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Based on Newtonian fluid dynamic relations, a model is constructed to describe laser-induced mass
transport in thin films of polymers containing isomerizable azobenzene chromophores, in which
surface profile diffraction gratings can be inscribed with an interference pattern of coherent light.
The Navier—Stokes equations for laminar flow of a viscous fluid are developed to relate velocity
components in the film to pressure gradients in the polymer film, by definition of boundary layer
conditions. This general laminar flow model is applicable to the formation of surface gratings
through a variety of mechanisms. Considering the mechanism of an isomerization-driven free
volume expansion to produce internal pressure gradients, a specific model is developed to describe
polymer flow resulting from laser-induced isomerization of the bulky chromophores. This yields an
expression relating the time evolution of the surface gratings to properties which could be varied
experimentally, such as those of the irradiating light, inscription geometry, and bulk polymer, which
incorporates no arbitrary fitting parameters or integration constants. In the general model, the rate of
grating inscription is predicted to vary directly with the intensity of the inscription laser, to vary
inversely with the molecular weight of the polymer below the limit of entanglement, and to scale
with the third power of the initial thickness of the film. Considering an isomerization pressure
mechanism, the model predicts the rate of grating inscription to further vary with the free volume
requirements of the induced geometric transformation of the dye molecules, and the polarization
state of the inscription laser. Predictions from the model were tested against the results of
experiments to vary these parameters, and are shown to be in good agreemé&898 @merican
Institute of Physicg.S0021-960808)50828-§

I. INTRODUCTION be produced by this technique are sinusoidal in shape, and
the magnitude of the modification is substantial, with depths
Thin films of polymers containing photochronic azoben-from peak to trough greater thangmn that can be achieved
zene chromophores have been shown to be suitable materiais initially flat films of a similar thickness. This is not a
for the optical inscription of a variety of volume holographic destructive process, as the flat films could be recovered on
gratings. First reported by Todorov in 198these reversible heating toT4, and another grating inscribed subsequently.
birefringence gratings have been demonstrated to be easifyhe power of the inscription laser is far below that required
inscribed in a variety of azobenzene-containing polymers, ofor ablation, and is also well below that required to raise the
either an amorphous;?® or a liquid-crystalline matriX;*’by  film temperature to a degree necessary for a thermally driven
inducing an alignment of the photoisomerizable azo chroprocess. This is not a destructive processes as the flat films
mophores with an interference pattern of linearly polarizedcould be recovered on heating Tq to the original thickness
light. More recently, it was discovered that irradiation of and another grating could be inscribed subsequently.
these films with an interference pattern of coherent light can It has been established that the azobenzene dgmhich
induce not only an alignment of the chromophores throughean photoisomerize betweérans and cis geometric forms
out the volume of the material, but a controlled modificationis necessary for this process, as irradiation of films incorpo-
of the film surface, coincident with the light interference rating absorbing yet nonisomerizing dyes with strong dipoles
patternt®-?1This was an unexpected result, as it implies sub-produced no surface featur&sThere is also evidence that
stantial mass transport in these glassy polymers at room tenthe surface profile minima are coincident with the maxima of
perature, which can be up to 140° below the expected softight intensity in the interference patteth?® and that the
ening point of the material at the glass/rubber transitiorprocess is highly dependent on the polarization state of the
temperature T,).** These surface relief gratings were later interfering beam$®?® The interference of two linearly
observed in similar liquid crystalline azobenzene polymers-polarized beams results in the inducement of no detectable
films by other research groups? The surfaces which can surface features, while the interference of two linearly
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p-polarized beams produces gratings of moderatd {o) Il. MATERIALS AND METHODS
PR 23,24 . .
eff|C|en<_:y. Interference of .two circularly polarized beams_ A. Azobenzene chromophores
results in the greatest magnitude and rate of surface modifi-
cation, with first-order diffraction efficiencies exceeding ~ Chromophores based on an azobenzene structure see
40%2*?° The rate of inscription was also observed to bewidespread inclusion in a number of research areas such as

dependent upon the intensity ¢and angle betweénthe liquid-crystalline media and nonlinear optic polymers, and
writing beams, the thickness of the film, the molecularhence have been well studied. One of the more interesting
weight of the polymer, and electronic and geometrical conProperties of these chromophores is the readily induced and
siderations of the azobenzene chromoph8teEhis process reversible geometric isomerization about the azo bond be-
. . H i 26

has been demonstrated to be reversible as well, with manfyveéen the more stablgans isomer to the less stablgs.
gratings inscribed coincidently in the film, and full recovery With substitution of electron-donor electron-acceptor groups
of the featureless film on heating T, in the para-ring positions, the materials belong to the pseudo-

Although there is little agreement on the exact nature oftiloene spectral clagé,and bothtrans and cis isomers can
the mechanism responsible, this process is clearly one di€ Pumped with the same wavelength in the blue or green. In
large-scale and reversible mass transport of polymer chairf§® absence of light there is a thermal relaxation from the
by low power laser irradiation well below the glass transitionCiS-Containing photostationary state to tans-only state on
temperature, a phenomenon now well documented in thedbe order of second$.It is important to note the selectivity

