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Cryogenic transimpedance amplifier for micromechanical
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D. Antonio,"® H. Pastoriza,"® P. Julian,>® and P. Mandolesi*”
! Centro Atémico Bariloche, 8400 S. C. de Bariloche, Argentina
2Depan‘amento de Ingenieria Eléctrica y Computadoras, Universidad Nacional del Sur,

8000 Bahia Blanca, Argentina

(Received 29 May 2008; accepted 25 July 2008; published online 19 August 2008)

We developed a cryogenic transimpedance amplifier that works at a broad range of temperatures,
from room temperature down to 4 K. The device was realized with a standard complementary metal
oxide semiconductor 1.5 um process. Measurements of current-voltage characteristics, open-loop
gain, input referred noise current, and power consumption are presented as a function of
temperature. The transimpedance amplifier has been successfully applied to sense the motion of a
polysilicon micromechanical oscillator at low temperatures. The whole device is intended to serve
as a magnetometer for microscopic superconducting samples. © 2008 American Institute of Physics.

[DOL: 10.1063/1.2970944]

I. INTRODUCTION

The study of phase transitions in confined systems, such
as the nucleation of superconductivity in mesoscopic
samples, has attracted a lot of interest lately because of the
dramatic modification of the physical properties as sizes are
reduced below certain characteristic lengths (the coherence
length and penetration depth in the case of mesoscopic su-
perconductors). Detecting the very small signals produced by
this type of samples is a challenging task for experimentalists
and new sensing devices often need to be designed.k5

The purpose of this work is to develop the readout
electronics for a Si micromechanical resonator used to mea-
sure magnetic properties in mesoscopic superconducting
samples.6 Having both small size and high Q, this resonator
allows the detection of small torques, associated with
changes in the magnetic moment, that are below the sensi-
tivity of traditional instruments such as superconducting
quantum interference device magnetometers. The resonator
motion is capacitively sensed and the amplifying electronics
must be capable of detecting very small capacitance varia-
tions, in the order of the femtofarads.

Capacitive detection is a technique broadly used in mi-
croelectrical mechanical systems. It offers low power, high
sensitivity, and relatively easy implementation. However
there are difficulties associated with capacitive detection
such as high impedance, parasitics, electromagnetic interfer-
ence (EMI), and cross-talk when electrostatic actuation is
used.””

In cryogenic experiments long wires are needed to con-
nect a sensor inside a dewar to the external electronics. The
parasitic stray capacitances and the electromagnetic pickup
noise introduced by these wires can be unacceptable when
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measuring very small capacitance variations. In these cases
it is necessary to install the amplifier as close to the sensor as
possible.10

The study of electronic systems operating at low tem-
peratures has been carried out for decades and a special at-
tention has been given to devices of the field effect transistor
(FET) family, given that bipolar transistors fail to operate at
temperatures below about 100 KM

Silicon complementary metal oxide semiconductor
(CMOS) transistors operated at low temperatures exhibit
several advantageous characteristics such as increased carrier
mobility, latch-up immunity, and reduced thermal noise.
Nevertheless a number of problems such as impurity freeze-
out and kink behavior are related to the operation at low
temperatures.12 Commercially available devices will gener-
ally fail or need special operating conditions at low
temperatures.13 The foundry usually provides physical pro-
cess information such as gate oxide thickness, doping con-
centration, or channel mobility. It also provides empirical
model parameters for circuit simulators such as the industry
standard SPICE."* These parameters are extracted from care-
fully measured devices at room temperature, but generally
cannot be extrapolated to very low temperatures. In this case
parameter extraction needs to be performed again for a
model that represents the region of operation of the device.

In this work we developed a two-stage unbuffered
CMOS operational amplifier with a p-channel MOSFET dif-
ferential input stage. First, we present the transimpedance
amplifier as a suitable capacitive detector for the microme-
chanical resonator. Next, we describe the different stages of
the design: transistor parameter extraction from low tempera-
ture measurements, circuit topology, required specifications,
and determination of operating currents and transistor sizes.
Finally, we evaluate the performance of the cryogenic trans-
conductance amplifier measuring the mechanical frequency
response of the microresonator at different temperatures.

