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Design and Batch Fabrication of Probes for
Sub-100 nm Scanning Thermal Microscopy

Li Shi, Ohmyoung Kwon, Andrew C. Miner, and Arunava Majumdar

Abstract—A batch fabrication process has been developed SThM have reported qualitative temperature mapping. Using
for making cantilever probes for scanning thermal microscopy SThM for quantitatively measuring temperatures and thermal
(SThM) with spatial resolution in the sub-100 nm range. A heat properties in the sub-100 nm has been difficult. This is partly

transfer model was developed to optimize the thermal design - L
of the probes. Low thermal conductivity silicon dioxide and because of the lack of thermal design and batch fabrication of

silicon nitride were chosen for fabricating the probe tips and the temperature-sensing probes.

cantilevers, respectively, in order to minimize heat loss from the  In the past, SThM probes were usually fabricated individu-
sample to the probe and to improve temperature measurement gally [4], [5], making the process very time consuming and irre-
accuracy and spatial resolution. An etch process was deve|0pedpr0ducible. More importantly, for most probes, lack of thermal
for making silicon dioxide tips with tip radius as small as 20 nm. . ’ . N ) .
A thin film thermocouple junction was fabricated at the tip end design led to probes that produced Inaccuracies ar_1d.art|facts In
with a junction height that could be controlled in the range of the thermal measurements [4]. For example, if the tip is made of
100-600 nm. These thermal probes have been used extensivela high thermal conductivity material such as metal [5] or silicon
for thermal imaging of micro- and nano-electronic devices with [6], [7], the temperature-sensing tip could act as a heat sink and
a spatial resolution of 50 nm. This paper presents measurement change the temperature of the sample. The measured tip temper-
results of the steady state and dynamic temperature responses of . .

the thermal probes and examines the wear characteristics of the atureisthen th? result of heat flow from the tip to the sample an'd
probes. [639] could be very different from the actual sample temperature. This
seriously affects the temperature accuracy and resolution of the
measurement. The spatial resolution is related to the tempera-
ture resolution [1] and is also degraded by poor thermal design
of the probe.

. INTRODUCTION Recently, several groups have attempted to batch fabricate

UANTITATIVE thermal imaging with sub-100 nm Probes for scanning thermal microscopy [6]-[8]. Two groups
Q spatial resolution remains a challenging problem, whidgbricated thermal p_robes using only optical lithography and

once solved will enable the investigation of thermophydvafer-stage processing steps [6], [7]. However, the probes were
ical phenomena and properties in micro- and nanodevices dngde of silicon and are prone to the aforementioned inaccu-
structures. Scanning thermal microscopy (SThM) is Capatg@cies and artifacts. Silicon nitride thermal probes were also
of qualitatively imaging temperature distributions and thermfPricated with a thermocouple junction defined at the tip by
properties with spatial resolution in the sub-100 nm reginfd€ctron beam lithography [8]. The low throughput of electron
[1]. The SThM maps surface temperature distribution by raste¢am lithography prohibits the process for being used for large-
scanning a sharp temperature-sensing tip across the surf¥g#!me fabrication.
Usually the tip is mounted on a microcantilever beam such Most of the probes developed till now are passive probes con-
that a constant tip-sample contact force is maintained by tifning a temperature sensor at the tip end. For true tempera-
force feedback of an atomic force microscope (AFM). Thisiré measurement using SThM, Nakabegpual. [9] recently
spatial resolution of SThM is unparalleled compared to othBfoposed a so called active thermometry scheme that utilized a
thermal imaging techniques based-on far-field optics, such thermal feedback system to keep the tip temperature equal tothe
infrared [2] and laser [3] reflectance techniques, whose spatf@mPple temperature and thus maintain zero heat flux between
resolutions are diffraction limited to be on the order of wavdiP and sample. They demonstrated the scheme using individu-
length. The superior resolution of SThM has made it attractifdy fabricated thermocouple wire probes. However, only point
for thermally detecting failures in ultralarge scale integraté@€asurements were realized because of the large thermal time
(ULSI) devices, whose minimum feature sizes are scaling doffAnstant£ 0.5 s) of the large-size wire probe.
to below 100 nm, and for measuring thermophysical properties'© address the issues discussed above, we attempted to ther-

