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Simultaneous measur ement of bulk absor ption and fluorescencein
fused silica upon ArF laser irradiation
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ABSTRACT

A new setup was established to simultaneously record the bulk absorption of fused silicaat 193 nm and its laser induced
fluorescence (LIF). Bulk absorption coefficients in the 10%/cm range are measured in a compact setup with small
samples of 20 x 20 x 10 mm® using an ArF pump laser and recording the ArF laser induced deflection (LID) of a diode
probe laser beam. LIF is measured through an optical fiber coupled to an intensified gated CCD camera.

Within the first few pulses of ArF laser irradiation the bulk absorption coefficient and LIF emission around 300 nm and
400 nm (oxygen deficient centers, ODC) decrease considerably, sometimes to a fraction of their initial values. In some
fused silica samples additional fluorescence in the green-yellow wavelength region is found. This fluorescence
increases in a strongly nonlinear way with the fluence. Assuming fluorescence excitation by single photon absorption
the observed behavior can be explained by saturation of the absorption transition which put limitations on the fluence
applicable in the experiments. Summarizing the obtained results a measurement instruction for precise absorption
measurements of fused silica at 193 nm laser irradiation is suggested and fused silica samples have been investigated
concerning their dependence of the absorption coefficient on the fluence. The results, in combination with transmission
measurements of 300 mm long fused silica samples, confirm the nonlinear increase of the absorption with increasing
fluence.
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1. INTRODUCTION

Nowadays the majority of optical elements for optical lithography are made of high-purity fused silica. Very important
parameters of this material are the excimer laser induced density and refractive index changes and, above al, the initial
absorption coefficient and its change upon prolonged DUV laser irradiation. Since the absorption coefficients a of
fused silica have become very low down to the 10°*/cm range precise and highly sensitive measurement techniques are
required. To determine these small absorption values by conventional transmission measurements large sample sizes are
required. As an alternative, background-free direct absorption measurements have become attractive due to their high
sensitivity®. Currently, two photo-thermal techniques have been established, calorimetry** and laser induced deflection
(LID)>". The first method measures the temperature rise in the investigated sample to calculate the absorbed averaged
power including surface absorption. To discriminate between surface and volume absorption, samples of different
thickness are measured and the bulk absorption is calculated from a plot of the absorption versus sample thickness®. The
LID technique uses the deflection of a probe laser beam induced by the local changes of the refractive index due to the
temperature increase within the sample (“thermal lens’). It was demonstrated, that surface absorption does not
contribute to the beam deflection and thus the bulk absorption values are obtained directly for each single sample’.

Within the last two years, the European CHOCLAB |1 project has brought together several groups performing direct
absorption measurements in order to critically evaluate the existing work instructions for absorption measurements. For
their extension to ArF excimer lasers so-called round-robin tests were carried out. Fluence dependent absorption
measurements performed with equivalent fused silica samples and different experimental setups are compared to each
other®. The deviating results have shown, that the measurement of the small absorption coefficients of fused silica is
apparently a challenging task. Laser induced absorption and relaxation processes in fused silica are influenced by the
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experimental parameters like pulse repetition rate, laser pulse shape and fluence. Therefore, detailed investigations were
initiated and first results presented recently’.

Earlier absorption measurements of fused silica at 193 nm revealed an absorption decrease within the first laser pulses
of irradiation®. On the medium time scale absorption assumed a constant value, which can be considerably lower than
the intermediate value shortly after starting the irradiation. Therefore, it is necessary to irradiate the sample until its
absorption reaches the stable value. Often, the initial effect was attributed to surface cleaning by laser irradiation.
However, this effect is also detected when measuring pure bulk absorption by the LID technique’. Additionally, a
sample was stored at ambient conditions for a couple of days immediately after the laser induced decrease of
absorption. No change of absorption was registered when irradiating the same sample with its new surface
contamination. Therefore, we assume that the initial absorption decrease is due to laser induced bulk processes instead
of surface cleaning. This interpretation is corroborated by the visually observed blue fluorescence behavior. Blue
fluorescence in fused silicaisinduced by single photon absorption and attributed to oxygen deficient centers (ODC) **2.
For clarification, the influences of selected defects on the parameters of absorption measurements upon ArF laser
irradiation are investigated by laser induced fluorescence (LIF) and a work instruction is derived and proposed for
measuring small absorption in fused silica.

