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Abstract:

Semiconductor lasers have found widespread use in fiberoptic communications, merchandising
(bar-code scanners), entertainment (videodisc and compact disc players), and in scientific inquiry
(spectroscopy, laser cooling). Some uses require a minimum degree of stability of wavelength which is
not met by these lasers: Under some conditions, semiconductor lasers can discontinuously switch
wavelengths in a back-and-forth manner. This is called mode hopping.

We show that mode hopping is directly correlated to noise in the total intensity, and that this noise is
easily detected by a photodiode. We also show that there are combinations of laser case temperature
and injection current which lead to mode hopping. Conversely, there are other combinations for which
the laser is stable. These results are shown to have implications for controlling mode hopping.
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ABSTRACT

Semiconductor lasers have found widespread use in fiberoptic
communications, merchandising (bar-code scanners), entertainment (videodisc and
compact disc players), and in scientific inquiry (spectroscopy, laser cooling). Some

. uses require a minimum degree of stability of wavelength which is not met by these

lasers:  Under some conditions, semiconductor lasers can discontinuously switch
wavelengths in a back-and-forth manner. This is called mode hopping.

We show that mode hopping is directly correlated to noise in the total
intensity, and that this noise is easily detected by a photodiode. We also show that
there are combinations of laser case temperature and injection current which lead
to mode hopping. Conversely, there are other combinations for which the laser is
stable. These results are shown to have implications for controlling mode hopping.




CHAPTER I
INTRODUCTION TO SEMICONDUCTOR LASERS

Uses for Semiconductor Lasers

Due to tﬁeh small size, semiconductor lasers‘hgve many applications for
which other lasérs would be unstited. They are found in compact disc and
videodisc players, bar code scanners, optical commu'nicat.ions and surveying. They
are also uged for studies of atomic structure [1]-[3] and quaﬁtum—mechanical effects

[4].

Basic Characteristics of Semiconductor Lasers

A semiconductor la§er is a very small device, about as large as a grain of
salt (see Figure 1). Typical dillilension's are 250 microns long, 100 miprons wide,
and around 100 microns tthk One type of laser in wide use is the GaAs/AlGa‘.As
laser. It is comprised of a slab of (possibly dopé;d) GaAs sandwiched between
layers of AlGaAs which serve to confine thg laser radiation. This is a crystalliné
stfucture which is cleaved in manufacture so that two opposite faces are smooth and
parallel. . These facets, wﬁose power reflectivity is around 0.3, form the mirrors

which provide the feedback fdr the gain needed for laser action.
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The laser is pumped by an electrical current (called the injection current)
which passes through the center slab (the active region) perpendicular to its plane.
The current is usually confined to a narrow strip by some means, such as a current-
blocking layer. As electrons are pumped from the valence band to the conduction
band (see Figure 2), a population inversion is created. Lasing occurs when the
electrons undergo stimulated
emission and recombine with
the holes left behind in the
valence band. The laser
beam, emitted from both
facets equally, diverges
strongly because of
diffraction, since the light
emerges from what amounts

to a slit. The diffraction is ) ) ) . )
Figure 1. Schematic of typical laser diode chip,

therefore greatest Cladding is GaAlAs, active region is GaAs.
Blocking layer restricts current flow to narrow stripe

perpendicular to the slit, through active region.

giving rise to an elliptically-shaped beam, in contrast to the round beam so familiar

in HeNe lasers and others. This highly divergent beam is almost always collimated

by a short focal length lens such as a microscope objective.

In the typical commercial semiconductor laser (or laser diode or diode laser,

depending on the speaker), the crystal is mounted on a pedestal in a transistor-like



package. The laser beam
from the front facet exits

thl’OUgh a glass window to conduction
band

the outside world. The electrons

beam from the other facet quasi-F erml

level

usually strikes a built-in

holes

photodiode which can be valence
band

used to monitor the laser’s
optical power output.

A standard measure g re 2. simplified semiconductor band structure.

