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ABSTRACT Absorptance losses in MgF,, CaF; and BaF; during
193-nm (DUV) and 157-nm (VUV) irradiation are investigated
by employing a high-resolution laser calorimetric technique
which allows the determination of both single- and two-photon
absorptance at energy densities up to 110 mJ/cm?. A strong
wavelength dependence of the DUV and VUV absorption char-
acteristics is observed: while effective two-photon absorption
takes place at 193 nm, either no similar effect at all (in the
case of BaF,) or only a very minor effect (CaF,) is observed
at 157 nm. A first explanation for this absorption behaviour
is given, implying the energetic band structure of CaF;. In
addition it is shown that, due to the strong nonlinear depen-
dency, above a critical energy density the absorptance at 193 nm
can exceed the absorptance at 157 nm. Furthermore, different
single- and two-photon absorption coefficients are determined
for different CaF, samples at 193 nm, indicating a two-step ab-
sorption mechanism. In addition, laser-induced aging is found
in a MgF, sample at 193 nm, but not at 157 nm.

PACS 42.70.-a; 42.87.-d; 78.20.Ci; 42.65; 61.80

1 Introduction

The interaction of synchrotron, UV-lamp and laser
radiation with dielectric crystals has been of major interest
for many years. Because of their growing importance as low-
absorbing UV-grade optical materials used in semiconductor
microlithography, especially the alkaline and alkaline-earth
fluorides have been investigated intensively [1-7].

Due to its strong correlation with the intrinsic optical prop-
erties of the crystal, the study of the electronic band structure
is inevitable for a detailed understanding of the absorption
mechanisms in crystals. UV spectrometric as well as photo-
electron spectroscopy experiments reveal large band-gap en-
ergies of alkaline-earth fluorides, covering regions of about
9eV (BaF,) up to 11 eV (MgF») [2]. Theoretical calculations
of binding energies based on the Born model [2] and the
cluster model [8] were performed, as well as calculations
of the electronic energy bands, using linear combination of
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atomic orbitals (LCAO) [9, 10] and self-consistent field (SCF)
methods [11].

At sufficiently high photon energies, nonlinear absorption
processes can occur in these materials [12—14]. Two-photon
absorption, for example, was observed by excitation with ex-
cimer laser radiation at 248 nm (2hv = 10eV) and 193 nm
(2hv = 12.8 eV) using high-resolution laser calorimetry [15,
16]. According to
A:’#’:(ao—kﬁl)dz, (1)
two-photon absorption results in a linear increase of absorp-
tance A with the intensity of radiation / (g and B = single-
and two-photon absorption coefficients, respectively).

In addition, two-step absorption is possible via states
within the forbidden zone, induced by external atoms, de-
fects or colour centres. Including a two-step absorption mech-

anism, the absorptance can be written as (see the appendix
and [17]):
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where oy; are the cross sections for absorption of the inter-
mediate levels, n; the efficiencies of formation of occupied
intermediate levels and t the laser-pulse length. The expres-
sion

n

®pi02iMi T
Bt =) ———+p

2ho ©)

i=1

can be regarded as an effective two-photon absorption coeffi-
cient.

In this paper, first laser calorimetric measurements of the
absorptance behaviour of the alkaline-earth fluorides MgF5,
CaF, and BaF, at an irradiation wavelength of 157 nm are
presented and compared with corresponding data obtained
at 193 nm. Taking into account results from previous experi-
ments at 248 nm [15] and SCF calculations of the energetic
band structure of CaF, [11], a first simple model for the ab-
sorption mechanism can be given.
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2 Experimental setup 3.140
Absorption was determined from a quantitative 3.13%
laser calorimetric measurement, following the existing stan- 3.130
dard ISO 11551 [21]. Herein, absorptance A is defined as the 3195
ratio of thermally absorbed energy Q,ps to total irradiation en-
ergy Qin: - 3.120
E] 3.115
Oab AT
A=="= Zmici_ s Oin = Z Oburst » 4) 3.110
Qin . Qin burs d
urst 3.105 '
where ), m;c; represents the effective heat capacitance of 8100 |
sample and mount. 3.095 . ! L . .
The experimental arrangement for the ArF excimer laser 0 0 tEEO] 100 150
S

calorimeter was described in detail elsewhere [15,22] and is
similar to that of the F, excimer laser calorimeter, depicted
schematically in Fig. 1. For the VUV wavelength of 157 nm,
an F, excimer laser (Lambda Physik LPF 220) was used. The
entire setup was installed in a vacuum chamber, which allows
evacuation and subsequent N, purging for efficient oxygen
removal. The O, content was kept at 0.1 ppm during the meas-
urements, as monitored by an oxygen sensor.

