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Measurement of sub-picoampere direct currents with uncertainties
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A new type of the ultrastable low-noise current amplifier (ULCA) is presented. It involves thick-film
resistors to achieve a high feedback resistance of 185 G2 at the input amplifier. An improved noise level
of 0.4 fA/VHz with a 1/f corner of about 30 xHz and an effective input bias current well below 100 aA
are demonstrated. For small direct currents, measurement uncertainties below 10 aA are achievable
even without current reversal or on/off switching. Above about 1 pA, the stability of the ULCA’s
resistor network limits the relative measurement uncertainty to about 10 parts per million. The new
setup is used to characterize and optimize the noise in the wiring installed on a dilution refrigerator
for current measurements on single-electron transport pumps. In a test configuration connected to
the wiring in a pulse tube refrigerator, a total noise floor of 0.44 fA/VHz was achieved including
the contributions of amplifier and cryogenic wiring. © 2017 Author(s). All article content, except
where otherwise noted, is licensed under a Creative Commons Attribution 4.0 Unported License.

[http://dx.doi.org/10.1063/1.4975826]

. INTRODUCTION

The interest in accurate direct current (dc) measurements
below 1 nA becomes increasingly significant. In addition to
research on electrical nanostructures such as single-electron
transport (SET) devices there is also need in dosimetry, envi-
ronmental technology, and modern semiconductor industry.!
Typically, a small direct current is measured by passing it
through a resistor integrated into the feedback path of an oper-
ation amplifier.” The resistance should be chosen as high as
possible to minimize the thermal noise contribution. Practical
values for the sub-picoampere range are around 1 TQ, resulting
in instruments with noise levels down to about 0.2 fA/vVHz.>~”
Alternatively, a capacitor may be charged by the current to be
measured in order to avoid the contribution of thermal noise in
the resistor. In both cases the accuracy is limited, either by the
stability of the high-value resistor or by the frequency depen-
dence of the capacitance which causes an uncertainty contri-
bution in the calibration of about 10 parts per million (ppm) at
best.3?

Recently, a novel amplifier was developed to enable trace-
able small-current measurement and generation with uncer-
tainties down to 0.1 ppm.”~'! This ultrastable low-noise
current amplifier (ULCA) is designed as a two-stage trans-
resistance amplifier (current-to-voltage converter) in order to
obtain highest accuracy. The ULCA’s first stage provides cur-
rent amplification with a gain of G;=1000 by means of a
complex resistor network, basically representing a matched
resistor pair of R =3 GQ and R/G; =3 MQ. The second stage
performs the current-to-voltage conversion with a highly sta-
ble resistor R;y =1 MQ. This results in a transresistance of
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A1r = 0Vout/0Is = G; Ry = 1 GQ, where Voyr is the output
voltage and I the input current. The ULCA’s current noise
floor of 2.4 fA/Hz is dominated by thermal noise in the
3 GQ resistor. The 1/f noise, which becomes noticeable below
about 1 mHz, mainly originates from the input amplifier. The
effective input bias current (i.e., the apparent signal at the out-
put if no current is passed into the input) is typically within
+30 fA.12

Usually, in high-accuracy dc measurements the input
signal is modulated (i.e., periodically reversed or switched
on/off) in order to suppress low-frequency excess noise and
drift. The ULCA presented in Ref. 10 is well suited for
measurements with repetition frequencies fg (i.e., number
of plus/minus or on/off cycles per second) down to about
1 mHz. However, for some applications current reversal is
not possible, and on/off switching of the current compared
to current reversal doubles the uncertainty at given mea-
surement time.!? Furthermore, at very small currents, the
2.4 fA/NHz noise level increases the overall uncertainty
and results in long measurement times if high accuracy is
needed.

