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Quadrupole mass spectrometry has been used to monitor reactant and product partial pressures in a
selective W chemical vapor deposition process. A 4/MdFg; molar reactant ratio was used to
produce W films on Si wafers, at 67 F&5 Torp total pressure, and for wafer temperatures around
400°C. A relatively fast response time-4 9 sensor system sampled gas directly from a
commercial Ulvac ERA-1000 reactor in order to minimize the effect of wall reactions. The signal
from the volatile HF product, integrated over the deposition cycle, and corrected for contributions
from reactions in the ion-source region of the quadrupole and for sensor drifts, was found to vary
linearly with the weight of the W film deposited, to within an uncertainty-afo. This provides the

basis for real-time, noninvasive thickness metrology to drive process control. Depletion of both H
and WF; reactants was observed. The time integral of therédctant depletion was also linearly
related to the film weight, though the data exhibited a somewhat larger scatter due to the low
conversion efficiency of the process. In addition, volatile,SARd SiHF products of the initial

rapid W nucleation reaction on the Si surface were clearly observed, indicating that initial surface
conditions may be monitored in real time under selective growth conditions20@ American
Vacuum Society.S0734-211X00)08103-9

|. INTRODUCTION during poly-S#* and gate oxide rapid-thermal chemical va-

) ) o _por deposition(RTCVD).> They have also been effectively
The manufacturing of integrated circuits involves deposi-employed to monitor plasma etchfigand deposition
tion or growth of material layers whose thickness and ProPprocessed?

erties must conform to very strict standards. In most cases, Optical techniques also provide chemical sensitivity but

the success of the process is determined by post-procegsy 4 different set of concerns. Laser spectroscopy methods

arlj]al)r/]&s of product or mon(;tor wal;ers,h(_jelaymgl; th; time atyng Fourier transform infrared spectroscdp¥ IR) provide
which process errors are detected. This can lead 10 majQfoay chemical selectivity but are species specific and in-

yield losses before problems are discovered and correcte olve complex instrumentation with a substantially lower ex-

A result, real-time pr monitoring for metrol ro-_ . - . . . .
S aresult, real-time process monitoring for metrology, pro erience base in manufacturing environments. Optical emis-

cess control, anql f_ault management promises major benefit E}on SpectroscopyOES has been widely used as a process
process productivity and cobt.

An ideal real-time chemical sensor for monitoring pro- endpoint monitor in plasma etching, but its nonlinearity, as-

. . ) . sociated with the plasma, is an obstacle to quantification,
cesses involving multicomponent gas mixtures would pro-

vide information on reactants, products, and contaminantsv.Vh”e the requirement for optically excited state species lim-

Due to its versatility, mass spectrometry is one of the pri—'ts applications to plasma processes alone. Laser interferom-

mary candidates. It has been used for considerable time Ay has become routine for etch endpointing, and its full-

manufacturing environments to detect basic contaminant@’afer Imaging .embod.ment(.full-wafer interferometry”
and more recently, in successful application for fault detec'€Presents the first serious situ measure of across-wafer
tion in industrial environments.However, for quantitative process uniformity, but it has so far been restricted to plasma
analysis and wafer state metrology, the linearity and stabiliyFiching processes. _ _
of mass spectrometer sensors are concemns, particularly, 1"US, quantitative chemical sensing for process metrology
when they are implemented situ and exposed to reactive [€Mains a substantla.I resgarch challange critical to advanced
process environments. Nevertheless, properly configureBrocess control. In this article, we present results Qer_nonstrat-
mass spectrometers have been successfully used for measi}d that mass spectrometers can be used for predicting the W
ing deposition rates and establishing thickness metrologflm weight (thickness resulting from H reduction of Wk

with an accuracy better than 10%. This provides promise for

aAuthor to whom correspondence should be addressed; electronic maiftnin Situ, real-time thickness metmlOgy sufficient to support
rubloff@isr.umd.edu robust process control strategiés.
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Il. W CVD PROCESS H, reagent was supplied through a perforated quartz show-
Deposition of W films on Si surfacdsr, to be precise, on erhead on the top of the reactor above the wafer surface,

a seed W layércan be achieved through the reduction of While the Wk reagent was admitted through a slit on the

WF, or either H or SiH,.2! In the first pathway, used in the side at the wafer level. During deposition, the wafer was
current work, the Si surface provides the initial nucleationP!@ced on a rotating susceptor to ensure azimuthal symmetry
layer for the formation of a seed W layer of the film. Halogen lamps situated outside and above the

reactor provided heating to the wafer through a quartz win-

3Si+2WRs—2W(s) +3SiF,T, @ dow. An integrated controller received status signals from
3SiHWFs—W(9)+3SiF 1, (2)  several sensors in the cluster tool and controlled the se-
guence of operations and the process paramépeessure,
and temperature, reactant flow rates, and duration of each process
2Si+WFg+H,—W(S)+2SiHR; 1. (3)  step, preset by programmable process recipes. The tool ca-

] ] pabilities allowed sequential processing of up to 15 wafers,
Once this W seed layer achieves complete coverage of thg g minimizing the idle time between depositions.

wafer surface, it provides the active sites for thereiduction In the Ulvac, nominal wafer temperature is controlled by
of the WF; through adsorption and F-atom removal from the|amp power in combination with a thermocouple located out-
surface as the volatile HF product side the reactor. To test the temperature accuracy, an instru-
W*(9) + WFs—WFg* +W(s), (4)  mented wafer with five thermocouple sensors was used in the
presence of K and N, reagents to compare actual wafer
WFg"+3H,—W(s)" +6HFT, ©) temperature to the nominal control temperature on the tool.

