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Ultrasonic Sensor for Photoresist Process Monitoring

Susan L. Morton, F. Levent Degertekin, and Butrus T. Khuri-Yakedlow, IEEE

Abstract—An ultrasonic sensor has been developed to monitor crucial because if the solvent isn't fully evaporated, the resist
photoresist processingin situ during semiconductor manufac-  contrast can be compromised. Along with this, the temperature

turing. Photoresist development, pre-exposure bake, and post- ; ; ; ;
exposure bake were monitored for the Shipley 1800 series I-line of prebake is also important since the resist can decompose

resists, and the pre-exposure bake of Shipley APEX-E deep-uv if it is heated past its decomposition temperature. In either
(DUV) resist was monitored as well. Development monitoring case, the feature size and therefore the device size will not

was achieved by measuring thickness changes in the resist asbe as expected. A sensor to detect resist cure state across the

it was removed. Data regarding dependence of development rate \yafer would be necessary to optimize the process for each
on exposure dose was obtained for the I-line resist with exposure new wafer

doses varying from 20 to 68 mJ/cm. Measurements showed an . .
increase in average development rate from 0.04 to 0.156m/s, After the prebaked resist has been exposed, there is a post-

with the rate leveling off at around 55 mJ/cn?. Pre-exposure exposure bake (PEB) step designed to produce a uniform im-

bake monitoring results demonstrated the ability of the sensor age. Heating the resist to the post-exposure bake temperature
to measure the glass transition temperature of the resist film enables diffusion of the exposed photoactive compound (PAC)

during prebake as well as the ability to invert out the elastic . . . .

constants of the film using reflection theory. The glass transition W'th'n the resist, smoothing the standmgiwaves thaF .reSUIt from

temperature (7,) is an important parameter in both the pre- and  interference effects. In the case of chemically-amplified resists,
post-exposure bakes and therefore could be useful in monitoring the post-exposure bake is especially important since the depro-
these processes. Results of pre-exposure bakg measurements tection reaction and the diffusion of photoactive compound

are presented for both I-line and DUV resists. The glass transition . . . .
temperature during prebake was found to be higher for the DUV continue throughout the PEB. A measure of this diffusion

resist than for the I-line series. The I-line resist post-exposure @nd the large changes in film properties that accompany it
bake measurement of glass transition temperature confirmed would be useful in characterizing the bake and the effect of its
the reported 7, of 118 °C for the I-line novolac resin. The parameters on the final critical dimension of the devices. Once
multiple uses_of this sensor make it suitable for integration into  the resist has been through the PEB, it is developed to etch
a manufacturing setting. . oo ; - . .
the desired circuit pattern into the resist. It is crucial that all of
Index Terms—Development, photoresist, postbake, prebake, the soluble resist be removed by developer while the insoluble
process monitoring, sensor, softbake, ultrasonic. resist remains to sustain the exposed pattern. Thus, prediction
and control of the development rate and time to clearance are
|. INTRODUCTION necessary for repeatable feature size and device operation.

In the field of resist processing, some research has been
toring of photoresist processing is not required to me

89mpleted in endpoint detection of the pre-exposure bake
design objectives. However, as feature size shrinks belhPCESS [7]. but the technique provides thickness informa-
sub-quarter-micron, it is expected that the resist materi

dign only and not information on changing elastic properties.
will be more sensitive to processing conditions during pr@_-”o:po'”‘ _det_ecnonf oL_pEotores;]st d%velopmﬁent _baS(fad on op-
exposure bake, post-exposure bake, and development. Aﬂ%‘g mc(;nltorlng or 1 |cbnessh. as been e ect|ve” or over
photoresist has been spin-coated to form a submicron film 8nde€cade [1], [8], [9], but this measurement still requires
a silicon wafer, it is necessary to prebake the freshly spt_ t the development solu_t|0n be transperent _to the |r_10|dent
layer of resist prior to lithographic exposure. The purpose 8¢ht. The tec_:hnilque described here provides information on
this step is to evaporate the solvent from the film as well gge studied film’s elast|c. properties and thickness and, since
to relax the resin polymer chains into an ordered array [1f. IS based on ultrasonic technology, does not depend on
In order to accomplish this, the resist must be heated beydpRfical transparency of the measurement environment. In this
its glass transition or softening temperature and held abdv&pPer, ultrasonic measurement and monitoring of the prebake,
that temperature during evaporation. The time of prebakqustbake, and development processes are addressed. Ultrasonic