In this paper, we present results obtained with a new
ULCA type that is tailored for sub-picoampere direct currents
and is well suited for operation without current modulation.'?
Both the current noise and the effective input bias current are
considerably improved compared to the ULCA with R = 3 GQ.
In Sec. II, the basic model for the analysis and minimiza-
tion of noise and dc errors is discussed. Sections III and IV
present the analysis and measurement of noise and effective
input current of the new ULCA type. In Section V an exam-
ple of a practical application is given: the characterization and
optimization of noise in a cryogenic setup intended for cur-
rent measurements on SET devices. Section VI concludes the

paper.
© Author(s) 2017
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Il. MODEL FOR NOISE AND DC ERRORS

An equivalent circuit diagram for noise and dc error anal-
ysis of the ULCA is depicted in Fig. 1. The two stages involve
operational amplifiers OA1 and OA2, which are multi-stage
amplifiers realized with several monolithic operational ampli-
fiers and discrete circuits. The voltage noise Vy; and voltage
offset Vi of OALI are taken into account by a voltage source
Vi = VN1 + Voi. Equivalently, the current noise /n; and
bias current /g; are represented by /1 = In; + Ig;. The same
applies to OA2: V, = Vno + Vo and I, = Ing + g2, respec-
tively. The influence of the signal source at the ULCA input
is considered by a resistance Rs and a capacitance Cs. For
noise and dc error analysis, the source current /g is assumed
ZEero.

The equivalent circuit in Fig. 1 allows the determination
of the total input current noise density S; and effective input
bias current Ip_efr from the characteristics of OA1 and OA2.
Figure 2 shows test circuits used for the experimental evalu-
ation of the required data. The amplifiers OA1 and OA2 are
the same as used for normal operation of the ULCA, but the
resistor network of OA1 and the feedback resistor R;y of OA2
are disconnected and the amplifiers are rewired to obtain the
required test configurations. Careful characterization of OA1
and OA2 was necessary because the parameters specified in the
data sheets of the integrated circuits were partially insufficient
or even incorrect.

For simplifying the data analysis, setups were applied
where the output is clearly dominated by a single parameter.
In the case of “voltage effects” (i.e., voltage noise and offset
voltage), the operational amplifiers are wired as a high-gain
voltage amplifiers as shown in Fig. 2(a). For sufficiently low
resistances in the feedback path, thermal noise in the resis-
tors and amplifier “current effects” (i.e., current noise and bias
current) become negligible. The corresponding input-referred
voltage is calculated from the output voltage divided by the
chosen voltage gain. The resistances quoted in Fig. 2(a) are
suitable for the amplifiers used in the ULCA. They result in
nominal voltage gains of 2001 and 10 001 for OA1 and OA2,
respectively.

The input noise and offset voltage of the data acqui-
sition unit can also noticeably contribute to the mea-
surement result. Therefore, the data acquisition unit was
characterized separately to remove its contribution in the data

VOUT

FIG. 1. Equivalent circuit for noise and dc error analysis of the ULCA. The
voltage and current sources V1, V, I, and I, account for the superposition of
noise and offset voltage or bias current, respectively. The amplifiers OA1 and
OA2 are realized by several monolithic operational amplifiers and discrete
circuits. The influence of an external source at the input is represented by a
resistance Rg and capacitance Cgs. The latter includes the contribution of the
cable connecting the source with the ULCA input.
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FIG. 2. Circuits for measuring the contributions of OA1 and OA2 to the total
noise and effective input bias current. (a) For voltage effects from OA1 and
OA2, (b) for current effect from OA2. The output signal is measured at the
VOUT or TEST terminal, respectively. In (b), OA1 is not used but feedback
is applied to ensure proper operating conditions.

analysis if necessary. As it will be discussed in Sec. III, ampli-
fier OA2 involves a zero-drift amplifier in order to achieve
a very low 1/f voltage noise. To keep the influence of the
data acquisition unit low, a high gain of 10 001 was cho-
sen for OA2. In the case of OAl involving an amplifier
with a low current noise but a relatively high voltage noise,
a lower gain is sufficient. Note that the gain should not
be chosen too high because otherwise the bandwidth of the
amplifier might become too small for the frequency range of
interest.

To measure amplifier current effects, a transresistance
configuration is used as shown in Fig. 2(b). For suffi-
ciently high feedback resistance, the contribution of voltage
effects becomes negligible. As mentioned above, the use of
a monolithic zero-drift amplifier at the input of OA2 leads
to very low 1/f voltage noise and offset, but to relatively
high current noise.!® For the chosen integrated circuit, the
feedback resistance of 1 GQ quoted in Fig. 2(b) is appro-
priate. The 100 pF compensation capacitor of OA2 (not
shown in Fig. 2(b)) affects the frequency response above
about 0.1 Hz. Therefore, for high-frequency characteriza-
tion, the feedback resistance was reduced to 10 MQ and
a low-noise post-amplifier with 100-fold voltage gain was
applied.

