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A Silicon Micromachined Scanning Thermal Profiler
with Integrated Elements for Sensing and Actuation

Yogesh B. Gianchandaniember, IEEE,and Khalil Najafi, Member, IEEE

‘Abstract—The thermal profiler is a scanning probe microscope THERMAL
with a miniature thermocouple_ (T_C) at its tip which prowdes PROFILER
topographic and thermographic information by sensing heat
conducted across a small air gap. The silicon micromachined ther-
mal profilers (SMTP’s) described in this paper are structurally  SCAN
comprised of a probe that can be longitudinally actuated by DIRECTION
an integrated electrostatically driven suspension. A polysilicon-
gold TC is located near the probe tip, which overhangs a glass :::>
substrate; a resistive heater is integrated with the base. An IC- X
compatible, 8-mask fabrication process has been developed and
SMTP’s with various types of frames and probes have been
designed, fabricated, and thermally characterized. The maximum
thermoelectric signal available from a 7-TC thermopile probe
has been measured at 824 mV/W of input power to the heater,
whereas from a simpler design it was 48 mV/W. Simple dithered SAMPLE T1 T2 T3
and nondithered scans are presented to demonstrate the basic
functionality of fabricated devices. The noise due to our test set-
up has been measured atz20 mK. For a 1 um x 0.5 pm tip Fig. 1. The scanning thermal prqfiler uses a sh_arp thermocouple to sense
and a 0.1xm long air gap the spatial resolution and the device heat gonducted across a small air gap. Appllcauons_ include topographical
NETD have been theoretically estimated as<3.33 nm and=0.1 mapping, thermal mapping, and photothermal absorption spectroscopy.
mK/+/Hz, respectively.
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The STP is basically a miniature thermocouple (TC) which
|. INTRODUCTION is thermally biased with respect to the sample and separated

wide variety of scanning probe microscopes (SPM’Jg)m it by a small air gap (Fi_g. 1). In closed loop operation,

have been developed in the past 15 years based | R voltage of the TC is stablllz.ed by a feedback system that
diverse physical phenomena such as tunneling current, R@usts the gap such that the_ tlp trgces a contour of constant
conductance, capacitance, force, temperature, light, etc. fgnperature [2], [3]. If the variation in temperature across the
The scanning tunneling microscope (STM) and the atomi@mple surfa_lce is small compared to the thermal bias, the
force microscope (AFM) have found the most widespredpntour provides a topographic map of the sample. The STP
use, and are important milestones in the development igfalso useful for a variety of thermography applications, in-
SPM's. The spatial resolution achievable by either one &fuding high resolution photothermal absorption spectroscopy,
these techniques i1 A, while the operating gap betweenMicroelectronics metrology, microflow measurements, and for
the tip and the sample is typically10 A. The scanning biological applications like mapping the temperature of a
thermal profiler (STP) interacts with the sample by sensidlying cell to investigate its metabolic functions [4]-[6]. For
heat conducted through the scanning probe, and can be ug@¢eral applications of the STP, lateral resolution=df m
to provide both temperature and topographic informatioff adequate.
Although the best reported spatial resolution for it is about There are two scan modes in which the STP can be operated:
an order of magnitude larger than for AFM’'s and STM's, ithe DC mode and the dithered mode. In the former, the tip is
permits a wide latitude in the gap size. This is because tfstered across the sample while the air gap is controlled to
thermal interaction between the tip and the sample can exX§§€p the TC signal constant. In the latter, the tip is oscillated

over a much longer range than tunneling current and near-figrpendicular to the sample, modulating the air gap by about
forces. 10%. Dithering the tip can reduce sensitivity of the TC signal
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[2], [3], [7], [8]. The detection electronics used in this casas piezoelectricity, piezoresistance, and capacitance to sup-

could resolve<1l mK in a 100 Hz bandwidth. port AFM and STM applications [13]-[19]. Micromachining
Separating the effects of temperature and topography in tachnology has not only enhanced the capability and diversity

STP scan is a concern only if both vary simultaneously acrask scanning microscopy tools, but has also triggered the

a sample surface. In such cases it is possible to separat#yelopment of other devices based on near-field interactions.

map the temperature and topography in a single scan if thecelerometers, infrared detectors, and pressure sensors based

thermal bias can be pulsed. If the dither frequencyijisand on tunneling current sensing have recently been reported

the sample is heated at a frequentywhich is outside the [20]-[24].

