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In Situ Monitoring of Silicon Plasma Etching Using a Quantum

Cascade Laser Arrangement™**

By Gabi Daniel Stancu, Norbert Lang, Jiirgen Réjpcke* Marco Reinicke, Andreas Steinbach, and Stephan Wege

In etch plasmas used for semiconductor processing, concentrations of the precursor gas NF; and of the etch product SiF; are
measured online and in situ using a new diagnostic arrangement, the Q-MACS Etch system, which is based on quantum
cascade laser absorption spectroscopy (QCLAS). In addition, the etch rates of SiO, layers and of the silicon wafer are moni-
tored including plasma-etching endpoint detection. For this purpose the Q-MACS Etch system is working as an interferome-
ter arrangement. The experiments are performed in an industrial, dual-frequency, capacitively coupled, magnetically en-
hanced, reactive ion etcher (MERIE), which is a plasma reactor developed for dynamic random access memory (DRAM)
technologies. In the spectral range 1028 + 0.3 cm™, the absorption cross-sections of SiFy and NF; are determined to be
o=(77%0.7) x 107" cm? molecule™ and o= (8.7 £ 0.8) x 107 cm® molecule™, respectively.

Keywords: Absorption cross-section, Concentration, Deep trench etching, Infrared absorption, Interferometry, MERIE, NF;,

Plasma etching, QCLAS, Quantum cascade laser, SiF,

1. Introduction

Molecular plasmas in the low- as well as in the high-pres-
sure range are of increasing importance, not only for funda-
mental research but also for plasma processing and tech-
nology. Thin-film deposition, semiconductor processing,
the destruction of toxic compounds, surface cleaning and
treatment are established applications of plasmas.

During the last forty years, plasma etching has become a
fundamental parl of processing of integrated circuits. The
optimization of the plasma chemistry of etching processes
includes the identification of the mechanisms responsible
for plasma-induced surface reactions combined with the
achievement of uniformity in the distribution of molecules
and radicals for homogeneous wafer treatment.

The necessity of higher packing densities of modern de-
vices requires the reduction in critical lateral dimensions and
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of layer thicknesses. At present, fabrication technologies of
dynamic random access memory (DRAM) are facing critical
dimensions below 60 nm and etch aspect ratios of about one
hundred, These aspects demand significantly improved
knowledge about comiplex process mechanisms, including
the control and monitoring of industrial plasma reactors.

During etching processes, selected areas are removed
from the wafer substrates. In the process of semiconductor
fabrication two types of etching have been used so far, wet
etching and plasma etching. Wet etching is a pure chemical
reaction and it has the disadvantage of producing isotropic
etch profiles. Due to the increasing chip density, the under-
cutting effect becomes problematic. Therefore, this tech-
nique has been replaced by dry etching which is a plasma-
sustained process. Plasma etching provides anisotropic etch
profiles. In plasma free radicals and ions are generated
which remove material from the area that is uncovered by
a pattern mask made, for example, of a photo resist by pho-
tolithography.

Therefore, plasma etching has become a very important
technology in the production of electronic circuits. The cost
reduction of the final product relies on the high reproduc-
ibility of the etching processes in the plasma. Thus, in the
past, several approaches have been used to study and to
monitor plasma-etching processes. Nevertheless, the imple-
mentation of diagnostic tools into the production systems is
rather complicated due to specific requirements that have
to be considered while fulfilling clean room specifications;
on-line and in situ monitoring capability, and the non-intru-
sive character of the method.

Nowadays, in deep trench etch reactors, in situ monitor-
ing of plasma etching is usually performed with optical
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emission spectroscopy (OES), self-excited clectron reso-
nance spectroscopy (SEERS), and mass spectrometry
(MS).1! Generally, the etch performance is analyzed by ex-
situ methods, such as gravimetry, scanning electron micros-
copy (SEM), interferometry, and ellipsometry. On-line
monitoring using OES has the advantage of being a non-in-
trusive and fast measurement method, but it has to be con-
sidered that with OES only direct information about the
conceniration of the excited species can be achieved. In or-
der to obtain ground state concentrations, complex models
and calibration methods are necessary. Furthermore, often
the species selectivity is not sufficient. Using SEERS, glo-
bal plasma parameters about the electron component, such
as electron density and electron collision rate, can be de-
rived. With MS, concentrations of several species can be
monitored, but comprehensive calibration is required for
achieving quantitative data. MS is an intrusive method and
a high time resolution is difficult to realize. Hence, MS is
mainly used in research and development.

Broad-band infrared spectroscopy, in particular Fourier
transform infrared (FTIR) spectroscopy, has been used as
an approach for investigations of plasma e(ching and CVD
processes. Recently, Grihlert et al. analyzed the composi-
tion of exhaust gases with the help of a FTIR arrangement
in a specially designed measuring cell.’”! These measure-
ments were performed in the exhaust of the process reactor
outside of the clean room area. For appropriate sensitivity
of the absorption measurements, a liquid nitrogen-cooled
detector was used. Although the measuring frequency and
spectral resolution were rather low, 0.14 Hz and 1 em™, re-
spectively, information about several stable components of
the exhaust gas could be achieved.

