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A low noise transimpedance amplifier for cryogenically cooled quartz
tuning fork force sensors
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We have designed and built a low noise, broadband transimpedance amplifier that allows for sensing
both the amplitude and phase of an oscillating quartz tuning fork for a cryogenic atomic force
microscope. The circuit uses a global feedback scheme, where the input stage, located next to the
quartz tuning fork at low temperature, is followed by an operational amplifier stage operated at room
temperature. At 4.2 K, wita 1 MQ) metal film feedback resistor, the amplifier yields an output noise
floor of 2x 10”7 V/\/Hz and a bandwidth of 200 kHz. When it is used with a commercial 32 kHz
quartz tuning fork, the calibrated sensitivity at 4.2 K is determined to be @0/@m. © 2002
American Institute of Physics[DOI: 10.1063/1.1487890

I. INTRODUCTION ~10 wV,” or a current signal of-1 nA2 Our specific goal is
to develop a transimpedance amplifier for measuring both

The atomic force microscopéAFM) uses a force- the amplitude and phase of the alternating current in re-
sensing cantilever, whose deformation is monitored by a lasponse to the excitation voltage. The amplifier must be lo-
ser as a feedback signal for topographic imadirg.fre-  cated in close proximity to the quartz tuning fork. In the
qguency modulation technique using a hi@hcantilever has following, we will present the circuit design, construction,
been shown to have advantages such as a large signal 4md its characteristics.
noise ratio and a high bandwidtiThe piezoelectric quartz
tuning forks(QTF9 are low cost, stiff, high imQ, and they Il. THE TRANSIMPEDANCE AMPLIFIER CIRCUIT
provide self-sensing. Therefore, the use of quartz tuning fork  The circuit schematic is shown in Fig. 1. The portion
in near-field scanning-optical microscdper AFM* systems  enclosed in the dashed box is to be cooled to 4.2 K. There
has attracted a lot of interest. In these scanning probes, are two stages. The first is a source follower, which provides
oscillating QTF interacts with the sample surface. Changesa low output impedance, high input impedance, and a wide
in the resonance frequency, the oscillation amplitude, obandwidth. The characteristic low output impedance is useful
phase can be used for feedback control. The QTF can bie driving a 50() coaxial cable. The second stage is a low
mechanically shakénby a piezoelectric dither, and the in- noise, wide band operational amplifier with a large voltage
duced voltage across the two tines is measured. Alternativelgain. The feedback loop is completed by resistaRgésee
the QTF can be driven by a voltage with a frequency close td-ig. 1). Similar two-stage transimpedance amplifiers have
its resonance frequency, and the induced current ibeen used for high impedance infrared detector amplifier at
monitored? We prefer the latter, because in our AFM systemlower frequencieS.The principle of global feedback is ex-
the tuning fork is mounted at the end of the scanner tube. Wplained in the following. Le#A;(w) andA,(w) be the volt-
found that the vibration of a dither mechanically couples toage gains of two amplifiers in series. With Bp feeding the
the scanner tube and often interferes with the raster scasutput ofA, to the input ofA;, the transfer function with the

function. shunt—shunt feedback configuration can be derived to be
Operating an AFM at low temperatures allows observa-

tion of phenomena with a reduced thermal excitation outpu( @) =Ry Ar(@)Ax() ) (1)

energy? However, the use of cryostats has an associated high linpuf( @) 1+ A (w)Azx(w)

(r(_asis_tance—papacitar)_céme constant caused by long or  The gain is— Ry whenA;(w)A,(w)>1, and this is usu-
thin signal wires. As will be discussed later, the large capacially the case until the frequency is near the cut off frequency
tance from the signal wires induces excess noise and reduces A, (w)A,(w).

the bandwidth. Based on published data, a resonantly driven The source follower uses a single GaAs metal—
quartz tuning fork typically generates a voltage signal ofsemiconductor field effect transisttMESFET). Figures 2a)

and 2Zb) show the typical current—voltage characteristics of
aAuthor to whom correspondence should be addressed: electronic maitn® MESFET at room temperature and at 4.2 K, respectively.
yang@eng.umd.edu In comparison with its room temperature characteristics, the
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In operation, the dc offset at the noninverting input of
the operational amplifier, V3, is first adjusted to nullify the

1 1

' R é_‘ '_”__] i output voltage _for cor_nvenience. Both the feedback resi_s_tor
i oTF cf - . and the gate bias resistor have a built-in parallel capacitive
| cact ! 3 ot component of approximately 0.2 pF. The transimpedance
! Co=  in oy i o gain of the entire amplifier is characterized by sending a
i o i known i, to the input, and the output voltage is measured
1L " . to be approximately-i,,,R; at low frequencies. The band-
T U i l e width is determined by the impedance of the feedback resis-
1 =~ :

