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Experimental technique for studying optical absorption in waveguide
layers of semiconductor laser heterostructures
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Abstract. We report a technique for studying the absorption of
optical radiation in layers of a semiconductor heterostructure by
the method of probe radiation coupling. The studies are carried out
using specially made isotype samples based on AlGaAs/GaAs, sim-
ulating an n-type doped laser waveguide with a concentration of
10'7-10'8cm™3. The main features of the experimental setup and
calculation methods are described. A high (up to 95 %) efficiency of
light coupling into the waveguide and an error in measuring the
absorption coefficient at a level of 0.1 em™! are achieved. The pos-
sibilities of studying the polarisation and temperature dependences
of radiation absorption by free carriers are experimentally demon-
strated. It is shown that with an increase in temperature in the
range 25-85°C, the absorption in the samples increases by 15 %.

Keywords: semiconductor laser, semiconductor heterostructure, opti-
cal absorption by free carriers.

1. Introduction

High-power semiconductor lasers of near-IR range have been
developed and studied for more than half a century. Due to
their unique properties (in the first place, high optical power
and efficiency, as well as compactness), they have long estab-
lished themselves as efficient sources of laser radiation.
Nevertheless, there is still significant potential for improving
their performance, which is partly related to advances in laser
technology, but the main limiting factors lie in the field of
fundamental physics. Thus, the maximum radiation power is
currently limited by a decrease in the electro-optical conver-
sion efficiency of the laser at high levels of current and tem-
perature.

The saturation of the output power at high pump levels
and temperatures is associated with several basic physical
mechanisms. These are the transport of charge carriers in lig-
htly doped waveguide layers, a decrease in the injection effi-
ciency and internal quantum efficiency at high injection cur-
rent densities, the finite time of carrier capture into the quan-
tum well and energy relaxation, optical nonlinear effects in a
laser cavity, and a number of others mechanisms [1-4]. In
high-power pulsed semiconductor lasers, mechanisms domi-
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nate that cause a gradual increase in the concentration of cha-
rge carriers in the waveguide layers with an increase in the
current density [5,6]. The charge carriers in the waveguide
recombine both radiatively and nonradiatively, which reduces
the internal quantum efficiency of the laser, but the greatest
contribution to a decrease in the laser power and efficiency is
due to the absorption of laser radiation by free charge carriers.

The absorption of light by free carriers is a process of pho-
ton absorption, accompanied by an intraband transition of
an electron or hole into an excited state. By virtue of the law
of momentum conservation, transitions within one band are
possible only when interacting with a third particle (phonon,
impurity) [7]. The dependence of the absorption coefficient on
the concentration of charge carriers can be both linear (for
lightly doped semiconductors) and quadratic (for heavily
doped semiconductors). As a rule, for semiconductor lasers
with their lightly doped waveguides, it is common [7] to con-
sider a linear dependence. In this case, absorption by free car-
riers is described by the absorption cross-section parameter o,
which relates the absorption coefficient & and the concentra-
tion of charge carriers:

a=og,n+0,p, (1)

where n and p are the concentrations of electrons and holes;
and 0, and g, are their absorption cross sections.

In the most authoritative works devoted to lasers based
on InGaAs/AlGaAs/GaAs, absorption cross sections for elec-
trons and holes in GaAs are used, equal to 4 x 10~'8 cm? and
12x 107" ecm? [1-3] or 3x107"® cm? and 10X 107'¥ cm?
[8—10], respectively. However, other values of the absorption
cross sections are also encountered in the literature, and their
scatter is quite large. Thus, in[7,11,12] 0, =3 x 10~ ¥ cm? and
0, =7x 107" cm? are used. According to the data of Ref. [13],
it is possible to determine the electron absorption cross sec-
tion at a temperature of 297 K and a concentration of
4.9 x 107 cm™ as 0, = 3.5 x 107! cm?. The absorption cross
section of holes in p-GaAs experimentally measured in [14] at
room temperature is about 8.5 X 108 cm? (at a concentration
of holes of 1.5 x 10" cm™3), and the value calculated theoreti-
cally [15] is 6 X 10718 cm? (for concentrations 10'4—10'8 cm™3).
The absorption cross sections calculated in [16] for nonequi-
librium charge carriers 0, = 1.05x10'® ¢cm? and o, =
1.55x 107" cm? differ significantly from the generally
accepted ones; however, these values agree with the data of
Ref. [17].