In the past, few attempts using laser absorption and inter-
ferometer techniques were made for on-line monitoring in
plasma etch reactors. A laser interferometer using lineatly
polarized radiation of a He—Ne laser at 632.8 nm for moni-
toring etching rates in plasma, and controlling the etched
depth of isolation areas in silicon for oxide-isolated bipolar
devices, has been demonstrated by Sternheim et al?! Simi-
lar work has been done by Heason and Spencer using tun-
able, near-infrared lasers.”! An endpoint detection system
for plasma etching based on tunable diode, laser absorption
spectroscopy (TDLAS) in the infrared spectral range with
lead salt lasers has been described by Sun et al. ¥l Lead salt
lasers are narrow-band laser sources with the advantage of
high spectral intensity, narrow bandwidth, and continuous
tunability over the absorption profile. Using TDLAS, Sun
et al. monitored the concentration of SiF, by measuring its
absorption at 1023 cm™.M!

The main disadvantage of TDLAS systems, based upon
lead salt diode lasers, is the necessary cryogenic cooling of
the lasers (and also of the detectors), because they operate
at temperatures below 100 K. Systems based upon lead salt
diode lasers are typically large in size, and require closed
cycle refrigerators and/or cryogens such as liquid nitrogen.
The recent development and commercial availability of
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pulsed quantum cascade lasers (QCL) offers an attractive
new option for infrared absorption spectroscopy.[(’“”]

Pulsed QCLs are able to emit mid-IR radiation near to
room temperature. Compared to lead salt lasers, QCLs al-
low the realization of very compact mid-infrared sources
characterized by narrow line width combining single-fre-
quency operation and considerably higher power values,
i.e., of tens of mW. The output power is sufficient to com-
bine them with thermoelectrically cooled infrared detec-
tors, which permits a decrease in the apparatus size and
gives a unique opportunity to design compact, liquid nitro-
gen-free, mid-IR spectroscopic systems. These positive fea-
tures of QCLAS can open up new fields of application in
research and industry, including in situ control of industrial
plasma processes.

Recently, a compact QCL measurement and control sys-
tem (Q-MACS) has been developed for time-resolved plas-
ma diagnostics, process control, and trace gas monitoring,
which can be used as a platform for various applications of
QCLAS.01]

Based on Q-MACS, a new diagnostic arrangement, the
Q-MACS Etch system, has been designed and constructed.
In the present paper we demonstrate the capabilities of the
Q-MACS Etch system as infrared absorption and interfer-
ometer tool for on-line, in situ monitoring of molecular
species and plasma etching rates in an industrial plasma-
etching reactor used for semiconductor processing, For the
first time, concentrations of the precursor gas NF; and of
the etching product SiF, were measured on-line and in situ
under clean room conditions. In addition, the etching rates
of SiO; layers and of the silicon wafer were monitored, in-
cluding plasma-etching endpoint detection.

The accuracy of concentration measurements of mole-
cules in plasmas depends on the precision of available mo-
lecular data. For this purpose the absorption cross-sections
of SiF, and NF; have been determined for the spectral
range 1028 + 0.3 cm™, Furthermore, the absorption cross-
section of SiF, has been characterized as a function of tem-
perature and pressure.

2. Absorption and Interferometry Background

2.1. Absorption

High spectral resolution (107 cm™) can be achieved
using the IR-QCLAS technique. Individual vibration-rota-
tion absorption lines can be measured, limited by Doppler
and instrumental broadenings.

Under conditions of weak absorption, the radiation in-
tensity, I(v), transmitted through a homogeneous sample, is
given by the Beer-Lambert law, Equation 1.

I(v) = Iy(v)exp[—k(v)L)] (1)

Iy(v) is the incident intensity, k(v) the absorption coef-
ficient, and L the absorption length, The integrated

Chem, Vap. Deposition 2007, 13, 351-360
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value of the absorption coefficient, K., is given by Equa-
tion 2.

K, = /k(v)dv = S(T)N {2)

S(T) is the line strength of a specific absorption line at
the temperature 7, and N is the total concentration of par-
ticles in all states. If the line strength (specific to ¢ach tran-
sition) is known, the total concentration of the species can
be obtained.

SiF, measurements using absorption in the infrared spec-
tral range have been reported for gas or plasma phase.““ﬂ
and also using a matrix isolation technique.“"] For NF;.
there are also reported measurements in the infrared spec-
tral region.[m Nakamura et al. determined, for the first
time, the line strength measurement of SiF,, using TDLAS
with lead salt lasers, to be 4.2 x 10 cm molecule™ at
1032.1 cm™ at 380 K."¥ In IR, the SiF, vy asymmetric bond
stretching vibration lies at 1030.9 cm™, Due to the natural
abundance of silicon (92.2 % (*Si), 4.7 % (*'Si), and 3.1 %
(Si)) and the large number of hot bands (v3+ mvy-ry)
which overlap with the v3 band, the measured spectra at
room temperature could not be spectrally resolved."! The
recorded spectrum is complex, consisting of plenty of ab-
sorption lines that overlap. Even with the resolution of
TDLAS (107 em™), single lines could not be resolved. The
peak absorbance at 1032.1 cm™, obtained from the litera-
ture,"® is used to determine an effective line strength.

