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Measuring the refractive indices of conjugated polymer films
with Bragg grating outcouplers

Jonathan M. Ziebarth and Michael D. McGehee?
Geballe Laboratory for Advanced Materials, Stanford University, 476 Lomita Mall,
Stanford, California 94305

(Received 30 June 2003; accepted 20 October 2003

Photoluminescence trapped inside a polymer film can be scattered out with a Bragg grating.
The refractive index in the plane of the film and in the normal direction can be determined as a
function of wavelength by measuring the scattering angles of the TE- and TM-waveguide modes.
For the polymer poly2-methoxy5-(3',7' -dimethyloctloxy)-paraphenylenevinylehewhich is
commonly used in light-emitting diodes, the refractive index in the plane of the film drops from 2.0
to 1.8 as the wavelength increases from 600 to 750 nm, while the refractive index in the normal
direction is relatively constant at 1.57. @003 American Institute of Physics.
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The refractive index of conjugated polymers is an impor-atomic force microscope. Planar polymer waveguides were
tant parameter for modeling the angular dependence of emi¢abricated by spincastina 1 wt %solution of OGC;,— PPV
sion from polymer light-emitting dioded EDs),>? light ex-  in 1,2-dichlorobenzene onto the Si@ratings. Polymer film
traction from LEDs with Bragg gratings.emission from thicknesses ranged from 150 to 450 nm. The thickness was
microcavities’® and waveguiding in potential polymer laser intentionally chosen to be thicker than the typical active
diode structure8 Typically, the refractive index of semicon- layer in a LED (~100 nm) so that several waveguide modes
ducting polymers is determined by fitting variable-anglewould be supported and so the grating depth would be small
spectroscopic ellipsometry data to an optical mdd&l. compared to the thickness.
Since the films are anisotropic and the index changes quickly Samples were placed on a rotation stage and optically
with wavelength, accurate interpretation of the ellipsometricpumped by a He—Cd laser operating at 442 nm. Angularly
data can be difficulf. Usually results from other techniques resolved photoluminescence spectra were obtained by plac-
must be included to insure accurate res(ft&!In this letter, ing an iris in front of the collection optics of a grating spec-
we demonstrate a relatively simple method for measuring therometer equipped with a charge coupled device camera. The
anisotropic refractive index of light-emitting polymers. Poly- collection angle was 1°. The polarization of the light was
mer films are spin cast over a Bragg grating with perfad resolved by placing a linear polarizer in front of the spec-
When the polymer is photopumped, the waveguided phototrometer.
luminescence is scattered by the grating. The refractive index Waveguiding occurs when light propagating in a high-
is determined by measuring the scattering angles for eactefractive-index material with wave vectkris internally re-

wavelength and using the equation flected at the boundaries with the surrounding low-refractive-
index materials. The waveguide modes can be described in
. 27wz terms of their polarization and their modal wave vecgy,,
Ko SIN(0)=Bm*——, @) which is the component dt parallel to the film. This wave

vector can be written in terms of an effective refractive index
wherek, is the free-space wave vector of light with wave- as B,=2mn/N. TE modes have the electric field in the
length \, B, is the propagation vector of the waveguide plane while TM modes have their magnetic field in the plane
mode,z is the scattering order, argtis the angle of emission [Fig. 1(b)].

with respect to normal. Figure 2 contains a few examples of angularly resolved
We chose to demonstrate our method with the widely

used light-emitting polymer, pd2-methoxy5-(3',7’- Air

dimethyloctloxy) - paraphenylenevinylehg OC,C,— PPV), k n,

which has the chemical structure shown in Figa)1The Hag, En

substrates for our studies were silicon wafers witlwrt- ~— ~" | N pBa M 1

thick silicon dioxide (SiQ) coatings. Bragg gratings with S - Polymer

period A =405 nm were patterned into the SiBy exposing o | ] |m

a film of photoresist to the interference pattern of two Si0,

He—Cd laser beamsa\ & 325 nm), developing the resist, and N -

etching the Si@in 50:1 hydrofluoric acidHF). The gratings (@) ? )

