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Voltage Accuracy
o Resolution 0.1 pV
o Reading 0.01%
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Voltage accuracy
o Resolution 0.2 pV
o Reading 0.03%
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o Resolution 1fA
o Reading 0.04%

Introduction

Matching applications play a key
role in modern IC design: they act
as the heart of a system on a chip
(SOC) IC by providing a buffer
between the exterior analog world
and the IC’s internal digital cir-
cuitry. These matching applica-
tions depend on the fine analog
matching characteristics of tran-
sistors, resistors, and capacitors
found in today’s IC process tech-
nologies. For example, a cellular
phone receiver or transmitter uses
a high-frequency mixer or modula-
tor that requires accurate transis-
tor matching in several circuits.
These circuits include analog-to-
digital and digital-to-analog (AD/
DA) converters, which use both
transistor matching and resistor
or capacitor techniques, as well
as operational amplifiers, which
depend upon the precise match-
ing of transistors and resistors.
In the past, these analog circuit
blocks were separate components
that were connected to the digital
ICs on a circuit board. With the
advent of the SOC paradigm,
however, these circuit blocks are
now integrated into a single IC,
both to increase performance
and to reduce cost.

The continuing trend in SOC de-
sign is to use a state-of-the-art,
fine line-width process to achieve
both performance and cost tar-
gets. While the use of finer line
widths on ICs results in a more
competitive product, they unfor-
tunately work in direct opposi-
tion to performance matching
goals. Therefore, the optimization
of device matching characteris-
tics has become increasingly im-
portant both to ensure IC perfor-
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mance and to enhance IC yields
as the industry design philosophy
moves toward SOC solutions.

Matching applications often ex-
ceed the specified resolution and
repeatability limits of the instru-
mentation used to measure them.
Consequently, special measure-
ment techniques to overcome
these limitations present unique
challenges. In addition, since
matching characteristics must be
compared across dies, wafers,
and wafer lots, any ability to per-
form automated measurement
greatly improves the overall effi-
ciency of a measurement solu-
tion. The Agilent 4156C Precision
Semiconductor Parameter Ana-
lyzer and Agilent 4073A Ultra
Advanced Parametric Test Sys-
tem satisfy these requirements as
long as certain measurement pro-
cedures are adhered to.

This application note addresses
the issue of component matching
from a measurement perspective,
and it explains how to utilize
both Agilent semiconductor pa-
rameter analyzers as well as
parametric test systems to make
these measurements. In particu-
lar, this application note provides
information on how to utilize the
full capabilities of both Agilent
instrument and system products
to make measurements that ini-
tially appear to be beyond their
measurement capabilities.

Matching Definitions

There are four terms to consider
when discussing device matching
or device mismatching perfor-
mance: random mismatch, sys-
tematic mismatch, pair matching,
and long-distance matching. These
are illustrated in Figures 1 and 2.

Random and systematic mis-
match describe the type of mis-
match variations that are ob-
served. Pair and long-distance
matching describe the types of
applications in which circuit
components are used.
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Figure 1. Two types of matching error

Random mismatch

Random mismatch is a truly ran-
dom variation caused by factors
such as physical irregularities,
process variations, noise, and so
fourth. Figure 1(a) shows a typi-
cal random mismatch distribu-
tion where the average mismatch
is zero and where the distribu-
tion is symmetrical around zero.

Systematic mismatch

Systematic mismatch is usually
due to asymmetrical circuit lay-
out, uneven mechanical stress
from other circuit layers, spot
thermal effects from adjacent
circuitry, or noise. In all of these
cases some sort of systematic
offset occurs. Figure 1(b) shows a
typical systematic mismatch dis-
tribution where center of the dis-
tribution is offset and where the

distribution is symmetrical
around this offset.

Pair matching

Pair matching (sometimes re-
ferred to as short-distance
matching) is illustrated in Figure
2(a). It is used when two devices
are located very close to each
other on a chip. Pair matching
provides the best matching per-
formance, since the two devices
are physically close to one anoth-
er and therefore have electrical
characteristics as identical as is
realistically possible.

