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Abstract—Storage systems based on scanning probe microscopy
incorporate an array of thermopiezoelectric cantilevers that re-
quire charge amplifiers with a wide frequency response but low
power consumption. We use an improved frequency compensation
method to enhance the in-band frequency response without requir-
ing any additional power. Measurements show that the prototype
chip draws the same 68 µA at 1.8 V as an unmodified design but
has a closed-loop frequency response that is ten times greater. The
chip was fabricated in a 0.18-µm standard CMOS process, and the
charge amplifier core occupies 0.042 mm2.

Index Terms—Charge amplifier, CMOS, data storage, fre-
quency compensation, lead zirconate titanate (PZT), microelectro-
mechanical system (MEMS), scanning probe microscopy (SPM),
thermopiezoelectric cantilever.

I. INTRODUCTION

THE STORAGE density of conventional hard disk drives
has continued to dramatically increase during recent

decades. However, the well-known superparamagnetic effect
will eventually limit the areal density of magnetic record-
ing methods. Although some methods such as perpendicular
recording are pushing at this limit, it is unlikely that densities
beyond the order of 1 Tb/in2 will easily be achieved.

Pioneering research [1], [2] has positioned scanning probe
microscopy (SPM) as a promising alternative to overcome
the density limit of magnetic storage [3]. Among the several
SPM-based approaches, atomic force microscopy (AFM)-based
storage is the most attractive since it offers the possibility of
achieving a storage density of 1 Tbit/in2 while also improving
the data rates and the reliability of the writing operation [2],
[3]. However, since the SPM technique is slow, we need par-
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allel operation of multiple cantilevers to achieve a reasonable
operational speed [2].

An AFM cantilever tip can perform read and write operations
using either a thermomechanical mechanism [1], [2] or a ther-
mopiezoelectric mechanism [4], [5]. In both cases, the writing
mechanism is similar [2], [4], but the reading mechanism is
different. In the thermomechanical mechanism, the tip is heated
to measure the change in thermal conductance in terms of
the thermal flow between the tip and the polymer substrate.
Consequently, the readout circuitry may consume a lot of
power in heating the tip [6]. However, in the thermopiezoelec-
tric mechanism, a charge is self-generated without consuming
power. Thus, the readout circuit only needs a charge amplifier
to convert the charge into a voltage signal.

Recently [5], the route toward integrated high-density
probe-based data storage has been pioneered, where a ther-
mopiezoelectric cantilever array constructed as a microelectro-
mechanical system (MEMS) was integrated with a CMOS
circuit at the wafer level. To achieve this integration and to en-
sure the parallel operation of multiple cantilevers, a low-power
high-density circuit design method is required. In addition, if
we use the thermopiezoelectric mechanism, parallelization only
increases the power requirements of the readout circuitry. In
this case, the charge amplifier should have a wide bandwidth
with low power consumption because charge amplifiers should
work fast enough to meet the required speed of the data stor-
age on a limited power budget. In this brief, we propose an
improved frequency compensation method to achieve this goal.
By implementing this method, the bandwidth of the main signal
path can be extended, whereas the common-mode feedback
(CMFB) signal path can separately be compensated to ensure
phase margins.

II. THERMOPIEZOELECTRIC CANTILEVER

Fig. 1 is a diagram of a thermopiezoelectric cantilever
fabricated as a MEMS [4]. As the cantilever tip encounters
indentations while scanning over the polymer media, charges
induced by the deflection of the cantilever are generated on the
piezoelectric capacitor, which is composed of a lead zirconate
titanate (PZT) film. This charge is generated by changes in
strain in the sensor, and therefore, no external power supply
is required. Fig. 2 shows a simplified circuit model of this
piezoelectric sensor. The charge is not generated by the absolute
strain but by the changes in strain as the dc component of
the output signal is eventually removed by the resistance RP .
Hence, the value of RP in the sensor is not a major concern, and
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Fig. 1. Diagram of the thermopiezoelectric cantilever [4].

Fig. 2. Simplified circuit model of the piezoelectric sensor.

Fig. 3. Charge amplifier connected with the PZT cantilever.

there is no initial offset problem. As a result, the cantilever out-
puts the relative displacement only. This simplifies the model
to be a charge source QPZT in parallel with a capacitance
CPZT. In this model, the charge is proportional to its sensitivity
SPZT and the vertical displacement Z of the cantilever tip. The
relationship among them is shown in the following equation:

QPZT = SPZTZ = CPZTVPZT. (1)

VPZT is the voltage generated if the piezoelectric sensor is seen
as an equivalent voltage source. The characteristics of the PZT
cantilever provided for the experiment are as follows: CPZT is
100–250 pF, SPZT is 0.615 fC/nm, and Z is 20–40 nm [4].

