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ABSTRACT 
This paper details the analysis of vibration monitoring for end-point control in oxide CMP processes. Two piezoelectric 
accelerometers were integrated onto the backside of a stainless steel polishing head of an IPEC 472 polisher. One sensor was 
placed perpendicular to the carrier plate (vertical) and the other parallel to the plate (horizontal). Wafers patterned with 
metal and coated with oxide material were polished at different speeds and pressures. Our results show that it is possible to 
sense a change in the vibration signal over time during planarization of oxide material on patterned wafers. The horizontal 
accelerometer showed more sensitivity to change in vibration amplitude compared to the vertical accelerometer for a given 
polish condition. At low carrier and platen rotation rates, the change in vibration signal over time at fixed frequencies 
decreased approximately Yz - 1 order of magnitude (over the 2 to 10 psi polish pressure ranges). At high rotation speeds, the 
vibration signal remained essentially constant indicating that other factors dominated the vibration signal. These results show 
that while it is possible to sense changes in acceleration during polishing, more robust hardware and signal processing 
algorithms are required to ensure its use over a wide range of process conditions. 
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1. INTRODUCTION 
Establishing a solid end-point method for chemical-mechanical polishing (CMP) processes leads to improved 
manufacturability, increased wafer yield, and higher throughput. Several methods have been investigated including optical, 
thermal (pad temperature), friction (torque motor current), electrochemical, and acoustic (vibration). ’-’ A number of patents 
have been issued related to these techniques. All of these methods face a similar set of challenges: (1) incompatible CMP 
equipment designs, (2) limitations on sensor integration into rotating polisher systems, and (3) low signal-to-noise ratios in 
polishing environments. End-point techniques require robust hardware designs and software algorithms that can be applied 
across a broad range of process conditions including patterned wafer types and CMP consumables. 

CMP processes described here are categorized into dielectric, metal, polysilicon, and shallow trench isolation (STI). Most of 
the in-situ end-point techniques have been performed on metal CMP where the end of the process involves a transition from 
the metal film to an oxide layer which acts as a “polish stop”. Figure l(a) shows a conventional metal CMP process 
illustrating the start and stop process conditions. End-point is detected when the polishing process transitions through the 
metal and liner materials, stopping on the insulating layer. Temperature and torque motor current sensing have worked 
successfully in tungsten metal CMP processes. 
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Figure 1. Process scenarios for (a) metal CMP where polishing starts on metal film and stops on 

low polish rate oxide material, and (b) dielectric CMP where only one layer is polished. 
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The most difficult scenario for CMP end-point detection is continuous layer polishing. An example is the back-end-of-line 
dielectric CMP process shown in Figure l(b). The polishing starts and stops on the same layer. This type of process usually 
employs an empirically determined polish time. 

One CMP monitoring technique that has been investigated as a method of planarization end-point is vibration sensing.'. *-I2 

A vibration signal may be detected on the back-side of the wafer carrier during polishing. As the topography of the dielectric 
material undergoing polishing reduces, the vibration signal may decrease. Thus, a planarization end-point can be obtained by 
determining the time at which the vibration signal drops to a minimum. The problems with this technique are: (1) specific 
carrier designs may not allow for efficient coupling of the vibration excitation signal (from the wafer patterns) to the sensor, 
(2) high performance (high sensitivity, low noise, and wide bandwidth) vibration sensors are required, and (3) sensor data 
acquisition and signal processing onto and off of a rotating polishing head is difficult. 

Optical techniques are also being in~estigated.'~ For this technique, the signal is measured directly on the front-side of the 
wafer as it passes through an optical thickness measurement window typically embedded into the polishing pad. Optical end- 
point becomes more challenging as the number of mask levels increases due to scattering from underlying patterns. This 
method is also tasked with measuring a rotating wafer in a wet slurry environment. 

The purpose of this study is to assess the feasibility of in-situ vibration monitoring for a conventional type dielectric CMP 
process. The polishing system studied here is an IPEC 472 machine incorporating a standard stainless steel flat carrier, an 
example of which is shown in Figure 2. The effects of speed and pressure on vibration sensing using accelerometers 
integrated into the back-side of the stainless-steel carrier are shown. 
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Figure 2. Schematic of the IPEC 472 polishing head. The wafer is mounted onto the carrier using a felt-like 
insert material that cushions the wafer during polish. The stainless-steel carrier pivots about the 
center shaft using a plastic buttodrubber O-ring design. Pressure is applied to the shaft, which 
couples to the pivot button and the t-bar assembly. 

