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Color center formation in soda-lime glass with femtosecond laser pulses
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We show that exposure of soda-lime glass to ultrafast laser pulses at 800 nm causes coloration
(darkening. We have characterized this coloring with time-resolved measurements of the
transmission of 633 nm light through the glass during laser exposure. Reverse prapessais
bleaching operate on time scales @fs to seconds. The competition between coloration after the
femtosecond pulse and the subsequent transmission recovery limits the darkening that can be
achieved at a given femtosecond pulse energy and repetition rate. The response of soda-lime glass
to 400 and 267 nm ultrafast pulses is quite similar, although much lower pulse energies are required
for darkening. We argue that darkening is due to absorption processes that produce mobile charge
carriers, which then interact to produce trapped hole centef$ ¢kt absorb strongly at 633 nm.
Trapped electrondthat form E centerg are the likely cause of the accompanying loss of
transmission in the near ultraviolet. Finally, we show that diffraction gratings can be rapidly and
easily produced in this material using holographic methods 2393 American Institute of Physics.
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I. INTRODUCTION measurements of coloration produced ultrafast pulses at 400
and 267 nm show approximately fifth order variations with

Laser—material interactions are often enhanced by théluence, confirming strongly nonlinear behavior even when

presence of defects that absorb at the laser wavelength. Dfirst order absorption is expected. We attribute these strong

liberate introduction of defects by mechanical treatmérts, nonlinearities to a defect production mechanism that requires

energetic particlé<"® or radiation can be exploited to obtain high excitation densities; i.e., several excitations are required

stronger or more reproducible laser interactions. Undesirablep produce a single defect. Our results do not support the

laser-induced defects can limit the useful lifetime of opticalpreviously proposed supercontinuum mecharfiskinally,

components and influence the use of lasers for analytieve show that rapid production of diffraction gratings by ho-

chemistry. Laser-induced defects are desirable in many apegraphic methods is easily accomplished.

plications, including the exposure of photoresists and the pat-

terning of materials for holographic data storage. In pattern-

ing applications, a nonlinear response to the incident light!- EXPERIMENT

can facilitate the production of well defined features, some- 1o geometry of the transient absorption measurements
times with dimensions smaller than the nominal diffraction;

. iy - is indicated schematically in Fig. 1. The output of the fem-
limit. High intensity, ultrafast lasers have opened up new,qecond laser source was focusedhwat 1 mfocal length
regimes of laser—material interactions, including defect projans to form a 0.5 mm diam spot on a soda-lime glass slide.
duction and patterning. _ , The output of a continuous-wavew) He—Ne laser was di-

In this work we explore the interaction of ultrafast laser gteq obliquely to the femtosecond laser and focused to a
pulses with common soda-lime glass. Although this materiah 1 mm diam spot at the center of the femtosecond laser spot.
is not normally considered photosensitive, the high powefrg intensity of the transmitted He:Ne was detected with a
densities associated with femtosecond pulses can produggq; photodiode.
nonlinear effects including coloration. Coloration of alkali Ultrafast laser pulses were provided by a Spectra Physics

silicates by exposure to ultrafast laser pulses at 850 nm "3§ricane laser system. The laser source was seeded with a
been previously reported and attributed to the response of thg,

i pectra Physics Mai Tai diode-pumped, mode-locked, Ti:
Q'asss to the short wavelength component of supercontinuuiganphire |aser. After stretching, the pulse was amplified with
light.” In this study we probe this coloration with time-

a Ti:sapphire regenerative amplifier, pumped with a Spectra-

resolved measurements of the transmission of a He:Ne las?"hysics Evolution diode-pumpe@-switched, Nd:LiYF, la-
beam (633 nm cofocused with the incident ultrafast laser ¢ Subsequent recompression ),/ieldelj mJ7 pulses at 800

beam. We show that the initial stages of coloration vary with, ., with pulse widths less than 130 fs at a repetition rate of

pulse energy in an extremely nonlinear way—roughly 15th) 1y, Frequency doubled and tripled radiation was obtained

order for 800 nm pulses. Absorption measurements of thg,, girecting the 800 nm pulses through appropriately phase
ultrafast light indicate that the absorption process itself iSyatched KDP crystals.

