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Calibration setup for ultralow-current
transresistance amplifiers

Ilaria Finardi, and Luca Callegaro

Abstract

We describe a setup for the calibration of the transresistance gain of low-current amplifiers, based on the capacitance-charging
method. The calibration can be performed in the current range of typical interest for electron counting experiments. The setup
implementation is simple and rugged, and is suitable to be embedded in larger experiments where the amplifier is employed.
The calibrated transresistance is traceable to the units of capacitance and time. Two different calibration modes were tested: with
dc current (obtained using a custom-made piecewise-linear ramp generator) and with low-frequency sinewave current (using a
commercial generator). The relative base accuracy of the implementation is in the 10™° range.

Index Terms

Metrology, Current measurement, Amplifiers, Gain measurement, Calibration, Capacitance.

I. INTRODUCTION

The announced future revision of the International System of Units (SI) [1], [2], and the redefinition of the unit of electric
current ampere in terms of the elementary charge, have raised the interest on dc current generation with electron-counting
experiments. In these experiments the current magnitudes are typically below the nA, and have to be amplified by large factors.

Measurements of such low currents with ultimate accuracy were performed in the last twenty years with purpose-built
cryogenic current comparators (CCC) having large turn ratios [3]-[5]. The Physikalisch-Technische Bundesanstalt (PTB),
Germany, has developed a special current amplifier, the ULCA-1 [6], having a highly stable current gain [7], which can be
calibrated with a CCC bridge [5]. These measurement setups achieve uncertainties at the 107 level but require non-commercial
instrumentation, a cryogenic environment, and trained operators.

In the investigation of novel devices for electron-counting experiments, typical measurement setups involve commercial
ultralow-current transresistance amplifiers [8]-[10], having typical transresistance gain R ranging from G2 to several T().

In the following, we describe a setup that allows the calibration of the transresistance gain of these ultralow-current transre-
sistance amplifiers. The setup is intended to fill a traceability and accuracy gap between the manufacturer gain specifications
(gain tolerance relative to the nominal value in the 10~2 range), and the uncertainty level that can achieved with primary
metrology experiments based on CCCs.

The setup is based on the capacitance-charging method, which allows to generate accurate currents (typically ranging from
100 fA to 1nA) by applying a linear voltage ramp on a differentiating capacitor.! The method is insensitive to nonidealities of the
input stage of the instrument being calibrated, such as the voltage burden and a finite input resistance. Several implementations
of the method, focused on the calibration of the reading error of low-current meters with display output [12]-[19] were proposed
and mutually verified in an international intercomparison [20].

The setup here proposed performs a calibration of the gain R of a transresistance amplifier, traceable to the capacitance of a
gas-dielectric capacitor C' and to the period 7" of a low-frequency timebase. No absolute voltage traceability of the instruments
employed is needed. Two different calibration modes have been tested: a dc current mode,> and a sinewave current mode, using
a very low-frequency sine current signal. The dc current mode requires a custom-made voltage source, and is more accurate;
the sinewave current mode can be more easily implemented, using only commercially available equipment. In both cases, the
resulting setup configuration is low-cost, simple, compact, and easy to use; it is possible to embed the entire calibration setup
within the main electron counting experiments, and thus achieve quasi-in-line calibrations of R.

We provide an example of calibration of a specific amplifier model (FEMTO mod. DDPCA-300), which is popular in electron
counting [8]-[10], [22] and nanophysics experiments [23], [24]. For this amplifier model the setup allows to calibrate, in the
direct current mode, the transresistance gain at the nominal setting of 10 G2 with a relative uncertainty of a few parts in 10°.

II. PRINCIPLE OF OPERATION

The operating principle of the calibration setup is shown in Fig. 1. The voltage v;, (t) is applied to a differentiating capacitor

to generate the test current
dvin (t)
ift)y=C ey
(t) g
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1. Finardi is with Politecnico di Torino, 10129 Torino, Italy.
IThe earliest reference to this method for metrological purposes the authors are aware of is [11].
2Preliminary tests using this excitation were presented in [21].
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Fig. 1. Principle schematic diagram of the calibration setup, as described in Sec. II. The current i(¢) is generated from voltage vi, (t) by the injection
capacitor C; the amplifier A, with transresistance R (here ideally associated to its feedback resistance) generates the output voltage vout (t). The waveform
pictured for viy (¢) (—) and vout () (—) are associated to the two different calibration modes proposed in the paper.