2. EXPEFUMENTAL 
2.1 Experimental modal analysis of the polishing head 
A vibration modal analysis was performed on the stainless-steel carrier to determine the resonating modes of the carrier. 
Figure 3 shows a plot of the frequency response function between the input force and the resulting acceleration. Two of the 
locations (1 and 2) were taken near the edge of the carrier to determine the flexing modes and any orthogonal mode pairs 
associated with the carrier, and a third location was taken on the back-side of the carrier on the vacuum distribution plate 
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(Figure 2). The excitation force was an impulse obtained by tapping the carrier with a small hammer instrumented with a 
load cell. As shown in Figure 3, the resonant frequencies of the carrier occur at approximately 2.8 kHz, 5.3 kHz, and 7 kHz. 
The location on the vacuum distribution plate also has two resonant peaks at frequencies of 4.5 kHz and 8 kHz. Figure 4 
shows a further analysis of the frequency response function for front-side and back-side responses to a driving-point located 
on the front-side. The vibration signal measured on the back-side due to a driving-point on the front-side is attenuated by an 
order of magnitude compared to the front-side response to the same impulse. 
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Figure 3. Plot of amplitude function (ratio of outputhnput) versus frequency for the IPEC 472 stainless steel 
carrier used in this study. The three locations are given on the schematic adjacent to the plot. 

h Front-side response to 
a 3 front-side driving point 

g 100 - Back-side response to 
front-side driving point 

c 

c 
7 

C 
0 
v) 
Q 

0 2000 4000 6000 8000 10000 

Frequency (Hz) 

Figure 4. Plot of amplitude function (ratio of outputhnput) versus frequency for the center location front and 
back-side of the polishing head. 
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This reduction in response is due to the rubber O-ring that isolates the center vacuum plate from the bulk of the carrier 
assembly. 

The results from the experimental modal analysis of the carrier suggest that the accelerometers should be located on the back- 
side of the polishing head towards the edge of the carrier. Placement of the sensors on the vacuum distribution plate (see 
Figure 2) would produce an attenuated vibration signal from the wafer. 

2.2 Sensor integration 
Two accelerometers produced by Endevco Corp. (Model 7259A-500) were mounted on the backside of the flat, stainless 
steel wafer carrier approximately 25 mm from the edge. One sensor was placed parallel to the carrier base (horizontal) and 
the other perpendicular (vertical). Figure 5(a) shows an image of the location of the sensors with respect to the IPEC 472 
polishing head. 

A schematic diagram of the sensor system integrated onto the polisher is shown in Figure 5(b). Transmission of the sensor 
signals during polish was accomplished using an instrumentation slip-ring manufactured by Fabricast, Inc. Although a 
wireless transmission unit would potentially have lower noise, we chose a slip-ring approach for initial investigation due to 
ease of integration. To minimize the noise induced from the slip-ring, we custom built and installed directly onto the 
polishing head a circuit consisting of a constant current supply and a front-end ac amplifier for each sensor. The constant 
current supply biased the accelerometer at 4mA. The ac amplifier had a fixed amplitude gain of 40 dB. Sensor signals below 
100 Hz in frequency were pre-filtered out of the ac amplifier circuit. After amplification, the vibration signals were 
transmitted off of the polishing head through the slip-ring and ac coupled to a data acquisition system manufactured by 
National Instruments. Data were collected using a 12-bit resolution analog-to-digital conversion system sampling at 200,000 
samples per second. The frequency spectrums were analyzed using standard Fourier transform (FFT) algorithms. 

\Front-end Amp and Filter/ --------.._-- 

Table 

Figure 5. Vibration sensing system integrated into CMP (IPEC 472) polisher: (a) Photograph of modified polishing 
head showing location of vertical and horizontal accelerometers and (b) Schematic representation of sensor 
system integration. 

Table 1 gives the accelerometer performance specifications used in this study. This particular piezoelectric accelerometer is a 
lead-zirconite crystal that produces charge corresponding to annular shear deformation. An internal hybrid signal 
conditioning circuit converts the charge to a low impedance output voltage. The ac output signal is superimposed onto an 
approximately 1OV dc fixed bias point. The voltage sensitivity is 500 mV/g (without external amplification) and the lower 
limit of sensitivity is 100 pV rms (200 pg rms). The voltage sensitivity of the vibration detection system including external 
gain from the ac amplifier is 50V/g. 
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Item I Specification I 
I 500 mV/g I Voltage Sensitivity, _+ 10% 

2Hz-lOkHz Bandwidth 
(amplitude response, 2 5%) 

I 200 pg rms I Residual Noise 

Range f l o g  

Resonance Frequency 45 kHz 

Sensor Mass I 10.5 gm I 
Table 1. Accelerometer specifications manufactured by Endevco Corp. (Model 

7259A-500). 

