leakage Resistance
R, = Leakage Resistance Between Shields
Rpyr = Resistance of Device Under Test

Im = lpur
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flow through it, and nearly all the current from the device under test will
flow through the ammeter as desired.

The Use of Guarding with an SMU Instrument Ammeter

The guard terminal of an SMU instrument is usually the inside shield of
the triax connector. This guard is driven by a unity-gain, low impedance
amplifier. By definition, the guard terminal is nearly at the same potential
as the high impedance terminal, so the guard terminal will be at the same
potential as the magnitude of the voltage source.

Figure 2-14 illustrates how a driven guard prevents the leakage resist-
ance of a cable from degrading the low current measurements. In the
unguarded circuit of Figure 2-14a, the leakage resistance of the coax cable
is in parallel with the DUT (Rpyy), creating an unwanted leakage current
(Ip). This leakage current will degrade very low current measurements.

In the guarded circuit shown in Figure 2-14b, the inside shield of the
triax cable is connected to the guard terminal of the SMU instrument. Now
this shield is driven by a unity-gain, low impedance amplifier (Guard).
The difference in potential between the Force/Output HI terminal and the
Guard terminal is nearly 0V, so the leakage current (I;) is eliminated.

The dramatic difference between using coax (unguarded) vs. triax
(guarded) cabling for low current SMU instrument measurements is
shown in Figure 2-15. Both of these curves are the result of sourcing 10V

FIGURE 2-15: Effects of Guarded and Unguarded Circuit When Using an SMU
Instrument to Measure a 100GQ Resistor by Sourcing 10V and
Reading Current as a Function of Time
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to a 100GQ resistor and measuring the current as a function of time. The
current measurements generated using the coax cable show picoamps of
leakage current added to the measurement. In addition, the unguarded
circuit measurements do not appear to be settled, even after 70 seconds.
Using the triax cable (guarding) reduces the effective cable capacitance and
thus decreases the RC time constant, or settling time, of the measurement.

Figure 2-16 shows how the guard can eliminate the leakage current
that may flow through the stand-off insulators in a test fixture. In Figure
2-16a, leakage current (1) flows through the stand-off insulators (R;). This
leakage current is added to the current from the DUT (Ipr) and is meas-
ured by the SMU instrument ammeter (I;), adversely affecting the accuracy
of the low current measurement.

FIGURE 2-16: Test Fixture Guarding with an SMU Instrument

a) Unguarded Circuit
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In Figure 2-16b, the metal mounting plate is connected to the guard
terminal of the SMU instrument. The voltages at the top and the bottom
of the stand-off insulator are nearly at the same potential (OV drop), so no
leakage current will flow through the standoffs and affect the measure-
ment accuracy. For safety purposes, the metal shield must be connected
to earth ground because the metal mounting plate will be at the guard
potential.

Noise and Source Impedance

Noise can seriously affect sensitive current measurements. This section
discusses how source resistance and source capacitance affect noise
performance.

Source Resistance

The source resistance of the DUT will affect the noise performance of a
feedback ammeter. As the source resistance is reduced, the noise gain of
the ammeter will increase.

Figure 2-17 shows a simplified model of a feedback ammeter. Rg and
C, represent the source resistance and source capacitance, Vg is the source
voltage, and Vg is the noise voltage of the ammeter. Finally, R and Cg
are the feedback resistance and capacitance respectively.

The noise gain of the circuit can be given by the following equation:

Output Vyorsg = Input Vygrsg (1 + Ri/Rg)

FIGURE 2-17: Simplified Model of a Feedback Ammeter
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Note that as Rq decreases in value, the output noise increases. For
example, when Ry = Rg, the input noise is multiplied by a factor of two.
Too low a source resistance can have a detrimental effect on noise per-
formance, so there are usually minimum recommended source resistance
values based on the measurement range. Table 2-3 summarizes minimum
recommended source resistance values for various measurement ranges for
a typical feedback ammeter. Note that the recommended source resistance
varies by measurement range because the Ry value also depends on the
measurement range. Refer to the instruction manual for the instrument to
be used for the appropriate minimum recommended source resistances.

TABLE 2-3:Minimum Recommended Source Resistance Values for a Typical
Feedback Ammeter

Minimum Recommended

Range Source Resistance
pA 1GQ
nA TMQ
pA 1kQ
mA 1Q

Source Capacitance

DUT source capacitance will also affect the noise performance of a feed-
back type ammeter. In general, as source capacitance increases, so does
the noise gain.

To see how changes in source capacitance can affect noise gain, let’s
again refer to the simplified ammeter model in Figure 2-17. The elements
of interest for this discussion are the source capacitance (Cg) and the
feedback capacitance (Cy). Taking into account the capacitive reactance
of these two elements, our previous noise gain formula must be modified
as follows:

Zg
Output Vyoisg = Input Vyorse (1 + Z—S)

Here, Z; represents the feedback impedance made up of C and Rg, and

Zs is the source impedance formed by Rg and Cg. Furthermore,

R
ZF =
V(2rf RiCp)? + 1
and
Rg

V(@2rfRCs)? + 1

Note that as Cg increases in value, Zg decreases in value, thereby
increasing the noise gain. Again, at the point where Zg = Zp, the input noise
is amplified by a factor of two.
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Most picoammeters will have a maximum recommended value for Cg.
Although it is usually possible to measure at higher source capacitance
values by inserting a resistor in series with the ammeter input, remember
that any series resistance will increase the voltage burden by a factor of
Iy - Rsgrips- Any series resistance will also increase the RC time constant
of the measurement. A series diode, or two diodes in parallel back-to-back,
can serve as a useful alternative to a series resistor for this purpose. The
diodes can be small-signal types and should be in a light-tight enclosure.
See Section 4.3.1 for a further discussion of the use of a series diode.

Zero Drift

Zero drift is a gradual change of the indicated zero offset with no input
signal. Unless it’s corrected by “zeroing,” the resulting offset produces
an error by adding to the input signal. Drift is normally specified as a
function of time and/or temperature. Zero offset over a time period and
temperature range will stay within the specified limits. Offset due to step
changes in temperatures may exceed the specification before settling.
Typical room temperature rates of change (1°C/15 minutes) won’t usually
cause overshoot.

