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Abstract—The well-acknowledged etch profile drift problem creasingly difficult to achieve a flawless etch. Increased wafer
in chip production was investigated with a more accurate means size is a particular challenge to the production of a highly uni-
of measuring actual etch thickness to monitor and correct this form etch. With the decrease of gate oxide thickness, a highly
drift. Using a high-aspect ratio, 0.1+m «-Si gate structure, the . . P i
investigation was specifically focused on the control of transition selective low-damage etch is critical. The current SO'”F'OHS .to
timing in the critical interval from main etch (ME) to over etch ~ these etch process problems can be roughly categorized into
(OE). This required reliable endpoint detection of a-Si which three areas: 1) process development and optimization; 2) hard-
was achieved through the development of a method employing a ware development; and 3) process modeling and control [1]-[8].
Kalman—Bucy filter with a real-time spectroscopic ellipsometer In this study, we tackle two critical etch process prob-

(RTSE). The robustness of our endpoint detection technique was . . . .
tested and demonstrated under the actual physical and chemical lems, etch rate drift, and etch profile drift, through real-time

disturbance environments of the etching process. Application of closed-loop process control. Etch rate drift can result in
this endpoint detection technique to the etch of a 0.}¢m patterned  significant production delay and cost by making it necessary
«-Si gate also achieved a significant improvement on the etch to run more pilot wafers and preproduction trials to adjust an
profile repeatability. etch recipe for final production use. Fig. 1 illustrates long-term
Index Terms—Etch, etch profile, etch rate, Kalman—Bucy filter, (over eight months) and short-term (within one how$i etch

process control, semiconductor manufacturing, submicron. rate variation observed in a Lam TCP 9400SE plasma etching
system.
I. INTRODUCTION Despite relatively low runtimes and frequent chamber

cleaning, we observed a 29.4-nm etch rate di#it) over

T HE DRIVE to miniaturize device feature size has exertegght months of etching. The nominal etch rate was 207

tremendous pressure on research to design and prodggimin. Though the short-term etch rate drift we documented
smaller chips which are both highly reliable and cost-effectivg; re|atively insignificant compared to the long-term drift, it is,
Though the reduction of chip size is governed by Moore’s laygnetheless, evidence of the need for real-time process control.
the miniaturization itself has given rise to a whole new set @, the other hand, variations in the etch profile, day-by-day
problems that are roughly inversely proportional to the redugr |ot-hy-Iot, can directly influence device speed to the point
tion i_n chip size. Conside_rable energy has been focused on i@?_‘exceeding device tolerance [9], [10]. Moreover, the drive
proving hardware, materials, processes, and measurementg, ifmprove device speed has led to significant reduction of
an attempt to enhance productivity in a highly competitive insitical dimension (CD) tolerance in gate production. In short,
dustry. Among these challenges, the etching process, a funggms become increasingly critical to maintain the consistency
mental stage in the chip production, has proven to be partiGi-production runs at very tight tolerances. Fig. 2 shows the
larly troublesome, especially in the light of ever tightening prqsross-sectional etch profile of 0;4m «-Si gate structures after
duction tolerances. Because the etching process is irreversiglgizs/90 s of breakthrough/main etch/over etch in a Lam TCP
developing a highly stable etching process that can be precisghose plasma etching system.
controlled in response to the increasing demands of miniatur—Anhough two identical samples were etched ten days apart
ization becomes crucial, from both the point of profitability anginger identical etch conditions, a clear etch profile difference
manufactuability. At present, the decrease in device feature Siggs evident. With the increased production cost in semicon-
and the increase in aspect ratio and wafer size, have made itj0ictor manufacturing, unidentified and uncorrected process

problems result in significant production cost. Thus, itis critical

to study a means for the real-time detection and correction of
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195
and a standard capacitively coupled RF “bias” power supply to
190 set ion energy. To maximize the delivered power to the plasma
1 2 3 4 5 6 7 8 9 10 reactor and protect the power supplies and cables, a matching
Experiment # network is connected to the power source and electrode. The

etcher is equipped with a six-in bipolar electrostatic chuck with
helium backside cooling. The temperature controller of the
Fig. 1. Long-term (over eight months) and short-term (within one hot®) bottom electrode was set to 8(0.: and Cha.mber temperature_

etch rate drift with the use of a Lam TCP 9400SE plasma etching system. to 50 °C throughout the experiment. This plasma etcher is
designed for six-in or eight-in wafers with subhalf-micrometer
pattern etch of poly-Si, refractory metal silicides, organic

terned sample etch. The ME endpoint detection technique @@_tireflection coating (ARC), nitride, and cured photoresist,
veloped using a Kalman—Bucy filter is described in Section I\?fnd tlhljjs %FG’ Clz, H-Br, SFG’hOQ’hHe’ an(t:i) '\% _gasES a(rf d
Finally, Section V examines application of this control methog/PP!'€C- The TCP 9400SE etcher has two built-in photodiode

to etch a patterned sample. We conclude with a summary in sSESjPOi”t detectors based on optical emission spectroscopy
tion VI. (OES): 405- and 520-nm wavelength bandpass OES sensors.

