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ABSTRACT

An acoustic sensor, the Leybold Inficon Compd%ewas implemented downstream to a
production-scale tungsten chemical vapor deposition (CVD) cluster tool for in-situ
process sensing. Process gases were sampled at the outlet of the reactor chamber and
compressed with a turbo-molecular pump and mechanical pump from the sub-Torr
process pressure regime to above 50 Torr as required for gas sound velocity
measurements in the acoustic cavity. The high molecular weight gasWéd with H
provides a substantial molecular weight contrast so that the acoustic sensing method
appears especially sensitive to ¥¢Bncentration. By monitoring the resonant frequency

of exhaust process gases, the depletion of YWBulting from the reduction by,Hvas

readily observed in the 0.5 Torr process for wafer temperatures ranging from 300 to 350
C. Despite WE depletion rates as low as 3-5%, in-situ wafer-state metrology was
achieved with an error less than 6% over 17 processed wafers. This in-situ metrology
capability combined with accurate sensor response modeling suggests an effective
approach for acoustic process sensing in order to achieve run-to-run process control of
the deposited tungsten film thickness.

INTRODUCTION

Chemical sensing techniques for monitoring and controlling chemical vapor
deposition (CVD) processes have become increasingly important. In semiconductor
manufacturing, the development of diagnostics for in-situ, real-time monitoring and
control is driven by the need for improvements in production efficiency through the use
of process control including both real-time detection of process drift and equipment
failure. As wafer size increases, the cost of process evaluation via test wafers and the
product losses associated with process drift and/or equipment failure motivate the use of
advanced sensors for monitoring and control in IC manufactiifing.

Gas phase chemical sensing provides information on the extent of reactions in
processes such as chemical vapor deposition (CVD) and is critical to achieve wafer-state
metrology for in-situ process control. Prior approaches have especially focused on
sensors that detect concentrations of individual gas-phase species, such as FT-IR
spectroscopy-8, UV spectroscopy-1}, and mass spectromet/16 In-situ growth rate



metrology by detection of the gas-phase composition downstream of the wafer by mass
spectrometry has been reported for silicon and tungsten @¥D. For the case of
tungsten CVD, accurate wafer-state characterization by mass-spectrometry is limited by
the high reactivity of the W§H, reagents that generates process drifts and high
background levels from chemical reactions on the wall surface and in the idnizer.
Acoustic sensors can be used to monitor the depletion of reagents and/or
generation of products by measuring in an acoustic cavity the speed of sound of the
exhaust gas mixture, which is directly related to its average molecular Wweight.
Acoustic sensors have been employed to measure and control the composition of binary
inlet gas mixtures in metal-organic chemical vapor deposition proc€sgeslin this
work, we used the Leybold Inficon CompoSeracoustic sensor to detect WF
concentration variations in a low molecular-weight gag dwnstreanof the wafer in a
WF¢/H, tungsten CVD process. The high mass-ratio betwegi2 Ig/mol) and WE (179
g/mol) results in significant variations of the average molecular weight in the downstream
gas mixture from the reactant depletion or product generation occurring on the surface of
the wafer and generates a variation of the gas sound velocity.
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Figure 1: Acoustic sensor schematic. The sound velocity is measured in a Helmholtz resonant
cavity that includes two quartz crystals on opposite ends to stimulate and measure the sound intensity. The
digitally synthesized frequency is varied via a lock-in amplifier in order to remain in resonance with the gas
flowing through the temperature-controlled acoustic cavity.

The sound velocity is measured in a Helmholtz resonant cavity that includes two
diaphragms on opposite ends to separate the process gas from the sound generating and
detecting means. (Figure 1). The digitally synthesized stimulating frequency is varied via
a lock-in amplifier technique in order to remain in resonance with the gas flowing
through the chamber. The temperature in the transducers chamber is maintained constant
by a precision temperature controlled heating element. The measured sound velocity is
function only of the gas composition at a given pressure and is given by the equation
below where C, sound velocity, F, frequengy, average specific heat ratio, T, gas
temperature, M, average molecular weight, R is the gas constant.



EXPERIMENTAL

The W CVD process was performed on a production-scale Ulvac ERA 1000
cluster tool with a water-cooled aluminum chamber and stainless steel exhaust tubing.
In the process of this study, W deposition viaredduction of Wk was used. Deposition
was done on 4" silicon wafers that were heated through a quartz window by a tungsten
lamp ring located on top of the reactor. To ensure a constant temperature at the wafer (+/-
10 %) during the process, 6-minute non-constant heat ramps were systematically
programmed. The reported process temperatures in this paper are the estimated wafer
temperatures, as determined by an instrumented WafBrior to deposition, the wafers
were cleaned in a 10% aqueous HF solution for 20 minutes, rinsed in deionized water,
and blown dry with nitrogen. Cleaned wafers were loaded into the CVD reactor through a
high vacuum load-lock. The tungsten deposition rate was measured by ex-situ weight
measurement of the wafer.