T tor, the frequency response of the amplifiers, and the imped-
FIG. 1. The circuit diagram of the discussed amplifier. Enclosed in theanf:e at the Input. The bandwidths, measured by HPA194A
dashed box is the quartz tuning fork and the first source-follower stage. Fogam'ph_ase analyzer, are found to be_ 10, 44, and 200 kHz,
observing the thermal mechanical noise, the “in” terminal is shorted to therespectively, forR;=100 M(Q (carbon film), 10 MQ (metal
QTF. film), and 1 M) (metal film). These resistors typically have

a parallel capacitance of at least 0.2 pF from packadBat

current—voltage relation at 4.2 K becomes more nonlineafNe actual equivalent circuit is more complicajed.

and the transconductance decreases. Nonetheless, the direct 1€ resonance frequency of the Qs measured by an
current(do) bias point of the source follower can be accu- MPedance analyzéHP4194A4 to be~32768 Hz at 300 K,
rately determined oncB, andV, are given. Because of its a_nd~_32 711.5_ Hz_at 4.2 K._ Based on the standarq equivalent
less-than-unity voltage gain, the bandwidth of a source f0|_C|rcu_|t shown in Fig. 1, a fitting to the measured impedance
lower is extended to the cutoff frequency of the transistorProvides — these — components:R=2.09803K),  C,

For example, wittR.=100Q andV,=2 V, the voltage gain _ 4-01711fF,L=5.89277 kH, andC,=1.76309 pF.Q at

is 0.4, but the bandwidth extends beyond 100 MHz. We usé-2 Kis calculated to be-5.77x 10"

an OPA602 operational amplifier as the second stage, for it

offers a reasonably high gain-bandwidth product and low|. NOISE CHARACTERISTICS

noise. As shown in Eq.(1), what counts is a large ] .

Ay(0)Ay(w). The nonlinearity and less-than-unity voltage ~ With @ QTF as the only load at the mpgt, we have mea-
gain of the first MESFET stage are unimportant here, beSured the noise spectral densitySD) (in Vi,,/Hz) at the

cause of the use of feedback and the high gain of OPAG02Voltage output for a variety of operating conditions by a
dynamic signal analyze(HP35665A. The QTF does not

bring additional signal to the noise spectra when it is off
resonance, apparently due to its otherwise large internal im-

60 pedance. For example, Fig(a® shows the NSD forR;
—_ (a) =100 MQ at 300, 77, and 4.2 K. Similar noise data Ry
E | =1MQ are shown in Fig. ®). At low frequencies, the
= 40} 4 3 noise reflects a~1/f* feature &=1), inherited from the
2 / operational amplifier and the MESFET. In the flatband re-
3 4 gion, there is amplified input voltage noise, and the gain
< 20} 7 4 [defined to be 1B(w), see Eq(4) later] is determined by the
a feedback network! At frequencies higher than the flatband,
the noise decreases owing to the diminishing daifo un-
0 , " " ; derstand the NSD, we have followed the standard analysis
s techniqué!? and arrived at the following:
< (b) Vi N T GO 2v2 4kgTR
E 7 ] total,rms(w) - 1+ A(w)B(w) in,rms(w) +4Kg TRy,
S 40 Z where 2
3 , o
-g 20 3 Alw)= o
o 1+—
g o
%.0 05 1.0 15 2.0 25 and ©)
Drain Bias (Volt) Z ()
Blw)= 5 : (4)
FIG. 2. The MESFET characteristics in the common source configuration at Zg(w) +Zi(w)

(a) 300 and(b) 4.2 K. The drain current is shown as a function of a sweep- 2 -
ing drain bias and the gate bias is ranged frongfudly on, high drain Here’VtOtaLfmS(w) is the NSD measured at the output,

2 . » . .
current to —2 V (zero drain current with —0.1 V per step. The transistor, Vinmd @) is the equivalent input NSD at the gate terminal of
3SK188, is a depletion mode;channel GaAs MESFET. the MESFET, 4gTR; is Johnson noise d&;, A, is the open
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FIG. 4. The noise spectrum of a quartz tuning forkat300 and(b) 4.2 K.

FIG. 3. The noise spectral density mes Hz as a function of frequency The circles are the measured data. The solid line is calculated by using the
from dc to 102.4 kHz fo(a) R;=100 MQ; and(b) R;=1 MQ, at 300, 77, equivalent circuit of the QTF at the input. The dashed line is from fitting a
and 4.2 K. Except for the quartz oscillation near 32.768 kHz, a few spiked.orentzian line shapépredicted by the driven-damped harmonic oscillator
are identified as coming from computer, monitor, and digital switching. Themode). The thermal vibration amplitude in pmﬁm is obtained from nor-
solid curve in Fig. 8) is the simulated noise spectrum for 300 K wiRa malizing theuV/\/m scale by the sensitivity.
=100 MQ, and it is vertically offset for clarity.