range of the feedback loop controlling the air gap, then theln this paper, we describe the design and fabrication of

topographic map can be obtained by monitoring the TC sigredanning thermal profilers using an IC-compatible lithography-

at f; and the temperature map can be simultaneously obtaifsked process. We also describe the thermal characterization

by monitoring the signal at the beat frequenfy— fi [8]. of these silicon micromachined thermal profilers (SMTP’s),

If the thermal bias cannot be pulsed it becomes necessarydeanonstrate their basic functionality, and discuss some theo-

monitor the topography by a separate interaction of the tip. Ratically obtained performance limits [25]-[27]. The structure

example, a technique has been reported in which a tunnelamd theory of the SMTP are presented in Section Il, the fabri-

current established between a metal tip and the sample is usation technology is described in Section Ill, and experimental

to map topography, while temperature is monitored by the Ti@sults are discussed in Section IV.

formed by the dissimilar conductors of the tip and the sample

[9]. Another device combines the functions of an AFM and an

STP: thin wires of chromel and alumel microwelded together Il. STRUCTURE AND THEORETICAL ANALYSIS

at the tip of a V-shape form a TC, while a piece of aluminum » qchematic of the basic SMTP design is shown in Fig. 2.

foil gllued to th_em serves as a reflector for optical readout %e scanning probe overhangs the glass substrate, and is
th? tlp”diﬂe?on [10]&. d ab h integrated with a suspension which includes flexible support
n all the devices ¢ |scuzseb efrg’ve,st © temperature MBBams and electrostatic comb drives for longitudinal actuation.
surements Wereh per ijeb y fs Cznnm_g temp;;?\;l}{‘?hin film TC runs along the probe, with one junction near the
measurements have also been performed using an AR truding metal tip and another near the suspension. Insets in
detect t_he contact potential between a tip and samplg, whic ‘a. 2 compare the TC junctions of the SMTP and the original
gfuhnctlon_l%f tc(jemperatuLe [11]. Tl:? N fa‘k‘)".‘"‘”ta%e of thh's meth?ﬁingsten wire STP. A polysilicon resistive heater located on
Is that a oes not have to be fa rlca_te_ at the scan Yp"jower surface of the suspension provides a convenient
Howe\_/er, the temperatu_re-dependent variation of the contggli,, ¢o; generating the thermal bias between the tip and
]E)oter:IUaI beTween thel t'pl ?nd éh?j sample ”’.“:ft be knp sample. The insulating glass substrate allows the thermal
or all sample materials. In rarec etectors V\.”t appropriaifaq 1o he generated efficiently. As will be discussed later, this
focusing optics offer another option for scanning temperatuf@ . gyitp design can be modified for higher performance.
me?‘s%”eme”ts' but the spatial rgsolutlon is limited by ”IW this section, thermal issues of importance to the SMTP
radlthlqn wavelgngrlh to stt)averal rr]mcrork;s, agdlﬂlle tlzmperatlérr(:é examined first, mechanical characteristics of the silicon
resolution Is typically no better than about 0. [12]. suspension are briefly discussed next, and the noise limits of
the SMTP performance are evaluated last.

Micromachining and Scanning Probe Microscopy

Research activity aimed at developing lithography-baséy Thermal Issues

micromachining techniques for scanning probes is motivatedAvailable thin-film technologies offer a wide choice of
largely by the controllability and reproducibility of these techmaterials for the TC. We have selected polysilicon for one
nigues as compared with the more traditional customized shafde of the TC because it can provide a very high Seebeck
ing and sharpening of thin wires. Additionally, lithographyeoefficient; the other side is Au. A conventional figure of
based processing is better suited for scaling down the deviverit for the thermoelectric properties of a materialzis=
dimensions, for fabricating arrays of devices, and for integra$? /«p, where S, x, and p denote the Seebeck coefficient,
ing probes with support circuitry. Smaller probes are bettdrermal conductivity, and electrical resistivity, respectively.
able to resist unwanted vibration and thermal drift. Arrayisow values ofix andp are desirable to minimize unwanted heat
of probes can be useful in reducing data acquisition timé@sw between TC junctions and Johnson noise in the output
by providing parallel input from several points, as well asoltage. HoweverS andp are directly related in polysilicon,
enhancing reliability through redundancy. Circuitry integratedhich leads to a compromise between signal strength and
onto probe platforms can enhance sensitivity and possitdiectrical noise. At high doping levels the thermal conductivity
reduce system costs of scanning microscopes. In additidine to electrons causedo deteriorate in semiconductor TC's
microfabrication techniques provide access to a great diversityen though electrical resistivity drops. The highesftor
of materials and tools that can extend the capabilities pblysilicon TC's is at the intermediate doping concentration of
scanning probe microscopes. ~10'° cm—3 [28]-[30]. S is higher in n-type polysilicon than
Previous work on micromachined scanning probes deman-equivalently doped p-type polysilicon, and at intermediate
strates the versatile use of various transducing phenomena sdmping levels it lies at 50-10pV/K.
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Fig. 2. A schematic identifying the various elements of the SMTP. The insets compare the details of the SMTP tip with the original tungsten wire STP [2].