The 405-nm wavelength matches the Si—-N and Al-Cl emission
lines, whereas the 520-nm one matches the CO, Si—Cl, and
O- emission lines. To minimize disturbance from the process
A low-pressure high-plasma density Lam TCP 9400SEhamber being exposed to the atmosphere and absorbing water
plasma etching system with an RTSE were used in our exp&fipor, an entrance and exit loadlock are provided. To acquire
ment. A brief description of the equipment and a fri-oxide  data and control the etching process, a PC running LabVIEW
etch mask patterning procedure will be given. was piggybacked onto the Nvision system, which is an original
operating system of the Lam TCP 9400SE [11]. A custom
LabVIEW-based control program, EMACS, monitors and
1) The Plasma Etching System: Lam TCP 9400&8&r the controls the etching process, while other processes, such as
etch of a deep submicrometer patterned wafer, a low-presswagfer loading/unloading, pumping, and venting, are operated
high-plasma density Lam TCP 9400SE etcher was used (Fig.[3).the Nvision system.
As a dual-power-source etcher, the TCP 9400SE employs &) Real-Time Spectroscopic Ellipsometdtllipsometry is
“transformer coupled” RF power supply to set plasma densian optical technique that measures changes in the polarization

(b) short-term

process and preliminary experimental results of theyfrilpat-

Il. EXPERIMENTAL DETAILS

A. Hardware
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Fig. 3. Schematic of an experimental apparatus.

state of light reflected from a surface. The major advantagtee collected ellipsometric data is usually done by the “WinElli”
of ellipsometry are its nondestructive nature, high sensitivitgrogram. However, the “WInElli” is aex situfilm thickness fit-
large measurement range (from fractions of monolayers ting program. Thus, the “FitRTSE” program was used instead,
micrometers), and possible real-time implementation. Ellignd run with the ellipsometric data collection. This program
sometry has been used extensively iiorsitu film thickness fits collected ellipsometric data to the optical model of the film
and etch rate measurement [12]-[14], film characterizatiamder measurement in real time.

[15], and in-line monitoring of repetitive patterns [16]. A

reflection ellipsometer measures the states of the incident @dSample Preparation

reflected waves, leading to the determination of the ratio In order to study deep submicrometer etch, we needed a

of the complex Fresnel reflection coefficients for the parallglample patterned with sufficiently small features. To that end,
(subscripp) and perpendicular (subscrigtpolarizations [17]: o;r samples consisted of a 100-nm-thick oxide etch mask over
) 200 nm of phosphorus-doped (n-dopedypi (respectively, 400
p=(rp/rs) = tan(¥) exp(ild). @ nm) on a thermally grown 5-nm-thick gate oxide-Si was
&mployed for the gate material because its amorphous structure
feduces post-etch surface roughness of the gate sidewall. The

elllpsometng variablesy anda, whe.retan(\I/) corresponds todprocess flow of the 100-nm oxide etch mask patterning step is
the attenuation and to the phase shift between the two comp lustrated in Fig. 4

ngnts. From these data, the complexmdex of refraction andﬁ_|m.|_he 100-nm-thick oxide etch mask was patterned using
thickness can be determined using a computer model fit. Wi ri}ect exposure electron-beam lithography (EBL) and a liftoff
the assumption that the ambient is air, the reflectance coefil- P graphy

cients are directly related to the optical constants of the surfa gli/?l\ils,f) C\vi tﬁozltgjrfzéte)imin;es,!,?gm%?leyrmﬁfahxﬁmzmg?gﬁte

nCOS ¢h; — COSP; oS i — 1.COS P; lazane (HMDS), was spin-coated. To improve the adhesion of
s = (2)  the resist and anneal the stresses caused by the shear forces
encountered in the spinning process, 30 min of AB@rebake

wheren is the complex refractive index = N — ¢K of the was followed. After the prebake, the wafer was processed
surface. with a 1:3 ratio of methyl isobutyl ketone (MIBK): iso propyl

A commercial RTSE was installed on the Lam TCP 9400S&icohol (IPA) developer for 2 min. This was followed by the
etching system. For the installation, two small view ports werdectron-beam evaporation of oxide for the hard etch mask
built in the sidewall of the etch chamber. The light source of thgatterning. We selected oxide evaporation over thermal oxide
RTSE is a high-pressure Xe arc lamp with an approximate 5-ngrowth because of its compatibility with the liftoff process at
beam diameter and intensified photodiode array (IPDA) witihe expense of its relatively lower etch selectivity over silicon.
controller (a DSP board in a PC) that detects the reflected wawer future reference, it is worth noting that the cross-sectional
from the surface. The spectral range of the RTSE is 1.8-4.5 gxbfile of the oxide etch mask after the liftoff process is
(approximately 220-560 nm) with 512 pixels for high resoluriangular rather than rectangular (Fig. 5).
tion. The measurement speed is typically 10 Hz with 10 turns/sTo investigate the potential effects of microloading during the
for the polarizer. Extraction of the thickness information fronetching process, both isolated (1:3 and 1:10 line-to-space ratio)

The measured complex ratio is usually expressed in terms of

— =
P ncosg; +cosv; © cosg; + ncosi;
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RCA cleaning

¢

Oxidation: 5 nm

¢

a-Si evaporation: 400 nm

* Fig. 5. SEM micrograph of 100-nm-wide and 100-nm-thick oxide etch mask.
HMDS/PMMA coating
TABLE |
‘ ETcH RECIPEUSED FOR ANN-DOPED ov-Si GATE-LINE ETCH IN A LAM TCP
9400SE PASMA ETCHER
Prebake: 180 C, 30 min Etch step BT | ME | OE
TCP power (W) 200 | 250 | 300
‘ bias power (W) 40 | 180 | 200
Pressure (mTorr) 13| 10 60
E-beam lithography gf;?sﬁiiﬁgn) 108 1g 8
HBr (sccm) 0| 75]100
¢ He (sccm) 0 01200
02(20 %)+He(80 %) (scem) 0 0] 10
MIBK:IPA development: 2min
¢ was designed to achieve a very high etch selectivity over oxide
(more than 100:1) utilizing mild ion bombardment to minimize
Oxide evaporation: 100 nm gate oxide loss and damage. HBr was used to maintain a highly
anisotropic etch profile in the OE. Since a bromine plasma
¢ has a tendency to form localized discharges under reactive ion
etching (RIE) plasma condition, helium was added to dilute the
Development: Acetone 1 hr HBr [18]. The noble helium gas has little affect on the surface
process that determines the silicon etching characteristics. O
* was also mixed to improve the etch selectivity @fSi with
respect to silicon dioxide. The details of the etch recipe are

SEM evaluation shown in Table I.

