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R EPORT

NEAR-FIELD OPTICAL THERMOMETRY

Kenn eth E . Goodson and Meh di Ashegh i
Mechan ical E ngin eering Departm ent, Stan ford Un iv ersity, Stan ford ,

Califo rn ia, USA

F ar-field optical therm om etry techniqu es h av e spatia l resolu tion lim ited by diffraction to the

order of th e radia tion wav elen gth. We report progress on near-field optical th erm om etry

( )NFOT that targets spatia l resolu tion better than 50 nm . A tapered, sin gle-m ode optical

fiber scans n an om eters abov e electronic m icrostru ctures, wh ich are h eated using tran sien t

electrica l cu rren ts. Th e fiber tip releases about 1 nW of radia tion power from a steady probe

laser, an d the reflected radia tion is used to m easu re the loca l temperatu re. Sim ultaneou s

electrica l resistan ce therm om etry is used to estim ate the rela tiv e im portan ce of temperatu re-

dependen t optical properties of th e sam ple and therm al expan sion of th e sam ple an d tip. Th is

work prov ides guidan ce for im plem en ting other NFOT techniqu es u sing radiation

tran sm ission and in frared em ission .

The resolution available for the optical characte rization of surfaces was

s . w xrevolutionized by near-fie ld scanning optical microscopy NSO M 1 ] 7 . NSOM

technology overcomes the diffraction limited spatial re solution of conventional

far-fie ld techniques by de livering or capturing radiation through an optical probe,

w xsuch as a tapered, me tal-coated optical fiber 3, 4, 6 or a hollowed tip at the end of

w xa cantileve r 1, 2, 5 , which is scanned nanometers above the sample surface.

Radiation interacts with a surface region of diameter comparable to that of the

probe optical orifice , which can be smalle r than 50 nm. Scanning the probe across

the sample surface require s control of the tip ] surface separation using atomic-scale

normal or shear forces, in a manner similar to that used by the atomic force

s .microscope AFM . NSO M technology has been used for the formation and

w xde tection of ultrasmall magne tooptic domains 7 , the spatial mapping of radiation
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NOMENCLATURE
D diame ter of radiation orifice in the metal T tempe rature , K

coating at end of fibe r tip, m T sample surface tempe rature , Ks
2

e emissive powe r, W rm T fibe r tip temperature , Kt

f heating freque ncy, Hz d se paration be twe en the fibe r tip and the

n complex re fractive index sample surface , m

P radiation powe r, W

w xemission from semiconductor lase rs 6 , and the fluorescence imaging of living ce lls

w x4 . We report here our progre ss on using the NSOM for mapping temperature s at

surfaces.

There have been many studies on surface thermometry with high spatial and

w xtemporal re solution 8 . The most accurate thermometry techniques use the tem-

pe rature dependence of the e le ctrical prope rties of bridges or junctions microfabri-

w xcated on the surface of a sample 9, 10 . Although these technique s yie ld accurate

local temperature data, they do not provide a temperature distribution and often

s .require extensive sample preparation. Scanning thermal microscopy SThM uses a

thermocouple junction at the tip of an AFM cantilever to map temperature with

w xre solution better than 100 nm 11, 12 . This approach has proven exce llent for

mapping near-steady temperature distributions in transistors and lase r diode s with

the highe st available spatial resolution. The disadvantage of electrical the rmometry

technique s, including SThM, is that e le ctrical capacitance and voltage re flection

e ffects dramatically complicate measurements pe rformed with frequencie s above a

few hundred kilohe rtz. The fastest thermometry techniques use radiation ] surface

interactions. Lase r re flectance the rmometry was demonstrated with high temporal

w x w xre solution on transistors 13 and interconnects 14 . Other optical the rmometry

w xtechnique s de tect thermally induced surface displacement 15, 16 and tempera-

w xture-dependent photon ] phonon scattering 17, 18 . Since these optical techniques

have previously been applied only in the far fie ld, the re is considerable motivation

for the present feasibility study on near-fie ld optical the rmometry.