© 2008 American Institute of Physics
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FIG. 1. Different configurations used in electrical capacitance detection. A
variation AC, in the capacitance C, produces a variation AV in the output
voltage V or a variation AQ in the total charge Q. In (a) charge is kept
constant (measurement device with infinite input impedance) and V=0/C
and AV=-V,(AC,/C,+C,). In (b) voltage is kept constant (measurement
device with zero input impedance) and Q=CV and AQ=VAC,. The advan-
tage of the second approach is that the output does not depend on the
parasitic capacitances represented by C,,.

Il. TRANSIMPEDANCE AMPLIFIER

There are two main approaches for the electrical mea-
surement of capacitance variation. The first approach con-
sists of keeping charge in the capacitor constant and
measuring variations of voltage and the second approach
consists of keeping voltage constant and measuring varia-
tions of charge.15 These two approaches and their response to
capacitance variations are represented in the schematics of
Fig. 1, where the stray parasitic capacitances are represented
by C,. The important advantage of measuring charge is that
the response is not affected by parasitic capacitances if volt-
age in the capacitor is kept constant.

An implementation of the second approach can be made
with a transimpedance amplifier, as shown in Fig. 2. One
plate of the capacitor is connected to the ground and the
other is held at a constant voltage V), by the operational am-
plifier, through the feedback impedance Z;. This constant
voltage reduces the effect of the parasitics.

The output V, is proportional to the capacitance varia-
tion 6C,, to the feedback impedance Zy, and to the bias volt-
age V,,. The total input capacitance inserts a zero in the trans-
fer function and the capacitor C; is needed in order to
introduce a compensating pole. This capacitor limits the
bandwidth of the circuit and its value should be optimized to
stabilize the circuit while keeping the bandwidth within the
required specifications.

lll. AMPLIFIER DESIGN

The specifications for the design have been determined
by the sensor requirements. The micromechanical oscillator

FIG. 2. Circuit diagram of the transimpedance amplifier. The negative feed-
back keeps voltage in the capacitor constant and equal to V,. This is an
implementation of the capacitance measuring approach described in Fig.
1(b). The output V,, is proportional to V}, Z;, and 6C, but does not depend on
the parasitic capacitances represented by C,,.
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resonant frequency is approximately 50 KHz and the maxi-
mum voltage that can be applied between the fixed elec-
trodes and the moving plate is about 10 V to avoid pull-in.16
The load capacitance is given by cable capacitances and the
input capacitance of the following amplifier stage.

In order to have an open-loop gain A=40 dB at the me-
chanical resonant frequency, the dc gain specification was set
to Ap=3000 with a gain bandwidth GB=4 MHz. For the
bias voltage V, we decided that a 1.5 V battery would pro-
vide a noise-free biasing voltage, within the oscillator stable
range limits. A supply voltage of 5 V was chosen to power
the device and a slew rate of 1 V/us was considered suit-
able for the design.

A. Transistor characterization and parameter
extraction

Given that the foundry only provides process parameter
information at room temperature (300 K), the basic CMOS
parameters are needed to be investigated at low tempera-
tures. For this purpose we used two available parallel arrays
of 1008 n-type MOS (NMOS) and 1008 p-type MOS
(PMOS) transistors, respectively. These transistors belonged
to the same fabrication process to be used for the operational
amplifier fabrication. The advantage of using two arrays of
small basic transistors instead of two large single transistors
is that in the design every transistor can be built with series
or parallel combinations of these basic transistors. Therefore
all the transistors used in the design are the same than those
used in the characterization measurements. The current-
voltage characteristics of the MOSFETs were measured at
different temperatures in vacuum inside a closed cycle APD
Cryogenics HC-2 cryogenerator where the temperature can
be varied between 23 and 300 K. The following simple
model'” was then used to fit the output Ipg versus Vpg and
transfer Ipg versus Vg curves:

KW
Ins= E(VGS_ V)2(1+\Vpg), (1)

with K= u,C,(W/L) where w, is the surface mobility of the
channel in (cm?/V s), C,, is the capacitance per unit area of
the gate oxide in (F/cm?), W and L are the effective channel
width and length, and N is the channel length modulation
parameter in (V~!'). Parameters K and V, were obtained by
taking the square root from Ipg versus Vg, and then apply-
ing a least-squares linear fit. The Early voltage V,=1/\ was
obtained from the Ig versus Vpg curves as the point where
the tangent to the saturation curve intersects the Vpg axis.
The output resistance is

ro= 1L ﬁ~ ()

