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In situ mass spectrometric sensing has been implemented in a 10 TOWF{ W chemical vapor
deposition process as a real-time process and wafer state metrology tool. Dynamic sensing through
the process cycle reveals HF byproduct generation as well,asnH WF; reactant depletion as
real-time quantitative indicators of deposition on the wafer. Thickness metrology is achieved by
integrating the HF byproduct signal through the process cycle and comparing it to post-process
measurements of film weight. To evaluate the quantitative precision of this metrology, multiwafer
runs have been performed under different sets of conditihsfixed process conditiong2)
intentionally introduced run-to-run process temperature drift, @ dun-to-run deposition time
variation. These results demonstrate that real-time thickness metrology is achievable at a level of 1%
or better in two application settingél) when an essentially fixed process recipe is employed, as in
high-volume manufacturing; an@) when more substantial changes in process recipe are explored,
as in a development environmenh situ mass spectrometry presents an attractive option for
real-time advanced process control with the prognosis for real-time course correction demonstrated
here and its already established benefit to fault detection and classificatioB00® American
Vacuum Society[DOI: 10.1116/1.1695332

[. INTRODUCTION wafer contro). Guided mainly by in-line metrologye.g.,
Advanced process contréAPC) has become a critical XTay reﬂectar_lce,_ x-ray fluorescence, four-point probe)%tc.
enabling technology for the semiconductor manufacturind@ther than byn situ sensors, R2R control can rely on well-
industry, enhancing productivity and profitability. The two developed metrology tools that are not typically integrated
primary thrusts of APC, namely course correction and faulNto the process equipment, and it provides a powerful strat-
management, have different goals and attriblité<ourse €9y to compensate for long-term systematic process drift us-
correction is intended to adjust process parameters so thitg both feedback and feedforward control. In contrast, APC
product quality is maintained in spite of short-term variabil- CoUrse correction based am situ sensors is only beginning
ity and long-term drift in process and equipment behavior!0 €merge as a significant component of overall APC strategy
while fault management is aimed at identifying equipmentin the industry, because it require situ metrology with
problems that would cause such variability and repairingsufficient precision to enable subtle quantitative process ad-
them in an optimal time frame. justments. On the other hand, if adequitesitu metrology
Real-time fault detection, based am situ sensors, has Wwere available, it would present a major benefit not only as
already become a widely accepted practice in semiconduct@n alternative to in-line metrology for R2R course correction,
manufacturing to monitor real-time performance of tools inbut particularly for real-time course correctiom. situ me-
order to minimize the number of misprocessed wafers. Byirology could then be employed to compensate for random
immediate identification and response to known process anghort-term variability that occurs within a process step, as
equipment faults, this first component of fault managemenwell as for long-term systematic process drift, and it would
provides substantial value to manufacturing productivity, anccomplete a more powerful APC strategy that includes tool-
it has been widely implemented usimg situ sensors, par- level real-time contro(course correction and fault detectjon
ticularly using mass spectrometfpr residual gas analysis in a larger context of hierarchical APC.
(RGA)]. Other aspects of fault management are more chal- In principle, in situ sensors can provide the metrology
lenging and will thus require more sophisticated approaches)eeded for either R2R or real-time course correctiorsitu
including more general fault classificatiéwhere sensor sig- sensors have been utilized in R2R con{®Qg., in CMP and
nals do not readily distinguish the cause of fayled fault  lithography processésand in selected applications for real-
prognosis for optimal scheduling of tool maintenance actime control(e.g., for interferometric etch end-point control
tions. and rapid thermal processindiowever,in situ sensors have
Course correction has been widely adopted for manufacseen only limited application for material deposition pro-
turing in the form of run-to-rulR2R) control (or wafer-to-  cesses, particularly for mainstream Si technology applica-
tions such as chemical vapor depositi@VD), despite the
3Electronic mail: rubloff@isr.umd.edu potential benefitd-® While severalin situ real-time sensing
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techniques have been investigated for process monitoringignal associated with reactant adsorption and reaction on
including quadrupole mass spectroméfty'® acoustic chamber wallst needless to say, any such background cali-
sensing;®>~??UV spectroscopy?**and Fourier transform in-  bration step would be absolutely unacceptable in manufac-
frared spectrosco;?® a primary limitation in employing turing.
such techniques for real-time manufacturing course correc- In order to improve the metrology precision and demon-
tion has been the lack of demonstrated metrology precisiostrate its suitability for APC, we then investigated the silane
sufficient to deliver real value in manufacturing. reduction proces%, knowing that SiH is a more efficient

