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In this article we present a low-cost, high-speed, high-accurasijyu thin film measurement system

for real-time process monitoring and industrial process control. This sensor, the two-channel
spectroscopic reflectomet€2CSR), is a hybrid of spectroscopic ellipsometry and spectroscopic
reflectometry. In 2CSR a polarized beam of white light is directed at the sample. The reflected light
is resolved into its two orthogonal componergsndp, using a Wollaston prism. These dalg,|?

and |Rp|2, are recorded simultaneously as a function of wavelength using a two-channel
spectrometer with linear array detectors. The fact that 2CSR has no moving parts, coupled with the
use of the two-channel linear array detectors, enables high-accuracy data acquisition across the
sensor’'s spectral range in 6 ms. This makes the 2CSR ideal for real-time high-speed process
monitoring and control in an industrial setting. We have used the 2CSR to make adouséte

high speed film thickness measurements during the plasma etching of both silicon dioxide and
polycrystalline silicon samples. We show that, in addition to our ability to measure blanket film
thicknesses and etch rates, the accuracy of the 2CSR makes this a viable technique for patterned
wafer analysis. ©2000 American Vacuum Sociefs0734-211X00)19006-7

[. INTRODUCTION metric models for the optical dielectric function of the thin
film can be fitted as well as the thickness.

Plasma processes are critical in device fabrication. Many Previous work in our group demonstrated SR film thick-
of these processes continue to be timed etches and depogiess measurements on millisecond time scalEisis high-
tions. However, as film thicknesses and linewidths are respeed data acquisition capability and the facts that SR has no
duced to nanometer scales, process control is needed in ord@obving parts and is inexpensive make SR a potential candi-
to ensure device quality. Before process control can belate for industrial process monitoring and control. However,
implemented, however, sensors capable of providing usefithe major disadvantages of SR are the dependence on a cali-
information in real time are necessdfry. These sensors must bration standard, the stability of the intensity measurement,
also be robust to vibration and other such factors found irand a comparatively low sensitivity to very thin films.
industrial manufacturing settings. Additionally, they must be SE is a fundamentally more accurate technique than SR
affordable so as to make it cost effective to implement profor obtaining film thickness and optical dielectric function
cess control on a wide-scale basis. information. In general, SE measurements are performed at

Optical sensors are ideal for situ metrology in plasma- an angle off-normal with respect to the sample. In this con-
based systenfsTwo such sensors for monitoring the wafer figuration, the measurement is sensitive to the state of polar-
state during plasma processing are spectroscopic e||ipso|1.iati0n of the incident and reflected wav&sThe measured
etry (S~ and normal incidence spectroscopic reflectom-data are generally written in the form of the ratg,of the
etry (SR.1'415 Both of these measurement systems arecOmplex Fresnel reflection coefficients for thandp polar-
based on thin film interference. In SR, the intensity of theizations,rs andr, respectively,
reflected light beam is measured as a function of wavelength. p="r,/re 1)
These intensity data are then converted to absolute reflec- P
tances as a function of wavelength by normalizing with re-Of
spect to a known calibration standard. These reflectance data ,— tary )e'4, )
vary in an approximately periodic manner with the film ) . . .
thickness due to the interference effects. In some cases wheféiere tan¢) is the ratio of the magnitude of thepolarized
the reflectance data have sufficiently unique structure, pard® thes-polarized reflected light|,|/|r¢[) andA is S, =0
5rp andé,_indicate the phase shifts upon reflection for the

dElectronic mail: fredty@umich.edu and s polarizations, respectively. SE can be applied
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Fic. 1. Schematic of 2CSR setup. The Glan—Taylor prism fixes the polar-
ization of the incident light. The Wollaston prism resolves the light reflected 8 .
from the sample into its andp components. The spectral intensities of the o5 350 4%5 . :
two exit beams from the Wollaston prism are then recorded simultaneously Wavelenath 600 725 850
by a spectrometer with two linear array detectors. avelength (nm)

