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Autocorrelation function and emission spectrum
of single-transverse-mode heterolasers
in the self-sustained intensity pulsation regime

D.R. Miftakhutdinov, D.V. Batrak, A.P. Bogatov, A.E. Drakin, S.A. Plisyuk

Abstract. The degree of time coherence of semiconductor
lasers operating in the self-intensity pulsation regime is
studied by two methods. In the first method measurements
were performed with a Michelson interferometer by recording
the autocorrelation function, while in the second (spectral)
method the spectral density of emission was measured. It is
shown that both methods give similar results; however, the
spectral method can understate the degree of coherence by the
value up to 30 % due to a great contribution of spontaneous
emission to a recorded signal.

Keywords: autocorrelation function, self-sustained pulsations, semi-
conductor laser, end waveguide.

1. Introduction

The degree of coherence is one of the fundamental
parameters of an optical beam, in particular, a laser
beam. It can be measured by using not only conventional
parameters such as the emission spectrum width but also
the parameters of the autocorrelation function for the
optical-wave field strength. This function can be found, for
example, with the help of a Michelson interferometer. The
autocorrelation function of the radiation field of semi-
conductor lasers was studied in many papers (see, for
example, [1, 2]). At present such a characterisation of time
coherence in semiconductor lasers is necessary in their
applications for data reading in CD devices and in various
optical sensors. The matter is that a high time coherence
inherent in laser beams is, as a rule, not an advantage but a
disadvantage because a tight spatial focusing of the laser
beam gives rise to intense noise caused by speckles.

This noise can be suppressed by different methods. One
of them is the use of semiconductor lasers operating in the
superluminescence regime, i.e. below the lasing threshold
(see, for example, [3] and references therein). The emission
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spectrum of such semiconductor emitters (which are also
called the edge-emitting superluminescent diodes) can be
rather broad, which provides low time coherence and,
hence, the averaging and smoothing of the speckle pattern,
resulting in the noise suppression.

However, in this case the problem of obtaining a high
enough output power appears. As a rule, the output power
of a LED is lower than that of a similar device operating in
the lasing regime. In this connection there exists another
approach in which speckles are suppressed by using a
semiconductor emitter (heterolaser) operating in the lasing
regime with the additional modulation of its intensity by a
high-frequency signal introduced, for example, to the pump
current. Such intensity modulation is accompanied by
modulation of the optical frequency (chirping) of laser
modes, which can also result in the ‘averaging’ of speckles
and, hence, in the noise suppression. This method, which
was described, for example, in [4], can be most conveniently
realised by using lasers capable of operating independently
(without any external modulation) in a controllable self-
pulsation regime. In this case, no additional high-frequency
signal source is required in the feed circuit of the laser.

In any case, irrespective of the method used, the degree
of ‘residual’ time coherence of the optical beam from a
semiconductor radiation source should be controlled.
Because the suppression of coherence is necessary to remove
speckles, which appear due to the interference of the main
beam with scattered radiation, it is obvious that the degree
of coherence can be directly determined also in interfero-
metric measurements performed, for example, by using a
Michelson interferometer. However, the instruments for
such interferometric measurements are less common and,
as a rule, less convenient than grating monochromators and
spectrometers used in spectral measurements.

It is well known that the autocorrelation function and
spectral density of any quantity representing a random
stationary process are related by the Fourier transform
according to the Wiener—Khinchin theorem. However, in
practice the validity of spectral measurements of the degree
of residual time coherence and, therefore, of the noise
produced by speckles is determined by the accuracy of
these measurements in combination with the particular
coherence of the optical beam. In this connection it is
interesting to compare the results of measuring the degree of
residual coherence obtained in the form of the correlation
function with the help of a Michelson interferometer with
the corresponding results of spectral measurements per-
formed for heterolasers operating in the self-intensity
pulsation regime.
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2. Experiment

We studied typical single-transverse-mode heterolasers
made of quantum-well In(GaAl)P/AlGaAs/GaAs and
AlGaAs/GaAs heterostructures emitting at 0.65 and
0.78 um, respectively. The width of the active region in
the horizontal direction (along the structure layers) is 3—
4 um. Waveguide properties in this direction were inten-
tionally decreased by etching emitter p layers by the method
described in [3], so that the laser waveguide was close to the
gainguiding waveguide. In this case, the laser can operate in
the regime of self-sustained intensity pulsations. The
physical mechanism of such pulsations was considered
earlier in papers [5—10], and its discussion is beyond the
scope of this paper. Measurements were performed at a
constant pump current at room temperature without the
forced cooling of samples.