Mps  Ips

The temperature dependence of the obtained parameter
values is shown in Fig. 3. The parameter K increases as the
temperature decreases from 120 K to approximately 40 K
because the surface mobility increases. This is due to the fact
that the lattice thermal energy decreases and the thermal
scattering of carriers is reduced. For lower temperatures the
mobility decreases due to the increase in nonthermal scatter-
ing processes such as those involving ionized impurities.18
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FIG. 3. PMOS and NMOS parameters as a function of temperature. The
amplifier was designed considering a simple model for the transistors work-
ing in saturation where Ipg=(KW/2L)(Vgs—V,)*(1+\Vpg). Parameters K,
V,, and V,=1/\ were extracted from the output /g vs Vg and transfer /g
vs Vgg curves.

The threshold voltage increases monotonically with decreas-
ing temperature mainly due to the temperature dependence
of the bulk Fermi level with ternperature.lg’19 Finally, the
Early voltage decreases with decreasing temperature, in
agreement with previous results.'®

B. Two-stage unbuffered operational amplifier

The chosen amplifier circuit topology is shown in Fig. 4.
It consists of a two-stage differential amplifier with unbuf-
fered output. The differential input was made with PMOS
instead of NMOS transistors because they present lower
flicker type noise? and less anomalous current-voltage char-
acteristics at low temperatures.21 Additionally, as a n-well
process is being used and both M1 and M2 are PMOS their
source and bulk terminals can be connected together and the
source of M5 can be connected to its own bulk terminal. If
these transistors were PMOS their bulk terminals would be

VDD |

. —
M8 F Ms || M7
5x5 5x80
Vo>
Ml M2
15 5x40

5x40

cc
_—
1.75 pF

ﬁFLJqﬁ Jq%o

FIG. 4. Schematic for the two stage unbuffered operational amplifier. M1
and M2 form the p-channel differential input pair. CC is a compensation
capacitor for improving stability of the circuit. IS is an external current
source.
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FIG. 5. Open loop gain vs frequency at 23 K. The dc gain is ag=71 dB.
The gain bandwidth is approximately 4 MHz. The two poles corresponding
to the two amplifier stages are located at p; =20 KHz and p,~300 KHz.

connected together through the p-substrate, and both M1 and
M2 would suffer the backgate effect®® (source not connected
to bulk and threshold voltage dependence on the backgate
bias voltage).

With the specifications already described and the ex-
tracted CMOS parameter values, we calculated the different
transistor sizes and operating currents. A description of the
design process can be found in Ref. 17. The resulting
transistor sizes were (LX W) as follows: M1 and M2:
5X40 um?, M3-M5: 5X5 um?, M6: 5X 180 um?, M7:
5% 80 um?, and M8: 5X5 um?.

The amplifier was made with a n-well CMOS standard
process, with two metal layers, two polysilicon layers and
poly-on-poly-capacitors. The final layout consisted of 34
PMOS and 38 NMOS transistors, each measuring 5
X5 um?. These transistors were identical to the ones used
in the characterization measurements. A value of 500 K
was chosen for the polysilicon feedback resistance Ry, which
is large enough to have a good gain and with a practical
value for circuit integration.

IV. PERFORMANCE MEASUREMENT

The open-loop gain, power consumption, and output
noise voltage were characterized at different temperatures.
For the open-loop gain measurement a 0.1 mVp.p. sine wave
with a 1.5 V dc offset signal was applied to the noninverting
input of the amplifier through a 120-1 voltage divider. Fig-
ure 5 shows the curve obtained at 7=23 K, the minimum
temperature reachable with this cryogenerator. The dc gain
ap=7T1 dB meets the design specification. The gain band-
width is approximately 4 MHz as designed but the two am-
plifier gain dominant pole frequencies do not comply well to
the design. Considering a second order model, each stage of
the amplifier contributes with a pole in the open-loop gain.17
The frequency of each pole can be obtained from the circuit
parameter values using the following equations:

- (Is/2)(Ny + Ny)Tg(Ng + \7)
53n46(:jc

12 ~ 1.4 KHz, (3)
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FIG. 6. Transimpedance amplifier power consumption as a function of tem-
perature. The sensor is connected to the amplifier but with its input terminal
connected to ground (no capacitance variation).