For unresolved spectra, the absorption cross-section is
more appropriate to use. Equation 1 can be rewritten as
Equation 3.

I(v) = Iy(v)exp{—a(v} N L] 3)

o(v) is the absorption cross-section [em? molecule™]. The ab-
sorption cross-section is defined for a spectral position and
depends on temperature and pressure. If the particle density
is known, then o(v) can be obtained from Equation 4.

Iy
aM:mG% @)

2.2, Interferometry

In the case of the interference of the two reflected waves
from a thin film, the optical path difference is given by
Equation 5.

Al =2nd cos () (5)
1 is the refractive index of the thin film material, and  is
the thickness. At normal incidence, the refractive angle

B=0°. The optical path difference leads to a phase differ-
ence of the waves, shown in Equation 6.
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¢ =2nAl/ i (6)

} is the probing laser wavelength, The reflected waves
will interfere constructively whenever they are in phase,
and destructively when they are in opposite phase. Each
time that ¢ is an integer value of 7, we have a maximum or
a minimum of intensity. The interference condition for the
thin film is then given by Equation 7.

2nd=m=z (N

Whenever m = k and k =0, 1, 2, 3...., the reflected in-
tensity will show a maximum (constructive interference);
form =k — % and k = 1, 2, 3...., the reflected intensity will
show a minimum (destructive interference). Specific for an
etched hole, the interference condition is satisfied by the
2d = m/, the optical path difference being just 2d
(Fair= 1)

In fact, a series of multiple reflections arve established
inside a thin layer. The situation can be described by a
multi-beam interference system where the reflected inten-
sity is characterized by the Airey formulae, given by Equa-
tion 8+1#1

_ [[)F sin 2(¢/2)
Ir(9) =1 + Fsin2(¢/2)

I, is the incidence intensity,F = 4R/(1 — R)2, and R is
the reflectivity of the film interface. The reflectivity at nor-
mal incidence is given by Equation 9.

®

R=[(n-1)/(n+ P ©

In the case of etching a thin layer, as the thickness
changes during the etch process, the reflected intensity os-
cillates following Equation 8, absorption and diffusion in
the material or at the surface being neglected. The fre-
quency of the oscillations is determined by the thickness
variation and the laser probe wavelength. The shape and
the amplitude of the reflected beam are determined by the
reflectivity of the film interface. In Figure 1, the interfero-

1.0

——§i(R=0.3)
- ~--8i0, (R=0.21)

reflectance I,/ I

phase shift @ [x]

Fig. 1. Calculated reflected intensity function of the phase shift for 8i and
SiOs layers.
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gram for Si and SiO; is shown. The curves were calculated
using the refractive index (#) for these materials at
A=9.7 pm, which is the laser wavelength used here. The
values which were considered here for the processed wafer
material, taking into account the dependences for various
porosities of the material, were measured at Qimonda with
3.42 and 2.75, respectively."”!

3. Results and Discussions

3.1. General Spectroscopic Issues

The selection of the wavelength range for monitoring
purposes in plasmas depends on several requirements and
needs special attention. At first, the position and possible
overlapping between ro-vibronic bands of the molecular
plasma species of interest and the strength of the vibra-
tional bands have to be known. Also needing to be consid-
ered are the availability of (i) QCLs in the MIR spectra re-
gion, (ii) thermoelectrically (TE) cooled detectors with
high sensitivity and band width, and (iii) IR fibers with ap-
propriate transmission and mechanical quality.

Two FTIR spectra recorded with a Bruker IFS 66 v/s
spectrometer are shown in Figure 2. The spectra were re-
corded at room temperature in a gas cell of length 15 cm.
The pressure in the cell was 0.5 mbar for SiF; and 1 mbar

transmittance

0.04— et . —
1050 1045 1040 1035 1030 1025 1020 1015 1010 1005

wavenumber [em’™]

Fig. 2, FTIR spectra of SiF, under 0.5 mbar pressure and of NF; under
1 mbar pressure, The spectra were recorded at room temperature, at a total
absorption length of 15 cm and spectral resolution of 0.11 cm™,

for NF5. In our approach we want to measure the etch
product SiFy, with NF; being the precursor. The spectra of
these species overlap. However, in order to measure the
etch product SiF,, minimum overlapping has to be consid-
ered. The spectral region 1028 + 0.3 cm™ was chosen for
the measurement of SiFy because its absorption cross-sec-
tion is about 90 times larger compared to NF;. Other IR ac-
tive vibrational modes of SiF, are found at larger wave-
length values!"® where no QCLs are available. Hence, the
choice was limited to detection of the v; fundamental band.

