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Optical absorption studies in absorbing Bragg reflectors
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Abstract

Reflectivity and photoluminescence have been used to study optical absorption from an absorbing Bragg reflector
consisting of AlAs/GaAs Bragg reflector and InGaAs/InGaAsP multiple-quantum-well absorbing layer. An absorption
dip due to the optical confinement of the Fabry—Perot resonance was observed in the reflectivity spectrum. Based on the
transfer matrix method along with the complex index of refraction, we successfully analyzed the reflectivity spectrum
and obtained the absorption coefficient of the absorbing cavity around 1550 nm. We also demonstrated that the quality
factor of the Fabry—Perot mode in photoluminescence could be used to estimate the absorption coefficient of the cavity
medium in our absorbing Bragg reflector. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 77.55.+f; 78.40.—q; 78.55.—m
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1. Introduction

Bragg reflectors, which consist of periodically
alternating high and low index quarter-wavelength
layers, are extensively used in many optoelectronic
devices, such as vertical-cavity surface emitting
lasers (VCSELs), microcavity light-emitting diodes
(MCLED:s), and resonance-cavity photodetectors
(RECAPs). Among these devices, VCSELs and
MCLEDs usually require highly transparent di-
electric layers for efficient operation and it is par-
ticularly important to eliminate any loss due to
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the optical absorption in the Bragg reflectors.
RECAPs, on the other hand, are designed to ef-
fectively increase the thickness of the absorption
layer and thus enhance the light absorption in the
active layer. Recently, absorbing media are also
employed along with the layer-by-layer distribu-
tion of the refractive index to control the opti-
cal absorption in Bragg reflectors [1]. The optical
absorption can then be enhanced or reduced ac-
cording to the distribution both of the refractive
index and of the absorbing media in the Bragg
reflectors. Moreover, the saturable Bragg re-
flectors, which consist of semiconductor quantum
wells embedded in quarter-wave stacks, are de-
signed to enhance the optical absorption by the
photon localization in a spectral range of the stop
band. Subpicosecond pulses have been achieved
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using the saturable Bragg reflectors in the pas-
sively or hybrid mode locking for the solid state
and semiconductor lasers [2,3]. Since the absorp-
tion effect is essential in such optoelectronic de-
vices, it is desirable to investigate the fundamental
properties of optical absorption in the Bragg re-
flectors.

In this report, we study the optical absorption of
absorbing Bragg reflectors in the room-tempera-
ture reflectivity and photoluminescence (PL). A dip
in the high-reflectance band (stop band) of the
Bragg reflectors in reflectivity is attributed to the
optical absorption from the Fabry—Perot cavity
resonance. The measured reflectivity of the ab-
sorbing Bragg reflector was modeled using the
transfer matrix method with a complex refractive
index. The absorption coefficient of the cavity layer
around 1550 nm is accordingly obtained from the
calculations. In addition, the quality factor (Q-
factor) of the absorbing Bragg reflector was studied
in the reflectivity and PL spectra. To the best of
our knowledge, no measurement on the Q-factor of
absorbing Bragg reflectors has been reported be-
fore. The absorption coefficient of the cavity layer
is estimated from the O-factor measurement. The
discrepancy of the QO-factor between the reflec-
tivity and PL measurements is explained by the
re-absorption in PL due to the cavity resonance.

2. Experiment

The absorbing Bragg reflector studied here
consisted of a GaAs/AlAs distributed Bragg re-
flector and an absorbing cavity layer. The dis-
tributed Bragg reflector, consisting of 27 pairs of
GaAs/AlAs quarter-wave stacks, was used to
increase the reflectivity and bandwidth of the
reflector. The dielectric layers were designed for
maximum reflectivity at 1550 nm at normal inci-
dence. The absorbing cavity layer had two sets
of 15 InGaAs/InGaAsP strain-compensated mul-
tiple quantum wells separated by 80 nm of lattice
matched InGaAsP and grown on an InP substrate.
Fig. 1 shows a schematic diagram of the absorb-
ing Bragg reflector studied in this work. In this
structure, the optical field in the cavity layer (curve
in Fig. 1) is increased due to the cavity confine-
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Fig. 1. Schematic diagram of the absorbing Bragg reflector
studied in this work. The optical field in the cavity, calculated
by transfer matrix method, is shown as a curve.

ment, leading to the enhancement of the optical
absorption. The absorption properties of the
sample were characterized using reflectivity and PL
spectra at normal incidence at room temperature.
The reflected signals were taken with a halogen
lamp in conjunction with a monochromator. The
PL was measured using a focused Ar ion laser as
the excitation source and analyzed with a grating
spectrometer. A germanium photodetector was
used to read both the reflectivity and PL signals.

