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A low noise and quasi-ideal DC current source
dedicated to four-probe low frequency noise
measurements

J.M. Routoure, S. Wu, C. Barone, L. Méchin, B. Guillet

Abstract— In this paper, a DC current source dedicated to
four-probe low frequency noise measurements is presented. An
output impedance value of 3 MQ with a maximum output current
of 1.5 mA was achieved. The white noise level of the current
source was measured to be 4x10% A2.Hzl with a corner
frequency of 30 Hz. Thanks to its quasi-ideal behavior in terms of
noise level and high output impedance value, this current source
can be used to measure the intrinsic noise of materials using
four-point measurements without any experimental or analytical
corrections.

Index Terms—Low-frequency noise (LFN), DC current source,
four-probe measurement

. INTRODUCTION

C ompared to other classical techniques such as
capacitance-voltage or deep level transient spectroscopy
measurements, the 1/f low frequency noise measurements are
one of the most sensitive tool to investigate material or device
quality and performance [1]. For example, noise measurements
allow to perform material comparison for sensor applications
[2] or deep level spectroscopy on semiconductors devices [3],
and to identify the impact of some technological steps or
technologies on the degradation of device performances [4-7].
Despite all these advantages, one limitation of this technique is
the difficulty to remove all the extrinsic low frequency noise
sources to be sure that the measured noise comes only from the
device or material under test. In the case of material
characterization, it is well known that the four-probe
configuration is adequate to remove contact contribution in DC
and even white noise measurements. This is not the case for 1/f
noise due to the possible noise contribution in voltage or
current contacts.
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In this paper we show that using a DC current source with
both high output impedance value and moderate low frequency
noise level in a four-probe configuration allows to obtain a
direct measurement of the intrinsic noise sources of material
without any experimental or analytical corrections (section II).
The proposed circuit based on low noise operational amplifiers
(OpAs) is described and compared with other current sources,
operating in the low frequency range, found in literature
(Section I11). For the sake of clarity, here it is important to stress
that other current source designs, having high output
impedance, have been already developed for Electrical
Impedance Tomography applications [8]. However, they are
essentially dedicated to high frequency investigations and,
therefore, do not cover the topic of this paper. The low noise
characteristics of the proposed quasi-ideal DC current source,
which looks like Howland current pump design [9], will be
highlighted in this paper. In section 1V, the performance of the
proposed current source is demonstrated by measurements
performed on a low noise material (namely Lag7Sro.3MnO3)
that exhibits a non-negligible contact noise contribution.

Il. FOUR- PROBE LOW FREQUENCY NOISE MEASUREMENTS

The equivalent electrical circuit is presented in figure 1. First,
four contact pads have to be realized on the sample. The DC
current source is connected to two current pads (noted IP and
IM) and DC or AC voltage is measured using two voltage pads
(noted VP and VM, respectively). In this configuration, the
sample electrical resistance Ry can be deduced from the ratio
between the measured voltage and the bias current, without any
errors caused by the current and voltage contact resistances
(noted Rc) and Rey, respectively). For simplicity, it is assumed
that Rci (Rev) is the sum of the current contact (voltage contact)
resistances of the two probes IP and IM (VP and VM).

The voltage noise spectral density e,y is the voltage
noise measured at the voltage pads of the sample. It can be
measured by a spectrum analyzer connected at the differential
amplifier output that computes the output noise spectral density
e2,ur- Here, we assume that the frequencies are low enough to
neglect all parasitic capacitances. For the differential amplifier,
it is also considered that its input impedance is very high, its
current noise can be neglected (with the choice of operational
amplifiers based on FETS), and the voltage gain K is constant
over all the frequency range of interest so that e2,p,,, is
directly given by e2,,r/K2.
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Fig. 1. Schematic representation of the four-probe technique showing the
different elements of the circuit and the different noise sources. The resistance
of the film under test is Ry,. Its voltage noise is e, gy Rc; and Ry, are the
current and voltage contact resistances, respectively. e, zc; and e, ¢y are their
associated voltage noise. The current source has an output impedance Zs and its
current noise is i,g. The voltage noise of the differential amplifier (of
differential gain K) is e,,;. It is assumed that the current noise of the high input
impedance differential amplifier can be neglected.

Each element introduces its own electrical noise, which may
consist in white noise and excess noise. The following noise
sources are related to the noise spectral densities:

* e.rcr, the voltage noise spectral density of the current
contact resistance,

* e,ru, the voltage noise spectral density of the film,

® e.rcv, the voltage noise spectral density of the voltage
contact resistance,

e e, , the voltage noise spectral density of the
differential amplifier.

In order to simplify the analysis, it will be assumed that the
amplifier noise and the voltage contact noise can be neglected
(in practice, these two contributions can be estimated when no
DC current flows into the device and can be subtracted from all
the measurement performed when a DC current is applied).
Therefore, the noise spectral density e2,,y,, at the differential
amplifier input can be defined as:

2 _ enour _ R .2 1Zs|* R}
envPyM = ~pp = Cnrc 7 T lns 2
|Z ol . |Z o (1)
,  |Rer + Zg|
+ €nrM - 2
|Z ol

where Zeq=Zs+Rci+Rwm 2).

The goal is the removal of all the extrinsic contributions and,
consequently, the measurement of the intrinsic material noise.
This can be obtained by choosing appropriate experimental
conditions, so that the sample noise contribution dominates and
the factor |R¢; +ZS|2/|ZEQ|2 equals unity. This could be
achieved if the DC current source is ideal, i.e. if its output

impedance Zs is infinite and its noise ins is negligible. It can be
shown that this is achieved if

(IR¢t + Zs| /Ru)* > (enrci/enrm)® (3)
and

ins < (enrm/Rm)? *1Zs + Rei|* /1257 4.

Only an approximation of this ideal case can be reached. In
practice, we will look for a quasi-ideal DC current source that
exhibits the highest output impedance value as possible and the
smallest noise level in the frequency range of interest.

