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Abstract The spatial coherence properties of high power vertical cavity surface emitting lasers (VCSELs) are
studied based on the theorem of partially coherent light proposed by Van Cittert-Zernike. The interference stripe
patterns are gauged using the Young's double-slit experiment for the devices of 980 nm wavelength VCSEL single
emitters. Then interference patterns are switched to grayscale by intensity distribution patterns for data collection.
In this paper, the integral average value method is proposed to calculate the degree of spatial coherence. The
proposed integral average value method and traditional average method are used respectively to calculate the light
intensity of the pattern. The results are compared with those calculated by the theoretical value of Van Cittert-
Zernike theorem. The VCSEL optical apertures’ influence on coherent characteristics are also discussed. The
experimental results show that, a relative error within 2. 5% ~ 9. 4% 1is reached by our integral average value
method. On the contrary, a relative error of 7. 5% ~ 67. 4% are got from the traditional average method.
Apparently. traditional average value method causes the error generally 1.5~ 27 times worse than our integral
average value method. Moreover, for single emitter VCSELs with optical aperture from 200 pm to 500 pm, the
smaller the optical aperture are, the larger the coherent degrees (between 0.731~0.426) are. The conclusion can
be wildly used on theoretical and experimental design for VCSEL coherent arrays.

Key words coherence optics; coherent characteristics; double-slit; vertical cavity surface emitting laser; degree of
spatial coherence(DSC)
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1 Introduction

Vertical cavity surface emitting laser (VCSEL) ™ % is
a kind of semiconductor laser which has a low threshold
current and circular symmetric output light spot owing
to microcavity effect™ . Its coherent characteristics are
of great importance in many application fields such as
communication, medical care, aerospace and so on"® .
On one hand, it is widely accepted that, VCSELs with
milliwatt-output corresponding to a few-micron optical
aperture have a high degree of coherence, since the
cavity only supports base transverse mode™ *!. On the
other hand, for a watt-output high power VCSEL
corresponding to an optical aperture about a few
hundred microns, the degree of coherence is heavily
reduced as a result of the coexistence of multiple
transverse modes in the cavity /.

The past work on the coherent characteristics of
VCSEL™ ' was basically qualitatively illustrated by far
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field distribution and the spectral characteristics.
However, these parameters are apparently inadequate
for a quantitative illustration on
coherence. In this paper, we firstly proposed an
integral average value method (IAVM) based on the
Young's interference experiment and spatial coherence
theory™’, which should be suitable for analyzing the
degree of spatial coherence (DSC) for high power
VCSELs. Comparing with our IAVM, the traditional
analysis method [ traditional average value method
(TAVM) | showed a relatively 1.5~ 27 times larger

error.

the degree of

2 Theorem of coherence

This article mainly discussed the DSC of high power
VCSEL devices. Spatial coherence is defined with the light
wave superposition effect, which is shown in Fig. 177,

CCD

double-slit  acceptance screen

Fig.1 Experimental test equipment

The circular optical aperture of VCSEL device can be regarded as a stationary optical source. According to the Van

Cittert-Zernike theorem and Wolf theorem® "1

, considering two-beam interference with partially coherent light at

point @ in a stationary optical field, the interference intensity at Q is given by

(6, )_2[2] (u)} {

In, sin(20) —

2n 2h

ZL}M‘COS[‘BM(#)*SJ R (1)
L

y = as1n95, (2)

BT PR A
B 1s the initial mean phase and § is the effective phase difference between the two beams. 26 is the full divergence
angle of VCSEL, 2/ is the separation between two slits, r, is the optical aperture of VCSEL, f, is the focal length of
the optical lens, A is the mean wavelength, « is half width of one slit, ¢ is the azimuth angle of point @ in the focal
plane.