technology has already been applied to the more general task
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Fig. 2. Multiple reflections from the wafer/photoresist interface used to
the resist thickness, density, and acoustic velocity changjulate phase change.
during prebake, the reflection coefficient will be altered in
accordance with reflection theory; this will allown situ wherek; is the wave number ang is the acoustic impedance
monitoring of the process. The measurement principle agdfined as
technique are described first, then the application of the sensor o f

to photoresist development and pre- and post-exposure bake k; o AT PG

process monitoring is reported. _ . 3
where the subscripts= 1, 2, 3 represent the media of silicon,

photoresist, and airg; denotes the velocity of longitudinal
Il. MEASUREMENT PRINCIPLE waves in the medium, ang; is the density. The photoresist
The sensor introduced here is based in principle on tH¥ckness is represented by and frequency is given by
measurement of the acoustic reflection coefficient for a waVée also expect a phase change in the reflected signal as the
incident on the interface between silicon and a thin film. Thigafer changes temperature. Equation (2) governs the change
reflection coefficient is dependent upon the elastic properti@sphase resulting from this wafer temperature change
of the thin film. As with optical reflection, there can be 1 1
constructive and destructive interference in a thin film that Ae(T) = 47 fd T kT =T0) o))’ )
will change as the film thickness and properties change. If
the film thickness is of the same order as the wavelength ldere,d is the silicon wafer thicknes, is the frequency of the
the incident wave, then these interference changes maniféitasonic signaly(7) is the velocity of a longitudinal wave
themselves as measurable changes in the amplitude and plasdicon at temperaturd’, Tp is room temperature (25C),
of the reflection coefficient. and k, is the temperature sensitivity coefficient of the wave
Fig. 1 is an illustration of the reflection measurement [10y€locity in silicon.
An 8 pm thick zinc oxide (ZnO) film is deposited on a For a given process, we expect a phase change as the
sapphire buffer rod which is placed in contact with the badiipedance and thickness of the resist change. If, along with
side of the wafer. The ZnO piezoelectric transducer is excitédese impedance and thickness changes, there is a temperature
with a 20-50 V voltage spike, launching a longitudinal wavehange during the process, an additional phase change corre-
that is coupled from the buffer rod to the silicon wafer. Théponding to (2) will be measured. This temperature effect can
reflected wave can then be monitored by the same transdu&grcharacterized and removed from the data, leaving a measure
it is the change in the amplitude and phase of this reflecti®f impedance and thickness changes that can be analyzed to
that will provide information regarding the resist propertgletermine at what state the process is and whether or not it
changes. The reflected waveform consists of a combinatid@s reached completion.
of reflections from both the wafer/resist interface and the
resist/air interface, however, if the resist film is about an order Il. PHASE MEASUREMENT TECHNIQUE

of magnitude less than the wavelength, then these reflectiongynce the |ongitudinal wave is reflected from the interface
will be indistinguishable. Typical wavelengths that will be useflatween the wafer and the resist. it is converted back to

here are 20-4Q:m. an electrical signal by the transducer and monitored on an

~ The reflection coefficient for a longitudinal plane wavegcilioscope. Fig. 2 is a plot of a typical reflection signal,
incident on a layer separating two semi-infinite media can Rgpsisting of three separate multiple reflections from the

calculated using classical reflection theory and is shown in ()icon/resist interface. Fig. 3 is a block diagram of the ex-
[11] perimental setup used. In order to measure the change in
phase of this reflected signal, first we digitize the signal

<1— ;) coS k2L+j? sin ko L using a digital oscilloscope operating at a sampling rate
R= °3 °3 (1) greater than twice the frequency of interest; anti-aliasing filters
<1+ Q) cos k2L+stin koL just above this frequency are applied as needed. Then the