354 www.cvd-journal.de
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A reference spectrum of C;Hy, recorded using Q-MACS
Etch for an absorption length of 15 cm and under a pres-
sure of 3 mbar at room temperature, is shown in Figure 3.
The reference and the Ge etalon spectra were used for the
wavelength calibration of the QCL spectrometer, The line
profiles have a Doppler contribution, for which the full
width at half maximum (FWHM) is given by

T
AWDopp]er =716 % 10"7\!0\/% (10)

where v, is the wavenumber of the central line, 7 is the
temperature, and M is the molar mass of the molecule, For
the lines shown in Figure 3, Doppler broadening is about
2.4x107 cmr™, caleulated for room temperature. Another
broadening effect, coniributing to the profile, is the pres-

0.8+

0.6

transmittance

0.4

0.2

0.0

Iase’r off
T T T T T T
1027.8 1028.0 1028.2 1028.4

wavenumber [cm™]

Fig. 3, QCLAS spectrum of C;Hy at room temperature, under 3 mbar pres-
sure, with absorption length of 15 c¢m and instrumental broadening of
0.008 em™.,

sure broadening, From the HITRAN data base, pressure
broadening of these lines are shown to be about
3x10™* cm™.?! The instrumental contribution to the laser
lines was obtained after deconvolution of the absorbance
profiles. The measured absorption lines show an instrumen-
tal broadening (FWHM) of about 8x10™ cm™, which is
therefore the dominating broadening effect of the lines.

The complex spectrum of SiF, is shown in Figure 4. It
was recorded using Q-MACS Etch at a gas temperature of
70°C in a gas mixture with 90 % of Ar. The total pressure
was 0.333 mbar. The measurement has been done in the
MERIE plasma reactor, where an absorption length of
108 cm was achieved in two passes. The same spectral re-
gion has been recorded using NFj in the gas phase under
0.8 mbar. Figure 5 shows the recorded NF; QCLAS spec-
trum. The NF; pattern is different to that of SiF,, showing
also an unresolved structure.

It should be emphasized that for the use of QCLs as radi-
ation sources for molecular spectroscopy, in particular un-
der low-pressure conditions, some differences compared to
the application of lead salt lasers have to be considered: (i)
due to higher power density, values of QCLs saturation ef-

Chem. Vap. Deposition 2007, 13, 351-360
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1.0 experimentally. The SiF4 absorbance function of the con-
centration is plotted in Figure 6. The gas temperature was
0.84 varied between 60 to 110°C by electrically heating the re-
o actor walls, The pressure and hence the concentration was
(8]
§ o5
E 0.7
2 ] 0°C o
- L
g o4 061 & 700 vt
s 80°C
o 951 o 90°C
0.2 e 4 100°C
8 044 4 110°C
8
0.0 ; . : : 3 03 >
1027.6 1027.8 1028.0 1028.2 G s
<+
wavenumber [cm™) & 024
Fig. 4. QCLAS spectrum of 10% SiF, in mixture with Ar, measared at
70°C, under 0.333 mbar total pressure, with absorption length of 108 cm 0.1+
and instrumental broadening of 0.008 cm™. 5
0.0

1.0

0.84

0.6

transmittance

0.4+

0.2+

0.0 T T v T T
1027.6 1027.8 1028.0 1028.2

wavenumber [cm™]

Fig. 5. QCLAS spectrum of NF; measured at 70°C, under 0.8 mbar pres-
sure, with absorption length of 108 em and instrumental broadening of
0.008 em™.

fects in the excitation of molecular levels may appear; (ii)
the fast tuning of QCLs over the absorption lines, in scale
of nanoseconds, can lead to rapid passage effects.”! Both
effects can cause an underestimation of measured concen-
trations. Consequently, all these effects have been carefully
considered here for concentration measurement.

3.2. Determination of Absorption Cross-sections

Nakamura et al. demonstrated that SiF, behaves as an
ideal gas, and provided measurements of the line
strength.'?! It is known that the line strength of a rovibro-
nic transition strongly depends on temperature.”) Small
variations in the temperature can lead to large changes of
the population distribution over the rovibronic structure of
the molecule, i.e., to changes of the total partition function.
Therefore the dependence of the absorption cross-sections
of 8iF, on temperature and pressure has been determined

Chem. Vap, Deposition 2007, 13, 351-360
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T T T T v T
0.0 3.0x10"  6.0x10°  9.0x10®  1.2x10"  15x10"
concentration [molecule/cma]

Fig, 6. SiF, average absorbance as a function of the concentration. The spec-
tral region measured was 1027.6-1028.3 cm™, and the absorption length was
6 cm.

changed from 0.066 to 0.333, and further to 0.666 mbar.
The absorption length was 6 cm. If the absorbance, In({y/I),
(see Eg. 4) is represented as function of the concentration,
then the proportionality factor is the product & L. From
Figure 6 it can be seen that the data points can be linearly
fitted. This shows that the absorption cross-section is con-
stant over the range of temperature and pressure used in
the experiment. Since we are working under relatively low
pressures, the pressure broadening effects are negligible.
The main contribution to the absorption profiles is the in-
strumental broadening which is about six times larger than
the Doppler broadening, AWpgppler=124 x 107%cm™ for
SiF, at room temperature. Recording complex spectra, the
integrated absorption coefficient is evaluated over a large
number of absorption lines, where the total partition func-
tion is less sensitive to the changes of the temperature as in
the case of a single line.