To sample the process stream, gas was extracted to the Composer at a point
immediately downstream of the reactor outlet and upstream of the exhaust throttle valve.
Figure 2 shows the configuration of the sampling system. The flow was sampled directly
from the pressure controlled reactor at the constant process pressure (0.5 Torr) to
maintain a constant pumping speed to the Composer for any given gas composition. The
sampled gas was extracted from the reactor at 0.5 Torr and was compressed to at least 50
Torr before entering the acoustic sensor. Pressures above 50 Torr are required in an
acoustic sensor so that the gas media density is high enough to carry the energy of the
acoustic wave. Such compression from 0.5 to 100 Torr was achieved by sampling the
gases through a turbo molecular pump (TMP) backed by a mechanical pump. In addition
to the high compression ratio, this sampling setup offered a high gas throughput, for
shorter response times from the sensor.

The pumping characteristics for the sampling/compression system were based on
a target residence time in the Composer of 1 s with a compression ratipdbaHeast
100. Considering an estimated 25°clow-conductance volume from the outlet of the
pumping system to the outlet of the composer (including the acoustic chamber, which has
a volume of 18 crl), a required 2.5 L.Torr/s throughput was estimated. The gases were
sampled through a restrictor at 0.5 Torr so that the estimated pumping speed was at least
5L/s (25 L/s at 0.1 Torr). In this study a single stage TMP (150 L/s), backed-up by an
oil-sealed rotary vane pump (35 L/min) were used. Low vapor pressure PFPE (perfluoro
polyether) oil was used in the rotary pump to limit potential reactions that could alter the
gas concentrations. The pressure in the sensor was measured downstream by a
capacitance manometer and controlled manually by adjusting a metering valve. A mass
flow meter was used to monitor the flow through the sensor and the resonant chamber
was kept at 60 C to avoid condensation ofgWWF
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Figure 2: CVD reactor and sampling system. Process gases are sampled into the acoustic
transducer from the outlet of the CVD reactor. For acoustic wave propagation, the gases are compressed
from 0.5 Torr (process pressure) to 100 Torr through a turbo-molecular pump backed up with a mechanical

pump

In the experiments reported here, Composer data were collected either at fixed
flow conditions without wafer heating (i.e., without a deposition reaction) or during a
deposition process sequence. A typical tungsten deposition process was done at chamber
pressure of 0.5 Torr, nominal substrate temperature of 350 C, andi[&V[F] gas flow
ratio of 8 to 1 with 40 sccm4 The process sequence in these experiments included the
following steps (see figure 5): First, the wafer was loaded and the reactor was flushed
with H, at 200 sccm. Second, the process gases were flowed through the reactor at 0.5
Torr with the wafer unheated, thus preventing any deposition gf dWFhe wafer. The
signal collected with the wafer unheated provided a baseline for the metrology data and
also served to "condition" the walls prior to the reaction. Fourth, theflollv was by-
passed out of the reactor and out of the sensor while the wafer was heated to 350 C
during a 5-minute ramp period. Fifth, the WHF, process is run for 6 minutes producing
approximately 100 nm of tungsten on the wafer. In the final step, 2000 sccm of poure H
was flowed to cool down the wafer. During the sequence of steps, the process gases



exiting the reactor was sampled continuously through the acoustic sensor and the pressure
in the sensor was controlled at 100 =1 Torr using a metering valve. A 5 sccm nitrogen
purge was also delivered through the TMP sealing valve and consequently added to the
sampled gas mixture.

RESULTS

Sensor response and gas dynamics characterization at room temperature

To characterize the effects of sampling system pumping dynamics on the
Composer’s response to variations in gas composition in the reactor, data were collected
with gas mixtures of Hand WF flowing through the reactor at a pressure of 0.5 Torr
without a wafer present. Figure 3 shows the temporal variation of the resonant frequency
when H flow rates were kept constant at 100 sccm while; Wiws were stepped from 0
to 10 sccm (with an additional 12 sccrp purge flow). The time delay between a change
in composition (i.e., HWFs flow rate) and detection of a frequency variation was
approximately 10 s and the time constant for the signal to reach steady state was
approximately 100 s. The response delay is a function of the pumping speed. The pump
used has a nominal pumping speed of 150 L/s but this decreases significantly above
0.0075 Torr to a value lower by more than an order of magnitude at 0.53Torr.
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Figure 3: Variation of the resonant frequency with a gas flow of 100 scenwviile WF; is

stepped from 2 to 10 sccm. A 12 sccmplirge is also added at the TMP sealing flange. No wafer is
loaded and the reactor temperature is maintained at room temperature