EXPERIMENTAL APPARATUS AND PROCEDURE

Because seve ral different optical probing methods are availab le , a brief

discussion is warranted here of their re lative merits for thermometry. Most sample s

of practical intere st for the rmometry are opaque , such that the probe must allow

re flected light to be distinguished from light not inte racting with the surface. This

is best achieved using a tape red optical fiber coated with an opaque metal laye r

w xthat has an orifice at the tip 3, 4, 6 . The coating forces all light escaping from the

fiber, which can be colle cted using a far-field objective , to inte ract with the surface.

w xA straight optical fiber 3, 4 offers the further advantage that it preserve s the

polarization state of transmitted radiation, which allows radiation re flected back

with in the fiber to be routed to a detector using a polarizing beam splitter.

Howe ver, straight optical-fiber probes have the important disadvantage that the

tip ] surface shear force , rathe r than the more sensitive normal force used for
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conve ntional AFM, is used for controlling the tip ] surface separation. One promis-

w xing alternative is a bent optical fiber 6 , which uses the normal force but does not

prese rve the radiation polarization state . Anothe r alte rnative is an AFM cantilever

w xwith a hollowe d tip 5 , which also allows precise control of the tip ] surface

separation and can, in principle , pre serve the radiation polarization state . Howeve r,

a hollowe d AFM cantileve r tip is not we ll suited for reflection-mode NSOM,

because radiation re flected by the cantileve r overwhe lms that re flected by the

sample . There is no probing technique that is clearly best for thermometry.

The present study employs a straight, metal-coated optical fiber in the facility

shown in Figure 1. The apparatus integrate s a near-field scanning optical micro-

scope with a voltage supply and chip mount that allows electrical currents to be

sustained in the sample . About 3 mW of radiation from an air-cooled argon-ion

lase r is coupled into the optical fiber, whose end tape rs to a diameter near 200 nm.

Le ss than 10 nW escapes from the end of the tape r through the orifice in the

aluminum coating of diameter D ( 50 nm. Radiation can be collected at a

s .photomultiplier tube PMT using one of two far-fie ld optical paths, which capture

re flected and transmitted light, re spective ly. In addition, the apparatus in Figure 1

allows radiation re flected within the fiber to be routed to a photodiode by a

quarter-wave plate and a polarizing beam splitter. In theory, thermometry can be

pe rformed using the impact of temperature changes on the colle cted radiation

power along each of the se three paths, as sugge sted by Table 1. The colle cted

radiation for each path depends on the optical constants of the sample , which vary

with temperature. This dependence is the principle behind far-field laser re -

Figu re 1. Sche matic of the experime ntal apparatus and the tip ] surface interaction re gion.
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Tab le 1. Summ ary of near-fie ld optical thermome try te chnique s propose d he re

Near-fie ld

thermom etry Radiation Colle ction

technique source path Comme nts

1. Lase r re flectance, Probe lase r Far-fie ld Data provide d in this article in

far-fie ld through objective Figures 2 and 3. Resolution impaired

colle ction optical fiber above som ewhat by optical path around

sample fibe r tip.

2. Lase r re flectance, Probe lase r Optical fiber, Radiation refle cted from surface

fibe r colle ction through l r 4 plate , may prove impossible to extract

optical fiber be am splitte r from radiation re flected within fibe r.

3. Lase r Probe lase r Far-fie ld Appropria te only for sample s that

transmittance through objective are not opaque .

optical fiber be ne ath

sample

4. Infrare d emission Sample Infrare d- Possibility for large sensitivity.

surface transmitting Dramatic improve ment ove r far-fie ld

infrare d optical fibe r re solution, which is comparable to

emission 5 m m at room temperature .