Stimulated emission causes an electron in the
conduction band to recombine with a hole in the

. . valence band.
diode laser is the so-called

of the performance of a

L I curve, a graph of optical power output vs. injection current (see Figure 3). An
important quantity which is derived from this curve is the threshold current. When
the laser is operated below threshold, spontaneous emission dominates the optical
output and the intensity is relatively low. As lasing commences, the intensity
increases dramatically. The threshold current is often found by extrapolating the
large-slope portion of the curve back to zero intensity, as indicated in Figure 3.
Another characteristic of laser diodes is that the output wavelength varies
with temperature (see Figure 4). Each short segment represents a slight shift in
wavelength caused by variation of the index of refraction with temperature and the

change in cavity length due to thermal expansion. The latter causes a wavelength



shift because the Ilaser
wavelengths occur at
longitudinal modes of the

cavity, and these modes
lasing

depend on cavity length.

There is an overall much

spont_aneous

greater shift of wavelength emission \

with temperature caused by Injection current

the variation of the bandgap

with temperature. Figure 3.  Graph of optical power output vs.

) injection current (L-I curve).
It should be noticed

that the lasing wavelength
changes abruptly at certain
'C702.0-
temperatures. Over a small Power =2.0 nw

range of temperature, two 3701 5-

modes compete for the

. «701.0-
available power, and the
laser may switch back and
forth between these two
modes. This is called mode 700.0
. 20 21 22 23 24 28 26 27 28 29 30

Case temperature (degrees Celsius)

hopping and it is the subject
Figure 4. Graph of single-mode wavelength vs.
of this study. laser case temperature. Mode hopping occurs at the
discontinuities.



Motivation for Present Study of Mode Hopping

Mode hopping in semiconductor lasers is undesirable in many applications
since it introduces 'il_nwantéd intensity noise. A prime example is in video disk
systems. Mode hopping causes variations’ in the location of data written to the:
optic;al disk becguse dispersion causés variations in beam direction, possibly
necessitating the use of achromatic 6ptics [5]. In addition, the quality of the.pi'cture
derived from the aisk can be dégraded by mode hopping since the signal-to-noise
ratio is reduced [6]. Video.transmission via fiber optics also suffers from 'inte_nsit_y
noise produced by mode hobpiﬁg.for the same reason [7].

~ Mode hopping. is problematical in other applications as well. In
telecommunications, for examﬁle, the switching frbm one mode to another affects
the maximum data tfahsmission rate, since different wavelenéths have different
velocities in ‘single-mode fibers ‘with high dispersion [8']-[10]; Spectr.ospopﬂr .is
anbther area which usually requires .wévelength stability better than the 0.2-.3 nm
variation that occurs if the laser shifts from one mode to another.

'Mode hopping 1n semiconductor lasers has been studied by many
- researchers. It has been found that the exteméliy contfoll'able parameters of laser

. ( , .
case temperature, injection current, and optical feédback play roles in the-

occurrence of mode hopping. For example, Gray and Roy [11] monitored dwell

times of lasers operating in the bistable regime (complete switching between
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modes). They showed a qualitative map of gingle-modé sta;bility as it was affected -
by current and temperature.  Ohtsu and ‘Teramachi [12] found a similar map in
studyjng the power dropoilt probability. Linke et al [7] felated the rate of power
ﬂuctuati(;ns of various depths to the powef ratio between the main mode and the
largest sgcondmy ;Ilodc (this ratio is affected by temperature and injection current).
Tkach and Chrapl-yvy [13] found that feedback power ratios of -50 dB or less could
induce mode hopping, leading to an increase in intensity noise.

The foregoing examples illustrate how p_roblematic mode hopping is in many
applicatioﬁé. There are, therefore, practical motivations fdr studying mode hopping.
In addition, thcre are many users of diode laéers who would like to be able to know
when a lasc_r "is mode hopping without resorting to spectrum analyzers or
sp,éctrographs. They would also like to be able to eliminate mode hopping without
having to rriodify the iaser or to use elaborate external optics or electronics. Finally,

of course, the physicist wants to know when and why mode hopping occurs.