Few publications dealing with the realization of quasi-ideal
low noise DC current sources can be found and the proposed
circuits are often dedicated to specific applications. In [10], the
source allows to drive a stable and high current in magnetic
coils. The proposed circuit is based on low noise OpAS
associated with bipolar transistors: the maximum output current
is 300 mA, the output impedance can be evaluated to 10 MQ
and the white noise level is 6.3x10*® A2-Hz! with a corner
frequency of 1 Hz (cf. table 1). In [11], the application consists
in biasing a superconducting qubit with a long-term stability.
The circuit consists in the classical representation of a DC
current source: a well-controlled DC voltage source based on
operational amplifiers in series with a constant metallic
resistance: the output current is 275 pA, the output impedance
is 10 kQ and the white noise level is 0.7x10* A2.Hz! with a
corner frequency of 100 Hz. In order to measure low frequency
noise, Talukdar et al. [12] and Ciofi et al. [13] have reported
very low noise current sources based on JFET transistors,
showing current noise densities of 1022 A2-Hz'* with an output
current of 10 mA and a corner frequency of 1 Hz and 3.5x102*
AZ.Hz! with an output current of 100 mA and a corner
frequency of 1 Hz, respectively. The output impedance values
are not given but thanks to the JFET transistor datasheets, one
can estimate an output impedance for these two references
around 10 kQ. Scandurra et al. proposed also a programmable
very low noise current source using a JFET device acting as
high impedance current source and a MOSFET driver [14]. An
automatic ~ measurement  system  for  direct-current,
capacitance-voltage, and gate-drain low frequency noise
characterization of field effect transistors using Source
Measurement Units of a semiconductor parameter analyzer
HP4155B has been reported [15, 16]. Finally, the more recent
and complete description of a four-probe setup can be found in
[17]. In this paper, a basic DC current source that consists in a
filtered DC voltage in series with a metallic resistance is used.
The output impedance is given by the resistance value used and
the white noise level by its thermal noise. Due to the
non-ideality of the current source, two measurements are
required, one in the four-probe configuration and the other in
the two probe configuration (when the differential amplifier is
connected to the IP and IM pads). Moreover, the analysis needs
numerical corrections to remove all the extrinsic noise
contributions.

I1l. THE LOW NOISE HIGH OUTPUT IMPEDANCE DC CURRENT
SOURCE

A. Circuit design and DC output current

The schematic of the proposed circuit for a low noise high
output impedance DC source is given in figure 2. The source is
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Fig. 2. Schematic of the proposed DC current source circuit. If resistance R, to
R, are equal, the circuit ensures that v, = vz + E. The resistance R, sets the
output current DC value, the small signal output impedance and the noise
performance.

built using two low noise OpAs and several resistances. The
first OpA acts as a summing-subtracting amplifier whereas the
second one is a simple follower. The purpose of the circuit is to
measure the voltage vy and to add an external DC voltage 2E
so that the voltage v, is equal to vz + E. This is achieved if
R, =R,and R; = R,.

Assuming that the OpAs are ideal and that the four electrical
resistances are equal, the output current | in R, is given by:

UA_UB E

I= —
R, R,

®)

The DC output current is limited by the saturation voltage
Vsat of the first OpA (named as OPAL). Since v, = 2vg + 2E,
assuming that the biased device is an electrical resistance Ry,
(vg = Ry + 1), it can be shown using previous equation that:

[Vsarl
| K« ——— 6
d 2(Ry+Ry) ©)

The maximum output current I, is found to be about
6.8 mA for Ry=1 kQ=10-R, and Vg, =15 V. For smaller
values of R, the current limitation is due to the OpAs (and can
be as high as about 20 mA).

B. Small signal output impedance

In order to predict the small signal output impedance value,
one has to take into account the open-loop gain Ap of the OpAs
and the fact that the condition R1=R,=R3=R4 can only be
approximated in practice. A first-order low-pass filter
approximation for the OpA open-loop gain Ap is used (Ap =

i
Apo/(L+] 1)),

We also introduce the parameters ¢ and & to model the
small mismatches between the four real electrical resistances in
the real circuit. These parameters are defined by R, = ¢- R,
and R; = (a+ &) - R,. The parameter « models the quasi

equality between the four resistances and the whole mismatch
between these resistances can be written using only . The four
resistances have been chosen to be as identical as possible so
that @ =1 and &~0 (with respect to the previous conditions Ry =
Rz and Rz = R4). One can finally express the small signal output
impedance Z; by:

7= A+ +Q+a+91+ Ay + (1 + )43
STV A+ +Q+at oA+ Ay + 4]

0

U]

3

10
Frequency (Hz)
Fig. 3. Magnitude of the output impedance |Zs/R,| versus frequency for

different values of the mismatch & between R; and R,. A first order low pass
behavior of Z; is obtained. Inset shows the DC output impedance versus &.

It shows that the output impedance is proportional to R,. In
order to investigate the output impedance variations with the
mismatches in the resistance values, the calculated values of the
output impedance |Zs/R,| are plotted in figure 3 versus
frequency for several ¢values close to 0. The inset shows the
DC value versus ¢. For this calculation, classical values for
standard OpAs have been assumed (i.e., Ap, = 10° and f, =
10 Hz).

These calculations show that only a discrete value of &very
close to 0 allows to obtain a DC output impedance almost equal
to 10° times the resistance R,, otherwise a more reasonable
factor of about 10° is obtained. Figure 4 shows that the output
impedance decreases with increasing frequency with a slope
close to 20 dB per decade due to the frequency response of the
OpA. A compromise needs to be done between high value of
the output impedance and the range of frequencies for which
these high values are obtained.

