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Optical absorption in a waveguide based on an n-type AlGaAs

heterostructure

Yu.K. Bobretsova, D.A. Veselov, A.A. Klimov, K.V. Bakhvalov, V.V. Shamakhov, S.O. Slipchenko,
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Abstract. Free carrier absorption of optical radiation in layers of
an AlGaAs/GaAs heterostructure is studied by the method of probe
radiation coupling in order to determine the absorption cross sec-
tion parameter in the AlGaAs material with a high (22 %) alumin-
ium concentration. For this purpose, we have fabricated special
samples based on AlGaAs/GaAs heterostructures simulating an
n-type-doped laser waveguide with carrier concentrations in the
range 5 X 10'°~3 x 10'7 em=3. The doping profile and the composi-
tion and thickness of layers are measured and the temperature and
spectral dependences of the absorption coefficient are studied. It is
shown that an increase in temperature and in the probe wavelength
leads to an increase in the absorption in the heterostructure layers.

Keywords: semiconductor laser, semiconductor heterostructure,
optical absorption by free carriers, absorption cross section.

1. Introduction

Significant progress in the field of high-power semiconductor
lasers achieved for the last decade is remarkable by record-
high optical powers at high pump currents and temperatures
[1]. Nevertheless, the problem of light—current curve satura-
tion of lasers still remains topical. The main contribution to a
decrease in the power and slope efficiency is mainly related to
an increase in the carrier concentration and to the absorption
of radiation by free carriers [2, 3]. Numerical simulation
makes it possible to analyse operation of high-power semi-
conductor lasers with allowance for many internal processes,
including free carrier absorption [4]. This requires exact
knowledge of many material parameters and temperature,
spectral, and other dependences. Free carrier absorption is
described by cross section parameter o. In calculations of the
characteristics of InGaAs/AlGaAs/GaAs semiconductor
lasers, the absorption cross sections for electrons (g,) and
holes (0},) are usually taken to be (3 or 4)x 10718 and (10 or
12)x 10718 cm?, respectively [2, 5]. These values were obtained
for the GaAs material in the early days of semiconductor
engineering [6, 7]. At present, most high-power lasers emitting
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at 900—1100 nm include AlGaAs waveguides, often with a
high aluminium concentration [§—9]. The available data on
free carrier absorption cross sections and their dependences
on temperature, wavelength, and alloy composition for
AlGaAs are not sufficiently accurate.

In our previous work [10], we proposed an original
method of investigation of light absorption in heterostruc-
ture waveguides. We experimentally studied the polarisation
and temperature dependences of free carrier absorption in
an n-type Aly ;Gaj9As waveguide. The achieved accuracy of
measurement of the absorption coefficient was about
0.1 cm™!. This method allows one to study the absorption in
various materials under different conditions (radiation
wavelength and polarisation, temperature, and doping con-
centration). To determine the absorption cross section from
experimental data, it is necessary to know the absorption
coefficient, the concentration and optical field distributions
in the waveguide. Therefore, to find the absorption cross
section, one needs a complex approach with the use of dif-
ferent methods of investigation of semiconductor hetero-
structures.

In the present work, we continue to study the absorption
coefficients in the AlGaAs/GaAs material system with
n-type doping. The aim of this work is to determine the tem-
perature and spectral characteristics of the absorption coef-
ficient and find the absorption cross section by electrons in
this material. For this purpose, we studied a series of hetero-
structures with different doping concentrations within the
range 5 X 10'°—3 x 107 cm=. The parameters of experimen-
tal heterostructures were extensively studied, namely, we
measured the exact thicknesses and compositions of hetero-
structure layers, determined doping concentrations and dis-
tributions, and studied the optical absorption under differ-
ent conditions.