were determined to be between 15 and 25 nm deep using an

FIG. 1. (a) The chemical structure of QC,,—PPV.(b) The fields and wave
vectors for TE- and TM-polarized waveguide modes and the orientation of
¥Electronic mail: mmcgehee@stanford.edu the uniaxial indices of the polymer film.
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FIG. 3. The effective index vs wavelength for JETE, waveguided modes
in a 380-nm-thick OQC,,—PPV film and TM waveguided modes in a
— T T 420-nm-thick OGC,—PPV film.
10F 4
g only scattered out for very thick films, TE modes were ex-
S tracted for all thicknesses across all emission wavelengths.
E After the modes were determined, we used waveguide
2 equation$?*3 to calculate the polymer indices. We assume
z 05 T the polymer film has uniaxial indices as shown in Fi¢)1
8 wheren, is the refractive index in the plane of the film and
= n, is the refractive index normal to the film. The TE wave-
o guide equation for this system is
0.0} E ; Vsio
Y 10,
— ey KTEh_ mm= arCta’Gﬂ - arCtar( ) ’ (3)
500 600 700 800 KTe KTe
(b) Wavelength (nm) where
2
_ (A2 A2\ o :
FIG. 2. (a) A few s-polarized photoluminescence spedirarresponding to Y= (T (ngg—ny) for x=air, Si0,, (4)

TE-polarized waveguidingand (b) p-polarized photoluminescence spectra
(corresponding to TM-polarized waveguidjng

2

KTE:(T> \/(nf_ N&e), (5
polarized spectra. Thes-polarized spectra contain sharp . i : ) .
peaks from scattered TE waveguide modes. The scatterdliiS the thickness of the polymer film, and the integeis
light is much stronger that the typicatpolarized emission the mode order. , o
spectra. Thep-polarized spectra also contain sharp peaks Similarly, the TM waveguide equation is
from scattered TM waveguide modes. However, there is very N2y, nf%io
little power in the TM modes so the peaks are small com- KTMh_mﬂ-:arctay( 2” ar ) —arctar( 2—2) (6)
pared to the normab-polarized emission spectrum. The ef- NairkTM Nsio, K™
fective refractive index can be calculated by inserting th
peak wavelengths and emission angles into the following
form of Eq. (1): ny (277

here

V(N —nZp). (7)

The value ofh was obtained using a profilometer. For thick
films, h could also be calculated by using Eg) andn for
TE, and TE modes at the same wavelength. We usggd
The correct sign of thex is chosen by observing the peak =1.00,nsjo,=1.46, and the experimental values of; for
wavelength splitting as the angle is changed. The splittinghe TE modes to solve fon; using Eq.(3). We used the
occurs because the grating scatters waveguided light travetalculated values af, along with the experimental values of
ing in opposite directions. The positive sign should be used., for the TM modes to solve fon, using Eq.(4).

KTM=""
™ )

A
neﬁ=Kisin( 0). 2

for peaks that move towards shorter wavelengthg &sin- The refractive index of our OL,,—PPV films is plot-
creased, while the negative sign should be used for peaksd in Fig. 4 for a wide range of film thicknesses. Our mea-
that move towards longer wavelengths. surements are very repeatable for films made with similar

The values of the effective refractive index for wave- deposition conditions and do not depend on the grating pe-
guide modes in a few representative @g— PPV films are  riod or film thickness. The refractive index is highly disper-

plotted versus wavelength in Fig. 3. While TM modes weresive and anisotropic. The high degree of anisotropy is com-
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21— shifts by 0.03 eV. A similar shift occurs in the absorption
. . ::;?g A spectrum. This observation highlights the need for making
20F o A t=380nm ] refractive index measurements using exactly the same pro-
‘q" n m t=420nm 1 cessing conditions used to make the device that is to be
5 T e ! 1 modeled.
2 ““4.. ] In summary, we have described a simple method for
2 8r Ak Y . measuring the dielectric properties of anisotropic polymer
;«” 7L _ films over the emissive region of the spectrum. The informa-
€ tion gained from these measurements will be useful in im-
16k n b proving the performance of optical devices made from these
o o D*D ] materials and in studying the degree of anisotropy in poly-
M S mer films.
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