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The mechanisms of refractive index change in poly(methyl methacrylate) by frequency doubled femtosecond
laser pulses are investigated. It is demonstrated that positive refractive index modificaton can be caused by a
combination of depolymerization and crosslinking. © 2009 Optical Society of America
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. INTRODUCTION
he direct laser writing of refractive index modulated
omponents, such as gratings and waveguides, for inte-
rated photonic devices requires detailed understanding
f the modification mechanism. Recent publications on
he femtosecond laser irradiation of poly(methyl meth-
crylate) (PMMA) reported contradictory results for the
ign of the refractive index change �n. Zoubir et al. dem-
nstrated negative �n surrounded by a compressed, tubu-
ar waveguide structure [1], while others observed posi-
ive �n due to densification in the focal volume [2–6]. The
iverse results could be due to different writing regimes
MHz versus kHz repetition rate), temporal changes, or
MMA composition. Tubular waveguides with �n=2
10−3 were produced using a high-repetition rate fs oscil-

ator (25 MHz, 800 nm, 30 fs) [1]. The first symmetric
aveguides in PMMA by beam shaped transversal writ-

ng (85 fs, 800 nm, 1 kHz, �n=4.6�10−4), were explained
erely as chain scission causing volume contraction [4].

emporary tubular waveguides developing into positive
n waveguides (1 kHz, 800 nm, 85 fs laser) were ex-
lained by thermal expansion causing tensile stress to the
urrounding area and subsequent volume contraction [5].
ultiphoton fs laser-inscribed positive �n gratings in
MMA (140 fs, 775 nm, 1 kHz) were compared to linearly
bsorbed ns pulses, in which the exposure dose deter-
ines a combination of crosslinking and degradation [3].
eating to 70 °C developed the modification (1 kHz,
00 nm, 120 fs) from �n=0.6�10−4 to �n=5.5�10−4;
hemical changes were not detected using Raman spec-
roscopy [6]. Previous results by the authors found depo-
ymerization during fs laser modification of PMMA, to-
ether with increased refractive index of up to �n=4
10−3 in the exposed regions [7]. Furthermore, temporal

evelopment of the modifications due to monomer diffu-
ion was observed [8].
0740-3224/10/010107-5/$15.00 © 2
This work presents a range of analytical techniques to
ample the modification mechanism in well-defined, pure
rade PMMA to determine how the detected photochemi-
al changes correspond to the observed �n and considers
ontributions of mechanisms, such as formation of ab-
orption centers, molar refractivity of degradation prod-
cts, monomer proportion within the polymer, stresses,
nd crosslink formation.

. DETECTION OF REFRACTIVE INDEX
HANGE MECHANISM
he linear refractive index n of a polymer is proportional

o its density and depends on the chemical composition
including endgroups, additives, and impurities), molecu-
ar orientation, forces between the chains, and thermal
istory. Laser-induced refractive index changes are often
xplained as density changes. Some materials, such as
used silica, are densified by melting and rapid cooling as
hey are “frozen” at a fictive temperature [9]; conversely,
ost glassy materials, such as PMMA, undergo thermal

xpansion, and rapid cooling reduces density. A study of fs
odification of high-purity PMMA by the authors indi-

ated that �n was accompanied by a degradation process.
andom chain scission by direct bond breaking caused
roadening of the polymer molecular weight distribution
MWD), and an unzipping process led to monomer forma-
ion [7]. Depolymerization usually increases polymer
hain volume as a result of the higher number of end-
roups, causing expansion, or, when confined, internal
aterial stresses. Stress-induced optical behavior of
MMA varies with material composition. Softeners,
onomer, and impurities alter it and may even reverse its

ign [10]. High-purity PMMA develops negative birefrin-
ence under stress [10], and depolymerization and expan-
ion would reduce n. However, the measured �n was posi-
010 Optical Society of America
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ive, indicating additional mechanisms requiring
lternative explanations to relate depolymerization to
ositive �n. Both depolymerization and increased absorp-
ion at the UV absorption edge was shown after PMMA fs
aser irradiation [7]. Similar effects in UV photodegrada-
ion studies were caused by unsaturated species [11,12].
epolymerization increases polymer chain number and

hus endgroups containing unsaturated bonds, creating
oth UV and IR spectral changes in PMMA. Embedded
vC bonds exhibit electron transitions near 250 nm
avelength, affecting the absorption edge. Increased ab-

orption related to induced �n was investigated by
ramers-Kronig (K–K) optical data inversion [13] of
ltraviolet–visible (UV-VIS) absorption spectra. Degrada-
ion products of PMMA caused new absorption bands in
he IR [11]. Thus, FTIR was investigated for the identifi-
ation of chemical differences due to fs laser modification.
fter depolymerization the MWD is shifted, and the end-
roups have a greater effect on the polymer properties.
he influence of this on the theoretical molar refractivity
f PMMA was tested by size exclusion chromatography
SEC). Volatile analysis (thermal desorption gas chroma-
ography -mass spectrometry, TD GC-MS) during fs laser
rradiation of PMMA detected photoreaction products.
olymer network strengthening factors, such as
rosslinking or crystallinity, increase the thermal stabil-
ty and decrease solubility of a polymer, since stronger
orces between the chains cause densification. Therefore,
hermal degradation and solubility of irradiated material
ere investigated by thermogravimetric analysis (TGA)
nd etching experiments.