Long-distance matching
Long-distance matching, which is
illustrated in Figure 2(b), is used
for measuring the matching char-
acteristics of two or more devices
located more than 100 pm apart
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Figure 2. Pair and long-distance matching



on a chip. While pair matching
provides better matching perfor-
mance than long-distance match-
ing, many applications such as
AD/DA converters require long-
distance matching. Long-distance
matching behavior depends more
strongly on process variation
than does pair matching, so ex-
tensive analysis for process de-
pendency is generally required.

Matching Requirements

for Device Type

Typical matching characteriza-
tion includes bipolar junction
transistor (BJT) pair matching,
MOS field effect transistor (MOS-
FET) pair matching, resistor
matching, and capacitor match-
ing. All of these devices can be
used in both pair matching and
long-distance matching situa-
tions. In general, matching per-
formance degradation is inverse-
ly proportional either linearly or
to the square root of the device
size. Again, this increases the
difficulty of the design of an SOC
device because SOC devices are
typically created in the most ad-
vanced process (e.g., tightest design
rules available).

Requirement for BJT matching
Bipolar junction transistors pro-
vide superior matching and low
noise capability over a wide
range of operating frequencies
(basically from dc to the GHz
range). Typical parameters for
characterizing bipolar transistor
matching are

¢ 3 matching
e Vbe or Ic matching.

These parameters are usually
compared at several bias points.
The accuracy required for param-
eter matching is typically below 1%.
Therefore, the accuracy of the
instrumentation needs to be
roughly 0.1%, or about one-tenth
that of the required parameter
accuracy.

Typical transistor characteristics
for matching comparison can be
expressed by Equation 1.

Equation 1
Ic=Bx1Ib

where,

B is DC current gain and,

Ib is base current at Vbe > 0.1 V
condition.

At room temperature, Equation 1
can be expressed as follows:

Equation 2
Ic = Ico x exp (Vbe x q/KT)
=Ico x exp (Vbe/0.026 V)

where,
Ic is collector current,
Ico is extrapolated Ic at Vbe =0V,
q is electronic charge 1.6 x 1071 C,
K is Boltzmann’s constant

1.38 x 1072 J/K,
T is Kelvin temperature (K) and,
Vbe is Base — Emitter voltage.
Note: J/C=V

The matching evaluation is made
by relating the parameters in
Equations 1 and 2. Equation 1
shows that Ic versus Ib is in a
linear relation and, therefore, the
accuracy requirements for the Ic
and Ib measurements are the same.

Equation 2 expresses the relation
of Ic versus Vbe. It shows, for
example, one percent IC change
is generated by only a 260 pV
shift in the base bias voltage.
(AVbe : 260 pV = (0.026 x In1.01)
Since achieving 1% characteriza-
tion accuracy requires 0.1% mea-
surement accuracy, 26 pV (=0.026
x In1.001) accuracy typically is
required for transistor Vbe match-
ing characterization.

Requirements for MOSFET matching
MOSFETSs can also be used for
matching applications where
only moderate performance is
required. Although the MOSFET
is noisier than the BJT and exhib-
its more variation in matching
performance, MOSFETSs have the

advantage of fitting in easily to a
standard CMOS IC process result-
ing in a lower overall cost. Typi-
cal parameters for characterizing
MOSFET matching are

e Vth matching
e Id or Idss matching
o Vg - Id matching

These parameters are compared
in a linear, or saturated, operat-
ing region.

The basic relation of Id and Vg in
the saturation region can be ex-
pressed using the square law
model in Equation 3.

Equation 3
Idsat = Gm x (Vg— Vth)?2

where,

Idsat is drain current at
saturation region,

Gm is transconductance,

Vg is gate voltage, and

Vth is threshold voltage.

The square law theory expressed
in Equation 3 can be used to de-
rive a relationship showing the
sensitivity of Vg to small changes
in Id and to verify the required
instrument accuracy for match-
ing characterizations. Using sim-
ple calculus we can take the dif-
ferential of both sides of Equa-
tion 3 and arrive at an expres-
sion showing the sensitivity of Vg
to small variations in Vg and Id.
The result is shown in Equation 4.

Equation 4

AVg = (Vg—Vth) x Ald
2 Id

where,

AVg is gate voltage change, and
Ald is drain current change.