The autocorrelation function was measured with an
automated Michelson interferometer, whose simplified
scheme is presented in Fig. 1. Radiation from laser (/)
passed through objective (2) to form a parallel light beam
which was split in beamsplitter cube (3) into two light
beams A and B. These beams reflected from mirrors (4) and
(5) were focused with objective (6) on photodetector (7)
(PD-26 photodiode). The output signal of the photodetector
was amplified in amplifier (8) and recorded with computer
(9) equipped with an analogue-to-digital converter board.
Mirror (4) of the interferometer was mounted on movable
platform ( /0) displaced with a worm gear. Worm shaft (/1)
was rotated with step motor (/2) controlled with a
computer via control unit (/3). The step motor had a
step of one thousandth of a full turn, while a pitch of the
worm was 1 mm, which provided the positioning of mirror
(4) on average with a step of 1 pum. Mirror (5) was
mounted on piezoceramic cylinder ( /4) to which a sinus-
oidal voltage was applied from a generator, which was
recorded with the computer. The voltage amplitude applied
across the piezoceramic cylinder excited oscillations of
mirror (5) with the controllable amplitude ~1—2 pm.
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Figure 1. Scheme of the interferometer: (/) radiation source (laser or
LED); (2, 6) objectives; (3) beamsplitter cube; (4, 5) mirrors; (7)
photodiode; (&) amplifier; (9) computer; (10, 15) translation platforms;
(11) worm shaft; (/2) step motor; (/3) step-motor control unit; ( /4)
piezoceramic cylinder; ( /6) piezoceramic translator; (/7) piezoceramic-
translator control unit.

The piezoelectric with a mirror was mounted on stage
(15) which could be moved with an irregular but control-
lable step with the help of piezoelectric step translator ( /6)
controlled with the computer via control unit ( /7). The use
of periodic sinusoidal oscillations of the mirror in combi-
nation with a small (compared to the oscillation amplitude)
step movement allowed us to calibrate this step movement,
thereby varying the path difference in the interferometer by
moving mirror (5) with a step of ~50 mm [the path
difference could be varied from —5 to 70 cm by moving
mirror (4)].

The results of measurements were processed as follows.
Let us represent the strengths of quasi-monochromatic fields
produced by beams A and B on the photosensitive surface of
a photodetector in the form

Ep(t) = 6(1) = E(t) exp(—iwt)+c.c.,
Ep(t) = ab(t+ 1)

= oE(t 4 1) exp[—iow(t + t)]+c. c., (1)

where E(t) is the slowly varying complex amplitude; w is the
central frequency; 7 is the path difference for beams A and
B; a is a positive coefficient close to wunity, which
characterises the intensity unbalance between beams A
and B, which is always present due to the imperfection of
optical systems (in our case, this unbalance was 0.8—0.9).
We assume for simplicity that the field amplitude is
measured in units in which the intensity coincides with
the time-averaged square of the field amplitude. In this case,
the intensity / on the photodetector can be written as

1= L[l +mp()].

200
1 +a?

Iy=(1+0*)8%(1), n= : )

W@ =60Ea+0 /6%,

where [, the total intensity of beams A and B; y(z) is the
normalised autocorrelation function for the field &(¢); and 5
is a positive coefficient close to unity (n < 1).

By using relations (1), we can represent the autocorre-
lation function in the form

W(z) = v(z) coslwt + @(t)],

(1) = [EOE (t+ )| /|E2(0) 3)

explip(t)] = E(VE (1 + r)/\E(z)E*(l 7).