only moderately nonlinear—nominally third order. Similar Continous wave radiation at 633 nm was provided by a
Metrologic model ML-840 7 mW He:Ne laser. After passing
dElectronic mail: jtd@wsu.edu through the soda-lime glass slide, the beam transmitted
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Apparatus for Transmission Measurements Absorption Spectra of Soda Lime Glass
Before and After Irradiation
0.5 TTTrrrTrrrrrrrror T
CW He:Ne
Laser Soal
Mirror = /After 800-nm Irradiation
=
fs-Pulsed N E" 03 | After X-Irradiation
Laser " 1~ =
S 02F Before Irradiation
Sample &
/ E 0.1
Interference Filter / <
Photodiode 0.0 L L 1 L L L
== Mirror 300 400 500 600 700 800

Wavelength (nm)
FIG. 1. Apparatus for measuring changes in the transmission of 633 nm
light through a soda-lime glass sample during exposure to femtosecond lasetG. 2. UV-vis absorption spectra of an untreated soda-lime glass slide, a
pulses. The beam of a continuous-wave He:Ne laser is focused through thetide exposed to femtosecond 800 nm radiation, and a slide exposed to Cu
femtosecond laser spot. Ka X rays.

Both femtosecond-and x-irradiated glasses also showed

p‘?‘ssed through a 633 nm ipterference filter :?md was dete_Ctee%hanced absorption in the near UV, which is attributed to
with a ThorLabs Det 210 high speed photodiode, with a ris rapped electron centef§.Both UV and visible darkening of

tir_nﬁ O];_ 1Cns. IQGSSLT;L%WPMI Was_lIdigitizedw?ndlrce;?_'orde oda-lime glass showed no measurable loss of absorption on
with a -e~roy S |g|_ta osctiloscope ta : Z  time scales of many minutes to hours after irradiation.
bandwidth. To maintain maximum sensitivity, an input im-

pedance of 1 M was qsed in m.osF experimeqts. The ré-p. Absorption measurements during irradiation
sponse to fast changes in transmission was limited by a time
constant of about 15Qs. Response times of about 10 ns  The absorption peak at 620 nm is conveniently near the
were obtained at an input impedance of@pbut the reduc- 633 nm wavelength of a cw He:Ne laser. Transient absorp-
tion in detection sensitivity required very large transmissiontion at 633 nm produced by the ultrafast laser pulses was
changes. probed by focusing the beam of the He:Ne laser through the
Absorption spectra of the colored glass were obtainedenter of the femtosecond laser spot and monitoring the 633
with a Perkin Elmer Lamba 900 dual beam, ultraviolet/Nm beam transmitted with a fast photodiode.
visible (UV/vis) near-infrared (NIR) spectrophotometer. First we show the darkening on a very slow time scale.
Transmitted light was collected in a 60 mm Spectralon inte-The transmission signal from a previously unexposed soda-
grating sphere equipped with an extended range photomultime glass slide durig a 4 sexposure to 62Q«J, 800 nm
plier tube and a thermostated PbS detector. The use of dilIses(1 kHz repetition rateappears in Fig. @). Irradiation
integrating sphere insures that forward-scattered light transstarted at time=0 and continued for the duration of data
mitted through the sample is properly detected and include@gollection. The transmission signal drops rapidly during the

in the measured transmission. first 200 ms(~100 laser pulsesof exposure and then slows
gradually.
The transmission signal during the onset of 800 nm irra-
IIl. RESULTS diation in Fig. 3a) is shown on a faster time scale in Fig.