%3 %3 data is stored and later processed in software where the
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Fig. 3. Block diagram of experimental setup. ) . . .
9 9 P P Fig. 4. Inverted thickness of resist during development.

waveform signal is windowed, and the FFT and the phase

of the resulting frequency domain signal are calculated. A 5 0'165 T
simple programming routine was written to accomplish this, %’ 0.14 1 /

calculating the phase by subtracting the phases of the first 3 o1k

two reflections. In this manner, systematic effects unrelated 2 C .

to changes in the film are removed. This phase calculation ‘3‘5 0.1F

is completed for the time sequence of signals digitized by g 008k

the oscilloscope, allowing the user to track the phase during . C

processing. For each waveform obtained and stored, the wafer g 0.06 -

temperature is measured and stored using a K-type adhesive PV S AV DU DU DU
thermocouple. The thermocouple is attached to the back-side 100 20 30 40 50 60 70
of the wafer at a location within a centimeter of the monitoring Exposure Dose (ml/sq.cm.)

location, and the signal from the thermocouple is fed intgg 5. Average development rate versus exposure dose.

a thermocouple converter and then into a digital multimeter

setup. The output of the multimeter is obtained through ] )

a computer-programmed GPIB interface which sequentialy2S increased from 20 to 68 mJ/&nthe dissolution rate
collects data from the thermocouple, the oscilloscope, and tHBfially increased sharply but then leveled off above at a dose
the thermocouple again. The resulting temperature readings @rground 55 mJ/cf The filled circles in the figure represent
averaged to obtain a close approximation (within € of the actual datapoints while the solid line represents a curve

the wafer temperature at the time of waveform digitization. that was fit to the data. _
One consideration in designing a sensor to monitor devel-

opment or any other wafer processing step is whether or not
topography on the wafer will interfere with the measurement.
To demonstrate the use of this transducer as a developmgnk previous paper [12], this issue was addressed and it was
process sensor, the change in the phase of the reflecliggwn that the sensor could monitor development on multi-
coefficient is monitored during resist removal. A samplyyered three-dimensional PMOS devices with topographical
resist thickness vs. time during development is shown Himenstions on the order of the thickness of the resist film
Fig. 4. Endpoint was seen to occur in about 75 s, with g8.1—1.0m). Another consideration was the sensitivity of the
average development rate of about Qufn/s. The removal measurement to development of a resist pattern instead of the
of this 1.5um thickness resulted in a phase change df 1§)anket film removal studied above. Calculations indicated that
at 283 MHz, which agreed well with the expected phasga pattern of lines was developed, the change in phase would
change at this frequency. A simple calibration was completgd measurable if the total area of the lines removed was greater
to remove the effects of developer addition on the reflectiafan 1/20 the original area of resist coating.
phase. This was done for puddle development here but couldrpis sensor is capable of monitoring the thickness of
be applied to either spray or immersion development too. Tyotoresist during lithographic development, differentiating
other locations were also developed on the same wafer WiBtween development rates, and monitoring development of
similar results. Note that the development rate decreasespﬂgtoresist deposited over layered topography. This technique
the depth into the resist increases. This variation is expecigsh pe applied ten situ monitoring of lithographic photoresist

as a result of absorption of the exposure energy as it travglsyelopment in a manufacturing setting.
through the resist.

To measure the difference in development rate that results
from different exposure levels, resist thickness changes were V. PRE-EXPOSURE BAKE MONITORING
monitored during development of four samples [12]. The During the pre-exposure bake process of semiconductor
results are shown in Fig. 5, where the measured developmtatirication, it is important that the temperature exceed the
rates are plotted versus exposure dose. As the exposure dyass transition temperatu(é,) of the resist/solvent mixture.
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This ensures the diffusion of solvent molecules and polymer 400

chains that is necessary for prebake to occur [1]. If the solvent 350 b o
isn’t fully evaporated or if the prebake time is too long, then 300 3 I~ i / ,,,,,,
feature sizes in exposed and developed photoresist may not 2505 / \

be congruent to those on the mask. Several techniques are
available to measur&),, but none of them has been applied
in situ for endpoint detection of photoresist softbake [13],
[14]. Endpoint detection based on optical monitoring of the
thickness of the photoresist has been used [7], but the prebake
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[ l
b \ oo
: I l

/

100 E
50

Phase Change after Prebake (deg)

process involves more than a simple film thickness change. o B AP I BN S
The high-frequency reflection method applied here monitors 0 100 Frgg‘?ency (31\(/)[(1)11) 400 500
not only the effect of thickness change, but also the effect of

the change in the elastic properties of the photoresist. Fig. 6. Reflection coefficient phase change versus frequency for resist film,
from before to after prebake.