We note that a large input capacitance at the dkte
beled asC;, in Fig. 1) will likely increase the noise because

loop gain of the operational amplifien, is the pole fre- ) . . .
b9 P Pieho P that reduce&y and results in a higher noise gain, see &j.

qguency of the operational amplifier,B) is the noise volt- . . .
age gainZy() is the impedance in front of the gate termi- E‘Efl’_“kcase’dtge p“mei CIFCIUIt %Ocl':lrd tf;ﬁt carries th(?[. |\/|Ets-
nal, andZ;(w) is the impedance of the feedback resistor. We_ — "’ fs’ atnh f_’l_lfan d?h@? apel_ ?[SZ tinz orlleTchenllme er
have numerically calculated the NSD using E¢®)—(4). away from the QTF, an in IS IMited a pr. The low

Take R;=100 MQ) at 300 K for an example, the calculated oou”té)u;rré?_e izn;?eRg.'r:];atrglngvggzlg?‘)m(gnihtee;Og;? e
result shows excellent agreement with the measured spec- W v '9 peratu

trum from dc to 102.4 kHz. In the calculatiod, ,,d ») is through a 1.5 m long, 50} coaxial cable. The nel e for

the sum of the spectral density of two componefits:the miniature cogxial cables is typically more than 100 pF/m.
equivalent input voltage noise of the operational amplifierHowever’ using the feedback scheme report(_ad @igseis
that propagates to the gate, &l the drain current noise of now isolated from the feedback loop, as evident from data
the MESFET. According to Eg4), the noise gain, 3(w), shown later.

defines a pole af,e=1/(2mR:C¢) Hz and a zero af ¢
= 1[27(R; IR (C; IC;)] ~ L[ 27 (Re)(C(IC;)] Hz. IV. APPLICATION ON QUARTZ TUNING FORK FOR

The impedance of the source can thus drastically influencgORCE SENSING

the noise spectrum. For example, wheg,<f e, the noise Adding the QTF at input allows us to directly measure
spectrum develops a peak near the cutoff frequency. Sudls mechanical thermal noise at its resonant frequency. At 300
peaking in noise gain near cutoff is likely to cause instability.K, such resonance is observed near 32 768 Hz. At 4.2 K, the
The remedy is to minimize the noise gain in the frequencyresonance becomes narrower and is shifted3@ 711.5 Hz.
range of interest, e.g., by removing the input capacitance. Allsing R;=1 M(), the noise near the resonance frequency is
of the feedback resistor, a largg is preferred. Although its  shown in Figs. 4a) and 4b) for 300 and 4.2 K, respectively.
Johnson noise is increased, the transimpedance gain is liWithout an external excitation voltage, the QTF is only
early proportional toR;, and thus the signal to noise ratio driven by the thermal energy. The shape of the NSD has been
scales up as/R;.*? Due to the inherent parallel capacitance, explained by a driven, damped harmonic oscillator pictdre.
the bandwidth is still limited by the time constaR{C; . However, we find that although the data can be roughly de-
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scribed by the Lorentzian line shape predicted by the har- Our development of a cryogenic transimpedance ampli-

monic oscillator model, a better fit can be obtained by usindier facilitates the use of a quartz tuning fork in force sensing

the equivalent circuit of the QTF described in Fig. 1, with theat cryogenic temperatures. In the future, we can further im-

component values measured and fit by the impedance anprove the performance. First, the frequency compensation

lyzer. The simulated noise spectra are shown in Fig. 4. At 4.3cheme, using an additional resistor and capacitor (pir

K, the deviation from a simple harmonic oscillator is not asandC, in Ref. 9 in the feedback loop to shift the zero and

substantiated as that at 300 K. pole frequencies, can be applied to further extend the band-
We can use the thermal excitation to calibrate thewidth to ~(1+A)/[R¢{(Ci,+Cs)]. Second, other wider

sensitivity> which is defined to be the ratio of the measuredgain-bandwidth second stage amplifiers could be used.

output signal(in volts) to the QTFs vibration amplitudén

meters. The sensitivity is a figure of merit, since it indicates

whether the measured output signal is able to distinguish a

small vibration.(A separate but related merit is the signal to AcKNOWLEDGMENTS
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. TooN P 10Raltron R38-32.768 kHz quartz tuning fork. The tuning fork is sealed
determined to bevrmS/ <X )—30.8,uV/pm. Slmllarly, at hermetically in a can, and the vacuum seal survived multiple thermal

300 K,.due to thermal broaden.ingrms rises to 90% of its cycling. The dimensions are: lengt8.636 mm, width-540um, and
saturation value (38 1076 V) with §f=1.25 Hz. The cal- thickness=232 um. The Young's modulus is 7:810'° N/m?.

culated /<X2> at 300 K is 1.25¢ 10 12 m, yielding a sensi- llBL'JI.'I'—B.I'OW'n. application note AB-050, “Compensate transimpedance am-
plifiers intuitively,” available from http://www.ti.com.

tivity of 2.8 uV/pm. Cooling the QTF from 300 to 4.2 K 12p R Gray and R. G. MeyeAnalysis and Design of Analog Integrated
increases the sensitivity by a factor of 11. Circuits (Wiley, New York, 1977.
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