From this equation we can see
that for a fixed Vg and Vth, any
percentage change in Id results in
approximately a one-half percent
change in Vg. If we assume that
for advanced processes Vd has
about 1 V applied to it, then a



good estimate for (Vg — Vth) is
0.2 V. Therefore, from Equation 4
we can see that a 0.1% change in
Id will produce a change of about
0.001/2 x 0.2 = 0.0001 V, or 100 pV
in Vg. This value gives a rough
estimation of the minimum
instrument resolution require-
ments for characterizing MOSFET
Vth matching characterization

in future MOS transistor designs.

Requirement for resistor matching
Two examples of typical of resis-
tor matching applications are:
pair matching for precision oper-
ational amplifier design; and
semiconductor process align-
ment checks and ratio matching
for applications such as AD/DA
converters and voltage dividers.

When matching resistors are
placed on an SiO3z insulator, cur-
rent flowing through the resis-
tors generates heat via Joule
heating (I x R). This restive
heating effect limits resistance
measurement accuracy because
it changes the resistor value. The
resistor matching accuracy re-
quirements limit the amount of
resistance change that the circuit
can tolerate due to the Joule
heating effect. This maximum
tolerable resistance variation
can then be translated into maxi-
mum allowable power dissipa-
tion which, in turn, can be relat-
ed back to a minimum voltage
resolution necessary to meet the
circuit matching requirements.
In order to determine the maxi-
mum allowable power, the follow-
ing three parameters must be
known: 1. the area of the resis-
tor; 2. the temperature coeffi-
cient of the resistor; and 3. the
required matching accuracy.
Once the maximum power appli-
cable to the resistor is deter-
mined (and the area of the resis-
tor becomes known), the maxi-
mum allowable voltage to the
resistor can be calculated as
shown in Equation 5.

Equation b
Vmax = SQRT (Pmax x R)

where,

Vmax is allowable maximum
voltage,

Pmax is allowable maximum
power, and

R is resistor value

For example, to obtain a voltage
resolution with 0.1% accuracy in
a copper Van der Pauw structure
with an equivalent resistance of
10 mQ typical for a 1 pm-thick
film, the measurement instru-
mentation must be able to re-
solve down to about 1 puV.

For more detail, refer to Agilent
Application Note 4156-11, “Pre-
ciston Measurement of Metal
Line Width in Sub-quarter Micron
Interconnect Systems,” (Publica-
tion number 5988-2695EN).

The Van der Pauw structure is a
relatively extreme example. A
metal line 1 pm wide and 100 pm
long typically requires that the
measurement instrumentation be
able to resolve to the tens of micro-
volts in order to obtain 0.1% ac-
curacy. Equation 5 shows that
required voltage resolution in-
creases as the square root of the
resistance value. Since this is a
relatively weak dependence on R,
10 pV is a good estimate of the
measurement resolution require-
ment for most resistor matching
applications.

Requirement for capacitor matching
The capacitors in an IC that are
used for matching applications
are usually too small to be
measurable, even using a preci-
sion capacitance meter. More-
over, the capacitance of the metal
lines necessary to connect the
internal capacitors to the exter-
nal capacitance meter adds too
much error to the overall mea-
surement. Therefore, capacitance
matching requires special circuit-
ry built into the wafer to deter-
mine the capacitor matching
characteristics. For these rea-
sons, capacitance matching is
beyond the scope of this applica-
tion note and is not covered.

Matching Measurement
Techniques

The measurement accuracy of an
instrument is usually expressed
in terms of percent accuracy plus
an offset error term.

A key concern in matching char-
acterization is having sufficient
measurement resolution to detect
small differences in the compo-
nents being measured. When the
general specification limits of a
measurement instrument do not
ensure sufficient resolution, spe-
cial measurement techniques are
necessary in order to make the
measurement. These techniques
are discussed later in this appli-
cation note. Percent accuracy, in
contrast with resolution, is less
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Figure 3. Cancellation of SMU error
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Figure 4. Typical setup of transistor matching measurement

of a problem when making match-
ing measurements. This is because
the required performance is usually
within the general measurement
specifications of the instrument, or
it can be obtained with minor modi-
fications to the basic measurement
technique. The following are some of
the techniques that are commonly
used in matching characterization.