Fic. 2. Raw data from 2CSR measurement ofufh silicon dioxide on
174 . N - silicon. |R,|? is shown by a solid line anfRy|? is shown by a dashed line.
situt’~2*and is robust to shop floor conditions. Additionally,

data acquisition times in the tens of milliseconds have been
reportedz_s_zs However, in generaL in order to obtain good thogonally pOlarized exit beams from the Wollaston prism
signal-to-noise ratios on these time scales, more expensi@er a broad wavelength range on millisecond timescales.
detectors must be used. Also, the moving components make We use a 75 W xenon arc lamp as our light source. Our
commercial SEs more susceptible to mechanical failure. ~ polarizer is an ultraviole{UV) grade calcite Glan—Taylor
Single wavelength and spectroscopic reflectometry can bBrism with an extinction ratio of & 10~° and a beam devia-
done in off-normal configurations as well. However, in thesetion of 1 min of arc. We fix polarization of the incident beam
cases, the polarization dependent reflection coefficients mudt 45° for these experiments. In order to avoid any stress-
be considered as in the ellipsometry c&%e! induced polarization changes we use strain-free windows on
In this article, we present what we believe to be the firsithe ellipsometer ports of the reactive ion et&liE) chamber
such spectroscopic sensor which simultaneously measur&#lich we used as a testbed for this sensor. Our RIE chamber
both thep- and thes-polarized reflected intensitigR,|> and IS @ parallel plate, capacitively coupled reactor which is a
IR¢?) over a broad spectral rangsee Fig. 1 This sensor, scaled-up version of the Gaseous Electronics Conference
the two-channel spectroscopic reflectomef2ESR com-  (GEC) reference celt’ We place the sample on the bottom
bines the simplicity and lack of moving parts characteristicelectrode(the powered electrogief the modified GEC cell.
of SR with the use of an analyzén this case a Wollaston The spot size of the light hitting the sample is approximately
prism) asin SE and a |0W'C03t, two-channel Spectrometer, ”g. cm by 3 cm. The extinction ratio of the calcite Wollaston
order to obtain near-ellipsometric accuracy measurements iprism is 10° and the angle between the exiting beams is
as little as 6 ms. This makes 2CSR ideal for process moninominally 20° for 546 nm light and varies by approximately
toring of transient phenomena and industrial process controp® Within our wavelength range. We use UV grade collimat-
Additionally, the level of accuracy of the 2CSR measure-iNg beam probes to refocus the two exit beams from the
ments allows us to apply the technique to patterned wafeYvollaston prism into fiber optic cables.
analysis. We collect these intensity data using an Ocean Optics
SD2000 two-channel spectrometer. Each spectrometer uses a
fixed position, 600 lines/mm grating blazed for 400 nm, a 25
ll. 2CSR SYSTEM pm entrance slit, and a 2048 element linear CCD array with
The 2CSR system configuration is illustrated in Fig. 1.a selective coating to reduce second order effects. The spec-
The key elements of the system are the simultaneous resoltral resolution is 1.3 nm. We collect both and p-polarized
tion of the broad-spectrum light inte and p polarizations data simultaneously over the range 370—-850 nm in 6 ms. An
using a Wollaston prism and the spectral analysis of thesexample of the raw data is shown in Fig. 2. Acquisition
two orthogonal components using low-cost linear array specspeed can be improvedith reduced signal to noigéo 3 ms
trometers. The use of the Wollaston prism in such measurewith currently available analog-to-digital cards. We believe
ments dates back to the beginning of the 20th centtii?,  that the UV performance of the 2CSR is primarily limited by
however, it was not until the work of Jellison and Modine in the Wollaston prism and the near infrared performance is
1990 that the prism was used for spectroscopic thin filmlimited by the CCD detectors and the xenon lamp intensity.
measurement®. The recent availability of low-cost charge ~ We determined our incident angle to be 73.6@.05° by
coupled deviceCCD) spectrometers allows us to use mul- measuringdRy|* and|R,| for a well known silicon dioxide/
tiple spectrometers on a single system. By using two specsilicon sample and doing a least squares fit of the incident
trometers, we are able to simultaneously record the two orangle!® In SE one would determine the incident angle by
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making a measurement of a bare silicon sample and doing i " ' ‘ ; : : ' ' ' '