The presence of cosine in expression (3) for the autocorre-
lation function corresponds to the well-known interference
pattern in which the intensity I oscillates from the
maximum [,, to minimum value 7,;, when the cosine
argument

(1) = w1 + o(x) )

varies due to a change in the path difference 7. The
envelope of these oscillations v(r) coincides with an
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accuracy to the factor n with the visibility u(r) of the
interference pattern:

Loax — I
u(r) = = = (1). ©)
Imax +1

The experimental data obtained with a Michelson
interferometer were processed to obtain the dependences
of the visibility of the interference pattern u(r) and the
cosine argument on the path difference @(r). By using
expressions (3)—(5) and the Wiener—Khinchin theorem,
we found the spectral density for the field amplitude
&(t). The data were processed assuming that # is independ-
ent of 7.

The spectral density, the spatial distribution of the
radiation intensity, and pulsation frequencies of the output
power of the laser were measured by standard methods
described in [11, 12]. A DFS-24 spectrometer with a spectral
resolution of 0.03 nm (according to the Rayleigh criterion)
was used. The envelope of the autocorrelation function was
calculated by using the Fourier transform.

Figure 2 presents typical emission characteristics of
lasers emitting at 0.65 um. It follows from the light —current
characteristic (Fig. 2a) that the lasing threshold is ~ 53 mA.
This is the expected value for lasers in which waveguide
properties of the active region in the horizontal direction are
mainly formed due to amplification. The same concerns the
slope efficiency. In this respect, lasers of this type are inferior
to lasers with a waveguide formed only by the refractive
index profile. However, their main advantage is that they
exhibit distinct self-sustained intensity pulsations already
slightly above the lasing threshold. As mentioned above,
pulsations cause mode chirping and, hence, the broadening
of spectral lines corresponding to each longitudinal mode.
One can see this by comparing the spectrum at the threshold
(Fig. 2b), when chirping is negligible, with the spectra in
Figs 2c and d in which chirping is present.
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Figure 3. Dependences of the pulsation repetition rate F for the first and
second harmonics on the radiation power P for a 0.65-pm laser.

The repetition rate of such pulsations linearly depends
on the average laser power or pump current. This circum-
stance was pointed out earlier in [13] and is demonstrated in
Fig. 3. The results were obtained by detecting the output
signal of a fast photodetector with a selective DNIS-4
voltmeter. In this case, the amplitudes of the first and
second harmonics were close, which suggests that intensity
pulsations considerably differ from harmonic pulsations and
have a large depth.

An important property of lasers operating in the self-
sustained pulsation regime is the dynamic dependence of the
optical beam width on the laser power. This concerns both
the instantaneous (described in detail in [9]) and average
values. Thus, Fig. 4 presents the far-field radiation distri-
butions and the width of the radiation pattern
demonstrating the decrease in the divergence (the increase
in the effective beam width in the active region) with
increasing pump current.

Figure 5 presents the visibility of interference u(t) (5)
measured for two pump currents. On the abscissa the path
difference Al = ct, where ¢ is the speed of light, is also
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Figure 2. Emission characteristics of a 0.65-um laser: (a) light—current characteristic and (b—d) emission spectra for different pump currents.
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Figure 4. Dependences of the divergence in the p—n junction plane on
the pump current for a 0.65-um laser (at the top is presented the
radiation pattern, at the bottom — the half-width of the radiation
pattern).

plotted along with time. The repetition period 7 of
characteristic peaks is determined by the cavity round-
trip transit time of a wave packet formed by several
longitudinal modes:

2Ln*7%
c ¢’

T= (6)

where A/, the distance between the peaks; n* is the effective
group refractive index; and L is the laser diode length. This
period is related to the longitudinal mode distance over
frequency Aw or wavelength 31 by the expressions

2n e Aw 22
Aw="=—"—" A=—A=—.
=7 Ln*’ o w 2Ln* @

The expected behaviour of the dependence u(7) is a decrease
in the peak amplitude with increasing 7, which is
determined by the width of an individual longitudinal
mode, in our case — by its broadening due to chirping.
Therefore, the decrease in the peak amplitude with
increasing t characterises the degree of time coherence.
In a number of practical cases, the quantitative criterion

y =2t (®)