3(b). We see the sequence of transmission decreases with
successive laser pulses. The digitized drop in transmission
The absorption spectra of soda-lime glass darkened witsignal immediately following the laser pulse is actually faster
femtosecond laser radiation are similar to the absorptionhan the decrease shown here due to a long response time of
spectra of glass darkened withand vy radiation. Figure 2 the detection circuit employed in this experimdrt 150
displays the absorban¢éog,(1/1,)] of a 1 mmthick soda- us). Nanosecond time scale measurements of the initial
lime glass slide in the 250—800 nm region prior to irradia-transmission drop are described below. At low pulse ener-
tion, along with soda-lime glass slides darkened with femto-gies, the transmission signal after the first laser pulse reaches
second laser pulses and ®u x-ray radiation from an x-ray a plateau and remains constant until the next laser pulse. At
diffraction unit. The observed coloration is stable for bothhigher pulse energies, the transmission signal after the first
types of irradiated samples on the time scale of months. Botlaser pulse begins to rise prior to the second laser pulse. After
darkened samples show broad absorption peaks centeredeadposure to a large numbers of laser pulses, the transmission
about 460 and 620 nm. Absorption peaks at these positionsetween laser pulses drops and rises in cyclic fashion, with
are also observed in pure soda silicate gldssesd soda no net change in transmission.
aluminosilicate glasségxposed to x ang radiation. In each Transmission during exposure to repeated pulses is his-
case, these absorption peaks have been associated withy dependent. Under the conditions of this work, the trans-
trapped hole centef€'? These defects are described in mission drop following a laser pulse appears to be permanent
more detail below. as long as the cumulative change in transmission signal is

A. Absorption spectra of irradiated glass
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Transmission Signal during Irradiation at 800 nm Initial Change in Transmission Signal per Pulse
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FIG. 3. (@ Smoothed transmission data during exposure to 4000 femtosec- 100 — .
ond pulses of 800 nm radiation at 62@/pulse, andb) raw transmission .
data on a faster time scale during the same experiment showing the onset of S (¢) 267 nm
irradiation. ] b
Y
g
g 10} 3
less than a few mV. When the cumulative transmission drop E
exceeds a few mV, the transmission signal develops a distinct 2 AT - E48
minimum and begins to rise until the next laser pulse. We -
attribute the behavior to the competition between defect cre- 1 .
P 4 6 8§ 10 20 40

ation immediataly after the laser pulse and subsequent defect
annihilation. Over the range of pulse energies employed
here, this competition limits the maximum transmissionFIG. 4. Initial change per pulse in transmission signal as a function of the
change that can be produced by a single laser pulse. Aftdylse energy due t@) 800, (b) 400, and(c) 267 nm pulses.
prolonged exposure to femtosecond laser pylaésr 2 or 3
s in Fig. 3a)], the average transmission changes very slowly.

The time behavior of the transmission changes at 400
and 267 nm is similar to that at 800 nm. At 800 and 400 nmpulse at the onset of irradiatidfirst pulse only is plotted as
the observed darkening is relatively uniform throughout thea function of fluence for femtosecond irradiation at 800, 400,
thickness of the glass slidd mm thick. At 267 nm, dark- and 267 nm in Fig. 4.

Pulse Energy (uJ)

ening is limited to a surface layer about 3pf thick, con- At 800 nm, the initial transmission change is an espe-
sistent with the poor linear transmission of soda-lime glass atially strong function of the pulse energy, varying roughly as
wavelengths below 300 nm. the pulse energy to the 15th power. At 400 nm, the initial

transmission change is a much weaker function of the pulse
energy, and varies as the fifth to sixth power of pulse energy.
The functional dependence of the transmission change at 267
nm is similar to that at 400 nm. As noted below, this strong
function dependence does not necessarily imply a similarly
The magnitude of the peak transmission change at 63Bigh-order photon absorption process.
nm is a strong function of pulse energy. To minimize the At all three wavelengths, the transmission change ac-
contribution of defect annihilation procesgescovery in the companying the first laser pulse saturates at high pulse ener-
transmission signal prior to the subsequent laser puige  gies. At 800 nm, the transmission change saturates at about
focus on the change in transmission accompanying the firstO mV. At 400 nm, the saturation level is much higher, about
laser pulse, where annihilation is minimized. A plot of the 200 mV. At 267 nm, the maximum transmission change satu-
change in the 633 nm transmission signal per ultrafast laseates at an intermediate level. As noted above, the maximum

C. Change in transmission as a function
of pulse energy
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Ratio of Signals due to Transmitted and Incident Light Absorption Spectra of Alkali Silicate Glasses
5 Darkened with 800 nm Femtosecond Laser Pulses
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FIG. 5. Log-log plot of the ratio of the signal from a photodiode sampling 02 |
the transmitted beam to the signal from a photodiode sampling the incident
beam at 800 nm. No correction for detector efficiency was made. The gray Li,0-3Si0
curve shows the least squares fit of Eg). to the data, which corresponds 2 2
closely to three-photon absorption. 0.0 L L L L L L
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L. L. FIG. 6. Absorption spectra of soda-lime glass and three alkali silicate
transmission change at 267 nm is limited by the poor transg|asses darkened by exposure to femtosecond pulses at 800 nm.