Figure 4 compares measured sensor data of frequency versus flow composition
with theoretical curves of the expected sensor response. The measured data are frequency
responses for Hflows of 40, 100, and 200 sccm with WHow rates stepped over time
from O to 40 sccm. The data points are the steady state frequency for a fixed flow
condition such as shown in figure 3. They clearly match the expected non-linearity of the
sensor response with a frequency increase when the average molecular weight decreases
either by addition of k(2 g/mol) or depletion of WgH179 g/mol). The frequency varies
as the inverse of the square root of the average molecular weight as indicated by the good
fit of the experimental data (data points in Fig. 4) to the theoretical data based on the
acoustic equation (solid lines in Fig. 4). These data suggest that the maximum sensitivity
will be reached at higher AAWFs ratios. For example, at a 40 sccm flow of, H
sensitivity will increase from 3 to 110 Hz / \W/Bcem at respectively 1/1 and 10/1 mass
ratios. Considering a maximum noise level of £1 Hz in these conditions, a sensitivity of
50 Hz/WFs sccm will ensure a noise/signal ratio below 2% for a 1 sccm variation gf WF
Such sensitivity is reached fopMVFg ratios above 4 to 1.
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Figure 4: Comparison of measured resonant frequency data with theoretical values based on acoustic
model for 3 [B/WF¢] gas mixtures at 40, 100 and 200 sccpflbw rates while WE is stepped from 2 to

45 sccm. A 12 sccm Nourge is also added at the TMP sealing flange. Inlet gases and CVD reactor are at
room temperature and no wafer is loaded.

While the experimental data fits the theoretical values with a less than 2% error in
the case at 40 sccmpHa significant divergence appears at lowilbw rates with 200
sccm B (and 12 sccm Npurge). Indeed the calculated frequency corresponding to 200



sccm B and 12 scem Wis significantly higher (3050Hz — not visible on Fig. 4)) than the
estimated frequency from the data (1980Hz). This suggests that gidMgéncentration

ratio (i.e., average molecular weight) of the gas at the sensor is greater than in the reactor.
In this case, the frequency intercept for 0 sccm flow of Wdfresponds to a gas mixture
containing only 100 sccm of Hor 12 sccm of M We believe this effect due to the
difference in compression ratios fop ldnd N in the turbo pump and the fact that the
process gases are primary exhausted through the mechanical pumps whose compression
ratio are relatively mass-independent.

Time-Dependent Sensor Signals through the Process Cycle

The acoustic Composer can detect concentration variation gfi\i, as small
as 1%. This is sufficient to observe the depletion ot VWBulting from the reduction by
H, during the deposition of W by CVD. For in-situ metrology, the Composer signal was
collected during a tungsten deposition process. Figure 5 shows the temporal variation of
the resonant frequency during the W CVD process of one wafer. The frequency
increased up to 1900 Hz during the flushing, heating ramp and cooling steps in the
process cycle are due to the low molecular weighiNfflow at those steps. In this
experiment the frequency variations during the baseline step (30-390 s) and the process
step (630-990 s) were the most important for growth rate metrology purposes. In order to
illustrate the frequency difference between these two steps of interest, both signals have
been overlaid in figure 6. Frequency signals during both steps stabilized after
approximately 3 minutes. The steady state value of the frequency measured during the W
deposition is 28 Hz higher than the steady state signal collected under identical flow
conditions but with an unheated wafer. Measurement of the higher frequency during
deposition indicated a decrease of the average molecular weight due to the relatively
lower concentration of Wg-from the consumption of WiHn the tungsten deposition
reaction.

