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We describe the design of a novel near-field scanning optical microscope for cryogenic temperatures
and operation in vacuum. A helium flow cryostat is used for active temperature control of the
sample in the range between 8 and 330 K, while all components of the near-field microscope are
kept at room temperature. This design greatly simplifies near-field microscopy at variable sample
temperatures and permits large piezoelectric scan ranges of up t& 100810 um?, the
implementation of hardware-linearized piezoelectric scan stages, as well as flexible coarse
positioning. First experiments with single GaAs quantum wires demonstrate the excellent
performance of this new instrument. €97 American Institute of Physics.
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I. INTRODUCTION setup is necessary and thus thermal equilibration generally
occurs on a time scale of several hofitgiv) A change in
Near-field scanning optical microscofSOM) pushes  operation temperature induces a change in temperature and
the resolution of optical microscopy beyond the classic difthus in resonance frequency of the shear-force setup gener-
fraction limit down to below 100 nm. This opens up new andally used for tip-to-sample distance regulation, making ex-
exciting perspectives for using the powerful concepts of opperiments at varying sample temperatures difficult.
tical spectroscopy for the characterization of single nano- In this article, we report on the design and operation of a
structures. Consequently, during the last years, a variety afew, variable cryogenic temperature near-field scanning op-
application$? of NSOM to, for example, the spectroscopy of tical microscope that circumvents most of the problems. In
single molecules;’ biological sample&;*° or semiconduc- this design, the sample is cooled by attaching it to the cold
tor nanostructuret'~*® emerged. finger of a helium flow cryostat. The cold finger, sample, and
An important extension to near-field microscopy is theNSOM scan head, consisting of a near-field fiber probe, a
ability to study the spectroscopic properties of the sample atuning fork shear-force distance regulation, and coarse and
varying, in particular, cryogenic temperatures. Reasons fofine positioning, are mounted inside a vacuum chamber.
performing low-temperature near-field microscopic studiesThus, the sample can be cooled to low temperatures while
have been discussed in detail by Grokeal!’ Particularly  leaving the temperature of the NSOM scan head uncon-
important are the strong increase in the luminescence quatrolled and close to room temperature. Such a design opens
tum yield of solids and the suppression of thermally inducedhe possibility for near-field microscopy under ultrahigh
line broadening processes at low temperatures. Designs anedcuum conditions, making it ideal for nanoscopic optical
implementations of low-temperature near-field optical micro-surface science studies.
scopes have been reported by several gro(igsin all these An outline of the article is as follows. After a description
designs the entire microscope setup, consisting of samplef the microscope design, its mechanical stability and reli-
holder, near-fieldfiber) probe, shear-force tip-to-sample dis- ability are shown by comparing shear-force topographic im-
tance controlx-y-z-piezo fine positioning, and coarse posi- ages of a calibration grating at different temperatures. The
tioning, is cooled by either gaseous or liquid helium, dependperformance of the setup is demonstrated by presenting near-
ing on the operating temperature. So far, however, there havigeld photoluminescence spectra of a newly developed GaAs
been rather few applications of these new instruments. Thiguantum wire nanostructuf&?
is in part due to several of the following technical difficulties
in the implementation of these desigiig:The scan range of
the x-y-z piezos is strongly temperature dependent and del-l' MICROSCOPE DESIGN
creasestad K to about 20% of its room temperature vaffe. The microscope is designed as an insert for a vacuum
This limits the attainable maximum scan range to typicallychamber(Fig. 1) and consists ofi) a continuous flow helium
5X5X1 ,umS and requires careful scanner calibration for ev-cryostat,(ii) a sample holder(iii) a near-field fiber probe,
ery operation temperaturéi) Hardware linearization of the (jv) a tuning fork® shear-force setdp?®to regulate the dis-
piezo nonlinearity is generally not available, which is a prob-tance between the near-field probe and the sample surface,
lem because of the relatively large scan range needed i) piezoelectric actuators fat-y-z fine positioning(on a
NSOM experiments(iii) Cooldown of the entire microscope nanometer scalef the probe with respect to the sampld,
motorized translation stages fery-z coarse positioningon

