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Variable-temperature scanning optical and force microscope

P. S. Fodor,? H. Zhu, N. G. Patil, and J. Jevy
Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

(Received 5 March 2004; accepted 31 May 2004; published 14 Septembgr 2004

The implementation of a scanning microscope capable of working in confocal, atomic force and
apertureless near field configurations is presented. The microscope is designed to operate in the
temperature range 4—300 K, using conventional helium flow cryostats. In atomic force microscope
(AFM) mode, the distance between the sample and an etched tungsten tip is controlled by a
self-sensing piezoelectric tuning fork. The vertical position of both the AFM head and microscope
objective can be accurately controlled using piezoelectric coarse approach motors. The scanning is
performed using a compa2tY Z stage, while the AFM and optical head are kept fixed, allowing
scanning probe and optical measurements to be acquired simultaneously and in concert. The free
optical axis of the microscope enables both reflection and transmission experiments to be
performed. ©2004 American Institute of PhysicDOI: 10.1063/1.1784560

I. INTRODUCTION mum longitudinal and transversal fields of up to 2 and 8 T,
respectively. The sample chamber height difference between

The invention of the scanning tunneling microscbpe th ats | ted usi tender tube which
marked the beginning of a revolution in surface characteriza- € cryostals IS compensated using an extender tube whic

tion and manipulation techniques, including atomic force mi-ze?r/]es as tb?th tﬁn flectrlca{ and. mtichamcall mter:faci. F‘.)r
croscopy(AFM), magnetic/electric force microscopy, scan- oth cryostals the temperature in the sample chamber 1S

ning capacitance microscopy, and many others. Thén_onitored using thin film resistance temperature sensors
g P Py y with an accuracy better then 10 mK B 10 K.

development of near field scanning optical microscopy The mi bodv i hined f ingle oi ¢

(NSOM)2 has revitalized the field of optical microscopy by hi N rgllcrolscope N Y'iﬂma& ine tronga sing eCp|ece 0

enabling the diffraction limit to be surpassed. Increased spa- achinable glass ceramic aggxccura us Leramic or}:):
esides its low weight and the capability to be machined

tial resolution is particularly important in studying nanoscale v with tal tools. M has hiah hanical
objects such as quantum wires, quantum dots and single mofas'y With common metal tools, Macor has high mechanica

ecules, where the properties of single structures are of intefelnd dielectric strength, allowing electrical wiring to be per-

est. With NSOM, the limits imposed by the far-field excita- formed without supplementary isolation. More importantly,

tion or detection are circumvented using small apertures sucxi%c_’g/ Pgs ahllor\]/v_ thermal %Tpansm?h coeffl|<g|e(rm::9.3
as the specially prepared fiber eﬁdﬂigher spatial resolu- ). which is comparable over the working tempera-

tion has been achieved with so-called apertureless NSOI@JéeGra?g% /t?Cthe other ;ggztruction materialz: Ct:itanKum
(ANSOM),? in which light is scattered from a scanning ~— < X . ), Sty,caSt ) epox&Emerﬁsoon uning
probe tip and detected in the far field. and the piezoelectric cerami¢a=7.5X10"°/°C) used for

Here we report the development of a combined AFpMotion control. :
and high resolution optical microscope, designed to indepen- 'The main part§ of the microscope are XnﬁZstage on
dently acquire force and optical measurements over a wid hich the sample is T“OU”‘ed' an AFM head opgratlng above
temperature range and at high magnetic fields. The systemﬁ e sample and a ,h'gh numerical apert_ure °bJeCF(_N’“)
both compact and modular, capable of operating in a variet:O'S' Partef operating from below. Placing the optical ob-

of configurations, including ANSOM which gives the highest ect'ive in thg cryostat.is an importa'mt step .in improving the
resolution of any optical technique. The working principle optical spatial resolution. The vertical motion of the AFM

and design of the microscope will be described, along wit ead and objective is independently controlled using two in-

representative data illustrating its capabilities. ertial p|ezo<_al_ectr|c coarse appl_roach moto_rs. Dur_lng scanning,
the XY position of the AFM tip and optical objective are