In principle, current effects from OA1 can be measured
similarly to those from OA2. However, the input amplifier
of OAL1 is selected for minimum current noise and requires a
very high feedback resistance of about 1 TQ to make the effect
of thermal noise in the resistor sufficiently low. Due to stray
capacitance, it is difficult to obtain the needed bandwidth. It
is, hence, more convenient to measure the noise and effec-
tive bias current of the complete ULCA and to determine the
current effects of OA1 by taking into account the three other
contributions described above (i.e., voltage effects of OA1 and
current/voltage effects of OA2). A detailed discussion of these
contributions follows in Secs. IIT and I'V.



024711-3 Krause, Drung, and Scherer

lil. AMPLIFIER NOISE

The power spectral density of the effective input cur-
rent noise Sy s is deduced from the circuit diagram in Fig. 1,
yielding

1 1)
Steft =S + Svi ((I_Q + —) +Q2nf CS)2>

Rs
Sva Sva (2 1 S
+ =+ =+ +—. o))
R? GiRv \R GiRyv) G?
—— 1
negligible for negligible for G;—oo
Sy2 <S8y

where Sy, Sy2, S11, and Sy, are the power spectral densities of
the voltage and current noise of OA1 and OA2, respectively.
The first line in Eq. (1) describes the contribution of OAl.
Obviously, the current noise Sy; of OA1 directly affects Sy ;.
Therefore, for OA1 an input amplifier with a very good low-
frequency current noise is required. Unfortunately, amplifiers
tailored for minimum current noise exhibit a rather high volt-
age noise at low frequencies. For minimizing the voltage noise
contribution, the resistances R and Rg should be as high as pos-
sible and the source capacitance Cs should be minimized. The
upper limit for the resistance R depends on the target accuracy.
Values between 1 GQ and 175 GCQ were chosen for the ULCAs
described in Ref. 12.

The second line in Eq. (1) shows the influence of OA2. The
voltage noise contribution Sy,/R? decreases with increasing
resistance R. It becomes negligible for Sy, <« Sy . Therefore,
a monolithic zero-drift amplifier is used at the input of OA2.
Typically, these amplifiers have excellent low-frequency volt-
age noise’ which ensures that the condition Sy, < Sy; is
fulfilled in the frequency range of interest. The last terms
in Eq. (1) decrease with increasing current gain G;. They
can be neglected for sufficiently high values of G;. Due to
1/f noise in the amplifiers, a current gain of 1000 is not
always sufficient for optimal performance in the microhertz
regime. The improved ULCA presented in this paper uses
G; = 100000, which turned out to be sufficient in all tested
cases.

For finite source capacitance Cs the high-frequency cur-
rent noise increases according to the term Sy;(2nf Cs)2
in Eq. (1). Therefore, an operational amplifier with a volt-
age noise density Sy; as low as possible is required. The
ULCA described in Ref. 10 uses an operational amplifier of
type LTC6240 from Linear Technology as input amplifier for
OAL1.'* This amplifier configuration (hereinafter referred to as
OA1-B) has a low current noise and acceptable voltage noise
between about 1 mHz and 10 Hz. Recently, the operational
amplifier ADA4530-1 was introduced by Analog Devices.!>
Using this device for the ULCA (configuration OA1-A) results
in a substantially reduced input bias current, but a higher
voltage noise in comparison to OA1-B.

