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Design of a fast in situ infrared diagnostic tool
M. F. A. M. van Hest, A. Klaver, D. C. Schram, and M. C. M. van de Sandena)

Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

~Received 15 July 2002; accepted 3 January 2003!

Conventional Fourier transform infrared~FTIR! spectroscopes cannot be used to perform real time
in situ infrared reflection absorption spectroscopy at monolayer sensitivity for high deposition rates
~a couple of tens to hundreds of nm/s! which can be obtained when using an expanding thermal
deposition plasma. Therefore a new analysis tool has been developed. The tool is based on a fast
optical scanner in combination with conventional grating technology. This results in a loss of
spectral range with respect to FTIR spectroscopes, but a significant gain is obtained in time
resolution. For the combination used this makes it possible to measure at time resolution as low as
1.3 ms and resolution of 24 cm21 at 1000 cm21. The absorption sensitivity for single reflection at
the best time resolution is approximately 1022, but can be improved by using signal enhancement
techniques. Here attenuated total reflection is used and the best sensitivity obtained is approximately
1023, which is close to monolayer sensitivity for various absorption bands in the infrared spectrum
of silicon oxide films. Monolayer sensitivity can be obtained by averaging multiple spectra, however
this will cause the time resolution to decrease. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1564273#
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I. INTRODUCTION

A commonly used method for the analysis of thin fil
materials is Fourier transform infrared~FTIR! reflection ab-
sorption spectroscopy~see, e.g., Refs. 1–3!. This technique
can be usedin situ and in order to obtain monolayer sens
tivity the absorption signal needs to be enhanced. Enha
ment of the absorption signal can be obtained by implem
ing an attenuated total reflection~ATR! crystal ~see, e.g.,
Refs. 4 and 5!. Due to this crystal the infrared light reflecte
will have multiple interactions with the deposited thin film
instead of just one in single reflection mode. The absorp
signal enhancement can be up to a factor of 100 and is
pendent on the dimensions of the ATR crystal and the an
of reflection within the crystal. With this technique it is po
sible to measure the absorption of very thin films down
less than one monolayer, depending on the type and stre
of absorption. The absorption signal can also be enhance
using a metal substrate or an optical cavity substrate6–8

However, optical cavity substrates only enhance the abs
tion over limited wavelength which depends on the subst
chosen. For every wavelength interval another substrat
needed and therefore these kinds of substrates are less
to use than an ATR crystal. With the use of metal substra
enhancement of the signal is smaller than with optical ca
substrates or ATR crystals, which makes these kinds of s
strates less suitable for obtaining enhancement large en
to obtain monolayer sensitivity.

Due to the usually low deposition rates of various th
film materials~up to 1 nm/s! in situ FTIR reflection absorp-
tion spectroscopy has enough time resolution. With fast s
pling ~rapid scanning! an interval of 500–7500 cm21 can be
measured and with reasonable signal to noise ratio in a

a!Electronic mail: m.c.m.v.d.sanden@tue.nl
2670034-6748/2003/74(5)/2675/10/$20.00
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0.1 s. With the improvement of deposition methods and
resulting higher deposition rates conventional FTIR refl
tion absorption spectroscopy as a real timein situ diagnostic
is pushed to its limits. At the deposition rates obtained us
an expanding thermal plasma~ETP! deposition method, like
that used, e.g., at the Eindhoven University
Technology,9–13 this conventional FTIR reflection absorptio
spectroscopy analysis method can no longer be used asin
situ tool if one wants to study film growthin situ with mono-
layer sensitivity. Simple calculation shows that the depo
tion of one single monolayer takes less than 10 ms at a de
sition rate of 30 nm/s and less than 1 ms at a deposition
of 300 nm/s. These are rates that can be obtained with
ETP deposition method.

To improve the time resolution during infrared reflectio
absorption experiments it was necessary to develop a
and fasterin situ diagnostic tool. The minimum specifica
tions for this new setup together with specifications of t
conventional FTIR setup are given in Table I where it can
seen that only two parameters have to be improved and in
others there is some degree of freedom. The new setup
compromise between offering some of the strong proper
of FTIR spectroscopy and gaining time resolution. The he
of the new setup was found to be a grating which is moun
on a high speed optical scanner. So a high speed monoc
mator was constructed. The largest negative effect of in
ducing the grating will be on the spectral range of the f
infrared reflection absorption setup with respect to the c
ventional FTIR reflection absorption spectroscope as will
explained in this article.

In the remainder of this article the new setup will b
described in depth. A detailed description of the individu
components of the setup will be given, as well as the m
vation for why these specific components were chos
5 © 2003 American Institute of Physics

IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2676 Rev. Sci. Instrum., Vol. 74, No. 5, May 2003 van Hest et al.
Based on specifications of the different components an e
mate of the expected signal to noise ratio will be given. T
is followed by experimental results that demonstrate that
new method is operational and conform its design specifi
tions. The use of the fast infrared reflection absorption sp
troscope will be illustrated by the fast deposition of silic
oxide-like films of hexamethyldisiloxane~HMDSO! and
oxygen on silicon substrates and ZnSe ATR crystals.