2. EXPERIMENTAL SETUP

A scheme of the experimental setup for absorption, transmission and L1F measurementsis shown in figure 1.
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Figure 1: Scheme of the experimental setup to measure absorption, transmission and laser induced fluorescence

OH rich fused silica was irradiated by an excimer laser LPX 240i (Lambda Physik AG) at 193 nm. For simultaneous
LID and LIF measurements (lowest measurement arm) the beam was shaped to a size of 5x 5mm? at the sample
(20 x 20 x 10 mm?®) which is placed in a compact capsuled setup’. To record the LIF spectra an optical fiber was added
to the compact LID. The combined LID and LIF investigations have been performed at a fluence of 20 mJcm? and a
repetition rate of 50 Hz. For pure LID measurements repetition rates of 200 and 250 Hz and fluences ranging from 5 to



20 mJcm? have been applied. The LID signal is registered by an oscilloscope (LeCroy LC334A) whereas the LIF signal
isrecorded by an intensified gated OMA system (S&1).

Separate LIF investigations (upper measurement arm) were carried out with both, an unshaped beam of 15 x 5 mm? size
and alens shaped beam of 5 x 3 mm? size to measure the LIF signal over awide range of fluences at a repetition rate of
10 Hz.

The transmission of 300 mm long fused silica samples (central measurement arm) was measured by energy monitors
(Precision Systems and I nstruments) in front and behind the sample. The unshaped laser beam was confined to a size of
15 x 5 mm? by an aperture. The repetition rate was 100 Hz at fluences of 2 — 10 mJ/cm?.

3. RESULTSAND DISCUSSION

It was previously found that both, the visible blue fluorescence and the absorption of OH rich fused silica, are changing
upon ArF laser irradiation. Therefore it appears attractive to directly compare the tempora evolution of the blue
fluorescence and of the ArF laser absorption. For convenience of presentation the results of the LIF investigations are
bundled in the following part and the absorption and transmission measurements are shown thereafter.

A typical ArF laser induced LIF spectrum related to the blue fluorescence is shown in figure 2a. Two bands ODC(a)
and ODC(b) are seen which are attributed to two modifications of oxygen deficient centers ODC***. The spectrum was
recorded with a 100 ps time gate after the ArF laser pulse. The time gate width is much longer than the emission
lifetimes of 0.48 ps and 0.38 ps determined for the ODC(a) and ODC(b) fluorescence, respectively.

To quantitatively evaluate the visible bleaching of the blue fluorescence, the time and energy integrated LIF signals of
ODC(a) and ODC(b) were registered in intervals of 7 seconds during ArF laser irradiation and the two bands
deconvoluted. The temporal evolution of these signals and their sum is sketched out in figure 2b and confirms the visual
observations.
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Figure 2: (a) Typical LIF emission spectrum of fused silica in the range between 2 and 6 eV showing two ODC fluorescence bands
which are simulated by Gaussian functions.
(b) Time and energy integrated LIF signals: temporal development upon ArF laser irradiation



It iseasily seen that the emission from ODC(a) decays much faster than that from ODC(b) and reaches a constant value
before the end of the applied number of laser pulses. On the other hand, the decrease of the ODC(b) emission is till
present at the end of the irradiation. The sum of the two ODC LIF signals also decays with the number of laser pulses
and is assumed to reflect a diminishing number of oxygen deficient centers. It is further evident that the decrease has
not yet stopped when switching off the laser.

One of the most interesting investigations of fused silica upon laser irradiation is the fluence dependence of its optical
properties. Therefore, fluence dependent LIF measurements were carried out. The ODC fluorescence was registered
after reaching a constant value (figure 3). Apart from the ODC fluorescence some LIF spectra of OH rich fused silica
samples indicated an additional green-yellow fluorescence™®** with a virtually constant intensity during ArF laser
irradiation. The origin of this fluorescence is still not fully understood, but previous investigations using a fluorescence
spectrometer have indicated that, similar to ODC, single photon absorption is the primary excitation process. Since
earlier published investigations using a KrF excimer laser have already shown, that a saturation of the green-yellow
fluorescence is evident for high fluences', the fluence dependence of this green-yellow fluorescence at ArF laser
irradiation was additionally investigated for a particular sample with the same recording conditions as for the ODC
fluorescence (figure 4).
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Figure 3: Time and energy integrated LIF intensities of the different ODC fluorescence bands with increasing fluence indicating the
saturation of both ODC fluorescence bands. The displayed fit function is derived from assuming a saturation of the related
absorption transition (see equation (1)).

The results in figure 3 an 4 make evident that both, the ODC and the green-yellow fluorescence intensities do not
increase in a linear way with the fluence. For the ODC(a) and (b) the beginning of a saturation of the LIF signal is
evident for high fluences whereas for the green-yellow fluorescence the saturation is aready present at very low
fluences.

With the knowledge of a single photon absorption process being the origin of the ODC and the green-yellow
fluorescence, the fluence dependence in figure 3 and 4 can be explained by assuming a saturation of the primary
absorption transition. Thus, the absorption coefficient for the corresponding single photon absorption process would
follow the relation:
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with o, indicating the absorption coefficient at zero laser fluence and Hs the saturation fluence when the value for a has
dropped to ay/2.
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Figure 4: Time and energy integrated LIF intensity of the green-yellow fluorescence band with increasing fluence indicating the
saturation of the fluorescence. The displayed fit function is derived from assuming a saturation of the related absorption
transition (see equation (1)).