Figure 3 depicts the measured voltage noise levels of both
OA1 variants along with the voltage and current noise of OA2.
In the investigated frequency range covering six decades, the
voltage noise density Syj.4 of OA1-A is approximately pro-
portional to 1/f. The noise density Sy;.5 of OA1-B scales
slightly stronger with frequency, and an additional strong rise
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FIG. 3. Noise levels of the ULCA amplifier stages OA1 and OA2 measured
with the test circuits in Fig. 2. The left scale applies to the voltage noise levels

VSvi-a, VSvi-B and vSy, the right scale to the current noise VSy>.

occurs below about 30 yHz which is caused by temperature
fluctuations in the laboratory (typically 1 K difference between
day and night). For OA1-B, a temperature coefficient of
—1 pV/K was estimated from the effect of the temperature
fluctuations on the offset voltage, but for OA1-A no clear
temperature dependence was found within its noise level. The
current noise spectrum of OA2 was corrected for the thermal
noise contribution of the feedback resistor. Optimized filters
at the input and output of the monolithic zero-drift amplifier
at the input stage of OA2 (AD8628 from Analog Devices'®)
minimize the effect of switching spikes and reduce the bias
current to typically within +2 pA. The estimated temperature
coefficient of the bias current was —0.07 pA/K, but no clear
correlation between the offset voltage and the environmental
temperature was observed.

For sub-picoampere measurements, a new input resistor
network was developed having a very high current gain of
100 000. The high-ohmic part of this network consists of 175
thick-film chip resistors (size 1206) connected in series, each
with a nominal value of 1 GQ. Combining this network with
OA1-A yields the “low-bias ULCA” that features the lowest
input bias current of all ULCA variants described in Ref. 12.
The 1 GQ resistors turned out to have a typical value of 1.06 GQ
which results from the voltage dependence of resistance (the
parts are tested by the manufacturer at 1000 V but are operated
at <1 V). Therefore, the measured R =185 GQ exceeds the
nominal value of 175 GQ by about 6%. For the setup with
OA1-B, a prototype network was used that was equipped with
a different type of resistor yielding a slightly higher resistance
R=198 GQ.

Figure 4 shows the total noise and voltage noise contri-
butions of OALI in the frequency range between 10 yHz and
10 Hz. The voltage noise contributions were deduced from
the voltage noise densities Sy; depicted in Fig. 3. Different
values for Cg are assumed in Fig. 4 in order to cover the rel-
evant range of source capacitance. At high frequencies the
voltage noise contribution increases with the source capaci-
tance Cs. The highest value Cs = 640 pF is equal to the total
capacitance of the cable combination in Sec. V. The total noise
with this cable combination (corresponding to the gray-colored
curves in Fig. 4) increases at high frequencies compared to
the case without cable. This increase is caused by the voltage
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FIG. 4. Total noise of the ULCA and voltage noise contributions obtained for
different operational amplifiers OA1 and source capacitances Cs. (a) OA1-A
optimized for low frequencies and (b) OA1-B intended for high frequencies.
The voltage noise contribution for various values of Cs was determined from
the measured noise density Sy; by applying Eq. (1). For comparison, the
total noise with a cable at the ULCA input having 640 pF capacitance is
depicted as gray lines (see Sec. V for details). In (b), dotted curves show the
noise corrected for the temperature dependence of +0.4 fA/K (total noise)
and —1 uV/K (voltage noise contribution), respectively. The red curves are
calculated assuming white and 1/f noise according to Eq. (2).

noise contribution. Note that the high-frequency increase of
the total noise without cable connected to the input is presum-
ably caused by stray capacitance in the resistor network. The
red curve for the total noise of OA1-A and OA1-B takes into
account white and 1/f noise according to

Je
S=Sy1+=] . 2
(+f) @

The total spectral density S is approximated by a superposition
of the white noise density Sy, and the 1/f noise contribution.’
The 1/f corner f defines the frequency at which both contri-
butions are equal. Using the equations in Ref. 17, the Allan
variance o> for the superposition of white and 1/f noise is
found to be

o2 =8y - (i +2 ln(2)-fc) , (3)
2T

where 7 is the sampling time. The white noise levels were
determined from the measured spectra (total noise in Fig. 4)
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FIG. 5. Allan deviation of the measured time data used for the noise spectra
in Fig. 4. The red curves are calculated with Eq. (3). The dotted curves show
the Allan deviation of OA1-B corrected for the temperature dependence of
+0.4 fA/K (total noise) and —1 uV/K (voltage noise contribution).

in a small region around 0.1 Hz, and the 1/f noise corners f
were adjusted with the help of Eqgs. (2) and (3) to obtain good
agreement between the red curves and the measurement data
in Figs. 4 and 5.

