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Dependence of the radiation pattern of a leaky-mode,
quantum-well heterolaser on the pump current

A P Bogatov, A E Drakin, A A Lyakh, A A Stratonnikov

Abstract. The dependences of the angular position and angu-
lar width of peaks in the far-field zone of a leaky-mode laser
on the pump current are studied. It is found that an increase
in the concentration of carriers in active layers results in a
deviation of a laser beam with respect to the normal to the
diode-laser facet and in a decrease in the beam divergence,
while an increase in the temperature of waveguide layers
compared to a substrate reduces the angle between the beam
axis and the normal to the laser mirror.
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1. Introduction

Semiconductor lasers and optical amplifiers based on hete-
rostructures representing a waveguide with radiation leaking
to a substrate can be considered as one of the possible types
of a powerful and efficient optical radiator [1—3]. The radi-
ation leakage occurs due to radiation tunnelling from wave-
guide layers through one of the cladding layers to a trans-
parent substrate. The tunnelled radiation propagates over
the substrate as an inhomogeneous plane wave, which forms
a collimated beam in the far-field zone of the laser radi-
ation. In this way, the laser radiation is extracted over the
entire length of the resonator.

Compared to the common design of a semiconductor
laser, this design promise the obtaining of higher output
powers due to a decrease in the optical load at the output
mirror, as well as a substantial decrease (an order of mag-
nitude and more) in the width of the radiation pattern.

Because the radiation pattern is one of the basic cha-
racteristics of any semiconductor laser, its dependence on
the pump current is of interest and is studied in this paper.

We paid main attention to changes in the angular
positions of peaks in the far-field pattern and the depen-
dence of their width on the pump current of the diode laser.
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2. Experiment

We used lasers based on one of the heterostructures
InGaAs/AlGaAs/GaAs and emitting at a wavelength of
0.98 um. The parameters of such lasers are presented in
paper [3]. Some characteristics of this heterostucture are
presented in Table 1. We studied two samples with the
resonator length of 400 pm, two samples with the resonator
length of 600 um, and one sample with the resonator length
of 1200 um. The radiation pattern was detected using a
computer-controlled automated setup. The setup, which is
described in detail in paper [4], provided the scan of the
radiation pattern with an angular resolution of ~ 0.1°. The
position 8, of the maxima and the width A6 of the angular
intensity distribution in the far-field zone were determined
by the method of least squares using the model dependence
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Table 1. Properties of heterostructures studied.

Layer Layer compo- Refractive Layer thick-
number Layer sition (assumed) index ness / pm
1 p-GaAs:Zn 3.52 0.3

2 p-GaAs:Zn 3.52 0.2

3 Cladding Alg41Gag s9As 3.28 0.7

4 Waveguide  GaAs 3.51 0.59

5 Al sGaggsAs  3.435 0.05

6 Active Ing,GaggAs 32 0.008

7 Al 15GagygsAs 3.435 0.05

8 Active Ing,GaggAs 32 0.008

9 Al 15GaggsAs 3.435 0.05

10 Waveguide  GaAs 3.51 0.3

11 Cladding Aly41Gag s0As 3.36 0.34

12 n-GaAs:Si 3.51 0.42

13 n-GaAs:Si 3.51 300

The measurements were performed at room temperature
using repetitively pulsed pumping by 300-ns pulses with a
repetition rate of 1 kHz. Fig. 1 shows the typical light—cur-
rent characteristic and the radiation pattern for the samples
in the direction perpendicular to the structure layers. Here-
after, we present the results obtained for ‘a short’ sample of
length 400 um. The behaviour of another sample of the same
length was qualitatively identical. The threshold current den-
sity and the differential efficiency estimated from the light—
current characteristic are 6 kA cm™2 and 0.5 W A™!, respec-
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tively. Note that these values had a substantial scatter both
for samples made of different heterostructures and for diffe-
rent samples made of the same heterostructure. However, the
efficiency, as a rule, did not exceed 0.5 W A~', while the scat-
ter of threshold currents was from 0.6 to 6 kA cm 2.