A. Theoretical Change in Phase During Prebake

< 3000

As indicated previously, the reflection coefficient of a lon- § .
gitudinal plane wave incident from a medium on a layer can < 2500t
be calculated using (1). We expect a phase change during f§ 2000 b \
prebake as the photoresist layer properties change and as the & ; \
wafer changes temperature. The phase change accompanying = 1500t AR R
photoresist thickness and impedance changes is expected as a :é 1000 E
result of thin film interference effects. For the films of interest, & :
the thickness of the layer is less than a wavelength, and we 5 SOF —
do not expect separate reflections from the front and back of § Y T T T U et
the layer. 0 05 I 15 2 25 3 35

The alteration in the interference pattern of the reflected Resist Thickness (um)

waveform will depend on both the thickness and impedangg. 7. Required transducer frequency versus resist thickness measured.
changes in the resist during a process. During prebake, the

resist thickness is expected to change by about 0.15-+00 o .
depending on the initial thickness after coating [7]. For a sar%9 . C The two-way phase change_for a given temperature
riation can be calculated as was given in (2). The calculated

ple calculation, it was assumed that the initial resist thickne\éa ) L
was 2.4,m and the final thickness after prebake was 200 phase correction has been multiplied by two to compensate for
ayve travel to and from the wafer surface. It has been shown

The expected density change as the resist changes from li Ve . ) . S -
to solid is from 1080-1150 kg/fn approximated values fromqup?”mentat”y for S|I|conft?ﬁt tlgllskrelellgo.ntshhlp L_C,tllnear W't_r'nb
water and polyimide, respectively. At the same time, thé1e emperature range of the bake [15]; thus, it can easily be

velocity is expected to change from about 1400-2500 mPsr?pIied to removing the effect of temperature on the phase.
resulting in a significantly greater effect on the impedance ] o
than the smaller change in density. To determine the over&ll |-Line Resist Characterization
effect of prebake on the reflection coefficient, the changes inThe phase change was measured during resist prebake to
impedance and thickness were combined in the calculati@ientify a significant and repeatable trend in the results that
of phase to obtain the results in Fig. 6. From this figure, thguld be used to determine the state of cure at a given time.
maximum sensitivity of the sensor to prebake-induced chandiise expected change in phase during the bake was predicted to
in phase is expected to occur in the range of 160-260 MHze a steady increase due to decreasing thickness and increasing
Optimum choice of frequency is necessary to get maximugensity of the resist. The actual value of phase change would
sensitivity from the sensor design. To predict the frequendepend on the starting and ending point conditions of the film,
necessary to monitor the prebake of other resist thickness@gluding thickness, density, and velocity. This excludes the
Fig. 7 is a plot of the calculated phase transition frequency (sibwing effects of wafer heating, which are expected to be
frequency of film resonance) versus resist thickness. Notice lirear, as well as the changes in the elastic properties of the
increase in frequency necessary to measure thinner films; itésist due to its softening. To measure the change in phase
reasonable to allow for 1-2 GHz frequency requirements singearing prebake, first the temperature coefficient of a bare wafer
acoustic microscopy transducers have been designed beyand found, then the change in phase during prebake of a resist-
this range. coated wafer was monitored, subtracting off the effects on the
phase due to wafer heating.

B. Temperature Effects

There will also be a phase change in the reflected sigiidi Temperature Compensation

as the wafer changes temperature. During prebake, the wafeh typical experiment involved cleaning a 200-mm wafer and
temperature typically increases from room temperature meeasuring the increase in phase as the bare wafer was heated to
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Fig. 8. Sample phase change calculation (lower) given temperature trajectbiy. 9. Phase change versus temperature during prebake.
(upper).