3. Results and discussion

Fig. 2 shows the measured reflectivity spectrum
of the absorbing Bragg reflector. The spectrum is a
typical reflectivity of Bragg reflector, but including
an extra large dip at 1545 nm in the stop band.
From the reflectivity measurement, we obtain the
wavelength of the stop band center (1) in the
Bragg reflectors, which is determined by the opti-
cal thickness d of the Bragg stacks (d = A, /4n =
A/4, where n is the refractive index; A, and 1 are
the wavelength of light in the free space and the
layered material, respectively). To explain the be-
havior of the extra dip in the reflectivity spectrum,
we calculate the reflectivity using the matrix for-
mulation for multi-layer structures [4]:

(Mll MIZ

_ -1 —1 ~1 1127
M, Mﬂ) = Dy'D.P.D;" [DLP.D;' DyPyDy'|" Dy,

(1)
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Fig. 2. Measured reflection spectrum of absorbing Bragg re-
flectors at room temperature.

where Dy, D., Dy, and Dy are the dynamic matrices
for free space, cavity layer, GaAs, and AlAs, re-
spectively; P., Py, and P_ are the propagation
matrices for the cavity layer, GaAs, and AlAs,
respectively. Fig. 3(a) (dashed line) displays the
theoretical reflectivity R = |M>, /M, |2 without con-
sidering the absorption in the cavity layer. As can
be seen, the simulated result reproduces the char-
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Fig. 3. Calculated reflection spectra of absorbing Bragg reflec-
tor. (a) The absorbing layer in the structure is described by a
real index of refraction. (b) The absorbing layer in the structure
is described by a complex index of refraction with an imaginary
part x = 0.049. (c) The difference spectrum in stop-band region
is obtained by subtracting (a) from (b).

acteristics of the stop band and side lobes, but it
shows a remarkable disagreement with the dip at
1545 nm. The theoretical calculations can be im-
proved by introducing an absorption (a loss term)
in the cavity layer. To include the optical absorp-
tion, an imaginary part of the index of refraction
(k) for the cavity layer is introduced for a loss in
the reflectivity. As the loss in the cavity layer is
included, the calculated reflectivity produces a dip
in the stop band. The imaginary part of the index
of refraction was used as an adjustable parameter
to fit the measured data until the calculated and
experimental reflectivity agreed. Fig. 3(b) (solid
line) shows the theoretical reflectivity under the
consideration of the absorption in the cavity layer.
Comparing Fig. 3(b) to Fig. 2, the calculated result
well reproduces all the important features in the
experiment. According to the above analysis, the
large dip in the stop band is strongly related to
the cavity layer. We suggest that the dip is due to
the optical confinement of the Fabry—Perot reso-
nance at the cavity layer, which is sandwiched by
the air/cover-layer interface and the Bragg mirror.
In Fig. 3(b), a value of x = 0.049 is obtained from
the fit of the dip in the stop band. Accordingly, the
absorption coefficient of the cavity layer () can
also be given by the following expression: o =
4ni /.. Taking into account k= 0.049 and
Jair = 1545 nm, we obtain a = 3985 cm~! at 1545
nm, which is close to the literature value [5].

In addition to the reflectivity studies, PL also
provides another way to investigate the absorption
of the absorbing Bragg reflector. Fig. 4 shows the
PL spectrum of the sample performed at normal
incidence. Compared with the spectrum in Fig. 2
the main peak occurred at 1548 nm in the PL cor-
responds to the dip in the reflectivity, caused by
the Fabry—Perot cavity mode at the cavity layer.
To confirm the assignment that the PL is due to
the cavity mode, the energy shift of the peak owing
to the thermal effect was estimated. It is known
that the energy shift with varying temperature is
~3.3 A/°C for the InGaAs quantum-well tran-
sition and ~0.85 A/°C for the cavity mode in a
similar structure [6]. As the temperature is de-
creased, the main peak shifts toward the shorter
wavelength at a rate of 0.78 A/°C (not shown
here). Therefore, the peak at 1548 nm is attributed
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Fig. 4. The PL spectrum of absorbing Bragg reflector.

