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Introduction

Electronics are continuing to shrink as
consumers demand faster, more feature-rich
products in ever-smaller form factors. Be-
cause of their small sizes, these electronic
components usually have limited power han-
dling capability. As a result, when electri-
cally characterizing these components, the
test signals need to be kept small to prevent
component breakdown or other damage.

Testing these devices and materials often
includes making low-voltage measurements.
This involves sourcing a known current,
measuring the resulting voltage, and calcu-
lating resistance. If the device has a low re-
sistance, that resulting voltage will be very
small and great care needs to be taken to
reduce offset voltage and noise, which can
normally be ignored when measuring higher
signal levels.

Even if the resistance is far from zero, the
voltage to be measured is often very small
due to the need to source only a small current
in order to avoid damaging the device. This
power limitation often makes characterizing
the resistance of modern devices and materi-
als very challenging.

This article discusses techniques to elim-
inate thermoelectric voltages to allow more
accurate resistance measurements, including
a three-step delta measurement method for
low-power/low-voltage applications. In addi-
tion, it also presents a method for accurately
making differential conductance measure-
ments.

Low-Level Voltage Measurements
There are many factors that make low-
voltage measurements difficult. For instance,
various noise sources can hinder resolving
the actual voltage, and thermoelectric volt-
ages (thermoelectric EMFs) can cause error

offsets and drift in voltage readings. In the
past, it would have been possible to simply
increase the test current until the DUT’s re-
sponse voltage was much larger than these
errors, but with today’s smaller devices this
is no longer an option. Increased test cur-
rent can cause device heating, changing the
device’s resistance, or even destroy the de-
vice. The key to obtaining accurate, consis-
tent measurements is eliminating the error.
For low-voltage measurement applications,
such error is composed largely of white noise
(random noise across all frequencies) and 1/f
noise. Thermoelectric voltages (typically
having 1/f distribution) are generated from
temperature differences in the circuit.
Resistance is calculated using Ohm’s
Law; that is, the DC voltage measured
across the device divided by the DC stimu-
lus current yields the resistance. The voltage
readings will be a sum of the induced volt-
age across the device (Vy), lead and contact
resistance (V, ), other 1/f noise contribu-
tions (V
and thermoelectric voltages (V,). Using

lead res

), and white noise (V,

1/f noise white noise)’

four separate leads to connect the voltmeter
and current source to the device eliminates
lead resistance, because the voltmeter won’t
measure the voltage drop across the source
leads. Implementing filtering may reduce
white noise but will not reduce 1/f noise sig-
nificantly, which often sets the measurement
noise floor.

Thermoelectric voltages normally have a
1/f characteristic. This means there can be
significant offset, and the more measure-
ments that are made the more drift. Taken
together, the offset and drift may even ex-
ceed Vg, the voltage across the DUT induced
by the applied current. It’s possible to reduce
thermoelectric voltages using techniques
such as all-copper circuit construction, ther-
mal isolation, precise temperature control,
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Figure 1: The schematic on the left shows a standard DC resistance measurement setup. Changing
the standard measurement setup to the schematic on the right by using four leads eliminates errors

due to lead resistance.
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Figure 2a: The graph depicts an alternating, three-point delta method of
measuring voltage with no thermoelectric voltage error.

and frequent contact cleaning.

No matter what steps are taken to mini-
mize thermoelectric voltages, it’s impossible
to eliminate them. It would be preferable to
have a method that would allow accurate re-
sistance measurements even in the presence
of large thermoelectric voltages, instead of
working to minimize them.

The Delta Method of Measuring
Resistance

One way to eliminate a constant ther-
moelectric voltage is to use a delta method
wherein voltage measurements are made
first at a positive then at a negative test cur-
rent. A modified technique can be used to
compensate for changing thermoelectric
voltages. Over the short term, thermoelectric
drift can be approximated as a linear func-
tion. The difference between consecutive
voltage readings is the slope or the rate of
change in thermoelectric voltage. This slope
is constant, so it may be canceled by alternat-
ing the current source three times to make
two delta measurements — one at a negative-
going step and one at a positive-going step.
For the linear approximation to be valid, the
current source must alternate quickly and the
voltmeter must make accurate voltage meas-
urements within a short time interval. If
these conditions are met, the three-step delta
technique yields an accurate voltage reading
of the intended signal unaffected by thermo-
electric offsets and drifts.