The ME and OE recipe were adopted from the Bell Labs
recipe [19]; however, our plasma etching system is equipped
with a small vacuum pump (100s), forcing us to cut the ME

and nested gate-lines (1:1 line-to-space ratio) were patterneoggr? flow rate in half. Despite the reduced gas flow, we were

. . only able to maintain a 10 mtorr chamber pressure which is
a 4-in wafer. In this research2ax 2 cm patterned sample was ; . .
. substantially higher than the 2 mtorr of Bell Labs. To increase
used instead of a whole wafer due the well-known problem

long exposure time with EBL. The sample was introduced in roughput, the majority of gate material near the gate oxide is

the etcher via a carrier wafer: each sample was mounted oﬁ%hed during the high etch rate ME stage, leaving the residual

oo . gate material to be etched under the highly selective OE stage
6-in silicon wafer via vacuum grease, and then etched. We usgd. - : ) )
as illustrated in Fig. 6. However, in our experiment, the oxide

a Philips XL 30 FEG scanning electron microscope (SEM) 19 : .
evaluate the etch profile of the sample after etch. etch_ mask was close to triangular since an electroq-beam evap-
oration and liftoff process was used. Because of this etch mask
shape, the low etch selectivity of evaporated oxide18i, and
the high-aspect ratio, the ME had to be terminated when only
half of the gate was etched so as to preserve the integrity of the
We used a three-step etch recipe consisting of BT, ME, aatth mask.
OE, with chlorine and bromine process gases. The BT steplo investigate the effect of ME and OE on the etch profile
etches a thin layer of native oxide from a wafer surface lf our high-aspect ratio gate structure, two sets of experiments
employing GFs. Since the subsequent ME is highly selectivevere conducted. In the first set, 10 s of BT was followed by
to oxide, this BT step is critical in preventing micromaskingeach of 45, 60, and 75 s of ME, without OE step; whereas, in the
To improve etch rate and minimize undercut, a chlorine arsgcond set, 10 s of BT was followed by each of 80, 100, and 120
bromine gas mix was used in the ME step [1], [2]. The OE stegof OE, with no ME step. To facilitate etch profile comparison,

Fig. 4. 100-nm oxide etch mask patterning step employed in this study.

I1l. ETCH PROCESSDEVELOPMENT AND THE IMPORTANCE OF
ME TO OE TRANSITION TIMING
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TABLE I
CD MEASUREMENT OF THETWO ETCH PROFILES WITH DIFFERENT
ME TIME, 45AND 60 s

Top | Bottom | Space
10/45/120 sec | 67 nm | 125 nm | 75 nm
10/60/120 sec | 55 nm | 110 nm | 90 nm

evaporate
Oxide
TEOS
Magn F—— 2p0nm
1 Q00 1OAGF 20
WSiy ME to OE .
— o-Si
ME to OE poly-Si

—

Oxide

Fig. 6. Gate structures developed in the Bell Labs (left) [19] and the one used
in this work (right). They are not drawn in scale.

WA f— 20 nm

V00000 1G0T 2

(b)

Fig. 8. Etch profile variation with different ME etch times: 45 s versus 60 s.
(a) 10/45/120 s BT/ME/OE. (b) 10/60/120 s BT/ME/OE.

s of OE to etch any residuatSi materials. The cross-sectional
etch profiles of the two samples are presented in Fig. 8.

The 60 s of ME caused greater erosion of the oxide etch mask
resulting in a narrower gate top and a wider space between gate
structures. At45 s of ME, the average CD for the top of the dense
gate lines was 67 nm, as opposed to 55 nm at 60 s of ME. In ad-
dition, at 45 s of ME, the space at the foot of the gate between
adjacent gate structures proved to be wider than at 60 s of ME
(125 nm as compared to 110 nm). It is evident from this experi-

) . . . . ent that in terms of the amount of gate material etched, the ME
in the ME. Fig. 7 illustrates the cross-sectional etch profiles {)gcrucial to the final etch profile. Moreover, it becomes obvious

each experiment. . . .

. . L at the conventional timed etch in the presence of severe etch
Thg samples were dipped in buffered hydroflupnc ac'd.(BHé te drift can seriously compromise production consistency.

solution for 10 s after the etch to remove any residual oxide etc

mask or redeposited oxide-like materials on the sidewall. There
was a clear difference observed in the etch profile achieved iHV' DEVELOPMENT OFENDPOINT DETECTION ALGORITHM
the ME with its intensive ion bombardment, compared to that Once it becomes evident that the transition timing from ME to
of the OE with more mild ion bombardment geared to improv@E is a critical stage in maintaining an etch profile, the next task
etch selectivity. A prolonged ME caused the loss of gate oxid@eto develop a system that can accurately determine the transi-
and produced a narrower gate structure due to the loss of efiom timing from ME to OE. This, however, requires measure-
mask integrity. In the OE, on the other hand, the re-depositionmint of film thickness variation with very fine resolution. To
etch products on the wafer surface with mild ion bombardmetftis end, we employed a RTSE system to measure the real-time
contributed to the deterioration of the etch mask pattern transfidm thickness of the gate material during the etching process.
This, in turn, increased the gate CD. Unfortunately, due to the limited detection range of the RTSE
We next examined what affect time variations in the MBEetup at the University of Michigan, we could not measure the
would have on the final etch profile. To do so, we conductedSi thickness in real time. Therefore, we measured the film
the following experiment. After 10 s of BT to etch the nativehickness of & x 2 cm n-doped poly-Si sample placed in the
oxide, one sample was subject to 45 s of ME, whereas the otkbenter of the 6-in Si carrier wafer [13]. Assuming constant etch
sample was subject to 60 s. Then, both samples underwent $2ctivity of poly-Si overy-Si, the measured poly-Si thickness