Vin (t)

IEEE-488 bus

Fig. 2. Schematic diagram of the calibration setup, see Sec. III-A for a description. The waveform shapes viy, (t) and vout (¢) displayed correspond to the dc
current calibration mode.

The amplifier A, whose transresistance gain R has to be calibrated, generates an output voltage vous(t) = Ri(t), hence the
relation
1 d’Uin (t)

-1 _
R _Cvout(t) dt

)

holds.
Eq. (2) shows that the traceability of the measurement of R is given by C, a timebase, and a voltage ratio; therefore, absolute
voltage traceability is not required.

III. IMPLEMENTATION
A. Setup

The schematic diagram of the calibration setup is shown in Fig. 2, and a photograph of the same is given in Fig. 3. The
source G generates the voltage v;,(¢), which is applied to the capacitor C. The capacitor generates the displacement current
i(t), in agreement with (1). i(t) is injected to the input of the transresistance amplifier A to be calibrated. Both the input
voltage v;, (t) and the output voltage vout(t) are sampled at regular intervals by the voltmeters Vi, and V¢, synchronized by

3The method here proposed is a derivation of a method developed for the calibration of low-current meters [14], [19], where a proper traceability of the
vin (t) measurement was however necessary.
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Fig. 3. A photo of the calibration setup corresponding to the schematic diagram of Fig. 2. The source G (for the dc current calibration mode) is on the
bottom left; C' and A in the center; Vi, on top left; Vout on the right. A detail of C' and A is given in Fig. 4.

the same trigger signal T. The samples of vy, (¢) and vout(t) are acquired by a computer through an interface bus (IEEE-488)
for off-line processing.

As shown in Fig. 3, the whole circuit is wired by coaxial cables. To reduce possible effects of cable dielectric absorption,
C and A are connected directly, without any cable, as can be seen in Fig. 4.

B. Calibration modes

Two calbration modes have been investigated, differing in the waveform of the current i(¢) being generated, and, consequently,
of vy, (t): a direct current mode, which requires a purpose-built voltage generator, and a sinewave current mode at a very low
angular frequency w, which can be achieved with a suitable commercial generator, and is therefore easier to implement.

Direct current: (1) shows that a linear voltage ramp v;,,(t) = K't, where K is the voltage slope, generates a constant current

I. In such a steady-state regime, the constant voltage burden on A (caused by the non-zero input impedance, and by
offsets) does not alter the ramp slope, and hence has no effect on the value of I.
To achieve this calibration mode, the waveform shape of v, (t) generated by G has a symmetric trapezoidal shape with
a very long period, as can be seen in Fig. 5. Such piecewise linear waveform includes three different voltage slopes
(positive, negative and zero) which correspond to three different nominal calibration current values +1,om, —Inom and
I = +0. The current value I = 0 allows to determine the offset of A in the course of the measurement.

Sinewave current: if w and the amplifier time constant 7 satisfy the relation wr < 1, the measured complex transimpedance
Z(w) = R(w) + jX (w) can be written as

Z(w) ~ R(0) (1 — (wr)? — jwr) 3)

and therefore the quantity of interest, the dc transresistance gain R(0), can be approximated by the measured R(w) to
the second order in wr.
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Fig. 4. Detail of setup, showing the direct connection (no cable) of the injection capacitor C' (on the left) to the transresistance amplifier A (center of the
picture) to minimize currents related to the dielectric absorption in the connection insulators.

TABLE 1

INJECTION CAPACITOR MODELS EMPLOYED IN THE CALIBRATION SETUP, LISTED BY NOMINAL CAPACITANCE Chom -

Cnom

Model

1pF
10 pF
100 pF
1nF

General Radio mod. 1403-K
Sullivan mod. C80001

Sullivan mod. C80002

General Radio mod. 1404-A [33]

C. Instrumentation

1) Voltage generator: Two different signal generators have been employed for the two calibration modes described in

Sec. III-B.