Statement of Research Goals

The prpblem ’fa.lced at the beginning of this study was therefore two-fold:
Al non-spectroscopic means of d‘etecting mode hopping was sought, and the'
‘conditions under which mod.e hopping occurs were to be studied with a view to E
finding a way of cont.,rolling.it. Chapter II describes, for a laser operating with
constant current, a simple method for detecting and quantifying mode hopbing by

measuring the intensity noise generated while mode hopping is occurring. In
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* Chapter I, it is sh'own‘tha,t there ate specific combinations of injection current and
case temperaturé which lead to mode .hopping. A stability map reveals the

periodicity of these combinations. This observation leads to a method of controlling

mode hopping. Th1s periodicity and other features of the stability mép are.

explained in Chapter IV in terms of a two-mode model, té.king into account the

dynamics of the mode hopping and of the detection system response. Rate

equations are developed and solved, and theoretical pfedictions are made and
compared with the experimental results. Chapter V discusses the application of
these ideas and techniques to other semiconductor lasers. Finally, Chapter VI

concludes the discussion with some comments regarding detection and control of

mode hopping.




Chapter I
EXPERIMENTAL SETUP AND PROCEDURE

Description of Setup

Mode hopping _in diode lasers was studied using the experimental
arrangement shown in Figure 5: A Mitsubishi ML 4402 GaAs index-guided lasgy
was housed in an ILX Lightwave Model 4412 laser mount. The laser miount held
the laser against a 2 mrn thick almninu:ﬁ plate. 'Ihennoéiéc,tric modqles in good
thermal contact wiﬁ the plate allowed heating or cooling of the laser. The
~ temperature of the plate .(and heﬂce the case temperature. of the laser) was
monitored _by .a calibrated th'ermistor.. The laser mount, glass plate and photodiode
were mounted on a 30 cm x 20"c;,1”:x 2.5 ﬂcm alummum block to ensure rfgidity.
This block, resting on a soft ft;am block for vibration isolétion, was placed on an
optical table fitted with rigid legs. A foam-lined wooden box with temperature
contrc;l covered the apparatus to provide secbndary tefnpgrature buffer'ipg. ‘

The laser case temperature and injection currerit were manipuilate;l using a
ILX Lightwave Mociel 3722 1aser di-ode controller. The controller stgbilized-

injection current and case temperature to <20 nA/VHz and <5 mK, respectively.

¢
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A lens in the laser mount was adjusted to produce a collimated beam. One
of the two laser beam reflections from the glass plate was collected by a Hewlett-
Packard 5082-4203 PIN photodiode reverse-biased at 22 volts with a series
resistance of I megohm (see Figure 6). The other beam struck a black felt beam
stop. The photodiode’s output voltage was measured by a Fluke Model 45 digital
voltmeter. This voltmeter, capable of registering dc and ac voltages simultaneously,
had a 100 kHz bandwidth and was capable of measuring to the nearest microvolt.

The laser beam which exited the wooden box passed through a neutral
density filter (typical optical density was 0.9) into a Bausch and Lomb 1.5 meter

spectrograph. The slits widths available were 60, 32 and 10 microns, the latter

laser
oscilloscope controller
linear photodiode
rr . .
array collimating

| r
lens \ ase

spectrograph

thermoelectric

lass late
g P module

Figure 5. Experimental arrangement for studying mode hopping. The computer
was interfaced with both the digital voltmeter and the laser controller.
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béing used for most
observations. The grating,

~blazed at 490 nm, had 450

PIN
lines/mm with a resolving + ~— '

- ) : I/I O
power of around 33,300 in ’[\
— | =22v to
: 1 1 Mo :

first order. The reciprocal - voltmeter
= "I U
dispersion was 1.48 nm/mm. ®)

Details of the calibration of

the reciprocal dispersion can

be founq in Appendix A. Figure 6. Wiring diagram of PIN photodiode for

. . detection of mode hopping.
A linear photodiode

ai'ray comprised of 1024 elements spaged 25 microns apart was piaced at the output
'pla_lne of the spectrograph. A digital storage oscilloscope read the array output at
100 Hz to produce a -grapli of intensity vs. wavelength. The separation betwe'.e,n
photodiodes in wavelength space was 0.04 nm. This allowed obéewation of the
longitudinal n‘10de spectrum of the laser, since the modes were separated By 0.30
nm. A sampie sp'ectfum showing the laser operatiﬁg with multiple modes is shown
in Figure 7. | |
Optical feedback was minimized by cantiné all optical surfaces so that back-
reflections of the laser beam did not reenter the laser (this mcluded the miﬁor-like
spectrograph slits [3],[14]). This was important, since, as was previouél}; noted,

.o LA
very little feedback was required to cause increased noise.
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TEKTRONIX 2230

DLY >=1.395rr S /2¢-3:)2.0 IS
AUP =P F. 3mu SAU

. 3nm

Lfc—=

\%
n
. 1U
ItA...\]u I** h L A ween IS,

Telk
'50m J NWUER AGE 50ub

Figure 7. Sample spectrum from linear photodiode array. Short horizontal line
segments are individual diodes. Wavelength increases to the left.

