
Effect of dispersion on the reflectivity of an asymmetric Fabry–Pe ´rot é talon
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We have shown that the spectral properties of an asymmetric Fabry–Pe´rot étalon, with a multiple
quantum well cavity, are very sensitive to dispersion in the refractive index. We also show that this
effect can be used to measure the dispersion around the exciton absorption features in the
GaAs/Al0.35Ga0.65As multiple quantum well. ©1995 American Institute of Physics.
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Epitaxially grown multiple quantum well structures hav
been used extensively in a wide variety of optoelectro
applications since their first appearance almost 20 years a1

In particular there is a variety of devices which rely on t
resonant cavity effects of a Fabry–Pe´ot étalon to enhance the
excitonic nonlinear optical and electro-optical properties
quantum wells.2 In most cases multiple quantum wells a
grown between two dielectric stack mirrors in an integrat
étalon structure. Optical modulation or optical switching
achieved by utilizing the changes in reflectivity or transm
sion of the e´talon due to induced variations in absorptio
and/or refractive index in the quantum wells. Such variatio
can be achieved by a number of different methods. The p
ence of a high density of optically generated free carri
bleaches the strong exciton absorption resonances of
quantum wells and is the basis of a number of all-opti
devices.3–5 Alternatively application of an electric field per
pendicular to the plane of the wells leads to a rigid shift
the band-edge absorption~the quantum confined Stark effec!
and this effect is used extensively in electro-optic device6

In both all-optical and electro-optical devices the e´talon
design is similar. The multiple quantum well forms part
the spacer, or cavity, between two epitaxially grown Bra
stack mirrors. This forms a Fabry–Pe´rot étalon and the quan-
tum wells are chosen so that their absorption edge is clos
a resonant wavelength of the e´talon, which is determined by
the overall thickness of the cavity. Since both the excit
resonance and the Fabry–Pe´rot resonance are spectrally na
row there are severe constraints on the positioning of th
with respect to each other. The exciton resonance is de
mined by the quantum well thickness and composition an
now well controlled in epitaxial growth. Small variations i
quantum well thickness generally do not affect the energy
the exciton transitions except in the case of very narr
wells. The Fabry–Pe´rot resonance, on the other hand, is pa
ticularly sensitive to the spacer thicknessd and its refractive
indexn through the resonance condition,ml52nd. Herem
is the order of the Fabry–Pe´rot resonance andl is the free
space wavelength. The sharp exciton resonances in the
tiple quantum well leads to significant index dispersi
which must be taken into account in the design of devices
this letter we show that linear dispersion can have a la
effect on the spectral properties of a Fabry–Pe´rot étalon and
further that we can use these effects to directly calculate
dispersion. Taking dispersion into account in device des

a!Electronic mail: jhffernn@vax1.tcd.ie
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will be increasingly important as materials quality and wafe
uniformity improves.

The structure we have investigated is an epitaxial
grown asymmetric Fabry–Pe´rot étalon. The e´talon is asym-
metric in that it has a high reflectivity back mirror and a
lower reflectivity front mirror. It was grown by metalorganic
vapor phase epitaxy~MOVPE! on a semi-insulating GaAs
substrate. Closest to the substrate is a quarter wavelen
~l/4! dielectric stack mirror consisting of 14.5 periods o
alternating layers of AlAs and Al0.1Ga0.9As. The thicknesses
were chosen to be~l/4! at 850 nm and the mirror has a
reflectivity of 96% from 810 to 880 nm. On top of this 73
periods of 95 Å GaAs wells and 69 Å Al0.3Ga0.7As barriers
were grown. The e´talon was completed by the front mirror
which is simply the 30% reflectivity of the air/multiple quan
tum well interface. The nonlinear optical properties of
similar structure have been reported before.3 The well width
was designed for a heavy hole exciton resonance at 850 n
The absorption curve of Fig. 1 shows that the exciton is
this wavelength and in fact there is a negligible shift of th
peak across the entire 2 in. wafer. The number of quantu
wells was chosen so that the absorption in the low energy
of the exciton resonance, at around 853 nm, is enough
give a low reflectivity at a coincident Fabry–Pe´rot

