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Design of a fast in situ infrared diagnostic tool

M. E. A. M. van Hest, A. Klaver, D. C. Schram, and M. C. M. van de Sanden®
Eindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands

(Received 15 July 2002; accepted 3 January 2003

Conventional Fourier transform infrar€éBTIR) spectroscopes cannot be used to perform real time

in situinfrared reflection absorption spectroscopy at monolayer sensitivity for high deposition rates
(a couple of tens to hundreds of nmighich 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 crhat 1000 cm®. The absorption sensitivity for single reflection at

the best time resolution is approximately £Q but can be improved by using signal enhancement
techniques. Here attenuated total reflection is used and the best sensitivity obtained is approximately
103, 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. 2603 American Institute of Physics.

[DOI: 10.1063/1.1564273

I. INTRODUCTION 0.1 s. With the improvement of deposition methods and the
resulting higher deposition rates conventional FTIR reflec-
tion absorption spectroscopy as a real timaitu diagnostic

is pushed to its limits. At the deposition rates obtained using

can be usedh situ and in order to obtain monolayer sensi- an expanding thermal pIaanETP). deposition me_thodj like
that used, e.g., at the Eindhoven University of

tivity the absorption signal needs to be enhanced. Enhancq'—echnologﬁ‘wthis conventional FTIR reflection absorption
ment of the absorption signal can be obtained by |mplementé ectroscony analvsis method can no lonaer be used s an
ing an attenuated total reflectid®TR) crystal (see, e.g., P Py Y 9

Refs. 4 and b Due to this crystal the infrared light reflected situtool if one WanFS to study fllm.growthn situ with mono- )
will have multiple interactions with the deposited thin film, 18Yer sensitivity. Simple calculation shows that the deposi-
instead of just one in single reflection mode. The absorptiofion Of one single monolayer takes less than 10 ms at a depo-
signal enhancement can be up to a factor of 100 and is géition rate of 30 nm/s and less than 1 ms at a dgposmop rate
pendent on the dimensions of the ATR crystal and the angl@f 300 nm/s. These are rates that can be obtained with the
of reflection within the crystal. With this technique it is pos- ETP deposition method.
sible to measure the absorption of very thin fims down to ~ TO improve the time resolution during infrared reflection
less than one monolayer, depending on the type and streng@Psorption experiments it was necessary to develop a new
of absorption. The absorption signal can also be enhanced nd fasterin situ diagnostic tool. The minimum specifica-
using a metal substrate or an optical cavity subsftate. tions for this new setup together with specifications of the
However, optical cavity substrates only enhance the absorgonventional FTIR setup are given in Table | where it can be
tion over limited wavelength which depends on the substratseen that only two parameters have to be improved and in the
chosen. For every wavelength interval another substrate isthers there is some degree of freedom. The new setup is a
needed and therefore these kinds of substrates are less easynpromise between offering some of the strong properties
to use than an ATR crystal. With the use of metal substratesf FTIR spectroscopy and gaining time resolution. The heart
enhancement of the signal is smaller than with optical cavityof the new setup was found to be a grating which is mounted
substrates or ATR crystals, which makes these kinds of sulpn a high speed optical scanner. So a high speed monochro-
strates less suitable for obtaining enhancement large enoughator was constructed. The largest negative effect of intro-
to obtain monolayer sensitivity. ducing the grating will be on the spectral range of the fast
Due to the usually low deposition rates of various thinjnfrared reflection absorption setup with respect to the con-
film materials(up to 1 nm/$ in situ FTIR reflection absorp-  ventional FTIR reflection absorption spectroscope as will be
tion spectroscopy has enough time resolution. With fast SaMayplained in this article.
pling (rapid scanningan interval of 500~7500 crit can be In the remainder of this article the new setup will be
measured and with reasonable signal to noise ratio in aboescribed in depth. A detailed description of the individual
components of the setup will be given, as well as the moti-
¥Electronic mail: m.c.m.v.d.sanden@tue.nl vation for why these specific components were chosen.

A commonly used method for the analysis of thin film
materials is Fourier transform infraréBTIR) reflection ab-
sorption spectroscopfsee, e.g., Refs. 143This technique

0034-6748/2003/74(5)/2675/10/$20.00 2675 © 2003 American Institute of Physics
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TABLE I. Overview of minimum specifications and FTIR equivalents. source, in the 5pectra| range used in the rest of this article, is

mainly influenced by the arc operating current and the gas

Parameter Minimum FTIRtypical) . .
P pressure(lt is known that changing the gas from argon to
Spectral range  Dependent on absorgtion  500-7500 cm* xenon has a positive influence on the light intenSityln-
T'”;eesrsiﬁi'ggo” ;50;;'10 ms 8_01'2‘Clm'913 creasing the arc current has a strong influence on the light
) . ) o .
Sensitivity 2¢10°* (monolayer, SFO-S)  10°2 with averaging  INt€NSity, an increase of 10% in the current results in an

increase of 10% in the light intensity emitted. A 10% in-
crease of gas pressure however results in only a 5% increase
of emitted light intensity. Limitations imposed by the win-

dow thicknesgpressurgand the power supplycurreny re-
Based on specifications of the different components an estsylted in the operating conditions used.

mate of the expected signal to noise ratio will be given. This

is followed by experimental results that demonstrate that the

new method is operational and conform its design specificaB. Grating on the optical scanner
tions. The use of the fast infrared reflection absorption spec-
troscope will be illustrated by the fast deposition of silicon
oxide-like films of hexamethyldisiloxanédHMDSO) and
oxygen on silicon substrates and ZnSe ATR crystals.