70
a typical prebake temperature of 9G. In this way, the slope . .

of the linear relationship between phase and temperature was 65 -

obtained. The results of two runs on the same wafer indicated ~ r *

a kv of about—30 x 107¢/°C, corresponding with expected (;;a 0 : ‘,

results [15]. This slope was used to remove the temperature =, ssb .

effects from the total phase change during a cure involving - .

that wafer; a sample calculation of the phase change due to 50 |

temperature effects is shown in Fig. 8, with the upper plot E z i
representing data taken from a thermocouple attached to the 45-; T '1‘0' B '2'()' ey

wafer as the wafer was heated. The lower plot, then, is the
phase change due to that temperature change.

Time Delay (min)
Fig. 10. Change in glass transition temperature as the prebake is delayed.

E. Pre-Exposure Bake ) ) )
. , solvent to evaporate and increasg [16]. As seen in this
Once the temperature coefficient was determined, the waffi;re this effect was confirmed.

was coated with Shipley resist, either 1813, 1811, or 180

at a spin speed of about 3500 r/min. The coated wafer was _ . . )

immediately placed on the setup and a heating lamp whs Thinner Resist Films

turned on to begin the prebake. The reflected waveforms andAs indicated earlier, in order to predict the transducer
temperature data were obtained every 3 s for about 200frequency which will provide the highest sensitivity to a given
well beyond the usual bake time of 90 s. The total phasieickness measurement, it is necessary to find the frequency of
change was calculated versus time and temperature and ttheephase transition for that film thickness. Fig. 7 showed the
temperature effects subtracted using the slope determinedpiadicted behavior of frequency required vs. film thickness. To
the first part of the experiment. The measured phase vs. waferify this curve experimentally, measurements of prebake at
temperature is plotted for a typical run in Fig. 9, with thdinal film thicknesses of 2.2—0.6m were conducted and the
temperature effect on phase removed. The resist monitopgthse transition frequency determined. Shipley 1813, 1811,
was Shipley 1813 spin-coated to a thickness of aboutr2 and 1805 resists were applied for this purpose, with the
There is a repeatable phase minimum occurring at abot€48 1813 resist being the most viscous and 1805 the least. The
The temperature of this minimum represents the characteridéss viscous the material, the lower the spun film thickness
glass transition temperature of the resin/solvent mixture [1@Jill be. Fig. 11 shows the results of this study with phase
The rapid increase in phase shown following the minimutnansition frequency plotted versus resist film thickness. A
is likely due to the onset of solvent evaporation. To suppd00-MHz transducer was designed to obtain the data at less
this hypothesis, a separate study was conducted in which than 1 ym thicknesses. The design of this transducer was
solvent was allowed to evaporate without heating the wafessentially the same as that of the 260 MHz transducer with the
and resist. In this case, there was just a small monotomixception of the zinc oxide thickness which was approximately
increase in phase due to solvent evaporation, with no decrehabsed in order to achieve resonance at twice the original
measured. Thus, we know that the initial decrease in phasdresjuency. As can be seen from the plot, the trend follows
a heating effect, and we believe it to be a measure of the resisit of the predicted curve. Note that the resist thickness
softening. To support the assertion that this phase minimumare represents the initial thickness following the coat process
is the glass transition temperature, a study was designedbtd before the prebake. In order to obtain these values, the
show the effect of decreased solvent concentration on thilen thickness was measured after prebake and appropriate
temperature of minimum phase. Fig. 10 shows the effect dfianges were made to account for the thickness lost due to
increasing the time delay between coating and prebaking t@vent evaporation. For example, a change of about QMO0
wafer; it was expected that a longer delay would allow moiie expected when a 2.6m film is prebaked, resulting in a
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Fig. 11. Theoretical and experimental phase transition frequency verdtg. 13. Phase change versus temperature during two prebake experiments,
resist film thickness. 0.8 um Shipley APEX-E films, 750 MHz.
20 that there are more chemical reactions to consider, causing the
[ / final critical dimensions to be highly dependent on processing
o OF conditions. This is especially true of the post-exposure bake
2 \ / process. The goal of working with these resists is first to study
& 201 \\\ 7 the pre-exposure bake properties, includiig and elastic
o - .
S ol \ property changes during the bake, and then to study changes
2 ! \ in the elastic properties during the post-exposure bake as well.
& 60 N\ . We expect significant changes in phase during these processes.
r < T ~57°C Because the deep-uv range resists are generally applied in
2 .
T F A DS I U PO thickness ranges from 0.5 to Ou.8n, the 750-MHz transducer
20 30 40 50 60 70 80 90 was used (see Fig. 7).
T . .
emperature (deg ©) The first DUV prebake experiments were conducted on
Fig. 12. Phase change versus temperature during prebake0shipley Shipley APEX-E 2048 photoresist. The temperature coefficient
1805 film, 750 MHz. determined in the previous section was used to subtract the