Correlation of Mode Hopping with PIN AC Voltage

As the injection current and case temperature were varied, the mode hopping
could be observed on the oscilloscope. Simultaneously, the ac voltage produced by
the PEN photodiode was noted. There was a strong correlation between the size of
the ac signal and the extent of mode hopping: When the laser was mode hopping,
the ac signal was significantly elevated compared to its value when the laser was

operating in a stable, single mode.
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Automated Data Acquisition

Data acquisition was automated by interfacing an A'f&T Model 6300 Plus
cornpﬁter with the voltmeter and Qim the laser controiler via a National Instruments
GPIB interface card and software. Using programs written in QuickBasic 4.0, the
compﬁter incremented the injecﬁon _cljrrent from a given initial vg.lue by 0.05 ma
steps while h(ildjhg the case temperature c;)nstant. The éc Iand' dc ‘voltmeter
readings at each current setting was recorded by the computer in a file whose na_meA
was coded to répresent the case temperature. A 3-second settling time after the
current was changed allowed the voltmeter r'eading‘ to equilibrate, as changing thé
injection current changed the inter;sity_which in tumn caused a lafge ac épike which
was umela}ted to mode hopping. The laser spectrum waé obsewéd after tﬁe séttling
period. ' After' the re;ldjng corresponding to the highest current was ‘taken, tﬁe '
| computer reset the current to the initial value. The controller was corﬁmanded to

increase the temperature of the laser by 0. 1°C. The compuier then waited 3 minutes

to allow the temperature to stabilize, after which the process was repeated.
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CHAPTER m

RESULTS

Peak in AC Voltage vs. Current Graph

When the ac voltage was plotted vs. the injection current for a given
constant case temperature, very often a peak was seen, as shown in Figure 8. As

was mentioned previously, this peak coincided with the occurrence of mode

1.5-

1.0-

0.5-

Inject ion current (ma)

Figure 8. Plot of PIN photodiode ac voltage vs. injection current at constant
temperature. The peak occurs when mode hopping is most vigorous.
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hopping. The relatively flat parts of the graph corréspond to the lasér running 'in
a single stable mode. Reasons.fo.i'- the increase in ac voltage during mode hopping
will be given'in the theoretical discussion 1}1‘Chapter Iv.

The ac signal is unambigudusly tied to Fhe occurrence of mode hopping.
Therefore, .t,his_ method is a simple, nori-spectroscopip means of detecting the
occurrence of mode hopping in semicondti;tdr lasers. As wili be _djscussea in
Chapter V, this method has been used on other semiconductor iasers of varying’
wavellelngth's. with éreat success: When the | injection current and laser case
temperature are held 'constant, the elevation of the ac signalr-always ix;dicétes that

mode hopping is ocburring. .

Grand Stability Map

It.v‘vas‘ observéd that the peak of the ac siénal occurred at lower injection
currents if the laser case temperature was raised'. It was also noted that separate,
distinct sets of peaks Qccurred for different ranges of temperatﬁreé. In order to get
an overall pérspective of the .trends being observed, the graphs were plottgd in an
offset, hidden-line fashion as described in Appendix C. Since the curves were taken

| in coﬁstant increments of temperature, each successive curve was offset vfrom' the
preceding curve by a constant amount. The Qeftical axis was labelled to correspond
to the ternpefature at- which each curve was. taken. The result of this procedure, -
shown in Figure 9, is called the "grand stabiiit.y map.". |

Some features of the map {vvhich may be noted are as follows: (1) The ac

3
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Injection current (mA)