3For the setup used in this article a spectral range of 700-1400 was
used.

In conventional FTIR spectroscopy a broadband spec-
trum (typical spectral range of 500—7500 chhis measured

by a scanning mirror interferometer, which is the heart of a
FTIR spectroscope. Due to movement of one of the two mir-
rors in the interferometer Fourier transform of the light spec-
trum is generated. By measuring the light intensity as a func-

A schematic overview of the optics of the fast infrared tion I?f th? tmlltror posmonband dgy I;oll_Jrlhetr_trtansf?rmmg tthe
reflection spectroscope is shown in Fig. 1. The light emitted ©S4'tING Interierogram a broadband Ight INtensity spectrum

by a cascaded arc light sour€® is converted into a parallel Is obtained. The resplution of this kind of speptroscope s
beam(2) and is guided through a reflection absorption Spec_dependelnt on the d|splacement_ of the scanning niiror.

troscopy seturs3)—(9) after which the exiting parallel beam Larger displacement results in higher resolution. The speed
is reflected onto the surface of a gratif) and focused of the interferometer is the main reason the time resolution is

(11) onto an infrared detectd.3). Just before reaching the not high. In short, it is fair to say that in a FTIR spectroscope
detector the light beam passes through a fift), which the interferometer works as a medium that identifies separate

. ; . . _wavelengths.
suppresses second and higher order diffraction of the gratlnéf.' n thge fast infrared reflection absorption Spectroscopy
setup a dispersive medium is used to separate light into its

A cascaded arc is used as a light soufte because it individgal components. As a result, only a limited wave-
has a higher infrared light intensity than the more commonl))?ngth interval ,W'” be detected by the detec_tor g’[ any one
used globars in FTIR spectroscop8si®A detailed descrip- time, whereas in FTIR spectrqscgpy .aII the Ilght is detected
tion of the light source was given by Wilbees al 156 and by the detector at the same tlrﬁé.Thls results in a.Iower
by Raghavaret alX* The light source used is operated with absolute detector signal intensity in th.e new S|t'uat|0n com-
argon at pressure of 1.8 bar and argon flow of 10 sccm. ThBaréd to FTIR spectroscopy, due to which noise induced by a
operating current was set to 25 A and the light that exited th@ackground signal will become relatively more important in
window of the arc is KBr with a thickness of 4 mm. Mea- € New S|_tuat_|on. ) _ _
surements of the light beam emitted by the arc show that the A 9rating is used as a dispersive medium. To calculate
divergence of the beam exiting the arc is 75 mrad and thafiSPErsion a grating equation is uséd,
the radiating surface isX810 “m?. Light output of the light a(sing,+siné,,) =mx, (1)

Il. FAST INFRARED SPECTROSCOPE

A. Light source

wherea is the spacing of the groove) the order of diffrac-
tion, A the wavelength, and; and 6,,, the angle of incidence
and the angle of diffraction, respectively. By rotating the
grating and keeping the detector at a fixed position, both the
incident and diffraction angles change simultaneously, which
is identical to the procedure used in most
monochromator§’~2!

As stated before the use of the fast infrared absorption
reflection spectroscope will be shown by means of the fast
deposition of silicon oxide-like films. Therefore the grating
FIG. 1. Schematic overview of the fast infrared reflection absorption setupa@s chosen such that it is possible to measure in the wave-

(1) light source,(2) 90° off axis parabolic mirror =19 cm), (3) flat gold
coated mirror,(4), 90° off axis parabolic mirror f(=36 cm), (5) KBr win-
dow in vessel wall(6) substrate(7) KBr window in vessel wall(8) 90° off
axis parabolic mirror {=36 cm), (9) flat gold coated mirror(10) grating on
an optical scannef11) 90° off axis parabolic mirrorf=7.5 cm),(12) filter,
and(13) detector.

length interval from 700 to 1400 cmh. In this interval there

is absorption of both the Si—O and Si—CHonds present
which have an absorption width of several tens of wave
numbers. Using the grating equatipiqg. (1)] with normal
incidence(0.0 rad and a refraction angle of approximately
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0.5 rad at 1050 cit (center of the interva) it can be cal- 07l ‘ ' ' T ]
culated that it is best to use a grating of 53 grooves/mm. This

exact grating is not commercially available and therefore a 06 ]
blazed grating of 50 grooves/mm was used. Changing the - 05} /J .
setup for other wavelengths can be done by changing the -% 04l / 1
grating, filter, and/or detector. g ' :

The grating is positioned on top of an optical scanner 2 03r ]
(Cambridge Technology Inc. model 665@hich is capable O o2l _
of oscillating the grating at frequency of up to 300 tinu- = o1l ]
soida) with angle large enough to pass the desired wave- ' .
length interval alqng the detector. This Wavelengt_h interval is 0.0 400 660 300 1 0'00 1200 1 4‘00 1600
smaller than the interval that can be measured with the FTIR p
spectroscope, because of the limited rotational angle of the Wavenumber (cm”)

optical scanner at such high oscillation frequencies. There-
fore it is not possible to monitor film absorption at positions

in the absorption spectrum which are not within the range . o .
scanned by the grating at the same time. Notice that thﬁ/as chosen as the window material, just as it was for the

FIG. 2. Transmission profile of the cutoff filter.

maximum rotational angle is dependent on the mass of th ght source, beqause it has .good transparency in the wave-
grating and the frequency. Increasing the oscillating fre-ength range of interest. A disadvantage of using KBr win-

guency or the grating mass results in a decrease in maximu ws is that they are hygroscopic, and therefore less useful
rotational angle when wants to measure a water absorption signal.

