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Origins and effects of thermal processes on near-field optical probes
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An aluminum-coated tapered fib@robe, as used imear-field scanningoptical microscopy
(NSOM), isheated by the light coupled intbo This can destroythe probe ormay modify the
sample, whiclcan be problematic arsed as a tool. To studiiese thermaéffects, wecouple
modulated visible light ofarious power through probesSimultaneously coupled infrardaht
senses the thermal effects. We report their magnitbde,spatial and temporatales.and real-
time probedamageobservations. Anodeldescribeshe experimentatiata,the mechanisms for
induced IR variation, and their relative importance.

PACS Numbers:  07.79.FC, 84.40.Sr, 65.70.+y, 42.81.Wg
Table of Contents Category: Optics.

Near-field ScanningOptical Microscopy (NSOM)[1] extendsthe application of well
developed conventional (far-field) optics techniques into the mesosweapid. The high
resolution of NSOM[2], not possible usingonventionaloptics, isachieved geometrically, by
forcing the passage of ligkitrough a sub-wavelength-dimensiowetallic aperture. Thisperture
is produced athe tip of a tapered opticliber, and must be scannedtime proximity (near-field
region) of the samplander analysis.Measurements are hindered by extremely light levels

coupled throughhe aperturege.g. ~166 the input lightfor a 20 nm aperture.Most of the light
input to the probe is either absorbed or reflected back. Further, the input power is limited by probe
heating. Heat may modify the sample or destroy the probe by diffusitie ofietalthus creating
a larger, useless, aperture. this paper wecharacterize the thermal effects experimentally and
theoretically. Not only dothese resultsharacterize potentigdroblems with NSOM application,
particularly in dynamic studies [3], they also directly impact proximal probe effortiatastorage
[4, 5]. Inparticular,the results identifythe model

IR to calculate the maximum rate for writing data.
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Figure 1 Schematic of the experimetttat [7]. The aluminum coatinghickness varied from
extracts information about théhermal 20 hm to 300 nm (corrected for rotation and tilt).
properties of the probe. Left sideptical The cyclic heating of the@robe tip by the
path of the IRradiation. Center: A yjsjple light effects the passage of IR light in several
timing diagram of theprocess. Theways: (a)Thermalexpansion ofthe aperture size
visible light modulates the probe "a""results in arincreasein the throughput, which

temperature which causes a change in écgles as (89 (q=6 inthe Bethe modd] or q=4

IR transmission. Right: The data is . . .
collected either at the frequency of visibfE?™ @ microwave experimef@, 10]). With (Al)

light switching or as a baseband signal.
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Figure 2: The change in IR signahg is measured as attenuatiornr = 21/A . A negative
Ejnctti)onhof (a) frequency (be]Iored dama%e) e(bgi tim1e8. variation results, with induced
or both measurements, a slender probe with a N I S
thick aluminum coatingvas used,with 2 mW redlight Ovzm&tlon.A(p/(p 0-0ZK-AT
switching at the frequencshownanddetectedwith 1 mw = - 10%@AT / °C).  (c)
of CW IR input into theprobe. The fits shown in (b) Aluminum is strongly reflecting at

yielded values 00.23 and0.026 nW pk-pkA@, andtime IRI-visithe freq_uenciels, inh the
constants 0f10.3 and 10.1 msec corresponding t(geaxa.lc_)n _ region [11]  where
frequencies ofl5.8 and 15.4 Hz, forthe triangles (afterreflectivity is 1 - payy/2rt (plasma
damage) and circles (before damage) respectively. ffe encywp = 2.37 x 1016 sec
before damage (circle) data have been scaled by a fact%r. {Nith resistivity p = 3.1 x

1018 sec and temperature

coefficient 4x 103/°C, thethroughput variation i&@ /@ = - 0.5x 104 (AT / °C), or more,
because more than a single reflectiomiglved. (d)The opticalproperties of the fibedielectric

vary with temperature, but these variati@ams small and similafor the core anctladding, thus
producing only a negligible "second order" effects on the throughput. The magnitulesiote
mechanisms (a)-(c) are close, although variations in numerical factors with specific probe geometry
can alter their relativeveight. Our experimental datsuggesthe evidence ofa), (b), and (c); the
dominant mechanism can vary with the particular probe and as the probe is damaged.

