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Reactive ion etch processing is known to exhibit significant variability in final etch performance due
to wall condition. Previous studies have shown that neutral species transients depend strongly upon
chamber seasoning. In this article, we show simultaneous measurements of wall-state-induced
changes in plasma density and poly-Si etch rate, and demonstrate a real-time feedback control
system that corrects for the plasma density variation. We demonstrate that controlling the plasma
density to constant value eliminates the classic “first wafer effect” in €thing of poly-Si in a

Lam 9400 transformer coupled plasiBCP). Chamber conditions studied include fluorination/
cleaning by GFg plasmas compared to chlorination/deposition from [@asmas. Transient density
changes due to wall condition were measured using a microwave resonance cavity technique called
broadband rf. Following chamber fluorination, broadband data show a significant drop in electron
density(~39%) from nominal levels. This is followed by subsequent partial recovery of the nominal
density during a 60 s Gletch. Independent measurements correlate strongly with the broadband
signals; particularly real-time poly-Si etch rate and $i€tch product concentration. Observed
real-time variations in all signals were then compensated using a single input/single output
proportional-integra(PI) feedback control algorithm, in which the broadband peak frequency is the
system output variable and TCP power is the system actuator. Such PI control not only stabilizes
broadband peak frequencies, but also steadies poly-Si real-time etch rate apet&iCbroduct
concentration. This compensation scheme is then applied over multiple runs to reduce etch depth
variability due to chamber condition. Results of this control system are shown to attenuate first
wafer effects by a factor of 3 and reduce overall etch depth variation from run to run by an
additional 33% compared to standard manufacturing practice. When applied to patterned wafer
etches, feedback control of plasma density with an oxide hardmask is found not to alter critical
dimensions or profile in any observable way. Only total etch depth appears to be affected using
density control, as the real-time etch rate is in general increased in comparison to open-loop etching.
© 2003 American Vacuum SocietyDOI: 10.1116/1.1569921

l. INTRODUCTION Cl concentration 1) transients and correlations of these
transients with chamber conditions have previously been
hreportedl.“"7 In addition to neutral reactive species varia-
tions with wall state, other authors have demonstrated aver-
age etch rate changes corresponding to the chamber

. Y4 . . . . _
crucial to increasing overall yield while maintaining high seasonind:* Different rate limiting reactions at the wall sur

wafer throughput. Although many advances have been mad&ce have been proposed as reasons for chqnge%‘, ron-

to this end, some of the most useful plasma chemistries (CIcentrations, dependent upon whether an,S@ SiQCl,

in particulaj and process regimeghigh density and low layer hgs bU|It-up over time, or whether the Wa_lls have peen

pressurgare highly complex, non-linear systems which are€ssentially stripped of oxide layers by a previous fluorine-

incompletely modeled. ModeriRIE) processing requires Ccontaining plasma clean stép.

multiple test wafers, frequent plasma clean steps, and fre- Qualitatively, it should be expected that the loss of CI

quent chamber maintenance in order to reduce variance af@utrals should lead to loss of Cions. Variations in Cl

maintain a consistent manufacturing environment. Tighte€oncentrationsr{’) due to varying Cl neutral recombination

controls on the root causes of etch variance would thereforéates have been shown in simulatidrisyt this link has not

tighten fabrication tolerances and improve overall equipmenbeen experimentally demonstrated and claims of constant or

efficiency (OEBE). nearly constant plasma conditions in the presence of time

An area of current interest regarding the source of procesgarying neutral densities have been made.

variations over time is that of the process chamber wall We will show thatboth rd, andn¢; can vary significantly

condition!~’ Experimental measurements of neutral atomicduring an etch run due to the chamber seasoning. Moreover,
the plasma density variations due to chamber wall condition

3Electronic mail: crown@eecs.umich.edu also correlate strongly with real-time poly-Si etch rate

High yield, high throughput processing is of primary im-
portance in modern semiconductor manufacturing. Wit
critical dimensiongCD) approaching 100 nm and below, the
demand for consistent reactive ion etchifRIE) steps is
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changes, not merely average etch rate changes from run-to-
run as previously shown. Che al. have previously shown
that average Si etch rates in,Qllasmas are controlled by the
ion current to the waféf and therefore are directly depen-
dent uponng, densities. In this article, we show real-time
correlations between plasma density and Si etch rates. Fur-
ther, we will show that using closed-loop feedback control to
correct for plasma density transients flattens the real-time
etch rate even though there is still variation in tifg con-
centration. Density variations due to chamber seasoning can
be compensated using feedback control of the transformer
coupled plasmdTCP) generation power. We will show that
stabilizing the plasma density by varying TCP power also
stabilizes poly-Si etch rate in £plasmas, as well as SiCl
etch product levels in the exhaust within an etch run. Fie. 1. Broadband rf microwave probe in chamber.

IIl. EXPERIMENTAL METHODS B. Data acquisition and control system

Four real-time monitoring systems were utilized for this A custom built, real-time data acquisiti¢dBAQ) and con-
project, to observe specific plasma, chemical, and wafer berol system, running in aABvVIEW ™ environment, is wired
haviors in the process chamber. The sensors used ingllide: in to compliment the original Lam Research input—output
a commercial real-time spectroscopic ellipsomefTSE boards on the tool. In order to coordinate the multiple add-on
for in situ film evolution; (2) a custom-built impedance ana- and existing sensor systems, we required a framework to
lyzer to determine plasma density, termed broadban@y&  monitor, synchronize, trigger, and timestamp all pertinent
commercial Fourier transform infrard@TIR) spectrometer data from the Lam tool and all external sensors. In order to
for exhaust chemical monitoring; an@) optical emission incorporate measured signals in a feedback control scheme,
spectroscopy (OES for chemical concentration in the this new environment affords the capability of controlling the
plasma. Details of the OES and actinometry measurementplasma input parameters in a real-time, deterministic manner,
however, will be reserved for a future publication. The fun-along within situ data monitoring, chart display, and log-
damental operating principles of the remaining three sensorging. We chose a PC-based system runmisgviEw ™ with
are described next to better support data interpretation. BrigdbAQ and general purpose instrument bus boards from Na-
descriptions of the RIE testbed and control system are alstional Instruments for flexibility, ease of programming, and
included for reference. All sensors described have data sanlesired control rate performance. A built-in TCP/IP data
pling frequencies in the-1-10 Hz range, and all collected transfer protocol in theLABVIEW ™ environment called
data are synchronously time stamped. DataSocket™ enabled easy transfer between sensor sub-
systems and the main control computer. The resulting design
records and actuates all relevant input and control signals at