Aauthor to whom correspondence should be addressed; Electronic maift m_icror_neter_ scaje and (vii) a micrOS?Ope Obje(‘jﬂve for
lienau@mbi-berlin.de far-field imaging of the sample. The microscope is capable
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Near-field probe tips are made by pulling single-mode
. o optical fiber(3M SN 4224 to a sharp taper with a cone angle
apered fiber o ; :
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FIG. 1. (8) Schematic diagram of the NSOM scan head. The sample isy commercially available quartz crystal tuning fork used as a

mounted on a sample holder connected to the cold finger of a continuou . . .
flow helium cryostat. The temperature of this cold finger is actively con-aeteCtor for shear-force distance regmat[m' 1(b)] This

trolled in the range between 8 and 330 K. The NSOM scan head consists guning fork is attached to a dither piezo tube. The dither
a near-field fiber tip, a tuning fork shear-force tip-to-sample distance regupiezo tube is used to excite the tuning fork/tip oscillator at its
:?‘“0”3 adloﬂm_Piezoe'ec”i‘; acuator fo_le“;"tio”i a 1|0(t’,/*m><%00 um  mechanical resonance frequency at about 32 kHz to vibra-
coarse positioning and a 0.45 NA microscope objective for far-ield ilumi. UIONS Parallel to the sample surface by applying an ac voltage
nation or luminescence collection. The entire setup is mounted inside & about 10 mV. The tuning fork/tip oscillation amplitude is
vacuum chamber(b) Schematic of the shear-force setup. The near-fieldsensed by measuring the oscillating piezoelectric potential
fiper p_robe is rigidly_attached to one arm of a quartz tl_ming fork. A dither geross the two electrodes of the tuning fork using a lock-in
piezo is used to excite the tuning fork/tip oscillator to vibrations parallel to . .
the sample surface and the oscillation amplitude is sensed by measuring tIY(QItmerer' The measured .V0|tage is typically on the order of
piezoelectric potential across the two electrodes of the tuning fork. several tens oftV. As the tip approaches the sample surface,
the amplitude of the tuning/fork tip oscillation decreases and
the corresponding change in lock-in voltage can be used for
of operation in both a reflection or transmission geometry ateliable tip-to-sample distance regulation in the range of
temperatures between 8 and 330 K. The entire setup is ir8—20 nm using a feedback loop. As shown in Fig. 2, the
stalled on a vibrationally isolated optical talfidewport RS  quality factor, i.e., the ratio of the full width at half-
3000 with 1-2000 pneumatic isolatgrs maximum(FWHM) of the resonance cury@2 Hz) divided
The design of the NSOM scan head is shown schematiby the resonance frequency of the tuning fork/tip oscillator
cally in Fig. a). The sample is mounted on a gold plated, (32.8 kH2 is about 400 at ambient pressure. In vacuum it
copper sample holder, connected to the cold finger of a corincreases to 530 at a pressure of 20 ®mbar. For fine po-
tinuous flow liquid helium cryostafOxford Instruments, CF  sitioning of the tip perpendicular to the sample, a low-
302 M), generally used for low temperature scanning elecvoltage piezoelectric translator is used, allowing a vertical
tron microscopy (SEM). The SEM spatial resolution scan range of 1@&m. In thex-y plane parallel to the sample
achieved with this a cryostat is better than 20 nm. Temperasurface fine positioning is achieved with a hardware-
ture regulation of the cold finger is realized with a built-in linearized, vacuum compatible-y monolithic scan stage
Rd—Fe temperature sensor and a heater wire. Using an ITG#hysik Instrumente P 730.20The maximum scan area of
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FIG. 3. Block diagram of the NSOM setup. A fs/cw Ti:sapphire laser is used as a tunable excitation light source. The sample and NSOM scan head are
mounted inside a vacuum chamber that is evacuated by a magnetic-bearing turbomolecular pump down to a presdilie’ ahi2ar. In spectroscopic
experiments, the sample luminescence is dispersed in a 0.22 m double monochromator and detected with a photon-counting APD diode. Commercially
available scanning electronics and softw@fepometriy are used for piezo control and for data acquisition.