Utilize the same SMU

One means to eliminate measure-
ment error in matching measure-
ments is to use the same measure-
ment resource to measure both
matching elements. For parametric
test, this means using the same SMU
to measure both matching struc-
tures. Assuming the SMU is stable
while the matching measurements
are executed, a percentage error
“Er” and an offset error “Z” that is
the same for both measurements
can be expected. Figure 3 illustrates
this general case, where the mea-
surement yields a value of “X” for
device A and “X + Ax” for device B.
In this example, “AxX” is the pair mis-
match. The difference between the
two measurement readings, “Ax (1 +
Er)” in Figure 3, can be approximat-
ed as “Ax.” This is because “Er” is
typically less than 0.001, which is
negligible compared to 1.

Typical configuration for making a tran-
sistor matching measurement
Figure 4 shows a typical configu-
ration for making a transistor

pair matching measurement. For
the collector and emitter mea-
surements, the same SMU is
used. Two different SMUs are
used for the base connections of
Transistor 1 (Tr1l) and Transistor 2
(Tr2). In this configuration, it is
important to remember that ei-
ther of the transistors can be
turned on or off by applying the
appropriate bias to the SMUs
connected to the bases, and only
one transistor at a time can be
measured without changing the
transistor connections.

Figure 4(a) illustrates the basic
configuration where SMU1 mea-
sures the base parameters of Trl
and SMU3 measures the base
parameters of Tr2. This configu-
ration presents a potential prob-
lem for Vbe measurement when
the SMU measurement accuracy
specification is larger than the
matching requirement. Figure
4(b) illustrates how this problem
can be avoided by using one SMU
for Vbe measurement.

In the alternative configuration
illustrated in Figure 4(b), SMU1
measures both Tr1 and Tr2 by
switching the DUT connection.
(In this case, there is an expecta-
tion that no error is associated
with the switching.) If error-free
switching can be accomplished,
this approach is correct. There
are, however, several issues re-

garding the use of reed relays,
which are described later in this
application note.

Thermo Electro-motive-force
(thermo-EMF)

Conventional reed relay switch-
es, which are readily obtainable
from a variety of sources, typical-
ly generate a thermo-EMF rang-
ing from a few tens of micro-volts
to a few hundreds of micro-volts
after the relay activation current
is turned on or off. This voltage
drift, which can continue for sev-
eral minutes before dying out, is
usually not acceptable when
making precision measurements
such as those required for BJT
matching characterization. An
example of thermal-EMF generat-
ed by a reed relay is shown in
Figure 5 on the following page.

The Agilent 4073A test system
uses specially designed reed relays
that almost completely eliminate
the thermo-EMF problem. Figure
6 illustrates the dramatic improve-
ment in voltage drift from the case
shown in Figure 5. Figure 6 shows
the output of the 4073A switching
matrix immediately after the re-
lays have been switched.

Managing the use of a reed

relay switch

The relays used in the 4073A act
as almost ideal switches. The
reed relays used in semiconduc-
tor parameter analyzers and
switching matrices, however, are
not as close to the ideal case. The
specifications of the parameter
analyzer SMUs take the thermo-
EMF effects into account so users
do not have to worry about this
effect for normal applications.
However, when performing mea-
surements for matching applica-
tions that require extremely high
levels of accuracy beyond the nor-
mal specifications, the following
guidelines can minimize or elimi-
nate the thermo-EMF effects.

e Wait until the thermo-EMF has
stabilized to its final value. To



Thermo-EMF example of general reed relay
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Figure 5. Thermal EMF of reed relay

accomplish this, make sure that
the reed relay is set at the output
of the SMU to its on (closed)
state after the instrument has
been turned on, and keep it
closed between measurements.
This is very important to remem-
ber when using the Agilent 4156C
parameter analyzer.

e Complete the measurement as
quickly as possible. If the mea-
surement is completed within

approximately 10 seconds, drift
will be less than a few microvolts
(as shown in Figure 5). This
amount of drift will not affect
measurement accuracy in most
applications. When using the
4073A, however, there is no need
to be concerned about making
the measurement quickly to avoid
drift, as illustrated by Figure 6.
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Figure 6. 4073A drift example characteristics including relays.