The high density, low pressure RIE reactor platform fora sampling frequency of 4 Hz for all experiments presented.
all experiments is a Lam Research TCP 9400SE. The upper

chamber TCP generation subsystem supplies 13.56 MHz r
dio frequency(rf) power through a matching network to a
planar spiral coil. All experiments etch 150 mm undoped For chamber wall state and general plasma density state
poly-Si wafers, electrostatically chucked at 650 V, with 100measurements, we employ a novel microwave cavity reso-
W bias rf forward power supplied to the lower electrode.nance sensor developed at the University of Michigan
Wafers are loaded through an entrance loadlock to preveriermed broadband M Previous work has been published
opening the process chamber to atmosphere. However, thtescribing the operation of the sen&or** In essence, the
wafers themselves may carry trace residual atmospheric wa&ensor monitors perturbations in cavity resonance peak fre-
ter vapor on the surface when loaded. Process pressure gsiencies as a function of plasma density and composition.
maintained at 10 mT for all experiments using a variableThese peak power absorption frequencies are found to shift
position gate value between the main chamber and the tusignificantly depending on plasma conditions that affect den-
bomolecular pump. Wafers are electrostatically clamped taity, such as chemical makeup, chamber wall state, and the
chuck and even heat transfer is maintained by means of Hglasma generation power.

backside cooling at a pressure of 8 Torr; with a typical He Implementation of this sensing technique is straightfor-
gas flow rate of 10—15 sccm. Process gases enter the chamard. A small microwave antenna, housed in a protective
ber via a gas distribution ring and flow rates are set withquartz sheath, is inserted about 76 mm into the sidewall of
mass flow controllers. Chamber wall temperature is conthe chamber as shown in Fig. 1. This is a minimally intrusive
trolled at 45 °C, and the lower electrode temperature is set tdesign which does not impinge upon the plasma or the etch-
60 °C. ing characteristics at the wafer. The probe is not in contact

A. High density plasma etch environment

%. Broadband rf resonance cavity density sensor
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0 Seasoning etch rate recovery: BB response According to Slater's perturbation formutdthe broad-
" band peak frequency position directly depends on the plasma
oo FUN2 density. To determine plasma density with a traditional cavity
— run3 perturbation approach, assume the chamber volume geomet-
- mg‘ ric factors are idealized for analytic electric field forms. As-
sume conditions are such that the plasma is collisionless
(e.0.,vm<wq, Wherew,, is the collision frequency and, is
, the empty chamber resonance frequendyjhe plasma fre-
guencyw, is also much lower than the empty chamber reso-
nance frequencyw,<wy. Under these conditions, fre-
quency shiftsAw can be related to plasma frequeficy

[
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Fic. 2. Representative broadband peak frequency spectra for five differerftiere, E is the unperturbed resonance electric fiedg,is the
chamber conditions. empty chamber resonandeo plasma ignited w, is the
plasma density, and the integrals are over the entire cylindri-
cal cavity volume with radius. (This formulation is true for
I modes in the cavity, and our experiment assumes two
ominant chamber modes, labeleg; andw,,.) Generally,
howing w, for the empty chambetno plasma ignited

with the plasma. Other density sensors, such as Langmu
probe methods, do not offer such unobtrusive advantage
and therefore are considered prohibitive in an industrial . i . . ;
setting!®1° By contrast, the brc?adband i sensor is WeIIalong with the nominak field from the idealized chamber

suited for industrial applications since it offers little need forgeometr_y, measurement of il shift In resonance fre- .
chamber modification and does not alter the process cond uency in th_e presence of the plasma yields electron density
tions or etch performance. In addition, broadband rf sensin or low denT|tyt(coII|§|onl_es$ plahsmas, due to the,, depen-
compares favorably to Langmuir probe methods on a tempo—ence on electron density,, where

ral scale. Both Langmuir probe voltage sweep measurements G

and broadband rf resonance peak measurements can producew,z,=
reliable electron density data on millisecond timescales.
However, proadband rf doeg not Sl_Jffer from the heating oljere, q is fundamental chargeg, the permittivity of
compensation issues associated with Langmuir probe methyzcyum, andn, the electron mass.

ods and does not need metal probe contact in the plasma Regardless of the idealized features required for Slater’s
environment®?° The broadband rf method is also easier t0density analysis however, for a given resonant geometry at
implement on commercial reactors than millimeter wave in-high plasma densities, small perturbations in resonance peak
terferometry since it does not require two relatively I(:lrgefrequency are similarly observed in the presence of difo
antennas on opposite sites of the chamlvéth associated ferent plasma conditions, not merely with and without
chamber windows plasma presence. These frequency shifts can still be attrib-
For the basic operating procedure, a low poweW)  ted to changes in plasma density, which is the relevant point
microwave signal is launched into the chamber cavity, anggy the purposes of this article.
the reflection coefficienf’| is measured with a network ana- |t has been shown previously that peak absorption shifts
lyzer over a broad spectrum of frequencies. The resultingy higher frequencies indicate comparatively higher electron
absorption spectra reveal resonance conditions at Certaansity, and lower shifts indicate lower densiti@sThis
peak frequencies. Sample analyzer signatures are depict@int can also be illustrated with a simple quasione-
for five different plasma conditions in Fig. 2, which are rep- gimensional electromagnetic model using a Drude model of
resentative of the chamber conditions under study. The rahe plasma dielectric constant. We define the frequency de-

sponses show two prominent absorption frequencies appeggndent plasma dielectric constag(w), as
for this particular chamber chemistry and frequency range,

designatedo,; and w;.