the stage is 1080100 um (at —20 to +120 V). Capacitance The microscope objective moreover also serves for col-
transducers for on-line position monitoring are included inlection of the light reflectedor emitted by the sample when
this stage. The capacitance transducers are parts of positionsing the NSOM in illumination mode as well as for far-field
ing servo loops for thex andy axes, respectivelyPhysik illumination of the sample when using the NSOM in collec-
Instrument®>? Analog proportional-integralPl) controllers  tion mode.
ensure that the actual scanner position follows the nominal A block diagram of our NSOM setup is shown in Fig. 3.
value given by the scan electronics. The repeatability and’he vacuum chamber is evacuated to a pressure of 2
stability of the position in thec-y plane are mainly limited X 10~ 7 mbar using a magnetic-bearing turbomolecular pump
by mechanical stability and digital-to-analog converter(Seiko STP 30D with a pumping speed of 3087/s. The
(DAC) noise of the scan electronics. The contribution of themechanical vibrations induced by the pump are small enough
capacitance electronics is only on the order of 1%m. to keep the pump running during the NSOM experiments.
Coarse positioning is accomplished by three linear trans-  In our laboratory, a tunable home-built Ti:sapphire laser
lation stagegNewport UMR) that permit motion in the, v, pumped by an Af laser (Coherent Innovais used for
andz directions over a range of up to 16 mm. The translationcontinuous-wave(cw) and short pulse excitation of the
stages are driven by motorized actuators with a minimunsample in the wavelength range between 700 and 900 nm. In
step size of 0.5um (Newport 860A. time-resolved experiments, compression and spectral shap-
A long working distanc€20.5 nm) 20X microscope ob- ing of the laser pulses are achieved in a prism based
jective (Nikon SLWD 20 with a 0.4 numerical aperture stretcher/compressor unit. In cw experiments, wavelength
(NA) mounted inside an adjustable lens holder is attached ttuning is achieved by a three-plate birefringent filter inside
the x-y scan stage. It allows visual inspection of the tip—the laser cavity. In illumination mode experiments, the light
sample region by illuminating it with a light emitting diode is transmitted through a Faraday isolat@sanger FR 820
(LED), which collects the reflected light through the micro- BB) and coupled into the near-field probe using a commer-
scope objective and routes the light onto a charge coupledial fiber coupler(Newpory. In spectroscopic experiments,
device (CCD) camera outside the vacuum chamber. Thisthe luminescence emitted by the sample is spectrally dis-
greatly facilitatedn vacuotip—sample alignment and in par- persed in a 0.22 m double monochromator and detected with
ticular coarse positioning of the near-field fiber probe overa (time-correlateglsingle photon counting system based on a
specific lateral regions of the sample. silicon avalanche photodiode detectdbP, EG&G SPC200
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probe that in our design is not at a controlled temperature.

| | Generally, the tip temperature is significantly higher than the

2pm ambient temperature because a significant fraction of the

FIG. 4. Shear-force images of the topography of a grating standard light couple;d into the near-field probe is absorbed inside the
pometriy. The sample consists of a metal surface with a@x2 um grid ~ Metal coating at the very end of the fiber probe. In room
of equally spaced 400-nm-deep cylindrical pits with an inner diameter offemperature experiments, this often leads to tip temperatures
?t?)o ”fg-szheKi”;agej(zge Irecmde(‘;) at Sg’(“l)o'e tempefzt“ée_s ‘;f 30@{?’"" that are significantly, often more than 100 K, above ambient
an ©) and (d). Images(a) and (c) are recorded in forward scan . .