The samples used for absorption measurements were CaF,
single crystals of high purity with polished (111) surfaces
grown by Korth Kristalle (Kiel, Germany) and other man-
ufacturers, as well as BaF, and MgF, crystals of less pu-
rity. The samples had 25-mm diameter and thicknesses of
5 mm and 3 mm. They were irradiated for a time #;,, =45 at
157 nm and 15 s at 193 nm with repetition rates of 50, 100 and
300 Hz, respectively. The total incident energy in a burst Qj,
was measured with a fast pyroelectric energy monitor (Laser
Probe rm6600, detector RjP-637), allowing averaging over
individually stored pulse energies. The irradiated areas were
4 x 1mm? (157 nm) and 6 x 2mm? (193 nm), respectively.
By using a motor-driven variable attenuator, measurements of
the absorptance at different energy densities within the range
60 mJ/cm? to 130 mJ/cm? were possible.

FIGURE 2 Temperature signal monitored on a CaF, sample during 157-nm
irradiation (0—45s). The absorptance is evaluated after drift correction in
a modified gradient procedure within the time interval 20-40 s

The temperature rise AT was detected with an NTC sen-
sor (Betatherm Thermistors, WK resolution) on the sample
holder and determined by extrapolation from the linear part
of the heating curve. Figure 2 shows as a typical example the
temperature signal obtained from a CaF, sample irradiated at
157 nm. The corresponding linear region used for evaluation
of AT is indicated. By electrical heating an absolute calibra-
tion of the measured absorptance could be performed [15, 21].

Previous experiments at 248 nm [23] and 193 nm showed
a strong reduction of absorptance with cumulative pulse
counts. This effect of laser conditioning was also observed at
157 nm. As an example, the absorption behaviour of a CaF,
sample is drawn in Fig. 3. Initially, the absorptance has
a high value of about 1.94%, which decreases nearly ex-
ponentially with the total irradiation dose until a saturation
level of Ay = 1.67% is reached. XPS studies and absorp-
tion measurements of LaF;/MgF, systems at 248-nm and
193-nmirradiation [23—-26] gave evidence that this absorption
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FIGURE 3 Conditioning of a CaF, sample at 157-nm irradiation. The ab-
sorptance decreases nearly exponentially with the total irradiation dose Q.
The exponential fit A = Agy + Ao exp(—c/Q) yields a saturation level of
Agat = 1.67%, which is approximately reached at Q ~ 5500 J/cm?

8000

change is caused by photo-induced desorption of hydrocar-
bons and water from the surface (laser cleaning effect [27—
30]). Thus, in order to obtain stable experimental conditions,
the samples were pre-irradiated with 100 000 pulses at 157 nm
(H ~ 50-100 mJ/cm?) and with 60000 pulses at 193 nm
(H =~ 50 mJ /cm?), respectively.

The DUV and VUV laser calorimeters used allow the de-
termination of absolute absorptances with ppm (193 nm) and
per-mill resolution (157 nm). As only short irradiation bursts
are required, thermal loading of the samples is minimised.

3 Results and discussion

3.1 Comparison of DUV and VUV absorptance data

The absorptances of uncoated BaF,, CaF, and
MgF, samples were measured at 193 nm and 157 nm for vary-
ing pulse energy densities. Figure 4 shows the results for
two different high-purity CaF, samples. At both irradiation
wavelengths a linear dependency of the absorptance with in-
creasing energy density is observed. This linear behaviour
of the absorptance is fully reversible, i.e. by variation of the
energy density from low to high values and back the initial
absorptance is reached again. However, significantly differ-
ent slopes and ordinate intercepts are obtained for different
wavelengths and samples.
We base the interpretation of these experimental data on
(2), which has to be supplemented by the linear surface ab-
sorptance Ag:

n dZ
A=As+) aode+Purdzl = Ao+ for—H (5)

i=l

Here, Ay describes the overall linear absorptance, which is
given by the sum of surface absorptance As and bulk ab-
sorptance «odz [31], Besr the effective two-photon absorption
coefficient and H = It the pulse energy density. Hence, by
measuring absorptance for several energy densities H and fit-
ting the data, it is possible to derive B from the slope and
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FIGURE 4 Comparison of the absorptance behaviour of two different CaF,
samples with 5-mm thickness at 193 nm and 157 nm

Ay from the intercept with the ordinate. A summary of coeffi-
cients obtained in this way for selected representative samples
is given in Table 1.