Most electrometers include a means to correct for zero drift. A ZERO
CHECK switch is used to configure most electrometers and picoammeters
to display any internal voltage offsets. This feature allows fast checking and
adjustment of the amplifier zero. Typically, the instrument is zero corrected
while zero check is enabled. This procedure may need to be performed
periodically, depending on ambient conditions. Electrometers perform this
function with the touch of a button or upon command from the computer.

In a picoammeter or electrometer ammeter, note that ZERO CHECK
and ZERO CORRECT functions are used to correct for internal voltage
offsets. SUPPRESS or REL controls are used to correct for external current
offsets. For optimum accuracy, zero the instrument on the range to be used
for measurement. Refer to Section 2.3.4 for a discussion of correcting for
internal bias current.

Generated Currents

Any extraneous generated currents in the test system will add to the
desired current, causing errors. Currents can be internally generated, as in
the case of instrument input bias current, or they can come from external
sources such as insulators and cables. The following paragraphs discuss
the various types of generated currents.

Figure 2-18 summarizes the magnitudes of a number of generated
currents discussed in this section.
Internal Error Sources

The ideal ammeter should read zero when its input terminals are left open.
Practical ammeters, however, do have some small current that flows when
the input is open. This “zero” current measurement error comes from
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FIGURE 2-18: Typical Magnitudes of Generated Currents
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multiple sources; however, the main contributor on the lower current
ranges is the input bias current. This current is caused by bias currents of
active devices as well as by leakage currents through insulators within the
instrument. Current errors can also be caused by voltage offset drifts due
to time, temperature, etc., as well as other errors that are more obvious on
the higher current ranges. The error currents generated within picoamme-
ters, electrometers, and SMU instruments are included in the instrument’s
specifications.

Figure 2-19 shows the input bias current (Ig;,s) adding to the source
current (Ig) so the meter measures the sum of the two currents (Iy):

Iy = Is + Ippas
However, depending on a particular instrument, the input bias current
can add or subtract from the measurement.

The input bias current of an instrument can be measured and com-
pared to the instrument’s specifications. Here is a procedure for mea-
suring the input bias current for electrometers, picoammeters, and SMU
instruments.

1. Turn on the instrument and allow it to warm up for 1 hour in an envi-
ronment with stable temperature within the specified operating limits.

2. Place a metal cap on the input terminal to avoid noise pickup. This
protective shield/cap is usually included with the sensitive instrument.
Both triax and BNC metal caps are shown in Figure 2-20.

3. Select the lowest current range.
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FIGURE 2-19: Effects of Input Bias Current on Current Measurement Accuracy
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FIGURE 2-20: Metal Caps for Measuring Input Bias Current

Use a metal shield/cap to measure the input bias current of an electrometer,
picoammeter, or SMU instrument if the input is terminated with triax or BNC. Do
not use a short; the input should be open.

3-Lug Triax Shield/Cap BNC Shield/Cap

4. Allow more than five minutes for the reading to settle and then take
a reading by observing the instrument’s display. Figure 2-21 shows
the input bias current measurement of an electrometer with a capped
input. On this particular instrument, the input bias current reads
8 X106 or 0.8fA.

5. Verify the reading is within the instrument’s specification. If not, the
instrument may need to be recalibrated.

6. The offset can be subtracted from measurements by using the relative,
or zero, function of the ammeter. With the instrument open-circuited,
allow the reading to settle and then enable the REL or ZERO function.
Once the REL value is established, subsequent readings will be the
difference between the actual input value and the REL value. Most
instruments will enable the user to perform the REL either from the
front panel or remotely.
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FIGURE 2-21: Measuring the Input Bias Current of an Electrometer from the
Front Panel

The input bias current of an electrometer is determined by measuring the open
circuit current on the lowest range. The input bias current of this electrometer is
0.8fA as shown on the display.

Electrometer

In some cases it may be necessary to determine the input bias current
graphically. If this is the case, take a few readings as a function of time and
observe the readings on a graph of current vs. time. Figure 2-22 shows
the open circuit current measurements as a function of a time for an SMU
instrument.

FIGURE 2-22: Input Bias Current Measurements as a Function of Time for an
SMU Instrument
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External Offset Current

External offset currents can be generated by ionic contamination in the
insulators connected to the ammeter. Offset currents can also be generated
externally from such sources as triboelectric and piezoelectric effects. As
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FIGURE 2-23: Effects of External Offset Current on Current Measurement Accuracy
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FIGURE 2-24: Using External Current Source to Suppress Offset Current

wl

- - e
[ loFrser [ IsuppRESS

_Hm,

)

v

Current Source

shown in Figure 2-23, the external offset current (Ioppspr) also adds to
the source current (Ig), and the meter again measures the sum of the two.

External offset currents can be suppressed with the current suppres-
sion feature (if available) of the instrument or they can be nulled by using
a suitably stable and quiet external current source (Igypprss), a5 shown in
Figure 2-24. With this arrangement, the current measured by the meter is:

\.r

DMM, Electrometer, SMU

Instrument, or Picoammeter

Measuring Current Ig

Indicating Iy,

Im = Is + lorrser = Isuppress
When logrser = Isyppress: Is = Im

Iy = Is + Iogpser — Isuppress
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Assuming Inppspr and Igyppress are equal in magnitude but opposite
in polarity,

Iy =1

The advantage of using an external current source is that Inppgpr can
be as large or larger than the full-range value, and only Ingpser — Isuppress
need be small.

Triboelectric Effects

Triboelectric currents are generated by charges created between a con-
ductor and an insulator due to friction. Here, free electrons rub off the
conductor and create a charge imbalance that causes the current flow. A
typical example would be electrical currents generated by insulators and
conductors rubbing together in a coaxial cable, as shown in Figure 2-25.

FIGURE 2-25: Triboelectric Effect

Frictional motion at
boundary due to
cable motion

conductor

Conductive
cable lubricant in
low noise cable

“Low noise” cable greatly reduces this effect. It typically uses an inner
insulator of polyethylene coated with graphite underneath the outer shield.
The graphite provides lubrication and a conducting equipotential cylinder
to equalize charges and minimize charge generated by frictional effects of
cable movement. However, even low noise cable creates some noise when
subjected to vibration and expansion or contraction, so all connections
should be kept short, away from temperature changes (which would create
thermal expansion forces), and preferably supported by taping or tying
the cable to a non-vibrating surface such as a wall, bench, or other rigid
structure.