In addition to the indicated scatter of o, and g, values, we
note a significant dependence of absorption by free carriers
on various factors. The spectral dependence of the absorption
coefficient is qualitatively known, but it is difficult to describe
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it quantitatively. For example, in [7] absorption is considered
to be a power function of the photon wavelength, and the power
depends on the type of particles involved in this process.
Experimental data on the spectral dependence of the absorp-
tion coefficient are given in [13,14], theoretical calculations
are given in [15]. In the same papers, one can find the tem-
perature dependences of absorption by free carriers. The
absorption coefficient for n-GaAs increases by about a factor
of 1.5 with a change in temperature from 100 to 443 K [13],
and for p-GaAs it grows by 40% with an increase in tempera-
ture from 295 to 370 K [14]. All the data presented refer to
GaAs, while for AlGaAs they are practically absent. In prac-
tice, however, semiconductor laser waveguides are usually
made of AlGaAs, often with a high aluminium content. The
calculated dependences of absorption on the aluminum con-
tent in the material for a wavelength of 808 nm, presented in [18],
demonstrate a noticeable increase in absorption with an inc-
rease in the Al fraction (hole concentration p = 2.5 X 10'7 cm™3).

Thus, most studies of absorption by free carriers in semi-
conductors are of a fundamental nature, applicable for a gen-
eral description of processes with an accuracy of an order of
magnitude, and are performed for an excessively wide range
of conditions. In this regard, as applied to high-power semi-
conductor lasers operating at wavelengths of 800—1100 nm,
studies of the absorption coefficient in the mid-IR and far-IR
regions and for three to four temperatures in the range
100-443 K provide little useful information. Some of the
experimental work was carried out more than half a century
ago [13,17]. Tt is obvious that since then the semiconductor
technology has changed significantly, the quality of hetero-
structures has dramatically improved, which could not but
affect the absorption cross section. Modern mathematical
analysis of the operation of high-power semiconductor lasers
requires more and more accurate parameters for calcula-
tion, and the absorption cross sections on free carriers are one
of the key factors determining the reliability of the results.
Thus, for the development of semiconductor lasers, it is nec-
essary to continue studies of absorption of radiation on free
carriers in order to obtain more accurate and reliable values
for modern systems of materials.

We propose a new technique for studying optical absorp-
tion, based on the method of coupling probe radiation into a
sample with an optical waveguide [6,19,20]. This technique
should make it possible to study absorption in different mate-
rials at different parameters (radiation wavelength, tempera-
ture, dopant concentration). The main goal of this work was
to create such an experimental technique for measuring abs-
orption by free carriers, which would allow studying this pro-
cess as applied to the specifics of heterostructures of high-
power lasers.

Expression (1) is valid for uniform illumination of the lay-
er under study. In waveguide structures, the distribution of
electromagnetic radiation, which experiences optical losses, is
determined by the mode structure; therefore, Eqn (1), e. g., for
electrons takes the following form:

o =0, [n(x)p?(dx, @)

where 1(x) is the intensity distribution of the fundamental
waveguide mode; and 7(x) is the distribution of the electron
concentration along the transverse horizontal x axis [21].
Thus, in order to determine the absorption cross section from
the experimental data, it is necessary to know both the total
absorption coefficient and the concentration and optical field

distributions. The concentration distribution is determined
by the doping profile formed during the growth of the hetero-
structure, and the mode shape is determined by the composi-
tion and thickness of the layers. The main task of this work is
to create a technique for measuring the absorption coeffi-
cient. Calculation of absorption cross sections requires addi-
tional measurements of doping profiles and analysis of wave-
guide modes, which will be done in a separate work. Here we
present the results of the development of the research meth-
odology, specific features of the construction and operation
of the experimental setup, as well as the first results of mea-
surements.

2. Experimental samples

For the experiment, special samples based on AlGaAs/GaAs
were fabricated to simulate a laser waveguide. The hetero-
structure of the samples was grown by MOCVD in a techno-
logical cycle similar to the cycle for laser heterostructures on
a GaAs substrate and included an Alj ;Gay9As waveguide 3 um
thick between Aly,,Gag73As emitters 2 um thick, as well as
GaAs buffer and contact layers. In contrast to a conventional
laser heterostructure, the experimental one has no p—n junc-
tion and active region. To study absorption by electrons, the
entire structure is isotypically doped with silicon with a con-
centration 7 = 10'7-10"® cm=. This doping level is most con-
venient from the point of view of the technique for studying
the absorption cross section. It is also interesting from a prac-
tical point of view, since it approximately corresponds to the
average value of the nonequilibrium concentration of charge
carriers, which is accumulated in the waveguide during opera-
tion of a semiconductor laser at high current densities [5].