For a fixed r, , I($, r,) represents a curve with a series of maxima and minima situated between the two envelopes:
2 2 2 2
m<¢,r1>—z[ L (”)} [ A } m.n<¢,r,>—2[ L (”} [ MH (3
Z Z Z

i
In the high power VCSELSs, the intensities of the two beams should be equal, so that the visibility v of the stripes is

I —1 27, () 2 2 M
viim'":‘)’]z(())‘:‘li#‘: 0 22 N Gm 4 DY | 4
Iln;\x + In\in M P
The traditional coherence degree measurement method is called the traditional average value method[ TAVM ™
[Fig.2 (a)]. This method need to measure each I, and I, of interference stripes. From formula (4), we can get
each visibility of interference stripes. An average visibility can be achieved using all these visibilities. Yet the results
are often larger than the theoretical value™®

max
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Fig.2 Schematic diagram of TAVM(a) and IAVM(b)

In this paper, we propose the IAVM, to calculate the
measured value of the DSC [ Fig.2 (b)]. The IAVM is:
we first fit out the I, and I, envelope curves using a
set of I, and I, experimental values. According to the

formula (3),
maximum and

minimum

envelope

curve of

the curves of I, and I,, are the
the

distribution curve of I,. An average could be achieved
by a great amount of calculations using values on the

fitting curves.

So

we simplified this step by the

integration of all the points on the curves of I, and I,;,

as S, and S, .

formula (4) to calculate visibility. We get

S

~max

5 Lw = | L,
~min

y =

Spex + Loin

Jlm + J L.

Then S,. and S,, are taken into

5

3 Experimental measurement and data

analysis

Our experiment is set up as Fig. 1.

VCSELs are

collimated by an optical lens, followed by the adjustable
double slits. A same constant current electrical source is
applied and optical power is measured. The position of
the receiving screen is adjusted until interference stripes
are clear and stable on the translucent receiving screen. A

CCD camera is utilized to collect the intensity distribution of
the stripes, for further calculation and analysis.

Five high-power 980nm VCSEL devices made in our
laboratory are selected. The device parameters are
shown in Table 1. The five devices (a) ~ (e) are tested
under a current injection 1.5 times of threshold.

In Fig.3, (al) ~ (el) show the interference stripes
and (a2) ~ (e2) give the corresponding intensity
distributions of the five VCSELSs respectively. Both two
beam interference and slit diffraction exist, as shown in
(al)~(el). The level O light intensity is the strongest
stripe at the center. Level =1, * 2 stripes distribute
at two sides and darken gradually """,

Figure 3 (a2) ~ (e2) are the corresponding results
transferred from the stripes’ intensities from Fig. 3
(al) ~ (el) via Matlab respectively. The envelope
curve fittings are carried out from I, and I,;,, shown
in Fig. 3 (a2) ~ (e2). The visibilities are calculated
using the formula (5), and the DSCs are obtained. The
results are shown in Table 1 and Fig. 4.

In order to verify the wvalidity of our IAVM,
theoretical analysis according to formulas (2) and (3)
are done according to our experimental results. The
2h, f, and r,, the corresponding p and optical
apertures are given in Table 2.

Table 1 Theoretical values and experimental values of DSC of (a)~ (e) groups VCSEL devices by IAVM and
traditional average value method
Theoretical Experimental value of DSC
Number IAVM TAVM
value of DSC - -
DSC of JAVM Relative error DSC of TAVM Relative error
a 0.756 0.72 4.8% 0.813 7.5%
b 0.699 0.731 4.6% 0.783 12.1%
c 0.534 0.513 3.9% 0.78 46.3%
d 0.466 0.426 9.4% 0.666 42.3%
e 0.443 0.432 2.5% 0.724 67.4%
Table 2 Theoretical calculation parameters of (a)~ (e) groups 980 nm VCSELs
Number Optical aperture /pm r1 /pm fi/cm 2h /nm p(a.u)
a 200 100 7.6 120 1.46
b 300 150 7 120 1.65
c 400 200 7.3 120 2.12
d 400 200 6.7 120 2.31
e 500 250 8.1 120 2.37
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Fig.3 Interference stripes (al)~(el) and intensity distributions of interference stripes (a2)~ (e2)
for the five 980 nm VCSELs

