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Abstract: We have examined noise behavior and polarization correlations in
the output of a pulsed, multitransverse-mode, vertical-cavity, surface-emitting
laser (VCSEL). We have measured the output of the laser simultaneously in
two orthogonal, linear polarizations as a function of drive current for pulse
widths of 3 ns, 10 ns, and 30 ns. We present joint probability distributions for
the number of detected photoelectrons in each of the two polarization-resolved
outputs. The joint distributions indicate that the correlations can be quite
complicated, and are not completely described by a single number (i.e., the
correlation coefficient). Furthermore, we find that the number of lasing modes
appears to be the most important parameter in determining the degree of
polarization correlation.
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1. Introduction

Vertical-cavity, surface-emitting lasers (VCSELSs) are microcavity semiconductor lasers which
emit perpendicular to the substrate plane. Largely because of their small size, VCSELs exhibit
a number of interesting properties: single-longitudinal mode output, low threshold-current,
and high efficiency [1]. However, because of their circular symmetry, polarization selection is
very weak in these lasers; consequently the output from a VCSEL is usually not polarized. The
laser can lase in either one of two linear polarizations, or it can lase in both polarizations
simultaneously, or it can undergo polarization switching. The details of this polarization be-
havior are not yet completely understood, and in the past few years there has been a great deal
of interest, both experimental and theoretical, in this topic [2-15].

Many previous studies have examined noise and/or polarization behavior of VCSELSs, but
the vast majority of these experiments have been carried out on continuous-wave (CW) lasers
[2-8], while very few have been done using pulsed lasers [9-11,16]. Here we examine the
behavior of a pulsed VCSEL. Measurements of pulsed lasers are important for several reasons.
Noise characterization of pulsed VCSELs is important for optical communications systems, as
pulsed lasers are used for this application. Furthermore, in our experiments the laser is gain
switched: the drive current is swept from well below threshold to above threshold on a nanosec-
ond timescale, which should cause very large relaxation oscillations at the leading edge of the
pulse. This is a drastically different operating regime from that observed in CW lasers, conse-
quently it would not be surprising to observe different noise behavior. By varying the pulse-
width, we can observe how the noise changes when we move from regions where we expect the
relaxation oscillations to last a significant fraction of the pulse duration to regions where they
should be less important.

Furthermore, most previous noise measurements have involved the use of radio-frequency
(RF) spectrum analysis, a technique that essentially measures the variance of the photocurrent
fluctuations. To our knowledge all previous quantitative measures of polarization correlations
have involved the determination of a correlation coefficient, which is also essentially a second-
order moment of the intensity fluctuations. Here we have measured not just moments, but the
full joint probability distributions for the fluctuations in two orthogonal laser polarizations. By
measuring how the joint distributions and correlations change with the pulse duration we can
infer whether the laser turn-on dynamics has any effect on polarization correlations in VCSELSs,
as turn-on more strongly influences the behavior of shorter pulses.

In our experiments we simultaneously detect the two orthogonal polarizations of the light
emitted by a VCSEL. Each polarization output is incident on a separate photodetector, and we
measure the number of photoelectrons generated in each detector as a function of drive current.
The fact that we make simultaneous measurements on the two polarizations allows us to deter-
mine the full joint statistics. We find that in general the fluctuations in the orthogonal polar-
izations are anticorrelated, an observation that has been made previously by others and our-
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Fig. 1. The experimental apparatus.

selves [4-8,11]. However, we also find that the polarization correlations can be quite compli-
cated. The joint distributions display considerable non-Gaussian structure, so measurements
of second order moments are not enough to fully characterize the correlations.

2. Experiments

For these experiments we use a proton-implanted, gain-guided VCSEL with a peak emission
wavelength of 837 nm; it has a 20 pm diameter, current-confined implant region, and an
emission aperture of 15 um. We drive the laser with short (3, 10, or 30 ns) current pulses at a
pulse repetition frequency of 20 kHz; the rise and fall times of the pulses are 2.5 ns. We
measure the laser drive current across an 18Q resistor in series with the laser. The VCSEL has
a DC bias of 1.38 V, which we apply through a bias tee. Biasing dramatically reduces ringing,
and 1.38 V is the highest voltage we can apply without generating measurable CW background
light from the laser; such background is found to increase the noise of our measurements [11].