The radiation pattern presented in Fig. 1 (the pump cur-
rent density was 10 kA cm™2) exhibits the features typical
for leaky-mode lasers. A broad band is observed with a
maximum near zero, which is formed by the fraction of
radiation localised in waveguide layers. The basic feature is
the presence of two narrow peaks at 30° and 47°, which
corresponds to the leaking radiation in the zero and first
transverse modes of the waveguide.
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Figure 1. Typical radiation pattern of samples in a plane perpendicular
to the structure layers (the positions 6, and 6; and widths A6, and A6, of
peaks corresponding to the zero and first leaky modes, respectively, are
shown) (a) and a typical light—current characteristic of samples (b). The
differential efficiency is approximately 0.5 W A~

The generation on the first transverse mode was
observed not for all samples studied. This probably depends
on the relation between the threshold gain and losses for the
zero and the first transverse modes. The results presented
below were obtained for samples in which along with the
zero mode the first mode could be also excited. As a rule,
these samples had a smaller resonator length and a higher
threshold current density compared to other samples stu-
died. In particular, no generation at the first mode was ob-
served in lasers with the resonator length ~ 1200 um and the
threshold current density ~ 0.6 kA cm 2.

Fig. 2 shows the radiation pattern calculated for the
model waveguide structure, which is more close, in our opi-
nion, to the structure from which the samples were manu-
factured (the degree of the correspondence will be discussed
below). One can see that the calculated and experimental

angular positions of the first mode peak well coincide. In
addition, the calculated and experimental radiation patterns
for the zero mode peak and for the contour corresponding
to radiation from the region of waveguide layers are also in
good agreement. These calculations do not reflect the rela-
tion between the intensities upon lasing but correspond to
spontaneous radiation.
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Figure 2. Model radiation pattern in a plane perpendicular to the
structure layers (a) and the model profile of the refractive index of the
waveguide and the calculated distribution of the radiation intensity in the
waveguide for the zero (solid curve) and first (dashed curve) modes (b). A
noticeable leaking of the first mode through facing layer 11 to substrate
12 is seen.

Because the angular positions 6, and 0, of the peaks are
completely determined by the effective waveguide value of
the refractive index of the mode [3], it is expedient to study
their dependence on the pumping current. These data are
presented in Fig. 3. One can see that the angles 6, and 6,
increase with pump current below the lasing threshold and
decrease above the threshold.

Note that, unlike conventional lasers, the lasers studied
here exhibit a distinct characteristic mode structure (peaks)
in the far field below the threshold [4]. This circumstance
was used in paper [4] for the experimental measurement of
the spontaneous radiation factor. One can see from curves
in Fig. 3 that not only the sign of the change in 0, and 0,
with the pump current is different below and above the
threshold, but also the magnitude of the rate of this change.
The processing of these data shows that for j < jy the
derivative df,/d; is larger that d6f,/dj by a factor of 1.6,
whereas for j > j;, these derivatives become negative and
have close values.

Our experiments showed that along with the change in
the angular positions of the peaks in the far field, their half-
widths A0, and A0, also change. The half-widths of the zero
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Figure 3. Dependences of the positions 0, and 0, of the peaks of the zero
and first leaky modes, respectively, on the pump current density. Below
the threshold jy,, the leakage angle increases with current, while above
the threshold, it decreases.
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Figure 4. Dependence of the width Af; of the peak of the first leaky
mode on the pump current density. For comparison, the peak position 60,
is also shown.

and first modes changes qualitatively in the same way. Fig. 4
shows the dependence of Af; on the pumping current
density for the first mode, as well as such dependence
for the angle 0, itself for the same sample. One can see that
the value of A0, sharply decreases with the pump current
density below the threshold and slowly increases above the
threshold.

Fig. 5 shows the relative distribution of the output
power in the peaks corresponding to the zero and first
modes in the far-field zone of the laser. Lasing first occurs at
the zero mode, and then lasing at the first mode develops
with increasing pump current. Because we did not study the
lasing dynamics in our experiments, the data presented in
Fig. 5 do not allow us to interpret unambiguously the
‘instant’ distribution of the output power over the modes.
Thus, it is not inconceivable that lasing can switch from one
mode to another during the pulse. In any case, the presented
data demonstrate a ‘mean’ (during the pulse) distribution
of the output power among the zero and first transverse
modes.
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Figure 5. Dependences of the relative radiation intensities 7, and 7; of
the zero and first leaky modes, respectively, on the pump current density.