Because the grating oscillates on top of the optical scan-
ner it is possible to measure the spectrum for both forwardE. Filter
and backward motion of the oscillation. Therefore the acqui- The main part of the fast reflection absorption spectro-

sition speed of the spec.tra will be twice the oscillation fre—SCOpe is the grating. A disadvantage of using the grating is
guency. .So at an oscillating frequency qf SQO Hz the ?peC”"fhat instead of only getting first order diffraction second and
are obtained at 600 Hz, and the measuring time scale is eqUaigner order diffraction also appears. These higher orders

to 1.3 ms, which is equal to the time scale needed for MONija fere with first order and therefore have to be filtered.
toring monolayer film gr0\_/vth at a gr_owth r_ate of approxi- the interfering wavelength\(,) can be given by
mately 230 nm/s. To monitor even higher film growth rates
another optical scanner would be needed. The reproducibility N _ﬁ m=2 @)
of the angle of the optical scanner is within®ad. This is " m o
accgrate enough to be negllg_lble with respect to the measu\r/\_/here)\l is the first order wavelength amdthe order of the
ing interval of the detector signal and the scanner position . . . : : L ) )
. . ; . .. interfering light. Light interfering with first order light is
signal. Note that in the grating equation the change in inci- | . .
. . ; ways smaller in wavelength. Therefore to remove higher
dent and diffracted angles is the same as the rotational angﬁa Lo : .
. . orders a filter is needed that transmits the desired wavelength
of the scanner. Furthermore, the maximum rotational angle
. . P . and absorbs the lower wavelengths. The cutoff needs to be
of the scanner is twice the oscillation amplitude. .
somewhere between the lowest wavelength desired and half
the highest wavelength desired. A transmission profile of the
filter used is given in Fig. 2. As can be seen the filter used
The setup consists of a total of six mirrors. For the mir-does transmit light in the desired rang&®0—1400 Crﬁl_) up
rors that focug(4) and(11)] and defocu$(2) and(8)] a light ~ to 70% of its (_)r|g|nal |nte_n5|ty. The cutoff at 1400 Cﬂn|s_ in
beam 90° off axis parabolic mirror was used. This was don@greement with the desired wavelength band. The filter has
to reduce aberrations obtained using spherical mirrors. The® be changed when the grating is changed for measurements
disadvantage of using 90° off axis parabolic mirrors is thatn another wavelength interval.
they are less easy to align than spherical mirrors due to their
strict 90° positioning? F. Detector
In order not to lose too much intensity due to reflection
of the mirrors, four of the six mirrors were covered with a . X
thin gold coating. The other twd4) and(5)] are not coated. telluride (MCT) detector(type D316 was used. Due to its
This is because these two 90° off axis parabolic mirrors ha(lj"gh sensitivity to infrared light MCT detectors have a fairly

to be custommade because they have a focal lef8tttm) high dark current.induced by background radiatisee, e.g.,
which is not commercially available. Ref. 23. For this reason generally MCT detectors are

equipped with a double amplifier, i.e., a dc amplifier fol-
lowed by an ac amplifier, with fixed amplification factors.
However, for the new infrared reflection absorption spectro-
The infrared reflection absorption spectroscope is usedcope it is better to only dc amplify the detector signal. This
to monitorin situ the film deposition and therefore two win- is in order to have a direct correlation between the detector
dows have to be mounted in the deposition reactor wall. KBisignal and the infrared light intensity of the detector. By

C. Mirrors

To detect the infrared light a mercury—cadmium—

D. Windows
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installing a variable resisto_r on the amplifier it is pogsible to : T ool lengh T
subtract the dark current signal from the detector signal and oT

by installing a second variable resistor also the amplification Grating

factor of the amplifier was changed to maximize the detector Diffracted light

Active area
)L \ of detector

output voltage. The detector response time, including the am-
plifier, is equal to 5us.

Lens

G. Data acquisition and control Incident light

The signal of the detector as well as the signal that indi- FIG. 3. Schematic of the path of light from the grating to the detector.
cates the position of the optical scanner are measured by a
16-bit 200 ksamples/s analog to digital conve®DC) card  (cf. Fig. 1) is presented as a lens. From this plot it can be
(National Instruments 6035Enside a PC. The measure- seen that indeed a small wavelength interval is focused onto
ments are controlled by the same computer using dedicatefle active detector area. Although the focusing mirror is pre-
software which was programmed into National Instrumentsented as a lens, this has no consequences for the shown
CVI LABWINDOWS. In the software code a part was inte- effect. Using the grating equati¢&g. (1)] and lens theory, it
grated which can be used to analyze the measured data. follows that the wavelength interval of the detector, and thus

The number of data points measured to record one singlghe resolution, is about 24 chat 1000 cm™. In lens theory,

spectra(N) is given by the angle off is determined by the focal lengtli) and the
1 feamoe size of the detector arda). §=tan (0.5 a/f). This width
N= P (3) is less than the separation of the absorption peak of various