The values of absorption cross sections have been ob-
tained from either FTIR or QCLAS spectra. The average
absorption cross-section at 1028 + 0.3 cm™' was measured
to be ¢=(7.7 £ 0.7) x 10™** cm?® molecule™ for SiF,, and
o=(8.7+0.8) x 10 cm® molecule™ for NF3. Uncertainties
are due to errors in the measurement of pressure and
further of the I, reference.

3.3. Test of Validity

To prove the validity of the experimental approach, the
first tests have focused on concentration measurements of
SiF, in the gas phase. For this purpose, the mixing ratio of
SiF, and Ar has been changed stepwise: 1, 2, 3,4, 5, 10, 15,

www.cvd-journal.de 355
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20 % of SiF; in Ar. Results of these experiments are shown T
in Figure 7. The measurements have been performed under = gas phase plasma phase gas phase
a total pressure of 0.333 mbar in the MERIE reactor. The o 044
concentration values resuit from the fitting of complex £, 031
2 02
04+ a) :
144 pd 0.0 trogion Si0;  region Si blank
A 2.2+ :
£ 124 ,// = 201
= / c 184
3 101 4 2 1.4
2 /// a8 424
8- L 1.0
<5 yd £ 08
2 Y 4 0.6
= 64 / 8 0.4
= 0.2
2 44 0.0 T T T T T T T T T U T v T T U T 1
5 0 2 4 6 8 10 12 14 18 18 20
C time [min]
g Fig. 8. Monitoring of the etching processes on a silicon oxide wafer. a) Time
0 : T é v :1 v (Ii T é " Il0 T 112 T 1!4 dependence of the $iF; mass spectrometer (MS) signal, b) Time dependence

feeded SiF, [10'4molecules/c1113]

Fig. 7. Comparison of SiF, concentrations measured using the absorption
cross-section and the values measured with flowmeters, The amount of SiFy
fed is calculated from selected mixing ratios SiF4/Ar of 1, 2, 3, 4, 5, 10, 15,
20:100 in the gas phase at room temperature and under a total pressure of
0.333 mbar.

spectra.[23] The absorbance area is measured and, based on
Equation 3, an absolute concentration is determined using
the measured values for the line strengths. This value is
then converted in terms of a mixing ratio, i.e., part per bil-
lion (ppb), using the known temperature and total gas pres-
sure. Due to the uniformity of the compiex spectrum of
SiF, at 1028 + 0.3 cm™, an average absorption level could
be used to derive the concentration. An average absor-
bance is obtained by measuring a reference signal for the
case where no SiF,; and NF; concentration are present, and
the average intensity in the plasma phase. Based on Equa-
tion 4, absolute concentration can be determined by using
the measured values of the respective absorption cross-sec-
tion. Following the above procedure yields the same con-
centration values as those obtained from fitting the com-
plex spectra. Figure 7 shows the concentration determined
with the QCL system precisely matches the expected val-
ues for the given gas mixture. Thus, the QCLAS system can
be very useful for a calibration of mass flow controllers.
The limit of detection (LOD) of the Q-MACS Etch system
for this configuration was found to be 300-3000 parts per
million (ppm), depending on the total pressure under
which the measurements were performed, i.e., 0.066-
0.66 mbar. In terms of concentration the LOD was about
4x10" molecule ecm™,

3.4, Monitoring of Etch Processes

A typical example for monitoring etch processes via top-
down access experiments is shown in Figure 8. Stable plas-
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of the IR signal reflected at the wafer surface (QCLAS). Gas phase, Ar un-
der 0,333 mbar, Plasma phase, 20 % Ar + 80 % NF;3 under 0,333 mbar total
pressure,

ma conditions were chosen to etch a silicon oxide waler
with a layer thickness of several 100 nm. The feed gas mix-
ture was 20 % Ar + 80 % NF;, under at a total pressure of
0.333 mbar. The SiF, signal measured with a mass spec-
trometer is shown in Figure 8a. It can be seen that the con-
centration of SiF, considerably increases when etching
reaches the silicon surface after complete removal of the
Si0;, layer.

