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Abstract: Ternary chalcogenide glass films from identical parent bulk
glasses were prepared by thermal evaporation (TE) and pulsed laser
deposition (PLD) and subjected to 810-nm femtosecond laser exposure at
both kHz and MHz repetition rates. The exposure-induced modification on
the glass film's sudce profile, refractive index, and structural properties
were shown to be a function of laser irradiance, the number of laser pulses
per focal spot, and repetition rate. Film response was stotva telated to
deposition technique-related density and the number of glass bonds within
the irradiated focal volume. The induced changes resulted from a reduction
in glass network connectivity among GgSGeS, S-S and ge-S-Geg

units.
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1. Introduction

Femtosecond direct-writing using laser pulses with both kHz and MHz repetition rsee jsul

well established as a method of fabricating photonic structures in amorphous matehials su
silica, phosphate, and chalcogenide glasses [1-7]. While much research has been done to
understand and control the induced material modifications in these glassesl| idiiiilt

to predicta priori the response of an unstudied material to IR femtosecond irradiation.
Therefore, the response of a new material of interest to IR femtosecahdtiorashould be
thoroughly characterized before optimized structures can be fabricated.

Chalcogenide glasses (ChGs) have attracted the attention of many investigatars due t
their chemical and structural flexibility, good IR transparency, higitalmonlinearity, and
high photosensitivity [8]. In comparison with oxide glasses and single crystals, Ché&sarhav
advantage in that they exhibit wide refractive index variation with chemical composition and
can readily be compositionally tailored to optimize other physical and optical properties [9
11]. For these reasons, ChGs, primarilg@shave been used in applications such as gratings
[12-14], optical storage [15], as holographic recording media [16], optical ampkfiets
lasers [17], and antireflection coatings [18, 19]. Additionally, their wide traaspamwindow
stretching from the visible to the far-infrared makes chalcogenide glasses ideal candidates for
integrated optical circuits including optical waveguides, and can be considetat-to-a-
chip applications for chemical and biological sensing where their transparency in the mid- and
far-infrared fingerprint regions of many chemicals and biological toxins make them agtractiv
[20-23]. Compared to their fiber-form counterparts, planar ChG-based structures are mor
versatile and amenable to large-scale integration with other on-chip photonic and electronic
devices, enabling a full spectrum of optical function (splittergters, switches, lenses and
filters) as well as signal read-out and processing functions.

Germanium-based chalcogenide waveguides containing heavy metal species have been
fabricated in several glass compositions using techniques including wet etching [24], plasma
etching [23, 25], and lift-off [26]. Recently, we have shown the successful fabrication of
chalcogenide waveguides in these films with a minimum logs38B/cm in theifm using
Sk plasma etching, which is intended to be used as an evanescent sensor integrated with
microfluidic channels for analyte transport [23]. Additionally, we have previously shown that
bulk GesSh;S;pglass is photo-sensitive to IR femtosecond laser exposure and exhibits a dose-
dependant surface photo-expansion up to£350m when exposed to IR femtosecond laser
pulses at a repetition rate of 35.8 MHz [27].

In this paper, the photo-induced modification of the refractive inday, Gurface profile
modification (as characterized by laser-induced photo-expangidf), and structural
(bonding) changes in glassy of £8,S; thin films exposed t810 nm femtosecond laser
pulses has been investigated as a function of exposure conditions (number of pulses per focal
spot and laser irradiance). Two irradiation regimes have been examined to elucidate the
influence of incubation effects on material photo-response: 80MHz repetit@puises with
nanojoule energies and a 1kHz repetition rate pulses with microjoule energies. In each
regime, the induced photo-expansionT) and refractive index changeAr) has been
measured. Micro-Raman spectroscopy has been used to thefimeechanism of the film’s
structural modifications as a result of laser irradiation. Understanding the relatiortsféprioe
the optical properties and the physical modifications ofth& film following laser exposure
is a prerequisite for the development of new ChGs with optimized compositiondesiita
successful use in the development of photonic devices using femtosecond direct laser writing
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2. Experimental setup
2.1 Film deposition

Chalcogenide glass thin films from parent bulk glasses of compositigsblize, were
deposited using thermal evaporation (TE) and pulsed laser deposition (PLD) techniques. The
deposition of the investigated films was carried out using the ganment glass as targets: for

TE film depositon, bulk glass was ground into glass powder whereas polished bulk glass
targets at least 2 cm in diameter and 3 mm in thickness were udedOdilm deposition.

The bulk glasses used as targets for the film deposition wereguidpaseparate batches of 6

g for TE and 50 g for PLD, using identical melting conditions. Although the melt volumes
varied, yielding slightly different thermal histories, the resulting bulk glass physimaérties

were identical. Bulk glasses were prepared from high purity elements (Ge: Aldrich 99.999%,
Sh: Alpha 99.9% and S: Cerac 99.999%). The starting materials were weighed and batched
into quartz ampoules inside a nitrogen-purged glove box. Prior to sealing and melting, the
quartz ampoules and batch raw materials were pre-heated at 100°C for 4 hounsvi® re
surface moisture. The ampoules were then sealed under vacuum with a gas-oxygen torch and
heated to 975°C for 15 to 24 hours, depending on the weight of the batch to melt. A rocking
furnace was used to rock each ampoule while melting to increase the homogeneity of the melt.
Once homogenized, the ampoules were air-quenched to room temperature. To avoid fracture
of the tube and glass ingot, the ampoules were subsequently returned to the furnace for
annealing for 15 hours at 40°C below the glass transition temperagure, T

2.1.1 Thermal Evaporation technique for deposition of the TE film

Thermal evaporation of the ChG glass films was performed at a e of < 10 Torr

using a Tantalum baffled source, and the deposition rate was st@hilizapproximately 2

nm/s. A thermostat stage was employed to maintain the substrate temperature at 25 °C
throughout the deposition process.