of thin films and nanostructures. Most of the previous work iftally design and batch fabricate passive probes for SThM [10].
The following sections describe the modeling, design, fabrica-

tion, and characterization of these probes for scanning thermal
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I

this point and a point right below on the substrate, and treated
these two points as two parallel plates. This simplified picture
of tip-sample air conduction is represented by the second term
in (1), whereT,, (D) is the temperature of the point on the sub-
strate. The distance between the two points on the tip and sub-
strate, respectively, iz The air conduction coefficiertt, needs

to be written in different forms for different valuesgf A, where
Alisthe mean free path of air molecules and is about 60 nm under
ambient condition and at sea level [11]. koA > 100, we as-

-+ Solid-Solid
Conduction sumed a constant temperature gradient at the air gap and used
= Liquid-Film hs = ok, /y, wherek, is the thermal conductivity of bulk air
Conduction anda is a geometry factor to accommodate the fact that the tip
— Alr Conduction Liguid and the substrate is not exactly two parallel plates. We will ob-
W Radiabion Sarmphe tain « by fitting the modeling results with measurement data.
e Forl < y/A < 100, significant temperature discontinuity may

_ o ' ' develop at the air-solid boundaries because intermolecular col-
Fig. 1. Schematic diagram of a cantilever probe used for scanning therrﬂ%‘ions become less frequent and molecules arriving at the solid
microscopy. The heat transfer mechanisms between the tip, cantilever and the . el .
sample are also indicated. surfaces are unable to come into equilibrium with the surface

[11]. In this so-called slip regime

sured temperatures and to reduce heat loss from the sample to ks
the probe. Fig. 1 shows the schematic diagram of a passive h — (y+d) ) _ 22— A)y 3)
probe, which contains a thermocouple junction at the tip end. * (1+2£A)’ A(vy+1)Pr

y+

Tip-sample heat transfer mechanisms include solid-solid con-
duction through the contact, liquid conduction through a liquighere
film bridging the tip and sample, air conduction, and radiation 4  thermal accommodation coefficient and is about 0.9 for
[1]. When the measurement was performed near room tempera- air;

ture, radiation heat transfer was estimated to be small compareg ratio of air heat capacity;

to the other mechanisms. It was assumed that the temperature;  Prandtl number.

was constant at each horizontal cross sections of the tip and oRdy /X < 1,

varied along the height gy direction, as shown in Fig. 1. This .

assumption can be justified because the external thermal resis- h ok L = CV(y +d) 4)

tance through the air is much larger than the internal thermal T+ d+2f) 3

resistance in the tip across each horizontal cross section. It W‘F&rek; is the thermal conductivity of air in the free molecule

further assumed that the sample was a 100 nm diameter nanRsy regime, and” andV’ are the heat capacity and velocity of
tructure heated to a temperatufg while the room tempera- air molecules, respectively

ture is7,. The sample was on a flat substrate with a temper- The boundary conditions are

ature distribution assumed to g, (D) = 1o + (rs/D)(Ts —

To), which is the solution of the steady state temperature dis- dar T -
T . . . . Atk + Apkn)— = ,aty =0 5a

tribution for a point heat source in a uniform medium. Here, (Agth: + )dy R Y (5a)

T (D) is the temperature of the substrate at a distdnesvay ar Ty—-T

from the nanostructure, amdis the radius of the nanostructure. -

dy R
The one-dimensional heat conduction equation in the tip can be . . . . .
whereR,, is the tip-sample thermal resistance due to solid—solid

(Atkt + Amkm) ) aty = H (5b)

written as
and liquid film conduction and will be obtained by fitting the
d dr - i
LA k() + Amkin) (v) modeling results Wlth measurement.data. .
dy dy The substrate right below the cantilever arm is more than 2.5