In-situ Growth Rate Metrology

To verify the correlation between the reaction rate (i.e., the deposited film
thickness) at the wafer and the variation of the acoustic sensor response, 17 wafers were
processed following the same recipe at 0.5 Torr, 8 to,/WH; ratio and a wafer
temperature ranging from 300 to 350 C. In order to calculate the frequency variation
with an optimal accuracy, the signals from the deposition and conditioning steps were
both averaged over the last 60 sec of each step. The relationship between the measured
frequency variation and the deposited film thickness is illustrated on figure 7. With a
linear regression coefficient R of 0.974 and a standard deviation of 1.49, the relationship
appears fairly linear. The error, based on the error to the slope, is 6% while the origin was
estimated at (0.08 + 1.3) Hz.
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Figure 7: Correlation between the in-situ resonant frequency variation (as shown on figure 6) and the
deposited film thickness as determined by ex-situ weight measurements of the wafer. 17 wafers were
processed at 0.5 Torr, 40 sccm, B sccm WE, from 300 to 350C. The precision of the correlation is
estimated at 6% based on the error to the slope

DISCUSSION

Acoustic sensor sensitivity and metrology precision

As expected, the WFand H reactant flow provides high molecular weight
contrast which elicits sensitivity to reaction on the wafer. The depletion gfcdiy-to
film deposition and the resulting decrease of the average molecular weight in the gas
phase is detected by the acoustic sensor as a substantial increase of the resonant
frequency. Despite the production of HF that would contribute to a partial increase of the
mass and consequently affect the sensitivitys @écentration changes as small as 1%
produced a signal variation of over 10 Hz, which is an order of magnitude above the
apparatus’s noise amplitude. With a precision of the order 6% for this acoustic-based in-
situ metrology, the results from the acoustic sensor revealed as good as those reported
using sensing approaches such as mass spectrdihettie have demonstrated run-to-
run process control of film thickness using mass spectrometry with the thickness and
reactant depletion correlated to a similar accufdcylowever, to satisfy more stringent
metrology requirements as outlined in the international technology roadmap and be
capable of maintaining the deposited thickness variations from run to run within a few
percent range, it appears critical to target a better accuracy within 1 or 2 percent.



Prognosis for Commercial Processes

Though we previously showed that the acoustic sensor sensitivity is
fundamentally a function of the ,/WF¢ ratio, we expect that the metrology results will
be significantly improved at a given ratio for processes with higher depletions that will
result in higher frequency variations. The CVD tool used for these experiments was
limited to operating pressure of less than 1 Torr producing reaction rates (i.¢., WF
depletion rates) of approximately 3% or less. Based on our simulation results, a 40%
depletion as typically observed on industrial blanket CVD tool would generate a
frequency variation of more than 100 Hz, consequently minimizing the error. Such high
deposition rates are normally obtained by operadirtygher pressure (40 Torr).

Vacuum Technology

Under the conditions studied here, the response delay between a gas composition
change (i.e., flow condition) change in the reactor and stabilization of the Composer
frequency signal was approximately 100 seconds. This delay is partially a function of the
pumping speed. However, we believe reactions and/or adsorption/desorption from
internal surfaces of the reactor chamber and exhaust lines are a factor as well. Similar
response-time profiles were observed when the same process was analyzed using a
differentially-pumped closed-ion source Residual Gas Analyzers (R&We believe
these dynamic effects are a function of the history of the reactor and are enhanced if the
reactor and sampling system walls have not been previously saturated w4tityWF
conditioning the tool. The response time profile is significantly shorter when sampling
other gas mixtures such asg8F,. This chemical dependent behavior suggests that
interactions of the W§~on the reactor and tubing walls, which is well-known to easily
react on the stainless-steel surface (wall effacontribute to the gas composition
detected by the Composer.

Compressing the sampled CVD process flow up to the minimal pressure (50 Torr)
for detection by Composer is also a critical issue. We showed evidence that non-constant
concentration profiles between the reactor and the sensor environments can result from
the mass-selective pumping effects of a TMP at a high intake pressure with gas mixtures
rich in Hp,. This can be partially addressed by implementing a pump (e.g. a turbo-
molecular drag) capable of higher pumping speed (25 L/s) at higher intake pressures. It is
worth mentioning that higher JAVFs flow rate ratio, where these mass-selective effects
seemed to be greatest, result in poor conformality in blanket W CVD and are not
desirable in manufacturird§.Additionally the choice of an adequate compression system
in a corrosive environment will be driven by the need to minimize the pump purge flow
which dilutes the process gas mixture and diminishes the sensor’s sensitivity. Though this
effect is minimal when using a TMP whose recommended purge flow is below 15 sccm,
it can be a major limitation to the utilization of alternative compression options. For
example, preliminary experiments showed that sampling downstream to the process
mechanical pumps (roots blower and rotary pumps) though they present a high
compression ratio and high throughput, was primary prohibited by the required 1 L/min
purge flow to the mechanical pump. Simulation results based on a 5% depletiory of WF
during process with 40 sccmpldnd 5 sccm WigEshowed that while a 15 sccmy Nurge
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would decrease the maximum frequency variation by 17 % (as compared to no purge), a
500 sccm purge would reduce it by 90 %.