. ; . :

azobenzene polymers yet with little precedent in the litera®f this m—@* absorption of therans dipoles to the polar-
ture. From examination of the dependence on each parametgtion state of the irradiating light. The probability of ab-

which could be isolated experimentally, a mechanism wa§OfPtion is proportional to cdsp where ¢ is the angle be-
proposed for this surface grating formation in high azo ~ tWeen the dipole axis and the electromagnetic figF)

polymer films, involving the selective photoinduced isomer-vector of the laser light. Linearly polarized light will address

ization of the azo groups and the free volume requirementS@NlY those dipoles lying with an orientational component
of this geometrical transformatidiiIt was demonstrated by Parallel to the EMF vector, while circularly polarized light
order-of-magnitude estimates that the creation of free voIWIII e_1ddress all d'PO'es o_nented in the plane perpendicular to
ume for the process where free volume is initially inadequatéhe light propagation axis. . : .
leads to pressure gradients coincident with the light interfer- The geometrical change associated Withns to cis

ence pattern which are above the yield point throughout théso(;nerlzatlon of azobenzenesdls sgnlflcant, 2{;2 canbbe used
material, where deformation is nonelastic and irreversible. Ifo estroy or rearrange any ordered systentsagis azoben-

was shown that the intensity profile created with the interfer2€N€ 9roups sucoh as |n'I|qU|d-crystaII|1n © pha@esrdergd
ence of the two circularly polarized beams in the film Ieadsmonolayer f||ms°: or helical polymers: The_conversnon
to alternating regions of high and low extents of isomeriza-from transto cis azop_enzene decreases thg dlstz?\nce between
tion, and it was proposed that regions of high and low bquthe 4 and 4 ring positions from_9.0 0 5'5 A and increases
pressure result as the molecules undergo this volumet—he average free volume requwemé?]ﬂ.'ms_ larger free vol-
requiring geometrical transformation in confined photoreac-ume requirement of the photogeneratisiisomer has been

tion cavities. The resulting viscoelastic flow in these IOW_;m;vg“ggogizl:ce:atshgitﬁgfng}lr?:reg](sérirr?dfill?rt]eiisznoestgIirr]1
viscosity polymers then leads to pressure-driven mas '

i . ﬁwe presence of light measured by ellipsométrgr by total
transport to form surface profile gratings. 2 2436-38 :
) o . . ttenuated reflectioff: In both cases the expansion was
In this paper a quantitative general model is derive

. ; ) . X ; attributed to the large free volum&V) requirement of the
from basic Newtonian dynamic relations of viscous fluids to _. . i . .
cis form on irradiation, and this bulk pressure due to isomer-

describe polymer flow under the influence of light, which is.”~ . .
. - . . ; ization was termed the elasto-optic effétt.
applicable to any mechanism involving a light-derived pres-
sure or force. The associated boundary layer equations are o
simplified by approximation through dimensional analysis,B- POlymer thin films
and the application of boundary conditions on the system. Azo chromophores can be readily doped to moderate
The resulting differential equation is solved directly to yield concentration in a variety of polymeric hosts, though dyes
an expression for the viscous flow of an azobenzene polymeattached to the polymer backbone through covalent bonds
under irradiation, involving no arbitrary parameters or fitting (functionalized systemshave the advantages of increased
constants. Predictions from this model are shown to be ichromophore content and enhanced thermal and temporal
good agreement with the results of experiments to determinstability. The polymers have been prepared, characterized,
the dependance of grating inscription on the intensity of theand reported previousR?;**~*3and structures are detailed in
irradiating light, on the molecular weight of the polymer, and Fig. 1.
on the initial thickness of the film. The model is further The polymers were dissolved in tetrahydrofuran at 1-20
developed specifically for the case of an isomerizationwt %, spin cast at 1000—2500 rpm onto clean glass sub-
driven pressure mechanism, and from this the viscosity oftrates, and heated aboVgto yield dry amorphous films of
the matrix could be solved. This isomerization pressure igood optical quality and of thickness between 8 and 1000
then tested against experiments to vary the irradiation geormm. Molecular weight was determined by gel permeation
etry, the free volume requirements of the chromophores, andhromatography to be quite low in the materials studied, in
the polarization state of the inscription laser. the range of 2000 to 10 000 g/mot5 to ~30 structural
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FIG. 1. Structure of the azobenzene-functionalized polymers studied:

FIG. 2. Optical procedure for inscription of diffraction gratings.
pDR1A (a), pDR13A (b), and pMEA(c).

lll. LAMINAR FLOW IN POLYMER THIN FILMS
units). Film thickness was determined by interferometry, or

by optical extinction coefficient in the case of very thin polymers belowT 4 is without precedent in the literature, and

samples. Th& , values corresponding to the softening tem- : . . . .
9 represents an interesting problem in the basic chemistry and
perature of the polymer from the glassy to rubbery phases

were obtained by differential scanning calorimetry, and pol physics of thin polymer films. The approach outlined here is
: y o g Y PO hased on fundamental hydrodynamic thetinand specifi-
mers withT, between 90 and 160 °C were studi€is con- . . . . . .
.9 . . : . _cally on the equations governing fluid flow in a thin film with
centrations of irradiated films were determined by absorption, " . .
. - .~ defined boundary layers. This approach had been invoked
spectra at the photostationary state similar to previous

method<-%6 and surface profiles of the gratings were prewously to model holpgraphlc grating formation in thin

. . . films of oil on an absorbing substrat&In these systems the
probed with a nanoscope Il atomic force microscopeM). topographic gratings were formed in the oil layer indirectl
The bulk modulus of the polymer films was estimated by pographic g 9 Y Y
microindentation force measuremefits.