— p(y)ha(y) tan (T (y) — Tou(D)) =0 (1) pm away from the 100 nm diameter nanostructure, because the
base of the tip is usually pm wide, as shown in Fig. 1. At this
where distance from the nanostructure, the substrate temperatures have
D=rtytand @ decayed signific_antly frorﬂ”S and approached room tempera-
- ’ ture Ty. Accounting for air conduction between the cantilever
Here, 6 andr are the half angle and the radius of the corgnd the room temperature substrate below, the thermal resis-
ical tip, respectively, as shown in Fig. #, and k, are the tance of the cantileveRg.. is solved using fin theory [12]
cross-section area and thermal conductivity of the tip, respec- tan hl(mlL 5
tively, k,, and A,,, are the cross-section area and thermal con- R, = M; m=/— (6)
ductivity of the metal coating on the tip, respectively, anid mkcwt ket
the perimeter of the cross section of the tip. For each pointon thlbere L, w, ¢, and k. are the length, width, thickness, and
perimeter, we assumed that heat was conducted by air betwtdearmal conductivity of the cantilever, respectively, is the
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TABLE | £ 07T —T VT —T——T—1—1—
THERMOPHYSICAL PROPERTIES OFCANDIDATE PROBE MATERIALS a r + ® Crl]
_ ® 40 F o Pt|]
Thermal Conductivity Seebeck Coeflicient g 0 : ® ”é“ ]
< r ® ]
at 300 K (W/m-K) (ref. 13) | at 300 K (WV/K) (ref 14) Z30¢F ]
5 r .
Al 237 -1.66 @ 20 Bulk
i C \-
Au 317 1.94 S 10f
‘g [
Cr 93.7 218 ] 0 E 1 1 L 1 1 1 i 1 1 1 1 t
T 1247 0.86 0 20 40 60 80 100 120
Thickness (nm)
Ni 90.7 -19.5
Fig. 2. Electrical resistivity as a function of the thickness of the Pt and Cr
Pt 71.6 -5.28 films.
Ti 21.9 9.1 0.10 T T T T T T T T T
Si 148 - 0.08 i
Si0, tip, Si0, cantilever
SiO; 1.4 - 4
0.06 b
SiNy 5.5 (ref. 15) - 4

Si0, tip, SIN, cantilever

Si tip, SiN, cantilever
& Si0, tip, Si cantilever

heat conduction coefficient of the air gap between the cantilever 0.02

Dimensionless temperature, ¢ (y)

and the substrate and was calculated following the discussion r%su;p, Si cantileverse )

in the preceding paragraph with = 1 because the cantilever 0001 L1111

and the substrate can be treated as two parallel plates. o 1 2 3 4 5 6 7 8
The thermophysical properties of candidate probe materials Height above the sample, y (um)

are tabulated in Table |, where the thermal conductivity data lgf o . . . . .
.o ig. 3. Temperature distribution in the tip for different tip-cantilever material

the metals are for pure bulk metals. For the thin film Pt—Cr thegsmbination. Cantilever length = 150 m, width V" = 16 zem, thickness

mocouple junction probes discussed in the following sectionss 0.5 xm, tip heightd = 8 xm, tip half cone anglé = 18°, Cr-Ptjunction,

the thickness of each metal film was measured by AFM to [ckness of each metal= 35 nm, metal linewidtho = 2 yim.

75 nm on the cantilever and 25 nm on the tip. To determine the

thermal conductivities of the thin metal films, we measured theiontact forces. From the data obtained for the case while tip and

electrical conductivities as a function of thickness, as showgample were out of contact, we determinetb be0.8 £ 0.1.

in Fig. 2. Using Wiedemann-Franz law and assuming that thids shown by the data that tip-sample solid-solid thermal con-

reduced thermal conductivities of the thin metal films had th@uctance increased linearly with contact forces for contact force

same proportionality with the reduced electrical conductivitidess than 30 nN, and saturated at higher contact forces because of