II. FAST INFRARED SPECTROSCOPE

A schematic overview of the optics of the fast infrar
reflection spectroscope is shown in Fig. 1. The light emit
by a cascaded arc light source~1! is converted into a paralle
beam~2! and is guided through a reflection absorption sp
troscopy setup~3!–~9! after which the exiting parallel beam
is reflected onto the surface of a grating~10! and focused
~11! onto an infrared detector~13!. Just before reaching th
detector the light beam passes through a filter~12!, which
suppresses second and higher order diffraction of the gra

A. Light source

A cascaded arc is used as a light source~1!, because it
has a higher infrared light intensity than the more commo
used globars in FTIR spectroscopes.14–16A detailed descrip-
tion of the light source was given by Wilberset al.15,16 and
by Raghavanet al.14 The light source used is operated wi
argon at pressure of 1.8 bar and argon flow of 10 sccm.
operating current was set to 25 A and the light that exited
window of the arc is KBr with a thickness of 4 mm. Mea
surements of the light beam emitted by the arc show that
divergence of the beam exiting the arc is 75 mrad and
the radiating surface is 331024 m2. Light output of the light

FIG. 1. Schematic overview of the fast infrared reflection absorption se
~1! light source,~2! 90° off axis parabolic mirror (f 519 cm), ~3! flat gold
coated mirror,~4!, 90° off axis parabolic mirror (f 536 cm), ~5! KBr win-
dow in vessel wall,~6! substrate,~7! KBr window in vessel wall,~8! 90° off
axis parabolic mirror (f 536 cm),~9! flat gold coated mirror,~10! grating on
an optical scanner,~11! 90° off axis parabolic mirror (f 57.5 cm),~12! filter,
and ~13! detector.

TABLE I. Overview of minimum specifications and FTIR equivalents.

Parameter Minimum FTIR~typical!

Spectral range Dependent on absorptiona 500–7500 cm21

Time resolution 1.0–2.0 ms 0.1–1.0 s
Resolution 25 cm21 8–16 cm21

Sensitivity 231024 ~monolayer, Si–O–Si! 1022 with averaging

aFor the setup used in this article a spectral range of 700–1400 cm21 was
used.
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source, in the spectral range used in the rest of this articl
mainly influenced by the arc operating current and the
pressure.~It is known that changing the gas from argon
xenon has a positive influence on the light intensity.15! In-
creasing the arc current has a strong influence on the l
intensity, an increase of 10% in the current results in
increase of 10% in the light intensity emitted. A 10% i
crease of gas pressure however results in only a 5% incr
of emitted light intensity. Limitations imposed by the win
dow thickness~pressure! and the power supply~current! re-
sulted in the operating conditions used.

B. Grating on the optical scanner

In conventional FTIR spectroscopy a broadband sp
trum ~typical spectral range of 500–7500 cm21! is measured
by a scanning mirror interferometer, which is the heart o
FTIR spectroscope. Due to movement of one of the two m
rors in the interferometer Fourier transform of the light spe
trum is generated. By measuring the light intensity as a fu
tion of the mirror position and by Fourier transforming th
resulting interferogram a broadband light intensity spectr
is obtained. The resolution of this kind of spectroscope
dependent on the displacement of the scanning mirror5,17

Larger displacement results in higher resolution. The sp
of the interferometer is the main reason the time resolutio
not high. In short, it is fair to say that in a FTIR spectrosco
the interferometer works as a medium that identifies sepa
wavelengths.

In the fast infrared reflection absorption spectrosco
setup a dispersive medium is used to separate light into
individual components. As a result, only a limited wav
length interval will be detected by the detector at any o
time, whereas in FTIR spectroscopy all the light is detec
by the detector at the same time.5,17 This results in a lower
absolute detector signal intensity in the new situation co
pared to FTIR spectroscopy, due to which noise induced b
background signal will become relatively more important
the new situation.

A grating is used as a dispersive medium. To calcul
dispersion a grating equation is used,18,19

a~sinu i1sinum!5ml, ~1!

wherea is the spacing of the groove,m the order of diffrac-
tion, l the wavelength, andu i andum the angle of incidence
and the angle of diffraction, respectively. By rotating t
grating and keeping the detector at a fixed position, both
incident and diffraction angles change simultaneously, wh
is identical to the procedure used in mo
monochromators.19–21

As stated before the use of the fast infrared absorp
reflection spectroscope will be shown by means of the
deposition of silicon oxide-like films. Therefore the gratin
was chosen such that it is possible to measure in the w
length interval from 700 to 1400 cm21. In this interval there
is absorption of both the Si–O and Si–CHx bonds present
which have an absorption width of several tens of wa
numbers. Using the grating equation@Eq. ~1!# with normal
incidence~0.0 rad! and a refraction angle of approximate

p:
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2677Rev. Sci. Instrum., Vol. 74, No. 5, May 2003 Fast in situ infrared tool
0.5 rad at 1050 cm21 ~center of the interval!, it can be cal-
culated that it is best to use a grating of 53 grooves/mm. T
exact grating is not commercially available and therefor
blazed grating of 50 grooves/mm was used. Changing
setup for other wavelengths can be done by changing
grating, filter, and/or detector.

The grating is positioned on top of an optical scann
~Cambridge Technology Inc. model 6650! which is capable
of oscillating the grating at frequency of up to 300 Hz~sinu-
soidal! with angle large enough to pass the desired wa
length interval along the detector. This wavelength interva
smaller than the interval that can be measured with the F
spectroscope, because of the limited rotational angle of
optical scanner at such high oscillation frequencies. The
fore it is not possible to monitor film absorption at positio
in the absorption spectrum which are not within the ran
scanned by the grating at the same time. Notice that
maximum rotational angle is dependent on the mass of
grating and the frequency. Increasing the oscillating f
quency or the grating mass results in a decrease in maxim
rotational angle.