two parameter least squares fit of the incident angle and the | ~ =7 "= =— = m e m e e |
oxide overlayer thickness. We are operating the 2CSR nea
the pseudo-Brewster angle of silicén6.13° at 546.1 ni® 0999
so thep-reflected intensity is minimal. In ellipsometry, this
means that the ta{ value is close to zero, however, the
phase information found in cas) has enough structure that
meaningful information about the sample and the angle of%0996~
incidence can be derived from this parameter alone. Sinceg
2CSR measures the absolute reflected intensity ofth@d ~ Zosss| 1
p-reflected light, with a bare silicon substrate we ostensibly £
can only fit thes-intensity data to an optical model. How-
ever, thes-reflected intensity from a bare silicon wafer does ¢} d
not have sufficient structure for us to definitively determine
the angle of incidence. By using a well-known thick oxide **%o 00w s 50 600 6500 700 7500 8000 8500
rather than a bare silicon wafer for this angle of incidence Wavelength ()

calibration, we obtain strong andp-reflected intensity data Fic. 3. Error incurred by neglecting oxide overlayer in 73° measurement of
from the sample. These data have enough structure that WR4? and |Ry|? from an aluminum sample. The ratio of the calculated

. - . . . reflected intensity from a bare aluminum sample to the calculated
can fit to the optical model in order to determine the InCIdentzreﬂected intensity from an aluminum sample with an oxide surface layer is

angle. This calibration need only be performed when thenown by the dashed line. The ratio of the calculategflected intensity
sensor is first placed on a piece of equipment. from a bare aluminum sample to the calculaeebflected intensity from an

In order to account for run-to-run variations in the system aluminum sample with an oxide surface layer is shown by the solid line.
such as fluctuations in intensity of the light source and in the
wavelength dependent sensitivity of the detectors, an abso-

lute intensity calibration must b,e performed. Al,l EXPENMen-ant change in the determined film properties. In order to
tal data must be normalized with respect to this calibration,ggesg \what effect, if any, the native oxide has on our cali-
The frequency with which this calibration needs to be re-,a40n we modeled the orthogonally polarized 73° reflected
peated depends on the overall stability of the light source angansities from both a bare aluminum sample and an alumi-

the detector. Although our current system will typically yield , ,m, sample covered with a 20 A oxide overlayer. In Fig. 3,
accurate results several hours after initial calibrations, weq plot (Rs J2/|Rs |2)AI and qu J2/|R |2)AI over
bar bar

repeat this calibration for each measurement to account f%e wavelengths Gxédéd in our measurepr(#(daenljﬂ ngl
Shar

the fluctuations in the intensity of the light source and the 5 9
gain changes in the detectors due to temperature Val’iationL‘BsoxideJ )ai ranges from 1.001 to 1.000 and R(Jbare] !

By adding feedback stabilization of the lamp intensity and Rp,d )ai T@nges from 0.992 to 0.995. Thus, at most, the

the detector temperature, accurate operation with long perRluminum oxide overlayer causes a 0.1% change iRy,

ods between calibrations should be possible. data and a 0.8% change in thR,|% data. In comparison,
The calibration procedure requires two steps. First, a refFig. 4 shows Ry %R, . ]%)si and (R, _[%|R,  |%)s;

erence spectrum is collected from mirror smooth, magnetrofor bare silicon and silicon with a native oxide over the same

sputtered aluminum on silicon sample. We chose aluminunvavelengths. |RSbarJ2/|Rsoxide|2)Si ranges from 1.01 to ap-

as a reference rather than bare silicon because aluminum hggximately 1.00 and|R,,_ | 2| Royisd 2)i ranges from 0.95

a high reflectance for both treeandp polarizations of light. {5 0.97. From this, we see that the maximum error caused by
When exposed to air, the aluminum grows an oxide overan oxide overlayer on silicon substrate is an order of magni-
layer 20—25 A thick, as does bare silicon. In general, thig,de greater errof1% vs 0.1% than that of an oxide over-
overlayer cannot be neglected when making optical measurgayer on an aluminum substrate. Furthermore, the error in the
ments. For instance, the in ellipsometric measurements, tf“ﬂp%i data caused by an oxide overlayer ranges from
native oxide on aluminum can cause a 18% decrease in tf@/4—5% compared to a maximum error of less than 1% for
calculated refractive index, at 546 nm and the extinction the aluminum sample.