Going to the discussion of the results of measurements,
we should bear in mind that the absolute changes 80, and
60, in the angles 0, and 6; upon varying the pump current
are ~ 2° (see Fig. 3), which is not very large compared to the
half-widths A6, and A8, of the peaks. In the best case, the
changes 60, and 60, in the angles over the entire pumping
range exceed the minimum widths A6, and A0 (~ 0.4°) of
the peaks only by a factor of three. In the worst case (the
broadest peaks at the minimum and maximum pump cur-
rents), the values of Af, and Af; are comparable with 86,
and &0,. Nevertheless, we can state with confidence that the
data presented in Figs 3 and 4 are correct. This is confirmed,
first, by a comparatively small scatter of points in plots
0o(j) and 6;(j) and, second, by a sufficiently high
reproducibility of the results obtained for the same sample
and by the similarity of the radiation patterns obtained for
other samples under close experimental conditions. This was
achieved due to the automation of experiments with the help
of a PC with the digital data recording and processing.

3. Discussion of the results

Our study showed that the values of the threshold current
and the differential efficiency had a great scatter from
sample to sample. This result is quite expected because the
samples were manufactured in first technological experi-
ments with heterostructures of this type. The main goal of
our experiments was to investigate the dependences of the
positions and widths of the peaks on the pump current den-
sity, and these dependences did not exhibit a great scatter
from sample to sample.

These data can be reduced to the dependence of the
effective refractive index ny of the mode on the pump cur-
rent. The value of nyy is usually defined as

B
Hegp = kLo’ M

where ky = 2n/. = w/c is the wave vector in vacuum; f is
the complex propagation constant for a waveguide mode; 4
is the wavelength in vacuum; w and c¢ are the frequency and
speed of light, respectively.

We assume that the waveguide-mode field E propagates
along the z axis of the waveguide proportionally to the fac-
tor exp (ifz — iw?).
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According to [3] and references therein, the angular
positions 6, and 60, of the peaks in the far field of the laser
(see Fig. 3) are related to the effective refractive indices nJ
and nly:

ey = (n2 —sin” )72, 2

where n. is the real values of the effective refractive indices
for the zero (nY) and first (nky) modes; n is the refractive
index of a substrate. The latter is commonly known with
sufficiently good accuracy because the substrate is manufac-
tured from a bulky material and its refractive index can be
readily measured.

Therefore, the data in Fig. 3 unambiguously demon-
strate the change in the effective refractive indices with the
pump current density. (The error of measurement of the
angle 0 ~ 0.2° corresponds to the accuracy of the measure-
ment of the refractive index of ~ 1072.) This change is
caused by two dominating mechanisms: a decrease in the re-
fractive index of active layers with increasing concentration
of injected carriers (pumping current) and an increase in the
refractive index of the structure layers located close to the
sources of heat release due to heating (increase in the cur-
rent). These mechanisms have opposite effects, which are
different for different layers and in different ranges of the
pump current. The dependence of dn.; on the concentration
N of carriers can be readily found within the framework of
the perturbation theory by using a standard method for
determining the first-order correction from the Helmholtz
equation to which the problem of finding n. is reduced:

1 o’

Mgy = N ——
Meft Zneff ON

SN, 3)

where I' is the total (for all active layers) factor of the
optical confinement; and & is the real value of the per-
mittivity of an active layer. It is obvious that, first, this ef-
fect depends on the overlap of the mode field and the active
layer (I' factor), and for this reason it will be different for
the zero and first modes. Second, the effect will be substan-
tial only for pump below the threshold. Because the concen-
tration N is stabilised at the lasing threshold and above, this
mechanism will not contribute to the change in nyy for cur-
rents above the threshold.

The temperature dependence of dn.; can be calculated
from the relation

1 ¢!
gy ==——Y —L8T.T; 4
Neft i oT il is ( )

where 0¢//0T is the derivative of the real part of the
permittivity of the ith layer at temperature T, 87; is the
change in the temperature of the ith layer caused by the
heat release in the layer and heat transfer to it from other
layers; and I'; is the optical confinement factor of the ith
layer. Because heat release occurs at any pump current, the
effective refractive index will depend on temperature both
upon pumping below and above the threshold. The coeffi-
cient of conversion of the electric energy to heat changes
upon passing through the lasing threshold. However, in our
case, the maximum variation in this coefficient did not
exceed two times (the lasing efficiency was lower than
50 %). It is known that the characteristic distance over
which the heat propagates in the structure layers during the

pulse of duration ~ 300 ns is of about 3—5 pm, which
exceeds a total thickness of all waveguide layers or com-
parable to it. Therefore, we can use relation (4) for esti-
mates, in which the value of 87; is the same for all the
layers and also all the values of Q¢! /0T are the same and
close to gy /OT , for which I' is maximum. Taking this into
account, we can assume that