An analysis of the mathematics for one
three-step delta cycle will demonstrate how
the technique compensates for temperature
differences in the circuit, thereby reducing
measurement error. Consider the example in
Figure 2a:

Test current = +5nA ;
Device = 500Q2 resistance

method.

Ignoring thermoelectric voltage errors,
the voltages measured at each of the steps
are:

V,=2.5uV; V,=-2.5uV ; V, =2.5uvV

Let’s assume the temperature is linearly
increasing over the short term in such a way
that it produces a voltage profile like that
shown in Figure 2b, where V, is climbing
100nV with each successive reading.

As Figure 2b shows, the voltages now
measured by the voltmeter include error due
to the increasing thermoelectric voltage in
the circuit and are no longer of equal mag-
nitude. However, the absolute difference
between the measurements is in error by a
constant 100nV, so it’s possible to cancel this
term. The first step is to calculate the delta
voltages. The first delta voltage (V,) is equal
to:

V, = negative-going step = (V, - V,)/2
=245V

The second delta voltage (V) is made at
the positive-going current step and is equal
to:

V,, = positive-going step = (V, - V,)/2
=2.55uv

The thermoelectric voltage adds a nega-
tive error term in V, and a positive error term
in the calculation of V,. When the thermal
drift is linear, these error terms are equal in
magnitude. Thus, we can cancel the error by
taking the average of V, and V,:

V,; = final voltage reading = (V, + V,)/2

=Y[(V, - V)2 + (V,-V,)/2]

=2.5uv

The delta technique eliminates error due
to changing thermoelectric voltages.

Therefore, the voltmeter measurement is
the voltage induced by the stimulus current
alone. As alternation continues, every suc-
cessive reading is the average of the three

Figure 2b: A linearly increasing temperature generates a changing
thermoelectric voltage error, which is eliminated by the three-point delta

most recent A/D conversions.

The three-step delta technique is the best
choice for high-accuracy resistance measure-
ments. Figure 3 compares 1,000 measure-
ments of a 100Q resistor made with a 10nA
test current taken over approximately 100
seconds. In this example, the rate of change
in thermoelectric voltage is no more than
7uV/s. The two-step delta technique fluctu-
ates 30% as the thermoelectric error volt-
age drifts. In contrast, the three-step delta
technique has much lower noise—the meas-
urement is unaffected by the thermoelectric
variations in the test circuit.

Equipment Requirements

The success of the three-step delta meth-
od depends on the linear approximation of
the thermal drift viewed over a short time
interval. This approximation requires that
the measurement cycle time be faster than
the thermal time constant of the test system.
This imposes certain requirements on the
current source and voltmeter used.

The current source must alternate quickly
in evenly timed intervals so the thermoelec-
tric voltage changes an equal amount be-
tween each measurement.

The voltmeter must be tightly synchro-
nized with the current source and capable
of making accurate measurements in a short
time interval. Synchronization favors hard-
ware handshaking between the instruments
so that the voltmeter can make voltage meas-
urements only after the current source has
settled and the current source doesn’t switch
polarity until after the voltage measure-
ment has been completed. The measurement
speed of the voltmeter is critical in determin-
ing total cycle time; faster voltage measure-
ments mean shorter cycle times. For reliable
resistance measurements, the voltmeter must
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Figure 3: A graph comparing the results of applying a two- and three-point delta method shows
significant noise reduction using the three-point method.

maintain this speed without sacrificing low-
noise characteristics.

In low-power applications, the current
source must be capable of outputting low
values of current so as not to exceed the
maximum power rating of the device. This
ability is particularly important for moder-
ately high- and high-impedance devices.