Modeling laser-driven mass transport in thin films of

20
C. Optical inscription of gratings
15
The polymer films used in this study display\g,x be-
tween 450 and 500 nm, hence the 488 nm line from ah Ar
laser was used for writing. For grating inscription this beam 10

was passed through a spatial filter and collimated to a diam-
eter of 8 mm and theifusing the setup detailed in Fig) 2
split by a mirror such that half of the beam is reflected onto
the film surface coincident with the unreflected half to form
a semicircularly shaped interference pattern of an area 0
~0.25 cnt. The irradiation power ranged from 1 to 100 0 100 200 300 400 500
mW. Quarter wave plates were used to set the polarization (@) time (seconds)

state of the beam telinear (with the field axis parallel to the
mirror plang or circular, and the progression of the grating
inscription was monitored by measuring the intensity growth
of the first-order diffracted beam over time twih 1 mwW 633

diffraction efficiency (%)

nm beam from a HeNe laser. Grating spacing was deter- ’é‘
mined by either AFM or by measuring the angle subtending Y
the zeroth- and first-order bearffsGrating depth was esti-
mated by AFM, or by measuring the efficiencl)( of the
grating, defined as the fraction of incident intensity diffracted )

to the first-order beam monitored. A typical recording of

efficiency ng?Wth over time is presented in F.ig- 3, along Withg g 3. () Growth of first-order diffraction during inscription of a surface
an AFM profile of the resultant surface grating. grating. (b) AFM profile of a surface relief grating.
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Two coherent beams of wavelengttand equal intensity
26 I, are introduced to the polymer sample of thicknbgsat
timet=0. The spatial wavelength of the resulting interfer-
y

a

=h ence pattern in the polymer film can be defined as

A
) substrate A= m ,

2

where@ is the angle between the beam propagation axis and
z - the mirror plane, and hence after reflection the angle sub-
tending the beams is equal t@.2The exact nature of this
periodic interference depends on the polarization states of the
incident beams, and will be discussed at length in Sec. V B.
The conditions that are assumed of the system upon and

through a temperature-driven spatial modulation of the surduring this irradiation are stated below.
face tension of the film, coincident with the irradiation pat-

tern of the interfering infrared beams from a £lA@ser. The
resulting differential equation was solved numerically, an
predictions from the model based on this hydrodynamic It is assumed that the polymer film is thin compared to
theory were shown to be in good agreement with experimenthe characteristic length of the optical extinction coefficient,

FIG. 4. Description of the grating inscription geometry.

al- Photostationary state

tal measurements. so that light is incident on all layers of chromophores in the
film with equal intensity, independent gf For films of a
A. Navier—Stokes equations thickness less than 25 nm this assumption is valid within

20%, as the extinction coefficient of pDRIA is 7! at
The equations of motion used here are based on Newsgg nm. This means that the instantaneous fractiogi®f
tonian flow of a viscous fluid in a system of dimensions andisomers[cis] in the photosta’[ionary state at a given point in
viscosity lying in the regime of classical laminar flow, i.e., a the interference pattern is a function only lf, and inde-
system with a Reynolds numbéRe) less than unity’ The  pendent ofy, and hence so too is any photoinduced pressure
basic relation of motion governing laminar flow of viscous (p) relating to[cis] such that Eq(3) holds
fluids is the Navier—Stokes equation P
" _ —=0

p E=—gl’adp+,uAv, (1) ay

It is also assumed thétis] at each value ok grows quickly
where the product of mass and acceleration of a unit volumgompared to the time scale of motion and remains constant
of fluid is equal to the sum of the forces aCting upon it. Theover time while the laser is on, as an'Ls molecule moved
internal forces are comprised of the pressure gradient and, @fyay from a location along in the process of mass transport

opposite sign, the viscosity termA» which describes the s replaced, i.e., thigis] in the photostationary stat@SS is
momentum transfer between adjacent thin layers of a flui¢onstant, and is achieved shortly after tibwe0.

under shear flow. The Navier—Stokes equation combined
with equations expressing conservation of measd some
other material and geometric consideratjoosmprise a ba- 2, Bulk polymer

sic set of equations of motion describing polymer flow in ) ,

thin laser-irradiated films. These equations of motion can be O this model the polymer is assumed to behave as an
simplified by dimensional analysis similar to previous incompressible viscous fluid whose motion under stress or
models®® and reduced through application of the appropriateP©SSure is governed by the Navier—Stokes equations. Con-
boundary conditions describing the behavior of the IOO|ymer'5ervat|0n of_ mass, in a_dd!tlon to this incompressibility, leads
at the substrate and free surface interfaces. Solution of th @n eguation of continuity
resultant differential equation yields an expression relating gy, vy v,

the growth of the surface features to basic polymeric material T T, T

and writing laser properties which can then be tested experi- _
mentally. where they; are the velocity components of a small volume

of polymer. It is also assumed that the irradiation is uniform
along z so that throughout the polymer film there are no
pressure gradients along this axis

To define boundary conditions which would allow a so- 9P
lution of Eq. (1) and to keep the resulting equations of mo- E:O 5)
tion tractable, certain assumptions were made concerning the
nature of the irradiating light and the physical description ofand hence by symmetry, at any value ok ory is equal to
the system studied. The system described is depicted ipero, and thez component of the Navier—Stokes equation
Fig. 4. has not been considered.