mission of laser light through the sample.
At all three wavelengths, darkening occurs at pulse en-
ergies far below the threshold for the production of broad- .
band(supercontinuumemissions. No discontinuities are ob- E. Other alkali silicate glasses
served in the amount of darkening/pulse versus pulse energy Experiments with pure alkali silicate glasses, including
(Fig. 4) at the onset of broadband emission. We believe theskiO,-3Si0,, NaQ,-3Si0,, and KGQ-3Si0O, show similar
observations contradict proposed models that require supedarkening behavior. A comparison of the resulting absorption
continuum emission%. spectra for these glasses and soda-lime glass is shown in Fig.
6. Significantly, the optical density due to coloration in-
creases dramatically as the diameter of the alkali increases
from Li to Na to K. Although the nonalkali components in
commercial glass slides may play a role in darkening soda-
A log—log plot of the transmission of the 800 nm fem- lime glass, alkali alone is sufficient. Again, all of these alkali
tosecond laser beam as a function of pulse energy appearsdisses are darkened at pulse energies well below those re-
Fig. 5. Assuming power law absorption, the sighedetected quired for supercontinuum emission, suggesting that super-
through a slab of material as a function of incident intensitycontinuum emission is not involved in the darkening process.
energy,l, is given by

D. Absorption at 800 nm

| A
o (1+ax ]~ Hm=1> (1) F. Onset of transmission drop
0 axlp

The initial drop in the transmission signal of Fig. 3 is
where the parametek depends on the detector sensitivity, rate limited by the response time of the detection electronics.
the parametew is related to the absorption cross section, andwith a significant loss in sensitivity, nanosecond transmis-
the parameten is the order of the absorption process. Thesion measurements can be made. Adequate signals were ob-
experimental data requires an additional term proportional téained by probing the transmission at 473 nm using light
1/, to account for small detector offset. A nonlinear leastfrom a cw laser diode while exposing the glass to 20D
squares curve fit of Eq1) to the data in Fig. $shown in the  pulses of 400-nm femtosecond laser light. The resulting
plot) yields n=2.89+0.20, consistent with three-photon ab- transmission signal, averaged over several laser pulses, ap-
sorption. Using the parametérto convert the transmission pears in Fig. a). The initial transmission drop in Fig(a) is
signal to percent of transmission yielded physically plausiblestill rate limited by the response time of the electronics,
values of 35%—-92% over the range of pulse energies probedbout 10 ns. The positive going transient at titae0 also

The data at 800 nm are consistent with a third-orderappears in signals detected in the absence of a sdinpkt
absorption process. In view of the higher photon energies dh Fig. 7(a)], and is attributed to scattered 400-nm light from
400 and 267 nm, it is reasonable to expect second-order athe femtosecond pulse.
sorption at 400 nm and first-order absorption at 267 nm. A In the microsecond time-scale measurements of Fig.
progression from third-order absorption at 800 nm processegb), the transmission signal drops immediately and begins
to first order absorption at 267 is consistent with the dramati¢o recover no later than Ls after the femtosecond pulse.
drop in pulse energy required for darkening as the waveThe white line through the data shows a least squares fit of
length is decreased. the forml=1,+ at®° to the data. This function is the small
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Onset of Transmission Drop Following Laser Pulse

Formation of Trapped Hole Centers
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FIG. 7. Averaged photodiode signals due to the transmission of CW 473-nm (trapped hole)
photodiode laser beam on nanosecond and microsecond time scales follow- PP

ing several 400-nm femtosecond laser pulges.Nanosecond time-scale

measurement antb) microsecond time-scale measurements. The ns time- 0— /
scale measurements @) are rate limited by the 10-ns time response of the \

electronics. The inset ofa) shows the photodiode signal recorded in the (0] I

absence of a sample, suggesting that the positive going transi@hisrdue

+ .
to scattered light from the femtosecond pulse. Hj" Center /Sl — 0
time limit of the stretched exponential function used to de- CINPT 2
s_crlbe the recovery of transmission signals on millisecond rapid hole
time scaleqdescribed below tunneling