2. Experimental samples

To perform experiments, it was necessary, similar to work
[10], to fabricate special samples based on AlGaAs/GaAs
heterostructures, which simulated laser waveguides. In con-
trast to conventional semiconductor lasers, the experimental
structures have no p-n junction and active region. An
Aly»5Gagy 75As alloy was chosen as a waveguide layer. This
composition is applicable for waveguides of near-IR
(800—980 nm) lasers [10, 11] and lasers—thyristors [12]. In
addition, we expected that the higher (than in [10]) concentra-
tion of aluminium in the waveguide layer will probably allow
us to observe a stronger effect of absorption at a higher
absorption cross section. The Alj ,sGa 75As waveguide thick-
ness was chosen to be 3 um both for the best wave localisation
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in the layer of the studied material and for simpler coupling of
probe radiation. To ensure optical confinement and eliminate
propagation of the coupled radiation outside the waveguide,
we used Aly3sGaggsAs cladding layers 2 um thick each.
According to the calculated mode distribution of the electro-
magnetic field in the heterostructure, the fraction of radiation
propagating in the waveguide layer should be no less than
99%. To study the free carrier absorption due to electrons, all
structures were isotypically doped with silicon. Doping con-
centrations for heterostructures 1-3 (HS’s 1-3) (see Table 1)
were N =5%10',1x 107 and 3 x 10'7 cm™3, respectively. A
GaAs contact layer provided a thermal contact and the ability
of soldering the samples on a carrier by a standard technique.
The thickness (10 nm) and doping level (1 X 10'8 cm™3) of the
contact layer were chosen based on the technological features
of further investigation methods. The parameters for the epi-
taxial growth of heterostructures 1-3 are given in Table 1.

Table 1. Parameters of heterostructures (HSs) 1-3 for epitaxial growth.

Layer Thickness Composition Doping

Substrate 350 um GaAs N=3EI8

Buffer layer 50 nm GaAs

n-cladding 2 um 35% AlGaAs HS1-N=35El6
. HS2-N=1El7

Waveguide 3 um 25% AlGaAs HS3- N = 3E17

p-cladding 2 um 35% AlGaAs

Contact layer 10 nm 35% AlGaAs N=1EI18

All three experimental heterostructures were grown by
MOCYVD (similar to the cycle for laser heterostructures) on
GaAs substrates and included an Al ,,Gag 73As waveguide
and Alj3,GaggsAs claddings, as well as buffer and contact
GaAs layers. To verify the composition of the grown layers,
the heterostructures were studied by photoluminescence (PL)
spectroscopy. The PL spectra were measured at room tem-
perature under excitation by a cw laser with a wavelength of
532 nm. The spectra were recorded using an MDR-23 mono-
chromator and a FEU-62 photomultiplier.

Figure 1 shows the PL spectra for three heterostruc-
tures with different doping levels normalised to the PL
intensity of the waveguide. The PL spectra of all three het-
erostructures contain two peaks at wavelength near 670
and 730 nm, which correspond to the luminescence of the
Al,Ga; _ ,As material with aluminium concentrations x =
0.34 and 0.22, i.e., to the luminescence of the cladding and
waveguide materials. With increasing waveguide doping
level, the corresponding peak slightly shifts to longer wave-
lengths. Different intensity ratios of the waveguide and
cladding lines are also caused by different doping concen-
trations. The PL signal of the waveguide in the weakly
doped samples is considerably stronger than the PL signal
of claddings.

The thickness of layers was verified using a Camscan 4-88-
DV-100 scanning electron microscope (SEM). The real thick-
nesses were measured for all heterostructures. For example,
Fig. 2 shows the SEM image of the end facet of heterostruc-
ture 1, which exhibits heterostructure layers with distinguish-
able waveguide—cladding interfaces and makes it possible to
measure the layer thicknesses. The measurements show that
the thicknesses of the grown layers for all heterostructures
deviate from the prescribed values by no more than 10%.
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Figure 1. PL spectra of heterostructures 1-3 with different doping lev-
els N normaliwed to the waveguide PL intensity.
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Figure 2. SEM image of the facet of heterostructure 1 (dimensions are
given in micrometres).