Figure 5 shows the Allan deviation o7 for the total noise
and the voltage noise contribution with zero source capaci-
tance (Cs = 0) in the time domain of 10 s—10° s. The same
raw data were used as for the noise spectra in Fig. 4. For both
amplifier variants the total white noise is about 0.4 fA/ VHz, but
the 1/f corner frequencies differ substantially. OA1-A shows
an exceptionally low value f. =30 uHz which means that the
noise is white even for sampling times exceeding 1 h. For the
setup with OA1-B, the Allan deviation strongly degrades at
long sampling times due to temperature effects. The experi-
mentally observed temperature coefficients are +0.4 fA/K for
the total noise and —1 ¢ V/K for the voltage noise contribution.
By correcting the temperature dependence, the Allan deviation
is significantly reduced, corresponding to increased accuracy
at long sampling times. The temperature-corrected voltage
noise contribution of OA1-B is even lower than for OA1-A, but
the resulting 1/f corner frequency of the total noise of 800 yHz
is still substantially higher than for the setup with OA1-A that
shows no noticeable temperature dependence.

IV. EFFECTIVE INPUT BIAS CURRENT

The effective input bias I s is the apparent input cur-
rent displayed at the output if no source is connected to the
amplifier. It is defined as Voyt/ATR, Where V gur is the out-
put voltage with open input and Atr = Gy Ry . Using the circuit
diagramin Fig. 1, the contributions of OA1 and OA2 are found
to be

1 1 1
Ig et = Ig1 — Vo1 (—+—)——+V02( +—) .

OA1l OA2

“
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Sorting the terms by resistances leads to

Vor Vo2—-Vor 1 (Vo2
Ief=lg ——+ ——+ — |— -Igs|. (5
Beff =Ip1 =~ R G \ &, ~1®2 (5)
~— —————
negligible for G;— o0

It is obvious that /g directly affects /g ¢fr. The bias cur-
rent contribution resulting from the voltage offset Vo1 of OA1
depends on both the source resistance Rg and the feedback
resistance R. As the ULCA involves a monolithic zero-drift
amplifier at the input of OA2, a very low offset voltage Vo, is
achieved, which makes the resulting bias current contribution
negligible. Furthermore, for high values of G; the last term of
Eq. (5) can also be neglected.

Figure 6 shows Ip_¢ff for OA1-A and OA1-B taken over a
period of 14 days. The measurement was done with a sampling
rate of 16 points per second. Each measurement point in Fig. 6
is taken over an integration time of 7 =1 h. The laboratory
was not temperature-stabilized, resulting in strong temper-
ature variations of nearly 3 K peak-to-peak, see Fig. 6(a).
Temperature variations corresponding to day/night cycles are
clearly visible. For OA1-B the temperature fluctuations lead to
I, cir fluctuations of about 1.1 fA peak-to-peak with a temper-
ature coefficient of +0.4 fA/K. In the case of OA1-A the mean
value is about —20 aA and no clear temperature dependence is
visible.

28 LR LR AN LA RN LA AR R R AR LR LA RN RARR RN LA RAN LARRAN RRARAY LALA)
O gl b f ]
£ 2 VL,
SO o A A e 9, 05,

ARBARE RARRA] SN MALRA RAAAM """"""""' ARSI MAALLE MAAAM MMM

IR ]
r=1h ]

Iy o (FA)

'\
LY A

.

.
H

0

iy SR B '.'i
SREIATES 8 e
.