There are a variety of other solutions to movement and vibra-
tion problems:
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* Removal or mechanical decoupling of the source of vibration.
Motors, pumps, and other electromechanical devices are the
usual sources.

* Stabilization of the test hookup. Securely mount or tie down elec-
tronic components, wires, and cables. Shielding should be sturdy.

Triboelectric effects can also occur in other insulators and conduc-
tors that touch each other. Therefore, it’'s important to minimize contact
between insulators as well as conductors in constructing test fixtures and
connections for low current and high impedance.

Table 2-2 in Section 2.2.2 summarizes the triboelectric effects of vari-
ous insulating materials.

Piezoelectric and Stored Charge Effects

Piezoelectric currents are generated when mechanical stress is applied to
certain crystalline materials when used for insulated terminals and inter-
connecting hardware. In some plastics, pockets of stored charge cause the
material to behave in a manner similar to piezoelectric materials. An exam-
ple of a terminal with a piezoelectric insulator is shown in Figure 2-26.

FIGURE 2-26: Piezoelectric Effect
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To minimize the current due to this effect, it’s important to remove
mechanical stresses from the insulator and use insulating materials with
minimal piezoelectric and stored charge effects. Section 2.2.2 and Table
2-2 summarize the piezoelectric properties of various insulating materials.

This effect is independent of the capacitance change between the plate
and terminals. Charges are moved around, resulting in current flow.

In practice, it may be quite difficult to distinguish stored charge effects
(in insulators) from piezoelectric effects. Regardless of the phenomenon
involved, it’s important to choose good insulating materials and make
connecting structures as rigid as possible.
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FIGURE 2-27: Electrochemical Effects
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Error currents also arise from electrochemical effects when ionic chemi-
cals create weak batteries between two conductors on a circuit board. For
example, commonly used epoxy printed circuit boards, when not thor-
oughly cleaned of etching solution, flux or other contamination, can gen-
erate currents of a few nanoamps between conductors (see Figure 2-27).

Insulation resistance can be dramatically reduced by high humidity or
ionic contamination. High humidity conditions occur with condensation
or water absorption; ionic contamination may be the result of body oils,
salts, or solder flux.

Although the primary result of these contaminants is the reduction of
insulation resistance, the combination of high humidity and ionic contami-
nation can form a conductive path or they may even act as an electrochem-
ical cell with high series resistance. A cell formed in this manner can source
picoamps or nanoamps of current for long periods of time.

To avoid the effects of contamination and humidity, select insulators
that resist water absorption, and keep humidity to moderate levels. Also, be
sure all insulators are kept clean and free of contamination.

If insulators become contaminated, apply a cleaning agent such as
methanol to all interconnecting circuitry. It'’s important to flush away all
contaminants once they’re dissolved in the solvent, so they won’t be rede-
posited. Use only very pure solvents for cleaning; lower grades may contain
contaminants that leave an electrochemical film.

Dielectric Absorption

Dielectric absorption in an insulator can occur when a voltage across
that insulator causes positive and negative charges within the insulator
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to polarize because various polar molecules relax at different rates. When
the voltage is removed, the separated charges generate a decaying current
through circuits connected to the insulator as they recombine.

To minimize the effects of dielectric absorption on current measure-
ments, avoid applying voltages greater than a few volts to insulators being
used for sensitive current measurements. In cases where this practice is
unavoidable, it may take minutes or even hours in some cases for the cur-
rent caused by dielectric absorption to dissipate.

Table 2-2 in Section 2.2.2 summarizes the relative dielectric absorp-
tion of various insulating materials.

Voltage Burden

An ammeter may be represented by an ideal ammeter (I) with zero
internal resistance, in series with a resistance (Ry), as shown in Figure
2-28. When a current source whose Thevenin equivalent circuit is a volt-
age (Vy) in series with a source resistance (Rg) is connected to the input
of the ammeter, the current is reduced from what it would be with the
ideal ammeter (Ry = 0Q). This reduction is caused by the internal resist-
ance (Ry), which creates an additional voltage drop called the voltage
burden (Vp).

FIGURE 2-28: Effects of Voltage Burden on Current Measurement Accuracy

m L
O

L w}

% DMM, Electrometer, SMU

Instrument, or Picoammeter

Current Source

Vs - Vg Vs Vg
=—=—B o == (1 - —>
' Rg e Rg <] Vs >

The voltage burden is specified for a full-scale input. Therefore, the
voltage burden at a given current can be calculated by:

Is
VB(I) =Vp I_FS
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where I is full-scale current and I is the magnitude of the current source.

Taking into account the voltage burden, the measurement error can be
calculated as follows:
I
ol
Iy = IFS
M RS

The percent error in the measured reading due to voltage burden is:

Val1s

Vs

% error = X 100%

Example: In this circuit, Vg = 0.7V, Iy = 100uA, and Izg = 200uA.
Assuming Rg = 10kQ and the voltage burden at full scale is 200mV:

07v-0.20[10004)

_ 2004 ) _
b= 10kQ = 60pA

compared to the ideal case,

0.7V
v = Jokg = 70MA

Thus, the ammeter reading is 60uA vs. the ideal case of 70uA—an
error of 14%.

In comparison, if a picoammeter is used and the voltage bur-
den is 200uV:

0.7V -0.0002V [%]

_ 2000A) _

Thus, the picoammeter reading is 69.99uA vs. the ideal measurement
of 70uA—an error of only 0.01%.

On a particular current range, the input resistance of the ammeter can
be related to the voltage burden specification and the full scale current on
that range. The input resistance of a feedback picoammeter or electrometer
ammeter is less than the ratio of the specified voltage burden to the full-
scale current:

Input Resistance < M
pu Full-Scale Current
When determining the voltage burden of an SMU instrument, the
offset voltage on the voltage source range being used must be included.
Therefore, it’s best to use the lowest possible voltage source range in order
to minimize error.
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2.3.6 Overload Protection

Electrometers, picoammeters, and SMU instruments may be damaged if
excessive voltage is applied to the input. Most instruments have a specifi-
cation for the maximum allowable voltage input. In some applications, this
maximum voltage may be unavoidably exceeded. Some of these applica-
tions may include leakage current of capacitors, reverse diode leakage, or
insulation resistance of cables or connectors. If the component or material
breaks down, all the voltage would be applied to the ammeter’s input,
possibly destroying it. In these cases, additional overload protection is
required to avoid damaging the input circuitry of the instrument.