Direct current: G is a purpose-built voltage source. The generated signal v;, (¢) has a maximum span of £10V, and the ramp
sections of the trapezoidal waveform have slopes of about £0.1 Vs~! (adjustable). The positive and negative voltage ramp
phases have a duration of ~200s each; the phases of constant voltage also have a duration of ~200s. Hence, the total
period of one i, (t) cycle is ~800s. The source is based on analog electronics; it is battery-powered and free-running
(thus requiring no control signal), in order to achieve complete galvanic isolation and help to reduce the interferences
in the calibration circuit. The source output is generated by an analog pure integrator, which is driven by a three-state
(positive, zero, negative) constant current source of adjustable amplitude. The loss in the integrating dielectric capacitor
are compensated with an active feedback network, which is manually adjusted in order to achieve the maximum linearity
of the voltage ramps. A more complete description of the source is given in Ref. [14].

Sinewave current: G is a Stanford mod. DS360 low-distortion (< 100 dB) function generator, typically operated at f ~ 3 mHz

(measured with a frequency meter).



2) Injection capacitor: C' has to be a gas-dielectric (or vacuum) capacitance standard, because all solid-dielectric capacitors
show the phenomenon of dielectric absorption [25], which give deviations from (1).

For the current range investigated, commercial standard capacitors having nominal values Cy,op, from 1 pF to 1000 pF are
adequate. The specific models employed are listed in Table 1. The capacitors were modified to employ low-dielectric-absorption
connectors (Teflon insulation); for the same reason, the solid-dielectric trimming capacitors were removed.

The value of C' is measured as a two terminal-pair standard [26, Ch. 2] with a commercial capacitance bridge (Andeen-
Hagerling mod. 2500A) at the frequency of 1kHz. The calibration is traceable to the Italian national standard of electrical
capacitance.

Residual frequency dependence in gas-dielectric capacitors has been observed, and ascribed to surface effects [27]-[29]. It
has been shown [28] that the capacitance value at very low frequency can be predicted by extrapolation from measurements in
the in the audio frequency range (20 Hz — 1 kHz). For the specific items employed, the prediction suggests a relative deviation
lower than 10x1076,

3) Voltmeters: Vi, is an Agilent mod. 3458A multimeter, whose acquisition is in dc sampling mode, with the autozero
and autorange functions disabled. V,,; is an Agilent mod. 34401 A multimeter, also configured for dc sampling. Both these
voltmeters are in external trigger mode, and are synchronously triggered by a precision timer T, at the sampling frequency of
~ 950 mHz. All samples are acquired via the IEEE-488 bus and off-line processed. Although not required by the proposed
method (see discussion in Sec. II), the voltmeters are routinely calibrated, with traceability to the Italian national standard of
dc voltage.

D. Data processing
Sampled values of vy, (t) and vey(t) are processed in different ways depending on the calibration mode chosen.

Direct current: after identification of the samples belonging to the different waveform slopes, a finite-difference version of
(1) is computed from the samples of viy(t), vout(f). Details are given in [14]. For typical measurement settings, the V
resolution (8 digits) and the use of double-precision floating-point arithmetics make quantization and numerical rounding
errors negligible.

Sinewave current: the waveforms viy, (t) and voyt(t) are modeled as

vin(t) = Ain cos(wt) + Bin sin(wt) + Ciy,
Vout (t) = Aous cos(wt) + Bout sin(wt) + Cout, 4

whose parameters are identified by processing the sampled values with a seven-parameter sine-fitting algorithm [30].
The voltage transfer function () is computed as

Q — i%ut _ iAout +jBout

Qc VI Qc Ain +jBin ’
where (). is a calibration factor to compensate for the different ac response of the two voltmeters Vi, and V4 it can
be determined by measuring the same signal v, (¢) with both voltmeters in parallel.

(&)

The complex transresistance gain Z(w) is then computed as Z(w) = ol The approximation of Eq. (3) can then be
jw

taken in consideration.

E. Device under test

The calibration setup was tested with a FEMTO mod. DDPCA-300 transresistance amplifier as A. The amplifier has a
nominal transresistance gain R, manually switchable from 10k to 10 T2 and is specified to be stable for capacitances
at the input up to 10nF, therefore for all capacitance standards of Tab. I. The output voltage range is £10V; the current
noise is dependent on Ry, and reaches 200 aA Hz~ 2 in the highest gain ranges. The specified accuracy of Ryeon is +1 %.
The specified gain temperature coefficient is 1x107* K~! to 3x10~* K~! depending on the range, although the latter value
seems overestimated (see Sec. IV-C). The amplifier surface temperature is monitored and, after an initial settling, it is stable to
better than 0.1 K for the whole measurement period. The amplifier has a configurable output lowpass filter; all measurements

reported were performed in the so-called full bandwidth mode, which is 1 Hz to 20 Hz in the gain range investigated.