As is shown in Figure 1, the light from the VCSEL is first collimated by a 10X, 0.25-N.A.
microscope objective. It passes through a half-wave plate and then through a polarizing beam-
splitter. We adjust the waveplate by driving the laser just above threshold and maximizing the
0° photodetector output. The laser operates in a single, linear polarization near threshold, so
the direction of this polarization is what we refer to as 0°, while the orthogonal polarization is
referred to as 90°. The light in each polarization exiting the beamsplitter is detected simulta-
neously by two photodetectors.

The details of our detection system and its calibration are discussed in Ref. [11]. The only
difference between our current implementation and that of Ref. [11] is that we now use a 16-bit
resolution A/D converter that simultaneously samples two detectors. This higher resolution
digitization obviates the need for the biased amplifier we used previously. After calibration,
this detection system yields the number of photoelectrons generated by each detector for each
laser pulse. We expect this photoelectron number to accurately reflect the number of photons
emitted by the laser to within our overall detection efficiency of over 80%. Since the detectors
integrate over each pulse, we measure pulse-to-pulse statistics and do not resolve deterministic
evolution or fluctuations within an individual pulse.

For each laser pulse width (3 ns, 10 ns, and 30 ns), we step through drive currents with
values from below threshold to values of up to 6 times threshold. For the 30 ns pulses, we
attenuate the laser output with a 0.3 neutral-density filter in order to avoid saturating our
detectors at higher currents [17]. At each current value we simultaneously record the number
of generated photoelectrons for each polarization (r, and n,,, where the subscripts refer to the
polarization) for 10° pulses. From this data we generate two-dimensional histograms which
represent joint probability distributions for the photoelectron numbers in the 0° and 90° polar-
izations. We use 128 bins along each coordinate, and the histogram bin widths are dn,, and
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dny,. We normalize the histograms according to

Z Z P(Ng,Ngy )8Nydngy =1 , (1)
Mo Ngo
so P(n, ny,) represents a joint probability density. These joint distributions, displayed as con-
tour plots, provide a great deal of information about the correlations between the 0° and 90°
outputs. Furthermore, from these distributions we calculate the marginal probability densities
P(ny), P(ny,), P(n,), where the subscript  refers to the total number of photoelectrons n,=n,+ n,,,.

t
For example, the one-dimensional marginal distribution P(n,) is given by the expression

P(ng )= Z P(ng,ngo )3, @)
No
We also calculate the mean (n) and variance ((An)?) of ny,ng, and n,.
To further quantify the correlations between the number of photoelectrons generated in the
0° and 90° polarizations, we calculate a correlation coefficient for these outputs at each drive
current. The correlation coefficient is defined as

Cogo = <(n0 _<n(;>)(290 —(n90>)> _ <n0n90(>5—(§n0><n90> ’ 3

where Gyand G, are the standard deviations of the photoelectron output for each polariza-
tion. The correlation coefficient quantifies how the outputs in the two polarizations vary with
respect to each other from pulse to pulse. It takes on values —1<Cy 4o<1, with Co90= 0 corre-
sponding to no correlation between the two outputs, Cooo= 1 corresponding to perfect correla-
tion, and Cogo= 1 corresponding to perfect anticorrelation.

Another important parameter that describes the output of a laser which lases in more
than one polarization is the polarization splitting ratio M [7,8]. For our laser M is given by

M =<<r:]—?>>. @

In order to determine the frequency structure of the transverse modes of the laser, we
measured its spectrum with a scanning Fabry-Perot interferometer. This spectrum analyzer
has a free spectral range (FSR) of 750 GHz and a finesse of greater than 280, yielding a
resolution of 2.7 GHz. By placing the spectrum analyzer after the polarizing beamsplitter,
with proper adjustment of the A/2 plate we are able to sequentially measure spectra for each
individual polarization output, and the total output. To measure the spectrum of the total
output, we rotate the half-wave plate halfway between the settings used to measure the two
individual polarizations. Thus, each laser polarization is incident on the polarization axis of
the beamsplitter at 45°, and we effectively measure half the output from each polarization. We
collect spectra as a function of the laser drive current, and use this data to determine the
number of lasing modes at each drive current.