where* denotes an activated surface site. For each W atonth€ actual temperature of the wafer was found significantly
deposited on the surface, three molecules pihd one mol-  lower (~100°Q than the nominal temperature presented by
ecule of WE are consumed, and six molecules of HF arethe tool control system. Furthermore, the instrumented wafer
produced. Monitoring of the time evolution of the gas phaseMeasurements revealed that the wafer temperature was not
reactant H and product HF with a quadrupole mass Spec_stable through the process cycle. Instead, wafer heating ap-
trometer provides the basis for a film thickness metrology. Proached a steady value over minutes and depended criti-
Tungsten(W) deposition is of major industrial interest cally on the heating protocol. Therefore, we implemented a
and application, with blanket CVD in broad use for contactModification to the heating cycle, which delivered consider-
hole filling involving significant conformality requirements ably higher power to the heating lamps in the initial portion
associated with the increasing aspect ratio of contact stru@f the cycle. This provided a reasonably constant%)
tures. Our work has used a lower pressure vergidnPa or  temperature profile through the deposition cycle, with very
0.5 Tor) of the blanket H/WFg CVD process(which is small radial nonuniformity(less than 2% For experiments
typically operated at-5 kPa or 40 Tory, because the Ulvac performed at a programmed temperature of 500 °C, the real
tool was designed for a lower-pressure selective W deposivafer temperature was closer to 400°C. This correction
tion process. This lower-pressure version of the blanket probrought the observed deposition rates and conversion rates
cess is relatively inefficient, with a low utilization efficiency into consistency with those expected from established pro-
for the process gases, and correspondingly smaller proce§§SS modefs and our own simulation¥’
signals. It is, in many ways, a worst-case test of our process

sensing technique. B. Wafer preparation and process

All the experiments presented in this article were per-

lll. EXPERIMENT formed on 100 mm(4 in.) Si wafers which had undergone
cleaning in 10% HF solution, de-ionizé®I) water rinsing,
and N, drying. The H and WF; reagents(research grade

The W CVD process was carried out using an Ulvacwere used without any further purification. An optimal pro-
ERA-1000 cluster tool, which has been described in detail incess window was identified at a total pressure of 6702
another publicatioﬁ? In brief, the tool consisted of two Torr), actual wafer temperature around 400 °C, and with re-
single wafer reactors, along with a buffer and a load-lockagent flows of 40 sccnistandard cubic centimeters of gas/
chamber for automated loading and transfer of wafers agin) for H, and 10 sccm for WE.
large as 200 mnt8 in.). Each reactor was water cooled to
prevent deposition on the walls and equipped with two set
of pumps: (1) Roots blower and heavy-duty mechanical
pump for maintaining gas flow while processing, af&l The initial location for the quadrupole mass spectrometer
mechanically backed turbopump for maintaining reactofQMS) sampling system was chosen to be just before the
cleanliness while idling. The reactor pressure was measurgorocess pumps, which are located several meters downstream
either by ion gauge or capacitance diaphragm gauge depenfitom the reactor, in the chase or support area just outside the
ing on the operation statu&le versus proce$swhile the  clean room wall. The choice was intended to minimize inter-
reagent supply was regulated by mass flow controllers. Théerence with the toali.e., not to restrict either tool operation

A. Reactor design and normal process cycle

%. Sampling system location and wall reactions
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WF, H,
BP

60u orifice

300p orifice

30u orifice QMs Fic. 1. Schematic diagram of the CVD reactor and the
mass spectrometer sampling system. The drag stage of
the turbodrag pump is used to draw process gas down-
stream of the wafer and a 3@m orifice allows the
introduction of a portion of the gas into the closed ion
source of the mass spectrometer for analysis. The 60
um orifice was not used in the course of this work.

Baratron
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Turbo pump
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control
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—
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Reactor exhaust

or maintenanceand to preserve floor space inside the clearhibited a response time of 3—4 s to process gas composition
room. Previous experience with rapid thermal Sidsed changes in the reactor. While this can be improved, it was
CVD processes for poly-3f and oxidé@ deposition provided quite sufficient for this application, where the usual deposi-

promising real-time thickness metrology data using thistion time was 6 min.

downstream sampling location, and the aim of this work was

to extend the approach to the W CVD process. The chemis-

try in the previous two cases was quite favorable, due to th&. Impurity control

relative inertness of SiHwith respect to interactions at The new sensing system, including both gas-sampling

chamber walls and in exhaust pump lines at room tempergies and mass spectrometer, is temperature controlled at

ture. However, the high reactivity of both reactants and prodzq oc to minimize the wall adsorption of reactants/products

ucts in the W CVD case has prevented us from obtainingyng gas phase impurities such agoH Control of impurity

with this configuration sufficiently reproducible data to €S-species, particularly O, is very important in all vacuum

tablish a thickness metrology. applications, but even more so in the case of\Wkocesses:
Both the Wk reactant and the HF product condensey o readily reacts in the gas phase with yven at room

readily on all available surfaces at room temperature, and thf'emperature producing HF prodiftby the reaction
large area of the exhaust line provided a very efficient con-

densation surface, introducing memory effects, so that even 2WFs+4H,0—WOF,]+WO;+8HF] (6)
hours of operation were not sufficient to stabilize the wallang thus providing another extraneous and uncontrollable
conditions. Furthermore, the efficiency of the process in ougqyrced of the main species used for metrology.

tool was quite low(2%—3% reactant conversiprreducing Several steps were taken to reduce these impurity prob-
the available signals associated with product generation andms in addition to temperature control. Before data were
reactant depletion, while important ion-molecule reactions ingken, the reactor/sampling system was conditioned with the
the sensor ion source produced large amounts of backgroundactant gas mixture until the walls reached equilibrium and
HF. As a result, the downstream sampling method was abanhe impurities were minimized, which took anywhere from a
doned, and the new sensing system was implemented f@\w minutes to several hours depending on the system'’s his-

sample gas directly at the reactor. tory. The criterion for completing this conditioning proce-
_ dure was the relative intensity of WWFand WOFR , which
D. Mass spectrometry sampling system are the main species resulting from the fragmentation of the