. EXPERIMENTAL DETAIL
irect writing with an amplified Ti:sapphire fs laser

Clark-MXR CPA-2010; 1 kHz repetition rate, 180 fs
ulse duration, frequency doubled 387 nm) was employed.
he laser beam (4 mm diameter) was focused by a 75 mm

ocal length lens below the surface of the sample, which
as translated at 2 mm/s to produce grating structures
ith a period of �=10–20 �m. Pure PMMA was used for
D GC-MS, FTIR, and etching as solvent cast films (pre-
ared as in [7]) and as bulk clinical grade Vistacryl CQ for
V-VIS spectroscopy and TGA. Gaseous reaction prod-
cts were purged from the reaction cell into sorbent filled
ubes and recovered with a Saturn 2200 GC-MS system.
ompared with [7], the total split ratio was reduced to
.1:1 for increased sensitivity, the temperature range was
owered to 40 °C up to 200 °C with a slower rate of
.5 °C/min to include lower boiling point components and
ncrease the separation, and the sampled mass-to-charge
ange was extended to m /z=14–350. Calibration using a
irectly injected monomer solution of known concentra-
ion enabled estimation of the amount of laser-generated
MA. SEC detected the MWD of modified regions dis-

olved in tetrahydrofuran (THF) [7]. A K–K relation was
sed to infer �n via absorbance measurements. The K–K
elations result from integral Hilbert transformations
nd are non-local operators; an absorption maximum is
ccompanied by decreased n on its high-frequency side
nd increased n on its low-frequency side. Thus, in-
reased absorption at the UV-VIS edge after laser irradia-
ion corresponds to positive �n in the visible spectrum.
ransmission spectra were collected (Shimadzu 2401),
nd the wavelength-dependent extinction coefficient �
as determined using Lambert–Beer’s law: �i=I /I0
exp�−�4� /���Cz�. The internal transmittance �i (ratio of

ransmitted to the incident intensity) is attenuated de-
ending on �, the absorber concentration C, and the ma-
erial thickness z. The K–K algorithm was adapted from
13]. All samples were modified in a single scan (N=1; no
verwrites to maximize �n) because of the long processing
ime to create a sufficiently large area. Micro-FTIR spec-
ra were collected in three replicates at different locations
f unmodified and modified (	=0.446 J/cm2, �=20 �m,
=2 mm/s, N=1) PMMA film placed between two CaF
isks (Hyperion Microscope with Bruker Equinox). The
hermal stability was investigated using a 2950 Thermo-
ravimetric Analyzer (TA Instruments), that ramped from
5–600 °C at 10 K/min in N2. Chemical stability was
ested by irrigation with 5% aqueous solution of methyl
sobutyl ketone (MIBK) for 1 min. The surface profile re-
ulting from dissolved �n structures was measured using
hite light interference microscopy (Wyko NT1100).

. RESULTS AND DISCUSSION
. Ultraviolet–Visible Absorption
igure 1 compares the transmittance of a set of laser-
odified samples with unmodified PMMA, showing re-

uced transmittance at the absorption edge with in-
reased laser exposure. At 	=0.446 J/cm2 weak ablation
tarted. The corresponding difference extinction coeffi-
ients ��=�modified−�unmodified are given in Fig. 2, left
anel. By applying K–K analysis to relative changes only,
rrors due to the truncated recorded spectrum are re-
uced and correction for surface reflection losses is unnec-
ssary. For the geometry of the grating (20 �m period,
0 �m line width), a concentration C=50% of modified to
nmodified material was assumed. The K–K inferred
alue of �n is shown in Fig. 2, right panel.

It is shown that increased absorption after laser irra-
iation can cause positive �n, which increases with ap-
lied laser fluence. For a single scan sample near ablation
hreshold (	=0.446 J/cm2, �=633 nm), �n=1�10−5 can
e explained as due to increased absorption. This is below
he detection limit of the direct measurement in [7],

ig. 1. (Color online) Transmittance of pure and laser-modified
MMA (1.1 mm Vistacryl CQ, �=10 �m, N=1).
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here a sample repeatedly exposed to low laser fluence
as used. To better quantify the contribution of accumu-

ated absorption centers to measured �n, K–K analysis of
amples with maximized change is required.