[16], we estimated the thermal conductivities of the thin metthe elastic-plastic contact between an asperity on the tip end and

films. From the electrical conductivity measurements, the cdhe sample. Form the data, we extracted a tip-sample thermal re-

rection factors for 75 nm thick films with respect to bulk valuesistanceR;; in the range 0f2.8—4.7) x 10" K/W for a contact

were 0.3 for Pt and 0.39 for Cr. For 25 nm thick films, the corredorce range of 30—-15 nN used in thermal imaging. With these

tion factor were 0.22 for Pt and 0.28 for Cr. For a thermal prob@lues forR,, and«, the numerical results obtained from the

with SiO; tip, it is unnecessary to correct the thermal condu@bove model fitted well with the measurement results.

tivity of SiO,, at the tip end, because the phonon mean free pathWith R, = 2.8 x 107 K/W anda = 0.8, we solved (1) using

in amorphous Si@is expected to be shorter than the size of thefinite difference method to obtain the temperature distribution

tip end [17], which was about 20 nm as shown in the next sge-the tip, i.e..T’(y). A nondimensional temperature of the tip at

tion. a distance; away from the sample was defined as
The two fitting parameters in the above model &g, the _
) X . . _ T(y)—1To
tip-sample thermal resistance, andthe geometric correction Py) = T — 7. @)
s — 40

factor for air conduction. We have conducted a series of exper-
iments to study the tip-sample heat transfer mechanisms anéutal is plotted in Fig. 3 as a function gffor different tip and
obtainR,; anda. The details of the experiments are described rantilever materials. Although the modeling results depended
ref. 18. In short, in the experiments, we measured the tempen-the value used fak,., the qualitative trend shown in Fig. 3
ature of the probe tip as a function of the sample temperatusnains the same a8, was varied between0°—-10% K/W.

with tip in and out of contact with the sample and for differenilote that if silicon is used as the tip and cantilever materials,
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the calculated tip temperature is only a small fraction of the Cantilever length (um)

sample temperature. If low-thermal conductivity materials such 0 50 100 150 200
asSiO, andSiN, are used, the temperature at the tip end can L L L L L L L B
be improved by a factor of about 4. This improvement can in- 0.12 LA/H=150/0.5/8 um

crease the temperature response of the thermocouple junction,
which is defined ag; = (T} — Ty) /(T — Tp), whereTj is the
area-average temperature at the thermocouple junction and was . 0-08

0.10 W/t/H=16/0.5/8 pm

Fay
calculated from 0.06 W/t/H=8/0.5/8 pm.__ U—
I
2rxT(y)d 0.04 g
szw; r=7r+ytanf (8) 0.02 1
Jo 2mxdy * | LWH=150/0.5/4 um LAMH=150/1/8 um
0.00 T T T TR N T TR TN N A O | Y | [ | L 11

whereh is the height of the junction and was assumed to be 900
nm.
The spatial resolutiol\z is related to temperature response

0 10 20 30 40 50
Cantilever width (um)

‘/)j as Fig. 4. Dimensionless junction temperature, or temperature response, as a
function of cantilever widthH?” (bottoma axis) and lengthL (top « axis) for
Ar = AToise (9) different cantilever thickness and tip heightH. SiO, tip, SiN, cantilever,
- : (@) tip half cone angl¢ = 18°, Pt—Cr junction, junction height = 900 nm,
I\ dx thickness of each metal filfh = 35 nm, metal linewidthwo = 2 pum.

where AT .ise 1S the thermal noise in the thermocouple junc-

tion, anddT;/dz is the temperature gradient on the sampl@esponse of the probes. Higher tips can reduce air conduction
Equation (9) indicates that the spatial resolution is improved fggtween the cantilever and the substrate and improve the tem-
a larger¢;. Therefore, the spatial resolution will be improvecherature response, as indicated in Fig. 4. A smaller tip angle, or
for cantilevers and tips made of Si@nd SiN.. 6in Fig. 1, results in higher thermal resistance in the tip and thus
Attention should be paid in choosing the two dissimilapigher temperature at the tip end. In addition, a smaller junction

the temperature at the tip end for an Au-Cr thermocouple dg jngicated by Fig. 3.