Fig. 7. Cross-sectional etch profile of various ME and OE etch times.

the OE etch time was set to etch the same etch depthSifas
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In situ riasma ness variation accurately under poor measurement resolution,
Measurement Etching process . . .
we built a simple model based on the assumption that the etch
RTSE | = |Lam TCP9400SE rate of poly-Si is a constant, but unknown [20], [21]:
. |=etchr nstan
Poly-si Etch Etch d = etch rate= constant 3)
thickness Stop Continue ) o )
! whered is the actual poly-Si thickness. Then, the model is
Kalman: :__l_‘_' """" :\ .
Filter y YES'  NO d=0+v
Desired Estimated : :
Inter-measurement  Poly-si thickness | y=d+w (4)

si etch depth
@SI e CeRR |- - -, | Poly-si thickness

; Estimation where
Etch . . .
selectivity Desired a-Si etch depth A v white gaussian noise,
e

. w measurement noise;

Etch selectivit i -
I P3N y  measured poly-Si thickness.
. «— The state equations are given in vector matrix form as
Fig. 9. Diagram of endpoint detection algorithm. 2y = Axy + Guy = {8 (1)} s + [ﬂ oA
variation was then converted to an equivalen8i thickness Y. = Cap, +wy, =1 0]z, 4wy, )

change (Fig. 9).
Although an oxide measurement is much simpler due to itghere subscript denotes continuous time atg denotes dis-
simple optical model, poly-Si was selected at the cost of mezrete time. The state vectar, consists of two states;; =
surement speed because it has similar etch characteristicézte x2:] = [film thickness etch raje State and measurement
a-Si. Our experimental results showed that the long-term oxideise,v; andwy, , are both modeled as independent, zero mean
to «-Si etch selectivity drif{ 30) was approximately 11% of the Gaussian with 0.154 variance for and 150.7 variance fap,.
average etch selectivity (6.5), whereas n-doped poly-&+8 The state equation is alinear continuous-time system as opposed
etch selectivity drift was only 2.5% of the average etch selets the output (measurement) equation which is a discrete-time,
tivity (0.91). The initial «-Si thickness was measured by a SHnear observation taken at time instapt Between measure-
(Spectra Photometer) before the etch. ments, the optimal (minimum variance) filter for the contin-
The problems which emerged from the use of n-dopesbus-discrete system (5) satisfies the differential equations [22]:
poly-Si for the estimation ofi-Si thickness are slow measure-

ment speed and a time delay coming from the film thickness d_x: = A#!

extraction. The reliable measurement speed of n-doped poly-Si dtt

in real time, with the concurrent extraction of film thickness ary = AP' + PIA + GQG', t, <t<tpy1 (6)
from the collected ellipsometrc data, was approximately 0.4 Hz. dt ' ' -

At the given 0.4-Hz measurement speed, we observed abowfifere’ denotes matrix transpose. And at measurerent
10-nm change of n-doped poly-Si in every measurement under

. e . . . + — —
nominal e@ch.condmons..Thls_, only prov[ded appro>§|mately 9.1 95:'[ _ 95:'[ + K(t) <Uk _ Cizf )
nm of «-Si thickness estimation resolution, assuming constant
- o i . : . _ _
etch selectivity. Accurate determination of film thickness is Pttkk _ Pttkk ~K( tk)CPtt,f @)

further complicated by the time delay inherent in obtaining data

from two discrete sources: hardware and software. The RT@kth a Kalman—Bucy gain:
system involves an approximate 0.18-s time delay to acquire
ellipsometric data. This hardware delay reflects the elapsed
time in which the reflected light is acquired by the IPDA and
transformed into the ellipsometric data format required for the
optical model fitting. The software delay, on the other hand! ire
originates from the process of matching the collected ellipso-*t
metric data to the optical model of the film layers. The amount

of delay depends on the variation of film thickness between
measurements and the complexity of the film’s optical model.

We solved these problems by implementing a Kalman—Buc
filter including a model-based algorithm which compensat%gs/q
for the time delay. !

_ _ —1
K(t) 2P ¢ {OPI: C' + R} ®)

conditional mean of the stateat timet given all mea-
surementg on the interval0, 7];

covariance matrix of states

variance of state noise;

variance of measurement noise, aid- 0.