1 Og

8 gy o —— 03T
et~ 5 s OT

(5

It is easy to understand qualitatively the dependence of
the angles 6, and 6; on the pump current (Fig. 3). For the
current density j < jy, the dependence of dn. e on N be-
comes dominant [according to (3)]. The value of N decreases
with increasing 8n.g (e’ /ON < 0). The thermal effect only
somewhat slows down the change in dn.g. Correspondingly,
the angles 0, and 6, increase with the current density. Above
the lasing threshold, the change in d#n. is mainly determined
by the thermal mechanism. Because ey /0T ~ 1.5 x 1073
K ~' > 0, the increase in the current above the threshold
results in the decrease in the angles 0, and 0.

The value of 8T in (5) can be estimated by assuming that
the heating of waveguide layers is close to adiabatic and that
half the energy delivered to the laser is converted to heat. As
a result, we have

1JVt

0T 0 A% ———
max 2 C bl (6)

where 0T, is the change of the temperature during the
pulse; J is the total current; V is the voltage across the laser
diode; T = 300 ns is the pulse duration; C is the heat capa-
city of layers in which the heat has been retained during the
pulse. Because the temperature of waveguide layers changes
almost linearly during the pulse, we can assume that 67 =
1/26Tmax in (5). For the laser parameters presented in
Fig. 3, the value of C was estimated as 3 x 1077 JK " In
this case, the thermal variation df/dj estimated from (5)
and (6) is 4 x 107° K cm? A~!, while according to Fig. 3, it
is equal to 5 x 107> K cm? A~'. Thus, one can see that the
agreement between the calculation and experiment is accep-
table.

The ratio of the slopes of the dependences of 0, and 0,
on the pump current density in Fig. 3 for j < jy, is ~ 1.6,
which gives the estimate of the ratio of the I" factors for the
zero and first modes. To estimate I' factors quantitatively,
we used the calculation of the waveguide structure of the
lasers studied. The initial data for calculations of the layers
were the layer parameters, which were used as approximate
in the growing of the structures. Then, to obtain the best fit
with the experiment, we corrected these parameters (thick-
ness and composition of the layers) in calculations (within
the limits of the technological accuracy provided upon gro-
wing heterostructures). The calculations gave the distribu-
tions of the fields of each mode in the waveguide.

The I' factors calculated for the zero and first modes
were 1.1 x 1072 and 0.75 x 1072, respectively. The value of
(Qe, /ON)(ON/0j) = Oe, /dj (where &, is the real part of the
permittivity of the active layer) calculated from relations (3)
and (4) and the data in Fig. 3 was approximately equal to
~09x 1073 cm? A’l, which is close to the value —1.0 x
1073 em® A™! found in experiments performed by the diffe-
rent method for other lasers with the close thickness and
composition of the active region (see Fig. 3 in paper [5]).



Dependence of the radiation pattern of a leaky-mode, quantum-well heterolaser on the pumping current 851

It may appear at first glance that the presence of many
free parameters for fitting the calculated values of 6, and 6,
to their experimental values provides a significant freedom.
However, this is not the case. This is clearly demonstrated
by the difference between the preliminary specified and rea-
lly obtained thickness of layers nos 4 and 10 (see Table 1). It
was assumed upon growing the structure that these layers
will have the same thickness, which would provide some
symmetry of the layers. According to such a notion, which
was confirmed by the calculation, the first mode not only
could not be excited in such a structure but spontaneous
radiation to this mode would be also extremely weak. This is
caused by the arrangement of active layers in the waveguide
parts where the amplitude of this mode was close to zero. If
even some spontaneous radiation in this mode came outside,
no motion of the peak would be observed in the far-field
zone because the I' factor for this mode would be close to
zero.

For this reason, the experimental data obtained for the
first mode can be explained only by the existence of some
asymmetry of the waveguide structure, which provides the
noticeable overlap of the field of the first mode with active
layers, as well as a rather high values of the I'" factor, which
is only 1.6 times smaller than that for the zero mode. This is
a rather stringent condition, which can be satisfied by fitting
not so many free parameters. In particular, this can be done
by varying the thickness of layers nos 4 and 10 (see Table 1).
Fig. 2b shows the typical calculated distributions of the
intensity of the zero and first modes obtained by varying the
layer thickness.