Although these transmission measurements involve dif-
ferent probe and pump wavelengths, they suggest that th@G. 8. Schematic of proposed mechanism for the productionjoé¢hters
initial drop in transmission represented in FigbBtakes at nonbonding oxygen sites in soda-lime glass. The dénter is a NBO
place on time scales of less than 10 ns. The Subsequent l,\gi_th one trapped hole and an alkali r_1ea_rby; a possible structure forfhe H '

. . .__center is two NBOs on the same Si with one trapped hole and the alkali
covery of the transmission signal, when observed, begingoved.
within 1 us of the femtosecond laser pulse. Measurements
with higher time resolution using pump-probe techniques are
in progress.
similar to the absorption of glass darkened with x régrsd y
rays. Both darkened samples show broad absorption peaks
centered at about 460 and 620 nm. Spin resonance measure-

A third-order absorption process at 800 rih6 eV) is  ments of pure sodium silicate glasses exposed to x and
well into the strong UV absorption in soda-lime glass; suffi-radiation have associated these peaks with trapped hole cen-
ciently intense ultrafast laser pulses would then produce higkers. The absorption centered near 460 nm is duet@éh-
densities of electron hole pairs. We argue that the trappingers(or OHC, centers; the absorption centered near 620 nm
detrapping, and recombination of these excitations accouns due to H centers(or OHC, centers.” % Similar absorp-
for the time behavior of the observed darkening and partiation peaks are observed in alkali aluminosilicate glasses, sug-
recovery, both on slow time scaléseconds, multipulse ex- gesting that the basic defect geometries are the same, with
posurg and on fast time scale@nicroseconds, single-pulse aluminum substituting for some of the silicdiRecent stud-
exposurg ies show that significant nonbonding oxygé@BO) densi-
ties can be present in aluminosilicate glasses, contrary to
previous predictiond!

As shown in Fig. 2, the absorption spectrum of soda- On the basis of previous work on alkali silicate glasses
lime glass darkened with femtosecond laser radiation is vergxposed to x andy radiation, we suggest that the defects

IV. DISCUSSION

A. Role of hole traps
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responsible for persistent absorption at 633 nm are primarilgociated with an absorption peak centered at about 316%hm.
H; centers with absorption centered near 620 nm. Som®ptical absorption measurements on x-irradiated glass show
contribution is expected from H centers, which exhibit a close correlation between the densityegf centers, on the
broad absorption centered near 460 fi°A diagram illus-  one hand, and the density of;Hand H; centers, on the
trating the expected structure of these two defects appears ather. Cohen and Janezic concluded that the these three cen-
Fig. 8. The H center forms when a hole is trapped at aters were produced by the same absorption efegt, by the
NBO.1%12 Electron spin resonancESR measurements in  creation of electron-hole pajt8 The electrons corresponding
conjunction with molecular dynamics simulations suggesto the holes trapped at Hand rg centers are primarily
that most NBOs are charge compensated by a nearby alkatiapped aE; centers. Maintaining this separation of charge
ion.!° The alkali relaxes significantly away from the NBO is necessary for long term coloration of the glass.
when the hole is trapped. At liquid nitrogen temperature, composite absorption
Although the structure of the H center has not been bands centered near 680 and 600 nm are attributed mainly to
determined with certainty, the principal candidate structureglectron traps denotell; andE, centers respectivefyAl-
involve a silicate tetrahedron with two NBG%The coupling  though these centers do not appear in our absorption spectra
between the Kl center and surrounding alkali is weaker thanacquired at room temperature, they could constitute short-
in the H center. ESR data require that the two NBOs of thelived absorption centers at room temperature. Since the col-
H; center be magnetically equivalent on time scales greatesration produced in the initial stages of femtosecond irradia-
than milliseconds. The data are consistent with rapid tunneltion is stable on millisecond time scales, transient electron
ing of the hole from one equivalent NBO to the other on timetraps are not responsible for this coloration.
scales of 1-50 pq.The magnetic equivalence in an analo-
gous trapped hole center in fused silica also involves rapid
tunneling of an electron between two NB&sAlkali migra- €. Role of recombination