2fosc Nenannets absorption peaks of the silicon oxide-like film absorption

where f . is the optical scanner oscillation frequency andspectrum in the range of 700—1400 chTherefore the in-
fsample IS the ADC sampling rateNgpanneisis €qual to the  dividual absorption bands in the silicon oxide-like film ab-
number of channels used for measuring, which is fixed tasorption spectrum can be identified in the reflection absorp-
two, one for the detector and one for the optical scannetion spectrum. Also, the resolution calculated is better than
position. In the case where the setup is used at 300 Hz arttie minimum value given in Table I.

the ADC sampling frequency is set to its maximum value,

the number of data points for one single spectrum will equaB. Signal intensity

167. Roughly speaking, approximately every 4 ¢ra data

point is obtained, which is enough to have several data points To be able to estimate the number of photons that W.'” be
within one single solid state absorption baftybical width collected by the detector, and the resulting detector signal,

10-50 cmY). When the setup is operated at a lower Oscil_the number of photons emitted by the light source as well as

lating frequency the number of data points per spectra wiIFhe ge_zometr_lcal a_nd optlc_al losses nee_d to be known. In the
increase and the spectral measuring interval will decrease. A?Ilowmg this _estlmate will be made, in a worst case ap-
the maximum ADC sampling frequency the detector signal ié)roach, from light source to detector.
measured every 1@xs which is twice the response time of _ ]
the detector. C. Source intensity

The detector position signal is also measured every 10 Raghavanet al!* showed that the cascaded arc light
us. The total rotational angle of the scanner is 0.1 rad andource in the infrared can be modeled as a blackbody radiator
therefore the position is measured every 0.6 mrad when thgith temperaturéT) of 12 000 K and emissivity of 20%. The
scanner is scanning at a constant velocity. This 0.6 mrad isumber of photons emitted per second per solid angle of
much larger than the @rad positioning accuracy of the op- blackbody radiator as a function of the waveleng(\)

tical scanner, and therefore errors due to positioning of the<(s 1sr )] is given by the Planck blackbody radiation
scanner can be neglected. equation:

1
N exp(hc/NKT)—1"

with c the speed of lighth the Planck constant, aridthe
When the detector area is infinitesimally small, the lightBoltzmann factor. It has been shown that always a small
source would be a point source and the optics would bevavelength interva(24 cmil) is on the detector. So by in-
aligned perfectly, and the wavelength interval detected at antegrating Eq(4) over this wavelength interval the number of
one time would be unique for every measuring time. How-photons emitted by the light source can be calculated. In-
ever, due to the dimensions of the detecting area of the desluding the opening angle, the emitting surface area, and the
tector a small wavelength interval will be detected. The gratemissivity efficiency it is found that the light source emits a
ing is responsible for the dispersion of light and therefore thaninimum of 2.0< 10'” photons/s in any one wavelength in-
grating determines the wavelength interval of the detector. Iterval detected by the detector in the desired spectral range.
Fig. 3 a schematic of the grating, focusing mirror, and detecNot all photons emitted by the light source will reach the
tor is given L,=20cm). In Fig. 3 the final focusing mirror detector. Photons will be lost because of two reasons. First,

ll. THEORY N(N)=

A. Spectral resolution

4
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TABLE Il. Reflection and transmission coefficients for various elements of

the setup.
Element Transmission/reflection coefficient
’g Gold coated mirror 98% reflection
£ — | Aluminum mirror 70% reflection
bt crysta KBr window 80% reflection
8. Grating 70% reflection
".>" Filter 70% transmission
Substrate 70% reflection
ZnSe ATR crystal 70% transmission
4 1 1 Il 1 I L J L I
5 4 3 -2 1 0 1 2 3 4 5
x-spot (mm)}) E. Optical losses

FIG. 4. Spot on the initial beveled surface of the ATR crystal obtained from ~ 1he diﬁ_er?nt elemems_in the setup Wi|| all have nonper-
ray trace simulations. fect transmission or reflection, due to which part of the light

will be lost upon interaction of the light with the various

by means of geometrical loss of various optical element&leéments. This loss can be calculated by means of simple

and, second, by optical loss during reflection and transmiscalculation. In Table Il the reflection and transmission coef-

the grating not only the reflection coefficient is important,
the efficiency also has to be known. The efficiency is equal
to the fraction of total incident light which will be reflected