2.1.2 Pulsed Laser Deposition technique for deposition of the PLD film

Pulsed laser deposition was performed using a mode-locked Nd:M¥€r operating at third
harmonic (355 nm) and delivering ~5 W to the polished glass target surface H28Raser
repetition rate was 28 MHz, the pulse duration 12 ps, the focal spot sizeum, 1&nd the
maximum incident intensity was ~f@Vv/cn? with a fluence of 0.1 J/cmThe laser beam was
scanned across the 2 cm diameter ChG target using x-y scanning mirrors in a constant veloci
2 m/s spiral over an area of approx. 2.5 emprevent drilling craters into the target sie.

The substrate was located ~160 mm from the target and rotated to provideea mo
homogeneous film thickness over the substrate area. The baserprén the deposition
chamber was 5:a.07 Torr.

The TE and PLD films were deposited onto glass microscope slide sebsirat had
thicknesses of (1#0.1) um and (1.€0.1) um, respectively, measured using a scanning
electron microscope (SEM) and confirmed with Zygo 3D Opticalilerof The films did not
display any evidence of crystallization or phase separation. ilthg did not undergo an
immediate post-deposition annealing, but all exposure studies weied caut months after
film deposition where extensive film relaxation was confirmed to havercexd.

2.2 Femtosecond laser sources

Two 810 nm femtosecond lasers with 80 MHz (KMLabs, Inc) and 1 kHz (Spitfire, Spectra
Physics) repetition rates were used as irradiation sources to study incubation effectedssoci
with femtosecond processing in the glagmd. The laser pulse energies used in this
experiment were on the order of nanojoules for the MHz laser and microjoulde fiokiz

laser. The MHz oscillator also served as the seed laser for tHifiedhgystem. These lasers
produced 120 femtosecond pulses with a ~13 nm spectral bandwidth and 5% pulse-to-pulse
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stability. A 0.25NA microscope objective was used to focus the laser light onto the samples,
which were mounted on a computer-controlled 3D translation stage (VP-25XA, Newport
Spots or squares of irradiated regions were generated in theufilates depending on the
post-exposure analysis to be performed.

2.3 Ablation threshold

The first metric used to compare the photo-response of theltmgowvias the determination of

the ablation threshold of each film. Previous work by owupgrhas used this metric to
directly compare the response of bulk and fiims of ChG and other glassatsato assess
photo-induced material response (induced expansion, contraction or ablation) [27]. This
threshold was determined in ChG films in this study by fabricating a spatialiftvemsional

map on the film sudce consisting of a series of photo-written lines with a large number of
pulses per focal spot (198 and.@ for the kHz and MHz repetition rates, respectively) and
increasing laser irradiance. The ablation threshold determined from the resulting exposure
map is defined as the onset of the exposure region where the laser irradiance giastdoffi

result in ablation of film material. This @snse was accompanied by the formation of a
trench that could be observed by measuring the surface profile dfntiseafter irradiation

using a Zygo NewView 6300 3D Optical Profilometer. The corresponding number of pulses
per focal spot for each repetition rate associated with this transition régieshpld) for kHz

and MHz exposure conditions varies for all materials, and in this study the tdreskod
defined as the upper bound of exposure conditions for each material to assess resulting photo-
expansion and refractive index change.

2.4 Photo-expansiom()

Two series of lines with varying laser exposure conditions were fabricated on pactf ty

film using both kHz and MHz repetition rate pulses to analyze dffect of exposure
parameters on the film’'s post-exposure surface morphology. liirsheeries, the number of

pulses per focal spot was held constant and the laser irradiance was varied, while in the
second, the laser irradiance was fixed and the number of pulses per focal spot was varied. The
resulting post-exposure film surface profiles were measurednebtaising both a Zygo 3D
Optical Profiler and aTA-2990 from TA Instruments used as an AFM. Surface images were
digitally leveled and the heights of 3 points on each irradiated line were averaged to calculate
a measurement of the photo-expansion. The measurements using the two instruments were
found to be in agreement within the accuracy of the measureméntsym.

2.5 Refractive index modificationr)

The photo-induced refractive index modification of the glasssfhas been measured by
analyzing i) the pre- and post-exposure transmission spectra using a spectrophotometer and
assessing the resulting spectra using the method published by Swanepoel [29] and by ii)
quantifying the optical path changes using a Zygo NewView 6300 3D Optical Profilometer
and calculating the induced phase shift in the exposed region [5].

Transmission spectrophotometry was used to determine the refractive index of an
irradiated region of material as a function of wavelength in the transpgoectral region of
the glass. A 1.2 mm x 1.2 mm irradiated square region consisting of parallel lines separated by
2 um was fabricated so that the entire area probed by the spectrometer was exposed. A Cary
500 spectrophotometer from Varian was then used to measure the transmission spectrum in
the range 800 to 1500nm of the square region before and following lasettivradtas well
known that transmission spectra of a thin film contains a periaiation of the transmission
as a function of wavelength due to interference caused by reflections at the two sutfaees of
film. Both the film thickness and the refractive index of the film influence the éntarée
pattern and can be calculated using an analysis of the film trarmm&sia function of
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wavelength described by Swanepoel [29]. The accuracy of the refractive index and thickness
measurement were estimated tated2 andt5 nm, respectively.