Applying afit function derived from equation (1) to the results in figures 3 and 4, saturation fluences Hs of 85 mJ/cm?
for ODC(b), 150 mJcm? for ODC(a) and 35 mJcm? for the green-yellow fluorescence are obtained. Thus, if a
saturation of the corresponding absorption transition is the explanation of the behavior shown in figure 3 and 4 the
range for fluence dependent absorption measurements has to be well below Hs or equation (1) has to be taken into
account in the data analysis.

In the following the results of absorption and transmission measurements of OH rich fused silica samples will be
presented. The results of the absorption measurements performed by LID simultaneously with the LIF measurementsin
figure 2b are displayed in figure 5a. Looking at the development of the absorption coefficient as a function of the
incident ArF laser pulses a decrease is found. The course of the absorption decay (fig. 5a) differs from that of the
summarized ODC related LIF (fig. 2b). However, the measured absorption is related to oxygen deficient centers and to
E’ centers obtained by conversion of ODC into E’ centers', whereas the LIF measurements exclusively show oxygen
deficient centers. Nonetheless, since there is so far no other observed contribution to the absorption decrease of fused
silica, we assume from the obtained results, that the absorption decrease of fused silica upon ArF irradiation is due to
the laser induced reduction of originally present oxygen deficient centers.

Furthermore, figures 2b and 5a reveal that the applied number of laser pulses are not sufficient to reach constant values
for the absorption coefficient and the ODC fluorescence. Prolonged irradiation of three identical OH rich fused silica
samples at 200 Hz and different fluences (5, 10 and 20 mJcm?), however, revealed constant absorption coefficient
values after applying a dose D of 4 to 5 kJcm? with D = pulse number N x fluence H (fig. 5b). In addition, figure 5b



shows at the end of the irradiation that the absorption coefficients increase with the fluence indicating nonlinear
absorption processes.
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Figure 5: Absorption coefficients determined by LID (a) as a function of incident ArF laser pulses (20 mJcm?, 50 Hz) and (b) as a
function of theirradiation dose D =N * H (N = number of laser pulses, H = fluence)

To verify the results obtained by LID in figure 5b, transmission measurements were performed with three different OH
rich fused silica samples of 300 mm length at a constant fluence of 5 mJcm? and a repetition rate of 150 Hz. Figure 6
shows similar decays for al samples whereas the decay amplitudes are different. It can again be assumed from figure 6
that a dose of 4 to 5 kJ/cm? is sufficient to terminate the absorption decrease.
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Figure 6: Absorption coefficients of 3 different 300 mm long OH rich fused silica samples determined by transmission measurements
upon ArF laser irradiation with the same fluence of 5 mJcm?



Summarizing the above investigations of OH rich fused silica using ArF laser irradiation and those previously
published™ #2201 '3 measyrement instruction is suggested for precise fluence dependent absorption measurements of
OH rich fused silica upon ArF excimer laser irradiation and for a better comparison of the results obtained by different
groups.

1. Before starting the measurements, a pre-irradiation dose D = N x H (N = number of pulses, H = fluence) of about
4105 kJem? has to be applied to ensure the end of the absorption decrease due ArF laser induced reduction of
oxygen deficient centers. To avoid permanent laser induced absorption changes during pre-irradiation due to well-
known two photon absorption processes alow fluence (few m¥cm? range) is recommended.

2. The fluence dependent absorption or transmission measurements should be performed at a nearly constant integral-
square pulse width 1,s™ because of its influence on the nonlinear absorption processes’. In afirst approximation this
can be ensured by keeping the laser discharge high voltage constant and varying the fluence by beam attenuators.
Nonetheless, the laser pul se shape should be frequently measured to avoid substantial changes of T,5 due to ageing of
the laser gas.

3. For the repetition rate a value of 200 Hz or higher is recommended since previous experiments pointed out, that for
values below 200 Hz the absorption of fused silica diminishes with the repetition rate at a constant fluence because
of known relaxation processes between consecutive laser pulses’. For repetition rates higher than approximately
200 Hz, no significant change of the absorption is obtained®.

4. LIF investigations are recommended in addition to the absorption or transmission measurements to verify the
occurrence of the above described fluorescence bands. Because of the saturation of the ODC and the green-yellow
fluorescence, the fluence range for the absorption measurements should be either well below the found saturation
fluences. Otherwise, possible saturation of a part of the small signal absorption needs to be involved in the
subsequent analysis of the results.. Especialy, the occurrence of the green-yellow fluorescence with its saturation
fluence of 35 mJcm? puts strong limitations on the applicable fluence range.