Figure 9. Stability map. Plots of ac voltage vs. current taken at different
temperatures are plotted in an offset, hidden-line fashion.
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signal peaks form sets of "mountain ra.ng'es",w'hiéh have a negative slopg in the
temperature-current plane.. (2) The centers of the ranges themselves lie on a line
of positive slope.. (3) The ranges are of finite extent, the upper edges lying roughly
along one lir;e, the lower edges lying roughly along another. (4) Each _r.ange
consists of fairly s_mooth peaks at one end with a transition to rather more. jagged
peaks at the'oth:cr. Finally, (5)' there are iso-la-lted,, ja-gged peaks which occur along
the same line as particular ranges. Thege features, along with the reason for the

existence of the ac voltage peak in the first place, will be discussed in Chapter 1V.
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CHAPTER IV

THEORY AND EXPLANATION OF MAP FEATURES

The Rate Equations

To understand the features of the stability map seen in Figure 9,' we begin

by turning to the two-mode fheory of Yamada [15]. 'I'hé rate equations which

describe the time variation of the intensity of each longitudinal mode are given as:

ds

‘dtl = (& -G -G 8, -G S,) Sy,

9 : , (1)
- (1) (3) (3)

?.'EE = (G, -Gth‘Gz(z)Sz'qu)S;)Szr

where S, (m = 1,2) is the numﬁer of photoné per unit volume in mode m, and G\",
G4, and GY)) (m # n) are the linear gain, self-saturation and cross-saturation
" coefficients, respectively. G, is the loss due to absorption, diffraction and coupling
of the radiation out of the cavity thrbugh the facets. Expressions for these
coefficients are given in Appendix A. The photon number is just'a convenient way

to represent the mode intensity, the relation being

_ 280n12 2 . (2)
m - hvm |Em (t) | ?

where g, is the permittivity of free space, h is Planck’s constant, n; is the index of
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refraction of the active medium, v, is the frequency of the opticai field, and E_(t)
ﬂ is the slowly.-varying amplitude of the electric field -of modeA m. Aﬁer sorﬂe
algebraic manipulation (sée\App'endjx A), we obtain a dimensionies,s f;)nﬁ of tile
rate equations wlﬁch will have a form suitable for solution b};‘methods to be

discussed later. The rate equations are:

dE .
= = (& E{-8EDE, '

el , ~ 3)
2 = (a,-E;-8E{)E,,

dz
where
. = (&@V-G,)hv
1 r .
2€,n: G'y)
(G -G,,) by ,
a8 = > 70/ -
€001 Grin) @)
(3)
£ = Giia) .
Ry )
(1)
T Nt
€,01 Gi 1)

Tﬁe quantities a, and a, -are 6a11e;l pump parameters, 13 is the mode coupling
coefficient, aﬁd 1 is the dimensionless time.

We note that quantum fluctuations should play a role m the behavior of the
lasex" [11],[16],[17]. Spontaneov.;s ..emi_ssion happens randomly and‘ is the major
source of fluctuations which plays a role -here. We inborporate these ﬂugtuatiéns

' by adding Langevin noise terms q(7) to the rate équations:
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. .
d; (a,-Ef-EE7) E;+q, (t),
dr ) .

2

= = (@ E{-EED E,rq, (b)),

where the qK‘c) obey the following coﬂditions:

(@i (1) g (1)) = 28,,8 (t-1/),

{q, (7)) = 0. ®

The first condition says that the two modes fluctuate independently: They are
uncorrelated. It also says that, for a' g-iven r;lode, events at one time are.
uncorrelated to preceding events (this condition is called “the Markoffian
approximation [18]). The second condition simply says that the fluctuations in a

mode average to zero. In addition, we assume that the q,‘obey Gaussian statistics.
The Potential

Equations 5 above are called Langevin equétiops. The E_{ e;re stochastic variables
whose ﬂuctuations' are distribpted according to a distribution fgnctipn p(E,,E,,t)
[16]. This distribution is a joint probability density such that p(E,E,,t)dE,dE, .is the
probability of finding the laser at time t having the electric fields within E,+dE, and
-E,+dE,. With the prece'ding assumptions about the correiatioris of the q;, the -
Langéirin equgtidns can be solved (for the average quahtiﬁes) by' solving the related .
diffusion eqﬁation fbr p(E,,E,,t) called the Fokker-Planck equation. Foilowing the
procedﬁre given by M.-Tehrani and Mandel [16], we write the (normalized) electric

fields as sums of real and irhaginary parts, ie., E, = x, + ix, and E, = x, + ix,. We
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then have p(x,,X,,X,,x,) which satisfies the Fokker-Planck eciuation: ‘
4
A .
-3 |pom- 22 ™
poc a . ‘ .