Our research group has been developing such realitime reducing agent, as follows:
situ sensing methodologies for CVD process diagnostics, . .
metrology, and APC course correction, using quadrupole 3SiH, +2Whe=6Hy(g + 2Wig)+ 3SiFy(q) - @
mass spectrometry and other chemical sen$ot8:*°In re-  This led to a reasonable conversion r&te20%) and a thick-
cent years, our investigations have focused on W CVD proness metrology precision of order 1%-2%, and we demon-
cesses with the primary goal of improving the metrology to astrated real-time end-point control of film thickness to within
sufficient precision—taken as about 1%—that it would be3% of target in the face of 10% open-loop wafer-to-wafer
viable for CVD thickness control in high-volume manufac- thickness variatior?
turing, as either R2R or real-time contf8r319This target We have modified our W CVD reactor to enable higher
is consistent with metrology requirements in the 2002 ITRSpressuresto ~100 Torr total pressujén the range typically
roadmap: 4% 3 for gate dielectric and 10%d3for barrier — employed in W CVD manufacturing processes and reconfig-
layer at 4—7 nri.We report here advances in the precision ofured our mass spectrometry sampling system accordingly, as
real-time,in situ CVD thickness metrology that clearly ex- described in Sec. lll. In this article, we present metrology
ceed the 1% target we have been seeking. results for the H/WFg chemistry(hydrogen reductionat a
higher pressure of 10 Torr, under three sets of conditi@s:
a fixed process conditior{2) intentionally introduced R2R
Il. BACKGROUND process temperature drift, an®) intentionally introduced

In recent years, we have reported promising results irR2R deposition time variation. The results demonstrated
low-pressure W CVD using both HWF; (hydrogen quantitative thickness metrology with precision of 1% or bet-
reduction’ 131 and SiH,/WFs (silane reductioft® pro-  ter. Following a description and analysis of these results, we
cesses. In the case of,Heduction at 0.5 Torr, in agreement discuss the prognosis for applying this methodology in real
with the widely accepted reaction mecharfém manufacturing environments.

3Hy+ WFe= 6HF g+ W,g, (1)

we observed Kreactant depletion and volatile HF byproduct
generation usingin situ downstream mass spectrometry.
Time integration of these mass spectrometry signals, together Experiments were carried out within a single-wafer CVD
with post-processx situfilm weight measurement, provided reactor on a manufacturing scale cluster tddlvac model

a working metrology model such that real-time mass specERA1000Q. Originally, there were two single-wafer reactors
trometry signals could be used to predict in real time theon the tool, both of which were configured for sub-Torr pres-
average W film thickness deposited on wafer. In this casesure selective W CVD proce$5?®In order to enable high-

the metrology result based on HF byproduct generation sigpressure processir@e., 10 Torr or above modifications of

nal yielded an average uncertainty on the order of*Y%his  the existing tool configuration were necessary. First, a low-
was similar to other results obtained by acoustic sensor me&onductance throttle valv@®.07—-24 L/$ and associated ex-
surements carried out for the same proce$¥€he precision haust plumbing was installed for pressure control at or above
of both mass spectrometry- and acoustic sensor-based m&9 Torr, in parallel with the existing systefi.5—900 L/$
trologies was limited primarily by the low conversidqor  for use at low pressure. Second, the wafer heating mecha-
utilization) rate of the reactani{s-3%) achieved for this pro- nism was converted from the existing lamp heating to a re-
cess chemistry, temperature regime, and low-pres@uie-  sistive substrate heating design, which reduced heating of the
Torr) operation of the reactor. Our analysis concluded thatjuartz showerhead and associated deposition on it.