Thus, we obtained exact parameters of heterostructures
(i.e., the compositions and thicknesses of layers), which allow
us to perform a comparative analysis of investigation results.
For subsequent measurements of the absorption and doping
concentration, we fabricated samples of different types.

The doping concentration in waveguides was measured by
electrochemical capacitance—voltage (ECV) profiling. ECV
profiling is based on cyclic alternation of the processes of
chemical etching of the heterostructure surface and measur-
ing of the dependence of the electrical capacitance of the bar-
rier formed at the electrolyte—semiconductor contact on the
applied bias voltage [capacitance—voltage characteristics
C(V7)]. Based on these C(V') characteristics, it is possible in
the depletion layer approximation to determine the free car-
rier concentration distribution over the thickness Ncy(w),
which coincides with the distribution of the doping concen-
tration N [13]. Since etching of thick layers may cause inho-
mogeneity, the spatial resolution of the method decreases at
large depths. However, this does not hinder determination
of concentration in the case of uniform doping, i.e., in our
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case of uniformly doped thick waveguide layers. To reduce
the influence of this effect, in this work we preliminarily pre-
pared special samples for ECV measurements. A quarter of
each heterostructure wafer was stepwise etched by photoli-
thography. Half of this quarter was covered with photore-
sist, and the other half was etched to a depth of about
2-2.3 um (nearly to the waveguide). The unetched region
provided an ohmic contact, while the etched region provided
an electrolyte—structure contact and was used for measure-
ments. Therefore, the concentration was controlled directly
in the waveguide.

Special samples were also fabricated for investigation of
absorption. In this case, heterostructures were processed via a
simplified postgrowth cycle, which included only the forma-
tion of a contact from the side of layers for soldering on heat
sinks and the thinning of the plate to 150 um for convenience
of its cleaving. By cleaving the plates, we obtained sets of
samples with lengths of 5100, 2200, and 1500 um. To elimi-
nate rereflections of the probe radiation inside the crystal
from the side walls, we calculated the minimum acceptable
width for each length of samples [10]. As a result, we obtained
sets of crystals with given lengths (5100, 2200, and 1500 um)
and corresponding widths (1500, 1000, and 500 um). The mir-
rors of all samples were formed by natural cleavages without
antireflective or reflective coatings. Each chip was mounted
(layers down) on a carrier.

3. Investigation results

To precisely determine the doping concentration in the wave-
guide layer, we performed ECV profiling for each hetero-
structure. The concentration profiles were measured on an
ECVPro profiler (Nanometrics) with the use of an electrolyte
based on 10% volume fractions of ethylenediamine
(HzNCH2cH2NH2) and Trilon-B (C10H14N2Na203) in a con-
centration of 74.5 g L™!. To ensure uniform etching of hetero-
structure surfaces, we chose an etching step of about 5 nm.
Figure 3 presents the measured doping concentrations for all
heterostructures. The doping concentrations in waveguides
measured using ECV profiling were 5 X 10'¢, 1 x 10!7, and
3x 107 cm for heterostructures 1, 2, and 3, respectively.
One can see that the doping distribution in the waveguide
layer is uniform. In all heterostructures, the doping concen-
tration in the claddings is higher than in the waveguide by
approximately 20%. At the waveguide—cladding and clad-
ding—substrate heterojunctions, the concentration exhibits a
smooth growth with a slight slope instead of a comparatively
sharp boundary expected based on the technological growth
parameters, which is caused by inhomogeneous etching of
heterostructure layers in the ECV method. The real concen-
tration profile is sharper. Thus, we can conclude that the dop-
ing profile for all heterostructures turned out to be close to
the desired one and rather uniform.