coefficientk, is low by 10% at the same wavelengfrtow- The difference in the effect of an oxide overlayer on an
ever, we are not making a phase-sensitive ellipsometric meajuminum sample versus the effect of an oxide overlayer on
surement; we are looking at the absolute reflected intensitieg bare silicon sample is due to the fact that for absorbing
of the s and p polarizations. As mentioned in the previous material, such as a semiconductor or metal, ifolarized
paragraph, when the-reflected intensity is close to zero, as reflectance does not go to zero for any angle of incidence.
it is near the pseudo-Brewster condition, the ellipsometridnstead, there is a pseudo-Brewster condition at which the
parameter tanf) is close to zero as well and SE fits in this reflectedp intensity is at a minimum. This condition occurs
regime rely on fitting the phase information found in dds(  at an incident angle which depends on the extinction coeffi-
Thus, a small change in surface layer thickness due to theient, k.1® The Brewster condition is shown in the following
growth of a native oxide, if neglected, will cause a signifi- equation:

0.998

== 2 2
IR paretPslox

| with 20A Oxide)
2
2
v

—_ 2
RoloarsPplox

0.994 - -
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1.01 T T T T T T T

' ' sity from the aluminum wafer, anid ;) reris the theoretical
reflected intensity from a bare aluminum wafer.

-l w1 | 1. EXPERIMENTAL DEMONSTRATION
ol In order to demonstrate our ability to accurately measure

film thicknesses with the 2CSR we performed a series of
experiments. In our first experiment, we studied the applica-
tion of 2CSR to a silicon dioxide/silicon sample. We then
applied the technique to a more complex structure,
polysilicon/silicon dioxide/silicon. After establishing the
quality of our static film thickness measurements, we per-
formed etches of both the oxide and polysilicon films and
095 ' . - \ - . ‘ A - monitored the film thicknesm situ during these etches.
3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 . . . aps
Wavelength (A) In this work we are etching nominally um silicon
Fic. 4. Error incurred by neglecting oxide overlayer in 73° measurement ofdlf)XIdE/sl.llcon sample.s' and .Sta.CkS .Of roughly 5000 A
IR|? and|R,|? from a silicon sample. The ratio of the calculateteflected n+polys!l!con/300 A silicon dioxide/Si. We model the
intensity from a bare silicon sample to the calculaseéflected intensity N~ polysilicon as a bulk layer and a surface roughness layer
from a silicon sample with an oxide surface layer is shown by the dashedo account for the roughness layer inherent to ponsiIiJ(,5on,
line. The ratio of the calculated—rgflecte_d intensity_from a bare si]icon We determined the index of refraction of these layers by
sample to the calculatggtreflected intensity from a silicon sample with an . . L
oxide surface layer is shown by the solid line. performingex sngSE measurements of the sta.ck and f|tt_|ng
these data with the Bruggeman effective medium
approximatiort® These values were then fed into our optical
N, model for the material.
tan¢s) = 1~ ) Since we have bot{R¢|? and|R,|?, we can fit either the
0 2CSR full data set|Ry/%,|R,|?, to an optical model or we
where¢g is the Brewster angle ard, andN; are the com-  can fit the ellipsometric parameter, tajy( where tang)
plex indices of refraction of the ambient and substrate, re-:(|Rp|2/|Rs|2)1/2 to an optical model. Looking at the data in
spectively. Sincek ranges from approximately 0.01 to 1.0 the tan{)) mode, where the intensities are ratioed, affords us
over our wavelength range for silicon, Equati®) is qua-  the same immunity that SE has to window coating and other
sireal and thep-reflected intensity is approximately zero at situations where the overall intensity of the light varies dur-
the pseudo-Brewster condition. The valuegkdbr aluminum, ing the course of a measurement. As a trade-off, though,
however, ranges from roughly 4 to 9 over our wavelengthyhen we fit in the tanf) mode we are neglecting some of
range. Thus, for aluminum, E3) is never quasireal. Con- the information contained in the absolute intensity measure-
sequently, aluminum has a high reflectivity for both @nd  ment of the 2CSR and, as is generally the case when taking
p polarizations of light. Due to this high reflectivity, the bulk the ratio of data, our noise increases. We will look at the
material properties of aluminum dominate the reflectanceffects of this later in this section.
measurements and thin oxide overlayer effects do not signifi- Figure 5 shows the 2CSR measured reflectanifRg?
cantly change the reflected intensities of either gheor and|Rp|2, and the best fits of these data from a nominally
p-polarized light. Conversely, for silicon, thgreflected in- 10 000-A-thick oxide on silicon. The best fit thickness of
tensity is close to zero at the pseudo-Brewster condition, sethese data is 10 0562 A, where the+2 A is the statistical
the addition of any oxide overlayer will have a greater effectg5o confidence limit from the regression fit. This compares
on thep-polarized reflected intensity. This will lead to the well with the result found by measuring the same film on an
deviation from the bare silicon model we see in Fig. 4. ex situstate-of-the-art scanning SE0076 A. The quality
After taking the reference spectra from the aluminumof the fit shown in Fig. 5 indicates that when using the cor-
sample, we continue the calibration procedure by taking aect optical model for a material, 2CSR determines film