©)

> ay 9z @

B. Assumptions and boundary conditions
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3. Polymer interfaces IV. GENERAL FLOW MODEL

The irradiated region of the film is regarded as muchA. Equations of motion

larger than the spatial wavelength of the interference pattern 1o acceleration term in the Navier—Stokes equation
A, and thus can be approximated as unbounded along the ., pe proken into parts, and rewritten in component form
andz axes. At the film—substrate interface perfect adherenc‘éonsidering force along the, y, andz axes®’ Since the
of the polymer is assumed, so that this lamella is motionlesspressure derivative is nonzero only along thexis from

The velocity components at this interface are thus Egs.(3) and(5), the x component form of Eq(1) alone

v,=v,=0 aty=0 (6) d 3 d -1 9P(x &?
x— Py Ux Ux Ux ( )+77 a;jzx 9

FUy —— vy = —
at U ax oy T p ox

and comprise the boundary conditions at the substrate. Fur-
thermore, the free surface of the filgh) is assumed to can serve as the basic equation of momentum balance in the
be planar at=0, and no polymer is allowed to pass through polymer film, wheren is the kinematic viscosity of the
this surface. At the free surface then, the velocity componentiquid,*’ defined as»=pu/p. It can be shown by simple

alongy is equal to the rate of change of the height order-of-magnitude dimensional analysis that in the system
defined here the dominant terrfisy at least four orders of
_@ h magnitude of Eq. (9) comprise a reduced Navier—Stokes
=g athtx @) balance

and hence the rate of growth of the surface features. Addi- (9zvx~£ IP(x)
tionally, the shear stress aloggcan be approximated to fall ayZ p X
to zero at the free surface

(10

which is in agreement with the results of a similar simplifi-
vy cation by dimensional analysis incorporated in the model of
W:O at h(x,t) (8)  surface grating formation in an oil film proposed by
Ledoyen?® This allows solution forv, by integrating both
which serves as the final boundary condition of this systemsides ovey, yielding an expression for the shear stress along
y

vy 1 IP(x)
4. Temperature 7 ox y+Cy (13)

It is assumed upon irradiation that the temperature of theuith a constant of integratio@;. C, can be determined by
system is not raised to an extent such that there is an apprehe shear stress boundary condition E8). where the left-
ciable gradient of viscosity or density, and hepcandp are  hand side of Eq(11) is equal to zero whey=h, and the
independent of time and position. This is a realistic assumpshear stress expression
tion macroscopically, as estimates of the temperature in-

crease on irradiation of similar azo polymer thin films have %V _ 1 PX) y— 1 PK) h (12)
been reported to be only 5°. aday mn X 7 X
now allows determination of, by similar integration over
y:
5. External forces 1 9P(x) , h 9P(x)
For the brief duration of the exposures of the writing ~ °X 29 ax ° 7 ox Ca. (13

laser considered hergens of seconds there is not likely .
appreciable deformation of the surface to warrant considerThe substrate boundary condition &6) setsC, to zero, and

ation of the retarding effect of surface tension. While this isEq' (13 can be rewritten

most likely the primary restoring force at long inscription dvy —1#P(x) , haP(x)

times (many minutel and hence significant surface modifi- 27 o2 y -+ 7 y (14
cation, this model considers only the rate of grating forma-

tion at short times after=0. Any force term relating to the after differentiation with respect t® followed by substitu-
surface tensiotie) would be expected to scale with the sec- tion with the continuity Eq.(4) describing conservation of
ond x derivative ofh(ood2h/dx2),*” which for the inscrip- Mass. The velocity component aloggcan now be isolated
tion durations considered here can be considered negligibly integration of Eq(14) overy:

in comparison with other force terms. This can also be seen —1 #?P(x) h #2P(x)
experimentally, as the rates of grating inscription have been i oneve. y3+ 27 o2
observed to exhibit good linearity over inscription durations n K
that are orders of magnitudeninuteg greater than what is The integration constar@, is determined to be equal to zero
measured experimentalgeconds to test predictions from by the second substrate boundary condition @®g. and an
the model presented here. Similarly, gravity and other exterexpression is obtained for the velocity alopg the polymer
nal forces have been neglected in this treatment. at every point in the film. Thg value of the greatest interest

y2+Cs. (15)
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to this work is the film surface at=h, sincev,, describes 5
the observable changes in the surface of the film on irradia

tion. At y=h Eq. (15 can be simplified z4
|
dh 1 h3#P(x) 16 =z

E = § ; _Z_HX ) (16) % 3

where the rate of change in the film thickness at any point ir ¢
the interference pattern is a function only of the change irg
pressure gradient at that point, the viscosity, and the initia§g ,
film thickness. This differential equation can be solved di-=

rectly to give an expression for the time-dependent film

[\%)

On I

thickness 0 20 40 60 80 100
1 1 2 42 P(X) irradiation intensity (mW/sq. cm)
= 5= —— t 1
HZ Fg 377 X ( 7) FIG. 5. Grating efficiency as a function of light intensity.

integrating fromhg (the film thickness at timé=0) to h(t);

the film thickness at timeé. While this yields an explicit C. Experimental results and discussion

expression for the film thickness under irradiation, it is im- | d . h f L -
portant to note from the assumption in Sec. Il B that predic- n order to mon_ltor the progress o grgtmg.ln.scnpuon
tions from this equation are valid only for short exposureover real time, and in order to confirm that inscription dura-

times, as the surface tension neglected in this treatment wif|ons were well within the linear region of the growth curves,
likely act as a dominant restoring force once surface modifi-

model predictions of change ih were compared to the
cation becomes appreciable. chapge in diffraction efficienci over time. quipment con-
straints prevented surface gratings from being formed and
measuredn situ in the atomic force microscope to measure
the growth ofh directly, wherea¥ could be measured con-
B. Viscosity tinuously. The relationship betwe&andh was determined
The low viscosity of the polymeric systems describegindependently to be linear for the inscription durations used.
here is due not only to the low average valueVV, butto 1. jradiation intensity
the MW distributions in the samples. While the averagg/
is near 5000 g/mol for many of the polymers 10 structural
units), the statistical distributiofpolydispersity amongM W