Because the grating oscillates on top of the optical sc
ner it is possible to measure the spectrum for both forw
and backward motion of the oscillation. Therefore the acq
sition speed of the spectra will be twice the oscillation f
quency. So at an oscillating frequency of 300 Hz the spe
are obtained at 600 Hz, and the measuring time scale is e
to 1.3 ms, which is equal to the time scale needed for mo
toring monolayer film growth at a growth rate of approx
mately 230 nm/s. To monitor even higher film growth rat
another optical scanner would be needed. The reproducib
of the angle of the optical scanner is within 6mrad. This is
accurate enough to be negligible with respect to the mea
ing interval of the detector signal and the scanner posi
signal. Note that in the grating equation the change in in
dent and diffracted angles is the same as the rotational a
of the scanner. Furthermore, the maximum rotational an
of the scanner is twice the oscillation amplitude.

C. Mirrors

The setup consists of a total of six mirrors. For the m
rors that focus@~4! and~11!# and defocus@~2! and~8!# a light
beam 90° off axis parabolic mirror was used. This was do
to reduce aberrations obtained using spherical mirrors.
disadvantage of using 90° off axis parabolic mirrors is t
they are less easy to align than spherical mirrors due to t
strict 90° positioning.22

In order not to lose too much intensity due to reflecti
of the mirrors, four of the six mirrors were covered with
thin gold coating. The other two@~4! and~5!# are not coated.
This is because these two 90° off axis parabolic mirrors
to be custommade because they have a focal length~36 cm!
which is not commercially available.

D. Windows

The infrared reflection absorption spectroscope is u
to monitor in situ the film deposition and therefore two win
dows have to be mounted in the deposition reactor wall. K
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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was chosen as the window material, just as it was for
light source, because it has good transparency in the w
length range of interest. A disadvantage of using KBr w
dows is that they are hygroscopic, and therefore less us
when wants to measure a water absorption signal.

E. Filter

The main part of the fast reflection absorption spect
scope is the grating. A disadvantage of using the grating
that instead of only getting first order diffraction second a
higher order diffraction also appears. These higher ord
interfere with first order and therefore have to be filtere
The interfering wavelength (l int) can be given by

l int5
l1

m
, m>2, ~2!

wherel1 is the first order wavelength andm the order of the
interfering light. Light interfering with first order light is
always smaller in wavelength. Therefore to remove hig
orders a filter is needed that transmits the desired wavele
and absorbs the lower wavelengths. The cutoff needs to
somewhere between the lowest wavelength desired and
the highest wavelength desired. A transmission profile of
filter used is given in Fig. 2. As can be seen the filter us
does transmit light in the desired range~700–1400 cm21! up
to 70% of its original intensity. The cutoff at 1400 cm21 is in
agreement with the desired wavelength band. The filter
to be changed when the grating is changed for measurem
in another wavelength interval.

F. Detector

To detect the infrared light a mercury–cadmium
telluride ~MCT! detector~type D316! was used. Due to its
high sensitivity to infrared light MCT detectors have a fair
high dark current induced by background radiation~see, e.g.,
Ref. 23!. For this reason generally MCT detectors a
equipped with a double amplifier, i.e., a dc amplifier fo
lowed by an ac amplifier, with fixed amplification factor
However, for the new infrared reflection absorption spect
scope it is better to only dc amplify the detector signal. T
is in order to have a direct correlation between the dete
signal and the infrared light intensity of the detector. B

FIG. 2. Transmission profile of the cutoff filter.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2678 Rev. Sci. Instrum., Vol. 74, No. 5, May 2003 van Hest et al.
installing a variable resistor on the amplifier it is possible
subtract the dark current signal from the detector signal
by installing a second variable resistor also the amplificat
factor of the amplifier was changed to maximize the detec
output voltage. The detector response time, including the
plifier, is equal to 5ms.

G. Data acquisition and control

The signal of the detector as well as the signal that in
cates the position of the optical scanner are measured
16-bit 200 ksamples/s analog to digital converter~ADC! card
~National Instruments 6035E! inside a PC. The measure
ments are controlled by the same computer using dedic
software which was programmed into National Instrume
CVI LABWINDOWS. In the software code a part was int
grated which can be used to analyze the measured data

The number of data points measured to record one si
spectra~N! is given by

N5
1

2 f osc

f sample

Nchannels
, ~3!

where f osc is the optical scanner oscillation frequency a
f sample is the ADC sampling rate.Nchannels is equal to the
number of channels used for measuring, which is fixed
two, one for the detector and one for the optical scan
position. In the case where the setup is used at 300 Hz
the ADC sampling frequency is set to its maximum valu
the number of data points for one single spectrum will eq
167. Roughly speaking, approximately every 4 cm21 a data
point is obtained, which is enough to have several data po
within one single solid state absorption band~typical width
10–50 cm21!. When the setup is operated at a lower osc
lating frequency the number of data points per spectra
increase and the spectral measuring interval will decrease
the maximum ADC sampling frequency the detector signa
measured every 10ms which is twice the response time o
the detector.

The detector position signal is also measured every
ms. The total rotational angle of the scanner is 0.1 rad
therefore the position is measured every 0.6 mrad when
scanner is scanning at a constant velocity. This 0.6 mra
much larger than the 6mrad positioning accuracy of the op
tical scanner, and therefore errors due to positioning of
scanner can be neglected.