3. Results for 10 ns pulses

Figure 2(a) shows the mean number of detected photoelectrons (n) plotted as a function of
laser drive current for 10 ns current pulses; these plots are essentially the LI (light-current)

curves for our laser. We plot (n) for each polarization and the total. As can be seen from the
figure, the light output does not increase linearly with current but rather has kinks. Such
behavior has been observed before, and these kinks correspond to points where an additional
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Fig. 2. Plot of the mean (a) and variance (b) of the number of photoelectrons as a function of drive
current for 10 ns pulses. Data is shown for the individual polarizations and the total output. Arrows
indicate current values where new modes turn on, and are labeled by the polarization of the new
mode.

mode comes above its threshold [2,11]. The arrows in Fig. 2 indicate current values where a
new laser mode comes above threshold; these points were determined by examining the laser
spectra. At each arrow one new mode comes above threshold, and we have labeled the polar-
ization of the new mode (0° or 90°) at the arrow. Thus, there’s one mode lasing in the 0°
polarization between 3.0 and 3.4 mA, while there are two modes in the 0° polarization and two
modes in the 90° polarization between 4.9 and 5.4 mA. Above 6.6 mA it becomes difficult to
resolve the mode structure, and the best we can say is that there are 6 or more modes lasing.

In Fig. 2(b) we plot the variance of the detected photoelectrons <(An)2> as a function of

laser drive current for 10 ns current pulses, again showing data for each polarization and the
total. It can be seen that there are sudden increases in the photon variance when new modes
turn on. Such increases have been observed before, and are associated with increases in mode
partition noise with the turn-on of additional modes [4,11]. Another interesting feature of

Fig. 2(b) is that <(An)2> is larger for the individual polarizations than it is for the total output.

The only way this can occur is if the outputs in the two polarizations are anticorrelated. This
behavior has been observed previously by us and by others, and can be explained as competi-
tion between modes in the two polarizations for a fixed amount of gain [4-8,11]. The total
output is fixed by the total available gain, but the distribution of this output between the two
polarizations is not so tightly constrained. Thus, the total output fluctuates less than the out-
puts in the individual polarizations.

The primary purpose of these experiments is to explore in more detail the correlations
between the laser polarizations. As described above, we accomplish this by examining the
joint probability density P(rn,, n,,) that there will be n, photoelectrons generated in the detector
monitoring the 0° polarization and 7, photoelectrons in the detector monitoring the 90° polar-
ization. Fig. 3 shows an example of a typical two-dimensional distribution and its relationship
to the 1-dimensional marginal distributions. The 1D distribution for the 90° polarization
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Fig. 3. Distributions at a drive current of 3.3 mA (one mode lasing) for 10 ns pulses: a) joint
distribution P(n0 ,Ngg ), b) distribution for the 90° output, ¢) distribution for the 0° output, d) distri-
bution for the total output.

P(ny,) can be formed by integrating out the 0° information, that is by summing along vertical
lines in Fig. 3(a) and essentially projecting P(n,, ny,) onto the horizontal axis [Eq. (2)]. This
distribution is plotted in Fig. 3(b). Similarly, P(r), Fig. 3(c), can be formed by integrating out
the 90° information (i.e., projecting the 2D distribution onto the vertical axis.) It so happens
that the distribution for the total output P(n,), Fig. 3(d), can be found by integrating along lines
that make a slope of -1 in Fig. 3(a), and thus projects the joint distribution onto an axis that
makes a 45° angle.