To study free carrier absorption, probe radiation with an
exact power level polarised in the plane of the heterostructure
layers was coupled through front facets into the experimental
samples with different cavity lengths using an optical system.
The optical power of the probe radiation passed through the
sample and partially absorbed by free charge carriers inside
the waveguide was measured at the output of the sample [10].
Having known a set of output powers for samples of different
lengths, we can calculate the absorption inside the waveguides
using the system of equations
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Figure 3. Doping profiles of heterostructures 1-3 measured by the
ECV method.
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where I; and I, are the probe radiation powers at the output
of samples with lengths L, and L,, respectively; I, is the probe
radiation power at the input to the sample; « is the absorption
coefficient; and R is the reflection coefficient of mirrors. Each
of the equations of the system is a sum of an infinite series
{see Eqn (4) in [10]}. Thus, while in work [10] we took into
account only the first five passageways of radiation through
the sample, in the present work we take into account all pas-
sages. This circumstance may be important for weakly doped
samples with weak absorption. Solving this system of equa-
tions, it is possible to reconstruct unknowns « and /. Using
the calculated 7, one can estimate the probe radiation cou-
pling coefficient into the laser waveguide, which is important
for the accuracy and reliability of the measured absorption
coefficient .

The main aim of the present work was to determine the
absorption coefficient in an Alj,,Gaj-gAs waveguide as a
function of the doping concentration. It was shown in [10]
that absorption very slightly depends on the probe radiation
polarisation, and so which all measurements were performed
only for the linear radiation polarisation parallel to the plane
of the heterostructure layers. The radiation power at the out-
put of the samples was measured at temperatures in the range
25-80°C, while the probe laser temperature was kept con-
stant at 25 °C with an accuracy of 0.05°C. The spectral depen-
dence of the absorption coefficient was studied using single-
mode lasers with wavelengths of 977, 1061, and 1171 nm,
whose spectra are given in Fig. 4. The spectral width at half
maximum for all probe lasers was about 1-2 nm. Thus, for
each heterostructure, we obtained a set of powers for samples
of different lengths under different conditions (temperature
and probe radiation wavelength).
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Figure 4. Emission spectra of three lasers used as sources of the probe
signal.
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Figure 5. Temperature dependences of the absorption coefficient at
wavelengths of 977, 1061, and 1171 nm for heterostructures 1-3.

Calculations by expression (1) were carried out for all
pairs of samples from one heterostructure differing in lengths.
The measurements were performed under identical condi-
tions. In calculations, we used average values of powers for
several samples of identical lengths under identical tempera-
tures and wavelengths. The reflection coefficients of mirrors
were calculated for each probe wavelength (977, 1061, and
1171 nm) to be 29.7%, 29.4%, and 29.2%, respectively.
Similar to [10], the most accurate values of reflection coeffi-
cients were obtained for the pair of samples with the maxi-
mum difference between their lengths. For all cases, the calcu-
lated coupling coefficient was 90%—-95% and almost inde-
pendent of temperature and wavelength.

Figure 5 presents the temperature dependences of absorp-
tion coefficients of heterostructures 1-3 calculated for pairs
of samples with lengths of 1500 and 5100 um for all probe
wavelengths. The dependences for other pairs of samples had
a similar character and are not given in Fig. 5. It should be
noted that the accuracy of determining absorption coeffi-
cients by this method is estimated to be about 0.1 cm™'. The
absorption in the waveguides with higher doping levels is pro-
portionally higher; this allows us to suggest that the absorp-
tion is mainly caused by free carriers. Figure 5 demonstrates
the existence of the temperature and spectral dependences of
the absorption coefficient. The absorption for heterostructure
1, which has the lowest doping concentration, weakly depends
on temperature. This may be caused, first, by the low absorp-
tion coefficient resulted in a higher relative measurement
error and, second, by the fact that the contribution of the
absorption by free carriers to the total optical absorption in
the case of a low doping concentration can be insignificant in
comparison with the contribution from other processes, for
example, from scattering by heterostructure inhomogeneities.
Heterostructures 2 and 3 (concentrations 1 X 10!7 and 3 X
10'7 cm3, respectively) exhibit noticeable temperature depen-
dences correlating with the data obtained in [10]. Absorption
in these heterostructures increases with temperature approxi-
mately linearly by 10%—15% for all probe wavelengths.
Thus, at high concentrations, the contribution from the
absorption by free carriers begins to dominate, and one can
see a clear temperature dependence typical for this physical
mechanism [14].