The transition from SiO; to the silicon substrate can also
be observed in the fringe spectra recorded with the
Q-MACS Etch used as an interferometer system (Fig. 8b).
The amplitude of the fringes is smaller for the case in which
the interferogram results from interference effects on the
Si0, layer. This is caused by the different refractive in-
dexes of the materials leading to different reflectivities. Fig-
ure 1 shows the amplitude of the calculated fringes being
lower for the interference on SiO, compared to that on sili-
con. The different absorbance and thickness of the materi-
als leads to an offset in the interferogram, this effect can be
observed in the measured signal. It is known that the absor-
bance of SiO; at the wavelength of 1028 cm™ is about four
orders of magnitude larger than that of $i.1**!l Therefore, a
thick layer of $iO,, in the range of millimeters, is complete-
ly opaque and no interference can be observed. This is not
the case for Si being IR-transparent, where an interfero-
gram can be recorded for even substantially thick sub-
strates. The absorption length for the top-down access is
only 6 cm, and therefore the intensity loss due to SiFy ab-
sorption formed in the plasma is negligible.

The frequency of the fringes provides the information of
the corresponding etch rate. Knowing the interference con-
dition for Si and SiO, layers, and counting the number of
fringes in time, the etch rate is obtained. Comparing the
etch rates for Si and SiO,, the etch rate is clearly higher for
the silicon substrate. From the experimental data an etch
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rate of 800 nm min™ for the silicon substrate, and
600 nm min™ for the SiO, layer, were obtained. The error
in measuring the etch rate of SiO, was higher because no
complete fringe feature could be recorded, since the SiO-
layer is just a couple of hundreds of nanometers thick.
These etch rates were essentially the same as those ob-
tained from balancing. Comparison between gravimetry
and IR measurements reveals a difference of about 10 %
for both methods. The differences can be explained by the
fact that QCL interferometer results from a local measure-
ment, i.e, an area of 1 cm diameter from the wafer center
is measured, whereas balancing the wafer after the etch
process has [inished means a global average etch rate mea-
surement.

Certainly, because of the shorter wavelength, the preci-
sion for an etch rate determination using a visible laser is
higher compared to a IR-based method. The advantage of
using IR interferometry was shown by Heason and Spen-
cer. For some materials interferometric measurements
can not be done using the visible region due to very large
absorbance inside the material.® Thus, a middle or near
IR interferometer would be the choice for determination
of a layer thickness. The interferometer can be used further
for depth measurements of etched holes. However, due to
the long wavelength used for IR this is only suitable for
holes with large diameters, In the case of deep-trench etch-
ing, the diameter of the holes is on the scale of 100 nm or
even smaller, leading to a diffraction of the IR beam. Thus,
no fringes pattern containing depth information can be ob-
tained.

Phase, amplitude, and frequency of the fringes are pa-
rameters which change with the layer material being
etched. Therefore, the Q-MACS Eltch interferometric sys-
tem can also be used for end-point monitoring in top-down
access.

3.5. Monitoring of SiF, Concentrations

The capability of Q-MACS Etch for SiF, concentration
monitoring via side access is shown in Figure 9. The plasma
parameters were the same as in previous experiments. The
concentration of SiF, has been monitored during etching a
silicon oxide wafer in an NF; plasma environment. A large
increase in the SiF, concentration can be seen after the
Si0; layer is completely removed.

As with the work of Sun et al.,l’l where TDLAS was used
for SiF4 concentration monitoring, here QCLAS proves to
be a valuable and further enhanced tool for end-point de-
tection in plasma-etch processes.

Another example of on-line in situ monitoring of ‘the
SiF, absorbance, In(ly/l), is shown in Figure 10. The SiF,
concentration was monitored during a complete dry clean
process using a single-crystal silicon wafer. During the first
forty seconds, the NF; gas in the mixture with Ar is fed into
the reactor. The small signals shown in the regions a) and
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Fig. 9. SiF4 concentration measurement using QCLAS in the process of
ctching a SiO; wafer. Plasma parameters; Ar 20%, NF; 80% under
{.333 mbar total pressure.
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g, 10. SiFy absorbance monitoring using QCLAS for a complete cleaning
process of the plasma etching reactor. a) and ¢) NF; gas phase, b) plasma
phase, d) Ar gas phase. For the cleaning procedure a single-crystal silicon
wafer was used.

c) are due to absorption of NF;. For the region b), the sig-
nal is due to absorption of SiF4 molecules in the plasma
phase. The etch product SiF, is formed during etching of
silicon in the highly reactive fluorine environment. In the
plasma phase, the absorbance signal is about ten limes
higher compared to the gas phase and shows variations of
the concentration of about 5 %. These variations have a
frequency of 0.5 Hz, and are due to local variations of the
plasma density caused by the influence of the applied mag-
netic field. In MERIE, the magnetic field was generated by
four coils. Two adjacent coils were switched on consecu-
tively, with the other two being switched off during the
same time interval. With a frequency of 0.25 Hz all coils
were alternatively activated in such a way that the plasma
rotates, sweeping over the wafer surface. At moment d) the
reactor is fed just with Ar. During the complete clean pro-
cess few changes of pressure and power are made.