fixed, while the sample is scanned in-plane, allowing force

ll. SYSTEM DESIGN and confocal optical images to be obtained simultaneously

A perspective view of the microscope is depicted in Fig.and independently. The optical resolution can be further in-
1. The body of the microscope is cylindrical with a height of creased using the ANSOM configuration, in which the opti-
14.50 cm and a diameter of 3.55 cm, and is designed to fit igal image is reconstructed from the light scattered by the
a conventional helium flow cryostat. In particular, two cry- AFM tip.®
ostats are currently employed: a nonmagnetic Oxford optistat
bath cryostat and a Janis magnetooptical cryostat with maxia. AFM module and feedback assembly

The AFM module of the microscope uses a quartz tuning
¥Electronic mail: psfl@pitt.edu fork sensor for feedback. This choice is motivated by two
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FIG. 2. Schematics of thi situ single FET amplifier.

quartz tuning fork produces a piezoelectric response in the
quartz. The phase of the response is maintained by changing
the driving frequency with a phase-locked lo@pasyPLL,
Nanosurf AGQ. The frequency shift required to keep the
phase locked provides the feedback signal. The phase-locked
loop allows the bandwidth of the system to be incredSetf,

as compared to the constant frequency ndtevhere the
high Q translates into a slow response in the feedback loop.

FIG. 1. Schematic drawing of th ) ) e ical At cryogenic temperatures, the signal-to-noise ratio is
. 1. Schematic drawing of the scanning microscafig:upper optica e e
port, (2) lower optical port,(3) Macor case(4) AFM head coarse approach significantly reduced, due to the large capacitive load of the

assembly(5) tuning fork sensor6) Ti sheet for contact pressure adjustment cables compared with the very small capacitance of the
in the coarse approach moto(g) sapphire ball(8) coarse approach motor quartz tuning fork. For the tuning forks employed, the power

shaft,(g) optical objective(10) XY Zstage,(11) microwave connectors, and |gss at resonance is typically smaller than 10 nW. For Opti-

(12) piezostacks. mal performance, a transimpedance amplifier is placed close
to the sample. A single GaAs low noise field effect transistor

factors:(1) a desire to achieve a compact design compatibl¢FET) (EPB018A5-70, Excelics Semiconductpris em-

with multiple cryostats, while keeping the axis of the micro- ployed, which can be operated over the entire temperature

scope open for both transmission and reflection experimentsange without adjustmeriFig. 2). This simple design allows

and (2) the need to avoid artifacts from the scattered lasebias voltages to be applied between the tip and the sample,

used for monitoring the cantilever motion. which was not possible with a previously employed scheme
The tuning forks used have a resonant frequefigy using a symmetric pair of field-effect transistdfs.
=32 kHz and quality factor® ~ 10* in air. TheQ degrades The frequency output from the phase locked loop is fed

when the tip is attached to one of the prongs. However, qualinto a commercial scanning probe control{®$Scan2™ con-
ity factors for tip-equipped forks ofQ>2000 are readily troller, Pacific Scanning Corpwhich closes the feedback
obtained in air at room temperature, with further increases awop and acquires images. This tip—sample distance is regu-
the microscope is cooled. Tips are produced by attaching kated using a piezostack mounted above the AFM head. The
12 um tungsten wire to one of the tuning fork prongs. Silverstack is fabricated out of 14 washer-shaped piezo elements
epoxy is used so that bias voltages can be applied to the tigStaveley NDT Technologig¢poled along the stack axis. The
via the tuning fork electrode. The fork is then mounted on an
electrochemical etching station, which uses a KOH electro-
lyte held in an iridium loop. The electrolysis reaction breaks
away part of the tungsten wire leaving a tip with a radius
smaller then 10 nri.Since the tungsten tip is glued perpen-
dicular to the tuning fork prong the sensor is operated by
oscillating the tip parallel with the surface normalrather
than in the shear mode originally employed with fiber tips
attached along the length of the fork.In this configuration,
the tip experiences higher force gradients which translate
into increased resolution. Also, in the apertureless near field I—‘ =V
configuration, oscillation along the direction (toward the <
sample is the preferred mode for ANSOM. r@l