This rf sensing technique is essentially plasma impedance €p(®@)= €o
spectroscopy, with the resonance modes of the chamber ap-
pearing as the high absorption peaks. The active microwawehere o is the driving frequency and,, is the collisional
signal probes the natural resonance modes of the chambérequency. To simulate the reflection coefficient verses fre-
and the analyzer scans multiple frequencies for high absormuency, we model different capacitive loss paths and the as-
tion regions. In the data presented here, there are 201 fresociated impedance of each pafh;(jw), as anRLC circuit
guencies in each scan, ranging from 0.5 to 3.0 GHz. where

2

Me€p

wZ
1— P

o(o—jvy)

: ()
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TCP Coll Simulated reflection coefficient spectra of the BroadBand
simulation at different electron densities are shown in Fig. 4.
First, this simple simulation illustrates that two sharp reso-
nances can arise from a single plasma frequency but two
significantly different ground-plane capacitances. In our
present system, we speculdtaut cannot provethat these
two peaks are due to distributed coupling to the chamber
wall and TCP coil. Secondly, the simulation shows that sev-
- eral factors(particularly the collision rates,, and the cou-
pling impedanceZ,) influence the overall shape of the re-
Iochuck Elec. Stat. Chuck flection coefficient signal, but only plasma frequenend
therefore density the volume of the plasma, and coupling
capacitances are responsible for the peak resonance fre-
quency positions. While we cannot completely rule out the
Fic. 3. Sample capacitive loss paths for one-dimensional Drude model opossibility that the sheath thicknesgesd thus coupling ca-
reflection coefficient peaks. pacitancesvary somewhat during our experiments, we visu-
ally observe no changes in the volume or shape of the plasma
during our experiments. Also, we have examined the ratio
Zpi(jo)=R+jol+ i (4  between the two broadband resonance pegkg in our gxperi-
joC ments, @n/w,q). If only the plasma density is changing

Refer to Fig. 3 for a sample diagram of modeled capacitivéPut not the geometric factors of path length and capaci-
loss paths. tance, we would expect this ratio to be constant. It is also

Each respective peak absorption frequenay,, is then possible that closely couple_d changes in the_sheath thick-
modeled as aRLC circuit resonance, given by nesses would lead to changing peak frequencies under con-
stant plasma density, but we have examined thg, (w,;)
1 ratio for the conditions of the experiments in this paper and
“’ni:\/T—C' 4 found it to be nearly constant at 1.20.01 (even though the
peak frequencies were shifting-22%). This ratio of
and the magnitude of the reflection coefficiefft(w)], i (w,/w,;) holds constant under several different plasma

BB probe

Wall

given by conditions as well as when we changed wafers from a
Z —7. |2 poly-Si covered surface to an SiCovered surface. This
0 tot . . .
IT|= 777 (6)  strongly suggests that the chamber geometry is dictating the
0 tof]

coupling capacitances and, thus, we attribute the experimen-
where Z,,; represents the total impedance of the sheath caally observed changes in broadband peak frequency to
pacitance plus a given capacitive loss path impedae@e, plasma density changes when comparing different plasma
to the wall or to the chugk andZ, is the probe-to-plasma conditions.

coupling impedance. Using a complete three-dimensional electromagnetic
modeling of the broadband rf measurement of a complete
chamber loaded by a Drude dielectric model plasma to fit

1D Drude 'm°d°' of Broa'dBand resonance peaks experimentally observed changes in peak shapes as well as

2 frequency might also yield accurate time-resolved measure-
ot ments of the collision rate and perhaps other plasma param-
eters.
=2}
~ D. Real-time spectroscopic ellipsometry
ﬁ Poly-Si etch rates were monitoréd situ using a rotating
E _g 1 polarizer spectroscopic ellipsomet@r Sopra RTSEwith a
prism-spectrometer/charge coupled detector system for high-
-8F co,,» 1 speed measurements. Ellipsometry is a common optical tech-
nique for the characterization of thin films and for surface
-10r i diagnostics, though its use in etch monitoring is less well
documented®?° Several excellent references describe the
-1% 05 1 15 ) principles, operation, and instrumentation of various ellipso-
BB Frequency (GHz) metric systems®—3*both for single wavelength and multiple

Fic. 4. One-dimensional Drude simulation of broadband absorption peakwavelength(spe(:tra) systems. The RTSE system collected

modeled at five different electron densities. Peaks shift right at highef"igh resolution spectroscopic (_allipsometry datfi_ over the
densities. spectral range of 300—780 nm with a data acquisition time of
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about 91 ms and a sampling time of about 180 ms. The fash. Experiment No. 1: Real-time density control

data acquisition rate is needed so that the film thickness i Cl, plasma

nearly constant during the collection of one spectral sample g section shows that observed density transients in
(in our experiments<0.5 nm of poly-Si is etched during an g,n4arg poly-Si etch Glplasmas are related to changes in

RTSE sample This instrument provides an excellent m(:"thOdthe starting wall states and final etch performance results.

to guantltayvely de.tect varlatlon_s in etch rates. prever, d.eThese density variations are corrected using a real-time feed-
spite the high quality of the optical data, poly-Si is a notori- back controller that varies TCP power as a function of esti-

ously difficult film to measure with .sub—nm Ie\{el abSO|Ute.mated density. To demonstrate such control compensation,
accuracy due to systematic errors introduced into the opti;