where

B, = [a,— (x+x]) -& (x3+x{) 1x,,

B, = [ay - (xf+x7) -§ (x5+x]) 1x,, ®

A, = [a,~ (x5+x]) =& (x{+x]) Ix,, .
C B, = [a,- (x3+x]) -& (xf+x)) 1x,.

The time-independent solution to this differential equation, obtained by setting

dp/ot = 0, is given by

P = %exp[—tj(xl,xz,xa,x,:)] . )]
where
= 1 2,242 2 2 2 1 2.2
U= -Z[(xl"'xz) + (X3 +Xyg) ]‘-Zal(xl‘*'xz)

1 2,2 1 2, .2 2,2 10
‘—2-32 (x3 'f‘x4 ) "‘7% (xr+x7) (X3+xy)

is a potential and Q is the normalizing factor such that [5p(1,,L,)dI, dI = 1. If we

make the identifications x}+x; = I} and x3+x} = I, where I, and I, are dimensionless

intensities, we can write the potential as
1.z, 1 L
U = .zl_I zI2 ,z(a111+a212 7&1 - ' (11)

The shape of this potential varies with a, and a,. When a,/a,>E, the potential

has a shgle mihimum. at (I,,1,) = (a;,0) (considering only non-negative values of I,
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and L).. This cérresponds to the single stable solution of Eqn. 7. ﬁe laser
oscillates stalbly about this .solutio-n‘, wiﬂl'spontaheous.enﬁssibn ﬂuc_tliatiqns giving
rise to 'va.ri'lations in the inteﬂsitj This isvcallecil mode partitioning. If, on the other
"hand, 1/£<a,/a,<&, then there are two minima, correspondiné to two stable solution;,
one at (a;,0) and another at (0,a,), with a saddle point between them. The laser '
éscﬂlates about either of these solutions, with spontaneous exﬁission fluctuations
occasionally driving the lésér from one state to the other. This is, called mode
hopping.
It should be noted for future referenqe that the height of tﬁe saddle point

relative to the depths (;f the xrﬁnima increases with the pump parameters, the height
of the saddle point relative to thé rmmmum being givep'by [19]

1, (ai28aavad) ) (12)

AT = g 4(1-8%)

This will have implications for the rate of switching between modes.

Total Intensity Noise

. We wish to find the rms fluctuations of the total intensity (total intensity
noise) as a function of injection current in order to compare to the measured results,
as we expect that the peak in ac voltage is due to a peak in the total intenéity noise.

Writing the total intensity I = I;+1,, we find that

{(AT)2) = (12)~(T)

= (1,P~1D+2 LI NI ), 1)1 WL, =D, (13)
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where () denotes average. Using the joint probability density p(I,,I,), we can

determine the various moments of the intensities above. We have

~

(rr1r°) = %J:di_ldIZI,:I:exp[—U(al, I,,a,,I,,81 - (14).

Details of the integration may be found in Appendix A. Numerical integration is

‘required.

" Nonlinear Gain Model

In order to calculate the total intensity noise, we must have nuxﬂerical values
for the pump parameters and the coupling coefficient. Going to Egns. 20 in
. Appendix A for the coefficients appearing in tl;e rate equations (Ecins. 4), we note
that the form of G."-G,, is that of an inverted parabola whose vertex shifts upward
with ca1.°rier density. As-is ﬁoted in Appeﬁdix A, the carrier density does vary a
little with injection current. Thus, the nét gain increase§ with injection current.