The second technigue involved use of white light interferometry with a Zygo 3D Optical
Profiler to measure the exposure-induced refractive index changes for of series of lines
prepared using the method described in Section 2.4. In contrast to the previous technique,
white light interferometry possesses adequate spatial resolution tarmehe refractive
index variation of single irradiated lines at the expense of the spectral wavelesuigition.

The white light source used for this experiment had a bandwidth 100 nm centered at 550 nm.
An interference pattern is created by combining light reflectedh fthe film/substrate
interface with a reference beam to produce a series of Fizeau fringes. Any change of the
optical path is manifested as a phase shift in the interfereneenpafthis phase shift can be
related to the refractive index by

% _ 2: (nirr dirr - nodo)
27 y|

@

where A@ is the induced phase shiff, is the average wavelength of the white light source

(estimated at 550nm)) is the refractive index, and is the film thickness. The refractive
index, N,, and thicknessd, of the unirradiated film were obtained using the Swanepoel

technique. The thicknessl, . , of the irradiated film was calculated by adding the exposure-
induced expansion measured with the Zygo 3D Optical Profilometer (photo-expaarsibn)
the TA Instruments model 2990 micro-thermal analyp@®) used an AFM, to the thickness
of the unirradiated film. The accuracy of the measurement was litmtede accuracy of
unirradiated film index as determined using the Swanepoel method, edtimate: 0.02.

2.6 Structural characterization

The Raman spectra of pre- and post-expodlets fwere recorded using a Kaiser Hololab
5000R Raman spectrometer. This system has a typical resolution of Z-Zatcmwom
temperature and uses a backscattering geometry. The system consists of a holographic notch
filter for Rayleigh rejection, a microscope equipped with 10x, 50x and 100x objectives and a
CCD detector. A 785 nm NIR semiconductor diode laser was used for excitation. This
wavelength was chosen specifically for this study to reduce absorption and phdiga-atruc
changes during the measurement.

3. Results and discussion

Before discussing the variation of the Raman spectra of the filnmes fasction of laser
irradiation, a brief description of the as-depositiéd Btructural characteristics is presented.

The Raman spectra of these unirradiated TE and PLD films arenshdvg. 1. These spectra

have been deconvolved into the Raman bands of the constituent vibrational modes of the
molecules in the glass matrix using the same method used previously for the Raman spectra of
bulk glasses in the Ge-Sh-S-Se family [27]. The Raman spectrtime nbn-irradiated ifms
consists of a broad band from 275-450camd two low-amplitude bands in the 200-250 and
450-550 crit range. The main band is formed by the overlapping of the Raman bands of
ShS;, GeSand $ structural units. The shoulder at around 302 txas been assigned to the

E modes of ShSyramids [30]. In accordance with Mei al, the bands at 330 and 402 tm

have been assigned to theakd T, modes of corner sharing Ggyroups [31]. The bands at

340, 375 and 427 chhave been attributed, respectively to the mode of the GeS
molecular units [32], to the,Tmode of 2 edge-sharing GgSetrahedra and to the vibration

of two tetrahedra connected through a bridging sulf@eS- S — GesJ31]. The weak band

near 450-500 cthhas been assigned to vibration mode of sulfur. The shoulder at around 475
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cm* may be attributed to the®.,) ring vibration mode of sulfur and the band at 485" ¢m

the vibration of §A,) chain. The bands in the range 175-225' ¢rave been attributed te F
vibration of Geg, groups and to mixed stretching-bending vibration of Ge-S-Ge bridge
bands. The structure of the as-deposited TE film is interpretieel nore connected through a
larger number of Geg units compared to the structure of the PLD film by examining the
shape and intensity of the central band, most likely due to the much more energetic and rapid
means by which the glass network condenses during formation. Such kinetics would freeze
many more of these species present in the vapor phase, into thiagdsm. Wagneret al
showed using Laser Desorption Mass Spectroscopy that such complex entities exast in th
early stages of PLD processing (in the vapor plume) and are thus likely to coalesce in the final
film structure, largely unaltered [33].

Normalized Intensity (A.U.)

200 250 300 350 400 450 500 550
Wavenumber (cm™)

Fig. 1. Raman spectra of as-deposited films fabricated by themaporation (TE) and pulsed
laser deposition (PLD).

To account for the slight variation in film thickness and the exgeeagiation in film
density associated with the two deposition techniques, we can estimate the number of bonds
available for interaction during exposure by comparing the differences between the two films.
Here we estimate the total number of Ge-S bonds present in the laséodat volume using
the following equation:

#(Ge—S)=4- GeAt%-%-v @

where Ggy, IS the atomic fraction of Ge in the glass network (O.ZN)&, is Avogadro’s
number, p is the density of the flmM the molecular weight of the glas¥, the volume of

the glass within focal region of the laser, and the factor of 4 results thienfour-fold
coordination of Ge atoms in the glass network. In this calculation, it is assumed that no
homopolar Ge-Ge bonds exist in the glass matrix in accordance with the deconvolution of the
Raman spectrum. The volume of glass within the focal region of $ke ig calculated to be

