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Technical
Information

An ammeter is an instrument for measuring electric
current flow; calibrated in amperes. There are two
main types of ammeter architectures: shunt ammeters
and feedback ammeters.

Shunt vs. Feedback Ammeters

Shunt ammeters are the most common type and work
in many applications; feedback ammeters are more
appropriate when measuring small currents; their use
is growing because the typical magnitude of the test
currents used today is decreasing. However, choosing
the proper ammeter depends not only on the magni-
tude of the current, but also on characteristics (most
typically, the impedance) of the device under test
(DUT).

Shunt Ammeters: DMMs

Shunt ammeters are the most common ammeter type
and are found in almost all digital multimeters
(DMMs). These meters measure current by develop-
ing a voltage at the input terminal that is proportional
to the current being measured (Figure 1).

DMM (shunt) ammeter

Veuroen
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full scale

Figure 1

The main drawback associated with shunt ammeters
is their fundamentally high input impedance design.
This drawback becomes more significant with
decreasing current, because a larger shunt resistor
must be used in order to develop a measurable
voltage. However, as long as the shunt resistor is
significantly smaller than the resistance of the DUT
and the currents to be measured are not very small
(not much lower than microamp level [10-¢A]), shunt
ammeters work fine.

Voltage Burden

The terminal voltage of an ammeter is called the volt-
age burden. This burden voltage developed across the
meter could result in significantly lower current
through the load than before the meter was inserted,
therefore, the ammeter can’t read the current it was
intended to measure.

An ideal ammeter would not alter the current flowing
in the circuit path, so it would have zero resistance
and zero voltage burden. A real ammeter will always
introduce a non-zero voltage burden. In general, the
error term caused by an ammeter is stated as the
ammeter’s voltage burden divided by the resistance
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of the DUT. A shunt ammeter’s voltage burden is typi-
cally on the order of hundreds of millivolts.

Picoammeter/Electrometer

V,
OFFSET Total voltage
CAL Vogeser | burden<0.2mV

Figure 2

Feedback Ammeter

Feedback ammeters are closer to “ideal” than shunt
ammeters, and should be used for current measure-
ments of microamps or less (10-°A) or where it is
especially critical to have an ammeter with low input
impedance. Instead of developing a voltage across the
terminals of the ammeter, a feedback ammeter devel-
ops a voltage across the feedback path of a high gain
operational amplifier (Figure 2). This voltage is also
proportional to the current to be measured; however,
it is no longer observed at the input of the instru-
ment, but only through the output voltage of the op-
amp. The input voltage is equal to the output voltage
divided by the op-amp gain (typically 100,000), so the
voltage burden has now typically been reduced to
microvolts. The feedback ammeter architecture results
in low voltage burden, so it produces less error when
measuring small currents and when measuring cur-
rents generated by low impedance devices. Keithley
electrometers and picoammeters employ feedback
ammeter technology.

300mV - VBURDEN

VBURDEN
|

Figure 3

Figure 3 illustrates the problems caused by high volt-
age burden when measuring the emitter current of a
transistor. Even though the basic current measure-
ment could be well within the measuring capability of
the DMM, the DMM’s voltage burden significantly

reduces the voltage applied to the DUT, resulting in
lower measured emitter current than intended. If a
picoammeter or electrometer were used instead, the
voltage burden would cause a negligible change in
emitter current.

Sources of Generated Current Error

Low current measurements are subject to a number
of error sources that can have a serious impact on
measurement accuracy. All ammeters will generate
some small current that flows even when the input is
open. These offset currents can be partially nulled by
enabling the instrument current suppress. External
leakage currents are additional sources of error;
therefore, making properly guarded and/or shielded
connections is important. The source impedance of
the DUT will also affect the noise performance of the
ammeter. In addition, there are other extraneous gen-
erated currents in the test system that could add to
the desired current, causing errors. The following
paragraphs discuss various types of generated cur-
rents and how to minimize their impact on the
measurements.

Frictional motion
at boundary due
to cable motion

Coaxial

Conductive
lubricant in
low noise
cable

Shield

Jacket Inner

Conductor

Figure 4

Triboelectric effects are created by charge imbalance
due to frictional effects between a conductor and an
insulator, as shown in Figure 4. Keithley’s low noise
cables greatly reduce this effect by introducing 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 the charge generated.

Piezoelectric currents are generated when mechani-
cal stress is applied to certain crystalline materials
when used for insulated terminals and interconnect-
ing hardware. In some plastics, pockets of stored
charge cause the material to behave in a manner simi-
lar to piezoelectric materials. An example of a termi-
nal with a piezoelectric insulator is shown in Figure
5. To minimize the current due to this effect, remove
mechanical stresses from the insulator and use insu-
lating materials with minimal piezoelectric and stored
charge effects.
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tion and keep humidity to moderate levels. Also,
keep all insulators clean and free of contamination.