Heat transfer between the SMTP and the sample is primarjlyn width at its apex, positioned Am away from the sample.
by conduction through the air gap. Natural convection can B&ploiting the longitudinal symmetry of the probe only half of
neglected because the small dimensions of the probe yielit B modeled. It is bounded by adiabatic surfaces laterally, and
low Rayleigh number, and forced convection due to scannibyg isothermal surfaces at 100 and®QG near the tip and the
motion can similarly be neglected because of a low Reynoldaspension, respectively. The thermal conductivity of the air is
number. Radiation effects are also negligible because thgproximated by its value at the viscous limit for simplicity. It
temperature bias maintained between the sample and probesis be seen that the temperature of the probe remains almost
typically =100 K. In general, the thermal conduction betweetonstant for most of its length. The temperature of the metal tip
the tip and the sample is a complex function of the gap siiejust below 1°C, indicating that the temperature drop across
and the tip diameter. The mean free path of nitrogen molecutee TC is about 1% of the temperature bias. The contours
at atmospheric pressure is about 8¥at 373 K. If the gap also show evidence of substantial fringing effects. Fringing
is much larger than the mean free path, its thermal resistarffectively increases the coupling between the tip and the
can be calculated using the viscous thermal conductivity of tsample, enhancing temperature sensitivity of the SMTP at the
gas, which is about 3.8 10~* W/cm K at 373 K. The thermal cost of lateral spatial resolution. Repeating the FEA for a gap
conductance per unit area is the ratio of thermal conductivitf 0.1 and 0.09:m, it is seen that the temperature change in the
to gap size, and for a Am gap it is 3 W/crd K. If the gap is middle of the metal tip is<3 K/pm. If the § = 100 pV/K
much smaller than the mean free path the thermal conductaacel the detecting electronics can resolve\, this implies
per unit area is much larger and independent of the gap sthat, neglecting noise, the spatial resolution perpendicular to
[31], [32]. the sample is 3.33 nm at 100 nm separation. Since the region

The simplest approximation of the thermal resistance of tioé the sample surface that interacts thermally with the device
air gap is a cylinder of air with the same cross section ascreases not only with the tip diameter but also with the air
the tip. Fringing effects are absorbed into a correction factgap, the lateral spatial resolution of the scan is limited by
known as the excess flux coefficient, which can be found the larger of these two dimensions. As the gap increases, the
by numerically solving the equatiow?7 = 0 in the air gap interaction diminishes in a much more gradual manner than
assuming isothermal tip and sample surfaces [33]. When tiheloes for AFM’s and STM’s. Scanning thermal microscopy,
air gap is much smaller than the tip diametgr,approaches therefore, permits a compromise between lateral resolution and
unity, whereas, when the gap is larger than the tip diameteperating gap that is not afforded by these other techniques.
7’ may exceed 10. For most scans performed with scanning thermal profilers

Fig. 3 was obtained by steady state finite element analy#iie thermal resistance of the air gap is much larger than
(FEA) of a 300zm long, 40pm wide, 10xm thick silicon the thermal resistance between points within the sample, or
probe with a 10um long, 0.5xm thick triangular Au tip of 1 between the sample and its support. The SMTP tip, therefore,
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Fig. 3. Steady-state temperature distribution along the probe shank of design A obtained by FEM. One longitudinal half of the volume is shown, and
the viewing angle is from below the shank and across the plane of symmetry. The tip-sample region is magnified in the inset, showing the lateral
spread of the interaction.