A noticeable increase in absorption with increasing wave-
length is observed for all three heterostructures. As the wave-
length increases from 977 to 1171 nm, the absorption increases
by 20%—25%. In general, this temperature dependence of the
absorption coefficient correlates with the data of [15].
However, due to an insufficient number of probe wavelengths
and, correspondingly, experimental points, it is impossible to
make a reliable conclusion about the linear of nonlinear char-
acter of this dependence.

Based on the obtained data, we can estimate the absorp-
tion cross section for each probe wavelength. It should be
noted that the approach to the determination of the absorp-
tion cross section described below is applicable only for rela-
tively weakly doped semiconductors because high concentra-
tions of doping may lead to a deviation from the linear depen-
dence [16].

The absorption in a waveguide is determined by the distri-
butions of the carrier concentration and the optical field in
the waveguide. In waveguide structures, the distribution of
electromagnetic radiation, which sustains optical losses, is
determined by the mode structure. In the general case, the
absorption by electrons is described by the expression

a= Unfn(x)i/;2(x)dx, (2)

where %(x) is the distribution of the fundamental waveguide
mode intensity, n(x) is the electron concentration distribution
along the x axis, g, is the electron absorption cross section,
and the x axis is perpendicular to the heterostructure layers
[17]. Since our experiments show that the doping concentra-
tion distribution along the x axis is uniform (see Fig. 3), we
can consider the dependence of free carrier absorption on the
carrier concentration as

a = oyn. 3)

In this case, the slope of the concentration dependence of the
absorption coefficient will determine the absorption cross sec-
tion. Figure 6 shows the dependences of the absorption coef-
ficient on the doping concentration for three wavelengths of
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the probe radiation measured at a temperature of 25°C. All
three dependences were linearly approximated. One can see
that the linear extrapolation of the obtained curves to the
ordinate axis yields nonzero absorption & = 0.12 cm™!, which
is independent of the doping concentration and the wave-
length. We can suppose that this value corresponds to a cer-
tain constant integrated absorption, which includes effects
related to structural imperfections. Thus, the absorption cross
sections for the Al ,,Gaj73As waveguide were found to be
52x 10718, 5.8 x 10718, and 6.6 X 1078 cm? for radiation with
wavelengths of 977, 1061, and 1171 nm, respectively. Note
that the absorption coefficients of GaAs usually used in semi-
conductor laser physics are (3—4) x 1078 cm? [1, 4]. In our
case, the absorption coefficients are noticeably higher, which
is most probably caused by high concentrations of aluminium
in the waveguide composition.
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Figure 6. Dependences of the absorption coefficient on the doping con-
centration for three probe wavelengths at a temperature of 25°C.

4. Conclusions

We fabricated a series of AlGaAs/GaAs heterostructures with
Alg 1, Gag 73As waveguides and different doping concentra-
tions within the range 5x 10'® — 3 x 10'7 cm=. The techno-
logical parameters of heterostructure layers (thicknesses,
compositions, and doping profiles) are confirmed experimen-
tally. The dependences of the absorption coefficient on tem-
perature and radiation wavelength are studied by the method
developed in [10]. The optical absorption in the waveguide
increases by 10%—15% with an increase in temperature from
25 to 80°C and by 20%—25% with an increase in the probe
wavelength by almost 200 nm. The absorption cross sections
in the Aly,,Gay73As material are determined for several
wavelengths of the probe radiation. In particular, the absorp-
tion cross section for a wavelength of 977 nm was found to be
5.2%x 1078 cm?.

We plan to continue investigations of light absorption in
semiconductor materials and to study heterostructures with
different compositions of the waveguide material, as well as
with different concentrations and types of dopants.
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