Electrometer or Picoammeter Overload Protection

Figure 2-29 shows a protection circuit for an electrometer ammeter or
picoammeter, consisting of a resistor and two diodes (IN3595). The leak-
age of the IN3595 diode is generally less than one picoampere even with
1mV of forward bias, so the circuit won’t interfere with measurements of
10pA or more. This diode is rated to carry 225mA (450mA repeated surge).
Because the voltage burden of the electrometer ammeter or picoammeter is
less than 1mV, the diodes won’t conduct. With two diodes in parallel back
to back, the circuit will provide protection regardless of the signal polarity.

FIGURE 2-29: Overload Protection Circuit for Electrometers and Picoammeters

R
HI NN\ -~ -~ HI

To Feedback
Ammeter

LO * * LO

The resistor (R) must be large enough to limit the current through the
diodes to prevent damage to the diodes. It also must be large enough to
withstand the supply voltage. A good rule of thumb is to use a large enough
resistor to cause a 1V drop at the maximum current to be measured.

The protection circuit should be enclosed in a light-tight shield because
the diodes are photosensitive. The shield should be connected to the low
of the ammeter.

SMU Instrument Overload Protection (in Force Voltage, Measure
Current Mode)

Figure 2-30 illustrates an overload protection circuit for an SMU instru-
ment in the ammeter mode. This circuit consists of two zener diodes (D3
and D4) connected between the Guard and LO (or Common) terminals,
a current limiting resistor (R) in series with the HI terminal, and two low
leakage diodes (D1 and D2) between the HI and Guard terminals.
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FIGURE 2-30: Overload Protection Circuit for the SMU Instrument in Force Voltage,
Measure Current Mode
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*For SMU instruments that have the
outside shield connected to ground, link
the LO terminal to the ground terminal.

The two zener diodes are used to clamp the guard to LO (or the
Common terminal). These should be rated slightly higher than the SMU
instrument’s maximum measurable voltage. The leakage current through
the zener diodes results in a voltage drop across the resistor, so low leakage
zener devices are desirable.

The resistor (R) is used to limit the current through the diodes (D1
and D2). The resistance value should be large enough to limit the current
flowing through the diodes to one-tenth of their forward current rating,
thereby preventing diode damage. The resistor must also be rated high
enough to meet the power dissipation requirements while the zeners are
conducting.

If an overload occurs, one of the diodes (D1 or D2) will conduct and
prevent the input from being damaged. The 1N3595 diode is a good choice
for this function because it has low leakage current, typically less than 1pA,
even with a forward bias of 1mV.

High impedance circuit construction, such as Teflon standoffs, must
be used. The protection circuit should be built into a light-tight, metal-
shielded enclosure with the shield connected to the LO terminal of the
SMU instrument.

AC Interference and Damping

When measuring low current, electrostatic shielding (as discussed in
Section 2.6.2) is the most common way to reduce noise due to AC inter-
ference. However, in some cases, shielding the device under test or
the connecting cabling isn’t practical. For these applications, a variable
damping control may reduce the AC pickup enough to make meaningful
measurements.

SECTION 2



23.8

A damping circuit is a type of low pass filter that reduces the electrom-
eter’s AC response so the low DC current can be measured accurately. The
damping circuit may already be built into the electrometer or may be an
external circuit. Refer to the instrument’s instruction manual for informa-
tion on a particular electrometer’s internal damping feature. However, it
may be necessary to increase the damping with an external circuit.

Figure 2-31 illustrates an example of an external damping circuit. This
circuit consists of a low leakage polystyrene or polyester capacitor (C) and
a potentiometer (R). The potentiometer is connected between the preamp
output and the common (or LO) terminal of the ammeter. The capacitor
is connected between the HI input terminal of the ammeter and the mov-
ing arm of the potentiometer. The value of the capacitor depends on the
current range of the ammeter. Higher ranges require the use of higher
magnitude capacitors. However, typical values of the capacitor are in the
range of hundreds of picofarads. The value of the potentiometer should be
chosen to be high enough (>50kQ) to avoid loading the preamp output,
but still reduce noise effectively.

FIGURE 2-31: External Damping Circuit
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Some experimentation will be needed to choose the best values for the
capacitor and the resistance. Connect an oscilloscope to the analog output
and observe the AC waveform on the scope. Adjust the potentiometer to
make the AC signal as small as possible. If the noise can’t be suppressed
enough with the potentiometer, use a bigger capacitor.

The damping circuit should be built into a shielded enclosure.

Using a Coulombmeter to Measure Low Current

In most cases, an ammeter or picoammeter is used to measure current.
However, for femtoamp-level currents, it may be better to use the coulombs
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function of an electrometer to measure the change in charge over time,
then use those charge measurements to determine the current. A further
discussion of charge measurements can be found in Section 2.5.

Current Integration

The total charge (q) can be described as the integral of incremental charge
elements (dq):

q2
q =fq1 dq

Because current (i) is related to the charge by dq = i dt, the previous
equation becomes:

q=f:idt

One method for determining the charge is to measure the voltage drop
across a capacitor of known value. The voltage on the capacitor is related
to the charge in the following equation:

V=Q/(C
where: Q = capacitor charge (coulombs)
C = capacitor value (farads)
V = voltage across the capacitor (volts)

Combining this equation with the previous ones yields:

Q=CV=j:;2dq=ftltzidt

Once the rate of change (dt) is known, the current can easily be
determined from a charge measurement. The instantaneous current (i)
is simply:

._ dQ

i = —

dt
where the long-term average current is defined as:
Ly = AQ
VG T

Thus, we can see that the current can be determined simply by making
a series of charge measurements as a function of time.

Using a Feedback Coulombmeter to Measure Current

Charge can be measured directly with a feedback coulombmeter. Figure
2-32 shows a simplified model of a feedback type coulombmeter. The input
current to the circuit is Ig, the output voltage is Vo, and the feedback
capacitor is Cp.