In practice, when using resistances with very low
temperature coefficient, a low mismatch of less than 5x10*
between resistance values could be easily achieved. The current
source output impedance |Zg| is therefore expected to be at
least 102 times the value of R, at low frequency (up to around
one kHz). Measurements of transfer-function using sweep
mode of spectrum analyzer as excitation signals instead of the
DC voltage 2E have been performed to estimate the output
impedance. The modules of measured transfer functions with
two different fixed electrical resistor Rm value (10 kQ and 1
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MQ) with Ro=1 kQ are plotted in figure 4. The ratio of these
two measurements allows estimating the source output
impedance assuming that amplifier gain and the resistance Ro
values are the same for the two measurements.

4

10
Ry;=10 kQ
Ry=1 MQ
=
210 f
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=
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&
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10! 10 10° 10* 10°

Frequency (Hz)

Fig. 4. Module of measured transfer functions for 2 different Ry value and
Ry=1 kQ (128 averages).

Figure 5 shows the measured output impedance versus
frequency. The proposed model is also plotted and a very good
agreement is found between measurements and theory: as
expected, the output impedance is, at low frequency,
proportional to R, with a factor higher than one thousand. A
first order behavior is also obtained at intermediate frequency
as predicted. The comparison between measurements and
model is consistent with a value of ¢around 2.5x10* in the
realized circuit.

Finally, with this mismatch value, the output impedance is at
least one thousand time the resistance R, at frequencies up to
1 kHz.

10°

Measurement (Ry=1 kQ) x
Model lel=2.5-10

10*

10° b

Zg/Ry)|

10° F

1 i
1 10° 10*
Frequency (Hz)

Fig. 5. Small signal output impedance Z; divided by R,. Comparison between
measurements and model for Ry=1 kQ. In the realized circuit, the mismatch
between resistances must be close to 2.5x10*.

10" 10°

C. Noise level

The noise of the current source is due to the thermal noise of
each resistance (of spectral density eZy;) and to the equivalent
voltage noise of the two OpAs (of spectral densities e2, and
e2y). Due to the small resistance values connected at the input
of the OpAs, the equivalent current noise can be neglected. To

ensure that this assumption is verified, JFET based OpAs (AD
743) has been used in the realized circuit.

The noise of the external voltage source is also neglected
here because in practice, this external voltage can be generated
either by batteries or by a filtered voltage source using a very
low frequency low-pass filter. Assuming R, =R, =
R; = R, = R, the current white noise spectral density i2¢ of
the source is given by:

2 4kgT N 4kgTR + €2, + eZp
"R, R?

©)

with k5=1.38x102% J.-K! the Boltzmann constant and T the
temperature in kelvin. The measured current noise spectral
density i2, of the current source is plotted in figure 6 for three
values of R, and R=464 Q3. Only white noise is observed for
Ro=100 kQ, whereas, the low frequency noise of the OpAs has
to be taken into account for Rp=1 kQ and 10 kQ.

The measured white noise level as well as its expected value
are plotted in the inset of figure 6 and show a very good
agreement in the realized circuit (e2,+e2p+4-kg-T-
R =25x10"8 V2.Hzl). When R, is higher than 1.5 kQ, the
current source white noise is dominated by the thermal noise of
the resistance R,,.

The low frequency noise is due to the OpAs and its
contribution decreases with RZ. Therefore, the current source
low frequency noise almost disappears when R, is higher than
10 kQ. With Ry =1 kQ, i2,=2x10? A2.Hzat 1 Hz.

1x10718

[J White noise measurement

el

=]
]

il

g‘ F = (4ksT/R )+25x10"R 2
1x10719 % 102 b ( ) ;
o
D
o2 2
k<]
N 1x102! é TV T |
__I_ = A m)mo‘ 1x10°
3 ,
< 22
o o 4.3102 AYHz
)
—_— 1x10-23
L R
3 18102 AvHz
102 R R i
e " y o5 ’
11025 i -?!il?wi AYHz
1x10°26 HHH B B A | Hl M| Wi’
1 1x10' 1x10? 1x10° 1x10* 1x10%

Frequency (Hz)
Fig. 5. Measured current noise spectral density i35 of the current source for
three values of the resistance R,. Except for Ry=1 kQ, mostly white noise is
measured. Numerical values of the white noise level are indicated for each
value of R,. Inset shows the good agreement between the measured white noise
spectral density and its expected values.

Finally, for R, =1 kQ (values of R, that gives almost the
highest output current with reasonable low noise performance)
the maximum output current is 1.5 mA, the output impedance
can be estimated around 3 MQ below 1 kHz and the noise level
is 4x102 A2Hz! with a corner frequency of 10 Hz. These
values are summarized in table I.
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TABLE |
SUMMARY OF PUBLISHED DC CURRENT SOURCE CHARACTERISTICS
Mgﬁt'&];:m ) Output White Corner
Reference current impedance | noise level frequency
mA) @) (A2HZ?) (H2)
Ross et al. 300 10 MQ 6.3x1018 1
[10]
Linzen et al. 0.275 10 kQ 0.7x10% 100
[11]
Talukdar et al. 10 ~10 kQ 1x10% 1
[12]
Ciofi et al. 100 ~10 kQ 3.5x10% 1
[13]
This work @ 6.8 3MQP 4x10% 30
afor Ry=1 kQ
below 1 kHz

The voltage noise spectral density ey, is the voltage
noise measured at the voltage pads of the sample. It can be
measured by a spectrum analyzer connected at the differential
amplifier output that computes the output noise spectral density
e2,yr. Here, we assume that the frequencies are low enough to
neglect all parasitic capacitances. For the differential amplifier,
it is also considered that its input impedance is very high, its
current noise can be neglected (with the choice of operational
amplifiers based on FETS), and the voltage gain K is constant
over all the frequency range of interest so that e2,p,, is
directly given by e2,,r/K?.