Figure 7 summarizes approximate magnitudes of the
various currents.

High Resistance Measurements

For high resistance measurements (>1G€2), a con-
stant voltage is most often applied across the
unknown resistance. The resulting current is meas-
ured from an ammeter placed in series, and the
resistance can be found using Ohm’s law (R= V/I).
This method of applying a voltage and measuring the
current (as opposed to applying a current and meas-
uring the voltage), is preferred for high resistance
measurements, because high resistances often change
as a function of applied voltage. Therefore, it's
important to measure the resistance at a relevant and
controllable voltage. This method most often requires
measuring low currents using an electrometer or
picoammeter. All the low current techniques and
error sources described in previous paragraphs also
apply here.

resistance of certain insulators by orders of magni-
tude. Table 1 shows a qualitative description of water
absorption and other effects.

Alternating polarity method

When measuring materials with very high resistivity,
background currents may cause significant measure-
ment errors. They may be due to charge stored in the
material (dielectric absorption), static or triboelectric
charge, or piezoelectric effects.

The Alternating Polarity Method can virtually elimi-
nate the effects of background currents in the sam-
ple. In this method, a bias voltage of positive polarity
is applied, then the current is measured after a pre-
determined delay. Next, the polarity is reversed and
the current is measured again, using the same delay.
The polarity reversal process can be repeated any
number of times. The resistance is calculated based
on a weighted average of the most recent current
measurements. Many of Keithley's picoammeters and
electrometers have the Alternating Polarity Method
built into a predefined test sequence.

Low Current/High Resistance Measurements

Leakage currents are typical g
sources of error in high resist- P =
ance measurements. They are ol — PP E— g
H . ume esistance inima Inimal
Figure 6 generated by unwanted high Resistivity . to Water |Piezoelectric |Triboelectric l6
. . ” resistance paths (leakage resist- (Ohm-cm) Material Absorption Effects Effects
Contamination and humidity can produce error paths (leakag oo i =
. . . ance) between the measurement 1016 - 10180 | Sapphire + + 0 —
currents, which arise from electrochemical effects cireuit and nearby voltage 1017 - 1018Q | Teflon™ + - - —
. . s Vi 14 _ 1018
that occur when contaminants (in the form of ionic sources: the canybe e dguce db o e ig:;’:g‘r"e'ﬁ:e o . 0 o
chemicals) create weak “batteries” between two con- emolo i’n yro er ouardin Y 101710190 | Kel-F" + 0 - [=
. . 1012 - 10'4Q C i - 0 +
ductors on a circuit board. For example, commonly tecEniyu egs pusilrjl cil n fali 1012 _ 10140 N;{f,’:‘ “ - 0 - S
used epoxy printed circuit boards, if not thoroughly . ques, using clean, quatity 1010-107Q | Glass Epoxy - 0 - 2
. . . insulators, and minimizing 1010~ 10150 | PVC + 0 0
cleaned of etching solution, flux, oils, salts (e.g., fin- e 105 - 10120 | Phenolic M + +
S, ’ humidity.
gerprints) or other contaminants, can generate cur- ’ KEY: + Material very good in regard to the property.
rents of a few nanoamps between conductors (SCC Typica] resistance values of vari- "o Material moderately good in regard to the p-roperty.
Figure 6). To avoid the effects of contamination and  ous insulating materials are - Material weak in regard to the property.
humidity, select insulators that resist water absorp- shown in Figure 8. Absorbed
moisture may also change the Table 1
107 A 1018 Q
Q
108 - 17 2 —
Standard Dirty 1017.Q £
109 [ Cable surface 10160 & eol] “U"
c c
Typical 10-10 [ Epox 1015 Q c 290
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Generated Low Resistance 10 © §—°> 38 (o)
10-12 |—| Noise Clean 1013 Q = aoZ [
s Cable o surface || G-10 © o "
10 Teflon 109Q 10120 - o3
10-14 H — . — — 1 o S M —
Ceramics 1011 Q g3 o _ PVC w
1015 | 1 — 10120 ] 100 Q2 'é — § g
o | | o
Triboelectric Piezoelectric Electrochemical Resistor 10°Q = (7,
Effects Effects Effects Noise 108 Q — <
in 1Hz w
. Bandwidth i K
Current-Generating Phenomena Insulating Material E
- - d
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Selector Guide Low Current/High Resistance
Measurements
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= Selector Guide: Picoammeters, Electrometers, Source-Measure Units (Measurement)
0
&5 Current
=3 Amplifier Picoammeters Electrometers Source-Measure Units
%) MODEL 428 6485 6487 2502 6514 6517A 6430 236 237 238
"DE Page 206 208 211 215 216 220 181 191 191 191
% CURRENT MEASURE
=8 From' 12 fA 20 fA 20 fA 15 fA <1fA <1fA 400 aA 30fA  30fA  30fA
§ To 10 mA 20 mA 20 mA 20 mA 20 mA 20 mA 100 mA 100 mA 100 mA 1A
> VOLTAGE MEASURE
8 From? 10 uv 10 uv 10 uv 10 uv 10 uv 10 uv
5 To 200V 200V 200V 110V 1100V 110V
8 RESISTANCE MEASURE*
%) From’® 10 Q 10 Q 100 €2 100 p€2 100 w2 100 w€2 50 w2
% To® 1PQ 200 G2 10 PQ2° 10 PQ2° 0.1PQ°* 1PQ* 0.1PQ°
=8 CHARGE MEASURE
i<l From’ 10 fC 10 fC
i To 20 uC 2 uC
4 FEATURES
<N Input BNC BNC 3 Slot 3 Slot 3 Slot 3 Slot 3 Slot 3 Slot 3 Slot 3 Slot
% Connection Triax Triax Triax Triax Triax Triax Triax Triax
E IEEE,488 3 3 3 ° ° 3 ° 3 ° °
E RS-232 . . . . . .
8 G d . ) . . . .
Ks] uar
[a W CE . . . . . . [ . . .
) Other 2 us rise time. 5% digits. 5% digits. Built-in 5% digits. 5% digits. 5% digits. Built-in SourceMeter Source/measure capability.
© 10""V/A gain.  Autoranging. 500V source.  Dual channel. Replaces +1kV source. with Remote High speed. 5 digits.
=) 1000 rdg/s.  Alternating volt-  Built-in 100V Models 6512, Temperature, RH meas-  PreAmp to
) age method for  source per 617-HIQ.  urements. Alternating ~ minimize
‘6 HI-R sweeps. channel. polarity method for ~ cable noise.
S HI-R. Plug-in switch
[<3) cards available.
O
wn