A number of small gratings was inscribed in a single
pDR1A polymer film by translating the sample between ex-

: - posures and varying the intensity of the incident lightrom
values centered at 5000 g/mol includes a significant propor‘i to 100 mW/crA. The slopes of the resulting grating effi-

tion of small molecule oligomer which would be expected toCiency growth curves are plotted against gin Fig. 5.

act as a plasticizer and depress the bulk viscosity ; . .
substantially’® In bulk polymers of low-enough molecular Figure 5 shows that the linear dependence of grating
' growth on intensity of incident light predicted by E({.6)

weight to lie below the threshold of entanglement with - . o .
neighboring polymer chains, the melt viscosity is generally(SOIId line) agrees with resultéclosed squanewithin experi

; . : mental uncertainties over a range of 2 orders of magnitude.
observed to increase with the first power<1) of the mo- : . . . .
T Gratings produced with a light intensity below the lower
lecular weight in this range

limit of this range are accompanied by a poor signal-to-noise
7=C-MW? (18  ratio, and are difficult to distinguish from the low-efficiency

whereC is a constant specific to the polymer and experimen—vomme birefringence gratings which are inscribed concur-

tal conditionsE® Above the entanglement limit, viscosity in- rently. Gratings inscribed with light of an intensity greater
creases rapidlly wittM W raised to the power c’>f at least the than the upper limit of this range can produce damage to the
cube @~3.4) % In the low MW films described here which polymer and a temperature increase which would strain the

o . . isothermal assumptions of the model. These results are in
are well below the limit of entanglement, the viscosity was

modeled to increase with the first power of the average mo<'_;1greement with the only other published results of intensity/

lecular weight as described by E({.8) with a=1. An esti- efficiency correlation studie€.

mate of C~10 was used, though this value was considered ]

valid only as an order-of-magnitude estimate, as it corre- Molecular weight

sponds to the constant displayed by It4W pMMA in the A plot of the rate of efficiency growth as a function of
melt aboveTg.50 There has been some suggestion that the W from the model is shown in Fig. 6 as a line, with the
isomerization of the azo groups during grating inscriptionexperimental results described previously superimpésed.
might serve to depress the viscosity even furfdeThis  All of these blended films are of MW below the expected
isomerization-plasticization effect would then suggest thatimit of entanglement, which for pMMA is near 40 000
viscosity might scale inversely with,, although since no g/mol>® and no gratings could be inscribed in films with a
guantitative estimates have been published, this effect hasolecular weight greater than this limit. The broad polydis-
been neglected for the theoretical treatment outlined here. persities inherent in these samples preclude a more quantita-
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1 is no longer valid as there is no longer uniform irradiation
throughout the film along, and the inscription rate levels
off. It is notable that this critical limit(estimated to be
~25nm in Sec. lll B does not appear from experiment to be
reached until a film thickness of nearly 100 nm. This is not
surprising, however, since the rate of mass transport scales
with the cube of the film thickness, and hence the polymer
near the substrate interface would not be expected to respond
to a pressure gradient to the same extent as would polymer

- layers near the free surface. Diminished light levels near the

substrate due to absorption would not be expected to depress

the net flow substantially then, as observed. Tislepen-
dence of the inscription rate, where the polymer layers near
the free surface are far more influential to the rate of mass

FIG. 6. Grating efficiency as a function of molecular weight. transport, also suggest that although modeled as a volume

effect, this process can also be validly regarded as a surface

tive comparison between these experimental results and t ehenomenon, where lamella near the surface are “peeled
b P ack” by the light in succession to form surface gratings.

model, since the theoretical curve in Fig. 6 assumes mono-
dispersity of MW, while these polymers studied display a
wide range ofMW values. V. ISOMERIZATION PRESSURE MODEL

o o o
- =% =]
[ |

o
o

inscription rate (arb. units)

0 5 10 15 20 25 30 35 40
molecular weight (kg/mol)

. . A. Light-induced pressure
3. Film thickness

Due to the laminar nature of the Navier—Stokes rela- Regardless of how the pressure is distributed throughout

tions, the rate of grating inscription from E@.6) scales with th? _wra?;:;l]teq tpollymer f'lm’ttthr; maxngurg ]Eresdsgr(i at the
the cube of the initial film thickness, up to the thickness limit ©f'9IN of the interierence patlerf, can be defined in terms
described in Sec. lll B. This laminarity of flow was also .Of light and ponmer. p“’p?”.'es- Following the qugllltatwe
demonstrated with a single film of a thickness much greate¥deas presented prgwous’ﬁllt IS propoged .that the origin Of .
than this limit(greater than 600 nmby measuring the rate the pressure experlencgd n the. materl'al 'S due to the positive
of inscription with light incident from the positivg axis change in volume required for isomerization from the com-