measurement with the light source blocked in order to deterthickness with an accuracy comparable to that of a slower,
mine the background counts. We then place the sample to bgty measurement tool.

measured in the chamber and data are collected. These dataNext, we looked at the more complex

Intensity (Bare Si/St with 20A Oxide)
(=] [=]
g 8

0.96 4

are normalized using the following equation: n"polysilicon/silicon dioxide/silicon structure with the
[l )=y opraN)] 2CSR. Figure 6 shows the 2CSR measured reflectances,
Ly (N)= S(p)mea S(p)bkg ls(pytnref ), 4)  |RJ? and|R,/? and the best fits of these data from the

L spre M) = sipypig(M)] unetched polysilicon stack. In our optical model, we fixed
wherel g is the wavelength dependent normalized reflectedhe oxide thickness at 300 f&s measuredx situby SE) and
intensity of thes(p) polarized light,l 5,y measiS the measured  fit both the roughness layer and bulk polysilicon thicknesses.
reflected intensity from the sampliy,)pg is the measured The 2CSR measured bulk polysilicon and the surface rough-
background intensityl,s ) er is the measured reflected inten- ness layer thicknesses are 5312 and 48-4 A, respec-
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Fic. 5. 2CSR measuremefttircles and|R|? and|R,|? fits (lines) of SiO, Fic. 7. 2CSR measuremeiitircles and tan(y) fit of polysilicon/silicon
on Si; 45° polarization angle and 73° incident angle. Measured thickness idioxide/silicon SiQ; 45° polarization angle and 73° incident angle. Bulk
10056+ 2 A where+2 is the 95% confidence limit of the fit. poly thickness is 513t 1 A with a 72+ 2 A surface roughness layer.