Uy

is used to describe this behaviour, where u; is the first peak
amplitude and u is the zero peak amplitude (Fig. 5a). The
value of y is the best quantitative characteristic of the
intensity of speckles and, hence, of the speckle noise The
admissible value of y depends on a particular application.
For example, for CD systems it is often required that y
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Figure 5. Visibility of the interference pattern for pump currents 54 (a)
and 57 mA (b).

would not exceed 0.7, while in coherent optical tomography
the requirement are considerably higher, and values
y<107% are considered acceptable. A comparison of
Figs 5a and b shows that y decreases with increasing
current. This is also demonstrated indirectly by Fig. 2
where the chirping effect increases with increasing the pump
current.

According to the above discussion, the visibility «(t) can
be also calculated from the spectra similar to those shown in
Fig. 2 by using the Wiener — Khinchin relation. The result of
such calculation in Fig. 6 is compared with direct measure-
ments performed with a Michelson interferometer.

The results of spectral and interferometric measurements
coincide qualitatively. However, the value of y obtained
from spectral measurements is lower than that value
obtained directly from interferometric measurements.
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Figure 6. Envelopes of the autocorrelation function obtained in inter-
ferometric and spectral measurements.
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Figure 7. Values of y factors for a 0.65-um laser obtained from
interferometric and spectral measurements.

This is shown in more detail in Fig. 7 demonstrating the
dependence of the parameter y on the pump current of the
laser whose spectra are presented in Fig. 2. Nevertheless, the
general behaviour of y on the pump current obtained by
both methods coincides quite well. The maximum value of
y =~ 0.8 is observed near the lasing threshold. The self-
pulsation threshold in these samples virtually coincides with
the lasing threshold. As a result, y begins to fall at once after
the beginning of lasing and then is stabilised at a level of
~0.3. In this case, the discrepancy in the values of y found
by different methods is less than 0.1, which gives the relative
error not exceeding ~ 30 %.

Similar measurements were performed for lasers emitting
at 0.78 pum. Figure 8 presents typical emission parameters of
these lasers. As a whole, their behaviour is similar to that of
lasers emitting at 0.65 um. The quantitative difference is
observed between threshold currents, which is most likely
explained by a higher differential amplification in AlGaAs/
GaAs lasers compared to that in Ing 49(GaAl)o 51 P/AlGaAs/
GaAs lasers. In addition, there exists the qualitative differ-
ence consisting in the presence of the intense amplified
spontaneous emission with the TM polarisation near the
lasing threshold. This is most distinctly demonstrated in
Fig. 8b where along with sharp peaks corresponding to the
TE modes the broader peaks corresponding to the TM
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Figure 9. Dependences of the radiation pattern in the p—n junction
plane on the pump current (a) and of the pulsation repetition rate on the
radiation power (b) for a 0.78-um laser.

modes are present. The envelope of these broad peaks is
shifted to the blue with respect to the TE modes at which
lasing occurs. The characteristic change in the time-averaged
radiation pattern caused by self-pulsations in these lasers is
shown in Fig. 9. This figure also shows the dependence of
the pulsation repetition rate on the laser output power. Note
that compared to lasers emitting at 0.65 um, the range of
pulse repetition rate is shifted to the blue. This also
qualitatively agrees with a higher differential amplification
in AlGaAs/GaAs lasers.
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Figure 8. Emission characteristics of a 0.78-um laser: (a) light—current characteristic and (b—d) emission spectra for different pump currents.
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Figure 10 demonstrate the dependence of the coherence
parameter y on the pump current for lasers of this type. The
solid curve presents the results of interferometric measure-
ments and the lower dotted curve corresponds to spectral
measurements. Note that the discrepancy of results obtained
by different methods for lasers of this type is greater than
that for In(GaAl)GaAs lasers. This discrepancy is most
likely explained by an intense amplified spontaneous emis-
sion in the emission spectra of AlGaAs/GaAs lasers. Indeed,
the filtration of the TM polarisation component in the
emission spectrum (dashed curve in Fig. 10) considerably
improves the agreement between the values of y obtained by
different methods. The TM component was filtered by the
manual processing of the recorded spectrum because
filtration by using a polariser considerably changed the
laser dynamics.
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Figure 10. Values of y factors for a 0.78-um laser obtained from

interferometric and spectral measurements with and without filtration
of the TM mode in the emission spectrum.