(above, compared with that from the negatiyeaxis (from pacttransisomer to the bulkiecis form, which is in excess
below, ’through the substrateThe observation that the in- of that i_nitially provided by_the matri_x. The_ pressure experi-
scription rate is diminished by up to a factor of 4 in the eﬁcedelAnd?ulk by a relativdand dimensionlegsvolume
negativey axis case demonstrates that the flow rates ar§nany IS

indeed height dependent in the film, as the intensity of the P=BAV, (19

light is the same in both cases but is concentrated near the . . .
. : : . where B was determined experimentally by mechanical
surface (fast moving lamella in the former configuration,

25 :
and near the substratslower moving lamellpin the latter. methods to be equal t0>210° Pa™ The relative volume

) : . . change of a small region of material under irradiation can be
Figure 7 depicts the theoretical and experimentally ob-_ . .
. : o estimated as the product of the excess free volume require-
served rates as a function of thickness. For thin films the . o :
ent of eaclhcis molecule over that initially present in the

cubic d(.aper?dgn.ce appears to be followed, and as the C”“?%’m, and the fraction of molecules photogenerated todise
absorption limit is approached the absorbance of the material

becomes appreciable, the thin film assumption of Sec. llI orm ([.C'S]) and maintained under irradiation at a given light
Intensity and wavelength

I:Vcis_ I:Vtrans
I:Vtrans

whereFV ;s and FVy, 4,5 are the free volume requirements
of the two geometric forms, which was estimated by simple
molecular mechanics calculations of the van der Waals oc-
10 cupied volume, and is also in agreement with the literature
reports for similar systentS. The [cis] can also be defined
usefully with the introduction of an intensity variable to scale
[cis] with light intensity

100 AV= -[cis], (20

inscription rate (arb. units)

[cis]=lo[cis]o, (21
1 where thecis concentration at any intensity is expressed as
10 100 1,000 inci i i i .
film thickness (am) f[he product of the |nc_|den_t |r_1ten_5|ly5, z_;md thelcis] resu_lt
ing from an arbitrary irradiation intensity of 1 mW of circu-
FIG. 7. Grating efficiency as a function of film thickness. larly polarized light[ cis]o, with dimensions mW* and de-
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termined experimentally. This affords an estimate of thewhereA,, can be regarded as the probability of isomeriza-
idealizedcis concentration at the maximum of the light dis- tion as a function of the net polarization state at that point in
tribution pattern at a given intensity, but does not yet includethe interference pattern along and serves as an estimate of
a scaling factor to describe polarization dependence, to b#e reduction incis activity as the polarization is changed

introduced in Sec. V B. From Eq$19), (20), and(21), the  from circular, through elliptical, to linear. For an estimate,

net pressuré, can then be expressed as this polarization scaling factoh,, can be approximated to
scale with a function describing the area of the ellipse swept
FVcis_ I:Vtrans . . .
P,=B — lo-[cislo— P, , (22) out by the EMF vector over time, with upper and lower
trans

limits determined experimentally by measuring the frac-

an equation with experimentally determined constants ofion that results from exposure to light of equal intensity of
bulk moduluscis],, and a variable intensity,. Equation  circular and linear polarizations. Both the intensity and po-
(22) also incorporates the pressuRe, due to the surface larization state(ellipticity) can be determined from the de-
tension (o) as the area of the film surface increases undegcription of the net field experienced over time in each re-
deformation. As discussed, this restoring pressure is negliggion of the interference pattern.

bly small for the brief (30 s) irradiation durations used In the case of two circularly polarized writing beams of
experimentally here, and has been neglected in this treagqual intensity and opposite handedness due to reflection
ment. The[cis] in the photostationary state in thin films of from the mirror, the net electric field components are
azobenzene polymers can also be expressed less empirically
as a function of the quantum yields of thians and cis
photochemical conversioh ;s and®,,,,s, the rate constant

k of the thermal relaxation from thes form, and the molar
extinction coefficients of the two formsg.s and € ans-
Though less rigorous, E@22) is preferable experimentally,
however, since theis fraction can be determined directly wherek is equal to 2r/\, w is the angular frequency of,
with less uncertainty than the combined indirect photochemiand ¢’ is the effective interference angle in the material of
cal measurements that would be necessary to deByd®y  refractive index n defined from Snell's law as sif

this method. The fraction of azo molecules which could be=n sin #’. The refractive index of the polymers studied was
photogenerated to thas form was found to be 9% in a thin  determined to be equal to 1.62 by waveguide coupling tech-
film of pDRIA, with a light intensity of 65 mWi/crf using  niques. The light intensity,,, is proportional to the sum of
previously published spectroscopic meth8s. the squares of the net field amplitude components

E,=2 cos#' cogk sin 6x)cogk cos y — wt),
Ey=—2sin ¢’ sin(k sin x)sin(k cos oy —wt), (24)

E_ =2 sin(k sin #x)cogk cos 6y — wt),

loc|E,|+[E,|?+|E4? (29

B. Pressure distribution and the polarization can be determined by examining the

From Eq.(22) it is clear thatPy,,, the distribution of time evolution of the components at fixedposition. This
light-induced pressure in the material alorgis equal to ~can be described by the ellipticity of the light ranging from a
Polcis](x . the distribution of thecis isomer fraction in the ~ value of O(linean with the net field oscillating along an axis,
film alongx. [cis]x is a function of both the light intensity to & value of 1(circulan with the net field sweeping out a
distribution 1 5, and thecis concentration as a function of plane. The plane in which this ellipse lies is not necessarily
polarization state” of the light experienced along theaxis  coincident with the reference axes, but can be determined by
in the interference pattern. Thués isomer population is sen- Projection, as it can be defined by the net field vectors at two
sitive to the nature of the polarization of the irradiating light, arbitrary points in time to define a long ax&, and a short
as with linearly polarized light the molecules can be moved®Xis E. A(x) can then be approximated with a function
out of the absorption cross section by reorientation. This ef-
fect of orientational depletionknown as spectral hole- A * TEaEp, (26)

burning is commonly observed as dichroism and has alsq,hichy describes the oscillation with the ellipticitshe prod-
been shown directly to lead to loweis concentrationsinthe o — E  ang E,) from a linearcis concentrationA,
[ a?