_ gm6cc
C1C2 + C2CC + CICC

where C; and C, are the capacitances to ground seen from
the output of the first and second stage, respectively. These
are the frequencies calculated from the parameter values as-
sumed in the design. The pole frequencies obtained from
Fig. 5 were p; =20 KHz and p,~300 KHz. This difference
could be due to an error in the estimation of certain param-
eter values at low temperatures, such as an overestimation of
the Early voltage. However, we compared the open-loop gain
curves measured at room temperature with simulated curves
(using the foundry extracted process parameters) and similar
differences in the pole frequencies were also found. There-
fore these frequency shifts are probably introduced by the
capacitance of the different bonding pads that were included
in the layout for testing purposes.

The low values of liquid helium density and latent heat
of vaporization make it important to keep power dissipation
low inside the dewar to maintain reasonable vaporization
rates. Our cryogenic equipment has a heat in-leak in the or-
der of tens of milliwatts and the electronic power dissipation
should be kept below this value. The amplifier was designed
to dissipate less than 1 mW and this value was verified ex-
perimentally. The power consumption was measured with a
picoammeter in series with the power source. The amplifier
was connected to the sensor output in the transimpedance
configuration and the sensor input was connected to ground.
Figure 6 shows the power consumption of the amplifier as a
function of temperature. The increase in power consumption
as temperature decreases is compatible with the increase in
carrier mobility.

In our case the main motivation to develop low tempera-
ture electronics is to increase the sensor sensitivity. Therefore
noise is a key concern. At low temperatures nonthermal
noise such as flicker (1/f)-type noise can become important.
It arises from processes such as random charge carrier trap-
ping in the silicon substrate/gate oxide interface and can
drastically increase when lowering the temperature.23 The
noise was registered with an EG&G 5302 lock-in amplifier
which provides a measure of the root-mean square value of
the output channel at the reference frequency and with a
known equivalent noise bandwidth. The amplifier was con-
nected to the sensor output in the transimpedance configura-

D> ~ 4.5 MHz, (4)
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FIG. 7. Transimpedance amplifier input referred noise as a function of tem-
perature. The sensor is connected to the amplifier but with its input terminal
connected to ground (no capacitance variation).

tion and the sensor input was connected to ground. The
reference frequency was set to S55KHz, which is the micro-
mechanical oscillator resonance frequency. The amplifier in-
put referred noise value was obtained by dividing the mea-
sured noise by the amplifier gain at that frequency and it is
shown in Fig. 7 as a function of temperature. As can be seen,
there is an initial decrease between 140 and 50 K probably
associated with the reduction of thermal noise. Below 50 K
there is a sharp increase in noise which peaks at about
26 pA/ V’E. In this temperature range, carrier freeze-out oc-
curs, producing kink effects in the saturation region which
may be related to an increase in noise.

V. APPLICATION TO MICRORESONATOR DETECTION

The transimpedance amplifier and the micromechanical
resonator were connected together inside the vacuum can of
a liquid helium cryostat. A function generator was then used
to actuate the micromechanical resonator with different volt-
ages and at different excitation frequencies.

Several frequency sweeps were recorded at different
temperatures in order to investigate the frequency response
of the micromechanical device. The capacitance variation
amplitude of the resonator proportional to the mechanical
oscillation amplitude produced signals well above the ampli-
fier noise level. The mechanical resonance curves are shown
in Fig. 8.

3.5

3.0+

25+

20

15+

1.0+

Amplitude (uVolts)

0.5+

0.0+

55988 55990 55992

Frequency (Hz)

55986 55994

FIG. 8. Micromechanical oscillator resonance curves. A 2 mVp.p. sine wave
with a | mV dc offset was applied to the sensor input terminal. Frequency
sweeps were performed to find the torsional mode resonant frequency of the
oscillator at different temperatures: 8, 30, 40, and 50 K.
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The amplifier worked well through all the range of tem-
peratures from room temperature to 4 K. Power consumption
was low enough to allow good temperature control of the
micromechanical resonator. Moreover, no increase in the rate
of liquid helium evaporation was detected after the installa-
tion of the amplifier inside the cryostat.
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