tion toward one of these NBOs would break the symmetry | the observed darkening is due to excitations created by
and converts a ki center back to a ftlike center. third-order photon absorption events, the 15th order depen-
Bleaching studies indicate that the; Hand H centers  dence of the transmission drop on the pulse energy indicates
are reversibly converted from one into the other at roomat about five excitations are required to generate a single,
temperature; thus the two centers densities are normally igtgple H center. This high number would seem to rule out
thermal equilibriun. H centers are much more vulnerable jnteractions between simple, mobile excitations. However,
than H, centers to destruction by electron recombination anghe inhomogeneous structure of sodium silicate glasses and
bleaching effectd.At liquid nitrogen temperature, illumina- the high excitation densities produced by femtosecond lasers
tion into the 620 nm band bleaches thg kenters(as well  can allow decay schemes that produce stable, occupied elec-
as theE; band at 310 nm due to an electron tralm con-  tron and hole traps. Although the proposed scheme is some-
trast, visible radiation has little effect on the; Heenters at  what conjectural, it indicates how the glass structure, in con-
liquid nitrogen temperature. When samples depleted jn H junction with high excitation densities, can yield extremely
centers at liquid nitrogen temperature are subsequentlijonlinear darkening behavior.
heated to room temperature, the/ Hibsorption is partially Molecular dynamics simulations indicate that the alkali
restored by the conversion ofHcenters to i centers.In  and NBOs are not distributed randomly throughout the glass,
summary, H center production requireél) nonbonding  but instead clustéf 8 This result is supported by studies of
oxygen sites(2) holes for trapping at NBOs, and possibly magnetic resonancdé,extended x-ray fine structuf® and
(3) H; centers for subsequent conversion tp enters. neutron diffraction. Even at alkali concentrations as low as
While it is possible that some Hcenters form directly  10%, each NBO is associated with at least two alkali s,
by hole trapping at suitable precursor sitsficate tetrahedra and often with three or four alkal?. Localized electron states
with two NBOs and no nearby alkaliwe expect that most of in the NBOs constitute the upper edge of the valence band of
the H; centers form by thermal conversion of, Htenters.  sodium silicate glassés. Similarly, unoccupied(nonlocal-
The formation of H centers requires little structural modi- ized) electron states on the alkali ions constitute the bottom
fication, and the potential H center precursorgsimple  of the conduction bantf The creation of exciton-like exci-
NBOs) far outnumber the potential Hprecursors(double  tations would most likely be confined to these alkali-NBO
NBOs). channels. Mobile excitations created elsewhere would soon
be localized along these channels.
It is likely that the excitations created initially by the
femtosecond laser would be similar to Frenkel excitons, lo-
The hole centers responsible for absorption at 633 nnealized electron-hole pairs where the hole would quickly lo-
would not be stable against electron-hole recombination irtalize on a NBO and the electron on a nearby alkali ion. In
the absence of stable electron traps. In soda silicate glass#e normal course of events, these excitations would recom-
exposed to ionizing radiation at room temperature, electromine with high efficiency via tunneling interactions. At high
traps (denotedE; and E, center$ are responsible for the excitation densities, however, there may be a significant
enhanced absorption in the near UYWe observe similar probability that an electron associated with one excitation
absorption in both the femtosecond and x-ray irradiatedwill recombine with a hole on a nearby excitation. This situ-
glasses, shown in Fig. 2. THe; center in particular is as- ation is illustrated schematically in Fig. 9.

B. Role of electron traps
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H,*/H3* Center Formation at High Excitation Densities Partial Recovery of Transmission Following Irradiation
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FIG. 10. Partial recovery of the transmission signal after a darkening ex-
periment plotted on a log—log scale. Darkening was achieved by exposure to

NBO?~ Na!