IV. RESULTS

To avoid possible systematic error in the calibration caused by noise clipping, the calibration currents (41, for the dc
calibration mode, the peak value for the sinewave calibration mode) are chosen to be slightly lower (in absolute value) than
the corresponding decadic value. In particular, the I, values chosen are: +0.95pA, 9.5 pA, and +95 pA.

All measurements were performed in a shielded and thermostated (23.0(5) °C) room.
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Fig. 5. The outcome of a typical measurement (Rnom = 10 G, Chom = 1 nF, Inom = 95 pA). Red line (—) is the trapezoidal ramp signal v;y, (¢); blue
line (—) is the test current ¢(¢). The sign of i(¢) is determined by the sign of the slope of v, (¢); when vy (¢) is constant, 7(¢) = 0.
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Fig. 6. Time sequence of the amplifier equivalent error the input Ai(¢) (see Sec. IV for the definition). The four different symbols correspond to the four
different phases of vi,(t). ® corresponds to vin(t) positive ramp slope, and to i(t) = +Inom. * negative ramp slope, i(t) = —Inom. © vin(t) constant
positive, ¢(t) = +0. X viy(¢) constant negative, ¢(¢) = —0. The offset of A is computed from the average of the :(¢) = +0 and 4(t) = —0 phases.

A. Direct current mode

The setup has been employed to calibrate the transresistance nominal settings Ryom = 10 G2, 100 G2, 1 T2 and 10 TQ2 of
A. Each calibration was performed by running the system for about 50 cycles of v;,(t), corresponding to a total measurement
time of 10 h. The calibration strategy and the related acquisition, data processing software and uncertainty analysis is described
in [14], [20].

The measurement example of Fig. 5, 6 and 7 refers to the following calibration conditions: Ry, = 10 GS), Cyom = 1 nF,
Inom = £95pA.

Fig. 5 shows the time series of the samples of v;,(¢) (measured by Vi) and of i(¢) as determined by (1) over a few
measurement cycles.

Fig. 6 displays the amplifier equivalent error at the input Ai(t) = R.. vou(t) — i(t), here defined as the deviation of the
current reading Rrjolmvout (t) (computed from the amplifier voltage output vy, (t) with the nominal transresistance Ryopm ), and
the calibration current i(t).

Fig. 7 shows the transresistance gain relative deviation from nominal 0 R = (R — Ryom) /Runom evaluated for each positive
and negative semicycles of v;, (¢). The mean and the standard deviation of R for each time series corresponding to Fig. 7 give
the calibration outcome for each nominal current sign. The outcome of the calibration for different test currents and nominal
transresistance of the amplifier is reported in Tab. II. For the nominal transresistance values Ryom = 1T and 10 TQ) the
calibration is performed with two different test currents. For R, = 1 T significant differences occur between the 6 R values
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TABLE II
RESULTS OF THE TRANSRESISTANCE AMPLIFIER CALIBRATION USING DIRECT CURRENT

obtained with different current magnitudes and sign; these discrepancies deserve further investigation.

Ruom Thom Chom R

wea TP CimE
wea U e Cioln
A o
O 00
i O e im0
T N i
e UM pOse

An example of uncertainty budget for the calibration point Ry oy, = 10 G, I,om = +95pA is reported in Table III. The
uncertainty contributions related to the readings of V;, and V. are not reported, since these can be reduced (below parts
in 10%) by a mutual calibration of the two voltmeters, see Sec. II. The budget is dominated by contributions related to C:
these can be reduced by embedding the capacitor in a thermostat, and with a better calibration, including a more thorough

investigation of its frequency dependence (see Sec. III-C2).

TABLE III

UNCERTAINTY BUDGET FOR Rpom = 10 G2, Chom = 1 nF, Inom = +95pA.