The selectivity of the measurement is limited due to the
overlapping of NF; and SiF, spectra. A small contribution
of NF; to the absorption signal can be expected. Without
any dissociation of NF; the upper limit would be about

(3]
w
~J
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10 % of the whole absorption. Due to the dissociation of
the NF; molecules in the plasma, the error in SiF, concen-
trations measurements caused by the absorption of remain-
ing NF; can be neglected.

An example of on-line, in situ monitoring of the SiFy
absorbance during a deep-trench etch process is shown in
Figure 11. In order to prove the selectivity and sensitivity
of the measurement, the experiment has been repeated
(Fig. 11, curves a and b). In the second experiment
(Fig. 11, curve b), 2 % of SiF, has been added to the plasma
after about 10 min of the total recorded process time.

0.10

0.08 -

0.06

0.04 4

SiF, absarbance

t/T

Fig. 11. SiF; absorbance monitoring QCLAS for: a) a complete plasma-
etching process; b) complete plasma-etching process with injection of 2%
SiFy; ¢) SiF, concentration variation due to changes of the magnetic field.
The experiments were performed with a process wafer.

When comparing the curves a and b in Figure 11, a step
jump in the concentration due to SiF, injection can be
clearly seen. Figure 11c shows the enlarged temporal be-
havior of the measured concentration. Changes of the con-
centration due to plasma density over the wafer are clearly
visible and further prove the sensitivity and time resolution
of the method.

4. Summary and Conclusions

For the first time, in industrial etching plasmas used for
semiconductor processing, concentrations of the precursor
gas NF; and of the etch product SiF, were measured on-
line and in situ. For this purpose, a new compact diagnostic
arrangement, the Q-MACS Etch system, which is based on
quantum cascade laser absorption spectroscopy and inter-
feromeiry, has been designed and constructed. The
Q-MACS Etch system provides high sensitivity and long
term stability, because in addition to the measuring channel
used in the plasma chamber, a reference and a pulse nor-
malization channel are included. For simple operation and
the avoidance of open optical pathways, an optical coupling
with a MIR fiber to the plasma reactor has been realized.
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Using internal reflections, provided by a retro-reflector,
only one optical access window is necessary. Adapted to
clean room requirements and for a low maintenance level,
thermoelectric cooled detectors are used on board.

With Q-MACS Etch the etch rates of SiO, layers and of
the silicon wafer were monitored. The QCL system has
shown its capabilities for plasma-etching, end-point detec-
tion and for mass flow controller calibration. The experi-
ments have been performed in an industrial, dual-fre-
quency, capacitively coupled, magnetically enhanced,
reactive ion etcher (MERIE), which is a plasma reactor de-
veloped for DRAM technologies.

To achieve a sufficient accuracy of concentration mea-
surements, the absorption cross-sections of NF; and SiF,
have been determined. The temperature and pressure de-
pendence of the cross-sections have been proven. In the
spectral range 1028 + 0.3 cm™ the absorption cross-sections
of SiF, and NF; have been determined to be o= (7.7 £ 0.7)
x 107 cm? molecule™ and o= (8.7 + 0.8) % 10°° ¢m® mole-
cule™, respectively.

The first application of a QCL arrangement for monitor-
ing of industrial etch processes has opened up a challenging
new option for control of demanding semiconductor pro-
duction. Focused on sensitive and fast concentration mea-
surements of molecular key components, while ensuring
compactness, robustness, and long term stability, this new
class of process control equipment has the potential to be-
come implemented also into other fields of plasma technol-

ogy.

5. Experimental

Plasma Reactor: A dual-frequency, capacitively coupled, magnetically en-
hanced, reactive ion-etch plasma reactor (OF CCP MERIE) (see Fig. 12},
which is an improved version of a conventional reactive ion-etch system, !
was used for the experiments. A 60 MHz source power generator was used
to sustain the plasma and control the plasma density, enabling power levels
up to 3.5 kW to be applied, A 2 MHz bias power generator enabled up to
3 kW to be applied, and was used to control the ion energy. With the combi-
nation of a high- and low-frequency drive, independent control of plasma
density (and hence ion flux) and ion energy was obtained, this being a major
advantage in regards to conventional RIE systems, Furthermore, a DC mag-
netic field in the range 0-120 G can be imposed parallel to the surface of the
RF-powered electrode. The B-field yielded an increased plasma density and
reduced the sheath voltage. As a result a higher flux of ions with lower ener-
gy could be obtained.

The substrate to be etched was placed on the powered electrode, whereas
the opposite electrode was grounded. lons generated in the plasma bulk
were accelerated towards the waler by the sheath fields, which subsequently
led to an enhanced etch process at the wafer surface. The plasma etch prod-
uets and feed gases were constantly removed by a turbo pump. The plasma
pressure was varied in the range 0.08~0.8 mbar, and the total flow was in the
range 50~1000 scem, The feedstock gas selection was controlled by the etch
process requirements in regards on the materjals to be etched, etch rate, an-
isotropy, and selectivity, For our experiment we used HBr, NF3, O, Ar, He,
SiFy, and SiCl, as feed gases.