To achieve the best localisation of the wave in the layer
with the material under study and to simplify the coupling of
the probe light into the structure, a thick (3 pm) Aly ;GaggAs
waveguide was chosen. It should be noted that lasers with
waveguides of exactly this thickness and composition were
studied in our papers [6,20]. Cladding layers 2 um thick pro-
vide optical confinement and prevent the propagation of the
entering radiation outside the waveguide. In accordance with
the calculation data for the mode distribution of the electro-
magnetic field in the heterostructure, the fraction of radiation
propagating inside the waveguide is at least 99 %. The contact
layer was grown to implement thermal contact and the possi-
bility of soldering the samples onto the carriers using stan-
dard technology.

The grown heterostructure (in comparison with standard
laser structures) underwent a simplified cycle of postgrowth
processing, which included the thinning of the plate and the
formation of contact from the side of the layers. The experi-
mental samples have neither mesa grooves that form a laser
strip, nor a dielectric coating on the passive parts and a con-
tact layer on the side of the substrate.

Sets of crystal samples of a given length and width were
obtained by cleaving a heterostructure plate. The mirrors of
all samples were formed by cleaving, and no antireflection or
reflective coatings were applied. Each chip was mounted on a
carrier, layers down.

3. Research technique

The experimental setup is schematically shown in Fig. 1. The
source of probe radiation was a single-mode laser diode (/)
with a radiation wavelength of 1063 nm and a spectral width
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Figure 1. Optical scheme of the setup for studying the absorption coef-
ficient: (/) probe laser; (2, 5, 7) aspherical lenses; (3) optical isolator;
(4) half-wave phase plate; (6) test sample; (8) lens; (9) CMOS matrix;
(10, 11) points at which the power was measured.

of less than 2 nm at half maximum. The probe radiation is not
affected by interband absorption in the material under study,
but is absorbed by free charge carriers, heterostructure het-
erogeneities and its interfaces. Thus, the absorption in the
sample under study is similar to the absorption of intrinsic
radiation in a laser. The probe radiation was coupled into the
end of the waveguide of a sample 6 by means of an optical
system consisting of Thorlabs aspherical lenses (2) and (5)
with a numerical aperture of 0.3-0.5 and type C antireflec-
tion coating (reflection coefficient less than 0.5% in the range
1050—1700 nm). In more detail, the radiation coupling into
the sample is shown in Fig. 2. To suppress the back reflection
of the probe radiation, an optical isolator (3) was used, at the
output of which the radiation was linearly polarised. A half-
wave phase plate (4) served to rotate the plane of polarisation
when studying the effect of polarisation on absorption in the
sample. At the exit of the sample, the probe radiation was col-
limated by an aspherical lens (7) and, with the help of an
objective lens (&), was focused on a CMOS matrix (9). The
resulting image of the transmitted radiation helped to align
the setup, but the matrix was used only as an auxiliary tool.
The primary data for calculating the absorption were the
input and output power values, which were measured with a
Thorlabs S146C bolometer. The control of the probing radia-
tion power before each measurement was carried out at point
10 (Fig. 1), the power value was ensured with a given degree
of accuracy. After completing the alignment of the scheme,
the bolometer was placed at point /7 to determine the power
of the transmitted radiation.

To ensure the accuracy and stability of the optical scheme,
the laboratory stand was placed on an optical table with
vibration-isolating pneumatic supports. The laser and sample
temperature control system containing Peltier elements and

I Iy
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Figure 2. Schematic of the sample under study and radiation input into
it: (/) substrate; (2) heterostructure; (3) lateral facets of the sample;
(4) end facets of the sample; (5) probe radiation with power I;; (6) ra-
diation with power /; passed through the sample; L is the length of the
sample.

temperature sensors ensured temperature stability with an
accuracy of 0.05°C. For the probe laser, the temperature was
kept constant and equal to 25°C, and the temperature of the
sample under study could be selected in the range of 25-85°C.
The probe radiation power was maintained at a level of
12 mW.

A probe beam of constant power was in turn coupled into
the waveguides of samples with different cavity lengths, at the
output of which the optical power was measured. Using a set
of output power values in samples of different lengths, the
absorption inside the waveguide was calculated.