For the CaF, samples shown in Fig. 4 the linear absorp-
tance Ag at 157 nm amounts to 2.27% (sample 1) and 1.77%
(sample 2). These values are three to four times higher in com-
parison with the results at 193 nm (0.86% for sample 1 and
0.43% for sample 2, respectively), since the excitation takes
place closer to the conduction states and the probability for the
absorption process is increased at 157 nm.

Regarding the band gap of CaF, (Eg = 10eV), two-
photon absorption should be possible at 193 nm (2hv =
12.8 €V) and, indeed, a linear increase of absorptance with
energy density is evident. This increase is transient, as
low-intensity absorption is identical before and after high-
intensity irradiation. The different values obtained for the ef-
fective ~ two-photon  absorption  coefficients B
(5.7 x 1072 cm/W for sample 1 and 1.3 x 10~ cm/W for
sample 2) support the model of a two-step mechanism as dis-
cussed in detail later (cf. Sect. 3.2).

In contrast to the measurements at 193 nm, the absorp-
tance at 157 nm obviously depends only very weakly on
the applied energy density. The low B values of about
1.4 %1072 cm/W (sample 1) and 0.3 x 10~ cm/W (sample
2) reflect this fact, indicating a rather weak nonlinear two-
photon absorption behaviour. For comparison, Fig. 4 also

Material EG AE)I93 nm) AE)I57 nm) ﬁé;f% nm) ﬁé;f57 nm)
[eV] [%] [%]  [1072 cm/W] [10~2 cm/W]

CaF, 10

sample 1 0.86 2.27 5.7 1.4

sample 2 0.43 1.77 1.3 0.3

sample 3 1.36 - 8.4 -

sample 4 1.45 - 8.2 -

BaF, 9 1.23 8.49 1.2 0

MgF, 11 - 5.19 - 1.0

TABLE 1 Effective linear and nonlinear absorptance coefficients of

alkaline-earth fluorides at 193 nm and 157 nm (thickness: 5mm). Due to
degradation of MgF, at 193-nm irradiation, no values could be determined
in this case
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shows the absorptance of a CaF, sample measured earlier at
the wavelength of 248 nm [15]. In this case, a constant absorp-
tance was observed on a rather low level (about 0.17%) over
a wide range of energy densities (up to 2 J/cm?).

Furthermore, Fig. 4 suggests that the strong nonlinear ab-
sorptance behaviour of CaF; at 193 nm and the nearly con-
stant absorptance at 157 nm lead to a crossing point between
these two curves, so that beyond a critical energy density the
absorptance at 157 nm could be lower than at 193 nm. The
position of the crossing point depends obviously on the spe-
cific sample; while for sample 1 the critical energy density
amounts to about 0.09 J/cm?, for sample 2 the value is signifi-
cantly higher (> 0.3 J/cm?).

In Fig. 5 the absorptance behaviour of BaF, and MgF, is
shown. The linear absorptance A for BaF; at 157 nm (8.49%)
is seven times higher than the value at 193 nm (1.23%) and
four to five times higher than for CaF, (cf. Table 1). This

is attributed to the smaller band gap (9€V) and to possible
impurities. Similar statements as in the case of CaF, can be
made concerning the absorption mechanism: no two-photon
absorption is observable at 157 nm (Besr ~ 0), whereas Begr
at 193 nm amounts to 1.2 x 107 cm/W. At 157 nm MgF,
shows a higher linear absorptance (Ay = 4.96%) than CaF,.
This indicates the large influence of crystal defects and im-
purities, since the gap of 11eV is larger than in the case
of CaF, (10eV). The coefficient S is also relatively weak
(= 1x107% cm/W).