Differential Conductance

Another important measurement tech-
nique for characterizing solid-state and na-
noscale devices is differential conductance.
For these materials, things are rarely sim-
plified to Ohm’s Law. With these nonlinear
devices, the resistance is no longer a con-
stant, so a detailed measurement of the slope
of that I-V curve at every point is needed
to study them.This derivative is called the

differential conductance, dG = dI/dV (or
its inverse, the differential resistance, dR =
dV/dI). The fundamental reason that differ-
ential conductance is interesting is that the
conductance reaches a maximum at voltages
(or more precisely, at electron energies, in
eV) at which the electrons are most active.
In different fields, this measurement may be
called electron energy spectroscopy, tunnel-
ing spectroscopy, or density of states.
Typically, researchers perform differen-
tial conductance measurements using one of
two methods: obtaining an I-V curve with a
calculated derivative or using an AC tech-
nique. The I-V curve method requires only
one source and one measurement instru-
ment, which makes it relatively easy to coor-
dinate and control. A current-voltage sweep
is made and the mathematical derivative is

I-V curve
2

Differentiated I-V curve
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Figure 4: The I-V curve method for making differential conductance measurements involves

differentiating the signal, which amplifies noise.
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Figure 5: The AC technique for obtaining
20.00 differential conductance can use as many as a
half dozen components, making it a far more
0.00

complex set up than the I-V curve method.
However, there is a reduction in the amount of
noise introduced into the measurement.

found. However, taking the mathematical
derivative amplifies any measurement noise,
so tests must be run multiple times and the
results averaged to smooth the curve before
the derivative is calculated. This leads to
long test times.

The AC technique reduces noise and test
times. It superimposes a low amplitude AC
sine wave on a swept DC bias. This involves
many pieces of equipment and is hard to
control and coordinate. Assembling such a
system is time consuming and requires ex-
tensive knowledge of electrical circuitry. So
while the AC technique produces marginally
lower noise, it is much more complex.

There is, however, another way to obtain
differential conductance measurements that
is both simple and low noise. This technique
involves a current source that combines the
DC and AC components into one instrument.
There is no need to do a secondary measure
of the current, because the instrument is a
true current source. Figure 7 shows the cur-
rent sourced in a differential conductance
measurement. The waveform can be broken
down into an alternating current and a stair-
case current. Using the exact same calcula-
tions as in the delta method, accurate resis-
tance or conductance measurements can be
made, with measurements at each point of
the staircase. Because the three-step delta
technique eliminates linearly drifting off-
sets, it is also immune to the effects of our
linearly changing staircase. In addition, the
nanovoltmeter used in this method has lower
noise than lock-in amplifiers at the alterna-
tion frequency.

Low-Voltage Measurement Techniques

October 2005




=t
==

°
@
i3

Model 2182A Model 622X
RS-232 s ——— GPIB or
—— Ethernet
Trigger Link
—_— 00000000 o

o
=

&
=% .
<

S R
oo v |

DUT

Figure 6: Making differential conductance measurements using just two instruments that incorpo-
rate all of the instruments used in the AC technique.

Figure 7: The waveform used in the new
technique is a linear staircase function that
combines an alternating current with a stair-
case current.

Specifications are subject to change without notice.

There are several benefits to this method.
One is that in the areas of highest conduc-
tance, more data points are taken by sourc-
ing the sweep in equal current steps. These
areas are of most interest to researchers and
give detailed data. In addition, having just
one instrument that both sources current and
measures voltage greatly simplifies equip-
ment setup. Lastly, the reduced noise can
lower test times from an hour to only five
minutes.
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Conclusion

Thermoelectric EMFs are often the dom-
inant source of error in low resistance/low
power resistance measurements. This error
may be almost completely removed using a
three-point current reversal technique. Us-
ing this new technique means it’s no longer
necessary to take extreme care to minimize
thermally induced voltage noise in the wir-
ing of resistance measuring systems, greatly
simplifying the measurement process. Ap-
plying the same technique to differential
conductance measurements greatly reduces
noise and test complexity.
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