In the tuning fork based AFM, the feedback loop can be Jf
implemented by sensing changes in the tuning fork reso- GRD
nance frequency and oscillation amplitude and phase with () L -V
respect to the driving signal. Keeping one of these param-
eters constant allows a feedback loop to control the positiofi!G. 3. (8) Perspective view of thXYZstage(1) Quadrant piezotubeg?)

of the tip relative to the sampfe’ In our setup, the tuning U&nium base(s) sapphire sample plates) Macor base(S) L shaped tita-
nium plates,(6) microwave connectorg,7) electrical pins, and8) macor

fork i§ driven mechanically at resonance using a Sma” Pi€ZO0fame. (b) Opposite voltages applied to electrode pairs while the center
electric mounted under the tuning fork. The deflection of theelectrode is grounded, bend the piezotube in the field direction.
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g B FIG, 5. Amplitude of coarse approach step vs maximum applied voltage at
§ T=220K (M) and (@) and 5K (d) and (@), respectively, Positive
- voltages correspond to motion against gravity.

~—~-~THo spheres. The half spheres self-orient to match the planar sur-
(b) 0 Time T face of the sapphire sample plate, and provide a friction sur-

face that allows slip—stick coarse motion in t¥ plane'®
FIG. 4. (a) Side and bottom view of the objective coarse approach motor:
(1) Macor case(2) sapphire plateg;3) piezostacks, anf4) shaft.(b) Se-
quence of voltages applied to the six piezostacks. C. Coarse approach motors

The vertical position of the AFM head and the optical

14 elements are divided into two groups containing four ancPbjective can be independently set using two similar coarse
ten elements, respectively, so that three different ranges agpproach motors. The motor is based on a six piezostacks
accessible depending on the number of chips used. At highélesign holding a Macor inner shaft shaped like a triangular
temperatures, typically only four elements are requiredprism,” as shown in Fig. @). Each stack is made out of four

while at the lowest operating temperatures all of the elementiectangular shear plates, 10 mm8 mmx 1 mm (PZT 5 A,

are used. Staveley NDT Technologig¢s Highly polished sapphire
plates(0.25 mm thick are glued on the stack and shaft sur-
B. XYZ stage faces to provide an even and flat mechanical contact. While

XY 7st desi iivated b dqf two pairs of piezostacks are fixed in the microscope case, the
stage design was motivated by a need for compacty,;q pair is tightened against the shaft using a titanium sheet

'T'Essé aqd thebabmté/ to allciw both AFM alnd. optflcal aCCESSWrapped around the motor. Changing the tension force on the
€ design IS based on a planar one employing four qua ralmanium sheet through six screws allows the contact pressure

Elle;oztzbes (EZ'I;) SA’ Odlf.\melter:S..lS rrllm, Ieng? to be adjusted. The force is applied at one point through a
=15.24 mm, Boston Piezo Optics Ipqreviously propose sapphire ball to allow even distribution. In order to insure

. 15 .
by Liebermaret al. ™ The arrangement of the four piezotubes that the stacks and shaft are flat and parallel to one another,

1S del\'j'CtEd f'n Fig. eﬁ)l Otﬂe ephd O.f each tubteéstﬂxedl_rlgr:dly ﬁ:e piezo stacks are epoxied to the microscope with the shaft
in a Macor frame whtie Ihe ofher IS connected fo an L snape place allowing the entire motor to self-align.

titanium plate holding a square titanium support plate. When When voltages are applied to the piezostacks they shear

olpp?sf;a pola:]l_tly \;(r)]ltqges ar(T a;t)pl(ljed.to one pdalzjoir?ppqsltt?n the vertical direction. In order to translate the inner shaft,
electrodes, while the inner electrode 1S grounded, the piezoy voltage sequence is applied to the six stacks as shown in

tube will bend in the direction of the applied field. Thus, Fig. 4b). The voltage on each stack is ramped rapidly to a

mgtlondog the slample pl)tlate n ]fh)é orIY d're‘f[t'%n tca? be maximum value, set programmatically using a multi-channel
induced by applying voltages ot equal magnitude 1o two 0p~ g ;s digital-to-analog PCI card. The voltage is then ramped

posite piezptubes{Fig. Ab)]. Simultaneous_ly b_ending all down at a much slower rate. This allows a stick—slip motion
four tubes in the upward or downward direction leads % both the optical objective as well as the optical head to be

rrr_(;_tlon in the \;etrtlcal glrect[[(r)]n. Baltanlcedlthlgh \;olt?r?e am-yerformed. The translation motion is limited only by the
plifiers are used to produce the control voltages for the qua Shysical length of the shafts.