23 Polishing experiments 
Standard consumables were utilized for all polishing experiments. The slurry type was a KOH-based colloidal fumed silica 
manufactured by Cabot Corp. (SS-12). The polishing pad consisted of a 50 mil thick porous polyurethane pad stacked on top 
of a soft 50 mil thick foam pad manufactured by Rodel, Inc. (IC1400 K Groove). The insert material, which is placed 
between the wafer and stainless-steel carrier to provide cushioning, was a felt insert pad manufactured by Rodel, Inc. (R200 
T3 Ultrathin). 

In-situ pad conditioning using the APPlOOO conditioning system on the IPEC 472 was performed on all polishing runs. The 
end effector was a 2-inch diameter nickel-diamond spiral disk (100 grit). The downforce applied to the end effector was 6 lbs 
and the sweep rate was 34 s from the center of the pad to the edge. The slurry flow rate was kept constant throughout all 
experiments at 100 mumin. 

Blanket 150 mm diameter silicon wafers coated with silicon dioxide material deposited by plasma enhanced chemical vapor 
deposition tetraethyl orthosilicate glass (PETEOS) were polished as a function of polish speed and pressure. Table 2 
summarizes the removal rate data obtained on the four polish conditions. 

Patterned wafers were fabricated using a short loop interconnect process flow that consisted of (1) deposit 0.8 pm thick 
PETEOS on bare silicon wafers, (2) sputter deposit Ti/Al/Cb.fliN metal film stack (total thickness 0.8 pm), (3) photo- 
pattern and etch the metal, and (4) deposit 2pm thick PETEOS film over the metal interconnect features. The patterns 
consisted of structures that varied in pitch between 1.4 pm and 1 rnm with a constant pattern density of 50%. Polish times 
required to reach planarization for the different polish parameters were based on blanket removal rate data. 

Table 2. Polish removal rate data on blanket wafers coated with PETEOS oxide material for 
various combinations of speed and pressure. 

To be presented at SPIE Symposium on Microelectronic Manufacturing Technologies- May 19,1999 



3. RESULTS AND DISCUSSION 
3.1 Baseline system evaluation 
The vibration amplitude signals were monitored for the no polish condition to obtain the lower noise limit of the system as a 
control compared to blanket wafer polishing. Figures 6 and 7 show the vibration intensity signal as a function of frequency 
for the vertical and horizontal output signals. The polishing parameters for the low-speed, low-pressure setting (process 1) 
and high-speed, high-pressure setting (process 4) are given in Table 2. 
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Figure 6. Power spectral density of vertical vibration signal versus frequency 
for blanket wafer polishing and no polish conditions. 
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Figure 7. Power spectral density of horizontal vibration signal versus 
frequency for blanket wafer polishing and no polish conditions. 
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As shown in Figures 6 and 7, the power spectral density lower noise limit for no polish (no rotation) is flat at -70 dB over the 
range of 200 Hz - 2 kHz, well below the low-speed, low-pressure polish condition for the same frequency range. Beyond 
lkHz, the vibration response for low level polish conditions on a blanket wafer follows the no polish (no rotation) response. 
At higher polish rotation speeds and pressures on a blanket wafer, the power spectral density signal increases by 20 dB 
compared to the low level polish conditions. 

It is usefuI to calculate the expected range of primary frequencies generated from periodic asperities of fixed dimension 
moving at a fixed velocity. Figure 8 shows a plot of the calculated asperity wave frequency versus pitch dimension for the 
case of low- and high-speed polish conditions. This graph provides an estimate of frequencies over which the wafer or pad 
asperity dimensions may generate a first order vibration mode. Based on this calculation, sub-micron interconnect 
dimensions are not likely to be detected directly using vibration monitoring during polish. However, pad asperity dimensions 
(- 50 pm) or global chip-level features (- 1-5 mm) may be sensed using vibration measurements during polish. 
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Figure 8. Calculation of asperity wave frequency versus pitch dimension for 
low and high-speed polish conditions. 

3.2 Planarization results 

Four process conditions were investigated on patterned wafers at the settings given in Table 2. The polish times for each 
process were estimated from blanket wafer removal rates. Data were collected for both horizontal and vertical acceleration 
during polishing. The start data collection time was 20 s into the polish process. The end data collection time was within 5 s 
of the timed end polish cycle. 