The current (Ig) is applied to the input of the feedback coulombmeter.
The circuit is an integrator, so the charge is determined by integrating
the current:

Qy=Jidt
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FIGURE 2-32: Feedback Coulombmeter Equivalent Circuit
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The coulombmeter determines charge from the output voltage and the
value of the feedback capacitor:

Qum = CrVour
From the measured charge (Qy), the user can calculate current:
iy = Cp(dVgyp/dt) = dQyy/dt
The long-term average current (Iy) can be calculated from the
change in output voltage over a specific time period:

L. = AVourCe _ AQ
NG A T A

To make calculations easier, set a one-second measurement interval
time in the one-shot trigger mode. The “REL” or zero function of the
electrometer may be used to reset the readings. Some electrometers may
have an auto-discharge feature to reset the charge reading to zero when it
reaches a specified level.

Fixed Integration Time Period Method

The fixed integration time method shown in Figure 2-33 can be used to
determine current and is a variation of the feedback coulombmeter tech-
nique. In this instance, the increasing charge value is measured at specific
time intervals of equal length. The average current (I,y) during a given
period can be determined from the slope of the line and is calculated
as follows:

AQ

Ly = A
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FIGURE 2-33: Fixed Integration Time Method of Determining Current from Charge
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This method gives the average current during the time interval and
produces readings at a steady rate determined by the integration period.
This method can be accomplished automatically in software by determin-
ing the difference between successive readings.

Fixed Threshold Method

The fixed threshold method, which is shown in Figure 2-34, is somewhat
similar to the fixed integration time method just described. In this case,
however, the charge measurement begins at time t; and continues until the
charge value reaches some predetermined threshold value at time t,. The
current is then calculated as follows:

A
Ly = % where At = t, - t;

FIGURE 2-34: Fixed Threshold Method of Determining Current from Charge
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Note that the voltage coefficient of the coulombmeter capacitor has
little effect on overall current measurement accuracy. As long as the thresh-
old point and time periods are accurately known, current measurement
accuracy will be quite good. However, readings won’t be evenly spaced
when current levels vary, and the interval between readings can be quite
long when the average current for a given time period is small.

Advantages of Using a Coulombmeter to Measure Current

There are several advantages to using a coulombmeter instead of an amme-
ter for measuring current in certain situations:

* Lower Current Noise: The ammeter uses a feedback resistor,
which will have significant Johnson noise. For charge measurement,
this resistor is replaced by a capacitor, which theoretically has no
Johnson noise. Consequently, the charge method of current meas-
urement results in lower noise than measuring currents directly
with a feedback ammeter. Thus, the charge method is preferable
when current noise performance less than 1fA p-p is required.
(Refer to Figure 2-58 in Section 2.6.5 and note that feedback resis-
tances higher than 10"2Q aren’t very practical.)

* Faster Settling Times: The speed of a feedback ammeter is limited
by the time constant of its feedback circuit (RCy). For example, for
feedback resistances greater than 10GQ, stray capacitance limits
response times to tens of milliseconds. In contrast, a feedback inte-
grator will respond immediately and is limited only by the speed of
the operational amplifier.

* Random Pulses Can Be Integrated: The average charge trans-
ferred per unit time of random pulse trains can be evaluated by
integrating the current pulse train for a given period of time. The
average current amplitudes can then be expressed as the total
charge divided by the time period involved in the measurement.
This technique is especially useful when averaging very small,
unsteady currents. If the duty cycle is known, the pulse height can
also be determined.

* The Noise Effects of Input Shunt Capacitance are Minimized:
Noise gain is mainly determined by Cy/Cg, and Cy is much larger in
a coulombmeter than in an ammeter, so much larger input capaci-
tance values can be tolerated. This characteristic is beneficial when
measuring from high capacitance sources or when long connecting
cables are used.

High Resistance Measurements

When resistances greater than 1GQ must be measured, an electrometer,
SMU instrument, or picoammeter/voltage source are usually required. An
electrometer may measure high resistance by either the constant-voltage or
the constant-current method. Some electrometers allow the user to choose
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either method. The constant-voltage method uses an ammeter and a volt-
age source; the constant-current method uses an electrometer voltmeter
and a current source. A description of these techniques follows.

Constant-Voltage Method

To make high resistance measurements using the constant-voltage method,
an instrument that can measure low current and a constant DC voltage
source are required. Some electrometers and picoammeters have voltage
sources built into the instrument and automatically can calculate the
unknown resistance.

The basic configuration of the constant-voltage method using an elec-
trometer or picoammeter is shown in Figure 2-35a. As shown in Figure
2-35b, an SMU instrument can also be used for making high resistance
measurements using the constant voltage method.

FIGURE 2-35: Constant-Voltage Method for Measuring High Resistance

a) Using an Electrometer or Picoammeter
and a Voltage Source

R

— vy | Electrometer or
- Picoammeter

b) Using an SMU Instrument

Force/Output HI 5
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\J

SMU Instrument
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In this method, a constant voltage source (V) is placed in series with
the unknown resistor (R) and an ammeter (Iy). The voltage drop across
the ammeter is negligible, so essentially all the test voltage appears across
R. The resulting current is measured by the ammeter and the resistance is
calculated using Ohm’s Law (R= V/I).

High resistance is often a function of the applied voltage, which makes
the constant-voltage method preferable to the constant-current method. By
testing at selected voltages, a resistance vs. voltage curve can be developed
and a “voltage coefficient of resistance” can be determined.

Some of the applications that use this method include testing two-
terminal high resistance devices, measuring insulation resistance, and
determining the volume and surface resistivity of insulating materials. See
Section 4 for descriptions of these applications.

The constant-voltage method requires measuring low current, so all
the techniques and error sources described in Section 2.3 (Low Current
Measurements) apply to this method. The two most common error sources
when measuring high resistance are electrostatic interference and leakage
current. As described in Section 2.6.2, electrostatic interference can be
minimized by shielding the high impedance circuitry. Interferences due to
leakage current can be controlled by guarding as described in Section 2.3.1.