direction and(b) and(d) in baﬁ:kward scan direction. All images are taken temperaturé‘?*“ The n?ar_fleld fiber prObe thus shows a |0—_
with uncoated fiber probes at a background pressure<df® ‘mbar and at ~ Calized heat source directly above the sample area under in-
a scan speed of am/s. vestigation and its effect on the local sample temperature is

a priori difficult to estimate. It thus becomes necessary to

CD 2027. Commercially available scanning electronics andmonitor the local sample temperature directly below the

software(Topometriy are used for controlling the piezoelec- near-field probe. We therefore recorded near-field photolu-

tric x-y stage and for data acquisition. minescence spectra of newly designed GaAs quantum wire

nanostructures using the emission wavelength of these struc-

Il EXPERIMENTAL RESULTS tures as a sensmvg prpbe of the local sample f[emp_erature.
In the sample in Fig. 5, an up to 12-nm-thick direc-

In order to test the shear-force setup and the mechanicébn) and laterally up to 50-nm-widex( direction GaAs
stability of the microscope, shear-force images of the surfacquantum wire(QWR) structure is grown by molecular beam
topography of a grating standar@opometriy were re- epitaxy on patterned Ga#&l1) substrates at the sidewall of
corded. The sample consists of a metal surface with a 25—20-nm-high mesa stripes oriented aldfgd.-1].24 This
umx2 um grid of equally spaced 400-nm-deep cylindrical quantum wire structure extends over a length of several mm
pits with an inner diameter of 800 nm. Figure 4 comparesalong they direction and leads to a one-dimensional confine-
shear-force images recorded at sample temperatures of 300rKent of the electronic motion along thyewire axis. In the
[Figs. 4a) and 4b)] and 25 K[Figs. 4c) and 4d)], with x-y-plane, the structure is surrounded on both sides by a
images in(a) and (c) scanned in the forward scan direction nominally 6-nm-thick GaAs quantum welQW). Vertically,
and those inb) and (d) in the backward scan direction. All the structure is clad by two 50-nm-thick AGa, sAs barri-
images were recorded with uncoated fiber probes at a baclers. The sample surface is covered by a 20-nm-thick GaAs
ground pressure of 810"/ mbar and at a scan speed of 2 cap layer so that the quantum wire structure is located ap-
um/s. The data clearly demonstrate the stability of the miproximately 75 nm below the sample surface.
croscope design. The topographic height resolution in these In microphotoluminescencdu-PL) experiments re-
images is better than 10 nm. A comparison of the imagesorded in a conventional confocal spectrometer, the photolu-
taken in the forward and backward scan directions alsaninescence emission of the QWR and the embedded QW are
shows the efficient compensation ®fy scan stage piezo energetically well separated. At a sample temperature of 8 K
nonlinearity for closed-loop operation of the positioningthe QWR emission peak is centered at 1.544 eV and has a
servo loops. FWHM of 8.5 meV, whereas the QW emission peaks at

In near-field experiments, the surface of the cooledl.602 eV(FWHM 13 meV). Increasing the sample tempera-
sample is in close proximity to the tip of the near-field fiberture to 100 K leads to a shift of the two peaks to 1.535 and
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FIG. 6. Near-field photoluminescence spectra of the sidewall GaAs quantum 2 pm

wire (closed circles and the embedding 6 nm GaAs quantum welben

circles. The nominal sample temperature is 8 K. The spectra are recordeffIG. 7. Quantum wire luminescence for spatially resolved resonant QWR

for spatially resolved illumination of the sample by transmitting light at a excitation at an energy of 1.57 eV. The excitation light is transmitted

photon energy of 1.959 eV through the 150 nm aperture of a near-field fioethrough the 250-nm-diam aperture of the near-field probe and the far-field

probe. Luminescence is collected using a far-field microscope objective. QWR luminescence is detected at an energy of 1.543 eV. The nominal
sample temperature is 8 K. The QWR axis is oriented along ttigection