It was interesting to verify the above-considered methods
in the inverse problem of reconstructing the spectral density
of radiation from interferometric measurements. We used
for this purpose an edge-emitting superluminescent
AlGaAs/GaAs LED with a mesastrip tilted to the facets.
The corresponding autocorrelation function is presented in
Fig. 11a. Figure 11b shows the spectra calculated from the
autocorrelation function by using the Wiener—Khinchin
relations and measured directly with an MDR-4 mono-
chromator equipped with a PD-24 photodiode. Although
the half-widths of the curves in Fig. 11b are close, the long-
wavelength wings of the spectra are different. The long-
wavelength wing obtained in direct measurements is less
intense than that calculated from the autocorrelation
function. This can be explained by different spectral
sensitivities by photodetectors used in experiments and a
lower efficiency of the diffraction grating of the mono-
chromator in the long-wavelength region.

3. Discussion of results and conclusions

An analysis of the data characterising the degree of time
coherence of semiconductor lasers operating in the self-
pulsation regime has shown that the results of spectral
measurements are adequate to interferometric measure-
ments. The parameter y can be understated in spectral
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Figure 11. Autocorrelation function (a) and emission spectra (b)
calculated from the autocorrelation function (dashed curve) and recor-
ded with a spectrometer (solid curve) for an end LED.
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measurements no more than by 30% for the following two
reasons. The first one is the insufficient measurement
accuracy. Spectral measurements give the data on the
spectral density of radiation in the form of the convolution
of the spectral density with the instrumental function of a
spectrometer. Therefore, the relation between the spectral
width of the instrumental function and the ‘true’ broad-
ening of a mode caused by pulsations is important. In any
case, the instrumental function broadens the spectral width
of the mode recorded in experiments, thereby understating
the value of y. This was observed to a greater or lesser
extent in experiments. The measurement error of 7y is
determined by the relation between the real spectral width
of the mode, the width of the instrumental function of a
spectral instrument, and the mode interval. Indeed, y
characterises by definition the ratio between the mode
width dw and mode interval Aw. If the ratio dw/Aw — 0,
then y — 1, and vice versa, dw/Aw — 1, we have y — 0.
Therefore, to measure y correctly for the characterisation of
lasers by the residual coherence parameter, the width 8w,
of the instrumental function of the spectral instrument
should be smaller than the mode interval Aw.

Another possible reason for understating the value of y is
the influence of amplified spontaneous emission. Because the
aperture ratio of a spectrometer is higher than that of a
Michelson interferometer, the measured spectral density
contains a large contribution of spontaneous emission,
which additionally broadens the mode spectrum. Sponta-
neous emission in a Michelson interferometer has no effect
on the interference pattern because of its spatial coherence.
It is also obvious that the requirements to spectral measure-
ments of the degree of coherence of edge-emitting
superluminescent diodes are much higher than to such
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measurements for lasers. In this case, apart from a high
spectral resolution of the instrument, a high degree of the
spatial filtration of the optical beam should be provided.

Our study has confirmed the interrelation between the
formation of the emission spectrum in semiconductor lasers
and the dynamics of its intensity. The self-pulsation regime
appeared in the studied lasers at the lasing threshold. This
nonstationary behaviour resulted in the generation of many
longitudinal modes and the spectral broadening of individ-
ual modes. Self-pulsations caused by the deformation
(change in the width) of the transverse intensity distribution
in a ‘weak’ waveguide provide a deep intensity modulation,
which is demonstrated by strong chirping. The pulsation
frequency almost linearly depends on the average power or
(which is almost the same) the pump current.
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