uation (6) can be approximated by the discrete solution as
ollows. Between measurements:

w1 7] .
A. Kalman-Bucy Filter Development and Implementation Tt = [0 1}”
The Kalman—Bucy filter is a very efficient, easy to use, recur- Pk 1 T Pk 1 0 aoc 9
sive least-squares filter. In order to determine the poly-Si thick- 1= g 1|k |T 1 +aQ ©)
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¥ © % © X ellipsometric data) occurs, the time stamp generated at that
Time t1 2 3 4 15 same moment is stored #. Due to the optical model fitting
Thickness d1 @2 d2 43 d3 delay, however, new thickness information is updated. with a
delay of approximately 1.5-1.7 s. When the new thickness
Fig. 10. lllustration of measurement time stamp and thickness informaticlmformatlon is updated, the Kalman-Bucy gain, Co_\/a”ance
update via RTSE syster.represents measurement occurrence@igiwhen  matrix (P) and current states are all updated. For instance,
the new measured thickness information is available. in Fig. 10, at timet;, a new measurement has occurred, yet,

the extracted thickness is only available at titae the time

- interval, t; — t1, is the elapsed time for the film thickness
Initialize . . . . . .
states, gain extraction. When new thickness informatiafy) is available at
t2, the new thickness, is compared to the estimated thickness
=l from the Kalman—Bucy filter, and then, the Kalman-Bucy
gain and covariance matrik are adjusted. After the update,
New Yes ) the Kalman—Bucy filter continues to estimate the film thickness
time — - t_s=new time stamp . . . . . .
stamp? at a 0.1-s time interval until subsequent thickness information
No becomes available. This iteration is continued until the endpoint
l‘ is detected. The Kalman—Bucy filter was implemented as a
t ket s MATLAB program and tested using actual n-doped poly-Si
thickew >, Yes update gain, covariance,|  €{Ch data. After verification of the filter performance, the code
data? and current states was converted into a LabVIEW program running on a PC
No| _ | and used for the endpoint detection of ME. The experimental
i results are presented in the following section. The MATLAB

- code is available in the Appendix.
update covariance

estimate new states

B. Blank Wafer Endpoint Detection Experiment

l 1) Vacuum Grease EffectDue to the difficulty of the mass

_ Yes |s productio.n of a patterned sample by electron-beam !iFhography,

- Eig:in a small piece of patterned sample was etched. A silicon-based
9 vacuum grease was used to attach»a2 cm patterned sample

on a 6-in silicon carrier wafer. The grease serves a dual purpose,
providing mechanical stability as well as good thermal conduc-
tivity between the sample and the silicon carrier wafer. It is im-
Fig. 11. Flow chart of film thickness estimation based on a Kalman-udortant to note that the etch result for a vacuum grease applied

No

filter. small patterned sample, such as ours, may differ from the etch
achieved on a patterned 6-in wafer. Therefore, it is necessary to
and at measurement: verify that the experimental result obtained from a small sample
with vacuum grease are valid for a 6-in production line wafer.
ik = @ﬁ—l + K(k) (yk — Cﬁ;ﬁ—l) We elected to focus on comparing etch rate since our etch profile
Pk =Pt _ K(k)OPF! (10) control is based on film thickness estimation. Tam®i samples,

2 x 2 cmin size, were pasted on a 6-in silicon carrier wafer and
wherez, is the state aty, T is the time interval between two €tched (Fig. 12). Then, the etch depth of each sample was mea-

measurements which was set to 2.5 s in this experiment, angured. S o
We assume that the plasma is uniformly distributed on both

K(k) = p}f*lcf [Cp}fflcf + Rk] -t (11) samples and that the etch rate difference is only affected by the
vacuum grease. The average difference of etch depth between
Fig. 10 illustrates when the RTSE measurement occurs and rtée two samples was 1.35 nm/min with a 1.05-nm standard de-
measured thickness information is available. viation (o). After that, a 6-ina-Si wafer was etched under the
If there were no time delay in the thickness extraction frorsame etch condition. This wafer had the same film layers as the
the collected ellipsometric data, new thickness informatigereviously etched-Si sample: 400 nm af-Si on 5 nm of gate
would be available as soon as the measurement has occumede. The same points were measured as in the previous ex-
and could be used immediately to update the Kalman—-Bupgriment, and the result showed 1.05-nm/min etch difference
gain (K) and covariance matri&P). However, to compensatebetween the two positions with 0.7-nm standard deviation. In
for the time delay, we needed to trace two time variablgs: terms of the etch nonuniformity, 0.3-nm/min etch rate variation
the time when the most recent measurement occurredandresulting from the vacuum grease can be considered insignifi-
the time the most recent Kalman—Bucy gain was updated. Aant compared to the typical etch rate of 207 nm/min in the ME.
can be seen in Fig. 11, the Kalman—Bucy filter checks the tinfdaus, we conclude that the result of our experiment conducted
stamp and thickness information at an estimation interval oh a small patterned sample can be transferred to a patterned
0.1 s. When new film thickness measurement (collecting onyin wafer.
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2x2 cma-Si sample
on 6" Si wafer

Fig. 12. Schematic of the wafers used in the vacuum grease disturbance

6" o.- Si wafer
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Complex reflection coefficient (p):
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Polarizer Analyzer
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o.-Si

n-doped poly-Si

Fig. 14. Schematic of a blank n-doped poly-Si sample etch depth measurement
to estimate thev-Si etch depth with the use of an RTSE system.
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Fig. 15. Comparison of the closed-loop etch and open-loop (timed) etch of
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Fig. 13. Experimental result of the poly-Si endpoint detection with the use of . .
a gKa|man_BECy filter. POy P etch when 200 nm af-Si was etched. On the other hand, in the

open-loop configuration, the ME time was set to 58.2 s which is
2) Blank Poly-Si anc-Si Endpoint Detection:To deter- the average etch time to etch 200 nnaeSi under nominal etch

mine the performance of the endpoint detection system, two S%?gditions. The ave(;age etch depth ;)f;he closeld—loop e:]ch Wis
of experiments were conducted. In the first experiment, usi 0.7 nm compared to 197.5 nm of the open-loop etch. Etc