. hr rimar nditions ar nsiderét): n
cally modeling by the presence 6f10—-20 nm level surface three primary test conditions are considerét). seasoned

35 Thi : . chamber chlorine etches to establish steady state conditions;
roughness? This modeling error produces oscillatory errors 2) open-loop control(i.e., uncontrollell recovery from a
in the extracted film thicknesses and thus in the etch rateé. o . .
o . . non-seasoned chamber to observe transient behaviof3and
These oscillations are evident in some of data presented Iqosed—loo control recovery from a non-seasoned chamber
this paper, but do not affect our conclusions. Also, use of P y

specular-mode spectroscopic ellipsomé8¥) and/or reflec- 0 IO b;erveftranls |etrr:t efLect gompensaﬂon. All three tests etch
tometry on patterned wafers requires specialized test stry@01Y->! Walers in the chamber. , .
Experiment 1 is the nominal etch. We first establish

tures(typically gratings and the use of computationally in- . .
(typically g g P y stable, seasoned etch conditions where all recorded signals

tensive vector diffraction theor?.° Therefore, while it is : o>

an excellent monitorjn situ SE is not a good sensor for ?re C(.)nsEant over Iopg runningplasmas, thus estaphshmg

real-time feedback control of poly-Si etch rates. nominal” etch gond|t|ons. The stable, nominal chllo.rme etch
chamber state is referred to as the Cl-prep condition. Estab-
lishing a nominal preparation step requires the recording of
constant poly-Si etch rates, constant BroadBand peak fre-

E. Fourier transform infrared spectroscopy guencies, constant SICFTIR signals, and constant Cl and
Ar OES intensities. The nominal process recipe used for Cl-

An On-line Technologies INDUCT FTIR system was prep was 250 W TCP, 100 W bias, 10 mT pressure, and
mounted to the turbo pump foreline of the main chamber; 5 scem Gl flow with 5% A,

pumping system for exhaust gas analysis. We measured the gyperiment 2 is the open-loop, disturbed etch. Once the
exhaust end of the chamber foreline to determine eﬁluenﬁll-prep condition is established as a baseline, the wall con-

species Ievels_in the chamber. Alth_ough the FTIR yieldedditions are perturbed using a short (3@sF, plasma to alter
several trace signals at the low foreline presstr@00-200 o )] state of the chamber. The chamber state after a fluo-
mT), we found the sensor to be particularly sensitive ©rine treatment is referred to as an F-prep condition. The

monitoring two important effluent species in particular: sili- F-prep recipe is 200 W TCP, 40 W bias, 13 mT pressure, and
con tetrachlorid'e. (SiC;),' which is a primary etch product 100sccm GF,. Following an F-prep, the second test in-
when etching s_|I|con W'th a glplasma environment, and |5 ved a new poly-Si etch with identical chlorine plasma
s_lllcon tetr_af_luonde .(S'B’ aprimary e_tch product in gfluo- input conditions as used to establish the nominal etch. This is
rine containing environment. The primary spectral I!nes "®-an uncontrolled, open-loop recovery of the chamber from
corded for these experiments are around 621 cfur SiCl, F-prep back to Cl-prep. Sensor signal changes over time due

71 . . .
and 1022 cm™ for SiFy, and the instrument is set to 0'5.t0 the previous F-prep step are recorded. Observed transients

wave_number resoluuo_n. Recordmg these moIec.uIar levels 'Yor all sensors due to the F-prep starting wall condition were
real-time and comparing them with other density and etct}

rate measurements corroborated many of the results whic

. |-prep conditions if the recove lasma was allowed to run
will be shown later. These measurements also helped detelrdng elr310ugh typically>300 s P

\g:}gtg‘fseof:]e;;gr gtt?lmbeer:fro\rlvrr?!nsggte and dynamic plasma Experiment 3 is the closed-loop, disturbed etch. The third
P ’ test incorporated a Pl feedback control algorithm in the sys-
tem. As with the second test, a 30 s F-prep plasma was per-
formed in the chamber prior to the Cl recovery etch, so as to
IIl. EXPERIMENTAL RESULTS AND APPLICATIONS place the chamber in an unseasoned state. The chlorine etch
recipe is then initiated on a poly-Si wafer. Now, however, the
Using the broadband absorption frequency data in realeontroller used broadband peak frequefingicating plasma
time conjunction with independent RTSE rate data and FTIRIensity as the variable to be regulated, and TCP input power
and OES chemical data, we find that in addition to the reacas the actuator. The target closed-loop setpoint frequency is
tive species concentration depending on wall condition, therghe original peak absorption frequency recorded during the
are associated plasma density variations that can be attrimominal Cl-prep. In this case, the target closed-loop fre-
uted to the chamber wall state. Moreover, these densitguency is set tw,,=1.650 GHz. As with the open-loop test,
variations can be compensated by feedback control of ththe etch proceeds for 60 s, during which etch product vari-
TCP plasma generation power. Demonstration and data tables are measured for possible performance improvements.
support these claims follows. Variability in etch rate, broadband frequency position, iCl
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CI2 etch from F-prep chamber walls - uncontrolled CI2 etch from F-prep chamber walls - controlled
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Fic. 5. Comparison ofa) nominal and open-loop etch rates aiil broad- Fic. 6. Comparison ofa) nominal and closed-loop etch rates ghfibroad-
band peak frequency nominal and open-loop position. band peak frequency nominal condition and under closed-loop control, start-

ing from a perturbed chamber.