The magnitude of the IR signal change can be usedtiimate the temperature change near

thetip. Experimentally, we findhat the normalized IRignal change@/¢) grows linearly for
small visible light powers (slop), then falls below thiéine athigherpowers. Awide range of
|a|'s arefound forundamagegrobes,from .015 to .15 mWL. It appearghat fi| tends to be

smaller (~.02 mW) for thicker Al than(>.05 mW1) for thinner(20 nm) Al. Preliminary results
suggest it may be larger for slengeobes. Itremains nearly fixedor minor probe damage, but
decreases greatly after sevel@mage. The sign of the correlationwith visible light switching
(does IRincrease or decrease with visilde) helps toidentify the mechanism. Both signs are
found with undamagedorobes, although a negative correlation is mazemmon. When the
correlation ispositive, the aperture size variatiomust dominate, and weaay use Eqn. (1) to
estimate the temperature. For a particular case (chubby shape, Al thickness 100 rihY waili
peak value of green light afitd4 mW ofinfrared coupled into th&ber, we findAg@/e = 0.008.
This givesAT= 50°C. When the green input power is raised to 4.5 rti\&/probe damages, and

Ag/e = 0.058 orAT= 390°C.
For thermal time constant (1) measurements, it does notatter which mechanism

dominates. We have measured two ways. (1) IR variation idetectedwvith a lock-inamplifier
at the frequency of the visible light switching. Data are shown in fg{@e At low frequencies,
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the tip temperature antence
IR signal equilibrate, so the
signal is high. At high
frequencies,small IR signal
variations occur about a steady
state. The frequency atvhich
the signal decreases Islated (g

to t. (2) The IR signal is
recorded while the visibléght
is switched,figure 2(b). The
transitions are fit to an

exponential to obtain T.
Although thefits yield good (b)
agreement, one must bareful

when assigning a singleto a
(generally polychromatic)
thermal relaxation[12]. We

find that thet's lie in anarrow
range(8-16 msec) independent
of thegrosstip shape (sIender(C
or chubby), the aluminum Vs
coating thickness, and the ,_/ g
visible power. Italso remains

the same as the tip is thermally v \
damaged (figure2(b)). This -/ \
suggests thatderives from the \
region which is the same for all 30 20 10
probes:the taper farfrom the d Distance gm)

aperture. Ei . : : :
. gure 3: Optical micrographs of a chubby problkustrate a
constar-lrthe cantheggﬂlglsedtlm?o typical (a) probe shape as viewed by external illumination, (b)
estimate the region of theobe optical emission of the same new aluminum coated probe from
which is heateé) Lighpartiall a point at theend,and (c) theoptical emission ofthe same
- L9 y probe after damage by coupling 14 mW of green light into the

gt));tci)rr]zegen%ﬁ?eeheg:urU\i/?#cnr: probe. The scale of thelark grids inthe micrographs is 10

can be dissipated laterally, Um perbox. For comparisonthe results of a raytracing
acrossthe fiber andfrom the  model described in th&ext which countsthe number of ray
taper back up to théiber, or  bounces per length is shown in (d).

longitudinally. Lateral heat transfer through the glass equilibrates its temperatutieatvittimetal

coating within the time&g = 0.4x 106 (r / um)2 sec,very shortpractically everywhere within the
taper (current radius r < §0m). In contrastlateral convection or radiatioout to theambient are
relatively slow, with the characteristitime 1. = 0.15 (r /um) sec (several timeshorter for
radiation at higher temperatures,<T660 °C). The probetip is thus approximated by a cone
insulated laterally, so conduction from a hot domain of leAgtlimeasured fronthe cone apex)
upward to the bulk of the fiber resembles the cooling of an esghiere of radiuAz. The highly
conducting metal coating {k= 250 lglass= 1 um?/s) enhancethe effective thermatliffusivity,
which for our probes ifarge below Az = 250 um and approaches k 2.5 kglassfor Az > Aze.
Thus, the characteristic time of thermal relaxationyis Azc2/4k = 0.015 sec, in goodgreement
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with the measured values.
20 T T T T Overall, these estimatemdicate
that the relaxationtime can be
associated with thermal
L (d) 4 conduction from the probe back to
the fiber through both glass and
metal coating, andthat a fairly
large part of the taper is warmed
above ambient.