III. CHARGE AMPLIFIER

A charge amplifier is required to convert the charges in
the PZT cantilever into a voltage signal that can reliably be
measured [7], [8]. Fig. 3 depicts the assembly of the charge
amplifier with the PZT cantilever.

The operational amplifier (op amp) in the charge amplifier
transfers the charge generated in the PZT cantilever to the feed-
back capacitor CF . The charge stored in CF is then amplified to
output a voltage signal. The feedback resistor RF controls the
dc voltage at the input to the op amp, and it also determines the
low-side cutoff frequency of the whole charge amplifier marked
as 1/RF CF in the idealized frequency response of the charge

Fig. 4. Idealized frequency response of the charge amplifier.

amplifier, as depicted in Fig. 4. If we assume that the op amp
has infinite gain, the ideal transfer characteristic that relates the
input charge to the output voltage in the passband is given by

VO = −QPZT

CF
= −SPZTZ

CF
. (2)

To further reduce the environmental noise, the charge ampli-
fier is implemented as a fully differential circuit. We adopted
a two-stage differential folded-cascode op amp. In this con-
figuration, the op amp requires a CMFB circuit with an error
amplifier.

IV. FREQUENCY COMPENSATION

In a practical op amp, the open-loop gain and the gain–
bandwidth product are not infinite. Both of them must be traded
off against power consumption and circuit size [9]. Taking these
factors into account, the transfer characteristic of the charge
amplifier can be expressed as follows:

VO = − QPZT

CF

(
1 + 1

A(f) + CPZT
A(f)·CF

) . (3)

If we assume that the open-loop gain of the op amp is
very large, we can use the first-order approximation of this
equation, i.e.,

VO � −QPZT

CF

(
1 − CPZT

A(f)CF

)
. (4)

The value of A(f) must be sufficiently larger than the inverse
of the feedback factor CPZT/CF . If CPZT is 100 pF and CF is
100 fF, A(f) should be larger than 100 dB in the passband of
the signal to maintain the gain error around 1%.

Fig. 5 shows a schematic of an op amp with the general fre-
quency compensation, which has its dominant pole generated
by a large Miller capacitor C at the output of the first stage
and its nondominant pole at the output of the second stage.
This kind of general-purpose frequency compensation creates
adequate phase margins at the frequency at which the open-loop
gain of the main signal path declines to 0 dB. This requires a
large compensation capacitor but allows the op amp to operate
with any configuration of feedback factor. The operation of this
class of op amp can be better understood if it is visualized as
separate transconductance and output impedance stages. Fig. 6
shows a block diagram of this form and the frequency response
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Fig. 5. Schematic of an op amp with general frequency compensation.

Fig. 6. Block diagram and frequency response of the main signal path with
general frequency compensation (from INMAIN to OUT).

Fig. 7. Block diagram and frequency response of the CMFB signal path with
general frequency compensation (from INCMFB1 to OUT1st).

of the main signal path. Fig. 7 shows the block diagram and the
frequency response of the CMFB signal path. In the diagram,
the error amplifier ACMFB1 senses the center level of the differ-
ential output and compares the level with a preferred common-
mode voltage such as VDD/2. Then, the amplified error signal
is fed back to the gate CMFB1 of M9,10, as indicated in
Fig. 5. We used all-CMOS CMFB error amplifiers for ACMFB1

and ACMFB2, which have cross-coupled differential input pairs
with diode-connected output loads and require no resistors for
averaging the differential output to avoid resistive loading and
to consume less circuit area.

For the compensation of the op amp, a Miller capacitor C
is placed where the main path joins the CMFB path. The com-
pensation that it provides stabilizes both paths simultaneously.

Fig. 8. Schematic of an op amp with enhanced frequency compensation.

Fig. 9. Block diagram and frequency response of the main signal path with
enhanced frequency compensation (from INMAIN to OUT).

Fig. 10. Block diagram and frequency response of the CMFB signal path with
enhanced frequency compensation (from INCMFB1 to OUT1st).

In this case, if we want more bandwidth on the main path,
more power will be required. Since an op amp designed for
a PZT cantilever will only be used in a charge amplifier with
high closed-loop gain, we can use an alternative approach. If
the op amp is compensated at the point where the inverse of
the feedback factor, such as 60 dB with 100 pF of CPZT and
100 fF of CF , crosses the frequency response of the main path,
the bandwidth can be enhanced without any additional power
consumption. Moreover, a smaller compensating capacitor re-
quires less area. However, the CMFB path becomes unstable
in this situation since it was originally compensated together
with the main path by C and it still requires constant unity-gain
compensation. Hence, the method that compensates the overall
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Fig. 11. Photograph of the charge amplifier chip.