Constant-Current Method

High resistance measurements using the constant-current method may be
made using either an electrometer voltmeter and current source or just an
electrometer ohmmeter. An SMU instrument that has a voltmeter with high
input impedance and low current source ranges may also be used. Using
the electrometer voltmeter with a separate current source or an SMU instru-
ment allows the user to make a four-wire measurement and to control the
amount of current through the sample. The electrometer ohmmeter makes
a two-wire resistance measurement at a specific test current, depending on
the measurement range.

Using The Electrometer Voltmeter and an External Current Source

The basic configuration for the constant-current method is shown in Figure
2-36. Current from the source (I) flows through the unknown resistance
(R) and the voltage drop is measured by the electrometer voltmeter (Vy).
Using this method, resistances up to about 10?Q can be measured. Even
though the basic procedure seems simple enough, some precautionary
measures must be taken. The input impedance of the voltmeter must be
high enough compared with a source resistance to keep the loading error
within acceptable limits. Typically, the input impedance of an electrometer
voltmeter is about 10%Q. Also, the output resistance of the current source
must be much greater than the unknown resistance for the measurement
to be linear. The voltage across the sample depends upon the sample resis-
tance, which makes it difficult to account for voltage coefficient when using
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FIGURE 2-36: Constant-Current Method Using a Separate Current Source and
Electrometer Voltmeter
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the constant-current method. If voltage coefficient is a concern, it’s best to
use the constant-voltage method. When using the electrometer voltmeter
to make high resistance measurements, all the techniques and error sourc-
es described in Section 2.2 (Voltage Measurements from High Resistance
Sources) apply to these measurements. The electrometer voltmeter and a
separate current source are used when determining high resistivity of semi-
conductor materials using the four-point probe or van der Pauw technique.
These methods of determining the resistivity of semiconductor materials
are described in more detail in Section 4.4.3.

Using an SMU Instrument in the Source I, Measure V Mode

An SMU instrument can measure high resistance in the source current/
measure voltage mode by using either a two-wire (local sense) or four-
wire (remote sense) method. Figure 2-37 illustrates an SMU instrument
in four-wire mode.

The four-wire method is used to eliminate contact and lead resistance,
which is especially important when measuring resistivity of semiconductor
materials. These measurements usually involve measuring low voltages.

FIGURE 2-37: Using the SMU Instrument in the Four-Wire Mode to Measure High
Resistance
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The resistance of the metal probe to semiconductor contact can be
quite high.

When using remote sense, the voltage difference between high force
and high sense, and between low force and low sense is usually limited to a
specified value. Exceeding this voltage difference can result in erratic meas-
urements. Check the reference manual of the SMU instrument for further
information on this limitation.

In addition to the voltage drop limitation, some SMU instruments
have automatic remote sensing resistors located between the HI Force and
HI Sense terminals and between the LO Force and LO Sense terminals.
This may further limit the use of a single SMU instrument in remote mode
for certain applications, such as semiconductor resistivity. If this is the case,
use the SMU instrument as a current source in the two-wire mode, and use
a separate voltmeter(s) to measure the voltage difference. See Section 4.4.3
for further information.

Using the Electrometer Obmmeter

When using the electrometer ohmmeter, measurement accuracy can be
affected by a variety of factors. In the following paragraphs, we will discuss
the most important considerations for making accurate high resistance
measurements.

Basic Configuration

Figure 2-38 shows the electrometer ohmmeter measuring a resistance (R).
The ohmmeter uses an internal current source and electrometer voltmeter
to make the measurement. It automatically calculates and displays the
measured resistance. Notice that this is a two-wire resistance measure-
ment compared to using the electrometer voltmeter and external current
source, which can make a four-wire measurement. This is because the
current source is internally connected to the voltmeter and cannot be used
separately.

FIGURE 2-38: Electrometer Ohmmeter for Measuring High Resistance

Electrometer Ohmmeter
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Guarding

As with high impedance voltage measurements and current measurements,
guarding high resistance test connections can significantly reduce the
effects of leakage resistance and improve measurement accuracy.

Consider the unguarded resistance measurement setup shown in
Figure 2-39a. Here, an electrometer ohmmeter is forcing a current (Iy)
through the unknown resistance (Rg) and then measuring the voltage (Vy,)
across the DUT. If we assume that the meter has infinite input resistance,
the measured resistance is then computed from Ohm’s Law:

However, because the cable leakage resistance (R;) is in parallel with
Rg, the actual measured resistance (Ry) is reduced, as shown in the parallel
equivalent circuit of Figure 2-39b. The measured resistance now becomes:

Ry = R Ry
MT S U Ry + Ry

The loading effects of cable resistance (and other leakage resistances)
can be virtually eliminated by driving the cable shield with a unity-gain
amplifier, as shown in Figure 2-39c. The voltage across R, is essentially
zero, so all the test current (Iz) now flows through Rg, and the source
resistance value can be accurately determined. The leakage current (I;)
through the cable-to-ground leakage path (R;) may be considerable, but
that current is supplied by the low impedance output of the x1 amplifier
rather than by the current source (Iy).

Settling Time

The settling time of the circuit is particularly important when making high
resistance measurements. The settling time of the measurement is affected
by the shunt capacitance, which is due to the connecting cable, test fixtur-
ing, and the DUT. As shown in Figure 2-40, the shunt capacitance (Cgynt)
must be charged to the test voltage by the current (I5). The time period
required for charging the capacitor is determined by the RC time constant
(one time constant, T = RgCgyynr), and the familiar exponential curve of
Figure 2-41 results. Thus, it becomes necessary to wait four or five time
constants to achieve an accurate reading. When measuring very high resist-
ance values, the settling time can range up to minutes, depending on the
amount of shunt capacitance in the test system. For example, if Cgyyny is
only 10pF, a test resistance of 1TQ2 will result in a time constant of 10 sec-
onds. Thus, a settling time of 50 seconds would be required for the reading
to settle to within 1% of final value.

In order to minimize settling times when measuring high resistance
values, keep shunt capacitance in the system to an absolute minimum by
keeping connecting cables as short as possible. Also, guarding may be used

SECTION 2



FIGURE 2-39a: Effects of Cable Resistance on High Resistance Measurements
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FIGURE 2-39b: Equivalent Circuit of Figure 2-39a Showing Loading Effect of Cable
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FIGURE 2-40: Settling Time is the Result of R¢Cgyynr Time Constant
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FIGURE 2-41: Exponential Settling Time Caused by Time Constant of Shunt
Capacitance and Source Resistance
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to decrease settling times substantially. Finally, the source voltage, measure
current method of resistance measurement is generally faster because of
reduced settling times.