III. THEORY

A. Spectral resolution

When the detector area is infinitesimally small, the lig
source would be a point source and the optics would
aligned perfectly, and the wavelength interval detected at
one time would be unique for every measuring time. Ho
ever, due to the dimensions of the detecting area of the
tector a small wavelength interval will be detected. The gr
ing is responsible for the dispersion of light and therefore
grating determines the wavelength interval of the detector
Fig. 3 a schematic of the grating, focusing mirror, and det
tor is given (L1520 cm). In Fig. 3 the final focusing mirro
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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~cf. Fig. 1! is presented as a lens. From this plot it can
seen that indeed a small wavelength interval is focused o
the active detector area. Although the focusing mirror is p
sented as a lens, this has no consequences for the sh
effect. Using the grating equation@Eq. ~1!# and lens theory, it
follows that the wavelength interval of the detector, and th
the resolution, is about 24 cm21 at 1000 cm21. In lens theory,
the angle ofu is determined by the focal length~f! and the
size of the detector area~a!. u5tan21(0.5* a/ f ). This width
is less than the separation of the absorption peak of var
absorption peaks of the silicon oxide-like film absorpti
spectrum in the range of 700–1400 cm21. Therefore the in-
dividual absorption bands in the silicon oxide-like film a
sorption spectrum can be identified in the reflection abso
tion spectrum. Also, the resolution calculated is better th
the minimum value given in Table I.

B. Signal intensity

To be able to estimate the number of photons that will
collected by the detector, and the resulting detector sig
the number of photons emitted by the light source as wel
the geometrical and optical losses need to be known. In
following this estimate will be made, in a worst case a
proach, from light source to detector.

C. Source intensity

Raghavanet al.14 showed that the cascaded arc lig
source in the infrared can be modeled as a blackbody rad
with temperature~T! of 12 000 K and emissivity of 20%. The
number of photons emitted per second per solid angle
blackbody radiator as a function of the wavelength@N(l)
3(s21 sr21)# is given by the Planck blackbody radiatio
equation:

N~l!5
c

l4

1

exp~hc/lkT!21
, ~4!

with c the speed of light,h the Planck constant, andk the
Boltzmann factor. It has been shown that always a sm
wavelength interval~24 cm21! is on the detector. So by in
tegrating Eq.~4! over this wavelength interval the number
photons emitted by the light source can be calculated.
cluding the opening angle, the emitting surface area, and
emissivity efficiency it is found that the light source emits
minimum of 2.031017photons/s in any one wavelength in
terval detected by the detector in the desired spectral ra
Not all photons emitted by the light source will reach t
detector. Photons will be lost because of two reasons. F

FIG. 3. Schematic of the path of light from the grating to the detecto
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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by means of geometrical loss of various optical eleme
and, second, by optical loss during reflection and transm
sion at and through the various optical elements.

D. Geometrical losses

To calculate the geometrical losses of the setup a
trace simulation of the setup was performed. For this ca
lation the setup was slightly simplified. First, all 90° off ax
parabolic mirrors were modeled as ideal infinitesimal th
lenses. This will have no effect on the final result as long
the opening angle is the same. Second, all flat mirrors w
left out of the simulation, which is allowed because due
their size no light will fall outside the mirror surface and th
there is no geometrical loss. The total geometrical loss of
setup is dependent on the kind of sample used. In case
setup is used in single reflection mode, the sample will
large in comparison to the spot size on the sample and th
fore there will be no geometrical loss at the sample. In c
trast when the setup is used in ATR mode the spot size on
initial beveled surface of the ATR crystal will be larger tha
this surface and therefore significant loss will result at
beveled surface. In Fig. 4 the light spot on the initial beve
surface of the ATR crystal is shown. It can be seen clea
that a large amount of light is lost at this initial bevele
surface. The spot size is approximately 6 mm in diame
and the ATR crystal has a width of 20 mm and a height
mm. Therefore approximately 80% of the light on the init
surface of the ATR crystal does not enter the crystal an
lost. The spot size of 6 mm at the initial beveled surface
the ATR crystal is due to an inaccurate focal length of
90° off axis parabolic mirror that focuses light onto the init
beveled surface. The focal length is 36 cm whereas a fo
length of 45 cm would have been better, but as mentio
earlier these 90° off axis parabolic mirrors had to be custo
made and 36 cm was the largest focal length that could
manufactured.

From the simulation it can be concluded that when
setup is used in single reflection mode, the total geometr
transmission is equal to 70%. The main geometric losses
on the first KBr window~15%! and on the detector~10%!.
When using the setup in ATR mode, the geometrical se
transmission drops to a mere 15%.

FIG. 4. Spot on the initial beveled surface of the ATR crystal obtained fr
ray trace simulations.
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
ts
s-

y
-

s
re
o

e
he
e
re-
-

he

e
d
ly

r
7
l
is
f

e

al
d
-
e

e
al
re

p

E. Optical losses

The different elements in the setup will all have nonp
fect transmission or reflection, due to which part of the lig
will be lost upon interaction of the light with the variou
elements. This loss can be calculated by means of sim
calculation. In Table II the reflection and transmission co
ficients of the various elements in the setup are given.
the grating not only the reflection coefficient is importan
the efficiency also has to be known. The efficiency is eq
to the fraction of total incident light which will be reflecte
into first order. This efficiency is at least 30%.24

By considering all the elements in the setup, the to
optical losses can be calculated. They are found to be e
to 96.8% and practically independent of the setup’s opera
mode. This is because the ZnSe ATR crystal transmiss
loss is approximately equal to the silicon substrate reflec
loss. The main loss is on the grating and on the customm
aluminum 90° off axis parabolic mirrors.