1. Includes noise.

2. Digital resolution limit. Noise may have to be added.

3. PQ (Petachms) = 10°€.

4. Resistance is measured with the 236, 237, and 238 using Source V/Measure I or Source I/Measure V, but not directly displayed.
5. Lowest resistance measurable with better than 1% accuracy.

6. Highest resistance measurable with better than 10% accuracy.
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Selector Guide Low Current/High Resistance
Measurements

Selector Guide: Sources and Source-Measure Units (Sourcing)

MODEL 6220 6221 248 236 237 238 6430 50
Page 201 201 168 191 191 191 181 -5
Current Source . . . . . . 5
Voltage Source 0 0 0 0 O 8
Siﬂk L4 L ° L] . () 3 Tn/
CURRENT OUTPUT E
) 2 pADC =
Accuracy 2 pA 4 pAAC 450 fA 450 fA 450 fA 10 fA @
>
Resolution? 100 fA (choglﬁgc) 100 fA 100 fA 100 fA 50 aA 8
Maximum +105 mA +105 mA +100 mA +100 mA *1A +105 mA §I
VOLTAGE OUTPUT S
From *15V 100wV =100V =100 wV +5uv =
To +5000 V *110V *1100 V *110V *210V )
©
POWER OUTPUT 1w 11w 25W 1w 1w 15W 22W s
(%)
1pAto 1pAto 1pAto (]
CURRENT LIMIT 5.25 mA 100 mA 100 mA 1A 1fA to 105 mA g
1mVto 1mVto 1mVto o
VOLTAGE LIMIT 105V 105V 0 to 5000 V 110V 1100V 110V 0.2mVto210V v
(<)
ACCURACY (+Setting) =
I 0.05% 0.05% 0.05% 0.05% 0.05% 0.03% 8
\ 0.01% 0.03% 0.03% 0.03% 0.02% =
FEATURES g
. ' SHV High Two 3 Slot  Two 3 Slot  Two 3 Slot . o)
Output Connector 3 Slot Triax 3 Slot Triax Voltage Coax Triax Triax Triax 3 Slot Triax A
Ethernet *
RS-232 . . .
IEEE-488 . . . . . . .
Memory 65,000 pt. 65,000 pt. 1000 pt. 1000 pt. 1000 pt. 2500 pt.
Remote Sense . . . *
Current Source Guard d d d d d .
CE . . . . . . .
Other Controls 21824 AC and DC current ~ Voltage monitor Source/measure capability.
for low-power  source. ARB waveforms output. Pulse mode. High speed.

resistance and IV up to 100kHz. Controls ~Programmable
measurements.  2182A like 6220, adds  voltage limit.
pulsed IV

Built-in waveforms.

! Best absolute accuracy of source.
2 Resolution for lowest range, smallest change in current that source can provide.
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