WFg and WOR, in the ion source. Experience demonstrated

wall area between the process and the sensor. A separdfft @ WE to WOF§_rano of about 4 was sufficiently low
inlet to the drag step of the turbodrag pufieiffer) on the  for good quality sensing data. Total elimination of the WOF
mass spectrometer system was used to draw a small amoURtPUrity is impossible in systems, such as ours, which incor-
of the process gas downstream of the heated wafer throughPrate stainless steel surfaces, since;\Wacts with the oxi-
300 um orifice in the gas sampling systefteybold— dized suSrface of stainless steel to generate Wéxd other
Inficon) (Fig. 1). A 30 um orifice allowed the introduction of species.

a fraction of that gas into the turbopumped quadrupole mass

spectrometer chamber for mass analysis. A 300 amu closeg:- Sensor intearation

ion source Leybold—Inficon instrument operated in the Far- - 9
aday Cup ion collection mode was used for data collection. A LabView™-based software platform was used for data
Typically, for process pressure of 67 Ba5 Torn, the pres-  collection. Signals from the mass spectrometer as well as
sure in the quadrupole region of the mass spectrometer wdsom the tool controller(reactor pressure, wafer nominal
5x 10 % Pa (4x 107 ® Torr). The sampling configuration ex- temperature, mass flow controller set points, and valve sta-

The new configuratior{Fig. 1) reduces significantly the

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May /Jun 2000
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tus) were collected simultaneously. This allowed direct,factor of 5(to 40 sccm of H and 10 sccm of W§ at the

time-synchronized correlation between the chemical sensingame temperature and pressure Settingsl reactant conversion

data and the process state signals. was significantly enhanced. The HF product signal increased
In the initial stages of the work, mass spectra throughoutrom only 5% to about 25% above the background HF pro-

the 300 amu range were collected with an unheated wafejuced in the ion source. Thus, process parameters were

(no deposition to record the cracking patterns of the re- maintained to 40 sccm of Hand 10 sccm of WE, 67 Pa

agents. This was repeated during deposition until all the rel¢g.5 Torp, and nominal temperature of 500 {&ctual wafer

evant reaction products were identified. When all the speciegmperature about 400 JCThis change also increased the

of interest were selected, then the random scan capability ¢d, conversion rate te~2%—3%, making the depletion ob-

the software was utilized to record time profiles of selectedservable in the mass spectrometry data.

mass peaks through the process cycle. In this mode, the mass

spectrometer samples only the selected péa$o 10, thus

allowing a much faster data collection ra@5 s per data _ ST o
point increment During the course of the peak identification routine, it was

found that a significant amount of HF was produced by gas
phase reactions in the ion source of the sensor and by wall
reactions. To obtain an accurate baseline measurement for

The ULVAC ERA-1000 tool is designed for a selective this important metrology species, the process recipes were
deposition process involving SiHeduction of Wk, which ~ modified to include a “cold” wafer step. Thus, the following
normally takes place at pressures below 133P#orm and  operation sequence was followed) The wafer was loaded
temperatures around 350—400°C. In contrast, blanket vand H flow was introduced to purge the reactdb) The
CVD processes using Hreduction of Wk, which now reagent mixturéH,/WFq) was flowed at the process pressure
dominate the industry, typically operate at slightly higherover a “cold” (room temperatugewafer (denoted as the
temperatures and considerably higher press(fré®g. Our  “cold wafer” step) to obtain an accurate baseline for all
experiments attempted to exploit the Ulvac reactor for the H interesting speciegc) The Wk, was diverted to a reactor
reduction process, but were limited to lower pressures thaRypass line, and the wafer was heated to the deposition tem-
those normally employed for the blanket process. Initial experature in the presence of,tbnly. (d) With the heating
periments at 27 P€0.2 Torp and nominal 500 °C tempera- lamps on to maintain the wafer “hot(denoted as the “hot
ture with 10/1 H to WFs reactant ratio indicated surpris- wafer” step, the Wk was redirected back to the chamber
ingly poor conversion rate®f the order of 1% compared to and the deposition began; artd) the WF; flow and the
our expectations from known deposition rates and proceswafer heating were terminated, and a large flow gfwths
models. used to cool down the wafer prior to removal.

Attempts to raise the temperature further, or to increase
the pressure above 67 Ra5 Torm, resulted in loss of depo- |vV. RESULTS
sition selectivity, causing deposition of W on the reactor .
walls and on the quartzware surrounding the wafer. For th&- Mass spectrometry sampling through the process

. - . cycle

selective deposition process, further deposition could then
occur where selectivity loss had previously led to W deposi- A typical set of ion current data obtained from the quad-
tion, particularly on the quartzware. As a result, the effectiverupole mass spectromet&®MS) includes time stamped in-
deposition areéintended to be the wafer surface gramuld  formation for up to ten peaks of interest. Figure 2 shows the
increase in a history-dependent fashion, making it impossibléemporal evolution of several signals for species of interest
to correlate the sensor signals from different runs. in the process, such as the reactanjsalid WF; represented