F. Detector

Considering the amount of photons emitted by the lig
source and the geometrical and optical losses of the s
elements, it is found that about 531015photons per second
per detected wavelength interval~24 cm21! will arrive on the
detector surface when the system is used in single reflec
mode. In the spectral range for which the setup was initia
designed the detector used has a minimum detection
ciency of 60%, and the energy flux detected by the dete
will be at least 7.331025 W. Depending on detector ampli
fier settings this energy flux will result in a lower limit fo
the maximum detector signal of 2.2 V. The noise in the d
tector signal is approximately 20 mV and therefore a th
retical signal to noise ratio of 102 can be obtained. With this
signal to noise ratio it is possible to measure absorption
tensities of 1% and higher when the system is used in sin
reflection mode and no spectra are averaged. In the
where the setup is used in ATR mode without anything e
changed, the detector signal measured will go down by
proximately one order of magnitude, but nevertheless
minimum detectable absorption intensity will increase.

Note that in calculation of the light intensity a worst ca
scenario was used therefore the maximum signal measur
higher than this calculated value. The intensity calculat
was done in the wavelength interval having the lowest lig
intensity and the lowest detector sensitivity was used. Ho
ever, in the range used the detector has the highest sensi

TABLE II. Reflection and transmission coefficients for various elements
the setup.

Element Transmission/reflection coefficient

Gold coated mirror 98% reflection
Aluminum mirror 70% reflection
KBr window 80% reflection
Grating 70% reflection
Filter 70% transmission
Substrate 70% reflection
ZnSe ATR crystal 70% transmission
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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in the wavelength interval in which the light intensity em
ted by the light source is the lowest. Therefore the maxim
signal measured by the detector will be higher than its c
culated value and thus the best signal to noise ratio will
higher than its calculated value. A rough estimate shows
this value will be 50%–100% higher.

Aside from the photons emitted by the light sour
which end up on the detector surface photons emitted
various elements in the direct vicinity of the detector w
also end up on the detector surface, causing the signal m
sured to increase with an offset. A significant part of th
offset can be subtracted from the measured signal electr
cally, but still the value will be dependent on the angle of t
grating because the number of background photons colle
by the detector will be different for different grating pos
tions. Later in this article how to eliminate the total bac
ground signal will be shown.

A summary of the various parameters of the fast infra
reflection absorption spectroscopy setup is given in Table
As can be seen time resolution of 1.3 ms is obtained
which still a signal to noise ratio of 102 is obtained in single
reflection. Nevertheless, to do this spectral range and res
tion had to be offered with respect to FTIR reflection abso
tion spectroscopy.

IV. REFLECTION ABSORPTION SPECTRA

To obtain a reflection absorption spectrum with the f
infrared reflection absorption spectroscope a couple of s
have to be taken. First, a background spectrum and a re
ence spectrum have to be obtained; they are shown in Fi
The background spectrum is the spectrum as a functio
the optical scanner angle obtained when the light sourc
turned off. It can be seen in Fig. 5 that the detector inten
is not constant as a function of the optical scanner posit
This is due to the infrared light emitted by various objects
close vicinity to the infrared reflection absorption spectr
copy setup.

Absorption is measured relative to a reference. The
erence is obtained by measuring the light intensity as a fu
tion of the optical scanner angle when the light source
turned on. For the reference spectrum shown in Fig. 5 a bare
silicon sample was used as a reflector. Notice that the re
ence spectrum closely resembles the filter profile~cf. Fig. 2!,
from which it can be concluded that the light source is co
tinuous with nearly constant intensity in the range
measurement.

It can also be seen in Fig. 5 that the reference spect
consists of two parts. A sudden increase in intensity is
served at 0.0 rad after which the remaining part of the m

TABLE III. Summary of various parameters for the fast infrared reflect
absorption spectroscopy setup.

Parameter Fast grating spectroscope

Spectral range 700–1400 cm21

Time resolution >1.3 ms
Resolution 24 cm21

Sensitivity at best
time resolution

131022 single reflection
131023 ATR crystal
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sured spectrum resembles the first part of the spectrum.
intensity however is less than that of the first part of t
spectrum. This is not a real change in intensity for wav
lengths corresponding to the angle indicated, but it is sec
order diffraction of the grating for the wavelengths which a
transmitted by the filter. Because it is second order diffr
tion, according to the grating equation@Eq. ~1!#, it needs to
have double the width of the other part of the spectru
Therefore the part seen is second order of the part of
spectrum observed between20.175 and20.125 rad and not
of the whole spectrum observed between20.175 and 0 rad.
The reason for not observing the whole second order sp
trum of the light transmitted is because of the blaze angle
the grating. This causes the intensity of the light diffracted
angles larger than 0.100 rad to decrease rapidly.

To calculate the reflection absorption spectrum a m
sured intensity spectrum@ I (w)#, in which part of the inten-
sity is absorbed, is also needed. The reflection absorp
spectrum@R(w)# can be calculated by

R~w!5
I ~w!2I back~w!

I 0~w!2I back~w!
, ~5!

whereI 0(w) is the reference spectrum obtained without a
sorption andI back(w) is the background spectrum obtaine
when the light source was turned off. In Fig. 5 an absorpt
spectrum is shown that was obtained by introducing an
sorber in the reflecting light beam. By means of Eq.~5! the
absorption spectrum as a function of the optical scanner
sition of the measured intensity data is calculated and
result of this calculation is shown in the image on the left
Fig. 6.