Charge Measurements

Charge is the time integral of current, q = f idt. Charge is often measured
on a quantity of particles, on a surface, or on a component such as a capac-
itor. Sometimes, the charge is measured on a continuous basis, such as
when using the coulombmeter to measure very low current, as discussed
in Section 2.3.8.

An electrometer makes an ideal coulombmeter because it has very low
input bias current and high input resistance. The coulombmeter function
of the electrometer measures charge by integrating the input current. An
integrating capacitor is used in the feedback loop of the input stage. Refer
to Section 1.5.3 for a more detailed discussion of the coulombmeter circuit
of the electrometer.
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2.5.1 Error Sources

Charge measurements made with an electrometer are subject to a number
of error sources, including input bias current, voltage burden, generated
currents, and low source impedance.

Input Bias Current

With an electrometer, the input bias current is very low. However, at low
charge levels, even this small current may be a significant error factor. Over
long time periods, the instrument will integrate the bias current, which
will be seen as a long-term drift in the charge measurement. Typical input
bias current is 4fA, which will cause a change in the charge measurement
of 4fC per second. If the input bias current is known, it’s possible to com-
pensate for this error simply by subtracting the charge drift due to input
bias current from the actual reading. However, determining the offset
current of the entire system may be difficult.

Voltage Burden

The voltage burden of a feedback coulombmeter is generally quite low
(<100uV), just as it is with a feedback picoammeter. However, if the instan-
taneous peak current is >10uA, the voltage burden can exceed this level
momentarily. In an overload condition, the voltage burden can reach many
volts, depending on the input value.

If the source voltage is at least 10mV, the typical electrometer in the
coulombs mode will integrate the current accurately. If the source volt-
age is much lower, the voltage burden may become a problem, and the
input stage noise will be amplified so much that accurate measurements
aren’t possible.

Generated Currents

Generated currents from the input cable or induced currents due to insuf-
ficient shielding can cause errors in charge measurements, especially with
charge levels of 100pC or less. To minimize generated currents, use low
noise cable and electrostatically shield all connections and the DUT.

Source Impedance

The magnitude of the source impedance can affect the noise performance
of the feedback coulombmeter. Figure 2-42 shows a generalized feedback
circuit connected to a source impedance. In a coulombmeter, the feedback
impedance is a capacitor. From this diagram, the noise gain of the cou-
lombmeter can be calculated from the following equation:

Output Noise = Input Noise x (1 + Zy/Zg)

where:Zg is the source impedance
Zy is the feedback impedance of the coulombmeter
Input Noise is the noise of the input stage of the electrometer
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In general, as Zy becomes larger, the noise gain becomes larger. Refer
to the electrometer’s manual or specifications for the value of the feedback
impedance for a particular instrument.

FIGURE 2-42: Generalized Feedback Circuit
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Zero Check

Unlike a voltage measurement, a charge measurement can be a destructive
measurement. In other words, the process of making the measurement
may remove the charge stored in the device under test.

When measuring the charge on a device such as a capacitor, it’s import-
ant to disable the zero check of the electrometer first, and then connect the
capacitor to the high impedance input terminal. Otherwise, some of the
charge will be lost through the zero check impedance and won’t be meas-
ured by the electrometer. That’s because when zero check is enabled, the
input resistance of the electrometer is about 10MQ.

Opening the zero check switch will produce a sudden change in charge
reading known as “zero hop.” To eliminate the effects of zero hop, take a
reading just after the zero check is disabled, then subtract this value from
all subsequent readings. An easy way to do this is to enable the REL function
after zero check is disabled, which nulls out the charge reading caused by
the hop.

Extending the Charge Measurement Range of the Electrometer

The charge measurement range of most electrometers can be extended
using external feedback. The external feedback mode allows an external
device to be used as the feedback element of the electrometer. Placing
the electrometer in the volts mode and then enabling external feedback
switches the feedback circuit from an internal network to a feedback circuit
connected to the preamp output.

To extend the coulombs ranges, an external capacitor is used as the
feedback element.

As illustrated in Figure 2-43, an external feedback capacitor is placed
between the preamp output terminal and the HI input terminal of the
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electrometer. To prevent electrostatic interference, the capacitor is placed
in a shielded test fixture.

FIGURE 2-43: Connections for Using External Feedback Capacitor
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When in the external feedback mode, the electrometer will display the
voltage across the feedback element. The unknown charge can be calculat-
ed from the following formula:

Q=cv

where: Q = charge (coulombs)
C = capacitance of the external feedback capacitor (farads)
V = voltage on display of electrometer (volts)

For example, using an external feedback capacitor of 10uF and meas-
uring 5V on the display of the electrometer, the calculated charge is 50uC.

The capacitance of the feedback element should be at least 10pF to
avoid errors due to stray capacitance and noise gain.

To ensure low leakage current and low dielectric absorption, the
feedback capacitor should be made of a suitable dielectric material such as
polystyrene, polypropylene, or Teflon.

More information on the measurement procedure can be found in the
instruction manual of the electrometer.

General Electrometer Considerations

So far, we have discussed considerations specific to voltage, current,
resistance, and charge measurements. The following paragraphs examine
considerations that apply to all types of electrometer and SMU instrument
measurements on high resistance sources.
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2.6.1 Making Connections

To avoid measurement errors, it’s critical to make proper connections from
the electrometer, SMU instrument, or picoammeter to the device under
test. Always connect the high resistance terminal of the meter to the
highest resistance point of the circuit under test.

Figure 2-44 shows an electrometer connected to a current source
that consists of a voltage source in series with a resistor. An AC powered
source usually has a significant level (often several volts) of line frequency
common mode voltage. As shown in Figure 2-45, this will cause a current
(i) to flow through the low to ground capacitance of the electrometer (Iy).