exhaust levels, and OES intensities were compared in real- , . . . . .
P rﬁlatlve concentration of Si¢l Figure 7 compares Siglev-

time versus the open-loop values measured from the secon . .
. : . els for the same three etches. Note the suppression of SiCl
test. Values are also compared with nominal signals from the . .
first test early in the open-loop etch due to the loss of Cl species to
. . . . the walls. Conversely, the closed-loop etch compensates for
Figure 5a) shows a real-time comparison between nomi- ; . . :
the density loss to the walls with proportionally higher TCP

nal etch rate in a stable Cl-prep chamber and the uncon-ower and thus quickly raises the SjGével close to the
trolled open-loop etch rate which started from an F-prepo ’ q Y

chamber. Figure ®) shows a similar comparison for the ?horrc?l:n?nloz??;.eTZtecr?vvi?t?:l g%g%?};iﬂor;;?nalxsgﬁgi S:;Eéolly
corresponding density indicat¢the second broadband peak 9 P P :

frequencyw,,). Note the significant drop in both etch rate etch product levels return to the nominal point after 10—20 s

and plasma density at the start of the open-loop runs. The>"9 feedback control, whereas the open loop recovery is

beginning etch rate shows about a 38% drop from its nomiEJnabIe to achieve nominal levels even after 60 s.
We next plot in Fig. 8 the actuator signal, TCP power, to

nal point, while the broadband peak frequency drops b o )
point, . ? d y drop yqual|tat|vely see how the controller responds to the wall dis-
roughly 22%. However, since.* w;,, we have the relation- . .

ship turbance. Note the sharp increase in TCP power at the start of

the etch to compensate for the density losses to the walls.
Ne start) | @Wn2start 2 The ion loss rate is highest for the clean wall condition at the
- (7 start, as compared to the Cl-prep seasoned condition. As oxy-

Ne final Wn2 final

and therefore a 22% change in peak position corresponds to
a roughly 39% change in density; the same change as the SiCl, etch product from FTIR
etch rate suppression. Clearly, the F-prep step to remove ha- s000
logenated oxides from the chamber surfaces has a large ef-

fect on plasma density as well as plasma chemistry, and tran-

sients in these quantities due to the starting wall condition ~4000r
correlate to real-time etch rate. .

In the 60 s time allotted for the open-loop etch, neither $
broadband frequency nor the etch rate had sufficient time to
recover to their respective nominal values. Tests show the§,
recovery time back to nominal Cl-prep conditions with the 72000
nominal recipe takes-5 min. »

By contrast, Fig. 68 compares the closed-loop etch rate
to the nominal etch rate in the top plot, while the correspond-
ing w,, peak is compared in the lower plot. We see that the
density recovery time is drastically reduced-t& s and the

30001

=== nominal
= closed loop
ssw open loop

000

corresponding real-time etch rate is also quickly leveled out. Y 10 20 ﬁm%o(s) 40 50 60
Utilizing the FTIR system to measure etch product spe-
cies in the foreline exhaust, we find similar behavior in the Fic. 7. Relative concentration of Sigktch product.
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CI2 etch fl'Om F—pl'ep Chambel' Wa“s 1250 1st wafer effect 1450 compensation
1200 - max—min=1 56;\ b 1400 max—min:49;\
1150 B 1350
= =
1 -‘;.)'1100 L %‘1300 L /“\‘
R — =2 =2
2250 T 4050 1 ®sof
\: T
& 200 === closed loop | 1000} 1 1200
o s open loop () (b)
Q 950 > 1150
L 150 A ! rur21 # N * ! rur21 # N *
Fic. 9. Etch depth following gF cleans:(a) open-loop andb) closed-loop
etches.
10 20 tim?éo(s) 40 50 60 corrected with feedback control, and the average etch rate for
each wafer falls within much tighter tolerance limits.
Fic. 8. TCP input power for open-loop and closed-loop experiments. For this second experiment, six total poly-Si etches are

performed in succession. The first set of three etches is run in

open-loop(i.e., with no controlley, and the second set of
chloride forms again on the walls, the Cl loss rate decreaseshree is run with closed-loop control as described in the pre-
with a corresponding reduction in the TCP power. Eventu-ceding section. Prior to running, a nominal broadband fre-
ally, the compensating power will return to the open-loopquency is established using a bare-Si wafer in apldsma.
nominal 250 W setpoint. By comparison, the open-loop TCPThe steady state plasma input conditions are identical to
power is set constant at 250 W. those described in Sec. IllA, and the resulting nominal

We interpret the results of these experiments to mean thdiroadband peak frequency after several minutes is found to
plasma density is significantly altered by the chamber walbe similar atw,,=1.6625 GHz. This value is then used as
state, either because the recombination rate at the walls the control setpoint for the BroadBand density measurement
changing due to oxychloride buildup, or the electrical char-when performing closed loop.
acter of the dynamically seasoned chamber walls alters the Undoped blanket poly-Si thickness measurements are
actual delivered power to the plasma; or possibly some commade before and after each etch using a microscope-based
bination of both. Regardless, maintaining a constant densitgpectral reflectometer—also called a spectrophotoni§ter
corrects for these transient effects. A SP-style measurement is a comnmmnsituthickness tech-

We additionally performed CI actinometry measurementsnique practiced throughout the industry. For poly-Si mea-
during these experiments monitoring the 822.2 nm Cl emissurements, the absolute accuracy of the SP is affected by
sion line and the 750.4 nm Ar line with 5% Ar in the gas surface roughness issuéas is spectroscopic ellipsomelry
mixture. Our results under the open-loop conditions withbut the optically estimated thickness does decrease mono-
constant TCP power are very consistent with the observaonically with the actual film thickness. The repeatability of
tions of Ullal et al”° and shown, variations due to the the instrument is within=5 A. Subtracting the before and
wall state. However, the Si etch rate more strongly correlateafter thickness measurements, we calculate the total etched
with the plasma density variatidiand thus presumably with material for each run and compare them.
the ng, variation as demonstrated in Fig. 5. Further quanti- Before each set of three etches is executed, a singig C
tative interpretation of the actinometry data an%j neutral  F-prep of the chamber is performed for 30 s on a bare-Si
variation behavior will be presented in detail in a future wafer to clean material from the chamber sidewalls and top
publication®® plate, leaving it in a fluorinated state. For the first experimen-
tal set, wafers 1, 2, and 3 are etched for 30 s each inpa Cl
plasma with no compensating control, and the resulting total
etched material is recorded for each run. For the second ex-
perimental set, the chamber is once again cleaned with a