The shapes of the 2D joint distributions give direct evidence for anticorrelation between
the 0° and 90° outputs, as we find that above threshold these distributions lie primarily along a
line whose slope is —1. Anticorrelation tells us that light pulses that have a higher n,, will tend
to have a lower 7, and vice versa. This is shown clearly in Fig. 4(a); at this drive current of

T T T T T T T " T ' T " 1
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Fig. 4. [a) 1.4 MB, b) 600 KB] Animation of P(no ,ngo) as a function of drive current for 10 ns
pulses: a) closeup of the shape of the distributions, b) all distributions shown on the same scale.
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Fig. 5. The correlation coefficient and polarization splitting ratio are plotted as a function of laser
drive current for 10 ns pulses. Arrows indicate current values where new modes turn on, and are
labeled by the polarization of the new mode.

10.5 mA there are more than six modes lasing, and the anticorrelations are very strong.

We have also constructed animations of the 2D joint distributions, displayed with increas-
ing drive current in time; these are shown in Fig. 4. The animations show how the distribu-
tions change in size, shape, and position with increasing drive current. Figure 4(a) shows how
the shape of the distributions change with drive current. It will be noticed that at lower cur-
rents, corresponding to small numbers of lasing modes, the distributions tend to be asymmetric
and can be non-Gaussian. However, at larger currents the distributions become symmetric
Gaussian distributions, which lie predominantly along a line whose slope is —1, which indi-
cates strong anticorrelation between the polarization outputs. We notice that at certain cur-
rents there are qualitative changes in the shape of the distributions. By comparing with Fig. 2,
we find that these changes usually occur at currents where a new mode comes above threshold.

Figure 4(b) shows animations that are derived from exactly the same data as in Fig. 4(a),
but the frames are plotted on a much larger scale. Here the scale is large enough to include the
entire evolution of the distributions, from the smallest current to the largest. This figure illus-

trates how the mean number of photoelectrons (n) changes in each polarization, as well as
how the size of the distribution changes, as a function of drive current. The drawback to this
animation is that at low drive currents the distributions themselves are so small that they can
barely be seen. For full benefit of Fig. 4, both animations should be played simultaneously, side
by side.

Figure 5 shows a plots of the correlation coefficient C; 4, and the polarization spliting ratio
M as functions of the drive current for 10 ns pulses. Again, arrows indicate currents where new
modes come above threshold. As can be seen, when the laser is below threshold the two
polarizations are slightly positively correlated. We believe that this is due to small fluctuations
in the pump current; such fluctuations would affect the number of emitted photons in both
polarizations in the same way, and thus the two outputs would be positively correlated.

Once the laser comes above threshold (in the 0° polarization) at 3.0 mA, the correlation
coefficient drops dramatically and the two polarizations become anticorrelated. However, when
the second mode turns on at 3.4 mA (also in the 0° polarization), the outputs become less
anticorrelated. When the third mode (the first in the 90° polarization) turns on at 4.5 mA, the
output becomes slightly more anticorrelated, and when the fourth mode (the second 90°) turns
on at 4.9 mA the output becomes significantly more anticorrelated, approaching a perfect anti-
correlation of C; 5, = 1.

With the exception of the region in which only a single mode is lasing (drive currents
between 3.0 and 3.4 mA), there seems to be a correspondence between M and C0’90; smaller
polarization imbalance (M approaches 1) corresponds to stronger anticorrelation, as predicted
for CW lasers in Ref. [7]. In this reference it was theoretically predicted that the correlation
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coefficient should approach -1 when the polarization splitting ratio approaches 1. However,
we do not fully understand why the anticorrelations become weaker when two or three modes
are lasing (between 3.4 and 5.0 mA). One possible explanation is that at this point much more
light is being emitted in the 0° polarization (notice the low value of the polarization splitting
ratio at these drive currents in Fig. 5.) The relatively high output in the 0° polarization causes
much larger fluctuations in this polarization than in the 90° polarization [as seen in Fig. 4a).]
Thus, the 90° fluctuations are unable to compensate for the 0° fluctuations and the anticorrela-
tion between the two outputs decreases. In other words, there simply isn’t enough intensity in
the 90° polarization to develop any significant correlation. This explanation is not completely
satisfactory, however, because one may expect a correspondingly abrupt change in the polar-
ization splitting ratio to accompany the change in the amount of correlation, but Fig. 5 does not
indicate an abrupt change in M.