In Table 1, the results of five sets of data using the
two methods are compared with theoretical calculation
results. We found that when optical aperture increases,
the DSC of VCSELs became smaller. This is because
when the optical aperture of VCSELs become larger,
the limitation for transverse mode become worse. When
the number of transverse mode of VCSELs increases,
the DSC of VCSELs would become smaller. In data set
(a), the relative error of traditional method is 7.5% ,
comparing with an error of 4.8 % using the IAVM which
is 1.5 times smaller. However in data set (b), itis 12.
1% for TAVM comparing with 4. 6% for IAVM, 2.6
times smaller. This unusual result is brought by f, of

(b) set with a measurement error in the experiment.
The f, is measured each time when the sharpness of
interference fringes are stable and clear on the
computer screen transferred from the CCD camera.
Certain measurement errors are inevitable when judging
the sharpness. A considerable measurement error f, of
(b) would cause a decreased value of I,/ I,.. of level
0, =1, =2 stripes. According to the formula (4), the
measurement DSC of (b) would increase when the value
of f slants big.

In data set (¢), a relative error of TAVM is 46.3% ,
comparing with 3.9% for IJAVM, which is 11. 8 times
smaller. In data set (d), the relative error of TAVM is
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42.3% , comparing with 9.4 % for IAVM, which is 4.5
times smaller. In data set (e)., the relative error of
TAVM is 67.4% , comparing with 2. 5% for IAVM,
which is 27 times smaller. We found that the
Integration average value of DSC of (¢) is greater than
the value of (e). but the integration average value of
DSC of (d) is smaller than the value of (e). This is
because, a certain etching process error occurs: optical
apertures of (d) deviate more from 400 pm, it would
lead to a measurement error.

Apparently, errors of TAVM are generally 1.5~ 27
times larger than our IVAM. These differences are
because: in TAVM , only a few I, and I, are taken into
account to calculate visibility of interference stripes [ Fig. 2
(a)]. The system error and experimental noise which
would lead to the worse results and larger error., tend
to affect much more apparently than our IVAM. IVAM
uses fitting curves of I, and I, to determine the I,,,

value (S, = JIW) and I, value (S, = J I..). which

would be a more reasonable model to calculate average
value [ Fig. 2 (b)]. The individual value difference
appeared in the process would affect little on the final
results. From the analysis above, the IVAM would be
more reasonable in calculating the spatial coherence
degree for VCSEL devices rather than the TAVM
obviously.

In Fig. 4, we find that the relative error of IAVM
decrease from 4.8% to 2.5% , but the relative error of
TAVM increase from 7.5% to 67.5% . It is because
that the five VCSEL devices are made by the wet
etching technology. it would lead to an error value 2Ar
between the real value of optical aperture and the
designed value of optical aperture. Under the same
process condition, the 2Ar values were more or less the
same, about 10 yum. We find that as optical aperture
value 27, of (a)~ (e) devices increases from 200 ym to
500 pm, the relative error value 2Ar/(2r,) fell from
5% to 2% . According to the formulas (2) and (4), the
error of y value correspondingly decreased. The error
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Fig.4 Comparison diagram of experimental values of
IAVM and TAVM and theoretical values and
relative error of JAVM and TAVM of (a) ~ (e)
groups VCSEL devices

value between DSC of IVAM and theoretical value of
DSC will be smaller and smaller.

In the calculation process of TAVM, we find that. if
only the level O interference stripe is taken into
account, the DSC is not too much larger than the
theoretical value of DSC. But if all interference stripes
are taken into account to measure the average visibility,
the relative error of TAVM will become larger, and it
will grows larger and larger as optical aperture value of
(a)~ (e) devices increases from 200 pm to 500 um.
Higher-level interference stripes tend to bring more
error for the value of DCS.

4 Conclusion

Theoretical analysis and experimental measurements
were carried out to describe the DSC for partially
coherence light in high-power VCSEL single emitters.
We proposes IAVM based on Young's double-slit
experiment for quantitative description. Compared with
our JAVM, the TAVM shows a relatively larger error:
for more than 1.5~27 times. From the analysis above,
it will be reasonable to use our IAMV to get a more
accurate description of DSC.
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