the metrology was limited by the conversion rate of reactants The reactor employs water-cooling of the walls to avoid
(since it was based on byproduct generation or reactargxcessive precursor condensation and reaction. Separate in-
depletion and that higher reactant conversion rate80%, lets are provided for the Hand Wk gases to minimize gas

as commonly experienced in manufacturing applicationgphase reaction, with the JHintroduced through a circular
such as blanket W CVD a&50-100 Tory would signifi-  quartz showerhead located 5 in. above the wafer, and the
cantly improve the sensor signal-to-noise ratio and thus th&/Fg introduced through a side slot located at wafer height,
metrology accuracy. An additional drawback resulting fromas seen in Fig. 1. The pumping package for the reactor in-
the low conversion rate of the sub-Torr process was that anludes a roots blower pump backed up by a mechanical ro-
additional mass spectrometry measurement was necessaayy pump for process pumping, and a turbomolecular pump
(with the wafer at room temperature and process gases flowWwer maintaining high vacuum cleanliness in system idle
ing) in order to calibrate and compensate for a backgrounanode. The process pressure is controlled by the downstream

lll. EXPERIMENTS
A. 10 Torr blanket W CVD: Equipment and process
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Ulvac ERA-1000 300amu Quadrupole cess was initiated. The process recipe included three steps:
W CVD Reactor Mass Spectrometry

contiary  Glosed ton (1) Reactor filing periogdduring which 900 sccm of Hand
H2 —— P4 Y / Orir-fes Source Electronics Box 150 sccm of Wk were introduced into the reactor for 18
Wre ——)¢ 4 s. The high flow rategcompared to those during the
following raw process time at 10 TQrwere necessary to

Wafer

(W

B lon Gauge Pump ramp the pressure in the 25 L reactor up to 10 Torr in a
i Throttle Valve [X Disphragm reasonably short period of time.
N Pumping “e (2) Raw process time at 10 Torduring which H and WR
gas flow rates were now reduced to 60 and 10 sccm,
Pumping Stack respectively. The low flow rategompared to those dur-
Fic. 1. Schematic of the 300 anin situ quadrupole mass spectrometry gas Ing the preV|ou_s reaCtO.r fllllng pe”()dvere used to in-
sampling systenilnficon model CIS2™ attached to the Ulvac ERA1000 crease the residence time of the process gases and thus
cluster tool reactor for k/WFs W CVD process at 10 Torr. Not drawn to their conversior(or utilization) rate. The higher conver-
scale. sion rate enhances the RGA metrology signals associated

with reactant depletion and byproduct generation, as dis-

cussed in Sec. Il. The raw process time studied in this

article varied between 5 and 15 min.
@ Reactor pump-down/purge perioduring which the re-
actor was pumped down and then purged withal100
Torr for 85 s and at 10 Torr for 60 s. Although these
purge steps were not required by the deposition process
itself, they were useful for detecting any long-term or
R2R sensitivity drift in the sensor. The processed wafer
was then unloaded, and a new one was introduced into
the reactor following the same sequence of steps just
described.

low-conductance throttle valv@escribed earligrdriven by
a capacitance diaphragm gauge. Individual gas flows ar
regulated by mass flow controllets?8:2°