The preceding section illustrated control of plasma denC,Fg plasma F-prep, and three more wafers are processed for
sity by TCP input power compensation over one run, in the30 s in C}. This second set, however, uses closed-loop com-
presence of a wall-state disturbance. Another application gbensation during each 30 s etch to maintain the peak broad-
the density control technique is presented here over multiplband frequency at the nominal,,=1.6625 GHz value for
wafers to demonstrate elimination of the so-called first wafeeach run. Total etch depth for wafers 1, 2, and 3 are once
effect. This effect shows up as a performance loss in etch rat@gain recorded for comparison with the first open-loop set.
following chamber cleaning, wherein the first few wafersina Total etched material for the first open-loop set is plotted
lot etch slower than subsequent wafers after a clean proceequentially in Fig. @). As expected from the real-time re-
dure. For pure Gletches, we find this lower etch rate can besults of Sec. Il A, the total etched material over a 30 s pro-

B. Experiment No. 2: Application to first wafer
effect reduction
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sequential closed loop control action consistent chamber condition is that of the “cleaned” F-prep
' ' ' ' ' state. Therefore, in an effort to reduce etch depth and rate
variance, each Gletch is preceded by a fluorine clean step to

%0 strip the walls back to the known state. So long as the total
300} etch time is the same on each run, the total etched material
gzso- will be copsistent from run to run, even though thg real-time
= etch rate is changing, because the rate of change is consistent
2200} { ] for each run. This exact scenario is currently being advocated
E w— runi by equipment manufacturers for standard chlorine etches, us-
O 150 - ﬁg 1 ing Sk, as the fluorination cleaning gas\Ve will next com-

pare the etch depth variation obtained with this etch policy to
that obtained with feedback control.

For this third experiment, we set up a comparison of two
5 sets of five etches each, the first set running open-loop and
% 5 10 15 20 25 30 the second using closed-loop density control. Prior to each

time (s) etch, an empty chamber plasma clean is initiated using a

standard S§/Cl, cleaning recipe provided in the Lam Re-
search 9400SE Maintenance Manual. This recipe strips the
chamber walls of oxide layers and leaves it in a known
cess is found to increase for each wafer, which clearly demF-prep state, as is being advocated in industry. This F-prep
onstrates the common first wafer effect. The etch rate igleaning plasma is run for 30 s. Cleaning conditions are 700
increasing for each run as the wall seasons with oxychlorid&V TCP, 0 W bias, 150 sccm §F100sccm G, and 18 mT
buildup and the recombination rate goes down. In just thre@rocess pressure.
wafers during standard open-loop conditions, the etch depth We wish to target an etch depth of 2000 A on undoped
increases by-150 A due to the dynamic wall interactions in poly-Si wafers for both open-loop and closed-loop cases. In
the chamber. an effort to make as close a comparison as possible, and not

The results of the closed-loop set are shown in Fip) 9 artificially bias the results, care was taken to establish an
for comparison. Thelmax—min difference is greatly re- open-loop etch time which would consistently target 2000 A
duced, by a factor of three, to50 A versus the same etches of etched material. This was accomplished by running sev-
performed in open loop. Although only three etches wereeral test wafers to determine an average etch rate during the
performed for demonstration of the effect reduction, subsemain etch condition. Average etch rates were calculated by
quent etches under closed-loop control would be expected tx situSP measurement of the film thickness before and after
further improve the rate performance variation. each etch, and dividing by the etch time. F-prep chamber

Since the walls continue to season and approach thgleans were performed prior to running each test wafer to
nominal Ch-prep condition over time, the control action re- establish a consistent average etch rate. Once a suitable av-
quired to compensate the lower plasma density is expected age rate was determined, the total etch time was set so that
be reduced with each successive run. Figure 10 shows the2000 A target of etched material would be achieved in the
controller action(TCP powey for closed-loop runs 1, 2, and gpen-loop case. The open-loop plasma input conditions for
3. As expected, the magnitude of the TCP power required tghig experiment are 300 W TCP, 50 W bias, 10 mT,
maintain the nominal plasma density is smaller and smallef g sccmGJ, and 5 sccm Ar. Under these conditions, fol-
for each run. Thus we would expect further runs to requirqowmg an F-prep clean, the desired etch time is found to be
smaller and smaller compensation for etch rate changegy s to achieve a 2000 A etch depth.

therefore greatly improving the overall standard deviation ag established previously, the closed-loop and nominal

100

Fic. 10. Closed-loop control action after singlgRg clean.

compared to open-loop etches. etch rates are significantly highér-35%) than the corre-
sponding open-loop etch rates after an F-prep chamber clean.