D. Conclusion

Table 1 summarizes and compares the maximum output
current, the output impedance, the white noise level and the
corner frequency of different published DC current sources. It
is clear that a universal circuit with optimal characteristics, i.e.
low noise, high output impedance and high maximum current
does not exist. Best results in terms of noise (especially at low
frequency) and maximum output current have been obtained
with JFET based circuits but the output impedance is then
rather small and not suitable for low frequency noise four-probe
measurement. On the contrary, the use of OpAs leads to high
output impedance value but it also exhibits higher noise level
[10]. The proposed circuit is not the best one in case of noise
performances and maximum output current but it is the only
one that exhibits both a high output impedance with a
sufficiently low noise level with a reasonable maximum output
current. In the next section, it will be shown that these
performances are optimum to measure intrinsic low frequency
noise of material without any corrections.

IV. EXPERIMENTAL VALIDATION

This low noise current source has been developed in the
framework of low frequency noise characterization of different
materials [17-22]. In order to demonstrate the improved
performances of the source, some results measured in
Lag7SrosMnO; (LSMO) thin films deposited onto SrTiO3
substrates are shown. This kind of sample exhibits several

interesting properties both for theoretical or application point of
views and has been strongly studied over the last decades [2,
23-26]. Sample fabrication details can be found in [26].

It has also been previously shown that this kind of sample
exhibits a high level of the current contact noise [17]. The film
thickness is 150 nm, the width and the length of the devices
which act as a simple resistance are 100 um and 150 um,
respectively. They were patterned so that two current pads and
two voltage pads are available. Finally, the LSMO sample
exhibits an electrical resistance value R,,=503 Q.

Two current sources were used to bias the device with the
same DC current: the source described in the previous section
and the "classical" one with a low-pass filtered DC voltage in
series with a resistance named R, ("basic source™) shown in
figure 7.

R

E%/\/\/—.*'

Fig. 7. Basic source used for comparison, E is a low-pass filtered DC voltage.
The small signal output impedance is given by R, and the output noise spectral
density is 4kzT/R,.

The main disadvantage of this basic source compared to the
proposed circuit is that if one wants to achieve the same output
impedance for the same output current, a high value for E is
then required. Taking values from table 1 for output impedance
and current leads to E=20.4 kV for instance.

For the two current sources, the same resistance was
chosen: R, =10-Ry, . A low noise voltage differential
amplifier was used to measure the voltage fluctuations either in
the two-probe configuration (connected with the IP and IM
pads) or in the four-probe configuration (connected with the VP
and VM pads) as shown in figure 1. The spectral density of the
voltage fluctuations was measured by using an Agilent 89410A
spectrum analyzer.

As shown in figure 8, the spectra consist in white noise and
1/f noise at low frequency. White noise, mainly due to the
contribution of the voltage amplifier and the voltage contact, is
around 8x10Y" V2-Hz™! for all the configurations.

Considering 1/f noise, the two-probe measurement level is
more than 2 decades higher than the four-probe one. In the
two-probe configuration, the 1/f noise level is dominated by the
contribution of current contact indeed and the value of the
spectral density e2,; can be deduced.

In the four-probe configuration, the measurement with no
current bias gives the intrinsic noise of the electronic read-out.
As expected, the 1/f noise level increases when a DC current is
applied.
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a: 2 probe measurement, quasi-ideal source

b: 4 probe measurement, basic source -
a c: 4 probe measurement, quasi-ideal source -
d: 4 probe measurement, quasi-ideal source [=0

10-11

10'12

10"

Voltage noise spectral density (Vz."Hz)

1000 10000

Frequency (Hz)

Fig. 8. Voltage noise spectral densities of one LSMO sample (R,,=503 Q)
measured with two different sources at the same current /=581 pA. A basic one
that consists in a filtered DC voltage source in series with a resistance R, and
the quasi-ideal source. For each cases, the resistance R, is equal to 10 X Ry,.

At 1 Hz and =581 pA, the noise level in the four-probe
configuration is around 2.7x10"% V2-Hz*and 4.9x10"1° V2-Hz!
for the basic source and the quasi-ideal source respectively. To
explain this difference, the different terms of (1) given the noise
spectral density e2,p,,, have been estimated with the different
following assumptions and values: e2,, given by the four-probe
measurement with the quasi-ideal current source, Ry, =503 Q,
Ry=4.99 kQ and R;= 1.5 kQ (deduced from the two-probe DC
measurement). The results are reported in table 2.

It is clear that the noise measured with the basic source is
dominated by the current contact noise even with Ry =
10 - Ry . In the case of the quasi-ideal source, both the
contributions of the current source and the current contact are
negligible. One should note that minimizing the current source
noise can be easily achieved by increasing the resistance R,
(but it then limits the maximum output current). One important
point is clearly demonstrated here with a sample that exhibits a
high level of contact noise: using a DC current source with a
quasi-ideal output impedance allows deducing directly from
one measurement and without any experimental or analytical
corrections, the intrinsic noise of the material or device.

TABLE Il
ESTIMATION OF THE DIFFERENT TERMS GIVEN THE NOISE SPECTRAL DENSITY
eZ,pyu AT F=1 HZ FOR THE BASIC SOURCE AND THE QUASI-IDEAL SOURCE
PRESENTED IN THIS WORK

"5 o~ — = (\‘_01\ E N—Q/\ —~ —~
=4 = 8% +| 8% 7 7
gNT| TINT) 5N F | EX
e 2| &2 7L 2 > |72
) ) L
S
Basic 1.1x10Y 2.0x10 3.2x10°%° 1.1x10% 2.4x10
source
This 2.0x10Y 1.3x10% 3.8x10%° 1.1x10% 4.9x10%°
work

Using the following numerical values:

e2,y=3.8x10" V2.Hz! (given by the four-probe measurement with the
quasi-ideal current source), e2zc;=4x10"2 V2.Hz! (given by the 2 probe
measurement with the quasi-ideal current source), i2;=8x10% A?-Hz?,
Ry=503 Q, Ry=4.99 kQ and R,=1.5 kQ.