In industrial practice, the HWF4 reactant ratio is typi- by Hy (2 amy and WRE (279 amu respectively, the prod-
cally of order 4 or less in order to obtain sufficiently high ucts HF, Sik, and SiHR represented by HF (20 amy,
conformality for via filling. Process analyses indicate thatSiF; (85 amy, and SiHE (67 amy and the major impurity
low H,/WF ratios cause rate limitations associated with H species HO and WOR represented by 0 (18 amuy and
transport, and that the chemistry of, Heaction on the WOF; (257 amy. For the Wk and WOR, the ¥4 iso-
growth surface exploits a lower sticking probability to tope peak was chosen. Figure 2 illustrates a complete process
achieve high conformality* As a result, we used ajWF;  cycle including both the “cold wafer” and “hot wafer”
reactant ratio of 4 in much of this work. We used a dynamicsteps described earlier. Particularly noteworthy is the high
equipment and process simuldfofto investigate how pro- HF signal evident during the “cold wafer” step, which is the
cess parameters influence detectability in chemical sensingesult of ion-molecule reactions initiated by the presence of
This revealed that the lower flow rates, at the same pressuréise reactants in the sensor ion source. Nevertheless, the dif-
and reactant stoichiometries, could significantly improveference in the HF levels between the “cold wafer” and the
sensitivity. Some of the initial experiments were conducted‘hot wafer” steps is quite evident, this difference reflecting
at a nominal temperature of 500°C and 67 (P& Torp, the additional HF product generation associated with W
with 200 sccm of H and 50 sccm of WE(H,/WFg ratio of ~ deposition in the reactor. The selectivity of the process
4). When both of the reactant flow rates were reduced by ahould also be noted; the onset of the deposition process is

H. Process cycle for chemical sensing and metrology

G. Process conditions
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B. Mass spectrometry analysis for thickness

ok MTT\“"N“'— metrology
: vsgf[gf vcsfter Figures 3 and 4 show examples of the HF andskdnals
o I step . step respectively for a single run with the steps of the process
< o'k HF+ iF,* T . - . ! .
= ] cycle in time identified. The “cold wafer” step and “hot
% F (—' wafer” step are marked with open circles to focus attention
B g2k (\\ ?\\ e on the portions of the process qycle Whiqh are crucial to
g i 5% | [ metrology. The “cold wafer” portion exhibits background
o] i H,0+ / signals existing in the absence of deposition on the wafer,
10°F el M o - since the wafer is at room temperature, while the “hot wa-
i WOF,  dor fer” step includes both these background signals and that
Wl ‘ T , B from deposition on the wafer. The HF sigrigig. 3) exhibits
Ty 5 10 15 20 25 30  a significant(~25%) increase from “cold wafer” to “hot
time (min) wafer” conditions, reflecting evolution of the reaction prod-

uct associated with deposition in the reactor. Theskgnal
Fic. 2. A typical set of data collected during a film deposition run. The shows a smallef~2%) but discernible decrease in going

monitored species include the reactants ahd Wk, the main reaction  from “cold wafer” to “hot wafer.” attributed to depletion of

product HF, the nucleation step products Séhd SiHR, and HO and . " -
WOF, impurities. Noteworthy is the high HF background seen in the “cold the H reaCtE_mt durl_ng the deposmon reaCt!on'
wafer” step, which is produced from gas phase reactions occurring in the A better illustration of the HF production and the, H

sensor. Nevertheless, the difference in the HF levels between the “coldlepletion is provided by overlaying the “cold wafer” and
wafer” and the “hot wafer” steps is quite evident. The intensity of the,SiF the “hot wafer” portions of the signal, as provided by the
signal (seen here as SJf, is about 20 that of SiHFy (appearing as g inserts in the upper right hand corner of Figs. 3 and 4,
SiHF;), indicating that nucleation reactida) is the major channel for the . . . .
production of the seed W layer. respectively. The areas of the shaded regions in the inserts
represent the amount of HF generation andddpletion as-
sociated with the deposition reaction. Since the effect of the
reaction is clearly larger, under the conditions studied, for
the HF product generation, HF is expected to provide the
marked by the appearance of the Siénd SiHE species better metrology signal. In the course of this work, we used
resulting from the self-limiting W nucleation reactiof®)  both signals and achieved consistent results from the two
and(3) on the hot Si wafer surface. signals, as shown below, but the larger HF signal provided a
The level of BO impurities is quite low, about 30% More precise basis for metrology.
higher than the noise level associated with the ion currents
captured in the Faraday cup. The major source gD kvas
chamber contamination introduced from the load-lock during®: Run-to-run reproducibility and drift
the wafer transfefote the HO peak at the beginning of the A successful metrology requires that the process signals
cycle). Following the wafer transfer to the reactor, the cham-are reproducible over a number of runs. Figurés &nd b)
ber was flushed with FHfor about 5 min to remove these show HF and H signals for a batch of six wafers processed
contaminants. The level of the WQkmpurity in these data for different deposition times but otherwise under identical
is 3.5x lower than the WE level, close to the best ratios we conditions. The signals are well behaved and fairly reproduc-
have achieved. ible. The combined drift of the sensor and the process is of
The notable reduction in the Hevels between steps 1 the order of 5% during # 4 h that this multiwafer experi-
and 2 in Fig. 4 is mainly due to the changing gas composiment lasted, which is typical of QII data.sets collecteq. AI
tion in the reactor. During the first step, only, 40 sccm though not very I_arge, this 5% drift can mtroduce_ a signifi-
was present at a total pressure of 67 (B& Torj, while cant uncertainty in the metrology data. Introduction of the

during the second step, W10 sccm was added. Since the cold wafer” step in the process serves to eliminate this
additional source of error. To illustrate better the magnitude
total reactor pressure was kept constant at 6707 Torm,

the corresponding kipartial pressure changed to 53 @ed of the wafer-to-wafer signal drift the “cold wafer” data for

T H he ch i th . [_Eese six runs are overlaid in Fig. 6. The small difference in
orr). However, the change in the mass spectrometer signa e signal amplitude between the various runs indicates sen-

is somewhat larger than the proportional changempéitial ¢, 2nd/0r process drifts.

pressure. This is attributed to reactiorigainly ion- It should be pointed out that the small ripples in the HF
moleculg in the ion source that deplete some of the reagentssignal in Fig. 6, as well as in the,tsignal during the begin-
typical of the kinds of complexity involved in chemical sens- ning of the cycle in Fig. 4, are real effects. They are associ-
ing for this reactive system. In this system, such reactiongited with small oscillations in the reactor pressure caused by
lead to the formation of HF, which is observed during thethe pressure control system, and are particularly notable in
“cold wafer” (unheated waf¢rstep as a significant back- Fig. 4 where the reactor must be quickly filled with Hand
ground HF concentration. the control system shows overshoot and damped oscillation.