the Kalman-Bucy filter, we set the endpoint detection system pth _drift was significantly redl_‘ced with the use of endpoiqt
stop the ME of a blank n-doped poly-Si sample etch when 2gﬁtectmn system from 10.3 nm in open-loop etch to 3.9 nm in
nm of poly-Siwas etched. Fig. 13 illustrates the result of a bIar?IPSEd'lo‘)p etch.
n-doped poly-Si endpoint detection experiment. The square dots
are the RTSE measurement of the poly-Si thickness and fre
dotted line is the estimated thickness at the 0.1-s estimation inThough a random disturbance can seriously compromise sta-
tervals of the Kalman—Bucy filter. The estimated etch rate fludility in the etching process and contribute to deterioration of
tuation, shown as a dashed line, is evidence of the well-knowavice yield, an intentional disturbance is a useful tool in deter-
oscillations of etch thickness caused by the imperfect reflectiamning the robustness of a control system. To verify the robust-
index model of poly-Si. The gap between estimated and ma®ess of our endpoint detection system, we intentionally intro-
sured thickness represents a time delay of 1.4-1.7 s, which atweed chemical and physical disturbances into a standard ME.
responds to 6—7 nm difference in thickness. Over repeated te$tse chemical disturbance consisted of changes in the chem-
we were able to detect the endpoint of blank poly-Si in ME tizal composition or the concentration of the plasma, whereas
within 1 nm accuracy. the physical disturbance consisted of changes in intensity of
The second set of experiments was conducted to determioe bombardment energy. In the first experiment employing a
the accuracy ofi-Si endpoint detection by observing variatiorchemical disturbance, a chamber was vented and exposed to the
of n-doped poly-Si thickness and estimationoe8i thickness atmosphere, and then cleaned with hydrogen peroxid©®4H
based on the etch selectivity. As shown in Fig. 12,522 cm and IPA. In the second experiment, a chemical disturbance was
blanka-Si sample was placed beside an n-doped poly-Si sampitroduced by intentionally changing £flow rate by+5 sccm.
and then etched. The thickness of tiSi sample, before and And, in the last experiment, a physical disturbance was intro-
after etch, was measured by a SP. duced by changing bias power byl 5%, decreasing ion bom-
The etch results in closed-loop configuration employing amardment intensity, which in turn decreases the etch rate. In all
endpoint detection system and open-loop (timed) configuratioases, the endpoint detection system was set to stop the ME
are compared in Fig. 15. In the closed-loop configuration, tlvehen 200 nm of¢-Si was etched which takes 58.2 s under nom-
endpoint detection system was programmed to terminate thal etch conditions.

Disturbance Rejection
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Fig. 16. Comparison of the closed-loop and open-loop (timed) etch undeiy. 17. Comparison of the closed-loop and open-loop (timed) etch under
chamber venting disturbance. chlorine flow rate disturbance;5 sccm.

The performance of the endpoint detection system in the pres-
ence of a chamber venting disturbance (the first experiment) is

presented in Fig. 16. 204 _

A significant decrease in the etch rate was observed for the _ 202: \ /\_D_ Openloop_|4
first several etches. The absorbed water vapor in the chamber E .00 /
walls evaporates and oxidizes the silicon wafer surface. The ex- ;__.’ . AV v 1
tensive oxidation of the-Si surface may retard the etch process 2
resulting in a decreased etch rate. However, as the etch pro- g 196 ¢ ]
ceeds, the absorbed water vapor becomes exhausted, and there- £ 194+ A R
fore, the chamber condition returns to normal. To etch 200 nm 192] = TN N .
of «-Si, the initial 68 s of ME was reduced to about 59.5 s after 190 ) - . .

0 2 4 6 8

seven repeated etches. The average closed-loop etch depth was
maintained at 201.1 nm and3a of 11.4 nm, as opposed to the
open-loop etch depth with an average of 186.7 nm asal af_ Fig. 18. Comparison of the closed-loop etch and open-loop (timed) etch under
30.3 nm. As demonstrated here, the etch process employingas power disturbance;15%.

endpoint detection system is obviously superior to the conven-

tional timed etch in its ability to respond to and correct a ventin . . . .
y P g For the third and last experiment, a physical disturbance

disturbance. : : .

) ) . was created by decreasing the bias power by 15% to simulate

In the second experiment, a chemical disturbance was lly,\ver transmission mismatch in a matching network. De-

troduced by increasing the chlorine flow rate by 5 sccm. Thgeased bias power reduces the ion bombardment intensity,
chamber pressure was kept fixed, forcing the chlorine concgprich reduces the etch rate of both poly-Si an8i. The effect
tration in the plasma to increase. The high reactivity of chloring ye creased bias power on the etch rate is illustrated in Fig. 18.
to silicon and the increased proportion of chlorine in the plasmg,q open-loop etch had an average etch depth of 192.8 nm for
serve to increase the vertical and lateral etch rates. An appradé> o of ME. However, the closed-loop endpoint detection
mate increase of 6% in the proportion of chlorine in the total 9a3heme worked well under the severe bias power disturbance,
flow rate increases the-Si vertical etch rate by 5%. To Compen'achieving an average etch depth of 201.1 nm withraf 4.9
sate for the increased etch rate, the endpoint detection sysfem 1, compensate for the decreased etch rate, the closed-loop

terminated the ME approximately 2.3 s earlier than the averagfinoint detection system extended the ME time from the
of 58.2 s under standard ME conditions (Fig. 17). Although tr}9pica| 58.2 10 60.7 S.