The Q-MACS Etch System: The quantum cascade laser system Q-MACS
Etch consists of a pulsed infrared QCL source with the laser wavelength
tunable in the range 1027-1032 em™, optical components, detectors, and
data acquisition cards controlled by a PC. Figure 13 shows a photo of the
Q-MACS Etch system, Details of the optical arrangement inside the black
box are shown in Figure 14. The laser driver used was a Q-MACS Basic
[10,11], The Q-MACS Basic provides a laser pulse width tunable in the
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Fig. 12. Experimental arrangement of the MERIE plasma-etching reactor and the 3 channel Q-MACS Etch system: a) side access;

b} top down access.

Fig. 13. Photograph of the Q-MACS Etch system.

range 10-255 ns, and a repetition frequency in the range 100 Hz-1 MHz.
The system can operate in the intra pulse or in the inter pulse mode, depend-
ing on the experimental requirements [10]. Intra pulse mode means that the
laser frequency is tuned aver the absorption spectrum during one relatively
long single pulse, i.e., using 50-200 ns {aser pulse width.

In the present experiments the inter pulse mode has been used. The QCL
was driven with a pulse width of 12 ns and a repetition rate of 500 kHz, The
central frequency of the QCL was chosen by changing the working tempera-
ture between —30 to +30 °C and the feed current of the laser in the range
0.5-15 A (peak current). In order to tune over a spectral range, an addi-
tional voltage ramp was applied to the laser with a frequency of 1 kHz. This
allows scanning of the spectral range with a width of up to one wavenumber.
Each millisecond a complete spectral region was scanned. Under each scan,
500 single laser pulses were generated. As result the measured spectrum
with a time resolution of 1 s was an average of a thousand spectra. One sec-
ond time resolution is sufficient for most plasma etch processes which re-
quire a time scale typically in the range of seconds up to minutes,

From Figures 12 and 14 it can be seen that the IR beam was split into
three channels using two IR transparent ZnSe beam splitters (BS). The
main part of the beam was coupled into an IR fiber using an off-axis para-
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. v

Fig. 14. Scheme of the optical arrangement of the Q-MACS Etch system (1,
laser head; 2, beam splitters; 3, 5, 7, detectors; 4, IR optical fiber; 6, refer-
ence gas cell).

bolic (OAP) mirror, and then collimated into the plasma reactor using
either lenses or OAPs. The second channel, operating as pulse normaliza-
tion channel, was used to reduce the fluctuation intensities of the QCL
from pulse to pulse. In the third channel a reference spectrum of C;H, was
measured through a reference gas-cell in order to calibrate the spectral re-
gion and to correct drifts of the laser frequency due 1o temperature in-
stability of the laser chip. For the spectral calibration a Ge etalon with the
free spectral range of 0.012 em™ was used. A fringe spectrum was recorded
and used to correct the nonlinearity of the spectral laser tuning. Together
with the known spectra of the C;Hg absolute spectral calibration has been
performed [20].

Industrial requirements, such as no open optical path and the availability
of just one optical port access, make the infrared beam coupling into the re-
actor a challenging task. The solution presented here is based on the use of
middle infrared fibers and internal reflections in the reactor chamber. Two
types of experimental set-ups have been utilized, Figure 12a shows a side ac-
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cess configuration used for concenlration measurements, whilst Figure 12b
shows the top-down access arrangement used for interferometer measure-
ments. In both cases, the IR laser beam is guided using one meter long IR fi-
ber with anti-reflection treatment of the fiber ends for the specific laser
wavelength. The IR fibers are made of AgCl/AgBr materials. The laser has
been collimated into the plasma reactor using an OAP for the side access
and a ZnSe lens for the top-down access, In case (a), the beam was reflected
back using a retro-reflector installed at the plasma chamber wall. For the
top-down arrangement the wafer itself was used as the reflector. The re-
flected beam was coupled into the same path and reached the measurement
detector using the second beam splitter (BS) in reflection mode.

Unfortunately, an important part of the intensity of the measurement sig-
nal is lost in the transmission mode of the BS. Sternheim et al, have already
tried to avoid this effect [3). They described an effective coupling of the
radiation of a HeNe laser using an active medium such as /4 plate which ro-
tates the polarization plan, The BS works for the incoming beam in trans-
mission and for the outgoing beam in reflection. In our case, the radiation of
the QCL is linearly polarized, but after passing the IR fiber the beam is
nearly non-polarized. Unfortunately, mid-IR fibers preserving a polarization
are not yet available commercially. Therefore, we could not use the elegant
approach of Sternheim et al. [3].

In both sets of experiments three types of wafers, single-crystal silicon,
silicon oxide, and process wafers, have been used, In the case of silicon oxide
and process wafers, additional layers were coated on the substrate of single-
crystal silicon material. On top of the silicon substrate, with thickness of
about 1 mm, the silicon oxide layer had a thickness of several 100 nm, The
process wafers were masked for the deep trench etch process used for fabri-
cation of DRAM.
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