J. Vac. Sci. Technol. B, Vol. 18, No. 3, May /Jun 2000
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-12 .
_ 6.0x10 “hot wafer” step HF production
Step 1. H, flushing of reactor g
Step 2. “cold wafer” process for -g-’
measurement of background TR
Step 3. wafer heating f’
Step 4. W deposition on “hot wafer’ =
Step 5. Cool-down &4
St. 1 St2: St3 St.4 | St.5
P (Pa) 67 67 67 67 67
T(°C) 20 20 i20—400: 400 {40020 ) .
H, (sccm) 40 40 40 40 400 time (min)
WFg (sccm) 0 10 0 10 0
5.0x10 "%
4.0x10"%F
<
® 3.0x0"’f
c
2
7]
£ 20x0"f
[2)
5
1.0x10"%
0.0 1 i . T
0 5 10 15 20 25 30
time (min)

Fic. 3. Temporal evolution of the HF signalrfa 4 mindeposition cycl€large graph The portion of the graph with the open circles indicates the process
steps of importancé‘cold wafer” and “hot wafer” steps with both H and WF; reagents flowing through the readtorhe small graph above and to the right
shows an overlay of the two steps mentioned before, to illustrate better the HF production during the W deposition step. Details of the processgraramet
given in the table above the large figuifer the “hot wafer” step a best estimate for the real wafer temperature is given

D. Thickness metrology from mass spectrometry for H, or D(H,)*Acy for HF. (5) These results were then
To establish a thickness metrology, the HF angl si- multiplied by the deposition timeg (i.e., the dur_ation of the

nals, corrected for background and sensor drifts, must becold wafer” or “hot wafer” steps) to achieve mass-

related to the total W film weight or thickness as measure§Pectrometry-derived thickness metrology signals.

postprocess. Mathematical manipulation of the data con- TNhus, for HF product generation, the metrology signal is

sisted of five steps for both HF product generation apd H 9iven by

depletion.(1) The signals during the “cold wafer” and “hot Ap(HF) = D (Hy) Acy/(HF)

wafer” steps were each integrated over the duration of the S = D (Hy) Acy(HF) ,

step and corrected for the residual Hee Figs. &) and ¢ 27w

to obtain integrated aredg.y andAyy. (2) The ratio OH,) where

of the A,y to the Ay area for H was calculated to provide

the average unreacted portion of the Kagent during the Apw(Hy)

process. Due to the reagent depletion, the “cold wafer” HF D (H,)= A—(H)

area[ Acy(HF)] is an upper limit(assuming no deposition cwiti2

for the HF background. Experimental data suggested that fatorresponding to the increase in HF signal from “cold wa-

our process conditions, the HF background area was the firgér” to “hot wafer” step associated with product generation.

approximation proportional to the ;Hconcentration: a 2% For H, depletion, the metrology signal is given by

utilization of the H (typical for our processduring the pro-

cess should result to an equal reduction in Aqkg,(HF). (3) Acw(H,) — Apw(H»)

The differences betweefiq,, and Ay for H, (or between Sy, = Acw(H2)

Apw and D (H,)*Acy for HF) were computed to provide a cwih 2

measure of the changes associated with the readdpihe  corresponding to the decrease in signal from “cold wa-

differences were normalized to the “cold wafer” aréa,, fer” to “hot wafer” step associated with depletion of the,H

JVST B - Microelectronics and  Nanometer Structures
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-10 _
2.0¢10 ‘cold wafer” step 47
Step 1. H, flushing of reactor Tg ol T ]
Step 2. “cold wafer” process for D 1.5x10 1
measurement of background 2
Step 3. wafer heating z 1.oxio™
Step 4. W deposition on “hot wafer” = ’
Step 5. Cool-down o “hot wafer” step H, depletion
5.0x10""
St. 1 St2i St3 St.4 | St.5 0.0 . . . L :
P (Pa) 67 67 67 67 67 0 2 4 6 8
T(°C) 20 20 120—400; 400 :400—20 : :
H, (sccm) 40 40 40 40 400 time (min)
WFg (sccm) 0 10 0 10 0
2.0x10"°f é
= -10 |
< 1.5x10
®
c
2
(/] -10
1.0x10° [~
T
(7)) L
g
5.0x0"" “cold “hot
wafer’ wafer”
step step L
0.0 L L 1 1 L 1 L 1 : 1 L 1
0 5 10 15 20 25 30
time (min)

Fic. 4. Temporal evolution of the fisignal fa a 4 min depsition cycle(large graph The portion of the graph with the open circles indicates the process
steps of importancé‘cold wafer” and “hot wafer” steps with both H and WF; reagents flowing through the readtofhe small graph above and to the right
shows an overlay of the two steps mentioned before, to illustrate better threddtant depletion during the W deposition step. Details of the process
parameters are given in the table above the large fiforethe “hot wafer” step a best estimate for the real wafer temperature is given

reactant. This somewhat lengthy mathematical manipulatiodccordingly, a regression analysis was carried out to reveal
was found necessary for correction of the errors resultinghe best linear fit to the datewith one clearly extraneous
from the sensor/process drifts and the depletion of the redata point in Fig. 8 omitted!’
agents. In the case of HF product sensing, the regression analysis
The W film weight was determined by measuring the wa-generates the expressi@hown by the straight line

fer weight before and after the deposition with a microbal- . . B "
ance. To prevent errors due to drifts in the microbalance, the Film weight(g)=0.008Q - 0.0003 Sy
weight of a test wafer was recorded prior to each set of +0.0047=0.0008.
measurements and used for mass scale calibration. Errors jn . .