tively. Ex situSE measurements of this sample show that théRs|%,|R,|? fit, this is not the case for all materials. When we
bulk polysilicon thickness is 5109 A and the roughness layefit the same oxide data as that shown in Fig. 5 in theyan(
thickness is 49 A. mode, we get a thickness of 9282 A compared to the
When we convert théR¢|2,|R,|? data from the polysili-  |Rs|?|Rp|*> 2CSR measurement of 1005@ A and the SE
con measurement to the tafi(mode, we obtain the fit shown measurement of 10076 A. This discrepancy is due to the
in Fig. 7. The bulk polysilicon thickness is 5181 A and  sharp discontinuities in the tap) data for this oxide(see
the surface roughness thickness istZ2A. As mentioned Fig. 8). This problem of fitting points where tap) ap-
before, we lose some sensitivity to the film thickness wherproaches infinitylow |Rg|?) is encountered in SE measure-
we ratio thep-reflected intensity to the-reflected intensity, ments as well. In SE, it can be avoided by fitting the Fourier
however, we gain the same immunity that SE has to intensitgoefficients,a and g, rather than tanf) and cosd). In a
fluctuation issues such as window coating. We will furtherrotating analyzer configuratiom and 3 relate to the reflected
discuss the effects of fitting the taf)(form of the polysili-  intensity as in the following equation:
con datg when we look at measuring etch.r.ates. . Lo(t)=1o(1+ o COS 20, + BSin 2w,t), 5)
Despite the fact that our fit of the polysilicon data in the

tan@) mode returns roughly the same results as thevherel(t) is the time dependent reflected intensity angd
is the rotation frequency of the analyZ8rThus, by fitting

15 T T T T T T T T
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Fic. 6. 2CSR measuremeftircles and|R4|%,|R,|? fits of blanket polysili-

con on silicon dioxide sample; 45° polarization angle and 73° incidentFic. 8. 2CSR measuremeiitircles and tan(y) fit of SiO, on Si; 45°
angle. The sample is modeled as 5t®2A bulk polysilicon on polarization angle and 73° incident angle. Measured thickness is 9988
300 ASiQ, /Si with a 48+4 A surface roughness layer. +2A.
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20

the raw datag and B in rotating analyzer SE measurements %%
and |R4|? and|R,|? in 2CSR measurements, rather than the
ellipsometric parameters, the problems with fitting discon-
tinuous data can, for the most part, be avoided. ascol-
We analyzed the noise in our thickness measurements b'
taking the standard deviation of repeated measurements of
sample with the plasma off. Similarly, we analyzed the noiseg
in the etch rate by taking the standard deviation of a nomi-£ *®[
nally constant etch rate. For all experiments we determineds
the etch rates by taking point-by-point derivatives of the
thickness data. The standard deviation of our thickness for zswr . d
the SiQ samples,oq o, is 0.22 A where the thickness is * M"
determined from 30 averaged reflectance spectra, each spe
tra acquired in 6 ms. The standard deviation of our etch rate , , , ‘ , ( . )
for the SiQ sample,o oy, is 0.37 A/s with the same inte- 0 5 oo ey Y e we w
gration time and sample averaging. This is in good agree-
ment with our etch rate noise estimation for random noisé?'e' 9. SIQ; etch in CR at 100 mT with a power step from 50 to 100 W.

. . . . he standard deviation of repeated thickness measurements is 0.22 A and
sources shown in E((G), which pl’edICtSO'e: 0.31A/s: the standard deviation of the etch rate is 0.37 A/s when fitting the data using

[RJ? and|R,|%.

T T
== Thickness {A)
» Etch Rate (A/s)

ide Thi

i
Oxide Etch Rate (A/s)

oe=V20ylAt, (6)