Note: Data we re obtained for this article using technique 1 only. The anticipated re lative merits of

the differe nt technique s are discusse d in the text.

w xflectance thermometry 13, 14 . The colle cted radiation may also vary with temper-

ature due to the rmal expansion of the probe tip and of the sample. The next

section discusses these mechanisms in greate r detail and provides data obtained

using the first expe rimental approach in Table 1, i.e ., radiation is collected within

the optical enclosure using a far-fie ld objective . Table 1 indicate s the possibility of

highly promising near-fie ld infrared the rmometry, not explored expe rimentally in

this article , in which the probe lase r is not used.

The present article explores transient thermometry in the frequency domain

by suspending the fiber above microe lectronic structures heated by sinusoidal bias

currents. The lock-in amplifier in Figure 1 measures the amplitude and phase of

the collected radiation intensity at the heating frequency f , which is twice the

frequency of the bias current. The calibration of the temperature amplitude

corresponding to a give n radiation amplitude is pe rformed using a two-step

procedure . First, the transient NFO T data are taken above a calibration bridge

whose temperature can be assumed uniform and whose electrical resistance can

be measured simultaneously. Second, the temperature dependence of the electri-

cal resistance of the bridge is calibrated independently using a probe station

and a thermal chuck. The calibration can be considered appropriate only for

surfaces that close ly re semble the calibration surface in roughness, purity, and

stoichiometry.

An important feature of this measurement technology is the ability to scan

the sample beneath the optical fiber. The samples are mounted on a pie zoelectri-

cally actuated x] y scanning stage , which allows the sample to be moved without

altering the optical paths. Since the collected radiation powe r and its temperature

dependence depend on the tip ] surface separation, it is important that the
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tip ] surface separation remain constant during scanning. The tip ] surface separa-

tion is controlled using the shear-force feedback mechanism, which uses a pie zo-

e le ctric tube to oscillate the fiber tip laterally with frequency near 75 kHz and

amplitude near 5 nm. The phase of the tip oscillations depends on the shear forces

exe rted on the probe by the sample, which vary strongly with the tip ] sample

separation. For practical measurements under atmospheric conditions, the forces

imposed by a surface moisture laye r are expected to dominate . The phase is

monitored using radiation from anothe r lase r that passe s around the probe tip and

strikes a quad detector.

RESULTS AND DISCUSSION

Data inte rpretation must consider the thermophysical and geometric parame-

ters influencing radiation interaction in the tip ] surface region, which are summa-

rized in Table 2. The variation of these parameters with the sample surface

temperature makes surface the rmometry possible. Since each of the se parameters

has different implications for the temporal and spatial re solution, it is important to

study their relative importance . The complex re fractive index of the sample surface

influences the transmitted and re flected radiation powe r. The use of this parame-

ter for thermometry is analogous to far-field lase r reflectance techniques, which

Tab le 2. Tempe rature -depe nde nt quantitie s that can influence the NFOT signal

Temperature -

de pendent Associated temporal Associated spatial

quantity Explanation re solution limit re solution limit

s . s .1. Sample Surface optical constants V ery brie f, n T is ; D ; changes in n TÄ Ä
surface vary with tempe rature coupled with picose cond are re levant only near

complex due to changing band time scale to sample surface in region of

re fractive structure and scattering surface temperature diame ter near D .

s .inde x, n T rate s. change s.Ä
s . s .2. Sample Photon emission from V ery brie f; e T is ; D ; changes in e T

surface surface incre ases rapidly coupled with picose cond are re levant only near

emissive with temp. Relevant time scale to sample surface in region of

s .powe r, e T only for propose d near- surface temperature diame ter near D .

fie ld infrared imaging. change s.

3. Fiber coating Fiber tip is he ated by ) 1 ns; heat must diffuse ; D ; changes in D are

orifice sample , causing the rmal 5 nm norm al to surface dominate d by conduction

diameter, expansion to increase the moisture layer into fiber. from local re gion at

s .D T orifice diame te r. sample surface .