Blanket W CVD processes were carried out at 10 Torr
using H,/WFg gases with 6:1 flow ratio. Deposition tem-
perature and time were intentionally varied to investigate the
metrology capability under different process conditions, in-
cluding nominally stable situations and wafer sequences in
which conditions were intentionally varied to simulate pro-
cess drift. Experiments covered the range of deposition tem-
peratures of 340—400 °C and times of 5-15 min. Tempera-
tures are reported here as set-point values for the substr

heater control system, in which substrate heater temperatug® oo using a microbalan¢@.0001 g resolution The
was measured by a therchouple. L tempergture on ti?a"?/erage film thickness was then deduced based on the known
wafer, as measured by an instrumented wafer with therma; bulk density of 19.35 g/cf Our film weight measure-

couple Sensors, was 10-20°C Iowgr than these .set—point.v nent data carried approximatety0.1% (or 0.0005 ¢ error
ues. Deposition times as reported include the time require f the entire range of film thickness reported here due to
to achieve nominal process pressure as well as the raw pro,

cess time at 10 Torr. Most experiments consisted of single- ncertainty in the measurement technique.
wafer processing of ten-wafer batches.

Experiments began with 1-2 h of reactor wall condition-
ing (dependent on prior experimejtachieved by flowing
the WFK; and H, gases at 10 Torr and room temperature. This The mass spectrometry sampling system is shown sche-
conditioning period was effective in reducing the®con- matically in Fig. 1. Residual process gases were sampled
tamination level and passivating the chamber walls in thalirectly from the downstream side of the reactor via a 0.020-
reactor systemt In order to monitor the progress of reactor in.-inner-diameteti.d.) X 10-cm-long stainless steel capillary,
conditioning, HO partial pressure as well as \WRVOF,  which resulted in a pressure drop from the process pressure
ratio were monitored using the same mass spectrometry used 10 Torr down to 1 Torr behind the capillary. Most of this
for process sensing. Following the conditioning period, thegas was then pumped away by a bypass differential pumping
reactor was purged with Nwhile the substrate heater tem- to the foreline of the diaphragm punihe backing pump for
perature was ramped to the desired process temperature; thiiee mass spectrometer turbo pumigaving a small fraction
typically lasted over 30 min, depending on the process temef the gas to be directly sampled through a2®-i.d. orifice
perature set point. into the closed ion source region of the mass spectrometer

Si wafers 4 in. in diameter were used in our experiments(Inficon model CIS2™, 300 amu quadrupole mass spectrom-
Prior to each run, the wafer was prepared by immersing it iretes.

10% buffered HF solution for 20 min to remove the native The appropriate size capillary—orifice combination for
oxide, rinsing with deionized watéresistivity 18.4 M) cm), conductance control effectively reduced the sampled gas
and blow drying with N. It was then transferred into the pressure from the viscous flow regini®0 Torn to the mo-
CVD reactor via a high-vacuum load-lock chamber and arecular flow regime(1 Torr). The bypass differential pump-
automated wafer-handling robot. Afta 2 min delay to en- ing technique enabled us to actively withdraw gases from the
able stabilization of wafer temperature, the deposition proprocess through the sampling system. Both of these sampling

Following each wafer run, the amount of W deposited on
e wafer was determined by ax situwafer weight mea-

B. Real-time, in situ process sensing by mass
spectrometry
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Fie. 2. In situ RGA signals from mass spectrometry, indicative of the gas Fig. 3. In situ HF byproduct generation signal obtained in real time during
composition inside the reactor, were acquired together with the equipmenhe deposition cycle. Metrology signal was obtained by integrating the HF
state signals from the tool control in real time. Step A indicates the presignal over the entire deposition perigstep B, which included the reactor
process M purge period. Step B indicates the deposition cycle which in-filling period as well as the raw process time at 10 Torr. This particular
cludes the reactor filling period and the raw process time at 10 Torr. Step @xample is taken from the same run as in Fig. 2.
indicates the reactor pump-down and the final plirge period. The sub-
strate heater temperature was nominally maintained at 390 °C at all times for
this particular run through steps A, B, and C. . . . .