There is another way to look at this problem as well. Imagine that the correlations when
only a single mode is lasing were closer to -0.3 instead of -0.8. If this were true, there would be
a monotonic decrease in the correlation coefficient towards -1 as the laser was driven higher
above threshold. The question then becomes not why do the anticorrelations decrease when the
second mode turns on, but rather why are the anticorrelations so strong when only a single
mode is lasing? In this case only one polarization is lasing, but it has rather strong anticorre-
lations with nonlasing modes. Again, we do not have a detailed answer to this question, but we
assume that the anticorrelations come from the fact that the lasing and nonlasing modes are
competing for the same gain, so will show anticorrelation. We also point out that other authors
have seen similarly strong anticorrelations between lasing and nonlasing modes [4,8].

Figure 5 clearly shows that the number of lasing modes in this laser dramatically affects
the polarization correlations, since abrupt changes in the correlation coefficient occur at cur-
rents where new laser modes come above threshold. This is consistent with the observations
made regarding Fig. 4 in which qualitative changes in the shape of the joint distributions are
associated with changes in the number of lasing modes. Such dramatic changes in the amount
of correlation were not predicted by the model of Ref. [7], however this is not necessarily
surprising. The model of Ref. [7] treated only two polarization modes, and did not include the
effects of multiple transverse modes contained within each polarization.

4. Results for other pulse widths

In addition to studying 10 ns pulses, we repeated the above-described experiments with drive-
current pulse widths of 3 and 30 ns. Differences in the behavior of the laser between these
three pulse widths indicate how the laser behaves on different time scales. The pulse durations
that we have used are long compared to the photon lifetime in the cavity (a few picoseconds),
but the shorter pulses we have used are of comparable duration to the carrier lifetime in the
cavity (a few nanoseconds). Probably the most relevant timescales are the period of the relax-
ation oscillations, T,,, and the damping of the relaxation oscillations, 1,,. While we have not
directly measured these timescales in our laser, we expect them to be on the order of 0.1-1 ns
for Ty, and on the order of 1 ns for 1., [8]. Because we are gain switching these lasers, we
expect large relaxation oscillations will be present for much of the 3 ns pulses, but will be
present only at the beginning of the 30 ns pulses.

In Fig. 6 we show animations of the joint probability densities P(n,, n,,) for 3 and 30 ns
duration pulses. Because shorter pulses contain fewer photons, we were able to drive the 3 ns
pulses higher above threshold than the longer pulses without saturating the detectors, and it
can be seen that at higher drive currents the joint distributions for the 3 ns long pulses take on
some interesting shapes. By comparing the shapes of the distributions for the three different
pulse widths closer to threshold, we see that the distributions for shorter pulses tend to have
more irregular shapes, while those of the longer pulses tend to be smoother. We have no good
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Fig. 6. [a) 980 KB, b) 850 KB] Animation of P(n, n,,) as a function of drive current: a) 3 ns
duration pulses, b) 30 ns duration pulses.

explanation for the shapes of the distributions that we observe, and can only suggest that they
are somehow related to relaxation oscillations at the beginning of the pulse, which more strongly
affect the 3 ns pulses. A detailed numerical model would be likely be necessary to explain this
observed behavior.

We find that as the pulse width changes, so does the amount of polarization correlation. In
Fig. 7 we plot the correlation coefficient and the polarization splitting ratio for each pulse
width as a function of normalized current (drive current divided by the threshold drive cur-
rent). As can be seen from Fig. 7, all pulse widths display roughly the same qualitative behav-
ior. With the exception of the region in which only a single mode is lasing (between about 1.0
and 1.1 times threshold), there seems to be a correspondence between M and Co,oo; smaller
polarization imbalance (larger M) corresponds to stronger anticorrelation, as predicted in Ref.
[7]. In the region between about 1.2 and 1.7 times threshold, it is seen that the polarization
anticorrelations are stronger for shorter pulses. We don’t have a full explanation of why the
correlations are pulse width dependent. In addition to differences in the influence of relaxation
oscillations for different pulse widths, it has been observed that different transverse modes can
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Fig. 7. The correlation coefficient (a) and the polarization splitting ratio (b) are plotted as a function
of normalized drive current for three different pulse durations.
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Fig. 8. The relative noise is plotted as a function of normalized drive current for three different pulse
durations.