. Molar Refractivity
he optical frequency Lorentz–Lorenz relation for trans-
arent materials describes n in terms of the molar refrac-
ivity �R� and the material molar volume VM=M /
 (re-
eat unit molecular weight over density) [14]:

n = �1 + 2�R�/VM

1 − �R�/VM
�1/2

. �1�

he theoretical value of the molar refraction �R� is the
um of all bond and group contributions of a molecule
14]). The group contributions for PMMA add up to
4.754 cm3, and assuming VM=86.5 cm3/mol, the theoret-
cal value for the refractive index at �=598 nm is nD
1.484, compared with the measured value of nD
1.4900±0.0005 at 20 °C [14].
Depolymerization of PMMA causes new C5H7O2 chain

nds containing an additional CvC bond by a dispropor-
ion reaction. This structural modification alters �R� and
M and, therefore, the index of the whole molecule. One
roton is removed, so M is reduced by 1 g/mol. The new
ouble bond increases �R� to 25.367 cm3 (CvC bond in
ain chain) or 25.409 cm3 (CvC bond of back bone with
ethyl side chain), respectively. Therefore, the refractive

ndex of the molecule increases if the density remains
onstant.

The chain scission contribution to �n via structural
odification was investigated using MWD data from SEC

7]. The total chain number was estimated by the inte-
rated ratio of the SEC signal to the measured molecular
eight, corresponding to monomer unit number divided
y chain length. The chain end number is twice the chain
umber.
The mass fraction �2 of chain ends within the polymer
atrix is the chain end number normalized to sample

oncentration (integrated SEC signal). The abundance of
hain ends increased with total laser fluence, e.g., �2
3.51�10−3 for repeatedly exposed PMMA (�
3.7 J/cm2, N=12) compared to �2=2.68�10−4 for un-
odified PMMA. The effective n of the two index compo-

ent mixture was estimated (adapted from [15]) using the

ig. 2. (Color online) Difference extinction coefficient (left) and
, C=50%).
heoretical refractive indices n1=1.484 for PMMA and
2=1.505 for CvC bond terminated PMMA:

n = ��n2
2/3 − n1

2/3��2 + n1
2/3�3/2, �2�

here n1 is the index of the polymer matrix and n2 of the
econd component, here representing the chain ends. The
esulting index increase was calculated to be �n�CvC�
6.8�10−5, confirming that depolymerization can theo-
etically raise n through polymer chain end increase.
imilar to the K–K analysis of absorption centers, this
ethod estimates the contribution of CvC bonds. Al-

hough this is only a rough quantification, it indicates
hat the increased number of endgroups is unlikely to be
he single source of the modification effect.

In addition, the effect of polymer side chain cleavage on
R� was investigated. The structure of PMMA with the
ide chain replaced by a proton corresponds to polypropyl-
ne (PP) �C3H6�n (�R�=13.909, 
=0.85 g/cm3, M
42.08 g/mol) with theoretical n=1.4738. Cleaved PMMA
ide chains form methylformate C2H4O2 (�R�=12.856, 

0.98 g/cm3, M=60.05 g/mol) with a theoretical n
1.3403. Thus, both products of PMMA side chain sciss-

on would lower n via �R�.

. Monomer Content and Fragmentation
he refractive index of PMMA varies linearly between

hat of pure monomer �nD=1.414� and polymer �nD
1.492�, depending on the monomer content [10]. Struc-

ures with increased �n were demonstrated by photopo-
ymerization of PMMA, containing residual monomer �

10 wt% � [16]. Clinical grade PMMA contains minimal
esidual monomer levels of 0.4 wt%; thus polymeriza-
ion cannot explain the observed increased �n. Monomer
ormed during irradiation would counteract the observed
ncreased �n when retained in the material but increase

when diffusing out.
TD GC-MS enabled released MMA quantification dur-

ng exposure. For single scans in PMMA with 1 J/cm2,
hich is above the bulk damage threshold, a total of
13.33 ng MMA was detected over a 10 min sampling pe-

iod. Sub-ablation threshold modification with 0.73 J/cm2

eleased �0.068 ng MMA, indicating considerably in-
reased monomer formation at the ablation threshold.
he principal ions of fragments related to side chain
leavage for excimer laser degradation, such as methyl
ormate [17], were sought in the chromatogram; however,

ht) between laser-modified and unmodified PMMA (�i from Fig.
�n (rig
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hotoproducts other than MMA were not found. This con-
rms direct cleavage of the polymer backbone initiated by
andom chain scission and propagated by unzipping to
orm monomer, as suggested in [7].