P gh step rily a consequence of the reactor residence time, which de-

termines the rate at which reaction byproduct generation and

reactant depletion attain steady state.

techniques, as well as the location of the sampling capillary Among the various chemical signals, the characteristic
(i.e., downstream but close to the wafewere critical in  RGA signals indicating bl and WF; reactant depletion and
achieving fast response time in process sensing. In additiofiF byproduct generation were considered good candidates
to minimize the effect of adsorption and reactions of WF for thickness metrology based on the known reaction mecha-
and HF on the stainless steel surfaces at room temperaturidism and stoichiometry described by Ed). We found that
wall areas of the sampling system were kept heated at 65 °¢e HF byproduct generation signal at 20 amu, integrated

The filament current in the closed ion source was kept athrough the entire deposition cycle, provided us with the best
200 A, while the electron energy was maintained at 40 ev,metrology accuracy. Figure 3 shows the HF byproduct sig-
which provided adequate sensitivity and minimum parasitichal, which we integrated through the process cycle to obtain
reactions within the closed ion source region. Electron mul@ thickness metrology.
tiplier detection was used at an acceleration voltage of 1600
V to enhance the signal-to-noise ratio. B. Run-to-run process drift and metrology under

fixed process conditions

A batch of ten wafers was processed under identical

IV. RESULTS nominal process conditions at 10 Torr, 400 °C, for a fixed
deposition time of 640 s. Despite the fixed process condition
specified by the tool set points, an average of 1.18% R2R

In situ mass spectrometry sensing of the 10 Torr W CVDprocess drift was manifested in the post-process film weight
process as described in Sec. lll has provided us with dymeasurement, as seen in Fig. 4. The actual variation in film
namic, real-time gas phase chemical signals as a function afeight was 3.0 mg on average, which corresponds to 199 A
the process cycle. Figure 2 shows characteristic ion currenih terms of film thickness as estimated assuming the bulk
signals from the KW and WR, reactants, HF byproduct,,N density of W to be 19.35 g/cinSuch R2R process drifts can
purge gas, as well as other species used to monitor reactbave significant impact on manufacturing yield and have
cleanliness (KHO,WOF,) and parasitic reactions on the been a strong motivation for industry adoption of R2R con-
quartz showerhead (SiFSiHF;). Partial pressures of these trol as a prime component of APC. The drift appears to in-
species exhibit strong time dependence through the procestude random as well as systematic components, with the
cycle, including background levels before and after thedeposited film weight exhibiting a systematic drift of 0.40%
single-wafer process, Nourge cycles beforéstep “A”) and  for each successive wafer. We attribute this R2R drift to in-
after (step “C”) the process, and dynamics within the pro- creased W nucleation on the quartz showerhead and chamber
cess itself(step “B”). In particular, during the process walls for each successive run leading to easier W deposition
(“B" ), the reactant gases gHand WF) and the reaction at those nonwafer surfaces, as discussed further in the next
byproduct species exhibit different dynamics. This is prima-set of experiments.

A. Metrology development
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Fic. 4. A batch of ten wafers process&he wafer per rununder identical i

nominal process condition at 10 Torr, 400 °C for a fixed deposition time of Time (s)

640 s. R2R systematic drift as well as random variations in the processes

were manifested by the post-process W film weight measurement with afic. 6. A batch of 18 wafers processéahe wafer per runwith an inten-

average R2R variation of 1.18%. tionally introduced R2R drift in wafer temperature for every two wafers.
R2R changes in magnitude as well as shape of the HF byproduct generation
and the W reactant depletion signals were observed. Weaderun) num-

. . . . . bers are indicated above each corresponding HF signal.
Despite the unintentional R2R drift present in the process, P 9 g

real-time,in situ metrology based on time-integration of the

HF. byproduct S|gnal_ reveals the drift d|reF:tIy a_nd IS quanu-cl Intentionally introduced run-to-run temperature

tatively correlated with the post-process film thickness mea- rift and metrology

surements, as seen in Fig. 5. A linear regression fit was madde _

through the ten-wafer run, and the average difference be- In order to understand the effects of equipment and pro-

tween the actual film weight measurement and the predictegess drift and to develop a precision real-tinmesitu metrol-

value from the regression model provided us with a metric0gy; @ temperature drift was intentionally introduced during

for quantitatively determining our metrology accuracy. Weprocessing of an 18-wafer batch, maintaining a fixed deposi-

called this metric thmverage uncertaintywhich for this tion time of 618 s. We chose to introduce the drift in the form

batch of ten wafers was found to be 0.56% over the totaPf variation in wafer temperature because it is one of the key

range of film weight variation of 10.2 m@r 671 A in terms ~ €quipment parameters that are often susceptible to drift, di-

of estimated film thicknesgs rectly affecting the deposition process and consequently the
film thickness. Here, the temperature set point was first re-
duced for every two wafers by 5 °C from 400 to 380 °C, then

