Origins and effects of thermal processes on near-field optical probes
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An aluminum-coated tapered fiber probe, as used in near-field scanning optical microscopy
(NSOM), is heated by the light coupled into it. This can destroy the probe or may modify the
sample, which can be problematic or used as a tool. To study these thermal effects, we couple
modulated visible light of various power through probes. Simultaneously coupled infrared light
senses the thermal effects. We report their magnitude, their spatial and temporal scales, and
real-time probe damage observations. A model describes the experimental data, the mechanisms for
induced IR variation, and their relative importance. 1©®95 American Institute of Physics.

Near-field scanning optical microscogfNSOM)! ex-  (b) Throughput camlecreaselue to thermal elongation of the
tends the application of well-developed conventioffar-  region beyond cutoffaboutsz=1 um) of mode propagation
field) optics techniques into the mesoscopic world. The highin the cylindrical Al waveguide. Optical intensity can be ap-
resolution of NSOM not possible using conventional optics, proximated as exponentially decreasing with attenuation
is achieved geometrically, by forcing the passage of lighte ~27/\.1t A negativevariation results, with induced varia-
through a sub-wavelength-dimension metallic aperture. Thision: A¢/¢p=—a 6z k AT~—10"4(AT/°C). (c) Alumi-
aperture is produced at the tip of a tapered optical fiber, andum is strongly reflecting at IR-visible frequencies, in the
must be scanned in the proximitpear-field regionof the  relaxation regiot? where reflectivity is Ypow,/27 (plasma
sample under analysis. Measurements are hindered by ekequency w,=2.37X 106 s71). With resistivity p=3.1
tremely low light levels coupled through the aperture, e.g.,x10 ' s and temperature coefficientx4.0~3/°C, the
~10" % the input light for a 20 nm aperture. Most of the light throughput variation isA ¢/¢ ~—0.5X10"4(AT/°C), or
input to the probe is either absorbed or reflected back. Fumore, because more than a single reflection is involvéd.
thermore, the input power is limited by probe heating. HeafThe optical properties of the fiber dielectric vary with tem-
may modify the sample or destroy the probe by diffusion ofperature, but these variations are small and similar for the
the metal, thus creating a larger, useless, aperture. In thiore and cladding, thus producing only a negligible “second
letter, we characterize the thermal effects experimentally andrder” effect on the throughput. The magnitudes of the three
theoretically. Not only do these results characterize potentiainechanismsa)—(c) are close, although variations in numeri-
problems with NSOM application, particularly in dynamic cal factors with specific probe geometry can alter their rela-
studies® they also directly impact proximal probe efforts for tive weight. Our experimental data suggest the evidence of
data storagé?® In particular, the results identify the model to (a), (b), and(c); the dominant mechanism can vary with the
calculate the maximum rate for writing data. particular probe and as the probe is damaged.

Figure 1 shows the experimental configuration. Two la-
sers are input through the tapered fiber probe. An acousto-

optical modulator generates visible pulg88% duty cycle, detlelaj:tor transmitted

632 or 514 nm used to cause a time-varying temperature MR : infrared |

near the probe tip. cw infrared..15 um HeNg light senses IR ¢ A ||lock-in
the tip condition through its induced modulation at the vis- fiiter W y
ible light switching frequency. We have used two NSOM

probe geometries characterized by the angleslam from :

the end, referred to as slend@0°) and chubby40°). Both, i )

~1 mm long, are fabricated with a commercial pufieas ! input Computer

first modeled in Ref. 7. The aluminum coating thickness var- ~f visible —@

ied from 20 to 300 nmcorrected for rotation and t)lt NSOM é SLrir oscillator
The cyclic heating of the probe tip by the visible light probe p . time

effects the passage of IR light in several wagg: Thermal MR:'-',.-?“i'S'-b'-e --------- . -I-

expansion of the aperture siza™results in anincreasein *__ -,ll'" acousto.  LASER

the throughput, which scales aa/{)9 (q=6 in the Bethe LASER modulator A =632 or

modef or q=4 from a microwave experimeht?. With (Al) A=1.15um 514 nm
thermal expansion coefficiert=2.4x 10~ %/°C the relative ’

change in IR magnitude is FIG. 1. Schematic of the experiment that extracts information about the

thermal properties of the probe. Left-hand side: optical path of the IR radia-
Aplp=(1+kAT)9—1~1.5X10 4 AT/°C). (1)  tion. Center: A timing diagram of the process. The visible light modulates
the probe temperature which causes a change in the IR transmission. Right-
hand side: The data is collected either at the frequency of visible light
¥Electronic mail: hans_hallen@ncsu.edu switching or as a base band signal.
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. derives from the region which is the same for all probes: the

12 _0.60

g ol ' 2 taper far from the aperture.