about 30% lower than that for a Pt—Cr one because the thermal
conductivity of Au is about three times higher than those of
Pt and Cr, as shown in Table I. In addition, it is desirable to
minimize the metal line widths and film thickness in order According to the above design considerations, we developed
to increase the thermal resistances of the tip and cantilewvebatch fabrication process for making passive thermal probes
Another consideration relates to processing. Previous woskth SiO. tip, SiN, cantilevers, and a Pt—Cr, Ir—Cr, or Cr—Ni
[4] showed that one of the metals needed to be a noble mdtermocouple junction at the end of the tip. We attempted to
that is resistive to oxidation. The purpose is to achieve lominimize the cantilever width, metal line width and thickness,
junction electrical resistanch; because the Johnson noise imnd junction size, and to increase the tip height.
the thermoelectric voltage is proportional Rf" Following The fabrication process consisted of only wafer-stage
this, we first chose Pt and Cr and most of the experiments hgu®cessing steps as shown in Fig. 5, with more than 300
been performed using probes with Pt—Cr junction. Recently, \peobes fabricated on one single wafer. First, a @7 thick
have been able to build low electrical resistance junction witbw-pressure chemical vapor deposited (LPCVD) SitNm
nonnoble metals with larger difference in Seebeck coefficientsas grown on both sides of 100 mm diameter double-side
such as Ni—Cr. This has increased the sensitivity of the probgmlished silicon wafers with (100) orientation, followed by
The geometrical parameters of the cantilever, such #e growth of a8-um-thick LPCVD silicon dioxide or low
cantilever length, width, and thickness, affect the temperatusmperature oxide (LTO) film. The LTO film on the backside
response of the probe, as shown in Fig. 4. The temperatwas stripped in buffered HF (BHF 5:1) [Fig. 5(a)]. The LTO on
response does not increase much as cantilever length incrahsefront side of the wafers was then annealed at 1G0@r
more than 10@:m. The reason is that the thermal resistance ohe hour. The backside SiNvas then patterned for use as a
the cantilever does not increase further because the cantilavask in a subsequent bulk micro-machining step.
temperature decreases substantially at around;#fCaway The probe tips were fabricated out of the:Bi-thick LTO
from the tip due to air conduction. If the cantilever width idilm by reactive-ion-etching (RIE) and wet etching. A chrome
decreased, both heat loss through air conduction and sdiich was sputtered on the LTO, and patterned by photoresist
conduction can be reduced, resulting in higher temperatinto squares [Fig. 5(b)]. Masked by the photoresist and chrome
response for cantilevers narrower than 4. As shown in squares, the top pm-thick LTO was etched in CFand CHRE;
Fig. 4, the temperature response also decreases with increaplagma. The photoresist plus chrome masks were undercut and
cantilever thickness due to decreased solid conduction throubhk precursor of a sharp-angle tip shape was defined during this
the cantilever. etching step. After the RIE etching, the remaining LTO film was
The geometric parameters of the tip, such as the tip heigfithed in BHF 5:1 until the masks were just etched free [see
and angle, and the junction height also affect the temperatiiig. 5(c)]. Before that, the gm-thick LTO film at the unpro-

I1l. BATCH FABRICATION PROCESS
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Phobonsaist Phatoresist
Cr
=11

O EandBHFEIh
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Fig. 5. Fabrication Process. (a) Deposit Sidhd then Si@ by LPCVD, strip
SiO; and pattern Sily at the backside of the wafer, sputter Cr; (b) pattern Crinto
10 pm by 10pm squares; (c) etch Silby RIE and BHF until the photoresist
and Cr mask was etched free, resulting in a St; (d) sputter and pattern
Pt on the wafer, grow Si©Qon Pt by LPCVD; (e) spin photoresist on the tip,
leaving the tip end uncovered, etch Si®om the tip end; and (f) sputter and
pattern Cr on the wafer, pattern SiMn the front side of the cantilever, release
the cantilever in TMAH.