V. CONCLUSION

In this paper, a low noise and high output impedance DC
current circuit has been presented. The overall performances in
terms of DC output current, output impedance and noise are
better than classical circuits. The proposed circuit has been
used in a four-probe configuration dedicated to low frequency
noise measurements. It has been shown that due to the high
output impedance of the DC source, the current contact noise
can be neglected and the intrinsic noise of the device under test
can be estimated without any corrections, thus allowing
confident low frequency noise measurements.
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A low noise and quasi-ideal DC current source
dedicated to four-probe low frequency noise
measurements

J.M. Routoure, S. Wu, C. Barone, L. Méchin, B. Guillet

Abstract— In this paper, a DC current source dedicated to
four-probe low frequency noise measurements is presented. An
output impedance value of 3 MQ with a maximum output current
of 1.5 mA was achieved. The white noise level of the current
source was measured to be 4x10% A2.Hzl with a corner
frequency of 30 Hz. Thanks to its quasi-ideal behavior in terms of
noise level and high output impedance value, this current source
can be used to measure the intrinsic noise of materials using
four-point measurements without any experimental or analytical
corrections.

Index Terms—Low-frequency noise (LFN), DC current source,
four-probe measurement

. INTRODUCTION

C ompared to other classical techniques such as
capacitance-voltage or deep level transient spectroscopy
measurements, the 1/f low frequency noise measurements are
one of the most sensitive tool to investigate material or device
quality and performance [1]. For example, noise measurements
allow to perform material comparison for sensor applications
[2] or deep level spectroscopy on semiconductors devices [3],
and to identify the impact of some technological steps or
technologies on the degradation of device performances [4-7].
Despite all these advantages, one limitation of this technique is
the difficulty to remove all the extrinsic low frequency noise
sources to be sure that the measured noise comes only from the
device or material under test. In the case of material
characterization, it is well known that the four-probe
configuration is adequate to remove contact contribution in DC
and even white noise measurements. This is not the case for 1/f
noise due to the possible noise contribution in voltage or
current contacts.
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In this paper we show that using a DC current source with
both high output impedance value and moderate low frequency
noise level in a four-probe configuration allows to obtain a
direct measurement of the intrinsic noise sources of material
without any experimental or analytical corrections (section II).
The proposed circuit based on low noise operational amplifiers
(OpAs) is described and compared with other current sources,
operating in the low frequency range, found in literature
(Section I11). For the sake of clarity, here it is important to stress
that other current source designs, having high output
impedance, have been already developed for Electrical
Impedance Tomography applications [8]. However, they are
essentially dedicated to high frequency investigations and,
therefore, do not cover the topic of this paper. The low noise
characteristics of the proposed quasi-ideal DC current source,
which looks like Howland current pump design [8], will be
highlighted in this paper. In section 1V, the performance of the
proposed current source is demonstrated by measurements
performed on a low noise material (namely Lag7Sro.3MnO3)
that exhibits a non-negligible contact noise contribution.

Il. FOUR- PROBE LOW FREQUENCY NOISE MEASUREMENTS

The equivalent electrical circuit is presented in figure 1. First,
four contact pads have to be realized on the sample. The DC
current source is connected to two current pads (noted IP and
IM) and DC or AC voltage is measured using two voltage pads
(noted VP and VM, respectively). In this configuration, the
sample electrical resistance Rm can be deduced from the ratio
between the measured voltage and the bias current, without any
errors caused by the current and voltage contact resistances
(noted Rei and Rey, respectively). For simplicity, it is assumed
that Rci (Rev) is the sum of the current contact (voltage contact)
resistances of the two probes IP and IM (VP and VM).

The voltage noise spectral density e,y is the voltage
noise measured at the voltage pads of the sample. It can be
measured by a spectrum analyzer connected at the differential
amplifier output that computes the output noise spectral density
e2,ur- Here, we assume that the frequencies are low enough to
neglect all parasitic capacitances. For the differential amplifier,
it is also considered that its input impedance is very high, its
current noise can be neglected (with the choice of operational
amplifiers based on FETS), and the voltage gain K is constant
over all the frequency range of interest so that e2,py,, is
directly given by e2,,r/K2.
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Fig. 1. Schematic representation of the four-probe technique showing the
different elements of the circuit and the different noise sources. The resistance
of the film under test is Ry,. Its voltage noise is e, gy Rc; and Ry, are the
current and voltage contact resistances, respectively. e, zc; and e, ¢y are their
associated voltage noise. The current source has an output impedance Zs and its
current noise is i,g. The voltage noise of the differential amplifier (of
differential gain K) is e,,;. It is assumed that the current noise of the high input
impedance differential amplifier can be neglected.

Each element introduces its own electrical noise, which may
consist in white noise and excess noise. The following noise
sources are related to the noise spectral densities:

* e.rcr, the voltage noise spectral density of the current
contact resistance,

* e,ru, the voltage noise spectral density of the film,

® e.rcv, the voltage noise spectral density of the voltage
contact resistance,

e e, , the voltage noise spectral density of the
differential amplifier.

In order to simplify the analysis, it will be assumed that the
amplifier noise and the voltage contact noise can be neglected
(in practice, these two contributions can be estimated when no
DC current flows into the device and can be subtracted from all
the measurement performed when a DC current is applied).
Therefore, the noise spectral density e2,,y,, at the differential
amplifier input can be defined as:

2 _ enour o R .2 1Zs|* R}
envPyM = ~pp = €nRc 7 T lns 2
|Z 0] . |Z ol (1)
,  |Rer + Zg|
+ enRMiz
|Z 0]

where Zeq=Zs+Rci+Rwm 2).