closed-loop etch provides tighter control of etch depth, it has an
etch depth bias of about 7 nm. The etch depth bias may come
from the changed etch selectivity of poly-Si oweiSi under

the chemical disturbance. As mentioned before, the estimatiorin the previous section, we presented that a closed-loop etch
of «-Si etch depth is based on the poly-Si etch depth meamploying an endpoint detection system with an RTSE and
surement and assumption of constant etch selectivityaFBé a Kalman—Bucy filter improves the control of etch depth and
sample used in this experiment has a different crystal struct@teh depth variation over the conventional open-loop (timed)
and phosphorus doping concentration from the n-doped poly€ch system, with or without the presence of an intentional dis-
sample. Therefore, the etch rate change of n-doped poly-Si ntagbance. The previous experiments were performed on blank
be different from the etch rate of Si resulting in changed etch wafers, yet our goal was to improve the production reliability of
selectivity. Thus, the variation of the etch selectivity of n-dopeah etch profile. We therefore moved on to the etch of patterned
poly-Si over«-Si under this chemical disturbance, which wasamples. First, we used a patterned sample with 100/400/5 nm
assumed to be a fixed number, may cause the bias. of an oxide mask¢-Si/gate oxide structure. With this sample

Experiment # 3

V. APPLICATION OF ENDPOINT DETECTION
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etch, we intentionally introduced the disturbances described in
the previous section. The endpoint detection system was set to
terminate the ME when 207 nm of-Si was etched, then the
timed OE continued to etch the rest of theSi. Next, we cut

the a-Si thickness to 200 from 400 nm to simulate industry
parameters and etch near to the gate oxide.

A. 0.1:m 400-nm-Thick n-Doped-Si Gate Etch

We first etched a 0.}4m patterned sample under the standard
etch conditions without disturbance: 10/60/100 s of BT/ME/OE.
A 60 s of ME etches approximately 207 nm @fSi under the
standard etch conditions. This standard etch profile was used
to measure the influence of the disturbance on the etch profile.
Then, in the ME, we intentionally introduced a disturbance of a
50% increase in Glflow rate. In the closed-loop etch, we aimed
to stop the ME when the etchedSi etch depth reached 207
nm, and then proceeded to the OE to etch the rest ofetBé
On the other hand, in the open-loop etch, the patterned sample
was etched for 10/60/100 s of BT/ME/OE under the same dis-
turbance as in the closed-loop etch. Fig. 19 illustrates the etch
profile of standard, open-loop, and closed-loop etches.

A 15-s dip in BHF was employed to etch any residual oxide
etch mask and re-deposited oxide-like materials on the wafer
surface. The undercut at the gate bottom was produced during
this BHF dip. Due to the increased chlorine flow rate, the lateral
etch was enhanced resulting in worsened undercut under the
oxide etch mask. In the closed-loop etch, the ME was terminated
earlier than 60 s to compensate for the increased etch rate, and
thus it reduced the duration of the lateral etch. The CD atthe gate
top was 72 nm in the standard etch, 48 nm in the open-loop etch,
and 67 nm in the closed-loop etch. The CD at the gate bottom
was 113 nm in the standard etch, 76 nm in the open-loop etch,
and 106 nm in the closed-loop etch. Itis clearly shown in Fig. 19
that the closed-loop etch profile is more similar to the standard
etch than the open-loop etch (see Table Il1).

(b)

B. 0.14m 200-nm-Thick n-Doped-Si Gate Etch

In this experiment, we decreased theSi thickness to 200
nm, al_mlng to prOdl.Jce a 2:1 aspect ratio gate Strucmre'i@lg. Comparison of the open-loop and closed-loop etch profile under
changing t_h_e gate th|CkneS_S t0 200 nm, we S'mUIa_ted astan % increase of Glflow rate disturbance in ME. (a) Standard etch. (b)
etch condition in the semiconductor manufacturing industr@pen-loop (timed) etch. (c) Closed-loop etch.
etch near to a gate oxide in ME. At this juncture, we attempted to
etch 190 nm of 200-nm-thick-Si during the ME, which takes TABLE Il
approximately 55 s. A standard etch without any disturbance for MEASURED CD OF STANDARD, OPEN-LOOR, AND CLOSED-LOOP ETCH

10/55 s of BT/ME was conducted to check any etch profile drift PROFILE OF 4:LAND 2:1 ASPECTRATIO GATE ETCH

and to provide a baseline. Then, an open-loop etch for 10/55's ™ 4:1 aspect ratio | Standard | Open-loop ] Closed-loop
of BT/ME was performed with a disturbance in the ME, a 50% Top CD (nm) 72 nm 48 nm 67 nm
increase in the bias power. And, finally, a closed-loop etch em- ~_Bottom CD (nm) | 113nm | 76 om 106 nm
ploying endpoint detection was conducted under the same bias _ 21 aspect ratio | Standard | Open-loop | Closed-loop
. A . . Top CD (nm) 93 nm 54 nm 77 nm
power disturbance. With increased bias powerqt&i etch rate Bottom CD (nm) | 108 nm 93 nm 93 nm

was increased because of the intensified ion bombardment. As
shown in Fig. 20, the 5 nm of a gate oxide was fully etched in
the open-loop etch, and furthermore, the etch proceeded to tiisturbance was comparable to that of the standard etch without
silicon substrate resulting in a 220-nm gate height. disturbance. It should be noted that the rather large bias power
In contrast, the closed-loop etch terminated the ME to cormcrease was employed as a disturbance to demonstrate the etch
pensate for the increased etch rate, resulting in the gate oxutefile repeatability. That is, under a mild increase in the bias
being intact. The closed-loop etch profile under the bias powgower, an open-loop etch profile would not be as dramatically
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TABLE IV
VALIDATION EXPERIMENTAL RESULT OF THEME ENDPOINT DETECTION Of 4:1
AND 2:1 ASPECTRATIO GATE ETCH UNDER DISTURBANCE

4:1 aspect ratio | Standard | Open-loop | Closed-loop
Top CD (nm) 84 nm 55 nm 77 nm
Bottom CD (nm) | 135 nm 105 nm 124 nm
2:1 aspect ratio | Standard | Open-loop | Closed-loop
Top CD (nm) 113 nm 50 nm 90 nm
Bottom CD (nm) | 128 nmn 108 nm 119 nm

etches under disturbance always achieved better etch results
than the open-loop etches.