C. Experiment No. 3: Application to etch depth The closed-loop etch rate, however, can be adjusted through

variance reduction choice of the broadband peak frequency setpoint. In the pre-

The previous section demonstrated the application o¥ious two experiments, we chose to set the closed-loop den-
closed-loop density control to essentially eliminate the firstsity at the same value as the nominal value, and therefore we
wafer effect seen after chamber cleans. This section adichieved higher rates than in open loop. Here, we will in-
dresses another, more stringent, open-loop versus closegstead choose a broadband frequency setpoint so as to achieve
loop comparison which is known to be present in the inte-an average etch rate that is identical as possible to that of the
grated circuit manufacturing environment. For this open-loop etches.
demonstration we assume that, during process design, engi- The experiment is set up so that the only significant dif-
neers are aware of the first wafer effect rate transient, anference between the two sets of etches is that one applies
suppose that the resulting transient is repeatable after eaclonstant TCP power and one adjusts TCP power so as to
clean. Due to the wall state variations, the only known andmaintain a constant plasma density. Therefore, in determin-
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2000 Ot vs. CL total etched material target. It could be argued that if the open-loop etches were
z allowed to run perhap2 s longer, then the open-loop aver-
= 1050 | age depth would be improved. However, such an argument
g belittles the difficulty stated earlier in obtaining a “correct”
= 1900 8 etch time in the open-loop case while the real-time etch rate
3 is varying. The closed-loop case, on the other hand, had an
1850, @ : s s 7 s 5 easily obtained target etch time because the real-time etch
run # rate and the average etch rate are essentially constant, and
2100 the success of that selected etch time is borne out in the final
< results. Moreover, significantly fewer test wafers were re-
£ 20%0 ¥ quired to obtain the “correct” etch time for the closed-loop
k) )‘\’\/\ case than were needed in the open-loop case. This again will
5% % positively impact OEE by reducing both the need for cham-
® ool ©) ‘ ‘ ‘ ‘ ber clean steps between wafers and the number of test wafers
1 2 . 4 5 6 required to obtain proper processing times.

The evidence presented here strongly suggests that even
Fic. 11. 2000 A etched material target f@ open loop andb) closed loop.  in the most stringent comparison to open-loop etches, the
closed-loop etch rate is more consistent from run to run
when controlling for density variations due to wall state. It

ing the closed-loop etch timéand rat¢, we choose a peak furthermore suggests that the transient real-time etch rate re-
frequency setpoint which is lower than the correspondingovery in open-loop due to plasma cleaning before etching is
nominal point and yields an etch rate and etch time vennot strictly consistent from run to run. Feedback control of
close to the etch time required in open loop to achieve alensity can further reduce the final etch depth variation by
2000 A etch depth. Determining the etch time under closedanother 33%, and this improvement happens with or without
loop control is very simple because the real-time etch rate ishe additional plasma clean step. Therefore, feedback control
now nearly constant.e., the real-time etch rate and the av- offers the potential to increase wafer throughput by eliminat-
erage rate determined from before and after thickness me#ng the need for fluorine plasma cleaning steps between pro-
surements are essentially the sanvée determine that a set- cesses and still improve the overall etch consistency and per-
point frequency ofw,,=1.7125 GHz yields a total etch time formance. Furthermore, since the real-time etch rate is more
of 62 s required to etch 2000 A in closed-loop. As before,constant from run to run, determining the desired etch time is
apart from the variable TCP input power, all plasma inputsignificantly easier under feedback control, and targeted etch
conditions are the same for the closed-loop case: 50 W biaglepths are more quickly obtained and consistently achieved.
10 mT pressure, 100 sccmCland 5 sccm Ar.

Figure 11a) shows the total etched material in five open- D. Eff f densi | file devel
loop etches in the upper plot, and five closed loop etches in” ects of density control on profile development
the lower plot, Fig. 1(b). The open-loop etches have a  Feedback control results discussed thus far pertain strictly
(max—min range of 72 A, when all five etches are run for to unpatterned blanket film wafers. We next explore the ef-
the same amount of time and from a known starting chambefects of density control on sidewall profile and overall pat-
state using an Sfcleaned F-prep recipe for 30 s. This tech- tern topography for silicon etching in £plasmas.
nique clearly yields an improvement in the reduction of the The experimental setup is very similar to that of section
first wafer effect when compared to plots such as Fi@ 9 A, where three etch conditions are compared. First, a nomi-
where the(max—min was 150 A. nal baseline etch is obtained for the profile development in a

However, even when starting from the same initially cleanseasoned chamber in a,Gnvironment. Second, the cham-
chamber state and running for similar times, the closed loojper wall-state is perturbed with a,E; cleaning step, and
etches shown in Fig. 1) still demonstrate a larger im- then the CJ etch is allowed to proceed in an open-loop man-
provement in the reduction of first wafer effect variance. Thener. Thirdly, the chamber is once again cleaned wigrC
closed loop spread in the data is down to 48 A, which com-and the CJ etch is initiated under closed-loop density control
pares quite well with the min/max spread from Sec. Il B using the broadband rf peak frequency value achieved during
experiments. More importantly, the §Elean recipe step the nominal etch as the closed-loop reference setpoint. Scan-
could be eliminated altogether and still yield the same rening electron microscop€SEM) cross-section images are
sults, thus saving an entire chamber preparation step anged for profile comparison.
positively impacting OEE. Test wafers for this work consisted of 50/50 duty cycle

Another important point to make regarding this data is thegrating structures with 0.3am lines and spaces. A photore-
average etch depth value for each set. For the open loop rursist mask of the grating was imprinted over a 5000 A oxide
after 64 s, the average etch depth is 1920 A, and none of tHayer. An SiQ hardmask was generated using gg&plasma
five attempts ever etched down to the 2000 A target. For théo etch the pattern into the oxide, and the photoresist was
closed-loop etches, after 62 s, the average etch depth is 2084en stripped away. The resulting oxide hardmask pattern
A, and two of the runs achieved almost exactly the 2000 Adefines the grating for the silicon etches presented here. The
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Tilt: 45°!