FIG. 1. Reflectivity spectrum~open circles! of asymmetric Fabry–Pe´rot
étalon and absorption spectrum of multiple quantum well~full circles!. Also
shown~line! is a calculated reflectivity spectrum based on a single value
refractive index and the above absorption spectrum.
51/95/66(4)/416/3/$6.00 © 1995 American Institute of Physics
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resonance.3 The barrier thickness was then chosen so that
total thickness of the cavity gives a Fabry–Pe´rot resonance
around 853 nm. The required thickness obviously depen
on the value chosen for the refractive index of the cavity. A
a first approximation the refractive index was taken as
averaged literature value for the well and barrie
constituents.7,8 Even if this value is not accurate the nonun
formity in the growth usually means that a number of pos
tions can be found on the wafer where the optical thickne
of the cavity is correct and consequently the band edge a
étalon resonance are appropriately positioned. Although n
uniformity is helpful for research purposes this is not th
case if real devices are to be produced since other area
the wafer are either neglected or must be subjected to a n
ber of postgrowth treatments, such as etching9 or layer
disordering,10 in order to correct the cavity.

A reflectivity spectrum of the e´talon is shown in Fig. 1
with the corresponding absorption spectrum of the quant
well. All measurements were carried out on a piece of t
wafer wit area approximately 4 mm2. This ensures that all
quantities such as absorption and cavity thickness are fr
the same position on the wafer and that there is no error
to wafer nonuniformity. Reflectivity and absorption measur
ments were made with an argon ion-pumped titanium
sapphire laser and synchronous detection. Reflectivities w
normalized to that of a broadband high reflectivity infrare
mirror. The absorption spectrum was obtained from a porti
of the sample which had been antireflection coated by th
mal evaporation of al/4 layer of SiO. This coating reduces
the front mirror reflectivity to less than 1% around the exc
ton wavelength and less than 5% over a range of about
nm. With such a low top surface reflectivity, Fabry–Pe´rot
effects can be neglected and the absorption may be obta
by measuring the incident and reflected powers. To meas
the dispersion of the refractive index we needed to meas
the physical thickness of the cavity. The multiple quantu
well was etched off using a standard wet etch on a mask
piece of the wafer. The etch was highly selective for AlA
which is the first layer of the mirror, so we expect that on
the quantum wells were removed. The thickness of the cav
was measured at various points on the etched surface usi
Tencor step height instrument with a resolution of approx
mately 50 Å. The measured thickness varied somew
across the etched area with an average value of~1.180
10.008! mm. The error in this number is the variation in th
etch depth and not the variation in the actual thickness of
as-grown sample. This is clear from the spectral characte
tics around the etched piece which show little variation in t
Fabry–Pe´rot resonance position. The reflectivity spectrum
Fig. 1 was then measured at a point near the etch and fin
this same point was antireflection coated and the absorp
spectrum of Fig. 1 measured.

Figure 1 shows that the reflectivity spectrum is comp
cated and cannot be simply explained by the shape of
absorption spectrum. There are three dips in reflectiv
which do not coincide with the peaks in the absorption spe
trum due to the light and heavy hole excitons. The reflect
ity at 853 nm is very close to zero and can only be explain
by the fact that this is a Fabry–Pe´rot resonance and that the
Appl. Phys. Lett., Vol. 66, No. 4, 23 January 1995
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absorption strength is such that the effective reflectivity o
the back mirror is equal to that of the front mirror. The cavity
is then said to be impedance matched at this wavelength. T
absorption at the exciton peaks is too strong which explain
why the reflectivity is higher at these wavelengths. To show
that the reflectivity spectrum is not simply due to the struc
ture in the absorption spectrum we calculated the reflectivit
of the etalon with a single value for the refractive index. All
calculations of e´talon reflectivity used a full transfer matrix
approach11 to account for the wavelength dependent phas
contribution that occurs in the Bragg stack mirror. With the
measured value for the cavity thickness we chose a value f
the refractive index of the cavity so that the resonance con
dition was satisfied at 853 nm. The rest of the spectrum wa
then calculated using the absorption spectrum of Fig. 1 an
this single value for the refractive index. The solid line in
Fig. 1 is the result of this calculation and it shows that this
approach does not reproduce the experimental spectrum. T
calculated and experimental spectra agree around 853 nm
we have chosen the refractive index to be correct for thi
wavelength. However the curves disagree at other wave
lengths with differences in reflectivity of up to 20%. We
attribute the discrepancy to the dispersion in the refractiv
index of the cavity. The Fabry–Pe´rot resonance condition,
ml52nd, is thus satisfied at more than one wavelength for
given orderm. The result shows that the spectral properties
of the Fabry–Pe´rot étalon are significantly affected by dis-
persion in the cavity. The actual dependence of the reflectiv
ity on the dispersion is a function of the particular Fabry–
Pérot structure but it is clear that it has a large effect in this
particular étalon which is typical of a number of electro-optic
devices.6