rant piezotubes. The voltage signals controlling Xh€Z mo-
tion are connected to the stage thrqugh 20 pins placed on tf]ﬁ MICROSCOPE PERFORMANCE

two sides of the Macor frame holding the piezotube assem-

bly [Fig. 3@)]. The pin assembly, together with two micro- The performance of the microscope was thoroughly

wave connectors for rf sample biasing, provide a secure mdested over the entire temperature range, from 4 to 300 K. A
chanical connection to the main frame of the microscopeprimary concern was that the inertial coarse approach motors
The sample is mounted on a sapphire plate resting on top gferform well over the entire temperature range-300 K)

the titanium support plate on three polished sapphire haland against gravity, without having to adjust the contact pres-
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FIG. 8. Confocal setup with a balanced photodetector and lock-in detection.

FIG. 6. Temperature performance of tK& Z stage. . . .
P P 9 room temperature, a range ofién is achieved in botbX and

Y directions. This value agrees well with the estimated value
sure. These conditions are met with the present design. Thef about 5.8um for the quadrant piezotubes used at a maxi-
step amplitude versus the maximum applied voltage is premum applied voltage of 200 V. The scanning range de-
sented in Fig. 5 for two different temperatures. As expectedgreases monotonically as the temperature is lowered, in ac-
the step size at the same applied voltage decreases by a faordance with the temperature dependenceleffor PZT-
tor of 3 as the temperature is decreased to its lowest value§,A. The limitations of the reduced scanning range at low
corresponding well to the decrease in the response of thiemperatures, about AimXx1 um at 5 K, can be overcome
piezo shear stacks. Reproducible steps as small as 10 nm afsing stick—slip coarse motidfi.From the AFM images it
obtained both at room temperature, as well as at 4 K, botlgan be seen that the pattern of the Si grating is well pre-
along and against the direction of gravity. The step size iserved. The width of the grooves is almost equal to that of
consistently about two times smaller in the upwards directhe steps, showing that the tungsten tips used are sufficiently
tion, which is expected due to the downward force of gravity.sharp to avoid artifacts arising from the convolution of the
Compensation schemes, such as using well-matchestep with the sample surface structure.
counterweight® are not required, and would also add to the ~ Figure 7 shows independently obtained topography and
design complexity. confocal images of a two-dimensional quartz grating with

Silicon calibration gratings are used to calibrate the mo-
tion of theXY Zstage and test its maximum ran@ég. 6). At

N
=
E
=
w
>
o
]
@
=
o
&
w
0.1 L 1 1
-10 -5 0 5 10
(b) Voltage (V)

(b)

FIG. 9. () AFM image of a strain BaTi@thin film grown on Si, taken at
FIG. 7. Images obtained usiri@) AFM and (b) confocal scanning optical 10 K. (b) Piezoresponse signal obtained by cycling the voltage between the
microscopy of a quartz calibration grating at room temperature. tip and the sample.
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hole dimensions 500 n500 nmx 200 nm, spaced Lm and optical measurements from room temperature down to
apart. The confocal setup employs a beam expander with 4 K. The ability to spatially correlate the structural and op-
pinhole to reject the scattered light coming from outside thdical properties is particularly important in understanding and
focus of thein situ high numerical aperture objective. Also, a manipulating semiconductor heterostructures, such as quan-
balanced lock-in detection is used to reduce the noise backum dots, whose properties are dominated by the quantum
ground(Fig. 8). During scanning, the z positions of théyZ  confining effects.

stage and the optical objective do not change, maintaining

the grating always in focus. The optical resolution achieved

is limited by diffraction, and for the laser light used, =~ACKNOWLEDGMENTS
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