I1 93 nm d T
962 nm —195 nm 1.66 pm

AccV Spot Magn Det WD b——m AccV Spot Magn Det WD F—— 1 500 nm
100KV 3.0 60000x SE 6.8 PK-SonySkHM22. CI2 nom 100s 4/8 100KV 3.0 60000x SE 6.7 PK-SonybkHM24a, CI2 CL 100s 4/8

Fic. 12. Si profile after 100 s glnhominal etch in seasoned chamber. Fic. 14. Si profile after 100 s glclosed-loop etch following &~ clean.

the feature. These results, along with open-loop and closed-
loop disturbance etches, are summarized in Table I.

For the second experiment, the chamber walls are first
perturbed with a 30 s{F&¢ recipe of 200 W TCP, 40 W bias,

; i ) i 13 mT, and 100 sccmJEg before starting the silicon etch.
nal seasoned etclg) an open-loop disturbed etch; af) a The identical CJ etch as the nominal recipe is then per-

closed-loop disturbed etch. For the first experiment Whern?Ormed in oben-loob using set inout conditions for 100 s
the chamber is in the Cl-prep state, the nominal chlorine P P 9 b '

main-etch condition is 250 W TCRipper electrode 100 W _Compansqns with the qom|nal profile are made to determine
. if the fluorine preparation step had any effect on resultant
bias (lower electrode 10 mT chamber pressure, . X . . . .
. profile. The final cross-sectional SEM image for this test is
100sccm CJ, and 5 sccm Ar for 100 s plasma-on time. The shown Fia. 13
resulting cross sectional profile for this nominal etch is 9. 1o . .
- . . : Parametrization of this profile shows a smaller overall
shown in Fig. 12. We use this nominal profile etch as the

reference point to determine the effects of feedback contro?rofIIe height of 1.5um and a smaller Si etch depth of 871

X . nm compared to the nominal etch profile. These results are
on overall profile. The microtrench features themselves are "~ . -
. consistent with the findings of Sec. Il A for blanket etch

not as important as how the shapes are affected by wall sea- . .
. rates, where the real-time etch rate is seen to be reduced due
soning and feedback control. Rather, the features changes

i . - : 0 fluorine treatment. The overall microtrench height is com-
under different chamber starting conditions is the relevan . .
. . S . .__parable to the nominal feature height at 189 nm, and the base
point. This profile is used as a representative compariso

with profiles from F-prep starting conditions. D is essentially the same at 830 nm. That is to say, the

We select the relevant parameterization for this profile tcﬁ:ﬂgg sazngnlls tlr?ergoe\:)e/r;ITeel?frf t;?e?z rtehdeuj;;rllzz d?r:Stltj(r)'a
include an overall etch depth of 1.@6n (includes both SiQ ’ y ' 9

mask +Si depth, a Si etch depth of 960 nm, a microtrench smaller etch depth.

feature height of 193 nm, and a CD of 830 nm at the base of T_he_ th'rd. etch experlment prepares the chamber once
again in an identical fashion as in the open-loop case, using

a 30s GFg chamber clean step before the main €llicon

etch. Now, however, the main etch proceeds at a fixed broad-
— band peak absorption frequency, using TCP input power to
compensate for decreased plasma density. The resulting pro-
file for this closed-loop etch experiment is shown in Fig. 14.
The total profile height (Si@+ Si) has returned to the nomi-
nal condition at 1.66um, and the Si etch depth is back to
962 nm. The microtrench feature height is nearly identical to

subsequent silicon etches used @$ the main etch plasma.

Note the SEM profile photos in Figs. 12—14 that follow still

retain the SiQ hardmask at the top of each grating line.
Again, three etch experiments are performgd:a nomi-

TasLE |. Profile parameters and etch control conditions.

Twu nm 871 nm Si+SiO, depth ~ Si etch depth  Feature height CD
(um) (nm) (nm) (nm)
AccV  Spot M Det WD F———— 500 i
10.0 kV SF(])J 80309(;10){ SE 7.0 PK-SonybkHM23a, CI2 OL ]?)TSS 448 Nominal 1.66 960 193 830
Open loop 1.59 871 189 830
Closed loop 1.66 962 195 830

Fic. 13. Si profile after 100 s Glopen-loop etch following &Fg clean.
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the nominal profile at 195 nm, and the CD is once agairusing process recipes typical in the industry. Therefore direct

about 830 nm. Again, tabulated results are compared for alpplication of the technique to industrially relevant settings

three etches in Table I. Comparing the profile in Fig. 14 tois promising. Further improvements in the control of the etch

that of the nominal profile in Fig. 12, we may conclude thatprocess could be expected if the plasma density cofxral

density feedback control has virtually no effect on featurethe broadband sengowere combined with induced bias

topography, and only affects the overall etch depth; i.e., theoltage controla technique which was not available on our

real-time etch rate is maintained at the original seasoned comquipment**? In our experiments, we believe that the ion

dition. While not necessarily improving overall etch profile density was the dominant factor controlling the ion flux to

results, we conclude that feedback density control shows nthe wafer. In other gas chemistries and/or operating regimes,

significant ill effects on pattern topography. All results areit is quite possible that ion density would strongly influence

the same as that of the nominal etch. the induced bias voltageinder constant bias poweand that

feedback control of the bias supply would be needed as well.

IV SUMMARY AND CONCLUSIONS T_his could be accomplished _With a_separate single ian_Jt/

single output control loop but is possible that a coupled 2-in

Several conclusions can be drawn from the work to date(TCP power and bias powg2-out (plasma density-

First, chamber cleaning in fluorine is shown to produce sigbroadband an¥y;,J multipule input/multiple output contol-

nificant transient effects in density, real-time etch rate, ander would offer speed and stability advantages as our group

effluent chemistry when fluorine chamber preparation is fol-saw in earlier work on coupled neutral density conwgj/s

lowed by chlorine plasmas. The root cause of these transient®ntrol in a capacitive-mode reacfSr.

is assumed to be due to a dynamic oxychloride layer buildup

process at the chamber wali.In particular, a thin film of
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