should not significantly affect the temperature of the sample. NP

It is possible, however, that the parasitic heat loss mechanisms o

of the sample, including convection, etc., are affected to somé‘ = < <> probe shank °

extent by the presence of the assembly and support structure g%> NN ol

of the SMTP. These are longer range interactions, and it is =— ' "2 TC junctions

reasonable to expect that they will not modulate the signal

from a scanned probe, although they might affect its offset. T,
It is instructive to examine a simple one-dimensional elec-

trical equivalent model for the conductive heat transfer as

illustrated in Fig. 4. Once again, the sample and the base of

the probe are assumed to be at fixed temperatiipeand Tsh

Ty, respectively. The thermal impedance of the probe shank

(Z1c), and the thermal resistance of the air g&f ) form a

divider. The voltage read out from the TC is a measure of the Ry Ty

temperature drop acrosérc. Under steady state conditions AN Z1c

the variation of this voltage with gap sizeis given by: T, () Ton

AN

shuttle mass

dVre  —n'SZpcdB
de AtIi(ZTC + Rg)2

n'x
assuming thaf?, = Ar (1) = =
K
t Fig. 4. A one-dimensional model for the conductive heat transfer between
the sample and the SMTP.

where 4, is the area of the tip ans = (T — Tsp,) is the

thermal bias. In addition to the intuitively obvious dependence

on S andZ’s, (1) shows that the vertical resolution will drop adecomes evident that the thermal capacitance of the probe
Zrc approaches either zero or infinity. These are, respectiveppiank must be minimized to improve its temporal response.
the trivial cases in which the TC probe either sustains noln addition to the SMTP design illustrated in Fig. 2, this
temperature bias or allows no heat flow. The optimal valymper describes two designs with increased thermal resistance
(from this perspective) o = R, is difficult to achieve and reduced thermal capacitance along the probe shank. The
with large air gaps because the thermal conductivity of thmsic silicon shank SMTP is labeled design A. In design B,
probe materials is four orders of magnitude higher than thattbie silicon shank is split longitudinally to form the rim for a
air. Extending this analysis to the dithered mode of operatiatiglectric diaphragm which supports the TC. Design C also
if Z7¢ is modeled by a resistor and capacitor in parallel, itas a dielectric diaphragm, but has a 7-junction thermopile
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instead of a single thermocouple for higher sensitivity. Alhe resonant frequency, respectively. Typical values{off,,
three designs for the SMTP have been implemented and testaat () for the SMTP are 4x 1071° Kg, 30 KHz, and 100.

and their performances are compared in Section IV. Thus, the rms noise displacement(igy) ~ 8.16 x 1015
m/y/Hz, which is clearly negligible. If this was not negligible,
B. Mechanical Characteristics its net contribution would be evaluated by calculating its

As shown in Fig. 2, the SMTP probe is supported b ffect upon the air gap, the consequent effect upon the tip

a bridge-like mechanical frame which can be actuated ?nperatyre, and from .that the effect on the TC signal.
comb drives [34]-[36]. Comb drives circumvent problems There is Johnson noise associated with the transfer of heat

f . . . .
parallel plate capacitive actuators such as nonlinear for%ée-t\’\gef_n the device and its surroundings that can be written
displacement relationships and strong squeeze-film dampiﬁ&,[ J

and are particularly favorable for long-throw actuators. The (ATZ) 4k T2 R, K2

motion is driven by a.ppllying a voltage across one set of combs, tTT B T 14 (27 fR,Cy)? Hz (4)

and sensed by monitoring the output current from another set )

of combs across which is a fixed voltage bias. which is inversely related to the dither frequency. For a 300

In the dithered mode of operation, the SMTP may be drivef" * 40 pm x 10 zm Si shank,(C;, the thermal capacitance
at resonance if large amplitude motion is desired, or at04 the device, is 2.2« 107 J/K. For the worst-case noise at
lower frequency if small amplitude motion and insensitivityoW frequenciesk;, the thermal resistance between the device
of amplitude to driving frequency are preferred. It shoulg"d the environment, can be approximated by the thermal
be noted, however, that if there are resonant modes in figsistance between the tip and the sampleRso= R, =
system at lower frequencies than the fundamental lateral modé® * 10° K/W, assuming viscous conduction across a 0.1
they could possibly interfere with the device operation. FgtM long gap with a cross-sectional area ofih”. (In reality,
example, a torsional mode might cause out-of-plane motion 8t ¢an be much smaller.) The mean square voltage noise in
the probe tip and lead to a loss in spatial resolution. the TC due to this effect is found by evaluating (4)fat= 0:

In the SMTP thin-film gold leads for the TC and the 2\ _ 2\ a2 _ 2 2772
integrated resistive heater run along the flexural beams. All (Vi) = (ATN)S™ = AT Ry BSE(VT). ®)
four beams have identical geometry and composition, so tae 323 K, with S = 100 pV/K, it is 2.22 x 10719
structure is symmetric. The gold is insulated from the silicog2/Hz—about 2 orders of magnitude less than the electrical
by oxide and nitride films with thickness ratioed to nullifynoise obtained from (2). Under the assumed conditions, there-
residual stress. In addition to having low composite strefisre, the Johnson noise associated with heat transfer can be
these films are also very thin, so the mechanical behaviorighored.
the composite structure is very close to that of the Si frameThese calculations indicate that the inherent noise per-
alone. Details of the SMTP suspensions are discussed in [3ofmance of the device is limited by the resistance of the

polysilicon lead of the TC. FaRt¢ = 5 K at 323 K, the rms

C. Noise Limitations Inherent to SMTP Performance noise is about 9.4 n\W{/Hz. The noise equivalent temperature
Noise within the SMTP can be electrical, mechanical, &fifference (NETD) for the SMTP can be written as:
thermal in origin. The electrical noise arises from the resistance AL TBR
of the polysilicon lead in the TC: NETD = % (K). (6)
N, = (V&) — 4, TRre <V_2> (2) 'n a 100 Hz bandwidth the NETD is 0.94 mK for the
B Hz parameters described above. One way to improve this is to

.. reduce the electrical resistance of the polysilicon line by
where B, k;, T', and Rt are the measurement bandwidth, -~ "~~~ ™ . _ . .
Y e iking it wider and thicker. Since the thermal conduction

Boltzmann’s constant, the average temperature, and the e . : . . :
9 P etween the two TC junctions is dominated by the Bi

trical resistance of the polysilicon line, respectively. For a :

square long polysilicon line with a sheet resistance of 1 ob.e shank, thesg changgs will .not affect the temperature

Qlsq., N, = 8.9 x 10-17 V2/Hz at 323 K. Flicker noise in distribution, and will make it possible to reduce the NETD

the TC contacts can be ignored because the TC is usu hout sacrificing s_ensmwt_y. The pol_y silicon re_S|_stance may

connected to a buffer with high input impedance, and t qbe Ted“‘?ed .by Increasing Its doplr_1g, but th|s_|s not a good
option since it will diminishS, as mentioned previously.

current flowing through these contacts is negligible. In_addition to th ise inh t to th . hined
At atmospheric pressure, noise in the mechanical regi g addition to the naise nherent o the micromachine
r%ewce, the system has noise from the external electronics, the

is due to random impact from molecules in the fluid aroun _ ; t and th hanical fixt As will b
the resonator. The spectral density of the mechanical noises‘é?nnmg equipment, an € mechanical fixture. AS will be

frequencies well below resonance may then be stated as: shown _Sectlon IV, these sources of noise can easily dominate
and limit performance.
(YR) 4kTc

1 m?
B 12 :4ka{QM(27rfo)3KE> 3) Ill. FABRICATION

wherec, k, 2, M, and fy are the damping coefficient, the The approach selected for fabricating the SMTP is a bulk sil-
spring constant, the mechanical quality factor, the mass, d@ndn micromachining technique known as the dissolved wafer

Nrn =
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Fig. 5. The 8-mask IC-compatible fabrication sequence for SMTP’s. Details are described in the text.

process (DWP). Boron diffusion provides an impurity-baseah-chip circuitry [40], [43], as do some other micromachining
etch stop for silicon microstructures while the remainder of thtechniques. Although not exploited for the research described
wafer is etched away [35], [38]-[40]. The DWP is particularlyn this paper, this feature provides an avenue for continued
suitable for SMTP fabrication: it facilitates structures witimprovement of scanning tips. The DWP has been used for a
thickness-to-width aspect ratios in excess of 10:1, benefitimgriety of devices in the past, including accelerometers [24],
the capacitive comb drive as well as mechanical robustnessmb resonators [35], stacked mechanical linkages [38], neural
overhanging probes can be fabricated with no extra effort; lggvobes [43], tactile imagers [44], flow sensors [45], gyroscopes
expansion mismatch between structural and substrate materfid8, [47], valves [48], and ink-jet nozzles [49].