final thickness measurement of 2@n. A 0.8xum film is tempergture effects from the measured phases du.rlng prebake.
expected to lose about 0/2m to result in a final measuredThe resist was spun on the wafers at 3500 r/min for 40 s.
Results of two studies on 0,8m films are shown in Fig. 13

value around 0.6:m; thus, the lowest thickness represented b\Xith hase change plotted versus wafer temperature durin
the experimental data corresponds to Pr6 final thickness, P ge p P g

. ) prebake. The plots indicate that the glass transition temperature
levels currently used in DUV lithography. : .
: . . . : . gccurs at about 67 and 70C in the separate experiments.
To obtain better signal to noise ratio at the thinner fil i
. ) . hese measured prebake glass transition temperatures are
thicknesses, a higher frequency transducer was designed

Imher than those measured for I-line resist films, as expected
ilarly to the others, this time using a zinc oxide thickness %’wg ’ P

about 2.7;m for a target resonant frequency of 750 MHz: 7l
Due to loading effects of the sapphire buffer rod, the peak
resonance frequency was 600 MHz, but the 6-dB bandwidth
was 100% which provided significant signal for measurementiIn order to confirm the claim that the minimum in phase
at 750 MHz. Results of a prebake study on a @6-film of corresponds to the glass transition temperature, a postbake
Shipley 1805 resist are shown in Fig. 12. Tig of about glass transition temperature measurement was completed.
57 °C shown here is higher than expected, likely becau§ince postbaked, the novolac resin of the Shipley 1800 series
of placement of the thermocouple too far from the senstgsists is expected to have its glass transition at KI8As
contact. From this figure, it was concluded that the transducdrown in Fig. 14, this result was confirmed with the phase
was capable of evaluating films with thicknesses in the rang@nimum occurring at 118C. In some photoresist postbake
of 0.5-0.8 um, typical thicknesses of deep-uv chemicallyprocesses, it is important not to exceed this temperature since
amplified resists used in semiconductor manufacturing todaje features will lose sharpness as they become fluid; in others,
the goal is to exceed, in order to minimize contaminant
G. Chemically-Amplified (DUV) Resists diffusion. This measurement can be used as a monitoring
atl%chnique for post-exposure bake of materials whoges
unknown; the process would be stopped once the phase curve
gan to flatten.

VI. POST-EXPOSURE BAKE

Current manufacturing systems are in place to fabric
electronics with 0.25 and 0.1&m technology. Exposure
wavelengths must then decrease from I-line to deep—ultravio%q
levels in order to allow delineation of features this size.
The photoresists employed to accomplish this are gener-
ally chemically-amplified deep-uv range resists. Processing ofBesides moving to lower resist thicknesses and more recent
these resists is more complex than that of I-line resists liasist types, research has also been completed on extraction
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Fig. 14. Determination of postbakg, phase change is plotted versus
perature.

postbake temperature.