V =T to be 1.8x18 and 1.3x18" cn? for the TE and PLD films, witf taken to be the

film thickness as 1#0.1 and 1.80.1um, respectively. The entire film thickness was taken to

be exposure depth in the volume calculation because it was smaller than the Rayleigh length
of the 0.25NA obijective for these films. The densities of tihesfhave been estimated from

that of the corresponding bulk glass using the Lorentz-Lorenz equation

n>-1 A4r N,o
2 = T ¢
nn+2 3 M

®)
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relating the refractive indexn)), density p), and mean polarizability ¢¢) [34, 35]. It is
assumed that the mean polarizability of the films is equal to that of tkeriaterial of the
same composition, though some slight density variatidhbe expected due to thermal
history (and energy) associated with the two deposition techniques. Using a refractive index at
A = 1um of 2.14:0.02 and a measured density of 28492 g/cm for the bulk glass in Eq. (3),
the mean polarizability at im has been estimated to be §256)x10** cnt Substituting
the measured refractive indiceshat 1um for the TE (2.260.02) and PLD (2.380.02) flms
into Eq. (3), the resulting densities of the films were determinee ®12+0.06 g/cni and
3.17:0.06 g/cm, respectively. This calculation supports the expected slightly higher density
of the glass deposited via a more energetic PLD process.

Inserting these density values into Eqg. (2), the total number of Ge-S bomastedtio be
in the focal volume of the laser was 6:8%01 x16* for the TE film and4.63:0.01 x13" for
the PLD film. Thus, the TE film contains not only a mooermected network but also a larger
number of Ge-S bonds within the laser focal volume, indicating a higher susitgfob
bond modification (i.e., more bonds available to be “modified”) through exposure to the
femtosecond laser pulses than an identical exposure to the correspondingrPLD f

3.1 Ablation threshold of the films

The exposure values of the determined ablation thresholdsefdrBEhand PLD films under

both MHz and kHz repetition rates are shown in Table 1. When irradiated with MHz
repetition rate pulses, the ablation thresholds of the TEPAD films were measured to be
40.7£3.7 GWi/cnf and 54.34.8 GW/cni, respectively. This indicates that the TE film is
more photosensitive (undergoes changes more readily) to high repetitionadiggion than

the PLD film under comparable exposure conditions. The apparent difference in thresholds
between the two types of films has been attributed primarily to increasedption of laser

light in the TE film due to a slight red shift of the band gap of tRdililn compared to that of

PLD film as shown in Fig. 2.

Table 1. Ablation threshold of the TE and PLD films with 1kHz andI8@ repetition rate pulses.

Film 198 Pulses per 4x1 Pulses per
deposition focal spot focal spot
technique (1 kHz) (80 MHz)

TE 103.2+ 0.9 TW/cnt 40.7+ 3.7 GW/cr
PLD 87.2+ 0.9 TW/cni 54.3+ 4.8 GW/c

When irradiated with the kHz laser, the ablation thresholdbeofTE and PLD films are
about three orders of magnitude higher than with MHz exposure, increasing te(0193.2
TWi/cn? and 87.20.9 TW/cnf, respectively. This observation is consistent with the expected
response to energy delivered from less frequent, more largelydsiiareporally) laser
pulses. Such frequency-dependent response results in higher ablation thresholds at lower
repetition rates where the microsecond timescale of thermal diffusion of leatttie
irradiated focal volume (as compared to the 12 ns delay between pulses with MHz exposure)
results in much less cumulative heating of the glass. Thus, the reduced accumulation of
thermal energy within the glass matrix results in a higher laser irradianceargdesaduce
film ablation.
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Fig. 2. Absorption spectra of the films deposited by themmaporation (TE) and pulsed laser
deposition (PLD) techniques.

The observation that the TE film is slightly less photosemsttian the PLD in response to
kHz irradiation but more photosensitive than the PLD film to MHz quls not fully
understood, but may be related to the local matrix response to heating aactioriewithin
the focal volume. A possible explanation for this behavior is that modificatidimeofore
highly-connected matrix of the TE film is dependent on cumulative hehginmulses with
nanojoule energy at repetition rate of 80MHz and thus is not as susceptible to modification by
the shot-by-shot absorption of microjoule energy pulses at a 1kHz repetition Hale thg
slightly larger free volume in the TE structure may accommodate therdeeed local
distortion during higher frequency MHz shots (with limited ability relax back when
dissipating thermal energy between shots), the larger concentration of bonds means the
effective absorption of heat would be larger. Additionally, the larger thickness @madath
mass) of the TE film may result in a less efficient heat dissipa@ffectively trapping the
heat inside the film for a longer time and reducing the ablation ticesBuch contributions
of film density (available free volume to physically distort), lot®drmal mass associated
with focal volume bonding, all contribute to a complex interaction to the closely spaced
(MHz) and more broadly spread (kHz) pulses of laser light impinging omith&lins.

3.2 Post-exposure film surface profiles — photo-expangioh (

Photo-expansion is a common result of laser irradiation in many chalcogenides. We have
observed this phenomena for bulk¢s#,S;q glass [27] and for both bulk and thin film /5

glasses under NIR femtosecond laser exposure [5, 12]. Messaddeq et al have also observed an
increase of the film thickness in the Ge-Ga-S and Ge-Ga-As-S glass systieras increase

of the exposure time for all powers when exposed to UV light at 351 nm [36].