where At is the sampling timé.No pixel smoothing was 150 s of the etch and increased it to 100 W for the second
done for the above measurements. If we perform three pixel50 s of the etch. The etch rate at 50 W is approximately 5
boxcar smoothing, we find a standard deviation of 0.7 A inA/s while the etch rate for 100 W is roughly 15 Alsee Fig.
repeated thickness measurements of a3#nple with a 6  9). The final oxide thickness is 7006 A.
ms integration time and no sample averaging. Without any We show data from a GFetch of the polysilicon/silicon
pixel smoothing, the spectrometer has an optical resolutiodioxide/silicon stack in Fig. 10. Again, we fixed the pressure
of 1.33 nm as stated earlier. By averaging over a total ofit 100 mtorr and the CHlow rate at 50 sccm. We set the
seven pixels, we decrease the optical resolution to 2.22 nnpower at 50 W for the first 75 s of the etch and at 100 W for
however, this does not adversely affect the quality of outthe second 75 s of the etch. The initial total polysili¢balk
data. More sophisticated smoothing algorithms, such as theolysilicon+surface roughness layethickness is 5134 A.
Savitzky—Golay methotf can be used to improve the qual- The 50 W etch rate is approximately 7 A/s and increases to
ity of these fits. roughly 20 A/s when the power is increased to 100(3&e
Likewise, we made repeated measurements of &ig. 10. The final total polysilicon thickness is 3140 A. The
n™" polysilicon/SiQ /Si stack and determined the standard de-oxide and polysilicon thickness measurements shown in
viation of the measurements from both th?,|R,|2 and  Figs. 9 and 10 are determined by fitting the optical model for
the tangy) fits of the data. We findrg ), to be 0.25 A forthe  both|R|* and|Ry|?.
|R|%,|R,|? fit when we averaged over fifty 6 ms integration
times for each thickness measurement. The standard devia-
tion of the polysilicon etch ratere o, is 0.32 A/s from the o ' ' '
IR|%,|R,|? fit where, again, the etch rate is determined by
taking a point-by-point derivative of the thickness measure-
ment. This is also in good agreement with our etch rate noise
estimation from Eq(6), from which we would expeate yo1,
to be 0.35 A/s. aso0}
When we find the noise in our thickness measurementse
for the tan{) fit of the data, we findog ,qy, to be 1.9 A =
which is nearly eight times that of tH&|?,|R,|? fit. Simi- ao00p
larly, the noise in the etch rate is 1.6 A, five times higher .
than that found with théR|2,|R|? fit. These large standard N
deviations are due to the fact that, as stated earlier, taking th s
ratio of data amplifies any noise present in the original data.
In Fig. 9 we show 2CSR data from a ¢E€tch of a SiQ
on Si sample. We fixed the pressure at 100 mTorr and the
CF, flow rate at 50 sccm. The initial oxide thickness is N _ )
10056 A. We used a 6 metegration fime, averaged over 20 6, POVSICEn. et Cat 100w s pover st hom soto 100,

of these integration times and repeated this measuremeﬁﬁd the standard deviation of the etch rate is 0.32 A/s when fitting the data
once every second. We set the power at 50 W for the firstising|Ry|? and|R,|2.

25

20
5000 T

5
Polysilicon Etch Rate (A/s)

L 1 1 L
=5
30000 50 200 250

100 150
Total Polysilicon Thickness (A)
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Time (s) Fic. 12. Thickness and confidence limits as a function of time for the last

. » ) 2000 A of an oxide etch. When the oxide thickness decreases below roughly
Fic. 11. Comparison of polysilicon etch rates fromRa|?, |Ry|* fitand a  gog A, the 95% confidence limit on the best fit thickness value rises from
tan (i) fit of the thickness. The standard deviation of the etch rate from theroughly 10 A to nearly 200 A by the time the oxide thickness reaches 200 A.
IR?, |Ry|* fit of the data is 0.32 A/s while the standard deviation of the Thys, for very thin oxidesthose less than a few hundred angstrpthe
etch rate from the tau fit of the data is 1.6 A/s. 2CSR is not sensitive enough to provide accurate film thickness measure-
ments.

In Fig. 11, we plot the saméRg%|R,|? fit of the
n"polysilicon etch rate data shown in Fig. 10. We overlay
these data with the equivalent etch rate data from the/jan( Widths, wall angles and more complex shape information of
fit (shown as circles in Fig. 21The mean etch rate is the lines in gratings can be obtained from SE data by accurately
same for both fitting techniques, however, from Fig. 11 it ismodeling the diffraction from the gratiry-*°Here, we will
clear that the standard deviation of the data fit by theshow that the 2CSR can perform similar measurements at
|R¢|2,|R,|? technique is substantially lower than that of the high speeds. The first grating we have looked at is a (i85
tan(/) fit as indicated in our standard deviation measureline/space grating in photoresist/300 A $iSi (see Fig. 18
ments. The period is measured as 0.7@6h using first order diffrac-