. IH the case of H reactant depletion sensing, the model ex-
the microbalance measurement were found small compare . : N

. T ression(shown by the straight lines

to those resulting from noise in the mass spectrometry me"
trology signals. The microbalance provided a much faster Film Weight(g)=0.0888450.006\")8,42
and more accurate assessment of deposition amount com-
pared to lithographic patterning and profilometry. Once the +0.0063 +0.0012.

film weight is known, the average thickness is easily calcuThe S factors are those described above for calculating

lated from the known wafer area and W densfivhile this  reaction-associated signals from the data. Uncertainties are
could mask thickness nonuniformities across the wafer, thgne standard deviation.

mass spectrometer signal for metrology is also insensitive to
across-wafer nonuniformities.

Figures 7 and 8 illustrate the relationship between the
film weight and the HF and Hnormalized mass spectrom- Note that there is a positive intercept in the graphs in
eter signals, respectively. The relationship is fairly linear inFigs. 7 and 8, i.e., some W is deposited before either HF
both cases, with the HF data giving better results as a resuftroduct or H depletion is observed. This is associated with
of the larger signal associated with the deposition reactionthe nucleation reaction, which initially deposits a seed layer

V\F' Nucleation on the Si surface
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Fic. 6. Overlay of the HF signals for the “cold wafer” step spectra from the HF norm mass spec signal (min)

experiment shown in Fig.(8). Initially there is a small reduction in the

amplitude of the signal with wafer numbéanalogous to a “first wafer” Fic. 7. W film weight vs the HF signalnormalized HF production above
effecy), but for the last three runs, the HF signals are reproducible to aboubackground times deposition tineThe solid points indicate the “first”
1%. Note the higher HF signal on the onset of the first wafer’s “cold wafer” wafer in each experimental run. The solid line is a linear regression through
step. all data points. Poin® denotes the beginnin@,0) of the axes.
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of W on the bare Si surface by the Si reduction reactidns
to (3) given above. Evidence for this nucleation step is found
in the mass spectrometry signals in Fig. 2: at the start of the
“hot wafer” step of the process, where deposition occurs, _
sharp spikes of SiF (indicative of Sif produci and of
SiHF, (indicative of SiHF produc) are seen. These are the )
expected products generated by the nucleation reaction® gz o
given in(1) and(3). Thus, the initial W seed layer is depos- ]
ited on the Si surface without generating either HF product® o001
of H, depletion, leading to the positiweintercept in Figs. 7 1 L
and 8. 0.00 e
To verify this, the B reagent was replaced by Ar and
with no further change in the process conditions a few of the
deposition runs were repeated. In the absence Qf dthly
reactions(1) and (2) may occur, and the weight of the W Fe. 8. W film weight vs the H signal (normalized H depletion times
seed |ayer was found 0.0040.0003 g, which is within the deposition timg The _soli_d pqints ir_]dicate the “first" wafer in each experi_—
two-Sigma uncertainties of the values obtained from both thd el The soid ne i = Inea regressio hough et pots
HF and H data. The weight of this self-limiting W layer provided for the large deviation of that specific point. Pdntienotes the
resulting from the WE reduction in the Ar atmosphere cor- beginning(0,0) of the axes.
responds to a film thickness of 26 nfhin excellent agree-

ment with measurements performed by Melliar-Sneitral 8 ) S ]
and Yu and Eldridgé® This shows that the nucleation reac- occur (the very reactions which intrinsically produce HF in

tion channel(1), i.e., 3Sir 2WFs—2W(s)+ 3SiF,], is the  the “cold wafer” step. Thus, the apparent negative HF pro-
dominant channel even in the presence of #h turn, this ~ duction is really an artifact consisting of a charigeductior)
may explain why so little HF evolution is observed throughin the HF background produced within the sensor.
the H, reduction reaction during the initial deposition phase.

In fact, the first two points of Fig. 7 indicate a negative V. DISCUSSION
HF production(i.e., HF depletion These two data points
correspond to very short deposition tim@$ and 30 s, re-
spectively, during which the nucleation reactions dominate Real-time,in situ sensing of the gaseous species in the
in the process. HF depletion during the nucleation phase iseactor through the process cycle provides information on
consistent with the mass spectrometry data, as shown in Fithe mechanisms of the specific reaction. The data illustrated
9. The HF signal for the “cold wafer” conditiofno reaction here constitute experimental verification of the primary
on the wafer rises more rapidly with time than does the chemical mechanisms of the,Heduction reaction. In addi-
signal for the “hot wafer” conditionreaction on the wafg¢r  tion, the results indicate that for the,MVFg ratio of 4 used
producing an areashown in Fig. 9 as “initial HF deple- for these experiments, the nucleation reaction on the Si sur-
tion”) in which the mass spectrometry HF signal decreasedace is dominated by the reaction 3S2WF;— +2W(s)
We attribute this effect to ion source reactions: with signifi- +3SiF,T rather than by that involving hydrogen 2:5WFg
cant WK, depletion in the nucleation step, less unreacted+ H,—W(s)+2SiHFR;T, since the Sif product signal is
WFg reaches the sensor, and accordingly less background HF20X stronger than that for SiHf This conclusion is based
signal associated with HWFg reactions in the ion source on the assumption that the ionization efficiency and the mass
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point not included
in regression analysis

film
O

T T T T T T T T T T 1
-0.1 0.0 01 02 0.3 0.4 0.5
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A. Process chemistry