In our studies, two series of photo-induced lines were written with both 1kHz and 80MHz
repetition rate pulses in each type of glass film: one with varying irraeliamd one with a
varying number of pulses per focal spot. An examination of the surface profile using white
light interferometry and AFM indicated that both exhibited localized surface pRptmgion
as a result of irradiation, the magnitude of which varied as a function of batlirfadence
and number of pulses. Figures 3 and 4 illustrate the absolute magfatosied symbols) and
normalized (open symbols) photo-expansion of the TE aridl fitins as a function of the
laser irradiance and the number of pulses per focal spot following kHz [Fig. 3(a) and 4(a)] and
MHz exposure [Figs. 3(b) and 4(b)], respectively. As can be seen in all cases, the extent of
photo-expansion increases with both an increase of laser irradiance and with the number of
pulses, but the absolute magnitude as well as the expansion as a function of original thickness,
is smaller in the case of kHz irradiation as compared to MHz edpdses. Additionally,

PLD films show a larger extent of thickness change in the case of idzee, whereas both
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the TE and PLD films exhibit an almost 3% change in local thicknester MHz
illumination. The photo-expansion of these samples also appears to saturate with increasing
dose with MHz irradiation, as compared to the kHz irradiation, during which the photo-
expansion does not saturate within the dose regime examined here. These observations can be
interpreted as being related to the cumulative manner by which takfiloe volume is
modified in the MHz exposure case and lieted volume modification that can be induced
during kHz exposure case. A larger cumulative volume change observed in the case of MHz
exposure suggests that local distortion of bonds and bond reconfiguration associated with laser
exposure saturates after the local bonds have been fully modified. Conversely, widle simi
modification is thought to occur in the kHz case, the absence of heat accumulation between
successive pulses limits the numbebohds modified by any given pulse. This could explain

the observation that kHz irradiation results in a generally lower meignof photo-expansion
observed by kHz irradiation that has not yet saturated within this dose regime

3.2.1 Effect of the irradiance

Figures 3(a) and 3(b) show the evolution of the TE and PLD film surface photo-expansion as
a function of the laser irradiance when irradiated with the kHz and MHz iepetite pulses,
respectively. The number of pulses per focal spot was fixed at 198 for the kHz repettion rat
in Fig. 3(a) and 4x10for the MHz repetition rate in Fig. 3(b). In both figures, the magnitude

of the photo-expansion increases with increasing irradiance up to the ablation threshold where
higher irradiance would lead to film ablai. When exposed to kHz repetition rate pulses, the
maximum photo-expansion of the TE and PLIDm$ occurred for a laser irradiance
1.8TW/cnf below the respective thresholds of each film and was measurebt640.7 nm

and 10.60.7 nm, corresponding to dnfi thickness increase of 3.@.01% and 14£0.01%,
respectively. The PLD film, which had a lower ablation thresholetéponse to kHz pulses

than the TE film, had a higher photo-expansiThe photo-expansion of the twibmis when
exposed to MHz repetition rate pulses is shown in Fig. 3(b). The magnitude of the photo
expansion is enhanced by incubation effects in the focal region of the laser, resulting in a
larger photo-response that increases linearly with increasing laséarigadintil the ablation
threshold. The maximum possible photo-expansion of these TPlaBdilms with 4x1C°

pulses has been estimated to be 3.4 nm and 378).7 nm, corresponding to 30.01%

and 3.%20.01%, using a linear regression in Fig. 3(b). Thus the TE film, wisicmore
photosensitive than the PLIn when irradiated with MHz repetition rate pulses, exhibits the
highest photo-expansion.
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Fig. 3. Absolute (closed symbols) and relative (open symbols) photo-éxpaot the
investigated films when irradiated with kHz (a) and MHz (b) riépetrate pulses as a function
of the irradiance. The number of pulses was fixed at 197.6 (a) an8i(4x10
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3.2.2 Effect of the number of pulses

The effect of the number of laser pulses at a fixed irradiance on the photo-expansion for both
kHz and MHz pulses is shown in Figs. 4(a) and 4(b), respectively. An increase in the number
of laser pulses per spot results in an increase in the height of the photo-expansion. As seen in
Fig. 4(a), the PLD film exhibits a maximupmoto-expansion of 99.7 nm, corresponding to

a film thickness increase of 3#0.01% when irradiated at 85.4 TW/gmin comparison, the

TE film photo-expands only up to 30.7 nm corresponding to #nfi thickness increase of
0.3t0.01% when irradiated at a similar irradiance of 83.6 T\W/chhis difference in
magnitude of the photo-expansion can be related to the value of the lasanaeadilative to

the ablation threshold. As seen in Fig. 3, the closer the laser irradiance is tdatfan ab
threshold, the higher the photo-expansion. Indeed, the hDnvas irradiated just below its
ablation threshold, whereas the TE fim was irradiated at 20ciffVbelow its ablation
threshold.
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Fig. 4. Absolute (closed symbols) and relative (open symbols) photo-éxpaot the
investigated films when irradiated with kHz (a) MHz (b) repetition rate pulsdunction of
the number of pulses. The irradiance was fixed at 83.6 and 85.4 T\#pmnd at 33.9 and
40.7 GW/cm (b) for the film deposited by thermal evaporation (TE) and pulsser|
deposition (PLD), respectively.