To calculate the geometrical losses of the setup a rajnto first order. This efficiency is at least 30%.
trace simulation of the setup was performed. For this calcu- By considering all the elements in the setup, the total
lation the setup was slightly simplified. First, all 90° off axis optical losses can be calculated. They are found to be equal
parabolic mirrors were modeled as ideal infinitesimal thinto 96.8% and practically independent of the setup’s operating
lenses. This will have no effect on the final result as long agnode. This is because the ZnSe ATR crystal transmission
the opening angle is the same. Second, all flat mirrors werl®ss is approximately equal to the silicon substrate reflection
left out of the simulation, which is allowed because due toloss. The main loss is on the grating and on the custommade
their size no light will fall outside the mirror surface and thus aluminum 90° off axis parabolic mirrors.
there is no geometrical loss. The total geometrical loss of the
setup is dependent on the kind of sample used. In case tr#e Det
setup is used in single reflection mode, the sample will be " etector
large in comparison to the spot size on the sample and there- Considering the amount of photons emitted by the light
fore there will be no geometrical loss at the sample. In consource and the geometrical and optical losses of the setup
trast when the setup is used in ATR mode the spot size on thelements, it is found that aboutL0'° photons per second
initial beveled surface of the ATR crystal will be larger than per detected wavelength interv@4 cm %) will arrive on the
this surface and therefore significant loss will result at thedetector surface when the system is used in single reflection
beveled surface. In Fig. 4 the light spot on the initial bevelednode. In the spectral range for which the setup was initially
surface of the ATR crystal is shown. It can be seen clearlydesigned the detector used has a minimum detection effi-
that a large amount of light is lost at this initial beveled ciency of 60%, and the energy flux detected by the detector
surface. The spot size is approximately 6 mm in diametewill be at least 7.% 10 > W. Depending on detector ampli-
and the ATR crystal has a width of 20 mm and a height 0.7ier settings this energy flux will result in a lower limit for
mm. Therefore approximately 80% of the light on the initial the maximum detector signal of 2.2 V. The noise in the de-
surface of the ATR crystal does not enter the crystal and isector signal is approximately 20 mV and therefore a theo-
lost. The spot size of 6 mm at the initial beveled surface ofretical signal to noise ratio of £@an be obtained. With this
the ATR crystal is due to an inaccurate focal length of thesignal to noise ratio it is possible to measure absorption in-
90° off axis parabolic mirror that focuses light onto the initial tensities of 1% and higher when the system is used in single
beveled surface. The focal length is 36 cm whereas a focakflection mode and no spectra are averaged. In the case
length of 45 cm would have been better, but as mentionetvhere the setup is used in ATR mode without anything else
earlier these 90° off axis parabolic mirrors had to be customehanged, the detector signal measured will go down by ap-
made and 36 cm was the largest focal length that could bproximately one order of magnitude, but nevertheless the
manufactured. minimum detectable absorption intensity will increase.

From the simulation it can be concluded that when the  Note that in calculation of the light intensity a worst case
setup is used in single reflection mode, the total geometricacenario was used therefore the maximum signal measured is
transmission is equal to 70%. The main geometric losses af@igher than this calculated value. The intensity calculation
on the first KBr window(15%) and on the detectofl0%). was done in the wavelength interval having the lowest light
When using the setup in ATR mode, the geometrical setujntensity and the lowest detector sensitivity was used. How-
transmission drops to a mere 15%. ever, in the range used the detector has the highest sensitivity

D. Geometrical losses
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TABLE Ill. Summary of various parameters for the fast infrared reflection 55
absorption spectroscopy setup. 1T ' ' "1 Spectrum type
50} Background
Parameter Fast grating spectroscope 45t —— Reference
< VY e Absorption
Spectral range 700-1400 ch 2 40l orel
Time resolution =13 ms © 35l ]
Resolution 24 cm? 57
Sensitivity at best 1x10? single reflection ‘»n 301 ]
time resolution 1X10 3 ATR crystal § 25} -
5]
@ 20f -
A 15] 1
in the wavelength interval in which the light intensity emit- o1
ted by the light source is the lowest. Therefore the maximum 1.0p, : . . . . .
signal measured by the detector will be higher than its cal- -03 -02 -01 00 01 02 03
culated value and thus the best signal to noise ratio will be Rotational angle (rad)
higher than its calculated value. A rough estimate shows that ) ) ) )
this value will be 50%—100% higher FIG. 5. Raw signal from the infrared reflection absorption spectroscope.

Aside from the photons emitted by the light source ]
which end up on the detector surface photons emitted b)s,ured spectrum res_embles the first part of th_e spectrum. The
various elements in the direct vicinity of the detector will Intensity however is less than that of the first part of the
also end up on the detector surface, causing the signal megP€ctrum. This is not a real change in intensity for wave-
sured to increase with an offset. A significant part of thislengths corresponding to the angle indicated, but it is second
offset can be subtracted from the measured signal electronprder diffraction of the grating for the wavelengths which are
cally, but still the value will be dependent on the angle of thelransmitted by the filter. Because it is second order diffrac-
grating because the number of background photons collectdiPn. according to the grating equatipBg. (1)], it needs to
by the detector will be different for different grating posi- Nave double the width of the other part of the spectrum.
tions. Later in this article how to eliminate the total back- Therefore the part seen is second order of the part of the
ground signal will be shown. spectrum observed betweer0.175 and-0.125 rad and not

A summary of the various parameters of the fast infrarec! the whole spectrum observed betwee.175 and 0 rad.
reflection absorption spectroscopy setup is given in Table 1117he reason for not observing the whole second order spec-
As can be seen time resolution of 1.3 ms is obtained foffum of the light transmitted is because of the blaze angle of
which still a signal to noise ratio of £0s obtained in single the grating. This causes the intensity of the Iight diffracted at
reflection. Nevertheless, to do this spectral range and resol@ngles larger than 0.100 rad to decrease rapidly.
tion had to be offered with respect to FTIR reflection absorp- 10 calculate the reflection absorption spectrum a mea-

tion spectroscopy. sured intensity spectruifi (¢)], in which part of the inten-
sity is absorbed, is also needed. The reflection absorption
IV. REFLECTION ABSORPTION SPECTRA spectrumR(¢) | can be calculated by

To obtain a reflection absorption spectrum with the fast _ @)~ Thacl @)
infrared reflection absorption spectroscope a couple of steps lo(®) = lpack @)’
have to be taken. First, a background spectrum and a refe\g\—/

A h t0 be obtained: th h i Fi herely(¢) is the reference spectrum obtained without ab-
ence spectrum have 1o be obtained, tn€y are shown in Fig. orption andl . ¢) is the background spectrum obtained
The background spectrum is the spectrum as a function