The Waveléngths_ of the longitudinal modes and the peak of tﬁe gain profile
also shift Witl-'l -injection current (see Appendix F). This is due to the rise‘ in
temperature of the active region, or junction, as a résult of joule heating. This
causes thermal expansipﬁ of the laser cavity, thereby shifting the mode wave}eﬁgth
[20]. In addition, .the bandgap' energy, ;;Vhich is r-esponsible for fhe peak wav.elength

of the gain profile, is also a func_tion of temperéture [21]-[22]. We can express the
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wavelengths as

A, = K§+vx(J;Jo)’,

A, = A+ (T-T,), - (15)

A, = Ap+v, (T-J,), :
where A, is the wavelength of mode 1, A, is the wavelength of mode 2, A, is the
wavelength of tﬁe gain peak, J is the injection current., J, is the cun"entl for which
the gain peak wavelength is centered befween the mode wavelepgths, and 9\3, Af and
?\.g are the vaﬁous wavelengths when J = J,,. v, and v, are the rate of change with
current of the peak gain and mode Wavélengths, respe'ctively. | The wavelengths
obey the condition AJ-A7 = AJ-A;.
| By including the depéqdence of .the carrier density and the w'avele.ngths on
injectionv current, we can write the pump parameters in a form which takes into
account both the parabolic form_df the gain and the; felative changes of the gain
peak and mode wavelhengths with injection current, as well as the in’crease in ﬁet |
‘gain with current. 'We write the following expression for the gain profile as a

function of wavelength:

a = a’/(J=J,) —c(A-A)7% » (16)
where a" is the height of the géin peak, J, is the threshold cufrent, ¢ is related t.o
the curvature of the paraboié, A, is the wavelength of the gain peal; and A is an
arbitrary Qaveien‘gtli. Then a, and az‘are‘ fhe values of the gain of modes 1 and 2,
respectively, at the carfespondhlg W‘avel‘engths A, and A,. Writteﬁ ina convenienf

form, the pump 15a:rameters are:
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(JZJth-1) -k -~ + A v (J-J0)]2

(J0ZJth-1) -k,
(W 17)

(JZJth-D - k | -Av(J-J0)
a2 = ao
(JolJth-D -k|

where % - a,(J - JO) = ~(J = J0), Av =vp-vx and AA= - A’ The value of k
is chosen to give a width of the gain profile above threshold of 5 nm based on the
width of the spectrum in Figure 7.

The relationships between the gain values and the injection current are

illustrated in Figure 10. The gain profile shifts upward and toward longer

gain profile

wavelength (nm)

Figure 10. Shift of gain profile with injection current. The straight lines show
the shift of the wavelengths.
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wavelengths as the injection current increases. Smce the gaJn peak shifts more
rapidly than the modes, the gain of mode 1 is ﬁrst larger than that of mode 2
(a;>a,), then the two gains are.equal (a,=a,), and finally mode 2 becomes domm_ant
(éz>a,).

The last quantlty needed to carry out the calculatlons of the average
intensities and the total noise is the mode couphng coefficient & From Eqn 4, and

from the expressions given in Appendix A, we find that
§ = 3/11+(2met, AM/A%) 7] I (1)

where ¢ is the speed of light in vacuum, 1., is the intraband relaxation time (about
0.1 ps), AA is the wavelength difference between modes 1 and 203 mn), and A
is the laser wavelength (780 nm). In this case, € = 1.3, which corresponds to strong

. coupling as drscussed by Sargent Scully and Lamb [22].

Explanation of Features

Peak in AC Voltage

With the foregoing theory in place, we are in a position to’ explain many of
the features of the stability map. The first feature we consider is the peak in the
i’]N photodiode ac voltage which occurs when mode hopping is taking place.
Armed, with rhe analytical expressions for *h and a, in terms of the injection current,
we calculate the average intensities and the total noise as_functions of ourrent. The

results are shown in Figure 11, where it was assumed that 'Jo =131J, =635 ma.
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injection current (ma)

Figure 11. Theoretical average intensities vs injection current.

400-,

300-

100-

41.6 . 41.B 42.0
Injection current (ma)

Figure 12. Plot of experimental average intensities vs. injection current.
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The intensities can be seen to exchange places in the vicinity of Jo. These results

were tested experirrrentally by averaging the spectrum (as seen on the digital storage
oscilloscope placed in average mode) over long periods ‘while the injection current
‘was held constant.l Spectra were taken for various values of current. The intensities
» }are plotted in Figure 12. As can be seen by comparing these results vvith tlrose of
Figure 11, there -is good agreement of form between. theory and experiment.