The goal is the removal of all the extrinsic contributions and,
consequently, the measurement of the intrinsic material noise.
This can be obtained by choosing appropriate experimental
conditions, so that the sample noise contribution dominates and
the factor |R¢; +ZS|2/|ZEQ|2 equals unity. This could be
achieved if the DC current source is ideal, i.e. if its output

impedance Zs is infinite and its noise ins is negligible. It can be
shown that this is achieved if

(IR¢t + Zs| /Ru)* > (enrci/enrm)® (3)
and

ins < (enrm/Rm)? *1Zs + Rei|? /1257 ).

Only an approximation of this ideal case can be reached. In
practice, we will look for a quasi-ideal DC current source that
exhibits the highest output impedance value as possible and the
smallest noise level in the frequency range of interest.

Few publications dealing with the realization of quasi-ideal
low noise DC current sources can be found and the proposed
circuits are often dedicated to specific applications. In [9], the
source allows to drive a stable and high current in magnetic
coils. The proposed circuit is based on low noise OpAS
associated with bipolar transistors: the maximum output current
is 300 mA, the output impedance can be evaluated to 10 MQ
and the white noise level is 6.3x10*® A2.-Hz! with a corner
frequency of 1 Hz (cf. table 1). In [10], the application consists
in biasing a superconducting qubit with a long-term stability.
The circuit consists in the classical representation of a DC
current source: a well-controlled DC voltage source based on
operational amplifiers in series with a constant metallic
resistance: the output current is 275 pA, the output impedance
is 10 kQ and the white noise level is 0.7x10* A2.Hz! with a
corner frequency of 100 Hz. In order to measure low frequency
noise, Talukdar et al. [11] and Ciofi et al. [12] have reported
very low noise current sources based on JFET transistors,
showing current noise densities of 1022 A2-Hz'* with an output
current of 10 mA and a corner frequency of 1 Hz and 3.5x102*
AZ.Hz! with an output current of 100 mA and a corner
frequency of 1 Hz, respectively. The output impedance values
are not given but thanks to the JFET transistor datasheets, one
can estimate an output impedance for these two references
around 10 kQ. Scandurra et al. proposed also a programmable
very low noise current source using a JFET device acting as
high impedance current source and a MOSFET driver [13]. An
automatic ~ measurement  system  for  direct-current,
capacitance-voltage, and gate-drain low frequency noise
characterization of field effect transistors using Source
Measurement Units of a semiconductor parameter analyzer
HP4155B has been reported [14, 15]. Finally, the more recent
and complete description of a four-probe setup can be found in
[16]. In this paper, a basic DC current source that consists in a
filtered DC voltage in series with a metallic resistance is used.
The output impedance is given by the resistance value used and
the white noise level by its thermal noise. Due to the
non-ideality of the current source, two measurements are
required, one in the four-probe configuration and the other in
the two probe configuration (when the differential amplifier is
connected to the IP and IM pads). Moreover, the analysis needs
numerical corrections to remove all the extrinsic noise
contributions.

I1l. THE LOW NOISE HIGH OUTPUT IMPEDANCE DC CURRENT
SOURCE

A. Circuit design and DC output current

The schematic of the proposed circuit for a low noise high
output impedance DC source is given in figure 2. The source is
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Fig. 2. Schematic of the proposed DC current source circuit. If resistance R to
R, are equal, the circuit ensures that v, = vz + E. The resistance R, sets the
output current DC value, the small signal output impedance and the noise
performance.

built using two low noise OpAs and several resistances. The
first OpA acts as a summing-subtracting amplifier whereas the
second one is a simple follower. The purpose of the circuit is to
measure the voltage vy and to add an external DC voltage 2E
so that the voltage v, is equal to vz + E. This is achieved if
R, =R,and R; = R,.

Assuming that the OpAs are ideal and that the four electrical
resistances are equal, the output current | in R, is given by:

UA_UB E

I= —
R, R,

®)

The DC output current is limited by the saturation voltage
Vsat of the first OpA (named as OPAL). Since v, = 2vg + 2E,
assuming that the biased device is an electrical resistance Ry,
(vg = Ry + 1), it can be shown using previous equation that:

[Vsarl
I| K —————— 6
il 2(Ry+Ry) ©)

The maximum output current I, is found to be about
6.8 mA for Ry=1 kQ=10-R, and Vg, =15 V. For smaller
values of R, the current limitation is due to the OpAs (and can
be as high as about 20 mA).

B. Small signal output impedance

In order to predict the small signal output impedance value,
one has to take into account the open-loop gain Ap of the OpAs
and the fact that the condition R1=R,=R3=R4 can only be
approximated in practice. A first-order low-pass filter
approximation for the OpA open-loop gain Ap is used (Ap =

i
Apo/(L+] 1)),

We also introduce the parameters ¢ and & to model the
small mismatches between the four real electrical resistances in
the real circuit. These parameters are defined by R, = ¢- R,
and R; = (a+ &) - R,. The parameter « models the quasi

equality between the four resistances and the whole mismatch
between these resistances can be written using only . The four
resistances have been chosen to be as identical as possible so
that & = 1 and &~0. One can finally express the small signal
output impedance Zs by:

A+ + A+ a+d+ Ay + (1+ )43
ZS= 2 Y}
A+a+Q+a+9A+ )Ap + €45

U]

Frequency (Hz)
Fig. 3. Magnitude of the output impedance |Zs/R,| versus frequency for
different values of the mismatch & between R; and R,. A first order low pass
behavior of Zg is obtained. Inset shows the DC output impedance versus &.

It shows that the output impedance is proportional to R,. In
order to investigate the output impedance variations with the
mismatches in the resistance values, the calculated values of the
output impedance |Zs/R,| are plotted in figure 3 versus
frequency for several ¢ values close to 0. The inset shows the
DC value versus ¢. For this calculation, classical values for
standard OpAs have been assumed (i.e., Ap, = 10° and f, =
10 Hz).