VI. CONCLUSION

In this paper, we investigated the etch profile control of a
high-aspect ratio, 0.1im «a-Si gate structure. Since the ME
time is critical to the final etch profile, we focused on the de-
tection of the transition timing from ME to OE. For this, an
endpoint detection of-Si was developed with the use of a
Kalman-Bucy filter and a real-time spectroscopic ellipsometer
to observe n-doped poly-Si thickness in real-time. We demon-
strated the robustness of our endpoint detection technique under
physical and chemical etching disturbance environments. Fi-
nally, our endpoint detection system was applied to;thipat-
terneda-Si gate etch. It was proven that the accurate transition
timing control from ME to OE improves the etch profile repro-

ducibility.
APPENDIX |
M-FILE FOR ENDPOINT DETECTION
function [endtime, states, K] =
endpoint _delay(data,estimation _step,desired _depth);

% Kalman—Bucy filter MATLAB code for etch endpoint detection

. . ) % via film thickness estimation compensating time dela
Fig. 20. Comparison of the open-loop and closed-loop etch profile under a P g y

50% increase of bias power disturbance in ME. (a) Standard etch. (b) Open-I§bgNPUTS:
(timed) etch. (c) Closed-loop etch. % data=[RTSE time stamp, film thickness]

% estimation _step—time interval to estimate the film thick-

poor as the one obtained with a 50% increase. Nonetheless, any
possible bias power disturbance in the open-loop etch would agdesired _depth—desired film thickness to stop etching
versely affect the gate and silicon substrate by permitting ief outpuTs:
penetration through a thinnefSi layer than that of a standards endtime—the time when etch stopped
or closed-loop etch. Because of unavailability of the equipmefatstates—estimated states when etch stopped
that permits us to evaluate the more subtle influence createdvby—kaiman-Bucy fitter gain
the moderately increased bias power, we were forced to resertiopeL:
to a drastic bias power increase that produced gate oxide l@sSdot = axx+exs
evident even in visual inspection. The gate width at the top amd=c+x+«
bottom in the standard etch were 93 and 108 nm, respectivelys = [1 0;0 0], X = [z_1;2.2], where _1 is film thickness and
as opposed to 54 and 93 nm in the open-loop etch, and 77 and:93is etch rate
nm in the closed-loop etch. The narrow gate width has mainkyc = [0;1], B = [1 0] is 2 dimensional noise
caused by the erosion of the oxide etch mask which was W< = [1 0],y = =_1, film thickness
creased by the severe ion bombardment. This is due to the strang is measurement noise
dependence of the oxide etch on ion bombardment energy. % programmed by H.-M. Park and J. W. Grizzle

To verify the robustness of the developed ME endpoint de%%%%%% INITIALIZATION
tection system, a validation experiment was conducted one y@&a& [1 0);G = [0;1];
later. As a disturbance source, the same amount obbias % Variance of etch rate and measurement noise
power disturbance was used to etch 4:1 and 2:1 aspect ratio gate o.154; R = 150.7;
structures, respectively. As shown in Table 1V, the closed-loep states of the system
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z_hat _k = [data (1,2);—3.6];

z_hat _new = [data (1, 2);—3.6];

d_hat = data (1, 2);

% Initialize the current covariance matrix of z and
Kalman—Bucy gain

P_cur = [140 0;0 0.22]; K_cur = [1.5;1.0];

% Initialize the time of the most recent data is taken

t_s = 0.0;

% Initialize the time of the Kalman—Bucy filter gain was

updated

t_k = 0.0;

% Initialize the RTSE _time, the RTSE generating time stamp

RTSEtime _old = data (1, 1);

% Initialize the RTSE _thickness, the RTSE measured thickness

RTSEthickness _old = data (1,2);
% Initialize the counter
1 = 0

%%%%%%%% ETCH DEPTH ESTIMATION

% Continue the estimation until the desired etch depth
reaches

while ( d-hat > desired _depth)

1 =1+ 1;

t = estimation  _step *i;

% Load next RTSE_time and RTSE _thickness from data file

RTSEtime _new=data (i,1); RTSE_thickness _new = data (i, 2);

if (¢==1)

RTSEtime _old = data (7,1); RTSE_thickness _old = data (%, 2);

else

RTSEtime _old = data (¢ —1,1); RTSE_thickness _old = data (i — 1, 2);
% If RTSE_time (time stamp) is updated, then save it to t_s
if (RTSE _time _new = RTSEtime _old)

t.s =t

z_hat _old = z_hat _new;

end

% If RTSE_thickness is updated, then update t k

if (RTSE _thickness _new = RTSEthickness _old)

t_k_old = t_k;

t_k = t_s;

% Update the Kalman-Bucy filter gain, covariance matrix

K._new= Pold * B xinv (Bx* P_old « B’ + R); K(:,i) = K_new;
P_cur = P_old- K_new = B =+ I’_old;

% Update current state

z_hat _k = x_hat _old + K _new x (RTSE_thickness
end

Pnew=1[l t—tk;0 Ll«xPocur [l t—t k01 +G*xQ=G;
P_old = P_new;

z_hat _new = [1 t — t_k;0 1] x z_hat _k;

_new- B * xz_hat _old);

% Calculate estimated film thickness

d_hat = B x z_hat _new; state (:,7) = z_hat _new;
end

endtime = 4;

return;
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