Technique for Making a BJT
Matching Measurement

The general technique for making
a transistor matching measure-
ment is discussed in the following
section.

Configuration example for a BJT
matching measurement

Figure 7 shows a setup example
for a BJT matching pair measure-
ment (basically the same configu-
ration illustrated in Figure 4(a)
on page 5).

The SMU attached to the transis-
tor emitters (SMU4) can be either
a voltage source or a current
source, depending on the mea-

SMu4
(V mode)

.

| source
@ (I mode)

Figure 7. Basic setup for typical
transistor matching

surement needs. For example,

if a constant collector current
(Ic) is required, then obviously
SMU4 must be set to be a current
source. On the other hand, if the
measurement requirement is for
a fixed base-emitter voltage
(Vbe), then SMU4 must be set to
be a voltage source. If the match-
ing requirement for Vbe exceeds
the SMU specifications, however,
then there is a problem. In this
case a special calibration tech-
nique described later in this ap-
plication note must be utilized.

Figure 8 illustrates how Tr1 or
Tr2 are selected in this measure-
ment setup. The configuration for
a Trl parameter measurement is
shown in Figure 8(a). Here

SMU1 is set to zero volts and



SMUS is set to “—Vbe.” Since
SMU14 is also set to “—Vbe,” the
base-emitter voltage on Tr2 is
zero and Tr2 is shut off. A posi-
tive base-emitter voltage of “Vbe”
on Trl turns this device on. Ex-
changing the set values of SMU1
and SMUS reverses the previous
situation, turning off Tr1 and
turning on Tr2. This case is
shown in Figure 8(b).

The issue with this measurement
procedure is that it does not sat-
isfy the Vbe matching require-
ment of 26 uV. A special calibra-
tion technique that satisfies the
26 nV matching requirement is
discussed later in this section.

Technique for Making a MOSFET
Matching Measurement

The basic behavior of a MOSFET
device can be described by an
expression involving only Id and
Vg. The major differences be-
tween a BJT matching measure-
ment and a MOSFET matching
measurement are that MOSFET
gate current is insignificant, and
MOSFET gate voltage sensitivity
is relatively low compared to that
of a BJT.

Figure 9 illustrates the two possi-
ble types of measurement setup
for MOSFET matching character-
ization.

As shown in Figure 9(a), a MOS-
FET matching measurement can
use the same measurement con-
figuration as a BJT matching
measurement. However, the mea-
surement is easier to make in the
case of a MOSFET matching char-
acterization since the required
voltage resolution is typically
greater than 100 pV, as opposed
to 26 pVf or the BJT case. This
means that high-performance test
equipment, such as the 4156C
and 4073A, can be used without
any special calibration techniques.
Note: The process to turn the two
MOSFET transistors on and off is
analogous to the BJT case and,
therefore, it s not discussed here.

A configuration that is specifical-
ly suited for making a MOSFET
matching measurement is shown
in Figure 9(b). Because making a
MOSFET matching measurement
does not require a gate current
comparison and because the gate
current itself is small compared
to the drain current, one of the
transistors can be turned on and
off by setting the drain SMU to
zero force current mode.

Figure 10 on the following page
shows the details of the MOSFET
switching operation for the case
shown in Figure 9(b). Figure
10(a) shows that the case where
the SMU connected to the drain
of Tr1l is ON, and the SMU con-
nected to the drain of Tr2 is OFF.

Figure 10(b) shows the case
where the status of these two
SMUs is reversed, so Trl is OFF
and Tr2 is ON. This configuration
uses the same SMU for both tran-
sistor gates and the same SMU
for both transistor sources. Since
these same SMUs are used in both
transistors when they are in the
ON state, it is possible to measure
the difference of the gate voltages
and source currents (which are
approximately equal to the drain
currents if the substrate current
is negligible) with a high degree
of accuracy. This is true because
any SMU-to-SMU measurement
variation is eliminated.