When the repetition rate increases to 80MHz [Fig. 4(b)], the magndtidee photo-
expansion of the films increases as seen in Fig. 3. In this regime, theexpansion
increases with increasing numbers of pulses up to about 2.¢xd€es, after which the
response begins to saturate. With an irradiance of 33.9 GW&eh GWi/cn? below its
ablation threshold), the TE film exhibited a maximum photo-expansiof#4 @&t0.7 nm,
corresponding to dlfn thickness increase of 2:8.08%. The PLD film had a smaller absolute
photo-expansion, 26:0.7 nm, corresponding to anfi thickness increase of 2:0.08%,
when exposed with an irradiance of 40.7 GW/c(h3.6 GW/cm below its ablation
threshold). A similar saturation effect of the surface expansion amplitude has been seen for
photo-induced modifications using high repetition rate femtosecond pulses B As
chalcogenide glasses, and may be related to a saturation of the number of free electrons
available to participate in the nonlinear absorption process [Shile\ihe resulting laser-
induced photo-expansion in these two glass systems is similar, tits st®wn herein show
that the mechanism by which the changes occur is somewhat different (as shown in the
structural changes of bond breaking/reforming in As-based glasses versus boridrdestolrt
conformation changes in Ge-systems). It can be expected that both the electrons awvailable t
participate in the process as well as and the number/concentration of bonds available for
modification will both play important roles in the resulting material modlibn. These
results will be discussed in Section 4.
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3.3 Refractive index change induced by laser irradiationn) (

Understanding the femtosecond laser exposure conditions that give rise to a modification of
the refractive index of a glass material is crucial to the optimization and control of the
micromachining process and its use in device fabrication. The refractive index ntinaifica

to the films examined in this study have been characterized throughadysis of i) the
interference fringes on the transmission spectra [29] and ii) the optical path change using a
white light interferometer [5]. Both techniques yield an induced refractive index change,
which includes the sign and magnitude of material changes that accompany laser exposure.

3.3.1 Transmission spectrum analysis using Swanepoel’'s Method

To measure the transmission spectrum of the films before amdasfe irradiation, a 1.2 mm
x1.2 mm square region afrh was irradiated by writing parallel lines separated Ipyr2such
that the dimensions of the exposed area was larger than the spectrometer beam size. It should
be noted that no variation in the transmission spectrum veasirséilms exposed to kHz laser
irradiation with ~50 pulses per focal spot at 81.9 and 94.3 T¥/cwrresponding to 5.3 and
8.9 TW/cnt below the ablation thresholds) for the PLD and TE films. Thus, nofizetitin
of the refractive index was seen as a result of exposure to kHz repetition rate pulses.
Figure 5(a) illustrates the transmission spectra of the TE film befarafter irradiation
with 34 GW/cnf and 1.3x10pulses at 80MHz.
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Fig. 5. (a). Transmission spectrum of the TE film before and af@diation indicating an
induced bandgap shift and a modification of the interference patfEne laser irradiance on
the sample was 34.0 GW/é1f6.7 GW/cm below threshold) and the number of pulses per laser
spot was 1.4, (b) An/n of the investigated films deposited by thermal evaporation (TE) and
pulsed laser deposition (PLD) as a function of wavelength.

A modification of the period of the interference fringes after irradiation is gle@ible
after laser irradiation. The transmission spectra have been analyzed using the Swanepoel
technique [29] and the refractive index of the film after laseriatimsh was found to be lower
than that of the film before irradiation, which is consistent with previstudies on laser-
induced phenomena in bulk Ge-based chalcogenide glasses [37, 38]. These results are
opposite in sign to index changes observednnilarly-irradiated As-based chalcogenide bulk
and films. The magnitude of change of the refractive index fol Ehéilm in this exposure
regime was found to be -068.02 at im as seen in Fig. 5(b). Similarly, when the PLD film
was irradiated with 1.3xf0pulses at 40.7GW/cincorresponding to exposure at a similar
magnitude (13.6GW/cfh below its ablation threshold, the change of the refractive index was
found to be -0.060.02 at ium. It is interesting to note that the normalized refractive index
changeAn/n as determined by this technique in both types of film (TE and,R&Bpnstant
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across the spectral range examined, and constant (-0.035 and -0.025) within the error of the
measurement0.01).

3.3.2 Analysis of the optical path changes using white light interferometry

The absolute (closed symbols) and normalized (open symbols) refractive index modification
of the films &posed to MHz repetition rate pulses as a function of the laser irradiance and
number of pulses are shown in Figs. 6(a) and 6(b), respectively. The index change is reported
at A = 550nm as this represents the center wavelength of the white light source of the Zygo
system. As shown above, the analysis shows the negative sign of the exposure-induced index
change. Furthermore, the magnitude of the “decrease” in index increases with increasing
irradiance and number of pulses. The maximum observed index decrease wH3.00,05
corresponding to an/n of 2% for both films when irradiated withx1® pulses with an
irradiance near the ablation threshold of the film. This chamitfe dose and irradiance is
consistent with changes observed for increasing irradianceécmedfor filmphoto-expansion.
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Fig. 6. Absolute (closed symbols) and relative (open symbols) refrastieg modification at
550 nm of the investigated films deposited by thermal evaporatigh) §hd pulsed laser
deposition (PLD) techniques as a function of laser irradiance (a) amdithiger of pulses per
focal area (b). In (a), the number of pulses per focal area idsdestant at 40° for both
films. In (b), the laser intensity was held constant at 40.7 GW/(d3.6 GW/crA below
threshold) for the PLD film and 34.0 GW/&ii6.7 GW/cm below threshold) for the TE film.

The Lorentz-Lorenz equation [Eg. (3)] indicates that the refractive index is depemden
both the density and the mean polarizability of the glass. To cheracthe extent to which
photo-expansion (density modification) and refractive index modification are linked, the
absolute change of the refractive index, seen in the closed symbols in Fig. 6(a), was compared
to the absolute photo-expansion under identical exposure conditions from the closed symbols
in Fig. 3(a). These results are shown in Fig. 7 with a linear regression of the data.
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Fig. 7.An as a function of photo-expansion for the films deposited by therrapbeation (TE)
and pulsed laser deposition (PLD) with varying laser irradiance.