From all these measurements it can be concluded that two-
photon absorption in CaF, and BaF; is obviously only a rele-
vant process for 193-nm radiation. A first explanation of this
effect based on the energetic band structure of CaF, will be
given in the following.

Figure 6 shows the calculated electronic band scheme
of CaF,, replotted from Heaton and Lin [11]. The valence
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band (VB) is located about —12.5 eV below the vacuum en-
ergy level with a width of nearly 1.5eV. Its structure is
strongly dominated by the F~(2p) orbitals. The density of
states (DOS) has a local maximum at —13.1 eV and a global
maximum at —12.1 eV in the VB, which is in good agreement
with the onset of photo-emission of about 10.5¢eV [2]. The
conduction band (CB), in the lowest parts originating mainly
from the Ca(4s) orbitals, is close to the vacuum level with
DOS maxima at —0.41 eV and 0.4eV. At I" the direct band
gap energy amounts to 10 eV; the absolute minimum (9.8 eV)
is located at X.

Due to the double photon energy of about 10 eV at 248 nm,
two-photon absorption processes promoting an electron from
the VB into the CB should not be possible or at least weakly
occur. This is in agreement with previous experiments [15]. In
contrast, at 193 nm transitions between —13.1 eV and —0.4 eV
are most probable (cf. DOS distributions shown in the right-
hand part of Fig. 6), yielding a resonant energy of 12.7eV.
This theoretically supports the possibility of an effective two-
photon excitation at 193 nm and explains the observed experi-
mental data.

In the case of 157-nm radiation, however, the combined
energy of two photons (15.8 eV) exceeds the vacuum level.
Thus, depending on the valence-band state, the electron re-
ceives a kinetic energy of about 3 to 4¢eV. Near the sur-
face, the electron is able to leave the crystal lattice and
can be detected as a photoelectron [5]. In the bulk, en-
ergy trapping by self-trapped-exciton (STE) formation oc-
curs [18]. The STE can then decay in a radiative way by
broadband recombination fluorescence, whereby the remain-
ing elastic deformation is removed by excitation of phonons.
Other decay channels are nonradiative recombination into
the undisturbed lattice and formation of stable F and H cen-
tres [18].

Since phonons contribute to thermal heating of the crys-
tal and therefore to the calorimetrically determined absorp-
tion, it is concluded from the lack of two-photon absorption
at 157-nm excitation that thermal relaxation is suppressed in
comparison with fluorescence emission. This is in agreement
with conclusions for recombination of core excitons drawn
from far-ultraviolet reflectance spectra [1] and our first spec-
troscopic studies of STE fluorescence in alkaline-earth fluo-
rides at 193 nm and 157 nm [32]. However, to confirm this
assumption, further investigations of the wavelength depen-
dence of the absorption behaviour in fluoride crystals as well
as precise transmission and spectroscopic measurements are
necessary.

3.2 Correlation between single- and two-photon

absorption in CaF,

In order to clarify the nature of the two-photon
absorption mechanism at 193 nm, the intensity-dependent ab-
sorptance of 19 CaF, samples from different vendors with
5-mm and 3-mm thickness was determined. The evaluated co-
efficients Ag and B¢ are plotted versus each other in Fig. 7.
For comparability of the data obtained from 3-mm samples
with those from 5-mm samples it was considered, in a first ap-
proximation, that the surface absorptance is negligibly small
in comparison with the bulk absorptance; thus, an extrapola-

tion from 3-mm to 5-mm data was performed by multiplying
the coefficients Ay and B¢ with a factor 5/3.

As was pointed out in the introduction (cf. (3)), a correla-
tion between «g and B¢ can be regarded as a strong indication
for a two-step mechanism. Indeed, in Fig. 7 an approximate
proportionality between Ao and B can be seen. Note that
according to (3) this linear relationship is only expected if
o7; and 7n; are assumed to be constant, i.e. impurities and de-
fects inside the crystal are of the same kind and quantity. It
is important to mention that high (low) values for ¢y do not
automatically yield a corresponding high (low) value for B¢,
since oy; and n; may vary depending on the specific nature of
the impurities or defects. On the other hand, a low value of «g
is a necessary (but not a sufficient) condition for low Begs.