. while, along thex direction, the near-field probe is scanned perpendicular to
1.595 eV, respectively. These-PL spectra are NOw COM-  the wire axis. The scan range in this image ig®x9 um and the image

pared to spectra recorded in our near-field setup in an illuwas recorded at a scan rate ofufh/s.

mination mode geometry. Spatially resolved optical excita-

tion of the sample was achieved by transmitting the

excitation light at 1.959 eV through the aperture at the end ofhe image was recorded at a scan rate pfi¥s. To obtain a
the NSOM probe tip. The aperture size in these experimentgood signal-to-noise ratio in a single scan, a rather 162§6
was about 150 nm. Photoluminescence emitted by th@m) aperture of the near-field probe was chosen in this ex-
sample was then collected through the microscope objectivgeriment.

in reflection geometry. The PL was dispersed in the 0.22 m  The experiment directly shows that QWR emission is
double monochromator and detected with the Si avalanchgnly observed for a direct overlap of the electromagnetic
photodiode in a single photon counting mode. The nominahear-field distribution inside the sample and the QWR struc-
sample temperature, measured with the temperature sensgfe. |t clearly demonstrate® the high mechanical stability

built into the cold finger of the cryostat, was 80.1 K. No ¢ gyr setup andii) the sensitivity and reliability of the
increase in sample temperature was detected with this sensgktire NSOM setup.

after bringing the near-field fiber probe into feedback. As
shown in Fig. 6, the near-field PL spectrum of the QWR
structure shows a single narrow peak at 1.546 eV with
width of 8 meV(FWHM), whereas in the QW spectrum it is

The spatial resolution in this experiment is limited to
considerably below 400 nm and is given by the convolution
f the finite aperture size and the finite intrinsic resolution

that is achievable for this sample, which is also on the order
centered at 1.603 e\FWHM 13 meV). These spectra, of 250 nm. This intrinsic resolution is limited by the specific

which reflect thdocal sample temperature directly below the layer structure of the sample—in particular by the 75 nm

near-field probe, give no indication of a significant increase . . )
in sample temperature due to the presence of the near-fiefHStance between the QWR structure and the high refractive

probe. These results together with the results of a variety of @€ of about 3.5 of the sample which causes a rapid broad-
spectroscopic experiments at different sample temperatur&ing of the near-field distribution inside the sampl&ig-

that are reported elsewhere indicate that it is safe to assunfificantly increased spatial resolution is expected for QWR
that the local sample temperature in the presence of the nearructures located closer to the sample surface and experi-
field tip is well below 20 K. ments are currently underway to verify this.

Resonant excitation of the sample at an energy of 1.57  The experimental results presented are part of a com-
eV, i.e., below the QW band gap, allows us to exoitdy the plete spectroscopic study of nanoscopic optical studies of
QWR structure. In a spatially resolved experiment, QWRthis GaAs heterostructure. Spatially resolved near-field pho-
excitation thus becomes possible only if the near-field probéoluminescence and photoluminescence excitation spectra at
is located in the direct vicinity of the QWR. Figure 7 pre- varying temperatures will be discussed in a future
sents a two-dimensional illumination mode scan of the QWR:)uincation?5 These spectra give detailed and direct informa-
emission at a fixed detection energy of 1.543 eV for excitation on(i) local, growth correlated variations of the band gap
tion at 1.57 eV at a sample temperature of 8 K. The QWRpotential in this semiconductor nanostructure on a subwave-
axis is oriented along the direction while, along thex di- length length scale, andi) carrier exchange processes be-
rection, the near-field probe is scanned perpendicular to thsveen systems of different dimensionality, i.e., the one-
wire axis. The scan range in this image ia®xX9 um and  dimensional quantum wire and the embedded two-
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