of the elastic constants of photoresist during pre-exposure 0.5¢

bake. The reflection coefficient at the silicon wafer/photoresist
interface can be written in terms of two main parameters, the
resist time of flight and the resist acoustic impedance. The
acoustic impedance equals the density times the velocity of
sound in the resist, and the time of flight is equal to the
thickness of the film divided by the velocity of sound in
the resist. Knowing the phase and amplitude of the reflection
coefficient, the time of flight and resist impedance can be S T T
determined. Then, knowing one of the three properties that -1~520‘*“;0‘ e ;‘;""s‘d"'é'd' : '?'0' : "3'0' o
these parameters are dependent upon, the other two can be Temperature (deg C)
determined. For example, if the thickness of the resist is known ) ) o )
throughout the prebake, then the corresponding density jf'prggfgigﬁ]epg‘;fdfsn results, imaginary part of impedance plotted
velocity changes can be determined. These properties can be
correlated to the state of the prebake and the process can be
stopped based on their reaching a given threshold level. Prebaking and postbaking photoresist. This is an important step
Results of the parameter inversion show that the time ¥ determining pre-exposure bake cure state of the resist since
ﬂ|ght and acoustic |Osses reach a maximum at the g'ass tr&ds at the g|aSS transition temperature that the reSiSt SOftenS
sition temperature. This indicates that, as expected, the redRf the diffusion and evaporation of the solvent molecules
softens to the greatest extent at this temperature, causing ithdhe resist becomes significant. Since photoresist prebake
velocity of the resist to decrease and the thickness to incred@¢olves removal of excess solvent as well as relaxation of the
slightly due to volume expansion. Fig. 15 illustrates the time @olymer molecules into an ordered matrix, the glass transition
flight inversion results for a 2m film of Shipley 1813 resist. tem_perature gives us a measure of the cure state of the resist
The time of flight plotted versus prebake temperature. TIIMiNg prebake.
time of flight maximum is shown to occur at about 48 in
this figure, corresponding to the phase minimum measured by
the sensor. This confirms that the resist is acoustically slowegl L. F. Thompson, C. G. Willson, and M. J. Bowdemtroduction to
at the glass transition temperature. The imaginary part of the Microlithography 2nd ed. Washington, DC: Amer. Chem. Soc., 1994,
inverted impedance W&SI used_ to determine where r_‘nax?mu{%] g.]'J.s.Lee, F. L. Degertekin, J. Pei, B. T. Khuri-Yakub, and K. C.
losses occurred. These inversion results are plotted in Fig. Saraswat, Ih-situ acoustic thermometry and tomography for rapid
versus prebake temperature. Maximum losses occurred at the thermal processing,” ifEEE IEDM Tech. Dig. 1993, pp. 187-190.
Same temperature as the time of fight maximum, indicatind®l Y- Leeet L, Temperare measurerent rap therma processing
that the attenuation coefficient for propagation is highest vol. 9, pp. 115-121, Feb. 1996.

around the glass transition temperature_ [4] F. L. Degertekin, J. Pei, Y. J. Lee, B. T. Khuri-Yakub, and K. C.
Saraswat, th-situ ultrasonic thermometry of semiconductor wafers,” in
IEEE Ultrasonics Symp1993, vol. 1, pp. 375-377.
VIIl. CONCLUSIONS [5] F. L. Degertekin, J. Pei, V. Honein, B. T. Khuri-Yakub, and K. C.
. . i Saraswat, “Thin film effects in ultrasonic wafer thermometry, IBEE
This research has provided an ultrasonic sensor than can uitrasonics Symp., 1994, vol. 3, pp. 1337—1341.
be used forin situ photoresist process monitoring during [6] J. Pei, B. T. Khuri-Yakub, F. L. Degertekin, B. V. Honein, F. E. Stanke,

. . . . - and K. C. Saraswat, “In siteimultaneous measurement of temperature
semiconductor manufacturing. It was applied to monitor resist and thin film thickness with ultrasonic techniques,1EEE Ultrasonics

thickness changes during photoresist development, introducing Symp., 1996, vol. 2, pp. 1039-1042.

a method for development monitoring that is independeni] T- E- Metz, R. N. Savage, and H. O. Simmonty-Situ film thickness
fd | tical t Th ted measurements for real-time monitoring and control of advanced pho-

Of aeveloper optica _ransparency. e pr_e_sen ed sensor can yregist track coating systemg?toc. SPIE, Process Module Metrology,

measure nondestructively the glass transition temperature of Control, and Clusteringvol. 1594, pp. 146-152, 1991.
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