€ by 10 °C from 380 to 340 °C. Figure 6 shows the variation in
280 2 HF byproduct generation and WIFeactant depletion signals
] &  with the temperature drift.
pat 116000 < The effects of temperature drift on the process are clearly
- 117500 g seen in the mass spectrometry signals. With lower process
g o6 £ temperature, the magnitude of the HF byproduct signal de-
= 717000 .2 creased, while maintaining an approximately constant line
2 o ) F— 'E shape. Because the HF signal is entirely associated with the
S 2501 = reaction byproduct and the reactor residence time was con-
£ Linear Reqression 416000 &, stant, we expect the HF signal shape to be maintained as its
; 240+ iy 0.56% g magnitude changes. In contrast, the line shape for thg WF
average uncertainty 0.56% 115500 : ]
standard deviation 0.69% j < reactant changes appreciably with lower wafer temperature.
2:;0% . To E At high temperaturese.g., 400 °Q the WF; line shape ini-
0 10° 22x10°  24x10°  26x10°  2.8x10° E t|aII.y reflepts mtrod_uctlon of .the gas, but is quickly followed
Integrated HF Signal (A-s) =z by intensity reduction associated with reactant ()Véeple-
w

tion. The shape of W§-depletion mirrors the growth of HF
Fic. 5. Film thickness metrology model basediarsitu time-integrated HF ~ byproduct concentration on a time scale associated with the
signal andex situW film weight measurement for the ten wafers processedreactor residence time. As seen for later wafers in the experi-
gnder nomlna]ly f|>.<ed. process condition as shoyvn in Fig. 4. F|r'st-'orderment' lower temperature(?e.g., 340°Q cause a noticeable
linear regression fit yielded an average uncertainty of 0.56% within the . . . . .
corresponding range of film weight variation of 10.2 tog 671 A in terms ~ decrease in the magnitude of the depletion, since the reaction

of estimated film thickness rate is lower. As the depletion rate decreases, the line shape
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FiG. 7. Film thickness metrology model basediorsitu time-integrated HF ~ FiG. 8. Film thickness metrology model basediorsitu time-integrated HF
signal andex situW film weight measurement for the 18 wafers processed Signal andex situw film weight measurement for ten wafers processed at
under R2R temperature drift as shown in Fig. 6. Note that the first wafer o890 °C and 10 Torr for five different deposition timewo wafers/runs for
the batch was excluded for metrology purposes due to the first-wafer effec€ach deposition time First-order linear regression fit yielded an average
as discussed in other publicatiofsee Ref. 10 For metrology purposes, gncertalnty of 1.19% within the correspondl_ng range of fl!m weight varia-
two separate local regions were distinguishable at different temperaturion of 231.9 mg(or 15 260 A in terms of estimated film thickngss

ranges, both of which displayed an average uncertainty on the order of 0.5%

from linear regression fit as indicated. The corresponding range of film

weight variation(or estimated film thicknegsvas 87.9 mgor 5783 A for Fig. 7 would be very suitable. In contrast, larger variations

wafers #2—#10 and 129.3 nigr 8508 A for wafers #9-#18. might well be identified as faults requiring response in terms
of equipment repair.
For process development, one would like a metrology