TABLE I
CHARACTERISTICS OF THE CHARGE AMPLIFIER

negative feedback system for the main path cannot directly be
applied to this fully differential circuit.

To solve this problem, a small capacitor CM is added be-
tween the gate of the transistor M9,10 and the output of the
first stage while C is removed. Fig. 8 shows a schematic of an
op amp with this form of enhanced frequency compensation
method. Now, the frequency response of the main path is
widened with a small value of CM , which moves the dominant
pole to a higher frequency, as shown in Fig. 9. However, this
method effectively enlarges CM for the CMFB path because of
the Miller effect. The equivalent capacitance CMIN seen from
the gate of M9,10 is approximately gm9,10ro-1stCM , where
gm9,10 is the transconductance of M9,10, and ro-1st is the equiv-
alent output resistance seen from the output of the first stage.
Hence, a small value of CM effectively provides a large com-
pensating capacitance for the CMFB path, and this path is sta-
bilized, as depicted in Fig. 10. Consequently, the main path and
the CMFB path can be suitably compensated independently.
This method is also efficient in terms of power consumption
and area.

V. EXPERIMENTAL RESULTS

To assess the effectiveness of our enhanced frequency com-
pensation method, a prototype chip was fabricated and mea-
sured in a 0.18-µm CMOS process with a 1.8-V power supply.
Fig. 11 shows a photograph of the charge amplifier chip.
The circuit core occupies 0.042 mm2. The core of the charge
amplifier consumes 68 µA with an open-loop dc gain of 125 dB.
Table I summarizes the characteristics of the charge amplifier.

Figs. 12 and 13 show the simulated open- and closed-loop
frequency responses of the charge amplifier before and after
compensation. The value of CPZT is 100 pF and that of CF is
50 fF, to make the ideal closed-loop in-band gain 66 dB. Simu-
lation results show that the closed-loop gain is almost matched
above 64.5 dB. The enhanced frequency compensation widens
the high-side cutoff frequency of the closed-loop response from
6.2 to 79.5 kHz.

Fig. 14 shows the measured closed-loop frequency response
of the charge amplifier chip, when it is driven with a func-
tion generator that provides a signal that corresponds to the

Fig. 12. Simulated open-loop frequency response of the charge amplifier.

Fig. 13. Simulated closed-loop frequency response of the charge amplifier.

Fig. 14. Measured closed-loop frequency response of the charge amplifier.

voltage produced by the PZT cantilever, viewed as a voltage-
equivalent circuit. CPZT is set to 140 pF, and CF is set to
50 fF. For testing purposes, RF is set to 10 GΩ since the
physical actuator for driving the PZT cantilever has to be driven
with a low frequency such as 10 Hz. They correspond to 68 dB
of the ideal closed-loop in-band gain. CF is implemented as
a metal–insulator–metal capacitor on the chip, whereas CPZT

and RF are surface mounted on the test board. The in-band
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Fig. 15. Environment for testing with a PZT cantilever.

Fig. 16. Actuator driving signal and measured waveform of the charge
amplifier output.

frequency response range of the charge amplifier over the gain
of 65 dB is increased from 6.5 to 65 kHz by the proposed
compensation method.

To assess the performance of the charge amplifier, it was
directly connected to the output of a PZT cantilever with a
flexible flat cable. The environment for testing is shown in
Fig. 15. The cantilever was continuously driven by the actuator
with a square signal at 10 Hz, which generated about 30 nm
of vertical displacement of the cantilever tip. Fig. 16 shows
the actuator driving signal and the measured waveform of the
charge amplifier output. To reduce the effect of noise on the
output, it was averaged on the oscilloscope. The peak-to-peak
output voltage was about 840 mV. Assuming that the amplitude

is 420 mV, and knowing that CF is 50 fF, we can determine that
the output charge is 21 fC. This corresponds to a sensitivity of
0.7 fC/nm, which shows a good match to the sensitivity of the
provided cantilever for this experiment [4].

VI. CONCLUSION

The limited speed of SPM-based storage requires parallel
operation of multiple AFM cantilevers. In this configuration,
the thermopiezoelectric cantilevers require a charge amplifier
with sufficient bandwidth and low power consumption. We
used enhanced frequency compensation to extend the frequency
response of a charge amplifier while limiting its power con-
sumption. Measurements show that the method is effective and
requires no additional power.
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