The change in the width of peaks in the far-field zone
observed in experiments is also caused by the change in the
concentration of carriers below the threshold and the change
in the temperature above the threshold. According to [3], the
angular width A8, of the peak in the far-field zone is deter-
mined by the imaginary part 8,” of the propagation constant
of the inhomogeneous wave in the substrate leaking in the
direction perpendicular to the layers:

Neff |0 — <>5snsc/neff

2sin 0 ’

A0 oc |B]] ~ (7)

where o = + oy —g(N) are total optical losses in the
waveguide; o is the leaky losses; oy is the losses caused by
absorption and scattering in the waveguide layers; g(N) is
the mode gain in active layers; o, is optical losses in the
substrate. In our case, the value of o + o is substantially
larger than o, so that A0 decreases in the regime below the
threshold and, according to (7), vanishes near the lasing
threshold when o ~ 0. However, we should take two cir-
cumstances into account: the finite aperture of the output
beam determined by the substrate thickness D and the
broadening of the peak caused by the small-angle scattering
from large-scale inhomogeneities in the substrate. In our
case, D =300 um, giving the limiting value
A

DcosO

0.2°. )

The minimum value of A0 observed experimentally was
~ 0.4°,

For currents above the lasing threshold, the value of « is
stabilised and the concentration dependence of A should be
absent. However, we observed in experiments the stabilisa-
tion of A0 at the minimum level only near the lasing

threshold. As the current was further increased above the
lasing threshold, the value of Af increased monotonically.
This increase can be interpreted as the result of the peak
movement in the far-field zone of the laser during the pump
pulse.

The temperature dependence of the angle 6 correspond-
ing to the maximum in the far-field distribution was dis-
cussed above by analysing data in Fig. 3. As was mentioned,
because of the adiabatic character of heating, the temper-
ature dependence of n.y will be almost linear during the
pump pulse. This means that the temperature broadening
A6 will be close to the shift 60 of the angle. Indeed, the data
in Fig. 4 show that when the pumping current was changed
from the threshold to the maximum value, the variation in
the angle was 60 =~ 1.4°, whereas the variation in A0 was
~ 1.1°. A small difference between these values can be
explained by the fact that the duration of lasing at the first
mode is somewhat shorter than the pump-pulse duration or
by the dependence of the peak shape in the far field on the
pump current. In addition, the nonlinearity of the tempe-
rature effect should be taken into account.

It is obvious that the thermal broadening exists for any
pump current, including pumping below the threshold. By
extrapolating Af caused by thermal broadening from the re-
gion j > j, to the region j < j,, we find the thermal contri-
bution to A0 for j = j;. According to the data presented in
Fig. 4, this contribution is ~ 0.2°. Therefore, the difference
between the experimental value Af,,;, = 0.4° and the theore-
tical limit of 0.2° is substantially determined by the thermal
contribution to Af. This suggests that upon cw lasing, the
value of A will be close to the theoretical limit.

A rather complicated distribution of the ‘mean’ output
power between the zero (/) and first (/) modes presented in
Fig. 5 can be easily interpreted in the initial interval for
currents j < 12 kA cm 2. In this interval, lasing mainly
occurs on the zero mode. As the pump current is further
increased, lasing on the first mode appears. It seems that the
initial difference between the mode gains is not too large and
can be eliminated due to temperature variations in the
waveguide properties of the active region or because of the
spatially inhomogeneous (along quantum-size layers) satu-
ration, resulting in excitation of the first mode. A more
detailed analysis of the dependences of I, and I; on the
pump current is beyond the scope of this paper.

4. Conclusions

We have found experimentally for the first time the shift of
peaks in the far radiation field of leaky-mode lasers. It is
shown that this shift is caused by the change in the effective
refractive index produced by injected carriers and by the
change in the temperature of waveguide layers.

We have demonstrated by the example of the lasers
studied that, by using the calculations of the waveguide
structure and the results of experimental studies of the
radiation pattern, we can measure the important parameters
of the lasers such as the effective refractive index, the optical
confinement factor, and the coefficient characterising the
dependence of the refractive index of the active layer on the
concentration of injected carriers. The accuracy of the
measurement of the effective refractive index can be as
high as ~ 107>, All this can be used as an independent
method, which supplements the known methods based, for
example, on spectral measurements.
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