. _ . When the light source was turned off. In Fig. 5 an absorption
the optical scanner angle obtained when the light source 'gpectrum is shown that was obtained by introducing an ab-

turned off. It can be seen in Fig. 5 that the detector intensit;gorber in the reflecting light beam. By means of E%). the
is not constant as a function of the optical scanner position ’ '

. . . ) ! : - absorption spectrum as a function of the optical scanner po-
This is due to the infrared light emitted by various objects in P P P b

| icinitv to the infrared reflect b i ¢ sition of the measured intensity data is calculated and the
gc?;;s\gfl:rs y to the intrared reflection absorplion SpectroSyaq it of this calculation is shown in the image on the left in

o . Fig. 6.
Absorption is measured relative to a reference. The ref- g

erence is obtalrjed by measuring the light |nten5|ty asa funpv WAVELENGTH CALIBRATION
tion of the optical scanner angle when the light source is
turned on. For the reference spectrum shown in &ig bare In general it is rather difficult to measure the angle of
silicon sample was used as a reflector. Notice that the refeiacidence and the angle of diffraction at the grating accu-
ence spectrum closely resembles the filter prdtfeFig. 2), rately enough to use the grating equation to calculate the
from which it can be concluded that the light source is con-wavelength as a function of the optical scanner position.
tinuous with nearly constant intensity in the range ofTherefore a wavelength calibration has to be performed. The
measurement. easiest way to perform a wavelength calibration is by means
It can also be seen in Fig. 5 that the reference spectrurof gas phase absorption: first, because in general the spectral
consists of two parts. A sudden increase in intensity is obposition of gas phase absorption is known well and, second,
served at 0.0 rad after which the remaining part of the meabecause gas phase absorption bands have small widths com-

R(e) ®)
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FIG. 6. HMDSO gas phase absorption measured with the fast infrared re-
flection absorption spectroscofleft) and with the FTIR gas phase absorp-
tion spectroscopéight).
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pared to solid state absorption bands. So, in addition to gas Wavenumber (cm”)

phase absorption measurements, some information about thgs. 7. Spectrum of HMDSO gas phase absorption with the converted op-
profile of the apparatugesolution of the fast infrared re- tical scanner position.

fleqtion absorption spectroscopy setup is also obtained. To  Note that there is a difference between the absorption
calibrate the setup in the range of 700-1400 &HMDSO  jyensity measured with the fast infrared reflection absorp-
gas was used. In the range given this molecule has four al, setup and that with the FTIR gas phase absorption setup.
sorption bands, shown in Table IV. _ This is mainly due to a difference in the gas pressure used,
With the aligned fast infrared reflection absorption specy, ¢ jt is also due to a difference in resolution. A comparison
troscopy setup gas phase absorption can be measured. e noise level of both methods using the spectra shown in
blank silicon substrate is used as a reflector, the pump line 'F—"ig. 6 is not valid because for the FTIR spectroscopy mea-
closed, and 50 Pa HMDSO is let into the reactor. In both the;rements 100 spectra were averaged and for the fast infra-
incident light beam to the sample as the reflected infrareday refiection spectroscope no spectra were averaged. Also,
beam from the sample gas phase absorption will take placgne path length between the two methods is different because
By measuring the infrared spectrum with and without theyhe FTIR spectroscopy measurement is a straight through
HMDSO gas present it is possible to calculate the absorpt'oﬂweasuremen(ﬁ cm above and parallel to the substjaed
spectrum as a function of the optical scanner position. fqr the fast infrared reflection spectroscope the infrared light
_InFig. 6 an absorption spectrum measured by the fasteam passes through the reactor at some angle and is re-
infrared reflection absorption spectroscope is shown. Thigacted at the surface, causing the path length to be longer.
spectrum was calculated using the measurements in Fig. 5. By using absorption peak positions conversion of the
Notice that there is no difference between calculating a r€pptical scanner angle position to wave numbers can be made
flection absorption spectrum and a gas phase absorptiqfing Eq.(1). For the absorption spectrum shown in Fig. 6
spectrum. The absorption spectrum shown was calculated Ryis was done and the result of this conversion is shown in
using Eq.(5). _ . Fig. 7. Comparison of this absorption spectrum with the
In Fig. 6 the absorption spectrum obtained by the mor&pactrum measured by FTIR gas phase absorption spectros-
conventional FTIR gas phase absorption spectroscopy techiyny shows that in FTIR spectroscopy the resolution is inde-
nique is also shown. A comparison of the two absorptionyengent of the position in the spectrum whereas that is not
spectra immediately shows that there are five absorptioghe case for the fast infrared reflection absorption spectro-
peaks in the fast infrared reflection absorption spectrum angcope. Due to the use of a grating the resolution in wave-
there are only four absorption peaks in the FTIR gas phasgngth measured is close to constant, but due to the fact that
absorption spectrum. This difference is due to the fact that,nversion of wavelength to wave number has to be made a
the absorption peaks in the fast infrared reflection absorptioR dependence is introduced. The difference does not have
setup can also be seen in their second order diffraction fromyy, effect on the development of different absorption peaks in
the grating. So the first absorption pe@hown on the left  ime gependent measurements, which is the main reason why
has the same origin as the last absorption fieewn onthe 116 new setup was developed. In the rest of this article, for
right). When the absorption intensity of these two absorptionhe sake of clarity the optical scanner position will be con-
peaks is compared it can be seen that the absorption intensified to wavelength instead of wave number.
is the same. The calibration, which is easy to perform, has to be
made every time a small change to the alignment of the setup
TABLE IV. Overview of different gas absorption bands of HMDSO in the is made, e.g., when the sample is changed or the detector

range of 7001400 cnt (after Refs. 30 and 31 signal is optimized. This is because slight movement of the
Wave number detector or of a mirror will lead to a slight ch.a'nge in wave-

Bond Type of vibration (cm™ length measured at the detector at a specific angle of the
. - . optical scanner.