(c¢) Channel after recombination and relaxation 800 nm femtosecond laser radiation for 80 s with 1000 pulses per second at
930 wJ per pulse. The femtosecond laser beam was blockée-@tand
(isolated) Ej- NBO- Na* NBO- Na* remained blocked for the remainder of data collection. The broad gray line
shows the best fit of the data to E®), which represents the sum of
NBO- Nat NBO- Nat H,*/H3z* stretched exponential and power-law behavior.
(isolated)

FIG. 9. Schematic illustration of the decay of excitations along &/N80O adjacent excitations are required to produce stable defect
channel in soda-lime glass to form stable, isolated, and occupied e'ec”oeonfigurations. The necessity for high excitation densities ac-
and hole traps.(a) Na'/NBO channel prior to the first laser pulse; e . . -
Na'/NBO clusters are favored sites for excitatidib) The femtosecond COU_I’ltS for the dlfﬂCUIty O_f darkenmg SOda_ lime glass_ with
laser pulse produces high densities of Frenkel exciton-like excitations. Whe@XCImer lasers at much higher pulse energies. Assuming that
electrons produced in one excitation event recombine with holes producethe excitation lifetime is significantly less than the 10-30 ns

in another, a few defects become isolated from defects of opposite sign ar}gmse widths of excimer lasers, the requisite excitation den-
therefore fail to recombingc) The pairwise recombination indicated (i) '

produces isolated electron and hole defects at the edges of the cluster. Slﬁ)'—tles are seldom achieved. . )
sequent lattice relaxation traps the electron and hole to form the observed ~Subsequent femtosecond laser pulses will produce exci-

absorption centers. tations along Na/NBO channels populated witk; and
H, /H3 center. As long as the density of;H; centers is
low, the main effect of subsequent irradiation will be to pro-

A schematic illustration of a NaNBO channel appears duce additional centers. In the above work, this corresponds
in Fig. 9(a). For simplicity, we present the simple case whereto the low dose region where transmission changes from
each N& has two NBO nearest neighbors, and vice versapulse to pulse were cumulative and persistent. Assuming that
Given sufficient excitation densities, clusters of exciton-likeexcitations are not produced at tkg and H,/H; center
defects would form, in which an electron from each NBO issites themselves, the decay of these excitations will usually
transferred to a nearby NBO. This situation is presented iteave behind an equal or greater numbeEgfand H; /H;
Fig. Ab). Electron-hole recombination will most often return centers, often at different positions. Eventually, the average
the channel to its original state; in Fig(®, this would in-  distance between HH; and E; centers will drop to the
volve pairwise recombination vertically. However, if recom- point where tunneling recombination between these centers
bination occurs by pairs horizontally, nominally isolated becomes significant on millisecond time scales. The high
charge carriers are produced at each end of the channekoss section of Kl centers for electron interactions will ren-
Given the channel structure, horizontal and vertical recombider them more vulnerable to tunneling events than the H
nation would occur with similar probabily. Lattice relaxation centers. These tunneling events would account for the rise in
around the isolated charges would then prod&ge and  transmission(partial bleachiny following the laser pulse,
H, /H3 center pairs, as indicated in Figic® The hole cen- e.g., as seen in Fig(18).
ter is the designated HH; center to reflect the thermal The importance of recombination is supported by trans-
activated conversion of one center into the other. Given thenission measurements on second time scales after femtosec-
relatively low density of symmetric, double NBO configura- ond laser radiation is terminated. Figure 10 shows a log—log
tions in soda-lime glasgequired for H center$, we expect plot of the transmission signal versus the time after exposure
that H centers are produced initially. to 800 nm femtosecond laser radiation is terminated. These

The stability of the resulting defect configuration de- measurements span four orders of magnitude in time. At
pends strongly on the distance between neafly and somewhat longer times, the transmission stabiligEse ab-
H, /H; center pairs. Closely spaced pairs are vulnerable tsorption spectra in Fig. 2 were taken several minutes after
decay by tunneling processes. A minimum of three adjacentxposure and did not change over tiinehe partial bleach-
(where the word adjacent is used loogadycitations is nec- ing or recovery is continuation of the electron-hole recombi-
essary to allow a final defect configuration that is more stabl@ation that occurs between laser pulses. The recovery shows
than a single, isolated excitation. The high order fluence dea marked transition to slower kinetics about 100 ms after
pendence of the darkening process suggests that about fiilimination stops. The form of this transition suggests a
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stretched exponential function, which is often associated Diffraction from Grating Produced in Glass Slide
with transport in random networkd The very slow recovery (s} TiowiComicast Biage
at long times(more tha 1 s after illumination stopssug- &

gests a power law in time.
The data in Fig. 10 are well described by a function of

the form
(b) High Contrast Image of Wings

t\ A
T(t)=A+B 1—exp{—(;) +CtP4 2 ! :
with 8=0.5 and7=13 ms.