To confirm that the spectral properties of the Fabry–
Pérot are determined by the dispersion of the refractive in
dex, we have used the experimentally determined reflectivit
and absorption spectra to measure this dispersion. Havin
measured the cavity thickness, we use the transfer matr
approach to calculate the reflectivity at each wavelength u
ing the measured value of the absorption at this wavelengt
The value for the refractive index used was then varied unt
the calculated and experimental reflectivity agreed. This pro
cedure was used at each wavelength where the absorpti
spectrum was valid. The wavelength range for calculatio
was limited on the short wavelength side by the range ove
which the absorption spectrum is valid, which is determined
by the antireflection coating. To extend this we would have
to deposit a multilayer antireflection coating. We also could
not extend the measurements beyond 860 nm because this
in the ‘‘off resonance’’ region of the spectrum where the lack
of absorption and high reflectivities mean that the spectrum
is not very sensitive to variations in refractive index.

The calculated refractive index is shown in Fig. 2 super
imposed on the absorption spectrum of the quantum well
Since the optical thickness of the cavity is the importan
parameter, the error on the absolute value of the refractiv
index is primarily the error in the physical thickness, i.e.,
about 0.7%. However, theshapeof the curve is independent
of this and shows that around the heavy hole exciton wave
length there is a pronounced peak in refractive index: ap
417J. F. Hefferman and J. Hegarty
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-
proximately 1.5% higher than the background trend seen
tween 830 and 840 nm. This value and shape are as expe
from a Kramers–Kronig analysis and from some indepe
dent measurements of exciton dispersion in quantu
wells.12,13 The few previous measurements of dispersio
have used multiple quantum wells embedded in a wavegu
structure. The coupling to such a waveguide depends on
refractive index of the multiple quantum well. Such measur
ments and those presented here are the only ones we
aware of that directly measure this technologically importa
material parameter.

Figure 3 shows the experimental and calculated refle
tivity spectrum of the e´talon. The good agreement betwee
them verifies that the complicated structure of the spectr
is due to the combination of the strong changes in absorpt
and the refractive index around the excitonic absorption fe
tures of the quantum wells. This technique may be extend
to measure the effect of narrower exciton linewidths on t
dispersion and in particular the effect of the light hole exc
ton, which is not resolved in this structure due to the stro
overlap between light and heavy hole excitons in absorpti

In conclusion, we have shown that the reflectivity spe
trum of an asymmetric Fabry–Pe´rot étalon, with a multiple
quantum well cavity, is significantly affected by refractiv
index dispersion. This dispersion arises due to the stro
absorption features in the quantum wells associated w
quantum confined excitons. We have further shown that

FIG. 2. Band-edge refractive index of multiple quantum well~circles! show-
ing peak around the heavy hole exciton absorption at 850 nm. The abs
tion spectrum of the quantum well is also shown~line!.
418 Appl. Phys. Lett., Vol. 66, No. 4, 23 January 1995
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dispersion in the quantum wells can be measured by fitting
the reflectivity spectrum of the e´talon and find that, in the
low energy tail of the heavy hole exciton absorption, the
refractive index increases by 1.5% from the background
trend. These results are expected to be of increasing impor
tance in e´talon design as tolerances on growth accuracy and
nonuniformity improve.

The authors wish to thank J. S. Roberts for providing us
with the sample and B. Corbett for the cavity thickness mea-
surements.
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FIG. 3. Measured~line! and calculated~circles! reflectivity of asymmetric
Fabry–Pe´rot étalon. The calculation includes the measured absorption and
refractive index of the multiple quantum well that forms the cavity of the
étalon.
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