V. WAVELENGTH CALIBRATION

In general it is rather difficult to measure the angle
incidence and the angle of diffraction at the grating ac
rately enough to use the grating equation to calculate
wavelength as a function of the optical scanner positi
Therefore a wavelength calibration has to be performed.
easiest way to perform a wavelength calibration is by me
of gas phase absorption: first, because in general the spe
position of gas phase absorption is known well and, seco
because gas phase absorption bands have small widths

FIG. 5. Raw signal from the infrared reflection absorption spectroscop
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



g
t

. T

a

ec
d
e
th
re
ac
he
tio

fa
h

g.
re
ti

d

or
ec
io
tio
an
a
h
tio
ro

io
ns

tion
rp-
tup.
ed,
on
n in
ea-
nfra-

lso,
use
ugh

ght
s re-
er.
he
ade
6
in

he
tros-
de-
not
tro-
ve-
that
e a
ave
s in
why
for
n-

be
tup
ctor
the
e-
the

Sec.
two

r
p-

op-

e

2681Rev. Sci. Instrum., Vol. 74, No. 5, May 2003 Fast in situ infrared tool
pared to solid state absorption bands. So, in addition to
phase absorption measurements, some information abou
profile of the apparatus~resolution! of the fast infrared re-
flection absorption spectroscopy setup is also obtained
calibrate the setup in the range of 700–1400 cm21 HMDSO
gas was used. In the range given this molecule has four
sorption bands, shown in Table IV.

With the aligned fast infrared reflection absorption sp
troscopy setup gas phase absorption can be measure
blank silicon substrate is used as a reflector, the pump lin
closed, and 50 Pa HMDSO is let into the reactor. In both
incident light beam to the sample as the reflected infra
beam from the sample gas phase absorption will take pl
By measuring the infrared spectrum with and without t
HMDSO gas present it is possible to calculate the absorp
spectrum as a function of the optical scanner position.

In Fig. 6 an absorption spectrum measured by the
infrared reflection absorption spectroscope is shown. T
spectrum was calculated using the measurements in Fi
Notice that there is no difference between calculating a
flection absorption spectrum and a gas phase absorp
spectrum. The absorption spectrum shown was calculate
using Eq.~5!.

In Fig. 6 the absorption spectrum obtained by the m
conventional FTIR gas phase absorption spectroscopy t
nique is also shown. A comparison of the two absorpt
spectra immediately shows that there are five absorp
peaks in the fast infrared reflection absorption spectrum
there are only four absorption peaks in the FTIR gas ph
absorption spectrum. This difference is due to the fact t
the absorption peaks in the fast infrared reflection absorp
setup can also be seen in their second order diffraction f
the grating. So the first absorption peak~shown on the left!
has the same origin as the last absorption peak~shown on the
right!. When the absorption intensity of these two absorpt
peaks is compared it can be seen that the absorption inte
is the same.

FIG. 6. HMDSO gas phase absorption measured with the fast infrared
flection absorption spectroscope~left! and with the FTIR gas phase absor
tion spectroscope~right!.

TABLE IV. Overview of different gas absorption bands of HMDSO in th
range of 700–1400 cm21 ~after Refs. 30 and 31!.

Bond Type of vibration
Wave number

~cm21!

Si–CH3 Symmetrical bending 1260
Si–O–Si Asymmetrical stretching 1070
Si–CH3 Asymmetrical rocking 850
Si–CH3 Asymmetrical bending 758
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Note that there is a difference between the absorp
intensity measured with the fast infrared reflection abso
tion setup and that with the FTIR gas phase absorption se
This is mainly due to a difference in the gas pressure us
but it is also due to a difference in resolution. A comparis
of the noise level of both methods using the spectra show
Fig. 6 is not valid because for the FTIR spectroscopy m
surements 100 spectra were averaged and for the fast i
red reflection spectroscope no spectra were averaged. A
the path length between the two methods is different beca
the FTIR spectroscopy measurement is a straight thro
measurement~5 cm above and parallel to the substrate! and
for the fast infrared reflection spectroscope the infrared li
beam passes through the reactor at some angle and i
flected at the surface, causing the path length to be long

By using absorption peak positions conversion of t
optical scanner angle position to wave numbers can be m
using Eq.~1!. For the absorption spectrum shown in Fig.
this was done and the result of this conversion is shown
Fig. 7. Comparison of this absorption spectrum with t
spectrum measured by FTIR gas phase absorption spec
copy shows that in FTIR spectroscopy the resolution is in
pendent of the position in the spectrum whereas that is
the case for the fast infrared reflection absorption spec
scope. Due to the use of a grating the resolution in wa
length measured is close to constant, but due to the fact
conversion of wavelength to wave number has to be mad
1/l dependence is introduced. The difference does not h
an effect on the development of different absorption peak
time dependent measurements, which is the main reason
the new setup was developed. In the rest of this article,
the sake of clarity the optical scanner position will be co
verted to wavelength instead of wave number.

The calibration, which is easy to perform, has to
made every time a small change to the alignment of the se
is made, e.g., when the sample is changed or the dete
signal is optimized. This is because slight movement of
detector or of a mirror will lead to a slight change in wav
length measured at the detector at a specific angle of
optical scanner.

VI. SENSITIVITY

Various substrate types can be used as was shown in
I. There it was shown that it is easiest to use the setup in

e-

FIG. 7. Spectrum of HMDSO gas phase absorption with the converted
tical scanner position.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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different modes. First, the setup is used in single reflec
mode and then in ATR mode. The absorption sensitivity
obviously different in these two modes.