5 * 5045t 1 The thermal time constant can be used to estimate the

% 8 N b region of the probe which is heated. Light partially absorbed

£ g0 by the aluminum coating generates heat, which can be dissi-

=4 - 'T;mo pated laterally, across the fiber and from the taper back up to

é 2 = = the fiber, or longitudinally. Lateral heat transfer through the

" o - 0 . . . glass equilibrates its temperature with that of metal coating
! Frle%uencyl(ﬁ(z)? ’ O'Oiimeoéec) 013 02 within the timer, =0.4x 107 % (r/um)? s, very short prac-

@ ® tically everywhere within the tapefcurrent radiusr <60
pm). In contrast, lateral convection or radiation out to the
FIG. 2. The change in IR signadl¢ is measured as a function &) fre-  ambient are relatively slow, with the characteristic time

quency (before damageand (b) time. For both measurements, a slender _ ; inti
probe with a 180 nm thick aluminum coating was used, with 2 mW red light 0.15 (/um) s (several times shorter for radiation at

switching at the frequency shown and detected with 1 mW of cw IR inputhigher temperature§;<660 °C). The probe tip is thus ap-

into the probe. The fits shown ifb) yielded values of 0.23 and 0.026 nW proximated by a cone insulated laterally, so conduction from

pk—pk A¢, and time constants of 10.3 and 10.1 ms corresponding to freq hot domain of |engtmz (measured from the cone apex

quencies of 15.8 and 15.4 Hz, for the trianglefier damageand circles . .

(before damage respectively. The before damaggrcle) data have been upward to the bulk of the fiber resembles the cooling of an

scaled by a factor of 5. entire sphere of radiuaz. The highly conducting metal
coating Ky=250kg,ss= 108 um?/s) enhances the effective

, . thermal diffusivity, which for our probes is large below
The magnitude of the IR signal change can be used t%z =250 um and approachek=2.5Kkygss for Az>Az,.

estimate the temperature change_ near the tip. Experimentall¥hasl the characteristic time of thermal relaxation 7js
we find that the normalized IR signal chan@ed/$) grows —A22/4k=0.015 s ingood agreement with the measured
C . 1

linearly fgr §mal| V'.Slble light powers{;lope @), ther,] falls values. Overall, these estimates indicate that the relaxation

below this line at higher powers. A wide range |af's are ; . .

found for undamaged probes, from 0.015 to 0.15 Tt time can be associated with thermal conduction from the
’ probe back to the fiber through both glass and metal coating,

. 1
;ﬁgﬁ:{sﬁhﬂi Eing 'SOZ_)O r?ﬁ,;’?;a][i)er( thi?\ﬁ?; (2n(1)\/\rfm% ,]Z\)Ir and _that a fairly large part of the taper is warmed above
Iamblent.

Preliminary results suggest it may be larger for slende . . .

probes. It remains nearly fixed for minor probe damage, but . The Iocgﬂon of maximum energy transfer into the alu-
decreases greatly after severe damage. The sign of the cor?ﬁlnum by imperfect reflgcﬂons{_&deput as opposed  to
lation with visible light switching(does IR increase or de- © roughput can be found with a simple experiment. A probe
crease with visible grhelps to identify the mechanism. Both is produced and imaged in Figs(aB and 3b). Then the

signs are found with undamaged probes, although a negatif§OP€ is severely damaged. Subsequent optical emission

correlation is more common. When the correlation is posi{Tom the tip is shown in Fig. @). The bright regiom-25 um
om the end gives the location. Thermal diffusion has be-

tive, the aperture size variation must dominate, and we maV - = : ) : :
use Eq.(1) to estimate the temperature. For a particular cas€oMe significant in the heated region and large, discontinu-
(chubby shape, Al thickness 100 hwith 0.5 mW peak ©OUS grains have flo.rmed,. Whlch allow Ilght to leak. R.ay trac-
value of green light and 0.4 mW of infrared coupled into the!N9 provides additional insight to the sideput location. We
fiber, we find A¢/$=0.008. This givesAT=50 °C. When Use the repeated-zone schéfr® count the number of re-

the green input power is raised to 4.5 mW, the probe damflections versus distance within the taper. The resultant
ages, and\¢/¢=0.058 orAT=390 °C. sideput densit}’ is shown in Fig. &).