6.0x10" 7 3.0x10™
12 SIF4 12
5.0x10°° - 2.5x10°
*hot wafer” step o Fic. 9. Enlarged version of the small graph from Fig. 3.
2 g HIF signal 2 = The SiR is included so as to time stamp the beginning
< 40x10™ | ~ 4 2.0x10™” @ e , -
—- HF ) » of the deposition. For the first 20-30 s of the deposi-
T i production o tion, the HF signal for the “hot wafer” step is smaller
g’ 3.0x10™ | 4 1.5x10™ "m than the corresponding signal for the “cold wafer”
w f i Q step. This is attributed to the role of the self-limiting
T ni £O walerRsteh - | - nucleation reaction in depleting WF thus leading to
g 2.0x10 FIE-signal 1.0x10 > smaller production of HF in the sensor ion source.
(¢} I ] ~ When the nucleation reaction is completed, then the HF
1.0x10™2 o - 5.0x10™ production for the “hot wafer” step exceeds that of the
:j’"t'alltl_'": | background “cold wafer” step.
epletion I
0.0 1 : I . L . L . 0.0
1.0 15 2.0 25 3.0
time (min)
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filter transmission functions are quite similar for both spe-wafers” seemed to deviate significantigs much as 30%
cies, which is reasonable since there is very small differencbom the general trend. While the origin of these process
in their structure and mass. related “first wafer” effects are not yet fully understood, it is
Additional experiments indicated a variation in the rela-very encouraging that the sensor signals successfully de-
tive significance of the two channels for different processtected these process deviations, as can be seen in Fig. 7. This
conditions(H,/WFg ratio, and process pressiurét must be  provides an indication of the sensitivity and reliability of the
noted here that traces of SiKcomparable in magnitude to technique. The origin of these process related “first wafer”
the SiHR') were also observed in the mass spectrum. Sinceffects has not been understood yet. Further investigation of
this species can originate from the fragmentation of all Sisuch process-related “first wafer effects,” as well sensor-
containing products of the nucleation reactidd$—(3), no initiated “first wafer effects” will be undertaken in future
guantification on the relative importance of reaction 3Siresearch on run-to-run control in this system.
+3WF;—3W(s)+3Sik,T could be made except to state
that this reaction is probably the least important of the thre% Statistical vsi
under our conditions. Such an observation agrees with ex-" atistical analysis
perimental data of Ytet al?° who found that for process Although the uncertainties in the coefficients of the re-
temperatures below 400 °C, reactioh) dominates the Si gression fits in Figs. 7 and 8 provide a general idea for the
reduction of WEk. By comparison, the high SjFto SiF,  quality of the linear fit, a more rigorous error calculation is
ratio observed in our process provides confirmation that theéequired so as to provide an estimate for the accuracy of the
real wafer temperature is close to 400 °C rather than thenethod. For that purpose, the residual for each data point
500 °C value indicated by the tool controller. was calculated, where the residual is defined as the differ-
ence between the actuahalues for each data point and the
values resulting from the linear regression fit. Then, the ab-
solute value of the residual was divided by the regression-
Some of the points on both Figs. 7 and 8 are marked witlpredicted value to obtain the fractional uncertainty. The av-
a solid instead of an open symbol. These points represent tlegage uncertainty thus calculated for the HF data was 6.5%,
first wafer in each batctitotal of 7 batches For the HF  while for the H, data was 17%. The standard error of the
based metrology, these points exhibit a systematic deviatiopredicted film weight for eack value (HF production or H
from the linear regression fit: all the first wafer points lie to depletior) in the regression was found 0.004%or the HF
the “left” of the best fit, while for the H data, the first wafer data and 0.0039 for the H, data.(The standard error is a
points all lie to the “right” of the regression line. Neverthe- measure of the error in the predictionyfalue for an indi-
less, in both cases, the scattering is similar to the scatteringidual x.) For the case of HF sensing, the standard error is
for the rest of the points. less than half of the weight of the nucleation layer and results
“First wafer effects” are well known, particularly in in about an 8% uncertainty in the prediction of the film
plasma etching, from their effect on processes. However, thigieight for a typical 6 min deposition process. Slight im-
“first wafer effect” has a different origin and significance, provement in these uncertainties is obtained when the regres-
associated with the history of gas flow conditioning in thesion fit is done in the absence of the first wafer data.
reactor, amplified by the detailed complexities of reactions in
the mass spectrometer ion source. The sensor mechanisms
can be understood as follows. Each process cycle was started
and finished with a Kflush of the reactor in order to remove  An important checkpoint for the validity and applicability
(i) the impurities entering from the buffer chamber duringof the method is whether the QMS signals constitute an ac-
wafer transfer andii) excess Wk from the surfaces. The curate representation of the process. For example, calculation
excess Wk removal shows up as increased HF formed in theof the conversioridepletion rates for the H reactant based
ion source. This effect can be observed in Fig) Swvhere in  on the amount of material that was deposited on the wafer
the beginning of each cycle, a spike of HF is detected. Thare in very good agreement with the average depletion
HF spike was larger for the first wafer, due to the absence of~2.5% indicated by the QMS. Clearly, such very low re-
the final H, purge from the conditioning cycle. The 5 minH agent conversion rat€%—-2.5% for H and about 3% for
purge in the beginning of the cycle was not sufficiently longWFg) is very undesirable from the point of view of industrial
to bring the level of the excess WFlown to the levels process efficiency, as well as chemical sensing reliability.
achieved during the rest of the cycles. Although an estimate
(based on linear extrapolatipof this residual HF has been E. Metrol ianal choi
subtracted from all data, it is possible that the method led to™ etrology signal choices