of the WF, reactant partial pressure becomes similar to thatVhich can accommodate experimentation over a wider range
expected for gas introduction to the reactor in the absence & Possible process parameters. Within each of the two broad
chemical reaction. regimes indicated in Fig. 7, the mass spectrometry-based me-
The post-processx situmeasurement of W film weight trology delivers high pre_cision, and a model c_ons?sting of
and the estimated film thickness have been plotted again&Pth linear regressions linked at the dashed line in Fig. 7
the integrated HF byproduct signal in Fig. 7. Clearly, there isc@/1iéS comparable precision; thus, the metrology can assist
a strong correlation between the situ thickness metrology Process optimization activities in development as well. We
signal and the post-process film thickness measurement, ab§!i€ve the nonlinearity seen in Fig. 7 over a very broad
correspondingly thén situ measurement provides an accu- dynamic range of film thicknesgand significant process
rate prediction of the film thickness even over a large dy_tfamperature variatioris likely a consequence of W deposi-
namic range of thicknesis-4x, or 14 230 A and significant tion on nonwaf_er surfa_ces, which is not accounted for by the
temperature rangés0 °C). Because the data suggest two re-POSt-process film weight measurement. For example, at
gimes of metrology behavior corresponding to two differentidner temperatures W nucleation and deposition on the
temperature range@vafers #2—#10 over 400—380°C and sho_vverhead fand chamber walls become more S|g.n|f|cant,.re-
wafers #9—#18 over 380—340F.Qve carried out linear re- sulting in an increase in the mass spectrometry signal which
gression fits to each region, resulting in an average uncefs not reflected in the post-process film weight measurement.
tainty on the order of 0.5% for each region. Note that the _ ) i
range of variation in film weight and thickness is large for D- Intentionally introduced run-to-run process time
each range: 87.9 mg or 5783 A for wafers #2—#10, and 129.5!rlft and metrology
mg or 8508 A for wafers #9—#18. We have obtained similar In order to explore the use of deposition time as our con-
metrology accuracy usin@n situ acoustic sensing for the trol variable for real-time film thickness control, experiments
same set of experimerts. were carried out by introducing an intentional R2R variation
The metrology demonstrated in Figs. 6—7 is significantin process time under otherwise fixed conditions. Ten wafers
for both manufacturing and for process development. Fowere processed at 390 °C and 10 Torr for five different depo-
manufacturing one seeks a real-tinie, situ metrology to  sition times in the following order 618, 468, 768, 318, and
compensate for small variations in process due to systemat&18 s, allocating two wafers for each deposition time. HF
equipment drift, so the metrological precision of about 0.5%byproduct generation signal has been integrated over the re-
is promising for APC course correction, either R2R spective duration of deposition cycle and correlated to W
controf?*3 or real-time end-point contrdf. Typical targets  film weight measurement data as shown in Fig. 8. A first-
for APC course correction in manufacturing would be varia-order linear regression fit through the data yielded an average
tions of order a few percent, for which the local metrology in uncertainty of 1.19%, and a second-order polynomial expres-
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sion yielded a better fit of 0.48% average uncertainty. Thesensor signals deliver corresponding predictive precision as
range of deposition times was varied by 3leading to a needed to drive control actions, including R2R corifrot
comparable dynamic range of film thicknesses, associateaind real-time end-point contrd].This achievement for real-
with a 231.9 mg variation in film weight and a film thickness time, in situ chemical sensors promises real benefit for ap-
variation of 15260 A. plication in manufacturing from several perspectives.

Here again, we explored a much larger variation in pro- First, the precision of this thickness metrology, 0.5%—
cess metrics(thicknes$ than would be a target for APC 1.0% average deviatioflo), is consistent with the require-
course correction in manufacturing, so that the benefits of anents of the 2002 International Technology Roadmap for
higher-order fitting model are not surprising. In any caseSemiconductors, which specifies gickness control of 4%
real-time, in situ thickness metrology derived from mass and 10% for gate dielectric and interconnect diffusion barri-
spectrometry data is again capable of precision better thaers, respectivelf.