To demonstrate the sensitivity and time resolution of
fast reflection absorption setup an expanding thermal pla
deposition setup is used. This deposition setup has been
picted in the literature extensively and therefore only a sh
description of the setup will suffice.25,26 A thermal argon
plasma is generated by a cascaded arc and expands i
vacuum vessel with a typical pressure of 10–30 Pa. Into
expanding argon plasma deposition precursor gases ar
jected by a punctured injection ring situated 5 cm from
arc exit or by an injection nozzle.13 The precursor injected
will be dissociated by interaction with the argon plasma. T
dissociated species will cause film deposition to occur at
substrate which is situated on top of a chuck with a therm
trat 65 cm from the arc exit. The deposition is monitored
the fast infrared reflection absorption spectroscopy setup
the film thickness is monitored byin situ ellipsometry. For
the demonstration HMDSO and oxygen are used as
deposition precursors.

VII. SINGLE REFLECTION

In Fig. 8 the evolving detector signal, corrected for t
background signal, as a function of the wavelength at vari
times during HMDSO/oxygen deposition are shown~deposi-
tion rate 10.0 nm/s!. It can be seen that the maximum valu
of the detector signal is approximately 3.2 V which is,
expected, above the predicted 2.2 V. In Fig. 8 the reflec
absorption spectra at various times during film growth
also shown. It can be seen that various absorption pe
appear and grow during the deposition process. Notice
the spectra shown are single spectra, each obtained in 2.5
and that they have not been averaged. For the sake of cl
only a couple of spectra are shown.

The noise level can also be observed in Fig. 8 if the fi
reflection spectrum is studied in more detail. This first sp
trum was obtained when there was still no deposition on
of the sample and therefore it is a good indication of
noise level. For longer wavelengths the noise present in
reflection spectrum is larger than for shorter waveleng
This is in agreement with the measured detector signal,
higher the detector signal the lower the relative noise in
detector signal and the lower the noise in the calculated
flection spectrum. The absolute value of the noise level m
sured is in agreement with the expected noise level (1022).

FIG. 8. Corrected detector signal and calculated reflection spectra at va
times during silicon oxide like film deposition obtained in single reflecti
mode; time interval between measurements shown56.6 s.
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It is not possible to measure the absorption of any absorp
peak, not even the strongest one, at monolayer sensit
(231024).

A better way to present evolution of the absorption pe
as a function of time, without skipping measured spectra
by integrating the various absorption peaks in every in
vidual absorption spectrum. Integration was done by fittin
baseline to every absorption peak and integrating the a
between the absorption and its baseline. An example of
integrated absorption intensity as a function of time is giv
in Fig. 9. It can be seen that the integrated absorption h
noise level which is different for different absorption peak
This difference in absorption is caused by the spectral de
tor signal, which causes noise in the calculated reflect
absorption spectrum to depend on the position in
spectrum.

The scanning time and time resolution of the data sho
in Figs. 8 and 9 were chosen as 2.5 ms as mentioned be
This time scale is not the fastest possible, but at this ti
scale the scanning angle could be higher and therefore
ond order diffraction of the first absorption peak~at 16.05
mm! could also be measured. This reflection absorption
tensity was also integrated and is also shown in Fig. 9. It
be seen that the evolution of this peak as a function of ti
is similar to the evolution of this reflection absorption pe
observed in first order as was expected. The integrated a
lute absorption intensity is different but that is due to the f
that absorption was treated in the same way as the o
absorption peaks in first order. To convert the scanner an
to wavelengths it was assumed that all data were first o
and therefore the width of the second order peaks in
wavelength spectrum is different from the one measured
first order. The peak absolute absorption intensity is howe
the same and thus the integrated absorption intensity is
ferent. Physical interpretation of the data shown in Figs
and 9 will not be made here. Notice thatin situ measure-
ments of the same deposition at a faster speed would h
resulted in the same signal to noise ratio for the integra
absorption intensity.

The integrated absorption intensity can be smoothed
adjacent averaging. This will show the evolution of the a
sorption intensity more clearly, but it will lead to loss o
detail in the deposition processes which take place o
shorter time scale than the time scale represented by the

us

FIG. 9. Integrated absorption intensity for various absorption peaks
served during silicon oxide like film deposition as a function of time
single reflection mode.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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eraging interval. So when studying the initial growth proce
of a film only processes slower than the measuring time s
can be observed. For steady state film growth adjacent a
aging will not influence the results. For the data shown
Fig. 9 five point adjacent averaging was used.

Notice that the conditions used, the fastin situ infrared
reflection absorption spectroscope will not detect
HMDSO gas phase absorption during deposition. This is
cause during deposition the absolute density of HMDSO
the gas phase is too low to be detected. During deposition
pressure in the plasma reactor is 10 Pa and less than 5
the gas is the deposition precursor gas. During a depos
experiment the precursor is injected into the plasma an
large amount~approximately 70%! of it is consumed by the
plasma. So less than 1.5% of 10 Pa is HMDSO gas and
the HMDSO partial pressure is less than 0.15 Pa, whic
only 1/333 of the pressure used for gas phase calibra
measurements~cf. Fig. 7!. Therefore the absorption intensit
of the strongest absorber of this small amount of HMDS
(0.25/33357.531024) will be below the sensitivity of the
spectroscope (1022). Notice that the gas phase absorpti
intensity is of the same order as the monolayer absorp
intensity. By increasing the sensitivity it is therefore possi
that the contribution due to the gas phase cannot be
glected and a correction needs to be made. Eliminating
gas phase contribution can be done by using a polarizer
performing the experiment twice at different polarizati
angles.