yields relatively small temperature coefficients of performance; The same 8-mask fabrication sequence (Fig. 5) can be used
boron doped silicon has low residual stress that is tensile diod all three SMTP designs described previously. A (100)
symmetrically distributed across the depth of the structureriented standard silicon wafer is recessed by @5 forming
which prevents buckling and out-of-plane deformation [41imesas to anchor the mechanical frame and assist in the transfer
[42]. The DWP permits the fabrication of microstructures witlf electrical leads to the glass substrate. Boron is diffused into
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Fig. 6. Scanning electron micrographs showing various views of SMTP devices with (a) a silicon shank, (b) a dielectric shank, (c) a 7 junctiole thermopi
on a dielectric shank, (d) a close-up of the multi-junction tip, and (e) shows a close-up view of the lead transfer over a dielectric bridge.

the structural regions where the probe and its comb-driveegions doped more thas5 x 10'° cm—2 will be retained
suspension will be defined. Field regions as well as the paatfter the silicon wafer dissolution. The diffusion is followed
of probe shanks in which dielectric diaphragms will be formely low pressure CVD of nitride, oxide, and polysilicon. The
are masked from the diffusion by a thick layer of oxide. Thpolysilicon is doped with phosphorus, annealed, and patterned
diffusion depth determines the height of the microstructurets form the on-board heater and one side of the TC [Fig. 5(a)].
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The oxide beneath it serves as an etch stop for this patterni
step, and also provides electrical and thermal isolation betwe
the TC and the mechanical frame. The nitride provides stre
compensation. Next, the polysilicon is insulated from abov
using thermal and LPCVD oxides. A wet etch opens contad
holes to it and simultaneously strips the field oxide [Fig. 5(b)]
Oxide is retained in certain regions to form dielectric bridges
that support metal lead transfers to the isolated bond islang
The exposed nitride is dry etched for contacts to the isolate
bond anchors [Fig. 5(c)], and then gold is deposited an
patterned to form the second side of the TC, the scanni
tip, and the interconnect [Fig. 5(d)]. A Ni thin film is then
patterned to mask a reactive ion etch (RIE) that traverses tl
entire thickness of the P Si, defining the fine features of
the mechanical frame [Fig. 5(e)]. Finally, the Ni is stripped
and the nitride removed from the anchors in preparation fd
electrostatic bonding.

The glass substrate wafer is inlaid with Au interconnect
grooved for overhanging features and die separation, and th N s Ll ™
electrostatically bonded face-to-face with the Si wafer [35]i] kU 460,000 108nm WO15
Leads are transferred automatically where metal on the glass o . .

o . . Fig. 7. A metal tip with 10007 diameter and 200@ thickness formed by

overlaps the silicon bonding anchors. The sample is th masking steps.
immersed in EDP to dissolve the undoped silicon, releasing the

finished devices [Fig. 5(f)]. Overhanging features are formed . . i
wherever boron diffused silicon extends above grooves in tifcircumvent this problem is to use separate masks to define

glass substrate. the two sides of the tip, so that its sharpness is not limited by

Fig. 6(a)—(d) show scanning electron micrographs of tfige lithography. Fig. 7 shows an Al tip fabricated to illustrate
three different SMTP designs. Fig. 6(a) shows a completﬂ%is idea: its Iitohographically defined diameter is much smaller
silicon shank device, with three banks of combs on one sif#@" its 2000A thickness.