(a) Tr1 Measurement

(b) Tr2 Measurement

Figure 8. Tr1 and Tr2 selection for matching measurement

SMu 2

SMU 1

&

SMU 4

SMU 3

SMU 5

(a) Common Drain Setup

(b) Common Gate Setup

Figure 9. MOSFET matching measurement setup




(a) Tr1:0N, TR2=0FF
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(b) Tr1:0FF, TR2=ON

Figure 10. MOSFET matching measurement for Tr1 and Tr2

Technique for Resistor

Matching Measurement

A resistor can be measured accu-
rately in two ways: using the
Kelvin (or 4-terminal) measure-
ment method with a precision
resistance meter, or using SMUs
and VMUs as shown in Figure 11.
To obtain a successful resistance
measurement, two things are im-
portant: 1. elimination of the
Joule self-heating effect, which
will increase the temperature of
the device; and, 2. measuring
twice, which requires applying
current in both directions by
switching the polarity of the
force current (Ir). By measuring
twice, you can take the average of
the two resistances to cancel the
offset voltage of the VMU (or volt-
age sense) and the thermo-EMF
of the connection terminal. The
easiest way to measure resistors

is by using the SMU/VMU meth-
od, because the current (effec-
tively the power) applied to the
resistor can be controlled.

Note: For details on the technique
Jor measuring resistance, refer to
Agilent Application Note 4156-11
“Precision Measurement of Metal
Line Width in Sub-quarter Micron
Interconnect Systems” (Publica-
tion number 5988-2695EN).

Pair resistor matching

measurement technique

Verifying the alignment of a step-
per is an important application of
pair resistance measurement. By
measuring the line resistance of
two identical elements that are
laid out orthogonally, informa-
tion regarding the alignment of
the stepper can be obtained. In
the example of pair resistance
measurement shown in Figure 12,

R = (V1

Current force

+- 1l —>

Vy2)/ 1,

R

Figure 11. Kelvin resistance measurement

the measurement setup uses two
SMUs and one VMU, with the
SMU being used in the current
force mode. The measurement is
done twice: first with connection
A, and then switched to connec-
tion B. The difference between
the two resistance measurements
can be obtained by using the VMU
readings as shown in Equation 6.

Equation 6

AR = (VMU_B - VMU_A)
@2xD

where,

AR is difference of pair resistor,

VMU_A is VMU reading at
connection A setting,

VMU_B is VMU reading at
connection B setting, and

I is force current of SMUs.

SMu 2
l|+m
= Cannection &

= = % Connection B

VMU _A=IR - (I+Al)(R+AR)
VMU_B=(l+Al)R - I[R+AR|

R+AR

Figure 12. Resistor matching
measurement example

Equation 6 is not affected by any
thermo-EMF effect associated
with the SMU connection chang-
es, and it shows that a small diff-
erence in matched resistance can
be obtained with a simple config-
uration. Two SMUs are used in
current force mode and the
themo-EMF relating to switching
the connection to A and B does
not affect the measurement re-
sult. A small difference Al is also
cancelled and it does not appear
as a source of error.

Summary of Required Accuracy
versus Agilent Instrumentation
Equipment Performance

The accuracy requirements for
matching measurements that



Required

Devise | Parameter | Accuracy
BJT Ic, b 0.10%
Vb 26pv
MOSFET Id 0.10%
Vg 100pv
Resistor V 10uv

Figure 13. Required accuracy for
0.1% matching measurement

ing characterization: 1. set the
measurement current close to the
maximum value allowable for a
given measurement range (at
least 50% above maximum allow-
able value); and 2. do not allow
the measurement current to get
so close to the maximum value of
the measurement range that a
range change occurs. Once a cur-
rent range change occurs, the

4156C 11478 40774 40734
SMU with | SMU with | DVM with
SMU VMU SMU VMU Matrix Matrix Matrix
0.02%/0.04% 0.1%/0.2% 0.05%/0.1% | 0.04%/0.06%
2004V/20V [ 104V/0.20V| TmV/40uV | 40000/ 40V | S00RV/2uV | 500uV/20V | 100pV/0.1pV

+ specification en TmA ronge

Figure 14: Agilent test equipment performance

have been discussed thus far are
summarized in Figure 13. The
corresponding specifications for
Agilent test instruments and sys-
tems are shown in Figure 14.