As discussed in Section 3.2, the TE and PLD film surfaces were estimated to photo-
expand to a maximum of 54.4 nm and 37.8 nm respectively when exposed tpuise8 per
focal spot with an irradiance just below their respective ablatioshblg. Using the fit in
Fig. 7, this corresponds to a maximum absolute change in photo-induced refractive index at
550nm for the TE of -0.066.02. A slightly lowerAn at 550nm of the PLDilln has been
determined to be -0.06# 0.02, which is close to that of the T#hTf despite the variation in
deposition conditions. The linear relationship (and slopes) in Fig. 7 suggests that the induced
refractive index modification is primarily due to the photo-expansion of the glass.
Furthermore, the similar response for the two films suggests thatntterlying mechanism
responsible for the changes do not largely depend on the subtle density and bonding
configuration differences associated with the film depositiohriigces. This conclusion is
consistent if one is to assume it is the ultimate “type” of bond and its bond strength that
defines (along with secondarily the network structure) the type of photo-struespahse of
the glass network to laser exposure.

3.4 Proposed physical mechanism of photosensitivity

Different models of the photo-expansion effect have been proposed to explain photo-structural

changes in ChG materials. Tanaka observed a volume expansiogSinfilyss and glasses

and assumed that the volume expansion is caused by local atomic changes [39]. He also

assumed that photo-induced fluidity contributes to relaxation of the local stress, gieing r

volume expansion [40]. A general mechanism for the production of photo-induced changes

has been also proposed in terms of bond breaking, both intermolecular and intramolecular

[41]. Following the same idea, Loeffler suggested a microscopi@lntavhich heteropolar

bonds are broken by absorption of light energy and new homopolar bonds are formed

simultaneously [42]. Messaddet) al correlated the volume expansion observed in Ge-Ga-S

glasses to motion of chalcogen atoms into the irradiated area in particular of3%ilfide

also has demonstrated that the presence of oxygen is a requirement for creating a volume

expansion in glasses in the system Ge-Ga-S when UV-exposed for a long period of time [43].
In the Ge-Sb-S glass system studied here, the film response tednffiR) femtoseand

laser light exposure produces photo-induced structural changes and property reésgplamse s

to those mechanisms observed in our previous study on bulk glasses. We have shown that

femtosecond laser exposure modifies the bond configuration and reorganiziés tiadss’

structural units by progressively decreasing the connectivity between tetrahedra units [27]. |

order to understand the differences of photo-response of then@BPLD films examined

herein, micro-Raman spectroscopy has been used to characterize the photo-structural changes

created by the kHz and MHz laser pulses.
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3.4.1 Irradiation using the kHz laser

Figures 8(a) and 8(b) present the micro-Raman spectra of the TE and PLD film before and
after laser irradiation under exposure dtads below their ablation threshold using ~200
pulses. As can be seen, no significant change in the Raman spettra fifn after
irradiation exists with the exception of a slight decrease in the shoulder at46btie main

band. This subtle, but repeatable change in this spectral band indicates a slight decrease in the
concentration of corner sharing Gggroups [31], presumably with a concomitant increase in
edge shared species. Such a minimal conformational change in bonding within the glass
network would lead to small changes in local free volume. Such a change, and the lack of
significant changes of Raman spectra associated with the major backbone of the glass
network, is consistent with the observation of a small (<2%) photo-expansion and no
measurable refractive index modification upon kHz exposure.
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Fig. 8. Raman spectra of the films deposited by (a) thermaloeatign (TE) and (b) pulsed
laser deposition (PLD) techniques before and after irradiation uslmgepetition rate pulses
(Aexc=785nm).

3.4.2 Irradiation using the MHz laser

Figures 9(a) and 9(b) show the micro-Raman spectra of the TELAhdilms before and after
irradiation with 4x16 pulses at similar exposure irradiance below their respective ablation
thresholds. In order to understand the structural modification after irradiatomain bands

in the glass’ spectra were deconvolved as performed in our previous study of bulk materials to
resolve which bonds are being modified upon exposure [27].
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Fig. 9. Raman spectra of the film deposited by (a) thermal eatapor(TE) and (b) pulsed
laser deposition (PLD) before and after irradiation using MHz repetitite pulses with 4x£0
pulses incident on the sample per focal shet£785nm).

It can clearly be seen that the post-exposure Raman spectthdhé TE and PLD films
exhibit similar structural modificain. As the irradiance increases, the main band associated
with the backbone Ge-S structural units shifts to a higher wavenumber and its bandwidth
decreases slightly. The amplitude of the shoulder of the main band at ~40fndnof the
bands at 175-225 c¢hand at 450-550 cthalso decreases. The progressive shift of the main
band to a higher wavenumber can be related to the progressive decrease of the $i328der a
cm® and the increase of the band at 338'crithis change indicates that the laser exposure
decreases the number of the corner-sharing,6eiits and Ge-S-Ge linkages in the glass
network [31], as well as contributes to a small decrease of the homopolar S-S bonds in ring
and chains seen as a progressive decrease of the bands in the 450-E&tgemit should be
noted that this modification is highly dependent on the film depostidmique as there is a
much higher density of S-S linkages in the as-deposited PLD film cothfratbe TE film as
seen by comparing the un-irradiated spectra of the two films in Bigd and 9(b). A
calculation of the integrated area of the larger S-S Raman batiks PLD film indicates a
~26% decrease of the Raman signal upon irradiation, probably due to a decrease of S-S chains
relative to rings. These structural variations suggest tiatldser irradiation leads to a
reduction in the connectivity of the glass network forming more isolated, less fully
coordinated (each Ge would ideally have four neighbors),&a8ities with a concomitant
increase in GeS