Fig. 6. Scanning electron micrographs of an etched LTO tip (a) after step (c)
tected region etched away. The scanning electron micrograffhig9. 5 and the detail at the tip end (b) after step (€) in Fig. 5.

of an&-um tall etched Si@ tip is shown in Fig. 6(a). The RIE

plus wet etching process could reproducibly yield oxide tig§nctions [see Fig. 5(f)]. For making Cr—Ni junction, a short
with tip radii about 20 nm and half angles #°~20°. Although - spytter etch step was necessary in order to etch the chrome oxide
the BHF step is a critical time etching step, we found that OVggfore Ni deposition. After the thermocouples were made, the
etching in BHF up to 0.um did not degrade the tip radius. Wesjjicon nitride film was patterned into cantilever shapes. Then
suspected that some Cr atoms were sputtered into the surfacegf tetramethylammonium hydroxide (TMAH) in water was
the LTO film and stayed at the tip end while the photoresist plyged to etch grooves from the backside of the wafer until the
Cr masks were just etched free. These Cr atoms might redygger was etched through and the cantilevers were released [see
the etching rate of LTO in BHF from the tip end, preventingsq 5f).
rounding of the sharp tip. Fig. 7 shows two scanning electron micrographs of a finished
After the oxide tips were fabricated,~a 50-nm-thick plat- cantilever probe with the tip containing a Cr—Pt thermocouple
inum film (or chrome film) was sputter deposited and patterng@nction. The silicon nitride cantilever was designed to be
on the front sides of the wafers [see Fig. 5(d)]. A 300-nm-thick-shape, with one metal line on each arm. A laser reflector was
LTO was then deposited to cover the tip. Photoresist with agbricated between the two arms of the nitride cantilever near
propriate viscosity was spun on the wafer. At a certain spinnifige end of the tip. Although the addition of the laser reflector
speed, surface tension prevents a sharp tip from being covefigd an equivalent effect of increasing the cantilever width
by a spin-coated photoresist [19], leaving the very ends of thAd could degrade the thermal performance of the thermal
tips uncovered [see Fig. 5(e)]. The LTO film was then etched fitobes, the reflector was necessary because our AFMs from
BHF 5:1. The height of the etched region depends on the phgigital Instrument used an optical method to detect cantilever
toresist viscosity and coating speed as well as etching time. Wflection. If the laser spot was placed on top of the tip, the
tested several photoresists and chose OCG 825 G-line photejig¢temperature could rise up to 80 K above ambient. While
sist. For one 30-s coat of this photoresist at a coating speed@d laser spot was moved away from the tip to the reflector, tip

2000 rpm followed by another 30-s coat at 5000 rpm, the heigigimperature rise due to laser heating could be reduced to as
of the etched region could be made as small as 100 nm highall as 3 K.

as shown in Fig. 6(b). However, the yield was only about 30%.
While increasing the coating speed of the first coat to 5000 rpm,
we found that the junction height increased to about 600 nm high
and the yield approached 100%. The thermal probes have been used for measuring tempera-
After the platinum (or chrome) was exposed at the tip entyre distribution of VLSI via structures [20] and for studying dis-
the photoresist was stripped and 50-nm-thick chrome (or nickslpation in multiwall (MW) and single-wall (SW) carbon nan-
was sputter deposited and patterned to form Pt—Cr (or Cr—Niube (CN) circuits [21]. Fig. 8 shows a topographic and thermal

IV. CHARACTERIZATION
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Pt Line Covered
with LTE'«.‘

Tip Laser Reflector

[" . SiN, Cantilever

3 .___,.Gr line

10 pm

Fig. 9. (A) Topographic and (B) thermal image of a multi wall carbon
nanotube (MWCN) circuit. A current of 88A passed through the MWCN.
The insect in B shows that the FWHM of the temperature profile across the
A-A cross section is 50 nm.

otubes or mechanically destroying the sample. Several thermal
images at the same contact force were usually obtained for one
current flow condition and the temperature profiles from these
measurements were consistent with each other. This indicates
that tip-sample thermal coupling is stable and constant during
the imaging.