1%, indicating value for APC course correction in either Second, we believe that the techniques pursued here will

R2R or real-time end-point control. perform better(i.e., with higher metrological precisipn
when implemented in manufacturing. Our progress in im-

V. DISCUSSION proving precision from mass spectrometry sensing has re-
sulted primarily from two factors, processes with acceptably

A. Effect of reactant conversion rate on mass- high reactant conversion rates and equipment conditioning.

spectrometry-based thickness metrology The former has been discussed in Sec. V A. Because reactive

We have, here and previously, investigated the use ofhemical processes, particularly with CVD sources, are often
mass spectrometry as a real-timie, situ sensor for CvD accompanied by adsorption and reaction processes on inter-
thickness metrology based on the sensor’s ability to monitopal system walls, it was necessary to implement conditioning
byproduct generation and reactant depletion. In our previousycles of gas flow to stabilize these reactions. In manufac-
studies using |Ow-p|’essure W CVD processes with diﬁerenturing tools at wafer throughputs far Iarger than achievable in
reaction chemistrie§.e., H, reduction and Siireduction of ~ our experimentsten wafers/day such chamber wall condi-
WFg), reactant conversion rates were low3% for H, re-  tioning is far more extensive and assured. Thus, we predict
duction process and~20% for SiH, reduction proces¥.In  that mass spectrometry-based thickness metrology will
turn, this limited the metrology accuracy te7% and~2%, achieve higher precision in manufacturing application than
respectively, which in turn limited the efficacy of both demonstrated here in a research environment.

R2R213 and real-time control® Third, because the mass spectrometry-based thickness

With the significantly higher reactant conversion effi- metrology is obtained in real time, it can be used to drive not
ciency(~30%) obtained in this work by using a higher pres- only R2R (wafer-to-wafey control but also real-time end-
sure process, we were able to improve the metrology preciPoint process control. While R2R control is proving of pro-
sion to better than a 1% levéand more typically 0.5%  found value in semiconductor manufacturing, it can only
This improvement is attributed to the nearlyXl@ncrease in  compensate for long-term systematic drifts on a wafer-to-
byproduct generation and reactant depletion rates for the pravafer basis, while real-time control can compensate for
cess as compared to previous low-pressure processes. Caort-term, random variability as well; of course, both are
version rates in the range 30%—40% are common in man'ynportant in manufacturing. We have already demonstrated
CVD manufacturing processes, and of course h|gh Converr.ea|-time end-point control of film thickness in a 0.1 Torr
sion rates are desirable in terms of the economic and enviSiHs/WFs process for W CVD? The same methodology
ronmental costs of excessive reactant consumption. Accordan be applied in the J1WFs process at 10 Torr described
ingly, we expect that the high precision of masshere, where even better metrological precision has been
spectrometry-based thickness metrology demonstrated hefghieved.
can be duplicated in manufacturing, thereby enabling new Finally, the specific employment of mass spectrometry

domains of APC course correction for R2R and real-timesensing to drive metrology and control is synergistic with its
control. well-established use for fault detection in manufacturing. In-

deed, mass spectrometry has been implemented on literally
hundreds of tools in semiconductor fabs for fault detection
and classification, where quantitation is much less demand-
Advances in APC depend on availability of suitable me-ing but return on investment is highHere, we have shown
trology tools and implementation of control strategies to exthat the same sensor that may already be on the tool can be
ploit the metrology’~’ The results presented here and in ourused for high-precision metrology, promising “dual-use
previous work have shown thab situ mass spectrometry sensing” in which the same sensor can drive course correc-
sensing can be used in CVD processes to provide real-timgon as well as fault management in the context of APC.
guantitative thickness metrology fromwmfsasurement of reac-
tant depletion and byproduct generation.” We have dem-
onstrated that the sensor system can provide metrology sié(" CONCLUSIONS
nals with high precision, better than 1% average uncertainty, In situ mass spectrometry sensing has been implemented
and that predictive models can be generated such that thedewnstream in a 10 Torr HWFg W CVD process to de-

B. Prognosis for application in manufacturing
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