presence of linearly polarized light in comparison to i”adia'(experimentally determineftis] with linear light to a nor-

tion with an equal intensity of light which is circularly po- 5ji7eq circularcis concentrationd, (experimentally deter-

larized, and hence can address and isomerize all of the Chrﬂﬁined [cis] with circular light, and is expressed in theyz
mophores in the plane. It is proposed that this p°|arizati°r}:oordinate system using Eq24) where |E,|=|E,| and
dependence afis concentration could be responsible for the | |=(|E, |2+ |E,|2) Y2 Y

a X z ’

observed differences in surface modification that result fro

irradiations of similar intensity yet different polariz- A*8 sin @' sin(k sin ox)[cos ¢’ cog(k sin 6x)
ations?>% This intensity and polarization dependence of the _ _ "
cis concentration can be described as the product of the +sirf(k sin 6x)]"7, (27)

Eii:f}}‘;’cgﬁggaf;;;n::“zed and dimensionless polarization aCuhich is then set to oscillate between a lower limitAgfand
(x)

an upper limit ofA;. | is equal to the sum offE,|* and
[cis]=IxAxlcislo, (23)  |E,|? and can also be expressed from E2p)
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FIG. 8. Relativecisisomer concentration variation in an irradiated azo film: ] )
(@) ellipticity variation, (M) intensity variation, and ) cis fraction FIG. 9. Time evolution of the surface model from Eg9).

variation.

(27) and(28) permits the derivative to be defined in terms of
\ and 6, and then direct solution afh/dt. Using Eq.(29),
experiments were performed to vary each property indepen-
+sir?(k sin 6x)] (29 dently, and the resultant inscription rates compared to pre-
. . dictions from the model. A graphical representation of Eq.
in the xyz laboratory frame-of-reference coordinate system. 5q) s presented in Fig. 9, which depicts the predicted
The polar|;at|on aCt'V'tY d!str|bgt|on Eq27) is fou.nd to growth of a grating profile over tim& axis in the figurgfor
vary between .I|nea_r apd glllptlcal with the same perlqd of 2 a pDR1A polymer film under typical conditions of irradia-
as .the intensity c_ilst_r|but|on. Ec(28),. and .WI'[h _the linear on (6=15°, 1,=50 mW/cn?, andh,=40 nm with circu-
region exactly coincident with the intensity minima. From larly polarized light.

Eq. (23) the product 0y andl ) then provides a descrip- From this the bulk viscosity, the only unknown from Eq.
tion of thecis isomer concentration in the interference pat-(zg) could be solved, and is found to be equal to 8

tern, displayed graphically in Fig. 8 as a solid line. Thg, X 10° Pa's for the material withViW=4000 g/mol under

and |, components are displayed as well in Fig. 8 as g, belowT. This viscosity is comparable in magnitude to
closed circle(upper tracgand a closed squaseenter tracg gﬂgh-MW acrylate polymers in the melt aboig, to glass at

respectively, for illustration, and normalized, for the case o ~800 °C, and to glucose at 50 °®. Since this value was

a film With a dichroic ratio £;:A) of 2:1 and6 equal to determined using aMW constant that was estimated to
15°. It is evident that the product of Eg27) and(28) re- within only an order of magnitude, this uncertainty applies to

sembles a simple sinusoid in shape. Itis also clear ffom Figrhe viscosity estimate as well. The low magnitude of this
8 that the net resulthe product curveappears to be influ- viscosity is not unreasonable considering the low average

enced to a similar extent by botfy) and byAc , SUGQESting  \1\y of the azo polymers in this study, the fact that these

that the cis pressure is both an intensity-derived and 4samples with broadW distributions include a significant

polarization-derived phenomenon. The expressions relatingmount of smalMW oligomer which would act as a plasti-
the growth of the surface features under irradiation with cir- ... -4 <arve to depress the bulk viscosity, and the possi-

cular_ly.polarlged I|ght.can then be used to compare mod ility that the isomerization depresses the viscosity as well.
predictions with experimentally controllable parameters spe-

cific to an isomerization pressure model such as free volumé: Laser polarization
requirement of the chromophores, the inscription geometry, The experiments described here were performed with a
and the sensitivity of the extent of isomerization to the po-laser polarized to interfere two orthogonal circularly polar-
larization state of the laser. ized beams, which produces gratings of the highest effi-
ciency and surface modification. This is in agreement with
other reports, as is the observation that the interference of
two s-linear polarized beams produces no detectable modifi-
The variables in the expression relating the time evolucation of the film surfacé* Comment can be made, however,
tion of the growth of the surface features, Efif), can be  on the agreement between predictions from this model and
substituted with Eqs(18), (22), and(23) to yield the results obtained using laser irradiation of other
ah 1o N3BIcisly | FVeis— FVians| 9(1 oAc) polarizatior_152.3’24These_reports concentrate on the difference
T3 C.MW ( =V (29 betwe_ens-llnear andp-linear pol_arlzed msc_rlptlons. UnI|I_<e
trans the s-linear case, where no grating can be induced, the inter-
an expression describing the dependence of the rate of foference between twp-linear polarized beams produces grat-
mation of the grating features with the light and polymerings of moderate efficiency. A key difference between the
variables oth, MW, FV, andl,, and the polymer constants interference patterns generated by intersection of these two
C, B, and[cis],. Further substitution of Eq29) with Eqs. linear polarizations lies in th& component of the electric

| o>4[cod @' cog(k sin Ox)+sir? ' sirf(k sin x)