The thermal probes were characterized in the following
way. First, the thermoelectric power of the Pt—Cr junction
was measured to be 13;4//K [20], which is about half of
that of a pure bulk Pt—Cr junction. The temperature responses
of thermal probes with different geometric parameters were

() measured using different calibration samples. The calibration
Fig. 8. Topographic and thermal image of a Joule heated 200-nm-wide ggdmples were thin film aluminum heater lines with different
coil on a oxidized silicon water. line widths on oxidized silicon wafers. As shown in Fig. 10 as
an example, the junction temperatures of the thermal probes
image simultaneously obtained by one of the batch-fabricatedcontact with a Joule heated Al line increased linearly with
thermal probes. The sample was a joule heated thin film gdlie Al line temperature, which was determined by measuring
heater coil fabricated by e-beam lithography. The heater lifte temperature-dependant four-probe electric resistance [20].
was about 200 nm wide and could be clearly identified in bofrhe temperature responses for different probes on aluminum
topographic and thermal images. Fig. 9 shows a topographic dimés with different line widths are shown in Table Il, all on
thermal image of a Joule heated MWCN circuit. The tempertie order of 0.5 K/K. As predicted by the model, the length of
ture profile across the nanotube shows a full-width at half mattie cantilever did not show obvious effect on the temperature
imum (FWHM) of 50 nm, which demonstrates the spatial resesponse whed, > 100 zm. The temperature response also
olution of the thermal probe. For both thermal images, a loghowed no obvious dependence on the width as shown in
scan rate of 0.1 Hz, or 0.1 scan line/s, was used in order to sitipble II. It should be noted that in Table Il, the width of the
press the noise in the thermal image. In addition, for imaging tkantilever was the total width of the two arms of the V-shape
CN circuits, low tip-sample contact forces in the range of 10-2f&ntilever and did not include the laser reflector, which had an
nN was applied to avoid disturbing electron flow in the nararea of about 50@m? for all of the probes. Considering the
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Fig. 10. Junction temperature rise as a function of sample temperature rise.

Cantilever lengthl, = 200 pm, width W' = 2 x 8 um, thickness = 0.7 um,  Fig 11. Dynamic temperature response of the junction as a function of heating
Pt-Cr junction height. = 900 nm, thickness of each metal= 50 nm, metal  frequency.

linewidthw = 5 pm. The sample was a Joule heatgd8 wide, 200Q:m long

Al line.

TABLE I
TEMPERATURE RESPONSE ¢;, OF THERMAL PROBESWITH DIFFERENT
DIMENSIONS ONDIFFERENT SAMPLES. L IS THE LENGTH OF THECANTILEVER.
W 1s THE WIDTH OF THE CANTILEVER AND IS EXPRESSED ASTWO TIMES THE
WIDTH OF EACH OF THE TWO SiN,. ARMS. CANTILEVER THICKNESS
t = 0.7 pum, TiP HEIGHT H = 8 pm, Pr-CR JUNCTION, JUNCTION
HEIGHT i = 900 nm, THICKNESS OFEACH Metal = 75 nm, METAL
LINEWIDTH w = 5 um. THE CALIBRATION SAMPLES WERE 20004+m LONG
JOULE—HEATED THIN FILM Al L INES WITH DIFFERENTLINEWIDTHS

Sample Linewidth 3 um 5 um 50 pm

Probe Dimension

L=100 pm, W=2x 8 pm 0.50+0.05 | 0.56+0.05
L=100 pm, W=2x18 um 0.5010.05
L=200um, W=2x 8 pm 0.46+0.05 0.53£0.05

laser reflector, the effective cantilever width for all the probes
in Table Il would be much larger than 2@m. As shown in
Fig. 4, the cantilever width should be reduced below:i®in
order to achieve much higher temperature response. The width
of the aluminum line of the calibration sample had a noticealﬁﬁg- 12. Scanning electron micrograph of two used thermal probe tips. Tip A