Sensor Placement

The location of the downstream sampling is also critical to achieve accurate
wafer-state metrology. Sensing remotely from the reactor presents potential advantages
such as minimal disturbance of the process and minimizing the footprint in the
cleanroom. Our preliminary experience with remote downstream sampling revealed
significant challenges with this approach. In experiments sampling downstream at the
process pumps using a either a differentially-pumped mass spectrometer or with the
acoustic sensor, we observed substantial drifts in the measured gas phase concentrations
due to the effects of reactants interacting with the walls of the exhaust plumbing. Indeed
WFs is readily adsorbed on the stainless steel walls of the exhaust line while slowly
desorbing?®> Consequently reproducibility of the data will become heavily subject to the
process history when sampling remotely. These effects may be minimized through
exhaust line heating or pre-conditioning of the exhaust lines, although these procedures
may not be practical in a manufacturing environment. Another approach is the
development of data analysis algorithms to extract the gas-phase composition changes
that are purely associated with reactions at the wafer. These and other approaches to in-
situ gas-phase chemical sensing are currently being worked on in our group.

Process Recipe

The utilization of a cold wafer sequence used to monitor a reference baseline prior
to deposition presents a major limitation in terms of application in manufacturing. This
step is presently compulsory since a drift of the order of - 0.2% per run is observed in the
sensor frequency response despite up-to 2 hour conditioning periods. Considering that
our metrology is based on a frequency signal varying by the order of 1 to 3% (due to our
minimal reactant depletion), the error over a few runs would substantially affect the
metrology precision. The origins of such drift are in part associated with wall effects due
to WK reactivity. Though conditioning helps by saturating the walls withg, WF
minimizing the surface area and heating the walls of the sampling system to 70 C should
reduce the conditioning time and limit the consumption of process gases. Additionally the
effects of the oil's chemistry are not clear but the oil vapor pressure will be function of
the motor temperature and can consequently affect the gas composition (especially if
there is a presence oL@ vapor). The implementation of an oil-free piston pump should
be considered for a chemically inert compression alternative.

CONCLUSION

An acoustic sensor measuring the sound velocity of a gas mixture downstream to
a WR/H; tungsten CVD process chamber was used for in-situ wafer-state metrology.
Because of the high molecular weight contrast between the reagents, mass-related sound
velocity measurements allow the detection of variations of less than 1 % ginVW.
This is sufficient to monitor the depletion of WFesulting from the reduction by,H
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despite depletion rates as low as 2 to 5 % in the reactor used in this study. The sensor data
were linearly correlated to ex-situ film thickness (based on weight measurements) with an
error less than 6% for 17 wafers processed between 300 and 350 C in the sub-torr
pressure regime at a 8 to ¥WF; ratio and with 40 sccm of HThis is comparable with

the accuracy obtained by using mass-spectrometry sensing. Additionally, the expected
non-linearity of the sensor response when spanning over a widé-kiratio range (from

20 to 1) was accurately predicted within a few % error using a simple model based on
sound velocity equations for real gases.

This preliminary study showed that the gas compression from 0.5 Torr to above
50 torr for acoustic sensor based monitoring of an LPCVD process could be achieved
using a turbo molecular/rotary mechanical pump stack. Issues remain regarding the mass
selective pump rates that can generate discrepancies in the composition of the sampled
gas mixture as compared to the gas mixture in the reaction chamber. Consequently more
adequate compression system, using turbo-drag pump or dry piston pumps, will be
investigated in the future.

Reagent and wall reaction, which are well known withg\\ife also challenging
since they are the source of temporal composition drift. In order to compensate for this
drift, a baseline had to be monitored prior to deposition in order to be subtracted to
acoustic measurements obtained during the deposition step. Also, despite the utilization
of synthetic oil for the TMP oil-sealed back-up pump, additional reaction or temperature
dependent degas may occur that would aggravate the composition drift. Future work will
study the effect of downstream wall heating, wall conditioning and oil chemistry effects.

In order to eliminate this time and reactant consuming “baseline” step, we also intend to
minimize the relative importance of such drift by increasing the depletion rates of our

reactor by an order of magnitude to bring it to the same level as those observed on
commercial blanket CVD tools.

Based on these results and with additional improvements of the sampling system,
we reasonably expect to increase the accuracy for wafer-state metrology within 1 to 2 %.
This would be sufficient for the successful implementation of run-to-run process control.
With such metrology capability and the possibility to build simple and accurate models,
acoustic sensing may represent a relatively low cost, easy to use, and robust sensor for
process applications.
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