Conformation of current measurement
accuracy

Figure 15 plots current measure-
ment accuracy versus the relative
percentage reading (relative to
the full-scale ranges of the 4156C
and 4073A) for sample 4156C
and 4073A measurements made
in the 1 mA range. As this data
shows, measurement error in-
creases several-fold as the mea-
surement point moves from full
scale (100%) to one-tenth of the
full scale (10%). Figure 15 illus-
trates the need to take the follow-
ing two steps for optimal match-

measurement is taken at close to
one-tenth of full scale, and the
consistency of the data is lost.
Figure 15 also shows that the
Agilent 4156C parameter analyzer
and 4073A parametric test system
both satisfy the 0.1% accuracy
requirement without using any
special techniques when mea-
surements are taken close to the
maximum value of the selected
measurement range.

Conformation of voltage
measurement accuracy

When measuring current, the
scale is arranged logarithmically
and that portion of the measure-
ment range between 10% and
100% of the full range value can
be utilized. When measuring volt-
age, however, both stability in the

error 7

ment

ancre

[

Full scale % reading

Figure 15: 4056C and 4073A measurement accuracy for 1 mA current range

full measurement range and the
fine resolution specified in Fig-
ure 13 are required. Unfortunate-
ly, the offset voltage specifica-
tions of all SMU types shown in
Figure 14 exceed the maximum
requirements shown in Figure 13.
However, because the resolution
of all of the equipment shown in
Figure 14 exceeds the accuracy
requirement specified in Figure
13, special measurement tech-
niques can be used to meet the
accuracy requirements. It is im-
portant to note that the VMU of
the 4156C satisfies the voltage
accuracy requirements without
any special measurement tech-
niques, so it can be used to cali-
brate the offset voltage of the SMUs.

Figure 13 shows that BJT matching
measurements require the highest
degree of voltage measurement ac-
curacy (26 pV), so special attention
is needed in order to make this mea-
surement. The offset voltage of the
SMUs must be calibrated and stable
for the duration of the matching
measurement. The voltage applied in
these instances is typically one volt
or less. Therefore, required stability
is about 5 digits or 10 ppm (parts
per million) of full scale range (i.e.,
20 uV for a 2 V range).

The stability of the key components
used in the SMU circuitry that deter-
mine accuracy typically varies about
10 ppm per degree Celsius. Thus, if
the ambient temperature does not
vary more than approximately 1
degree Celsius during the measure-
ment, the accuracy during the mea-
surement can be expected to be ap-
proximately 10 ppm in many cases.
Figure 16 on the following page
shows sample stability data for 0 V
and 1 V output measurements in the
2V range of the 4156C SMU over a
1,000-second interval. Both mea-
surements in this example exhibit
drift that is within a range of 10 uV.
Note: This performance is not guar-
anteed but, rather, indicates typical
performance provided by these
types of instruments.
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Figure 16. SMU output voltage drift over 1,000 seconds

When the measurements shown
in Figure 16 were taken, the
room temperature drift was with-
in 0.3 degrees. While drift charac-
teristics differ from instrument
to instrument, the data in Figure
16 reflects measurement perfor-
mance in this particular case
under operating conditions and
enables the user to decide upon a
measurement strategy. Keeping
the ambient temperature con-
stant during measurement is a
key environmental consideration
when attempting a measurement
that exceeds the general specifi-
cation limit of the instrument.

The basic approach for making
measurements out of the general
specification limits is to calibrate
the measurement resource for
the desired measurement perfor-
mance on a short-term basis. In
the case of offset voltage cancel-
lation, it simply involves sub-
tracting an offset voltage from
the measurement reading, then
the accuracy of this correction
can be improved by stabilizing
the measurement condition. Two
methods for calibrating the zero
offset voltage when measuring
Vbe for transistor matching are
shown in Figures 17 and 18. The

SMU1=Vo1 @Vs1(0V)
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(b) DUT Measurement

SMU2=Vm2-(Vo2-Vo1)

Figure 17. Offset voltage zero calibration with SMUs
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approach shown in Figure 17 is
most useful when the readable
resolution of the SMU exceeds the
required resolution. If the readable
resolution of the SMU is not fine
enough but that of the VMU is, then
the approach shown in Figure 18
is the better choice. For example,
the SMU resolution of the 4142B
is not fine enough (as shown in
Figure 14 on the preceding page),
but the 4142B SMU can be uti-
lized for BJT and resistor match-
ing measurements using the ap-
proach shown in Figure 18.