VIII. ATR

To enhance the absorption signal an ATR crystal can
used.4,5,27,28 In the crystal light will have multiple interna
reflections, and due to these the light will also have multi
interactions with the film deposited on top of the ATR cry
tal. In these experiments ZnSe ATR crystals were chos
ZnSe has good transparency in the infrared and also rea
able transparency in the visible, which makes the align
procedure of the setup easier because the path of light ca
observed without using any infrared light detecting devic

The refractive index of ZnSe in the range of 5–10mm is
approximately equal to 2.4. The refractive index of the d
posited silicon oxide film is about 1.4 and the angle of lig
with respect to the ATR crystal surface, in the ATR crysta
approximately 55°. This is above the critical angle4 for total
internal reflection which is approximately 35° and therefo
light will not propagate into the film deposited on top of th
crystal. Absorption will occur in the evanescent wave th
occurs at the surface on which total internal reflection ta
place.4 Light will pass through the film twice, once upo
entering the crystal and once upon leaving the crystal. T
will also cause transmission absorption, which is differe
from reflection absorption. However, this will only be
small fraction of the total absorption, e.g., with 35 reflectio
this fraction will be 2/37.

In Fig. 10 infrared reflection absorption spectra obtain
using an ATR crystal are shown for HMDSO/oxygen dep
sition similar to that shown for single reflection mode. Aga
only selected spectra are shown for the sake of clarity and
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spectra averaging was done. The infrared absorptions
more intense than in the case of single reflection. In Fig.
the corrected detector signal as a function of the wavelen
is also shown. A comparison of the maximum detector sig
with the maximum signal obtained in single reflection mo
~see Fig. 8! shows that the signal decreased one order
magnitude, where as a reduction with a factor of 5 was
pected. This difference is probably due to the alignment
the setup, which is more critical in the case of ATR mo
than in single reflection mode. This is due to the focusing
the initial bevel of the ATR crystal.

A comparison of the reflection absorption spectra o
tained in ATR mode with the reflection absorption spec
obtained in single reflection mode shows some differenc
Notice that in the case of ATR mode a smaller part of t
spectrum is plotted due to which two reflection absorpt
peaks are not plotted. In the part omitted the noise leve
too high to get a clear picture, and this was already be
served on the higher wavelength side of the reflection
sorption spectrum shown in Fig. 10. The first difference
that the peak at 8mm is much smaller with respect to th
peak with biggest reflection absorption intensity in AT
mode than in single reflection mode. The second differe
that can be seen is that the shape of the various absorp
peaks is different and that the position of the maximum
flection absorption intensity is slightly shifted. Both diffe
ences are due to the change of substrate material w
changing from single reflection mode to ATR mode.

A similar difference is observed between a reflection a
sorption spectrum and the transmission absorption spec
on the same substrate material.4 Due to absorption the imagi
nary part of the refractive index as a function of the wav
length is not equal to zero at the wavelength of absorpti
Therefore the Fresnel coefficients for reflection as a funct
of the wavelength will change locally which results in
change in reflection. The Fresnel coefficients also depend
the refractive index of the substrate material and because
film deposited on top of the silicon substrate is similar to t
film deposited on top of the ZnSe ATR crystal the change
the reflection absorption spectrum can only be due to
difference in substrate material. A calculation using t
Fresnel equations fully supports this theory.29

To get better insight into the development of the vario
absorption peaks, the absorption peaks are integrated
plotted as a function of time. The result is shown in Fig. 1
Five point adjacent averaging was used to smooth the i
grated absorption data. The data in Fig. 11 indicate that

FIG. 10. Measured detector signal and calculated reflection spectra at
ous times during silicon oxide like film deposition obtained in ATR mod
time interval between measurements shown50.45 s.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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absorption intensity is much stronger than in the case
single reflection~cf. Fig. 9!. However, it is not possible to
give an exact value for the increase in absorption inten
because the substrate material for the two modes is differ
An increase of a factor of 35 was expected, and looking
the strongest absorption peak it can be seen that indee
increase close to this value is reached. However, the se
tivity of the ATR setup is not 35 times as high as in sing
reflection. This can be seen in the noise level of the A
absorption spectra taken before deposition started. In th
spectra the absolute noise level (431022) is higher than that
in the single reflection absorption spectrum (131022). This
is due to the fact that the absolute infrared intensity on
detector is decreased by installing an ATR crystal in
setup. This lower intensity will lead to a relatively high
noise level in the signal detected and therefore higher a
lute noise in the ATR absorption spectra with respect to
the single reflection absorption spectra. Although the ab
lute noise level is higher still the absorption sensitivity
increased and therefore the absorption of thinner films ca
measuredin situ with high time resolution. Taking the ab
sorption intensity to be 35 times that of single reflecti
mode than a single reflection equivalent absorption of
proximately 131023 can be measured, which is in agre
ment with the predictions.

The sensitivity can be increased even more by averag
multiple spectra, but it should be realized that this will res
in lower time resolution. For deposition rates of only
couple of nanometers per second this does not have to
problem, because with the deposition of one monolayer u
100 spectra can be obtained. Averaging 100 spectra will
sult in an increase in sensitivity by a factor of 10. If th
setup were used for analysis of silicon oxide-like film dep

FIG. 11. Integrated absorption intensity for various absorption peaks
served during silicon oxide like film deposition as a function of time in AT
mode.
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sition it would improve the sensitivity to monolayer sensiti
ity. In using this setup it is best to find a balance betwe
time scale, sensitivity, and averaging.
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