Si—-CH; Symmetrical bending 1260

Si—O-Si Asymretrical stretching 1070 VI. SENSITIVITY

Si-CH; Asymmetrical rocking 850 . .

Si—CH, Asymmetrical bending 758 Various substrate types can be used as was shown in Sec.

I. There it was shown that it is easiest to use the setup in two
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FIG. 8. Corrected detector signal and calculated reflection spectra at various € \ . . ) A . .
times during silicon oxide like film deposition obtained in single reflection - 0 5 10 15 20 25 30
mode; time interval between measurements sho@6 s. Time (s)

. . . L . FIG. 9. Integrated absorption intensity for various absorption peaks ob-
different modes. First, the setup is used in single reflectiorerved during silicon oxide like film deposition as a function of time in

mode and then in ATR mode. The absorption sensitivity issingle reflection mode.
obviously different in these two modes.

To demonstrate the sensitivity and time resolution of thet is not possible to measure the absorption of any absorption
fast reflection absorption setup an expanding thermal plasmgeak, not even the strongest one, at monolayer sensitivity
deposition setup is used. This deposition setup has been dgx 10™4).
picted in the literature extensively and therefore only a short A better way to present evolution of the absorption peak
description of the setup will suffic&”® A thermal argon as a function of time, without skipping measured spectra, is
plasma is generated by a cascaded arc and expands intth@ integrating the various absorption peaks in every indi-
vacuum vessel with a typical pressure of 10—30 Pa. Into thigidual absorption spectrum. Integration was done by fitting a
expanding argon plasma deposition precursor gases are ipaseline to every absorption peak and integrating the area
jected by a punctured injection ring situated 5 cm from thepetween the absorption and its baseline. An example of the
arc exit or by an injection nozzi€. The precursor injected integrated absorption intensity as a function of time is given
will be dissociated by interaction with the argon plasma. Then Fig. 9. It can be seen that the integrated absorption has a
dissociated species will cause film deposition to occur at theoise level which is different for different absorption peaks.
substrate which is situated on top of a chuck with a thermosThjs difference in absorption is caused by the spectral detec-
trat 65 cm from the arc exit. The deposition is monitored bytor signal, which causes noise in the calculated reflection
the fast infrared reflection absorption spectroscopy setup angbsorption spectrum to depend on the position in the
the film thickness is monitored by situ ellipsometry. For  spectrum.
the demonstration HMDSO and oxygen are used as fim  The scanning time and time resolution of the data shown
deposition precursors. in Figs. 8 and 9 were chosen as 2.5 ms as mentioned before.
This time scale is not the fastest possible, but at this time
scale the scanning angle could be higher and therefore sec-
ond order diffraction of the first absorption peékt 16.05

In Fig. 8 the evolving detector signal, corrected for theum) could also be measured. This reflection absorption in-
background signal, as a function of the wavelength at variougensity was also integrated and is also shown in Fig. 9. It can
times during HMDSO/oxygen deposition are sho@eposi- be seen that the evolution of this peak as a function of time
tion rate 10.0 nmJs It can be seen that the maximum value is similar to the evolution of this reflection absorption peak
of the detector signal is approximately 3.2 V which is, asobserved in first order as was expected. The integrated abso-
expected, above the predicted 2.2 V. In Fig. 8 the reflectiortute absorption intensity is different but that is due to the fact
absorption spectra at various times during film growth arghat absorption was treated in the same way as the other
also shown. It can be seen that various absorption peakabsorption peaks in first order. To convert the scanner angle
appear and grow during the deposition process. Notice thdab wavelengths it was assumed that all data were first order
the spectra shown are single spectra, each obtained in 2.5 n@)d therefore the width of the second order peaks in the
and that they have not been averaged. For the sake of clarityavelength spectrum is different from the one measured in
only a couple of spectra are shown. first order. The peak absolute absorption intensity is however

The noise level can also be observed in Fig. 8 if the firsthe same and thus the integrated absorption intensity is dif-
reflection spectrum is studied in more detail. This first specferent. Physical interpretation of the data shown in Figs. 8
trum was obtained when there was still no deposition on to@and 9 will not be made here. Notice that situ measure-
of the sample and therefore it is a good indication of thements of the same deposition at a faster speed would have
noise level. For longer wavelengths the noise present in thisesulted in the same signal to noise ratio for the integrated
reflection spectrum is larger than for shorter wavelengthsabsorption intensity.