Consider this procedure in more detail. Let the samples
(Fig. 2) of length L, and L, (L, > L) be studied and the cor-
responding output power levels be /; and I, (obviously, 7; >
L). If we do not take into account the re-reflection of the
probe radiation inside the crystal from its ends that form a
Fabry—Perot resonator, we can use the formula

1 1

:—l —
T L-L"L

3)
which is valid in the case of ideal antireflection coatings of the
crystal facets. To minimise the uncertainty associated with the
error in determining the reflection coefficients of dielectric
coatings, when they cannot be neglected, we used another
approach. For all the samples under study, the reflection
coefficients of the cleaved facets are 30.2%; however, for an
accurate calculation of the absorption, it is necessary to take
into account the multiple passes of light through the cavity.
Therefore, we used a system of two equations that takes into
account five passages of radiation through samples of length
Ly and Ly:

I = Iyexp(—aL;)(1 — R)* + Iyexp(-3aL;)R*(1 — R)?

+ Iyexp(=5aL)R*(1 — R)?,
“4)
L, = Iyexp(—aL,)(1 — R)* + Iyexp(-3aL,)R*(1 — R)?

+ Iyexp(=5aL,)R*(1 — R)?,

where [ is the power of the probe radiation at the input to the
sample; R is the reflectance of the mirrors. System (4) is solved
with respect to unknowns « and I,. The main purpose of the
calculation is the absorption coefficient «; however, the pos-
sibility of determining the value of the input power is also
important from a technical point of view. The ratio of the
measured power of light coupled into the crystal to the calcu-
lated value I, gives the efficiency of coupling light into the
laser waveguide. Providing a high value of this coefficient
ensures the reliability of the measurement results.

In the system of Eqns (4), the divergence of the probe radi-
ation along the transverse x axis (in the plane of the hetero-
structure layers) is not taken into account, since it does not
exceed 3° inside the crystal; however, the radiation that passes
the total distance 5L inside the crystal, at which the radiation
spot has time to increase significantly is taken into account. If
the transverse size of the radiation exceeds the width of the
crystal, it will begin to be reflected from the side walls, which
can potentially reduce the output power from long samples
and, therefore, affect the measurement results. To avoid this,
for each crystal length, its minimum permissible width was
calculated so that after five passes of the cavity the size of the
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100 um

Figure 3. Images of radiation transmitted through a 1760 um long sam-
ple when the input beam hits the edge of the sample (a) and the centre
of its end facet (b).

output spot remained smaller than the crystal width. The
absence of reflections from lateral facets during sample align-
ment was monitored using a CMOS camera. In the image of
the transmitted probe radiation, the presence of rays reflected
from the lateral edges manifested itself in the form of a char-
acteristic interference pattern (Fig. 3a). The image of radia-
tion transmitted without multiple reflections (Fig. 3b) is
monotonic with a close-to-Gaussian transverse intensity dis-
tribution.

4. Experimental results and discussion

After adjusting the experimental setup and perfecting the
measurement technique, we considered the effect of radiation
polarisation on its transmission under the rotation of a half-
wave phase plate and measuring the output power from sam-
ples of different lengths at temperatures of 25 and 85°C. In all
cases, the angle of rotation of the polarisation plane had little
effect on the level of the output power, i.e. its change was
comparable to the measurement error; therefore, the polarisa-
tion dependence of absorption was not studied in more detail.
The phase plate was rotated so that in all further experiments
the polarisation plane of the input radiation corresponded to
the TE polarisation for the sample waveguide.

The radiation power was measured at the output of sam-
ples with lengths of 1230, 1760, and 5430 um in the temperature
range 25—-85°C. At least five samples of each length were used;
the system was aligned for each sample and at each tempera-
ture. Thus, a set of power values was obtained for samples of
different lengths L and widths W at different temperatures. For
example, the average values of the measured powers and their
spread for each length at 25°C were as follows: 405.2 + 5.4 uyW
for L = 5430 um and W = 1500 um, 2168.4 = 30.5 uW for L =
1760 um and W= 500 um, and 2890 9.8 uW for L = 1230 um
and W= 500 um. In the subsequent calculations, only the aver-
age values of the powers were used (for samples of the same
length at the same temperature), and their scatter was taken
into account when estimating the errors.