of the shuttle mass and two banks on the other side. Thdl Summary, the fabrication process developed for the
suspension beams are ;4n wide, and 200-40Q:m long; SMTP'’s permits the incorporation of electrlcal_elements such
as thermocouples and heaters onto comb driven frames, the

the probes are=300 ;m long, and extend over grooves in ) ) .
the glass substrate, facing each other. Fig. 6(b) shows a prgﬁgpensmn of these elements on dielectric diaphragms, and the

with the TC isolated on a dielectric diaphragm. The metg'ansfer of multiple electrically isolated leads from the device
and polysilicon lines of the TC are coincident, separated Wto interconnect patterned on the glass substrate.
an oxide layer. The inner edges of th& gilicon rim that
surrounds the diaphragm show the characteristic curvature ofa V- MEASUREMENT AND CHARACTERIZATION
diffusion profile, whereas the outer edges, which were definedThe mechanical characterization of DWP comb drive sus-
by RIE, are vertical. Fig. 6(c) and (d) show a probe with pensions is detailed in [35]. The fundamental mode resonant
7 junction thermopile suspended on a dielectric diaphragm.fAequencies that can be achieved for dimensions typical of the
pt silicon rib runs across the width of the probe to enhan@MWTP are<100 KHz; Q in air is 50-150; peak—peak motion
mechanical support. A small silicon mass is suspended near #lohievable with a 25 V square wave 420 um; Young's
tip to provide a thermal short across the thermopile junctiondodulus and residual stress axe€l75 GPa and 15-30 MPa,
located there; it is electrically connected to the center junctioaspectively.
only. All three devices shown in Fig. 6(a)—(d) are:8 thick. For thermal characterization the SMTP tip is brought into
Fig. 6(e) shows the lead transfer accomplished with a dielectdontact with a large heat sink, such as a micromanipulator
bridge which is structurally quite similar to the diaphragms thatrobe, forcing one TC junction to room temperature. The other
isolate the TC’s. The metal line that runs along the bridgginction, which is located on the shuttle mass, is heated by
visible in silhouette in the figure, makes electrical contaepplying a voltage (or current) ramp across the polysilicon
with one anchor, transferring the signal through it to the glasssistor near it. The plot of the TC voltage versus the heater
interconnect. It is isolated from the other anchor by dielectricput power is linear, demonstrating that the heat transfer is
The bridge provides low capacitance and low resistance lgadimarily conductive (Fig. 8). The slope of this plot, which is
transfer for electrical elements integrated with the actuator.typically several hundred millivolts per watt of input power to
The diameter of the metal scanning tip of the SMTP ithe heater for single TC devices (designs A and B), provides a
limited by the resolution of the lithography tool. Since the timseful measure of their thermal characteristics. When the same
is patterned at the bottom of a trench formed when the anchaneasurement is repeated with the heat sink removed from the
are defined, the limited depth-of-focus of the aligner can cauS#TP tip, the slope of the response is proportional to the
the tip diameter to be as large as:fin [Fig. 6(d)]. One way parasitic heat loss along the probe. The difference between
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Fig. 8. Thermal response curves for an SMTP with a solid silicon shank with and without the tip loaded by contact to a large heat sink at room temperature.
Using the TCR of the heater (900 ppm/K), and the resistance curve shown above, the TC output can be expressed as a function of temperature, yielding
the Seebeck coefficient of the TC. Typical values obtained ranged fromV4R (shown above) to 8Q:V/K.

TABLE | obtained were 5000-10000 K/W with the tip held at room

COMPARISON OF THERMAL CHARAGTERISTICS temperature. These numbers may vary with the mounting and
OF THREE SMTP Designs S = 80 uVIK .
placement of the device.

Shank type Si-1TC (A) Diel.-1 TC Diel.-7 TC  Units

One-dimensional scans were obtained both with and without
(B) © . . . . )
Loaded (L) 579 741 4563 mv/w dither motion to demonstrate functionality of the fabricated
Unloaded (U) 531 606 3739 mv/w devices. The sample used was an Bt wide, 15 um
Max. signal (L-U) 48 135 824 mV/W__ thick silicon probe designed for neural prosthesis applications,

supporting a polysilicon resistor insulated from above by 5000

the two measurements at each value of heater input poweof oxide. The polysilicon lines were-7500A thick, 10 m
provides the maximum useful signal available from the TQuide, and 20um apart. The thermal bias was generated by
Values for this vary from a few tens to a few hundredpassing a current through the resistor in the sample instead
of mV/W depending on the nature of the shank and thef the SMTP. The sample was mounted on a piezoelectric
polysilicon used. Table 1 lists the responses of three SMTH#morph, which provided the raster motion. The air gap be-
found near each other on a wafer. The design change fraween the sample and the scanning tip was adjusted manually.
a Si shank (design A) to a dielectric shank (design B) aloeDC scan obtained using a silicon shank SMTP (design A)
offers an improvement of almost<3 and using the 7-junction is shown in Fig. 9(a). A low noise amplifier and an HP 4145B
thermopile (design C) offers a further improvement of mor®C parametric analyzer were used to monitor the TC voltage.
than 6x. Temperature resolution was limited4e20 mK by noise in the