4. Separation Transie nt the rmal - 1 ns; governe d by Dictated by dimensions

be tween expansion of sample and time to achieve of re gion dominating

fibe r tip and tip re duce sample ] tip thermom echanical the rmal expansion. Tip

surface , separation. equilibrium in sample . expansion can also be

s .d T important.

Note: Although each of these mechanisms provide s a measure of the surface tempe rature near the

probe ] surface interaction re gion, mechanisms 1 and 2 provide the highe st temporal and spatial

resolution.
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offer ve ry high temporal re solution. The sensitivity in the near fie ld may be

w xenhanced by the excitation of surface plasmons 19 . If the fiber is significantly

heated by conduction from the sample through a surface moisture laye r, then the

fiber optical throughput may be affected due to change s in its diameter, length,

w xand mate rial indice s of refraction 20, 21 . The impact of the changing tip diameter

may be the most important among these three mechanisms because conduction

from the sample induces the large st temperature rise at the tip. Thermal expansion

of the near-surface region in the sample diminishe s the tip ] surface separation d ,

which influences the collected radiation power. The use of sample thermal expan-

sion is analogous to far-fie ld photothermal displacement techniques, which can

offer ve ry high temporal re solution.

It is possible to estimate the impact of the se thermometry mechanisms on the

phase of frequency-domain data using complex algebra. The phase and relative

amplitude of radiation power oscillations is approximate ly

ÄP 1 ­ P ­ n 1 ­ P ­ d 1 ­ P ­ D 1 ­ P ­ dÄf
Ä Ä s .; q T q q T 1s , f t , ft /t /P P ­ n ­ T P ­ d ­ T P ­ D ­ T P ­ d ­ TÄ s s t t

where P is the time -ave rage d power, T is the surface temperature, and T is thes t

fiber tip temperature . The amplitude and phase of the powe r and temperature

oscillations at the frequency f are represented using complex quantities and the

s .subscript f . The second term in parentheses on the right of Eq. 1 negle cts

temperature variations in the heated fiber region. Prediction of the partial deriva-

tive s of P would require simulations of the e le ctromagne tic energy transfer in the

tip ] surface region, which have been performed previously for two-dimensional

w xisothermal ge ometries 22, 23 and are beyond the scope of the present study. The

first te rm in the first pair of parenthe se s is analogous to the thermoreflectance

coefficient for far-fie ld photothermal microscopy, whose sign can be e ither positive

or negative and depends on the optically interrogate d materials. The second term

in the first set of parenthe ses is expected to have negative sign because expansion

of the sample reduces the separation and diminishe s the radiation powe r re flected

into the far fie ld. This results in a 180 8 phase shift for its contribution to the

complex power amplitude. The first and second terms in the second set of

parentheses are expected to have positive and negative real value s, re spective ly. A

phase lag between the temperature of the tip and the surface temperature is

expected to become important at high frequencies. These phases are used to

interpret data from the calibration structure.

Calibration is demonstrated using the structure shown in Figure 2 a , in which

the temperature can be measured directly using a doped silicon electrical re sis-

tance thermometer. Heat is ge nerated by a ne ighboring metallic inte rconnect. The

structure does not sustain large spatial temperature gradients at the silicon dioxide

surface due to the ove rlying silicon laye r, which e ffective ly conducts heat laterally

above the buried silicon dioxide. To study the impact of tip ] surface heat diffusion,

data are obtained for two ve ry different value s of this separation. For the smalle r

value of d , the tip is controlled using shear-force feedback at a separation of 5 " 1

nm. This separation value is measured destructive ly by moving the fiber tip toward
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the surface until it begins to scrape , which increase s the radiation released by the

fiber. For the large r value of d , the tip ] surface separation is about 3 m m and the

feedback is not engage d. Figure 2 b compare s the phase of the de tected oscillations

in the collected radiation powe r for the se two cases with the phase of the

e le ctrically measured thermistor temperature. The phase lag of the thermistor

temperature with re spect to the heating intensity approache s zero for low frequen-