FIGURE 2-44: Connecting the HI Terminal of the Ammeter to High Resistance
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FIGURE 2-46: Improper Connection

Current Source
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This circuit is connected properly, so this current doesn’t flow through
the electrometer measurement circuitry and, therefore, doesn’t cause any
measurement errors. However, when the HI terminal of the electrometer
is connected to the low impedance power supply, this AC current (i) flows

through the electrometer (I), as illustrated in Figure 2-46. This current
may affect the measurement accuracy, especially at low signal levels.

See Section 2.6.6 for details on appropriate cabling and connector
types for electrometer measurements.

Electrostatic Interference and Shielding

Electrostatic coupling or interference occurs when an electrically charged
object approaches the input circuit under test. At low impedance levels, the
effects of the interference aren’t noticeable because the charge dissipates
rapidly. However, high resistance materials don’t allow the charge to decay
quickly, which may result in unstable measurements. Typically, electro-
static interference is an issue when making current measurements <InA
or resistance measurements =21GQ. The erroneous readings may be due
to either DC or AC electrostatic fields, so electrostatic shielding will help
minimize the effects of these fields.

Electrostatic Interference

DC fields can produce noisy readings or undetected errors. These fields can
be detected when movement near an experiment (such as the movement of
the person operating the instrument or others in the immediate vicinity)
causes fluctuations on the electrometer’s display. To perform a quick check
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for interference, place a piece of charged plastic, such as a comb, near the
circuit. A large change in the meter reading indicates insufficient shielding.

AC fields can be equally troublesome. These are caused most often by
power lines and RF fields. If the AC voltage at the input is large, part of this
signal is rectified, producing an error in the DC signal being measured.
This can be checked by observing the analog output of the electrometer or
picoammeter with an oscilloscope. A clipped waveform indicates a need to
improve electrostatic shielding. Figure 2-47 illustrates a clipped waveform
taken from the 2V analog output of an electrometer. In this example, the
amount of clipping reduced the DC current reading by nearly 50%.

FIGURE 2-47: Clipped Waveform from the Analog Output of an Electrometer
Caused by AC Pickup
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FIGURE 2-48: Electrostatic Coupling
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For an SMU instrument, check for AC pickup by connecting the oscillo-
scope between the guard terminal and common terminal.

Figure 2-48 shows an example of AC electrostatic coupling. An electro-
static voltage source in the vicinity of a conductor, such as a cable or trace
on a PC board, generates a current proportional to the rate of change of
the voltage and of the coupling capacitance. This current can be calculated
with the following equation:

i=Cdv/dt + VdC/dt

For example, two conductors, each with 1cm? area and spaced 1cm
apart by air, will have almost 0.1pF of capacitance. With a voltage difference
of 100V between the two conductors and a vibration causing a change of
capacitance of 0.01pF/second (a 10% fluctuation between them), a current
of 1pA AC will be generated.

Shielding

To reduce the effects of the fields, a shield can be built to enclose the circuit
being measured. The easiest type of shield to make is a simple metal box
or meshed screen that encloses the test circuit. Shielded boxes are also
available commercially.

Figure 2-49 illustrates an example of shielding when making meas-
urements using an electrometer or picoammeter. Made from a conductive
material, the shield is always connected to the low impedance input of the
electrometer or picoammeter or to the output LO (or common) terminal of
the SMU instrument. If circuit LO is floating above ground, observe special
safety precautions to prevent anyone from touching the shield. These safety
precautions are discussed in Section 2.6.8.

FIGURE 2-49: Shielding a High Impedance Device
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The cabling between the HI terminal of the meter and the device
under test also requires shielding. Capacitive coupling between an elec-
trostatic noise source and the signal conductors or cables can be greatly
reduced by surrounding those conductors with a metal shield connected
to LO, as shown in Figure 2-50. With this shield in place, the noise current
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FIGURE 2-50: Electrostatic Shielding
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FIGURE 2-51: Shielded vs. Unshielded Current Measurements of 100GQ Resistor
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generated by the electrostatic voltage source and the coupling capacitance
flows through the shield to ground rather than through the HI terminal of
the electrometer.

Figure 2-51 illustrates the dramatic difference between unshield-
ed and shielded current measurements of a 100GQ resistor biased at
1V. The unshielded measurements are much noisier than the shielded
measurements.

To summarize, follow these guidelines to minimize error currents due
to electrostatic coupling:
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* Keep all charged objects (including people) and conductors away
from sensitive areas of the test circuit.

* Avoid movement and vibration near the test area.

* Shield the device under test by surrounding it with a metal enclo-
sure and connect the enclosure electrically to the test circuit com-
mon terminal.

Shielding vs. Guarding

Shielding usually implies the use of a metallic enclosure to prevent elec-
trostatic interference from affecting a high impedance circuit. Guarding
implies the use of an added low impedance conductor, maintained at the
same potential as the high impedance circuit, which will intercept any
interfering voltage or current. A guard doesn’t necessarily provide shield-
ing. Guarding is described further in Section 2.2.1 for voltmeters, Section
2.3.1 for ammeters, and Section 2.4.2 for ohmmeters.

Environmental Factors

A stable test environment is essential to making accurate low level meas-
urements. This section addresses important environmental factors that
may affect the accuracy of low level measurements.

Temperature and Temperature Stability

Varying temperatures can affect low level measurements in several ways,
including causing thermal expansion or contraction of insulators and pro-
ducing noise currents. Also, a temperature rise can cause an increase in the
input bias current of the meter. As a general rule, JFET gate leakage current
doubles for every 10°C increase in temperature, but most electrometers
are temperature compensated to minimize input current variations over a
wide temperature range.

To minimize errors due to temperature variations, operate the entire
system in a thermally stable environment. Keep sensitive instruments
away from hot locations (such as the top of a rack) and allow the complete
system to achieve thermal stability before making measurements. Use the
instrument’s zero or suppress feature to null offsets once the system has
achieved thermal stability. Repeat the zeroing process whenever the ambi-
ent temperature changes. To ensure optimum accuracy, zero the instru-
ment on the same range as that to be used for the measurement.

Humidity

Excess humidity can reduce insulation resistance on PC boards and in test
connection insulators. A reduction in insulation resistance can, of course,
have a serious effect on high impedance measurements. In addition,
humidity or moisture can combine with any contaminants present to create
electrochemical effects that can produce offset currents.