Tips for Effective Matching
Characterization

Instrument

e Keep the DUT temperature con-
stant. The pn junction voltage drift
is about 2 mV per degree, so the
device temperature must be kept
within a 0.013-degree range to
maintain a 26 pV stability level
(26 pV + 2 mV + degree = 0.013
degree). It also important to physi-
cally enclose the wafer chuck on
the prober in order to isolate it
from the flow of air in the room.
This is true even though the room
temperature can drift much more
than the 0.013-degree limit, since
the thermal capacitance of the
wafer chuck slows down the ef-
fects of room temperature drift.

e Warm up the instrument long
enough to stabilize the internal
temperature and minimize the
drift component.

e Keep the room temperature
constant in order to eliminate
DUT and instrument drift.

e Set the auto calibration mode
to OFF after the instrument and
room temperature have stabilized.
Since the auto calibration func-
tion resets the previous calibra-
tion condition, auto calibration
will create measurement discrep-
ancies even when repeating the
measurement on the same DUT.
The purpose of the matching ap-
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Figure 18. Offset voltage zero calibration with SMUs & VMUs

plication is to detect small differ-
ences, so it is better to have the
auto calibration off once the ini-
tial calibration has been made
and the instrument reaches a
stable condition.

e Determine the offset stability
characteristics versus test envi-
ronment changes (e.g., the effect
of a change in room temperature
or the use of auto calibration).
By understanding the relationship
of offset stability to these factors,
you can greatly improve your
matching characterization results.

e Avoid performing a current or
voltage measurement near a range
changing point. If a change in range
occurs during a matching measure-
ment, it may result in data disconti-
nuities as shown in Figure 15.

e Use a long integration time for
low voltage and low current mea-
surements in order to minimize
the noise component and obtain
a stable measurement.

e Set a wait time greater than
zero to stabilize the device before
measurement. This enables the
DUT to reach thermal equilibri-
um before the first measurement
is taken. In particular, if the first
measurement point always ap-
pears not to conform to the rest
of the measurement data, then
there may be a thermal stability
problem.

Connection

e Always keep the SMU output
switch set to ON. Switching the
output switch from ON to OFF
will cause a small output voltage
drift in the SMU after a period of
time. Keeping the SMU output
switch set to ON allows the relay
to stabilize after it warms up,
thereby minimizing the EMF drift
component. Any external offset
calibration should be performed
only after the SMU output switch
has stabilized.

Wafer Chuck

e Physically enclose the wafer
chuck in order to isolate it from
outside electrical noise and
changes in temperature.

e Power off the thermo chuck if
the wafer prober has one. A
thermal chuck will constantly
turn on and off, even after its
temperature has stabilized, and
this is a major source of noise.
An air-isolated wafer chuck under
stable room temperature condi-
tions provides the best platform
on which to make matching char-
acterization measurements.

Conclusion

Matching characterization mea-
surements require special tech-
niques for both test structure
design and measurement execu-
tion. This application note de-
scribes best practices that are
useful for making matching mea-
surements using the Agilent
4073A Ultra Advanced Paramet-
ric Test System and the Agilent
4156C Precision Semiconductor
Parameter Analyzer beyond both
of their general specification
limits.

All Agilent SMUs can be used for
matching applications utilizing
the techniques discussed in this
application note. However, the
4073A and 4156C are the best
choices for making measure-
ments of this type. The 4073A
and 4156C solve many of the
issues discussed in this applica-
tion note without the need for
any special measurement tech-
niques, which is always the most
desirable situation.

The 4073A is easily integrated
with a fully automatic wafer
prober. This test system/prober
combination is best suited for
the high-throughput and high-
volume evaluation of matching
characteristics across wafers
and wafer lots. Moreover, the
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near-ideal behavior of the 4073A
relays eliminates the need to
compromise measurement config-
urations.

The 4156C is best used with a
manual or semi-automatic wafer
prober. The extremely accurate
SMUs and VMUs of the 4156C
combine well with the measure-
ment techniques described in this
application note to enable you to
obtain highly reliable matching
characterization measurements.
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