The location of maximum
energy transfer intthe aluminum
by imperfect reflectiong'sideput’
as opposed to throughputan be
found with asimple experiment.

(b) A probe is produced antinaged
in figure 3(a,b). Then theprobe
a) is severely damaged. Subsequent

0 6 12 18 24 30 optical emission fromthe tip is
Time (sec) shown infigure 3(c). The bright

Figure 4: The IR signa+Ag transmitted through the probe ig®gion ~25um from the endjives
recorded as a function difne for no visible light (before the location. Thermal diffusion
first arrow), while visible light is switched on amoff at 1 has become significant in the
Hz, and after the visible light is again blocked (affecond heated region and large,
arrow). In (b),the second arrow occurredlfter thedata discontinuous grains have
shown, atwhich time the IRsignal returned to theower formed, which allowlight to leak.
level, ~9.7 nW. All used 1 mW of CW IRnput to the Ray tracing provides additional
probe,andmaximalgreen lightpowers of(a) 3 mW, (b) insight to the sideputiocation.
4.5 mW, (c) 7 mW, and (d) 7 mW. The probe was chubdg usethe repeated-zone scheme
with a 100 nm thick aluminum coating. [13] to count the number of

reflectionsvs. distance within the
taper. The resultant sideput
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density [14] is shown in figure 3(d).

Thermal damage at high visible powers usually results in an increase in the IR signal due to
an aperture size increase. Alternatively, a damaged coating can scatter fRigthte probe so
that it does not reach the detector, reducing theigRal. Finally,the IR modulatiormechanism,
driven by the cyclic heating, may change. Exampleslaosvn infigure 4. Thedata are marked
to indicate when the visible lightas physically unblocked andlocked. Between, it is switched
on and off at 1 Hz by aacousto-optical modulator. Sordatashow ajump when the light is
mechanicallyunblocked partially due to light leakadlbrough the modulator. Whereas most
transients are due fmobe damage, sommay resultfrom multiple time constants. Figure 4(a)
showsthe IR signal whiledamaging. The IR signal increases almost lineaniith time (besides
modulationeffects). This is typical. Figure 4(ldjustrates probedamagewith a complicated
onset. Figure 4(c) illustrates a change in mechanism of modulation: it begins posdaivelgted
(+) with the visible andendsnegatively correlate@t). One carexplain such a sign change. |If
thermal elongation (-) initially dominates, damage can move the effective aperture bat¢kefrtym
making itlessimportant until aperture sizg-) dominates. Furthelamage could allow another
sign change (observed) as the reflectancbgepmedominant. Notehat correlatiorrefers to the
change as the visible light ssvitched and nothe average value of the Istgnal. Figure 4(d)
shows damage to a probe at high power levels.

We have performed additional experiments to verify the general nature of the phenomena:

a) When the probe is immersed in water, the heat effect decré@agesydter= 0.09 D@ @)air , as
expected due to the additional chanfeel dissipation. b)When a probe is broughbwards a
sapphire surfacehe IR variationdecreases, suggestitigat a sample acts as a heatk. The
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magnitude[14] of the effect indicatésat the temperature change is reduced by a factthres.
Further measurements will allow a determination of the thermal flux into the sample.

In conclusion, we have identified the mechanisms by which the heating of an NSOM probe
affects the transmission of light through it. At higput power levelsdamage to therobe was
observed in real time. We have presented a systematic study of the coupling of thermal energy into
the probe by identifyinghe location of maximal thermahput, which hasbeen corroborated by

several measurements and modeling. foisxd to be~25 pum from the tip, wherethe taper is
large enough to allowmanipulation of theprobe properties.The thermal timeconstant of the
probes was remarkably independent of probe geometry. It was found to be rather slosgee 10
suggestinghat a large fraction of the taper is heated al@abient. The slow response allows
thermal effects to be distinguished from higlege processes ithe sampld15, 16] . This work
was supported by Army Research Office grants DAAHO4-94-G-0156 and DAAH04-93-G-0194.
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