turn on at different times during pulsed excitation [16]. We were not able to time resolve the
behavior of individual modes in our laser. It is thus possible, for instance, that certain modes
may contribute strongly to the behavior of the 3 ns pulses, while other modes which turn on
later are more important in the 30 ns pulses. Models which treat CW lasers by assuming small
fluctuations about a steady state solution are unlikely to be adequate to explain the variation of
Coso with pulsewidth [7,8]. Once again, a numerical model which accurately treats the tran-
sient effects encountered during gain switching is probably necessary to explain this behavior.

We have chosen to use a normalized horizontal scale when comparing different pulse
widths because while the 10ns and 30 ns pulses have similar threshold currents, the 3 ns pulses
have a higher threshold current. This observed higher threshold current for the shorter pulses
may be an artifact resulting because the rise and fall times of our pulses are approximately 2.5
ns, which means that the 3 ns current pulses are not square. This makes the absolute amplitude
of the 3 ns current pulses difficult to determine precisely. Normalizing the drive current by the
observed threshold drive current eliminates this problem, and makes for appropriate compari-
sons between different pulse widths.

In Fig. 8, we plot the relative noise RN of the laser output as a function of the normalized
current for the three different pulsewidths. The relative noise is defined as [11]

<(Ant )2> ) 5)
<nt>2

As can be seen, the shorter pulses tend to be noisier. One possible explanation for this is that
the relaxation oscillations increase the noise early in the pulse; when these transients die out
the pulse displays lower-noise, more steady state operation. Thus, shorter pulses for which the
relaxation oscillations make up a more significant fraction of the pulse duration will have
larger relative noise than longer pulses.

RN =

5. Conclusions

We have measured the polarization correlations of a pulsed VCSEL. Above threshold, the
outputs in the orthogonal, linear polarizations of the laser are anticorrelated. We also find that
the degree of correlation depends primarily upon the number of lasing modes. Anticorrelation
is greatest when a) the outputs in the two polarizations are of similar amplitude and b) many
modes are lasing. These criteria are plausible because anticorrelation depends upon competi-
tion between the modes of the two polarizations. A very weak output cannot compete well with
a strong output. Also, mode competition that leads to anticorrelation depends upon spatial and
temporal overlap of the modes in the laser. The more modes that are lasing in the two polariza-
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tions, the more likely these modes are to overlap and affect each other through spatial hole
burning [18].

Although we can quantify the polarization correlations by the correlation coefficient C g,
we find that this is a drastic oversimplification of the problem. The correlation coefficient is
derived from second order moments of the joint probability density for the polarization fluctua-
tions P(n,, ny,). For Gaussian statistics moments up to second order can fully characterize the
fluctuations; to a good approximation this is the case for our laser when it is between 1.8 and 5
times above threshold. However, closer to threshold we find that the statistics are not Gaussian
(Figs. 4 & 6), and the correlations are of a much more complicated form.

We also have indirect evidence that the noise of the laser changes in time. This comes
from the observation that the relative noise of shorter laser pulses is larger than that of longer
laser pulses. This behavior suggests larger noise right after the laser turns on, followed by
quieter operation thereafter. This behavior is likely to be caused in part by relaxation oscilla-
tions at the leading edge of the pulse. It has also been previously observed that individual
transverse modes in a VCSEL can turn on and off at different times during the pulse [16],
which might further explain our observations. Modes may be turning on and off over time in
our laser, but the measurements we have made would not be able to see this effect. In order to
more fully describe this behavior, experiments that better time-resolve the fluctuations and the
laser mode structure are necessary.
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