Source Contribution to u(6R)  Type

C calibration, frequency and temperature dependence  3.0x 102 B

Vin sampling 5.0x1076 B

Timebase T accuracy 1.0x106 B

C current leakages 1.0x1072 B
Inom = +95pA  Reading noise 9.5x10~6 A
Inom = —95pA  Reading noise 1.6x10~° A
Inom = +95pA  u(dR) = 3.4x1075 RSS
Inom = —95pA  u(dR) = 3.6x107° RSS
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TABLE IV
COMPARISION BETWEEN THE TWO DIFFERENT CALIBRATION WAVEFORMS

Rnom Iiom  Cnom SR

direct current sinewave
10GQ  95pA 1nF  —4.49(27)x10™%  —3.89(40)x10~*
10GQ  9.5pA  100pF  —4.59(34)x10~*  —3.84(38)x10~*
100G 9.5pA  100pF  —3.07(3)x10~%  —3.00(5)x10~3

B. Sinewave current mode

The calibration has been performed on the nominal gain values Ry,, =10GS and 100 G2, with sinusoidal currents of
frequency f ~ 3mHz and peak values I,,o;, =9.5pA and 95 pA.

Fig. 8 shows an excerpt of the time series of sampled vi,(¢) and vout(t) waveforms in the case of Ryom =10GS) and
Chom =1nF . The figure shows also the residuals after fitting with model (4).

The outcome of the calibration is reported in Table IV. The uncertainty sources are similar to the dc current method reported
in Table III, to which a contribution related to the fitting residuals shown in Fig. 8 has to be added. A proper expression
of such uncertainty contribution goes beyond the scope of this paper, an overestimation of 2x10~° has been included in the
budget.

C. In-use uncertainty

The calibrated transresistance gain value R obtained with the setup can be directly employed in current measurement
experiments. As customary the calibration uncertainties reported in Tab. II, III, IV do not consider the in-use uncertainty
contributions, which are dependent on the specific experiment where the amplifier is employed, and can include:

o Gain environmental drifts. For the amplifier model considered, in the range probed with the setup, the gain temperature
coefficient is specified by the manufacturer as 3x10~* K1, although, for the specific item investigated, our preliminary
measurements give an upper limit of 1x107° K~ at R, = 10 TQ. This in-use uncertainty contributions will be strongly
mitigated by quasi-in-line implementations.

o Amplifier nonlinearity. The direct-current mode allows a calibration on the specific current value to be measured, or (with
much more experimental effort) the determination of a calibration curve, for which a general estimation method [31]
of the measurand and its uncertainty can be applied. The ac-current calibration mode gives an average gain value over
the span of the input current, and is not suited for such an advanced data treatment. For the particular amplifier item
investigated, the nonlinearity magnitude can be inferred from results given in Tab. II.

« Noise, including the noise of the current being measured (flicker and shot noise), and the quantization noise of A voltage
output reading, if performed with a low-resolution instrument.

An estimate of in-use uncertainty components requires detailed information about the specific measurement environment
where the calibrated amplifier is embedded.

For higher gain and lower currents, noise is the dominant contribution to uncertainty. To give an example, a measurement
current of 100fA generated by a 1 G resistor at 100mK has an intrinsic noise (Johnson + shot) of 0.2fA Hz~'/2. The
ULCA-1 [6, Sec. IV] has an equivalent input noise current at 1 Hz of 2.4fA Hz~1/2, while the FEMTO DDPCA-300 here
tested is specified at 0.2 fA Hz~'/2. Environmental interferences, for example caused by a dry cryostat, can easily increase the
measurement noise of one order of magnitude [10, Fig. 4].

V. DISCUSSION AND CONCLUSIONS

The proposed setup can calibrate the transresistance gain of amplifiers suitable for the measurement of ultralow-valued dc
currents. The method is simple and can be embedded in an electron-counting experiment with relative ease. As Eq. (2) shows,
the method requires traceability to capacitance and time units, since it involves only voltage ratios.

The two calibration modes presented provide different measurand definitions and therefore cannot be directly compared.
Even under the assumption (3), the direct current mode probes A on single dc values, whereas the sinewave current mode
gives an average of d R over the whole sinewave span. Nevertheless, the values given in Table IV show that the measurement
outcomes are comparable within the combined uncertainties.

The uncertainty achieved in the calibration process is one or two order of magnitudes better than typical manufacturer
specifications for these amplifier, and comparable — for same nominal currents — with that achieved by published setups for
calibration of low-current meters with a display output [12], [13], [15], [32]; these setups, however, ask for absolute voltage
traceability. Lower calibration uncertainties than those here presented can be achieved, but with more demanding experiments
which include current ratio measurements with CCCs [4]—-[7].
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