These calculations show that only a discrete value of &very
close to 0 allows to obtain a DC output impedance almost equal
to 10° times the resistance R,, otherwise a more reasonable
factor of about 10° is obtained. Figure 4 shows that the output
impedance decreases with increasing frequency with a slope
close to 20 dB per decade due to the frequency response of the
OpA. A compromise needs to be done between high value of
the output impedance and the range of frequencies for which
these high values are obtained.

In practice, when using resistances with very low
temperature coefficient, a low mismatch of less than 5x10*
between resistance values could be easily achieved. The current
source output impedance |Zg| is therefore expected to be at
least 102 times the value of R, at low frequency (up to around
one kHz). This is demonstrated in figure 4 that shows the
measured output impedance Versus frequency.
Transfer-function measurements using sweep mode of
spectrum analyzer as excitation signals instead of the DC
voltage 2E have been used to estimate the output impedance.
The ratio of two transfer functions with two different fixed
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electrical resistor Ry value (10 kQ and 100 k) enable the Zs(f)
estimation.

The proposed model is also plotted and a very good
agreement is found between measurements and theory: as
expected, the output impedance is, at low frequency,
proportional to R, with a factor higher than one thousand. A
first order behavior is also obtained at intermediate frequency
as predicted. The comparison between measurements and
model is consistent with a value of ¢ around 3x10* in the
realized circuit. Deviation between the model and the
measurements at highest frequencies may be due to the simple
first-order low pass filter model used for the frequency
response of the OpAs.

Finally, with this mismatch value, the output impedance is at
least one thousand time the resistance R, at frequencies up to
few hundred Hz.

5

10 =
Model lel= 3-10"
. Measurement (Rj=1kQ) o
a
10* |
2
N
10° |
10 . :
10' 10 10° 10%

Frequency (Hz)
Fig. 4. Small signal output impedance Z divided by R,. Comparison between
measurements and model for R,=1 kQ. In the realized circuit, the mismatch
between resistances must be close to 3x10.

C. Noise level

The noise of the current source is due to the thermal noise of
each resistance (of spectral density eZy;) and to the equivalent
voltage noise of the two OpAs (of spectral densities e2, and
e2z). Due to the small resistance values connected at the input
of the OpAs, the equivalent current noise can be neglected. To
ensure that this assumption is verified, JFET based OpAs (AD
743) has been used in the realized circuit.

The noise of the external voltage source is also neglected
here because in practice, this external voltage can be generated
either by batteries or by a filtered voltage source using a very
low frequency low-pass filter. Assuming R; =R, =
R; = R, = R, the current white noise spectral density i2¢ of
the source is given by:

AkzT 4kgTR + e2, + e?
1}215 — B + B nA nB (8)
Ry R§

with k5=1.38x102% J-K? the Boltzmann constant and T the
temperature in kelvin. The measured current noise spectral

density i2, of the current source is plotted in figure 5 for three
values of R, and R=464 Q. Only white noise is observed for
Ro=100 kQ, whereas, the low frequency noise of the OpAs has
to be taken into account for Rg=1 kQ and 10 kQ.

The measured white noise level as well as its expected value
are plotted in the inset of figure 5 and show a very good
agreement in the realized circuit (e2,+e2z+4 kg T
R =25x10"%8 V2.Hz1). When R, is higher than 1.5 kQ, the
current source white noise is dominated by the thermal noise of
the resistance R,,.

The low frequency noise is due to the OpAs and its
contribution decreases with R3. Therefore, the current source
low frequency noise almost disappears when R, is higher than
10 kQ. With Ry =1 kQ, i2,=2x10"t A2.Hztat 1 Hz.
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Fig. 5. Measured current noise spectral density i2 of the current source for
three values of the resistance R,. Except for Ry=1 kQ, mostly white noise is
measured. Numerical values of the white noise level are indicated for each
value of R,. Inset shows the good agreement between the measured white noise
spectral density and its expected values.

T
1x10'

Finally, for Ry =1 kQ (values of R, that gives almost the
highest output current with reasonable low noise performance)
the maximum output current is 1.5 mA, the output impedance
can be estimated around 3 MQ below 1 kHz and the noise level
is 4x102 AZHz' with a corner frequency of 10 Hz. These
values are summarized in table I.

The voltage noise spectral density e,y is the voltage
noise measured at the voltage pads of the sample. It can be
measured by a spectrum analyzer connected at the differential
amplifier output that computes the output noise spectral density
e2,yr. Here, we assume that the frequencies are low enough to
neglect all parasitic capacitances. For the differential amplifier,
it is also considered that its input impedance is very high, its
current noise can be neglected (with the choice of operational
amplifiers based on FETS), and the voltage gain K is constant
over all the frequency range of interest so that eZ,pyy is
directly given by e2,,/K2.
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TABLE |
SUMMARY OF PUBLISHED DC CURRENT SOURCE CHARACTERISTICS
Mgﬁtln::m Output White Corner
Reference currFf)ent impedance | noise level frequency
2 1451
(mA) (@) (A%-HZ?) (H2)
Ross et al. 300 10 MQ 6.3x1078 1
[9]
Linzen et al. 0.275 10 kQ 0.7x10% 100
[10]
Talukdar et al. 10 ~10 kQ 1x10% 1
[11]
Ciofi et al. 100 ~10 kQ 3.5x10% 1
[12]
This work 2 6.8 3IMQP 4x10 30
afor Ry=1 kQ
®below 1 kHz

D. Conclusion

Table 1 summarizes and compares the maximum output
current, the output impedance, the white noise level and the
corner frequency of different published DC current sources. It
is clear that a universal circuit with optimal characteristics, i.e.
low noise, high output impedance and high maximum current
does not exist. Best results in terms of noise (especially at low
frequency) and maximum output current have been obtained
with JFET based circuits but the output impedance is then
rather small and not suitable for low frequency noise four-probe
measurement. On the contrary, the use of OpAs leads to high
output impedance value but it also exhibits higher noise level
[9]. The proposed circuit is not the best one in case of noise
performances and maximum output current but it is the only
one that exhibits both a high output impedance with a
sufficiently low noise level with a reasonable maximum output
current. In the next section, it will be shown that these
performances are optimum to measure intrinsic low frequency
noise of material without any corrections.