Although 2CSR is better than SR at measuring very thirfion angle at multiple wavelengths. We measuredsthand
films, it is still important to note the limitations of the mea- P-reflected intensities from the grating using the 2CSR and
surement. In Fig. 12, we show the thickness and the corréve also measured the ellipsometric parameters at 73° inci-
sponding confidence limit on the thickness for a Stb Si dence using a SOPRA GESReX situSE. As with all of the
sample as the final 2000 A of material are removed during afther 2CSR measurements presented in this article, we used
etch. At the outset of this region of the etch, where the oxided integration time of 6 ms and, in this case, we did not
thickness is nearly 2000 A, the confidence limits are on thé€erform any sample averaging.
order of 10 A. As the oxide thickness decreases below 600 A
(around 650 § the confidence limits on the thickness begin
to increase gradually until 665 s, when the confidence limits
jump from 25 to 175 A over the course of 10 s. This is the
region where the oxide thickness is at and below 300 A.
Thus, as indicated by the large confidence limits on the film
thickness fits below 300—400 A, the 2CSR is not sensitive to
very thin films. The phase information obtained in full SE
measurements contains enough structure such that SE is ab
to more accurately quantify film thicknesses for well-
characterized materials in the very thin film regime. The
work of An et al. discusses combining SE and SR measure-
ments which would better enable the measurement of thes
very thin films?*?

Through these experiments on blanket wafers, we estab ‘
|ISth tha’F the 2CSR is able to accurately n_1easure_bot_h blan eV ok Mm{ N o i 4
ket film thickness and etch rates. An evolving application of i Q% SE 126 CD65+GBC (JH AGA272-4) ‘
spectroscopic ellipsometry is the topographic analysis of
grating structures. The diffraction from grating structuresg 13 SEM of 0.35um line/space photoresist grating on 300 ASi
yields strong features in both taf)(and cosf). The line-  Si. Photoresist thickness is approximately Q.
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0 T we can detect transient phenomena not previously observable
e A I with the slower thin film measurement tools. With these data,
s —— tanipoi 205K y we can develop a more complete understanding of the phys-
ics and chemistry of the etch process and apply this informa-
tion to industrial process development and control issues.
Additionally, we have shown that with 2CSR we have the
level of accuracy needed to measure patterned wafer struc-
ture in a fraction of the time it takes conventional SE to
make the same measurement. We also demonstrated our abil
ity to fit these data using the RCWA method and to develop
a model of the grating profile. When applied to etch mea-

wny e 0y

04 oss s 0.64 072 08 surements of patterned wafers, the RCWA method analysis
Wavelength (um) of 2CSR data will allow us, in effect, to observe the grating
profile evolution during an etch.
Fic. 14. tany vs wavelength for a 0.3wm line-space grating at 73° inci- Our further development of the 2CSR may involve the

dence. The degradation of the 2CSR signal at the higher wavelengths is die f . fth iginal . SE by addi
to the decreased sensitivity of the detector in this regime. Also shown is th&l @nSformation of the original sensor into an y adding a

geometrical model used in the RCWA analysis. Fresnel Rhomb 1/4-wave achromatic compensator in either
the polarizer-sample-compensator-analyzer mode or the
polarizer-compensator-sample-analyzer mode. With the
In addition to measuring taj from complicated struc- compensator set at 0°, we will obtgiR|* and|R,|?, as we
tures, we are also working on fitting the patterned structurelo in our current polarizer-sample-analyzer two-channel
data using the rigorous coupled wave analy@®RCWA)  spectroscopic reflectometry setup. With the compensator set
method?’ We fix the oxide thickness at 300 A. The grating is to +45°, we can obtaifiR,+ jR4|* and|R,— jR¢?. So, with
modeled as a trapezoid on a rectangular hase Fig. 1# these measurements, we will be able to obtaiand A at
where we fit the top width, depth and wall angle of the trap-high speeds with one three-position rotational moving part.
ezoid along with the depth of the rectangular base. The
RCWA extracted best fit dimensions of the trapezoid are: topn\CKNOWLEDGMENTS
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