The constan® represents the initial value of the trans-
mission signalat timet=0). The second term represents the (c) Histogram of Power in Each Spot
increase in transmission at short timds<@ few seconds "
due to the destruction of absorption centers by electron-hole
recombination in the form of a stretched exponential.
Stretched exponential kinetics in amorphous materials often
reflect slow defect transport due to retrapping or limited
dimensionality’* An exponential tail of states extending into
the band gap from the conduction band can provide a wide
range of trap depths for mobile charge in amorphous solids.
Charge trapped in the low-lying states is not readily freed.
This charge has a disproportionate effect on charge transport, 4 3 2 -1 0 1 2 3 4
and leads to stretched exponential kinefic€harge trans- Spot Order
pprt IS . also slowed _g\ihen trar_lsport. IS Conflned, to IoW_FIG. 11. (a) Low contrast image of a diffraction pattern produced by the
dimension structure€=>The sodium-rich channels in alkali giraction of a cw He:Ne beam from a grating produced in a soda-lime
glasses would provide such low-dimension structures. Thelass slide by femtosecond pulses of 800 nm radiatibpHigh contrast
value of 8 in Eq. (2) is constrained by details of charge image ;howing higher order spots) Histogram 'of thg fraction of the total
transport.3 reflects the trap depth distribution in retrapping transmitted power found in each spot of the diffraction pattern.
limited recombination, and the dimensionality of the trans-
port channels in dimension limited recombination. If the re-
combination mechanism is understood, the decay kineticgfimov et al® We plan to perform a study of the darkening

can provide important information on the electronic andand bleaching kinetics versus the temperature in the near
chemical structure of amorphous solids. future.

In the short time limit, the stretched exponential term in
Eq. (2) increases at’-°. The transmission data of Fig(1y,
acquired on microsecond time scales, also increases with the
square root of time. This suggests that the recombination”
processes responsible for rise in transmission after irradiation Highly nonlinear effects similar to the darkening in
follows stretched exponential kinetics for up to six orders ofsoda-lime glass are often useful for patterning transparent
magnitude in timg1 us to 13. materials. Nonlinear material responses allow the production

The third term in Eq(2) represents power law kinetics of well-defined features with sharp edges, sometimes with
at long times {>a few seconds in Fig. 20We attribute the feature sizes smaller than the nominal diffraction lifif®
transition to slow, power-law kinetics to inhomogeneities inWe can pattern a grating using this darkening mechanism
the defect distribution that develop as recombination prowith femtosecond, 800 nm laser pulses by splitting the beam
ceeds. As nanometer-scale volumes of glass become depletieio two equal intensity beams that are allowed to interfere at
in recombination centers, mobile charge in these regions exan angled. Figure 11 shows the center and higher order spots
periences longer survival timé$:2* The recombination ki- out to fourth order produced when the 633 nm beam from a
netics in this long-time limit are often simply related to the He:Ne laser is diffracted by a grating produced by the inter-
kinetics at shorter times. This is reflected in [E2).by fixing  ference of two femtosecond, 800 nm laser beams converging
the exponent in the power-law term to a fixed multiplefof at an angled=1.3°. This geometry is expected to produce
Despite the gradual increase in transmission shown in Figdark strips with spacing\ =\y/2siné, where A\, is the
10, significant absorption remains for very long timg@s  wavelength used to write the pattern. The predicted grating
least months In many other systems that show similar re- spacing is thereford =35 um. The diffraction pattern dis-
covery Kkinetics, the average defect lifetime is in factplayed in Fig. 11 is consistent with— 36 um, in agreement
infinite 2 with the predicted value. The radiant intensity in the dif-

The release and transport of the charge carriers is mogtacted beams makes up 10.5% of the total intensity trans-
likely thermally driven. Heating darkened glass+®200°C  mitted. The formation of other robust, long-lived patterns by
quickly bleaches the visible darkening. Similar thermalexposure to spatially modulated laser radiation is being pur-
bleaching of colored sodium silicate glass was mentioned bgued and may suggest additional applications.

Fraction of Transmitted Power

Grating formation
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