For thermal time constantr) measurements, it does not ~ Thermal damage at high visible powers usually results in
matter which mechanism dominates. We have meastied an increase in the IR signal due to an aperture size increase.
two ways.(1) IR variation is detected with a lock-in ampli- Alternatively, a damaged coating can scatter IR light from
fier at the frequency of the visible light switching. Data arethe probe so that it does not reach the detector, reducing the
shown in Fig. 2a). At low frequencies, the tip temperature IR signal. Finally, the IR modulation mechanism, driven by
and therefore IR signal equilibrate, so the signal is high. Athe cyclic heating, may change. Examples are shown in Fig.
high frequencies, small IR signal variations occur about &. The data are marked to indicate when the visible light was
steady state. The frequency at which the signal decreasesp8ysically unblocked and blocked. Between, it is switched
related tor. (2) The IR signal is recorded while the visible on and off at 1 Hz by an acousto-optical modulator. Some
light is switched[Fig. 2(b)]. The transitions are fit to an data show a jump when the light is mechanically unblocked
exponential to obtaim. Although the fits yield good agree- partially due to light leakage through the modulator. Whereas
ment, one must be careful when assigning a singte a  most transients are due to probe damage, some may result
(generally polychromaticthermal relaxatiort®> We find that ~ from multiple time constants. Figurga shows the IR sig-
the 7s lie in a narrow rang€8—16 m$ independent of the nal while being damaged. The IR signal increases almost
gross tip shapéslender or chubby the aluminum coating linearly with time (besides modulation effegtsThis is typi-
thickness, and the visible power. It also remains the same a=l. Figure 4b) illustrates probe damage with a complicated
the tip is thermally damagddFig. 2(b)]. This suggests that  onset. Figure &) illustrates a change in mechanism of
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correlation refers to the change as the visible light is
switched and not the average value of the IR signal. Figure
4(d) shows damage to a probe at high power levels.

We have performed additional experiments to verify the
general nature of the phenomeria): When the probe is im-
mersed in water, the heat effect decreasesg/()water
=0.09A ¢/ @) .ir, as expected due to the additional channel
for dissipation.(b) When a probe is brought towards a sap-
phire surface, the IR variation decreases, suggesting that a
sample acts as a heat sink. The magnitide the effect
indicates that the temperature change is reduced by a factor
of 3. 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 a NSOM probe affects the transmission

/1 - 8 g of light through it. At high input power levels, damage to the

_/'/ \ 6§ probe was observed in real time. We have presented a sys-
— \ 4§ tematic study of the coupling of thermal energy into the
\ 3 g probe by identifying the location of maximal thermal input,

30 20 10 0 E which has been corroborated by several measurements and

(d) Pisnee{Gim) modeling. It is found to be-25 um from the tip, where the

FIG. 3. Optical mi hs of & chubb be il ’ ) taper is large enough to allow manipulation of the probe
. 3. Optical micrographs of a chubby probe illustrate a typiaaprobe . .
shape as viewed by external illuminatidb) optical emission of the same properties. The thermal time constant of the probes was re-

new aluminum coated probe from a point at the end, pdhe optical ~markably independent of probe geometry. It was found to be
emission of the same probe after damage by coupling 14 mW of green lightgther slow,~10 ms, suggesting that a large fraction of the

into the probe. The scale of the dark grids in the micrographs igrii(per . .
box. For comparison, the results of a ray tracing model described in the te)IPper is heated above ambient. The slow response allows

which counts the number of ray bounces per length is show)in thermal effects to be distinguished from higher rate processes
in the samplé®!’ This work was supported by the Army
Research Office Grants DAAH04-94-G-0156 and DAAHO04-

modulation: it begins positively correlatdet) with the vis- 93-G-0194.

ible and ends negatively correlatée-). One can explain
such a sign change. If thermal elongatien) initially domi-

nates, damage can move the effective aperture back from the
tip making it less important until aperture size-) domi-
nates. Further damage could allow another sign ch&olge

_ ) . .
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