IB’eff (aA)

oﬁ\wx‘ < ifiar]ac
012345678 91011121314
t (d)

FIG. 6. (a) Temperature T and (b) effective input bias current Ig s for the
ULCAs with OA1-A and OA1-B measured over a period of two weeks. Tem-
perature oscillations corresponding to day/night cycles are clearly visible. In
(c) a magnification from the result of OA1-A is depicted. Each data point
shows the mean value over a sampling time 7 = 1 h.
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All results presented so far were obtained with zero input
current. To determine the performance in a real dc measure-
ment, two low-bias ULCAs were combined. One of them was
setinto source mode for current generation, while the other was
set into amplifier mode for current measurement.'? The out-
put voltages of the two ULCAs were measured with Keysight
3458A voltmeters at an effective sampling rate of 47 samples
per second (1 power line cycle of integration time per point
and auto-zero performed every 2 s). The generated current /src
and the measured current / opp Were obtained by dividing the
respective ULCA output voltage by the corresponding trans-
resistance. The uncertainty of the difference Al = Iamp — Isrc
represents the total measurement uncertainty. If the uncertainty
contributions of both ULCAs are equal, the total uncertainty
is a factor of V2 higher than for the individual ULCAs. The
temperature was monitored but the effect of temperature fluc-
tuations (typically 1 K peak-to-peak during a measurement)
was not corrected for to get the performance in harsh laboratory
conditions.

The measurements were done both without and with cur-
rent reversal at two levels (1 fA and 1 pA). Figure 7(a) shows
the results at low level. Here, the total uncertainty is always
dominated by noise and drift because the fluctuations of the

10% p—r—rrrrre—r—rr e
- (a) Low current +1 A 3
i 1 fA ]
- 0.65 fA/NHz .
2:(; 101 - \)&/\A. :
) 5 ]
100 E ' E
102 P
F - (b) High current +1 pA 3
i +1pA

< 101 W
E 10 3 v \'\JAW E
o) [ ]
10° £ I

102 103 10* 10°

7 (s)

FIG. 7. Allan deviation o of the difference Al = Iamp — Isgc between the
currents generated by an ULCA in source mode and measured by another
ULCA operated in amplifier mode. (a) Low current level of 1 fA and +1 fA,
and (b) high current level of 1 pA and +1 pA. In the cases of bipolar current,
the current were reversed every 50 s and, the first 5 s after each reversal was
disregarded. The output voltages of the ULCAs were measured with 3458A
voltmeters. The red lines show white noise calculated with Eq. (3).
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ULCA transresistance (rms value typically well below 10 ppm)
cause a negligible uncertainty contribution of <1 aA. With-
out current reversal, the Allan deviation reaches a minimum
of about 6 aA at 7 =~ 8 h, limited by 1/f noise and bias current
stability. In contrast, with current reversal, the noise is white in
the full range of 7 as expected.’ A very low uncertainty of 2 aA
(corresponding to 1.4 aA for the individual ULCA) is achieved
for an integration time 7 = 15 h. Effective white noise levels of
V2 0.4 fA/VHz=0.57 fA/VHz and (0.57/V0.9) fA/VHz =
0.6 fA/VHz are expected for the cases without and with cur-
rent reversal (the effective noise with current reversal is higher
because 10% of the sampled data are disregarded to suppress
settling effects).!? The experimental value is slightly higher,
0.65 fA/VHz, presumably caused by aliasing effects in the
3458A voltmeters.!! The noise contribution of the 1 m long
low-noise cable connecting the two ULCAs was found to be
negligible.

At higher current levels of 1 pA (without current reversal)
and +1 pA (with current reversal), the low-frequency fluctu-
ations of the ULCA transresistances become noticeable, as
depicted in Fig. 7(b). Therefore, at long integration times 7
the measurement uncertainty is slightly degraded compared
to the low current case. The achieved uncertainty of about
10 aA at 1 pA corresponds to a relative uncertainty of 10
ppm. With current reversal, uncertainties well below 10 aA
or 10 ppm are achievable. Note that the presented measure-
ments include noise and transresistance fluctuations/drift only.
Systematic uncertainties caused by the linearity of the resis-
tor networks and the finite calibration accuracy are not con-
sidered here. They are estimated to typically remain below
10 ppm.'2

V. CABLE NOISE MEASUREMENTS

Quantum current sources based on single electron trans-
port (SET) devices are candidates for realizing the ampere
according to its future definition in the revised SI.'®2? They
are typically operated in cryogenic refrigerators at millikelvin
temperatures and are able to accurately source currents of
the order of 100 pA. The SET-generated current is trans-
ferred to current amplification and data acquisition instru-
mentation outside the refrigerator via low-noise cables. This
imposes highest demands on the quality of the cryogenic
wiring, since cables typically exhibit parasitic effects such
as microphonic, piezo-, and triboelectric effects. Triggered
by mechanical vibrations, these can cause excess current
noise.”