. . . showed no wear after obtaining about 10 thermal images of a Joule heated metal
effect on the temperature response. As the line width increasgk at contact forces lower than 30 nN. Tip B showed wear at the tip end after
from 3 um to 50 um, the temperature response increased Isyanning over different samples for more than 100 images at contact forces up
0.07 K/K, probably because of the change in air conductidh290 "N-
between the cantilever/laser reflector and the substrate. A more
in-depth study of tip-sample heat transfer has been performadfer. A sinusoidal current with a frequency ffwas passed
and is again presented in [18]. In summary, the work fourtdrough the gold line, resulting in a modulated temperature of
that air conduction depends on the size of the heated regitbe gold line at a frequency @ff. The temperature oscillation
on the sample. For large heated region such as Al lines uded to a2/ oscillation in the four-probe electrical resistance of
here, air conduction is the dominant heat transfer mechanigire gold line, which was measured and used to calculat2 the
For micro/nano devices with submicron heated region, suchtaesnperature. The amplitude and phase of2ficomponent of
a CN circuit or a defective ULSI via structure, air conductiothe temperature at the Pt—Cr junction was measured by lock-in
contribution decreases and conduction through the solid-sdléthnique while the probe contacted the gold line. The result is
contact and the liquid bridge becomes important, giving rise shlown in Fig. 11. The AC temperature showed a typical first
the sub 100 nm spatial resolution found in the thermal imagestder dynamic response @f. = Tu.//1 + (27 f7)? and de-

The time constant of the passive probe was measured usingased to about/+/2 at a heating frequency of, = 18 kHz.

a 104u:m-long, 250-nm-wide gold line on an oxidized silicoriThe time constant, defined asl /2~ fo, was calculated to be
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8.8us. Previous work [4] measured the time constant of the indderkeley. Our work has been benefited from discussions with
vidually fabricated thin-film thermocouple probes by modulateDr. U. Ghoshal from IBM Austin Research Laboratory.

laser heating. The measured time constant®b%+ 0.02 ms,

one order of magnitude larger than that obtained by the current
method, which probes the true time constant of a probe meas,,
suring temperature of a solid sample.

The wear characteristics of the probe tip was also examined|2]
Fig. 12 shows the SEM images of two used probes after dif-
ferent usage time at different contact forces. Probe A was useg;
to obtain about 10 thermal images of a Joule heated metal lines
with tip-sample contact forces less than 30 nN. No noticeable[ 4]
wear was found for this probe. Probe B was used to scan over
different samples for more than 100 images at contact forces as
large as 200 nN until the sharpness in the topographic image wab!
found to degrade. The SEM image reveals that the tip end was
worn, resulting in a broad tip with diameter about 200 nm. To [6]
prevent tip wear, during thermal imaging we usually controlled
the tip-sample contact force within 30 nN and the tips may last[7
for a few days of experiments without noticeable degrade of the
spatial resolution in both topographic and thermal images. 8]

V. CONCLUSION [9]

We have developed a batch fabrication process for making
thermally designed SThM probes for thermal imaging in thel10]
sub-100 nm. Based on a heat transfer model, we designed
thermal probes withSiN,; cantilever andSiO- tip that can
improve sensitivity and spatial resolution in thermal imaging.[11]
A RIE and wet etching process was developed to fabrigaide
tips with tip radius of about 20 nm. A thin-film thermocouple [13]
junction was made at the end of tB&), tip with a junction
height that could be controlled in the range of 100-600 nmlt4
The fabrication process consists of only wafer-stage processings;
steps with more than 300 probes made on one single wafer.
The thermal probes have been used extensively for imagin@6
temperature distribution of micro/nano electronic devices.
While the 2-50zm-wide Joule-heated thin film metal lines [17]
were used to calibrate the probes, the temperature respon
of the probes were about 0.5 K/K and were influenced by
air conduction between the cantilevers and the samples. B9
more in-depth study of steady-state tip-sample heat transfer
mechanisms has been performed and is discussed in [18]. He[gg)
we examined the dynamic response of the probe and measured
the thermal time constant of a thermal probe to be;&8In
addition, the wear characteristics of the thermal probe was
investigated and the results show that for low contact forces in
the range of 10-30 nN, the thermal probes were not subject to
obvious wear for a usage time of a few days.
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