to be the luminescence due the Fabry—Perot mode
of the cavity layer. The PL spectrum can be used
to estimate the absorption coefficient of the cavity
medium by the Q-factor. The Q-factor Q of a
cavity, which measures the sharpness of the reso-
nance, is given by [7]:

0 =v/Av
= 27n.v [c(oc — (1/Legr) ln(Rle)l/z) 7]» (2)

where v is the resonant frequency of the cavity, Av
is the full width at half maximum (FWHM), n, is
the index of refraction of cavity layer, « is the ab-
sorption coefficient of the cavity medium, L is the
effective cavity length, and R, and R, are the mirror
reflectivity on each cavity side. To calculate the Q-
factor of the Fabry—Perot mode, the PL signal was
analyzed using a Gaussian profile (see the bold
solid line in Fig. 4). In this analysis, a resonant
frequency v = 1.93 x 10'* s™! and a FWHM Av =
6.4 x 102 s7! is obtained, and the measured Q is
thus ~30.2. The effective cavity length L.y actually
includes the cavity length (L.) and the penetration
of the cavity field into the GaAs/AlAs Bragg mirror
(Lppr), which can be estimated by the formula [§]
LDBR = [)/(ch)](nLnH)/(nH — I’lL). By taking R] ~
0.99 (the estimated reflectivity of AlAs/GaAs Bragg
mirror), Ry ~ [(n. — 1)/(nc+ 1)]* ~ 0.32 (the esti-

mated reflectivity of cavity layer/air interface),
Lt = Le + Lppr ~ 6663 nm, and n, ~ 3.6 (the mea-
sured value from the angle-dependent PL) into the
Eq. (2), we obtain o ~ 3951 cm™'. This absorption
coefficient is close to the literature value and con-
sistent with previous fitted value (o ~ 3985 cm™!),
obtained from the transfer matrix calculation.
Thus, we demonstrated that the PL could be used
as a convenient tool to study the absorption coef-
ficient of the cavity layer.

By measuring the FWHM of the Fabry—Perot
mode in the stop band, the QO-factor of the ab-
sorbing Bragg reflector can also be estimated in
the reflectivity spectrum. However, the exact line
width of the Fabry-Perot mode in Fig. 2 is am-
biguous. To clearly find out the FWHM of Fabry-
Perot mode in reflectivity, a difference spectrum
was computed by subtracting Fig. 3(a) from Fig.
3(b). The difference spectrum in the stop-band re-
gion is shown in Fig. 3(c), where the FWHM due
to the cavity mode is estimated to be ~6.8 x 10'?
s~!. Accordingly, the O-factor from the reflectiv-
ity spectrum is thus ~28.4. It is notable that the
QO-factor obtained from reflectivity is smaller than
that from PL. Same behavior has been found in
the VCSEL and microcavity structures [6,9]. The
larger Q-factor for PL can be explained by the fact
that the PL is often modified by the re-absorption
due to the cavity resonance. As the resonance ef-
fect is enhanced, the re-absorption increases and
leads to line narrowing of the PL peak. This ex-
planation is in agreement with the experimental
results in Ref. [9], which shows the line width
narrowing is pronounced as the pair number of
Bragg reflectors is increased.

4. Conclusion

In conclusion, optical absorption of an ab-
sorbing Bragg reflector was studied by reflectivity
and PL. An absorption dip originated from the
Fabry—Perot cavity mode was observed in the re-
flectivity spectrum. It has been shown that the
reflectivity including the absorption dip can be
analyzed as the index of refraction is assumed to
have an imaginary part. From the fit of absorption
dip we were able to obtain the absorption coeffi-
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cient of the cavity layer around 1550 nm, which
is close to the literature value. In addition, the
O-factor of the absorbing Bragg reflector was
studied in reflectivity and PL spectra. We have
proposed the possibility for using the Q-factor to
estimate the absorption coefficient of the cavity
medium. The discrepancy of the O-factor between
the reflectivity and PL measurement is explained
by the re-absorption in the PL due to the cavity
resonance.
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