5. The applied fluence range should include low values (few mJcm? range) to achieve a high accuracy when
extrapolating results to zero fluence.

The above work instruction was used to investigate the absorption of several OH rich fused silica samples at different
fluences by LID and transmission measurements. Prior to these measurements, LIF investigations revealed that all the
measured samples showed ODC fluorescence only. Therefore, absorption measurements using the LID technique were
carried out a 200 or 250 Hz and in a fluence range between 5 and 20 mJcm? which is well below the found two ODC
saturation fluences. Thus, the assumed saturation of the ODC absorption transitions at high laser fluences is not
considered here. The results (fig. 7a) show that the absorption coefficient of OH rich fused silica does not increase in a
linear way with the fluence. Our results are in contrast to previously published ones at partially much higher fluences

which have been analyzed by a modified Beer’'s law**® including alinear fit function.

To verify the LID results, fluence dependent transmission measurements of several OH rich fused silica samples of
300 mm length were carried out. Due to the experimental conditions for the transmission measurements the repetition
rate was fixed to 100 Hz which is lower than the recommended value of 200 Hz or higher. The fluence was varied
between 2 — 10 mJcm?. Therefore, the absorption coefficients obtained by transmission measurements can not be
compared quantitatively to those achieved by LID. However, the obtained fluence dependence of the absorption
coefficient (fig. 7b) clearly confirms the nonlinear behavior shown in figure 7a.
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Figure 7: Absorption coefficient a of fused silica determined by LID (@) and transmission measurements (b) as a function of the
incident laser fluence. The experimental data were fitted using the first and third term of equation (2).

The nonlinear dependence shown in figure 7 can be explained by the mechanisms of pulse laser induced absorption in
fused silica. Previoudly, investigations of different groups indicated, that the pulse laser induced nonlinear absorption is
caused by two photon excitation followed by a single photon absorption of the generated defect center (E' or
NBOH)***" which forbids the application of Beer’s law. Without going into detail, the energy transmission'®° of ArF
laser pulses and their nonlinear effects in fused silica are consistent with afitting model for the absorption coefficient a
which has the structure:

2
(12 ClEH

a =0, + + > (2
1+V 1+c, H
Hs

Here a; denotes the constant part of the small signal absorption coefficient. The second term takes into account a
possible fluence dependent small signal absorption coefficient (see equation (1)). The third term results from the
nonlinear absorption due to two photon absorption followed by single photon absorption. The material dependent
constants ¢; and ¢, contain information about defect relaxation and physical properties of the relevant absorption
transitions like single and two photon absorption cross sections. Applying the first and third term of equation (2) to the
resultsin figure 7 yields a very good agreement with the obtained experimental results.

However, there is still work to be done to analyze the fitting results with respect to the constants ¢; and ¢, for a more
guantitative evaluation of different OH rich fused silica material. In addition, prolonged LID absorption measurements
are in preparation to obtain information about the present absorption increase upon long lasting laser irradiation. In
contrast to common marathon tests the experiments will be performed at moderate higher fluences (0 20 mJcm?) to
reduce the irradiation duration to a fraction of the time usually necessary at lithography application fluences. Due to the
very small sample thickness (10 mm) required for LID measurements prohibitive effects like microchannel formation
can be avoided. This is a serious problem when investigating extended fused silica samples at higher fluences by
transmission measurements.



4. SUMMARY

Applying a new experimental setup, simultaneous LIF and absorption measurements (L1D technique) of OH rich fused
silica were carried out. It was demonstrated, that the absorption decrease during the first few pulses of ArF excimer
laser irradiation is not due to surface cleaning, but results from a diminishing of absorbing oxygen deficient centers.
Furthermore, the experiments gave evidence, that a pre-irradiation dose D with D=NxH (N = pulse number,
H = fluence) of 4—5kJcm? is necessary to terminate the ODC related absorption decrease. Fluence dependent LIF
measurements indicate, that the laser induced fluorescence of ODC and a still to clarify defect center showing green-
yellow fluorescence saturate for high fluences. This might be explained by the saturation of the corresponding
absorption transitions. Especialy, a very low saturation fluence of 35mJcm?® was found for the green-yellow
fluorescence. As a consequence of the experimental data a new measurement instruction was derived for precise fluence
dependent absorption measurements of OH rich fused silica using ArF excimer laser irradiation. Applying this
measurement instruction a nonlinear increase of the absorption with the fluence was found by direct absorption (L1D)
and transmission investigations. Based on the common understanding of pulse laser induced defect generation and
annealing in OH rich fused silica, the consideration of the energy transmission of laser pulses in fused silica yields a
fitting model which shows a very good agreement with the obtained experimental data.
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