This is in agreement with the measured detector signal, the The integrated absorption intensity can be smoothed by
higher the detector signal the lower the relative noise in thedjacent averaging. This will show the evolution of the ab-
detector signal and the lower the noise in the calculated resorption intensity more clearly, but it will lead to loss of
flection spectrum. The absolute value of the noise level meadetail in the deposition processes which take place on a
sured is in agreement with the expected noise level L0  shorter time scale than the time scale represented by the av-

VII. SINGLE REFLECTION
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eraging interval. So when studying the initial growth process
of a film only processes slower than the measuring time scaI(; 030
can be observed. For steady state film growth adjacent aveig °*

5020

aging will not influence the results. For the data shown in 3

Transmission

Fig. 9 five point adjacent averaging was used. 73212

Notice that the conditions used, the fastsitu infrared 8 o0
reflection absorption spectroscope will not detect the °®=“5 =526 © 2 M w0 11 1z 13w
HMDSO gas phase absorption during deposition. This is be- Wavelength (um) Wavelength (um)

cause during deposition the absolute density of HMDSO irl:IG. 10. Measured detector signal and calculated reflection spectra at vari-
the gas phase is too low to be detected. During deposition thgs times during silicon oxide like film deposition obtained in ATR mode;
pressure in the plasma reactor is 10 Pa and less than 5% tfie interval between measurements sheWr5 s.

the gas is the deposition precursor gas. During a deposition

experiment the precursor is injected into the plasma and gpectra averaging was done. The infrared absorptions are
large amountapproximately 70%of it is consumed by the more intense than in the case of single reflection. In Fig. 10
plasma. So less than 1.5% of 10 Pa is HMDSO gas and thuge corrected detector signal as a function of the wavelength
the HMDSO partial pressure is less than 0.15 Pa, which igs 150 shown. A comparison of the maximum detector signal
only 1/333 of the pressure used for gas phase calibratiofith the maximum signal obtained in single reflection mode
measurement&f. Fig. 7). Therefore the absorption intensity (see Fig. 8 shows that the signal decreased one order of
of the strongest absorber of this small amount of HMDSOmagnitude, where as a reduction with a factor of 5 was ex-
(0.25/333=7.5x10"%) will be below the sensitivity of the pected. This difference is probably due to the alignment of
spectroscope (IG). Notice that the gas phase absorptionine setup, which is more critical in the case of ATR mode
intensity is of the same order as the monolayer absorptioghan in single reflection mode. This is due to the focusing on
intensity. By increasing the sensitivity it is therefore possibleihe initial bevel of the ATR crystal.

that the contribution due to the gas phase cannot be ne- A comparison of the reflection absorption spectra ob-
glected and a correction needs to be made. Eliminating thgjined in ATR mode with the reflection absorption spectra
gas phase contribution can be done by using a polarizer anghtained in single reflection mode shows some differences.
performing the experiment twice at different polarization ngtice that in the case of ATR mode a smaller part of the
angles. spectrum is plotted due to which two reflection absorption
peaks are not plotted. In the part omitted the noise level is
too high to get a clear picture, and this was already be ob-
served on the higher wavelength side of the reflection ab-

To enhance the absorption signal an ATR crystal can bsorption spectrum shown in Fig. 10. The first difference is
used*®?728|n the crystal light will have multiple internal that the peak at §&m is much smaller with respect to the
reflections, and due to these the light will also have multiplepeak with biggest reflection absorption intensity in ATR
interactions with the film deposited on top of the ATR crys- mode than in single reflection mode. The second difference
tal. In these experiments ZnSe ATR crystals were choserthat can be seen is that the shape of the various absorption
ZnSe has good transparency in the infrared and also reasopeaks is different and that the position of the maximum re-
able transparency in the visible, which makes the alignindlection absorption intensity is slightly shifted. Both differ-
procedure of the setup easier because the path of light can leaces are due to the change of substrate material when
observed without using any infrared light detecting device. changing from single reflection mode to ATR mode.

The refractive index of ZnSe in the range of 5@ is A similar difference is observed between a reflection ab-
approximately equal to 2.4. The refractive index of the de-sorption spectrum and the transmission absorption spectrum
posited silicon oxide film is about 1.4 and the angle of light,on the same substrate matefi@iue to absorption the imagi-
with respect to the ATR crystal surface, in the ATR crystal isnary part of the refractive index as a function of the wave-
approximately 55°. This is above the critical arffgler total  length is not equal to zero at the wavelength of absorption.
internal reflection which is approximately 35° and thereforeTherefore the Fresnel coefficients for reflection as a function
light will not propagate into the film deposited on top of the of the wavelength will change locally which results in a
crystal. Absorption will occur in the evanescent wave thatchange in reflection. The Fresnel coefficients also depend on
occurs at the surface on which total internal reflection takeshe refractive index of the substrate material and because the
place? Light will pass through the film twice, once upon film deposited on top of the silicon substrate is similar to the
entering the crystal and once upon leaving the crystal. Thi§ilm deposited on top of the ZnSe ATR crystal the change in
will also cause transmission absorption, which is differentthe reflection absorption spectrum can only be due to the
from reflection absorption. However, this will only be a difference in substrate material. A calculation using the
small fraction of the total absorption, e.g., with 35 reflectionsFresnel equations fully supports this the6ty.
this fraction will be 2/37. To get better insight into the development of the various

In Fig. 10 infrared reflection absorption spectra obtainedabsorption peaks, the absorption peaks are integrated and
using an ATR crystal are shown for HMDSO/oxygen depo-plotted as a function of time. The result is shown in Fig. 11.
sition similar to that shown for single reflection mode. Again, Five point adjacent averaging was used to smooth the inte-
only selected spectra are shown for the sake of clarity and ngrated absorption data. The data in Fig. 11 indicate that the

VIII. ATR
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1.2F ' ' ' ' ' ‘ ] sition it would improve the sensitivity to monolayer sensitiv-
5 ity. In using this setup it is best to find a balance between
g8 1or time scale, sensitivity, and averaging.
8 0.8
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