To illustrate this process, one must consider the overall netwofigeation. If the
network of corner-connected species decreases, additional S (from S-S chains within the
network) would be required to compensate charge and bihingdsytilizing the additional S in
the laser-modified network (in the creation of fully depolymerized isolated &eSpartially
disrupted gGe-S-Geglinkages which show increases in the contribution to bands at 328 cm
1. Both changes are consistent with and related to the reduction in homopolar SsBemits
It is this structural reorganization of the matrix associated withabenfiguration the Ge-S
bonds and the glass’ molecular units, which can be considered responsible for the surface
photo-expansion and for the decrease of the refractive index. It is also interesting to point out
that as no new Raman bands appear after laser exposure, it is possible to afine l&asr
irradiation does not lead to severed bonds in the case of As-S films but rather to a
modification of the bond conformation within thirf network.

These qualitative changes are more fully substantiated if we quantify the photo-induced
structural reorganization in the two films by estimating the nunabeGe-Sbonds in the
various Gegbased units in the focal volume of the laser before and after laser irradiation.
This was calculated by using the area of the deconvolved Raman bands corresponding to Ge-S
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vibrational modes to calculate the relative fractions of the various types & ltamds
contributing to the resulting glass structure and multiplying by the total numkser-8fbonds
within the laser focal volume calculated in Section 3. The results of these calculations
associated with the Raman spectra shown in Fig. 9 with the relative fractions iet$@ek
summarized in Table 2.

Table 2.Total number of Ge-S bonds in different Gé&sed structural units within the focal volume of the laser in
TE and PLD films associated with Raman modifications in %(g). The percentage of Ge-S bonds associated with
the Raman bands is shown in brackets.

TEfilm PLD film
Raman Unirradiated Irradiance: Irradiance: Unirradiated Irradiance: Irradiance:
Wave- 13.6GW/cmd  33.9GW/cm 20.4GW/cmi  33.9GW/cr
number
(cm™)
325 1.3x10 9.3 x1d° 7.3 x1d° 5.8x10% 4.6 x10° 4.5 x10°
[21%] [15%] [11%] [13%] [10%] [10%]
338 2.6x101" 3.0 x16* 3.1 x16* 2.3x10" 2.5 x16* 2.5 x10*
[41%)] [46%)] [49%)] [50%] [53%] [53%)]
370 1.3x10 1.3 x16* 1.3 x106* 8.2x10% 7.9 x10° 8.0 x10°
[20%] [20%] [20%] [18%] [17%] [17%]
400 7.3x10%° 7.3 x10° 6.8 x10° 5.3x10%° 5.4 x103° 5.0 x13°
[11%] [11%] [11%] [11%] [12%] [11%]
425 4.4x10% 5.0 x10° 5.4 x10° 3.6x10° 3.8 x1d° 4.1 x10°
[7%] [8%] [9%] [8%] [8%] [9%]

The decrease of the number of Ge-S bonds in&Selits at 325cm and the
corresponding increase of the number of Ge-S bonds in &e®8crit [32] and $Ge-S-
GeS units at 425cm[30] upon irradiation is thought to be the cause of the photo-expansion
refractive index modification since both Gethd $Ge-S-Gegunits are larger than GgS
Furthermore, it is clearly seen that the TE film is composedstlatly larger number of Ge-
S bonds in Geg units, which decrease more significantly (as compared to its PLD
counterpart) after laser exposure. This observation is again consistenhevidbderved
higher photosensitivity of the THrh.

It should be noted that as observed in previously referenced studies on UV exjfosure
glasses in this system, no evidence of oxygen incorporation in the changes of the Raman
spectra was observed after laser irradiation.

4, Conclusion

In this paper, the photo-response induced by 810nm femtosecond puldess ofith the
composition GgSh;S;, deposited using both thermal evaporation and pulsed laser deposition
have been studied and compared and a mechanism of bond reorganization associated with
laser exposure has been proposed.

We have shown that although the films fabricated by these tlwaitpes have the same
composition, they have slightly different bond configurations amidlas photo-responses,
differentiated by amplitude. Due to an initially higher structural connectifithe TE film
as well as a larger number of bonds available to be modified within the focal region of the
laser compared to that of the PLD film, the TE film exhibits a higher ighoto-expansion
and larger induced index change, after laser exposure. It has been shown that exposure to
kHz repetition rate pulses results in less than 2% surface photo-expansion with no observable
index change while NIR laser exposure with the MHz laser repetition rate pulses induces
surface photo-expansion up to 4% and a large (upnte0.10)decreasein the refractive
index. These physical and optical property changes have been attributed to a decrease of the
glass network connectivity with the decrease of fa#its, which occurs during light-
induced conformational changes with other Ge-S units in the fijlas
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The variation in magnitude of response between kHz and MHz exposure results
demonstrate that the accumulation of heat associated with MHz pulses is crucial for
femtosecond direct laser writing in this composition. Moreover, we have shmawrihe
decrease of the refractive index depends on the laser irradiance and number of pulses,
implying that it is possible to dynamically control the optical properties of the wtegobver
a large range during the fabrication process. While the laser-induced refractive inugx cha
in this system isiegativein sign and thus not suitable for waveguide writing, it is large and
tailored by control of exposure repetition rate and cumulative dose. These cesaltgle
that such engineering of glass response could be exploited to create complex, smoothly
varying diffractive elements or precisely controlled features through the tesedbiack.
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