cie s and increase s with increasing frequency. The two sets of optical the rmometry

data agree reasonably we ll in the frequency range 8 ] 50 kHz. This sugge sts that

surface ] tip heat diffusion, which must be absent for the case of the large separa-

tion, is not important for near-fie ld measurements at high frequencie s. At high

frequencie s, the qualitative agreement between the optical and thermistor data

indicate s that the temperature dependence of the tip ] surface separation, for which

s .these two data se ts should differ by 180 8 , is not important. Equation 1 there fore

sugge sts that the temperature dependence of the optical constants dominates the

s .F igu re 2. a Scanning electron micrograph of the calibration struc -

ture studie d he re , which is fabricated at the surface of a silicon-on-in-

sulator substrate . A silicon layer containing a heavily dope d bridge is

sandwiche d be twe en two silicon dioxide layers.
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s . s .Figu r e 2. Con tin u ed b Phase of dete cted radiation powe r fluctuations and of the calibrated

temperature .

measurement at high frequencie s. Surface ] tip heat diffusion and the rmal expan-

sion of the tip grow in importance at low frequencies, which may account for the

disagre ement between the optical and thermistor phase data be low about 8 kHz.

These two phenomena also grow in importance with decreasing tip ] surface separa-

tion, which explains the disagre ement of the two se ts of optical data at these

frequencie s.

Figure 3 provide s thermometry data for two adjacent aluminum interconnects

at the surface of passivation in a V LSI test circuit. The inte rconnect on the right

sustains a bias current at 1 kHz, re sulting in heating at the frequency 2 kHz. The

interconnect is cooled by thermal conduction to its contact pad, visible at the

bottom of the image , which expe riences little Joule heating due to its large cross

section for the bias current. The temperature fie ld along this conduction path is

evident in the spatial distribution of the colle cted radiation power fluctuations,

which decrease with decreasing separation from the contact pad and are consistent

w xwith far-field laser reflectance the rmometry performed on a similar structure 14 .

The interconnect on the left sustains no bias current and the refore has a much

smaller temperature amplitude . The temperature in the contact pad is large r than

that recorded in the unheated interconnect, because of conduction along the

heated inte rconnect. The peak in temperature near the edge of the contact pad

appears to be an artifact occurring when radiation must trave rse the edge of the

contact pad before reaching the far-fie ld de tector. More research is needed to
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de termine if this artifact results from the enhanced excitation of surface plasmons

or from a locally he ightened sensitivity to thermal expansion of the sample.

CONCLUDING REMARKS

This study shows that radiation collected using reflection-mode NSO M can

be used to map temperature distributions at inte rconnect surfaces in V LSI circuits.

The present work also shows that for transient measurements performed in the

frequency domain, the phase of the collected radiation provide s information about

the mechanisms responsible for the the rmometry. For the silicon r silicon dioxide

calibration structure studied here , this approach strongly indicates that the optical

signal above about 8 kHz is induced by the temperature-dependent optical prope r-

tie s of the sample rather than by thermal expansion of the fiber or the sample .

Furthe r studies are needed to de termine the relative importance of these mecha-

nisms for lowe r frequencies and for sample s consisting of materials with large r

thermal expansion coefficients. For measurements at time scale s we ll below 1 m s,

heat diffusion into the probe tip may be of minimal importance and the signal may

be gove rned only by the temperature dependence of the sample optical properties

and of the tip ] surface separation. The careful use of and distinction between these

two mechanisms promises to yie ld near-fie ld the rmometry techniques analogous to

the well-established far-fie ld lase r re flectance and photothe rmal displacement

methods. Additional work using the apparatus and phase analysis employe d here

aims to e stablish the feasibility of a near-field counterpart to highly sensitive

infrared imaging, which promises to improve the spatial re solution of this tech-

nique by nearly two orde rs of magnitude .
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