To investigate possible excess noise, a test configuration
involving the amplifiers described in Secs. II-IV wasimple-
mented. The measurements were performed in an Oxford
Instruments DR200 dilution refrigerator with a pulse tube for
pre-cooling and condensing the *He and “He mixture. The
wiring was composed of three different cable segments as
shown in Fig. 8. For the connection between the amplifier and
the output of the refrigerator a room temperature low-noise
coaxial cable of 1 m length was used. The insulator material
of this cable is polyethylene (PE) with a conducting polyvinyl
chloride (PVC) layer. A conductive layer between outer con-
ductor and insulator is typically included in low-noise cables
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' 55 mK

FIG. 8. Wiring concept developed for the measurement of currents generated
by SET devices.

for room temperature applications to reduce the influence of
parasitic effects.”?

Inside the refrigerator, a Cu-PVC coaxial cable (length
0.5 m) was installed between 298 K and 8 K. The outer con-
ductor was thermally anchored at the 60 K and 8 K stages. The
inner conductor was thermally decoupled at 8 K with a short
niobium-titanium wire. From 8 K down to 55 mK a semi rigid
steel cable (Thermocoax, length 1 m) with a cover cap at the
end was used. This cable involves magnesium oxide (MgO)
powder as an insulator. The cables were electrically connected
by SMA and MCX connectors. In order to reduce possible
mechanical vibrations, the cables inside the refrigerator were
mechanically fixed by cable ties and bare copper wires. Cable
properties according to their manufacturer specifications are
listed in Table I.

Noise measurements were performed in the frequency
range from 10 Hz down to 10 uHz. The high-frequency spec-
tra were measured using the ULCA involving OA1-B and the
low-frequency spectra using the low-bias ULCA involving
OA1-A. An NI-6211 card was applied for data acquisition
showing an offset of 50 uV that was corrected for in the data

TABLE 1. Properties of the three cables used in the cryogenic setup depicted
in Fig. 8.

Cu-PE Cu-PVC St-MgO
Name coax coax coax
Cable type BEDEA LEMO Thermocoax
MXR 280630 INcAc034
Inner Cu strand Cu strand Steel
conductor 7 % 0.15 mm 7 x 0.1 mm
Insulator PE PVC MgO
(powder)
Outer Cu braid Cu wires Steel
conductor 32 % 0.15 mm 32 x 0.1 mm @ =0.35 mm
& cond. PVC
Sheath PVC PVC —
Length (m) 1 0.5 1
Capacitance (pF) 120 50 470
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FIG. 9. Current noise and Allan deviation measured with the cryogenic setup
shown in Fig. 8.

analysis. The 70 aA input bias current of the low-bias ULCA
plus connected cable was separately measured with a 3458A
voltmeter. Results of the noise measurements are shown in
Fig. 9. At higher frequencies, the fundamental frequency and
harmonics caused by the pulse tube unit are clearly visible in
the current noise spectra. The total white noise of about 0.44
fA/VHz is dominated by the intrinsic noise of the low-bias
ULCA. The Allan deviation shows a minimum of about 6 aA at
7~ 2 h and remains below 10 aA for 1/2h < 7 < 8 h. Due to the
very low noise level the presented cryogenic wiring should be
well suited for demanding measurements on quantum current
standards.

VI. CONCLUSION

A low-bias ULCA tailored for sub-picoampere currents
was presented that features an input bias current well below
100 aA and a noise level of 0.4 fA/VHz with a remark-
ably low 1/f corner frequency of about 30 uHz. The input
bias current is very stable in time and temperature, allow-
ing sensitive dc measurements in laboratory environment
without temperature stabilization. Due to the good low-
frequency noise performance, a very low measurement uncer-
tainty of 10 aA is achieved in a relatively short sampling
time 7 ~1/2h, both with and without current reversal. The
presented ULCA allows the traceable measurement of small
direct currents with relative uncertainties down to 10 ppm.
It is expected to set new benchmarks in the small-current
regime.
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