Since the calculation using Eqn (4) is possible for a pair of
samples of different lengths, and samples with three lengths

were used, the calculations of the absorption coefficient were
carried out for three pairs with lengths of 5430 and 1760 pum,
5430 and 1230 wm, 1760 and 1230 um with a change in their
temperature from 25 to 85°C (Fig. 4). In principle, if we do
not take into account the experimental errors, all three depen-
dences shown in the figure should coincide. However, it can
be seen that the values of the absorption coefficient obtained
for pairs of 5430 and 1760 um, 5430 and 1230 um [curves (/)
and (2)] are close, while the pair of the shortest samples [curve
(3)] demonstrates noticeably larger both the magnitude and
the spread of the values of the absorption coefficient. Thus, a
small error in the case of measurements of a pair of samples
with close lengths leads to a significant error in the calculation
result. Therefore, the most preferable is the pair with the max-
imum difference of sample lengths [curve (2)]. It should be
noted that for all pairs of samples, the temperature depen-
dence of the absorption coefficient looks almost the same.
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Figure 4. Temperature dependences of the absorption coefficient ob-
tained for three pairs of samples with lengths of (/) 5430 and 1760 um,
(2) 5430 and 1230 um, (3) 1760 and 1230 um, as well as the radiation
input coefficient for a pair with lengths of (4) 5430 and 1230 um.

In addition to the measured absorption coefficients, Eqn
(4) allows determining the efficiency of light coupling into the
waveguide. To evaluate it, the power was measured at point
11 (see Fig. 1) without a sample. Lens 7 collimated radiation
at the exit from lens 5 and directed it into the bolometer. The
measured power I, was 11.7 mW; it corresponds to the power
entering the crystal, taking into account all losses on the
lenses. The ratio of the power I, calculated using Eqn (4), to
I, gives a calculated coupling efficiency of 90%—95% in all
cases, which, as can be seen from Fig. 4, for a pair of samples
5430 and 1230 um [curve (4)] is practically independent of
temperature. Note that such a high coupling efficiency was
obtained due to careful calculations of the optical scheme,
selection and alignment of lenses.

Let us estimate the error in the calculation results. It
depends on all the input parameters of the calculation, includ-
ing the error in determining the sample length and the reflec-
tion coefficient of the facets. The relative error in measuring
the power for all samples and temperatures did not exceed
1.5%. The error in measuring the lengths of the samples is
+ 10 pum, the relative error does not exceed 0.8 %. It is more
difficult to estimate the error in determining the reflectance of
the mirror. In addition to possible inaccuracies in its calcula-
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tion, one should take into account the effect of temperature
on the refractive index and, therefore, on the reflection coef-
ficient. According to our estimates, the absolute error of its
determination does not exceed % 3% with a reflection coeffi-
cient of 30.2% (relative error 10%). Let us illustrate the influ-
ence of the error in measuring the lengths of the samples and
the reflection coefficients of the mirrors by the example of a
pair with lengths of 5430 and 1230 um, which provides the
highest accuracy in determining the absorption coefficient.
Variations in the lengths of the samples within + 10 um and
the reflection coefficient within 27%—33 % lead to a change in
the calculated absorption coefficient not greater than 0.7%
and 0.4%, respectively. The total maximum calculation error
for a pair of samples with a maximum length difference did
not exceed 1.2% (Fig. 4). Since our task was to ensure the
accuracy of the measurement method at a level of 0.1 cm™,
judging by the results of the analysis of errors, it can be con-
sidered fulfilled.

The absorption coefficient obtained in this work is deter-
mined by the doping profile and mode configuration. An
analysis of the absorption cross section, taking into account
the measured distribution of the dopant concentration, will
be carried out in further studies.

Note that an increase in temperature leads to an increase
in absorption in the layers: with a rise in temperature from 25
to 85°C, it increases by about 15%, which is in good agree-
ment with the literature data [13].

In conclusion, we emphasise that the proposed technique
for studying the absorption of optical radiation in hetero-
structures is quite accurate, informative, and has a significant
potential for applications. Given samples of different compo-
sitions, with different levels and types of doping, it is possible
to study the effect of these parameters, as well as technologi-
cal factors of epitaxial growth on the absorption of radiation
by free carriers. The technique allows studying the tempera-
ture and polarisation, as well as, in principle, the spectral
dependences of the absorption coefficient. In the latter case, it
is necessary to use either a set of single-mode lasers with dif-
ferent wavelengths, or a tunable source of coherent radiation.

In the future, we plan to prepare a series of heterostruc-
tures with different compositions of the waveguide material
and dopant concentrations, accurately measure the doping
profile of each heterostructure and conduct studies of the
absorption coefficient using the developed technique.
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