C. Experimental results and discussion

ENG
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field, which is generated in the casemlinear, but not in the 10
case ofs linear. With regard to theis pressure mechanism,
this also means that the net polarization is ellipti¢ahd
hence highlcis]) in the case ofp-polarized inscription, yet
purely linear(reducedcis]) in the case of-linear polarized
inscription.

It is an inherent tenet of this mechanism and model that
the polarization dependence of this fraction is responsible
for the polarization dependence of the grating efficiency, yet
the predictions of the model for interference patterns of po-
larizations other than circular/circular are not in adequate
agreement with observations. In particular, experiments have 0
been reported that examined the polarization dependence in- ¢ 5 10 15 20 25 30 35 40 45 50

L . . writing angle 0 (degrees)
dependently of ellipticity’® This was accomplished by gen-
erating a regularly spaced intensity pattern by irradiating FIG. 10. Grating efficiency as a function of inscription angle.
through a lined photomask, so that there is no ellipticity of
the light, but an oscillating intensity profile of linear light
only, in either thes or p orientations(z or x axes, respec- recorded with 50 mW/claser intensity for 30 s, and re-
tively) depending on the choice of irradiation. The results ofcording the rate of diffraction grating growth for a series of
this experiment, where a weak grating was produced in thengles 2.5% <30°, with the boundaries of this range de-
case ofp-linear irradiation and no grating was produced intermined by pump and probe beam geometric considerations.
the case ob-linear irradiation, suggest that there is indeed aAs is clear from these results, the rate of efficiency growth is
force at work dependent on thecomponent EMF vector, of the greatest magnitude at an intermediate angle, fear
which is not predicted by the isomerization pressure modek 15°. This result is similar to previously published reports
outlined in this paper. This suggests that there is either anyhich also show a maximum i& neard=15°?put it is
other (perhaps dipolarforce involved in addition to isomer- in poor agreement with the model prediction also depicted in
ization pressuré? or that the model has not considered a keyFig. 10 (solid line), as thed dependence predicted from Eq.
characteristic of the light-response behavior of the chro{29) displays a maximum rate at 45°. This theoretical maxi-
mophores. mum arises from the product of the ellipticity tefelecreas-

A possible modification to this model in order to agreeing with increasingy), and the gradient terifincreasing with
with these polarization results could be the inclusion of aincreasing), displaying a local maximum ai=45°, mid-
flow-induced orientational anisotropy. One might speculatevay between the minima of the two contributing termsat
that as the polymer chains are pushed through the viscous0° and at 90°. This discrepancy could be explained by the
medium, the long slender azobenzene side groups woulghodel’s neglect of experimental vibration during inscription,
preferentially align parallel to the direction of flow. This ef- which would grow more destructive to grating formation at
fect, known as shear thinning, has been observed in a varietigher f(lower A). An independent estimate of this vibra-
of polymers with anisotropic shape experiencing shear flowtional destruction could not be made, but consideration of
and has also been shown to lower the viscosity of such syshis effect would serve to shift the maximum of the theoret-
tems. This is a reasonable proposal for these systems, cofeal curve in Fig. 10 towards lower angle. With an assump-
sidering the large anisotropy of the side groups, the highion of vibration on the order of one wavelength of the irra-
shear stress of the laminar flow, and appreciable velocitiegiation light, the theoretical maximum would agree
involved, which are on the order of tens of nanometéie  (coincide with that determined experimentally. A total os-
molecular length scaleper second. Shear thinning would cillation of one or more optical components of this magni-
serve to cycle the photo-orient¢dnd hence nonabsorbing tude of~0.5um would prevent the inscription of a grating
azo groups back into the absorption cross section in the casgith a A smaller than this characteristic instability length
of p-polarized irradiatior{enhancing the isomerization driv- (9=30° in this casg and the diffraction efficiency would be
ing force), and away from the absorption cross sectidR  expected to be reduced at long&rgratings(peaking near
minishing this forcg in the case ofs-polarized light, in 159 in agreement with experimental results. Influence of this
closer agreement with observations. This flow anisotropyinstability component is further supported by the observation
would also require any light interference pattern to contain ahat grating efficiency decreases with increasing the distance
net elliptical polarization in order to induce sufficient pres- petween the mirror and the sample, in accord with the ex-

sure(as the chromophores would be shear-oriented out of thgected dependence of a vibrational instability with propaga-
absorption cross section otherwisalso in closer agreement tion distance.
with observations.

inscription rate (arb. units)

3. Free volume requirement

2. Irradiation geometry Although a key parameter in this model, the free volume

Figure 10 displays a plot of grating efficiency as a func-requirement of an azo chromophore is a difficult variable to
tion of the angle 2 subtending the writing beams. The examine experimentally, as each test requires the design and
sample in this case is pDR1A, using a series of gratingsynthesis of a unique molecule. In addition, this is a difficult
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