B. “First wafer effects” in chemical sensing

Reactant conversion efficiency

slight overestimation of the “cold wafer” HF are@c,y for In addition to the H depletion, the WE signal (repre-
the first wafer, which may have resulted in underestimatiorsenting the WE) exhibits a marginal depletion between the
of the process originated HF product. “cold wafer” and the “hot wafer” steps. Because the \WF

However, a process related “first wafer” effect has beendepletion signals are small, and because of wall reactions
observed in the course of our work: in plots of the film which lead to the formation of the WQkmpurity, they were
weight as a function of the deposition time some of the “firstjudged inadequate for metrology.
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In principle, both the HF product and the,ind WK, sensor reproducibility and sensitivity, relative signal
depletion signals could be candidates for thickness metrolstrengths for different process conditions, and the relative
ogy sensing. The experience in this research suggests that tbentributions of systematic versus random drifts in the pro-
choice of a signal on which to base thickness metrology isess.
dependent on the specific process. Here, the requirement of
via filling and assomgted h!gh conformah;y dlct_atgs a reIa—VI. CONCLUSIONS
tively low H,/WFg ratio, which translates into similar con-
version rates for both reagents. However, the far less prob- A quadrupole mass spectrometer has been successfully
lematic wall chemistry for K makes the H depletion-based used for chemical monitoring of a W CVD process. Time-
metrology more favorable. The HF product signal, in fact,integrated signals of the HF reaction product and the H
provides the most attractive signal, because its backgroundgactant were strongly correlated with the weight of the W
arising from reactions in the ion source, is less an impedifilm deposited. Of the two signals, the HF-based metrology
ment. However, the HF based metrology was achieved aftekchieved a greater sensitivity and provided a prediction of
extensive investigations on the effects of the wall condition-wafer thickness with an average uncertainty~a.5%. This

ing and the process conditions in general. is comparable to the precision achieved with Shtdsed
rapid thermal CVD of poly-St,despite the more challenging
F. Blanket W CVD process chemistry involved in the W CVD process, and the low con-

Th tical sianifi f thi K . dversion efficiency in comparison to that found for blanket W
€ practical sighificance of this work was compromiseac, processes in common industrial use. For industrial pro-

by the current inability of the reactor to operate in the regime . ccoc it is expected that the Bignal will be more useful

typically employed for blanket W CVD processes. One reacy . met’rology pUrposes

tor of the Ulvac ERA-1000 tool is presently being converted This accomplishment required extensive experimental re-

to substrate heating for operation at higher pressures, inclug- .

ing the blanket W CVD process operating a6 kPa(40 qmements and the development of a new sampling system for

Torr). For manufacturing processes, reagent conversion rated Irect gas samp!ing from the reactor rather than Fhe reactor
arouﬁd 50% are typically achieved’ This is not only benefi—eihaus’[ as originally planped. Reagent aQsorptlon on .the
cial with regard to the costs of con'sumables in manufactur\-Na”S.’.aS wel as wall reactions were espgmally challep 9ing
. . requiring attention to wall conditioning prior to deposition
ing, as well as environmental mass balance consequenc

$%ins and temperature control of the sampling system. While
but it is also expected to enhance the sensitivity and accura P Ping sy

%is might appear to be a concern in a manufacturing appli-
of the mass spectrometer based metrology. With large re gnt app g app

a0ent conversion rates. the Kianal is expected to provide cation, such practices are already in use in industrial
9 » (& BIg P P environmentg?

the best signal for metrology purposes, almost free of the lon-molecule reactions in the mass spectrometer ion

complications associated with sensor reactions that plague . N
" ource also provided a significant source of HF background
the HF based metrology. Under such conditions, the H P 9 g

. . signals. This background and sensor/process drifts necessi-
based metrology seems relatively less favorable since thteé\ted calibration measurements with a “cold wafer” step in
“cold wafer” HF signal will have to be scaled to provide the

appropriate background for the “hot wafer” stépue to the the process, in which the reactants flowed through the reactor

high depletion of the reagentsThe favorable conclusions of without water h_eatmg, so that the_mass spectrometer COUl.d
the present work make the mass specirometry approgich to be properly callbrat_ed and normalized against dn_ft_s associ-
situ thickness metrology promising, and deserving of furtherated V\.”th wall reactions and the sensor. such adgmonal pro-
study ’ cess time per wafer yvoulq _be a serious concern in manufac-
' turing, but we have identified and are pursuing approaches
for in situ partial-pressure calibration of the mass spectrom-
eter. Preliminary experiments are promising and have dem-
The objective of this research has been to develop a thickenstrated that this calibration can be performed without ad-
ness metrology to support run-to-run control. Thicknessversely affecting the process cycle time.
measurements with an accuracy of 10% seem borderline to In the course of this work, we identified and quantified the
drive a control methodology, although even measurementsucleation reaction, which forms the initial seed layer of W
with errors of this magnitude can, when combined with ro-on the Si surface. In the presence of both MéRd H,, the
bust control algorithms, help to minimize run-to-run processformation of the W seed layer is dominated by the WF
drifts. However, for processes with realistic conversion rateseduction on the Si surface as indicated by the evolution of
for manufacturing(10—20x that obtained hepe thickness the SiF; product.
metrology should be substantially better. Beyond this, keep- These results demonstrate that reasonable thickness me-
ing in mind that the low conversion efficiency of the presenttrology may be obtained using mass spectrometry in highly
process greatly increases the process sensing problemsyreactive CVD environments, including those where wall re-
number of factors will have to be considered in evaluatingactions are substantial. Of course, metrology in itself delivers
the potential benefits of mass-spectrometer-based thicknesalue when coupled with a process control approach, which
metrology in a realistic blanket W CVD process. These in-is the ultimate goal of our research. We believe that the
clude a more complete characterization of process stabilityympact of this work will be determined by two key factors.

G. Thickness metrology for run-to-run control
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