. Crosslinking
he thermal degradation of a polymer reflects its compo-
ition and the polymerization process. For pure PMMA,
hermal mass loss commences at �175 °C because of
ackbone degradation; at �225 °C, unsaturated end-
roups degrade; and for temperatures �300 °C, random
hain scission occurs [18]. The TGA of ns laser-deposited
MMA films demonstrated a higher decomposition tem-
erature than the original material, attributed to
rosslinking [19].

Figure 3 compares the thermal weight loss for pristine
nd fs laser-modified PMMA at N=1 and N=10 over
cans, showing increased weight loss between 175 and
75 °C with two additional peaks near 240 and 315 °C af-
er modification. The first peak is due to more unsatur-
ted endgroups, increasing degradation below 250 °C.
he second peak is formed by short polymer chains, which
egrade rapidly by random scission. Between 375 and
25 °C, the decomposition rate of the modified material is
lightly reduced, indicating more thermally stable
rosslinked material. The maximum normalized weight
ifference for the blank and with N=10 laser-modified
ample is about 0.4 wt% at 400 °C (the center tempera-

ig. 3. (Color online) TGA of laser-modified and unmodified P
=1,10).

ig. 4. (Color online) Surface profile of a previously sub-surface
=20 �m, N=1).
ure related to crosslinking [18]). The contribution of par-
ial crosslinking to �n was estimated with Eq. (2) assum-
ng n1=1.4916 for the unmodified and n2=1.5044 for the
otally crosslinked PMMA at 25 °C [10]. For �2=0.4%,
n=5�10−5 was calculated, demonstrating that
rosslinking, too, contributes to the index increase.

Figure 4 shows the surface relief grating revealed after
tching with MIBK from a pre-etching intact surface. The
aser-exposed material was removed, showing a profile of
70–80 nm depth and �5 �m width, confirming forma-

ion of low MW compounds in the focal region for the kHz-
epetition rate fs laser modification of PMMA. Samples
odified at the ablation threshold showed a shallow sur-

ace relief, with depth increasing from �70 nm to �1 �m
uring etching. The etching experiments indicate that the
aser-exposed PMMA consists mainly of degradation prod-
cts with increased solubility. Indicators of crosslinking
r other stability-increasing processes were not visible.
owever, partially crosslinked material, as detected by

hermal degradation, can occupy localized areas, which
re washed away together with the easily dissolved short
hain fragment.

. Infrared Absorption
he Fourier Transform Infrared Spectroscopy (FTIR)
pectra of laser-modified and blank samples were almost
dentical, showing no evidence of photoproducts or dis-
olved monomer after the exposure, such as double bond

260 �m initiator-free Vistacryl CQ; 	=0.446 J/cm2, �=10 �m,

g after etching in MIBK (0.5 mm Vistacryl CQ, 	=0.446 J/cm2,
MMA (
gratin
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tretching around 1650 cm−1, reduced skeletal modes due
o crosslinking at 1063 cm−1 [19], or shift of the C—C—O
tretch at 1270 cm−1 by retained MMA [20]. Statistical
nalysis of the spectra by multivariate and discriminant
unction analysis identified the sample variance as noise,
nrelated to the laser modification. This indicates that
hotoproducts have diffused out, and the chemical modi-
cation is below the FTIR detection limit, e.g., endgroup
hanges are overshadowed by unaffected polymer.

. CONCLUSION
he optical data inversion of transmittance measure-
ents, together with molecular weight analysis, thermal

egradation, and etching experiments, gave new insights
nto the modification mechanism of fs laser-irradiated,
ure PMMA. Positive �n was shown to be due to a com-
ination of depolymerization and crosslinking. Increased
V absorption and reduced stability were detected. These
re signs of depolymerization, related to lower molecular
eight and a larger number of unsaturated endgroups.
sing K–K analysis, it was demonstrated that increased
in the visible spectrum can be caused by enhanced ab-

orption at shorter wavelengths. The presence of unsatur-
ted endgroups was also shown to increase the theoretical

of PMMA. These results explain how chain scission
eads to positive �n, which was to date unclear. In addi-
ion, thermally more stable material, attributed to
rosslinking, was detected after laser irradiation of
MMA, further increasing the refractive index. The writ-

ng process by repeated irradiation, which was identified
s the optimum method to create the largest modification
7], encourages depolymerization and the accumulation of
bsorption centers. The presented results indicate that
oth depolymerization and crosslinking contribute to the
ndex change with similar magnitude (�n�5�10−5 for
ach component). While their proportion is likely to be
ose dependant, exact quantification remains difficult,
nd the presented summative �n magnitudes are cur-
ently unable to explain the total measured change of up
o �n=4�10−3 [7]. Therefore, future analyses of
n-optimized samples with the presented methodology
re planned.
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