The intercept of the fit line with the ordinate represents
the case of intrinsic two-photon absorption, since this corres-
ponds to the limit og — 0 and thus Begr — B. This procedure
yields a rough upper boundary for the intrinsic two-photon ab-
sorption coefficient B of about 1.5 x 10~° cm/W. However,
as can be seen in Fig. 7, there are also samples with smaller
values (Betr ~ 1 x 1072 cm/W).
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FIGURE 7 Correlation between nonlinear and linear absorptance coef-
ficients for different CaF, samples. The linear fit corresponds to (3) for
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FIGURE 9 Absorptance versus cumulative irradiation dose of a 5-mm
MgF, sample irradiated with energy densities of about 65—110 mJ/cm?
(157 nm) and 50 mJ /cm2 (193 nm), respectively. The sample shows irre-
versible degradation at 193 nm, whereas no aging is observed at 157 nm

Comparing these values of the purest samples with litera-
ture data determined for ps and ns pulses at 193 nm [19, 33—
35], a linear correlation between B¢ and the pulse length 7 is
evident (Fig. 8), as expected from (3). This result confirms the
two-step mechanism as the most important two-photon pro-
cess for ns and ps excitation in CaFj.

33 Degradation

In addition to linear and second-order nonlinear
absorptance, samples can also undergo cumulative changes
upon laser irradiation, e.g. degradation due to colour-centre
formation. In this case the linear relationship according to (5)
does not hold any longer. As an example of such a laser-
induced degradation effect the absorptance behaviour of
a MgF, sample during energy-density variation is shown in
the inset of Fig. 5. In addition, Fig. 9 displays absorptance
measurements of the same sample versus the total irradiation
dose. Irradiation at 193 nm (energy density ~ 50 mJ/cm?)
leads to a linear increase of absorptance. In contrast to the ab-
sorptance behaviour of CaF, and BaF5, this is an irreversible
process. Therefore, a determination of absorption coefficients
at 193 nm was not possible. Probably degradation is due to the
formation of strongly absorbing colour centres, as observed in
MgF, at 248 nm for single-photon absorption [36]. The nature
of the colour centres, e.g. F, M or Vg centres, is a subject of
future spectroscopic investigations.

Surprisingly, no aging could be observed during 157-nm
irradiation (cf. upper curve in Fig. 9). Regarding the band-gap
and photon energies, this might be an indication that laser-
induced colour-centre formation is caused by two-photon ab-
sorption with absorbing states near the lowest conduction
states.

4 Conclusion

Concerning the results of calorimetric absorp-
tance measurements of alkaline-earth fluorides at 193 nm and
157 nm, it can be concluded that single-photon absorption at

157 nm is a few times higher than at 193 nm, which is at-
tributed to the excitation closer to the band edge. Two-photon
absorption is observed mainly at 193-nm irradiation, where
an effective excitation of electrons from the valence band into
the conduction band is possible. At 157 nm, only a weak non-
linear absorption behaviour is observed. This is in agreement
with calculated band structures of alkaline-earth fluorides. In
addition, this leads to the effect that, above a critical energy
density, absorptance at 193 nm is higher than at 157 nm.

It can be shown that there is a strong indication for two-
photon absorption as a two-step process. This was deduced
from the rough proportionality Besr o< Ag for different CaF,
samples and the linear relationship between B. and 7. Irre-
versible aging of MgF,, which occurs only at 193 nm, was
attributed to the formation of colour centres via a two-photon
absorption process. However, in order to support these as-
sumptions, spectroscopic analysis of laser-induced fluores-
cence and supplementing transmission measurements are ne-
cessary. Corresponding work is in progress.

Appendix

In the case of linear two-step absorption, Lambert—Beer’s law
reads

d/
— = —(01N1 +02N2)I = —(ap +02N) 1,

& (A.1)

where N; is the number of absorbing species per volume unit
that can be promoted into the level i and o; the respective cross
section. The rate of formation of electrons in level 1, which
can be raised into level 2 by absorption of a second photon, is

dNn; 1

¢ _ o (A.2)
dr hw

with the single-step absorption efficiency 5. This yields

d/ t

S (aw+ 227 1 (A3)

dz hw

Integration from ¢ = 0 to t (rectangular pulse shape assumed)
and summation over n intermediate levels leads to the two-
step part of the absorptance in (2).
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