The temperature coefficient of resistance (TCR) of thest set-up; spatial resolution was limited by the tip dimension
on-board heaters was measured in the temperature rangaraf air gap to~1 um. A dithered scan [Fig. 9(b)] was
50-150C and found to be 900 ppm/K. Knowing this, theobtained by electrostatic actuation of the combs. The signal
temperature of the heater can be determined from/+8 was detected using a lock-in amplifier. Unwanted mechanical
curve. For tests in which the tip is held at room temperatutébrations in the set-up and problems with the scanning motion
by a large heat sink, the TC output voltage can, therefore evident in the measured data. These problems, however,
be plotted as a function of temperature to find the Seebeckn be largely eliminated by using more sophisticated scanning
coefficient. Typical values obtained were 40—-8@/K. Addi- apparatus that is available commercially.
tionally, the ratio of the heater temperature to its input power Fig. 10 shows the SMTP response as a heated sample
is the net thermal resistance to the ambient—an estimate(similar to the one used in the scans) approaches it from a
the thermal isolation achieved by the device. Typical valuelistance. The TC signal increases rapidly with the current
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24 40 The tip diameter can be reduced4d00 nm, at which point
it is limited by its thickness of the metal layer. However,
even with a 1um wide tip and a 0.1ym air gap, FEA
results indicate that it is reasonable to expect perpendicular
spatial resolution to be in the range of 3.33 nm for design A.
Polysilicon-gold TC'’s fabricated in this effort have a Seebeck
coefficient of 40-8Q:V/K. The temperature resolution of the
23.80 f 1 t u tip is limited by Johnson noise in the polysilicon lead of
0 20 40 60 80 the TC to a calculated value of about 0.1 mylz. The
Scan Position (jum) maximum usable signal obtained with design A is 48 mV/W
@ of input power to the integrated heater. Isolating the TC
on a dielectric diaphragm along the probe (design B) leads
to a 3x improvement in the response. Using a 7-junction
thermopile (design C) instead of a single TC leads to an
additional 6< improvement, resulting in a response of 824
mV/W. The overall thermal impedance from the heater to the
ambient is 5000-10 000 K/W with the SMTP tip held at room

N
&
[}
=

24.004

Tip Temperature (°C)

Amplitude of AC signal
from tip (arbitrary units)

temperature.
} } | The electrostatic comb-driven suspensions can be designed
0 10 20 30 over a wide range of stiffness, with fundamental mode me-
Scan Position (um) chanical resonance frequencie$00 KHz for the device sizes
(b) considered. They can be driven electrostatically with signals

Fig. 9. (a) A nondithered scan of two polysilicon lines which are segment25 V, and typically achieve a mechanical quality factdr00

of a 32 K resistor carrying 50@A. (b) A dithered scan of a single line of at atmospheric pressure. In general, the electrical, mechanical,

a similar resistor carrying 1 mAS = 40 uVIK. and thermal characteristics of SMTP’s can be customized to
suit particular needs.

. Approach Scans The SMTP fabrication technique is based on the bulk
silicon dissolved wafer process and requires eight masks.
The suspension of the TC on a dielectric diaphragm and
the overhang of the probe are accomplished without any
extra masking steps. Leads are batch-transferred between the
electromechanical frame, electrical components like TC's and

Amp. saturates

Amplified TC response (V)
B~
1

3l heaters that may be built upon it, and interconnect patterned on
1=0.75 mA . I
oL the glass substrate, with the help of metal air bridges that are
L y1=025mA reinforced by dielectric layers. The integration of sensing and
&yﬂ; 1=0.5mA actuating functions in the SMTP and the use of lithography-
0 ’ * : a based batch fabrication methods are representative of emerging
0 20 40 60 80  trends in micro-scale transducers.

Microns from tip

Fig. 10. The response of an Si shank SMTP as the current-heated test sample
approaches itS = 80 uV/K. ACKNOWLEDGMENT
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