Figure 9 through 14 show the power spectral density amplitude response for each accelerometer at a particular CMP process 
condition for the start and end polish times. These data give an indication of whether the vibration signal attenuates over the 
entire polish cycle in the frequency range of 100 Hz to 10 kHz. Three points are observed from the data. First, the horizontal 
accelerometer shows a larger change in vibration amplitude attenuation from start to stop polish time over a wider range of 
frequencies than the vertical accelerometer for all process conditions. Second, increasing the speed of the platen and carrier 
from 20 rpm to 100 rpm minimizes the change in vibration signal (compare Figure 10 to Figure 14). Third, increasing the 
pressure for a given polish velocity produces a slightly larger change in vibration. 
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Figure 9. Power spectral density amplitude plot of the vertical accelerometer vibration amplitude signal monitored 
during the low-pressure, low-speed planarization process. Shown are the start and end polish times. 
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Figure 10. Power spectral density amplitude plot of the horizontal accelerometer vibration amplitude signal monitored 

during the low-pressure, low-speed planarization process. Shown are the start and end polish times. 
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Figure 11. Power spectral density amplitude plot of the vertical accelerometer vibration amplitude signal monitored 
during the high-pressure, low-speed planarization process. Shown are the start and end polish times. 
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Figure 12. Power spectral density amplitude plot of the horizontal accelerometer vibration amplitude signal monitored 
during the high-pressure, low-speed planarization process. Shown are the start and end polish times. 
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Figure 13. Power spectral density amplitude plot of the vertical accelerometer vibration amplitude signal monitored 
during the low-pressure, high-speed planarization process. Shown are the start and end polish times. 
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Figure 14. Power spectral density amplitude plot of the horizontal accelerometer vibration amplitude signal monitored 
during the low-pressure, high-speed planarization process. Shown are the start and end polish times. 
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Figure 15. Power spectral density amplitude plot of the vertical accelerometer vibration amplitude signal monitored 
during the high-pressure, high-speed planarization process. Shown are the start and end polish times. 
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Figure 16. Power spectral density amplitude plot of the horizontal accelerometer vibration amplitude signal monitored 

during the high-pressure, high-speed planarization process. Shown are the start and end polish times. 

As an application of utilizing vibration sensing for detecting planarization end-point, the low-speed high-pressure polish 
process (Figure 12) was chosen for further analysis. Figure 17 shows the horizontal acceleration signal over a small range of 
frequencies (800 Hz - 900 Hz) for various polish times. These data were averaged for each time and compared to the 
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remaining oxide topography step height for this process condition as shown in Figure 18. Based on this simple algorithm, the 
attenuation in the vibration signal correlates to step height reduction. These results indicate that it is feasible to detect a 
planarization endpoint for oxide CMP using the vibration sensing method. Development of sophisticated algorithms is 
required to improve its accuracy as a planarization end-point detector. Improvements to the detection hardware would also 
ensure its use to a wider application of process parameters. 
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Figure 17. Power spectral density amplitude response for various times acquired during the planarization of a 
patterned wafer. The signal was from the horizontal accelerometer and the process conditions are given in 
Fig. 12. 

8oo t d 
Ul c 
c 
.- 
.- 
E 400 - 
E 
E 
Ul .- 
2 zoo - 
Q 
a, 
;5 

0 -  Metal pattern 

Metal line width 

W 475pm 
0 50pm 
A 20pm 

0 50 100 150 
Polish time (s) 

200 

Figure 18. Step height remaining on a patterned wafer with varying metal line widths versus time. Also shown is the 
horizontal accelerometer amplitude output averaged over the frequency range from 800 Hz - 900 Hz versus 
time. 
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4. CONCLUSIONS 

We have studied the vibrations signals obtained during polish using piezoelectric accelerometers mounted in both the vertical 
and horizontal directions. Wafers patterned with metal and coated with oxide material were polished at different speeds and 
pressures. Our results show that the vibration amplitude signal attenuates over time during planarization of oxide material on 
patterned wafers. The horizontal accelerometer showed more sensitivity to change in amplitude compared to the vertical 
accelerometer for a given polish condition. The polish rotation speed was an important factor. At low carrier and platen 
rotation rates, the change in vibration signal over time at fixed frequencies decreased approximately % - 1 order of magnitude 
(over the 2 to 10 psi polish pressure ranges). At high rotation speeds, the vibration signal remained essentially constant 
indicating that other factors dominated the vibration signal. As an application of utilizing vibration sensing for detecting 
planarization end-point, the low-speed high-pressure polish process was chosen for further analysis. Based on a simple 
algorithm that averages the vibration signal over a small range of frequencies, the attenuation in the vibration signal 
correlated to remaining measured oxide topography step height at particular frequencies. These results suggest that it is 
feasible to detect planarization end-point for oxide CMP using the vibration sensing method. More detailed analysis is 
required to determine which frequencies are most sensitive to topography reduction in oxide CMP processes. The 
development of sophisticated detection hardware and signal processing algorithms may also improve the lower limit of 
detection for planarization. 
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