IV. EXPERIMENTAL VALIDATION

This low noise current source has been developed in the
framework of low frequency noise characterization of different
materials [16-21]. In order to demonstrate the improved
performances of the source, some results measured in
Lag7SrosMnOs; (LSMO) thin films deposited onto SrTiO3
substrates are shown. This kind of sample exhibits several
interesting properties both for theoretical or application point of
views and has been strongly studied over the last decades [2,
22-25]. Sample fabrication details can be found in [25].

It has also been previously shown that this kind of sample
exhibits a high level of the current contact noise [16]. The film
thickness is 150 nm, the width and the length of the devices
which act as a simple resistance are 100 um and 150 um,
respectively. They were patterned so that two current pads and
two voltage pads are available. Finally, the LSMO sample
exhibits an electrical resistance value R,,=503 Q.

Two current sources were used to bias the device with the
same DC current: the source described in the previous section
and the "classical" one with a low-pass filtered DC voltage in
series with a resistance named R, ("basic source") shown in

figure 6.
R)

E%/VV—F'

Fig. 6. Basic source used for comparison, E is a low-pass filtered DC voltage.
The small signal output impedance is given by R, and the output noise spectral
density is 4kgT/R,.

The main disadvantage of this basic source compared to the
proposed circuit is that if one wants to achieve the same output
impedance for the same output current, a high value for E is
then required. Taking values from table 1 for output impedance
and current leads to E=20.4 kV for instance.

For the two current sources, the same resistance was
chosen: R, =10-R), . A low noise voltage differential
amplifier was used to measure the voltage fluctuations either in
the two-probe configuration (connected with the IP and 1M
pads) or in the four-probe configuration (connected with the VP
and VM pads) as shown in figure 1. The spectral density of the
voltage fluctuations was measured by using an Agilent 89410A
spectrum analyzer.

10'“ a: 2 probe measurement, quasi-ideal source
b: 4 probe measurement, basic source -
a ¢: 4 probe measurement, quasi-ideal source -
d: 4 probe measurement, guasi-ideal source =0

12

107

Voltage noise spectral density (Vgﬂ-[z)

1000 10000

Frequency (Hz)

Fig. 7. Voltage noise spectral densities of one LSMO sample (R,,=503 Q)
measured with two different sources at the same current /=581 pA. A basic one
that consists in a filtered DC voltage source in series with a resistance R, and
the quasi-ideal source. For each cases, the resistance R, is equal to 10 X R,,.

As shown in figure 7, the spectra consist in white noise and
1/f noise at low frequency. White noise, mainly due to the
contribution of the voltage amplifier and the voltage contact, is
around 8x10"Y" V2-Hz™! for all the configurations.

Considering 1/f noise, the two-probe measurement level is
more than 2 decades higher than the four-probe one. In the
two-probe configuration, the 1/f noise level is dominated by the
contribution of current contact indeed and the value of the
spectral density e2z; can be deduced.
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TABLE 11
NUMERICAL ESTIMATION OF THE DIFFERENT TERMS GIVEN THE NOISE
SPECTRAL DENSITY eTZLVPVM AT F=1 HZ FOR THE BASIC SOURCE AND THE
QUASI-IDEAL SOURCE PRESENTED IN THIS WORK

IS N k] + o @ @
SR SINE| G SE| g | £
N S o 5 N N N
PR - B S I
) ) [
Nm:
Basic 1.1x10Y 2.0x10™ 3.2x10% 1.1x10% 2.4x10™
source
This 2.0x10Y7 1.3x10% 3.8x10% 1.1x10% 4.9x10%°
work

Using the following numerical values:

e2p=3.8x10"° V2.Hz'! (given by the four-probe measurement with the
quasi-ideal current source), e2p-;=4x10*? V2.Hz? (given by the 2 probe
measurement with the quasi-ideal current source), i25=8x10% A2.Hz?,
Ry=503 Q, Ry=4.99 kQ and R¢;=1.5 kQ.

In the four-probe configuration, the measurement with no
current bias gives the intrinsic noise of the electronic read-out.
As expected, the 1/f noise level increases when a DC current is
applied.

At 1 Hz and =581 pA, the noise level in the four-probe
configuration is around 2.7x10"* VV2.-Hz* and 4.9x10%° V2.Hz!
for the basic source and the quasi-ideal source respectively. To
explain this difference, the different terms of (1) given the noise
spectral density e?2,»y,, have been estimated with the different
following assumptions and values: e2,, given by the four-probe
measurement with the quasi-ideal current source, R,,=503 Q,
Ry=4.99 kQ and R.;= 1.5 kQ2 (deduced from the two-probe DC
measurement). The results are reported in table 2.

It is clear that the noise measured with the basic source is
dominated by the current contact noise even with Ry, =
10 - Ry . In the case of the quasi-ideal source, both the
contributions of the current source and the current contact are
negligible. One should note that minimizing the current source
noise can be easily achieved by increasing the resistance R,
(but it then limits the maximum output current). One important
point is clearly demonstrated here with a sample that exhibits a
high level of contact noise: using a DC current source with a
quasi-ideal output impedance allows deducing directly from
one measurement and without any experimental or analytical
corrections, the intrinsic noise of the material or device.

V. CONCLUSION

In this paper, a low noise and high output impedance DC
current circuit has been presented. The overall performances in
terms of DC output current, output impedance and noise are
better than classical circuits. The proposed circuit has been
used in a four-probe configuration dedicated to low frequency
noise measurements. It has been shown that due to the high
output impedance of the DC source, the current contact noise
can be neglected and the intrinsic noise of the device under test
can be estimated without any corrections, thus allowing
confident low frequency noise measurements.
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