The total noise is also plotted vs. current in Figure 11. It is constant at the

resolutlon of the plotter. This result is surprising, since we expected the total noise

to exhibit a dramatlc peak during mode hopping. Clearly, we must look elsewhere .

for the source of the strong ac s1gnal seen in F1gure 8.
A poss1ble resolut1on of th1s paradox begins with noting the expenmental

results of Ohtsu and Teramachi [12], who found that the low-frequency spectral

distribution of the noise is Lorentzian with a half-power width (cutoff frequency).

which varies strongly with the ratio of the average intensities. This was presented
in the form of a graph of cutoff frequency vs. I,) / @), with the ratio increasing

from unity. This variation of the spectral width may play a role in the ac voltage

because of the detection eystem’s finite bandwidth. This will be discussed later. .

Meg Hall of our laboratory has observed experimentally this variation of the

noise spectral width with intensity ratio , at least in a qualitative way. Shown in

F1gure 13 are one-shot t1me series of the photodrode voltage (propornonal to the.

total mtens1ty) taken at two different injection currents. The lower ﬁgure (curve A)

was taken when the ac voltage was slightly elevated above the background level,
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and the ratio of average intensities was relatively large. The upper figure (curve
B) was taken near the peak ac voltage, when the average intensities were
approximately equal. Distinct differences in the time scale and magnitude of the
fluctuations are evident: In the upper figure, the total intensity is seen to alternate
between two distinct levels, spending substantial amounts of time at each level
before switching to the other level. This behavior has been seen by others
[8],[11],[16],[19]. In contrast, the lower figure shows very frequent and often
partial switching between intensities.

When Hall applies the fast Fourier transform technique [23] to the time

Time (ms)

Figure 13. Oscilloscope traces showing total intensity fluctuations. Curve B
was taken at the peak of the ac signal, curve A at a low value.
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Frequency (kHz)

Figure 14. Fast Fourier transforms of the time series shown in Figure 13. Note
large difference in width and height of spectral densities.

senes, a dramatic difference in the spectral distribution of the noise is found.
Shown in Figure 14 are the Fourier transforms of the corresponding time series.
When the ratio of the intensities of the two modes was large (curve A), the cutoff
frequency, or half-width, was also large, corresponding to the wide range of the
magnitude and frequency of the intensity fluctuations. When the intensities were
of similar magnitude (curve B), the spectral distribution became much narrower .
This is understandable, since the intensity varies mostly between two levels and
there is not an extremely large variation in the times spent in either level.

We return to the question of the ac voltage peak. The constancy of the total

intensity noise, coupled with the variation in spectral width just discussed, suggests
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that the portion of the
Lorentzian noise spectrum
which falls within a given
frequency bandwidth
changes. Because the
detection system has a finite
bandwidth, it can respond to
only part of the complete

total intensity noise

. iiiluMiauun or variation ot

schematically in Figure 15. spectral densitY within detection system window.

As the spectral width narrows, the peak of the spectrum increases to keep the total
noise (the area under curve) constant. Thus, the amount of noise seen by the

detection system increases. The ac voltage should be largest when the spectrum is

narrowest, which occurs when the intensities are equal. This is indeed what is

observed.
Calculation of the ac voltage based on these ideas leads to the graph shown

in Figure 16. Comparison of this curve to that of Figure 8 reveals excellent

agreement of form. Details of the calculations may be found in Appendix G.
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1.5 -i

005 -

injection current (ma)

Figure 16. Plot of theoretical ac voltage vs. injection current based on shifting
Lorentzian model.
Mountain Ranges
Another feature of the stability map is that the injection current at which the
peak of mode-hopping activity occurred shifts to smaller values with increasing
temperature, giving rise to the ""mountain range' appearance. To understand this,
we recall that mode hopping occurs when the peak of the gain profile lies nearly
centered between two modes. This occurs because of the dependence of
wavelengths on injection current. However, as is shown in Appendices D-E,
specific injection currents correspond to specific junction temperatures, and it is

actually the junction temperature which determines the relative values of the



32

wavelengfhs (see‘AAppendix F). We theréfore expect that the mountain ranges
should lie along lines of constant junction ten;peratufe. However, the junctjon
temperature depends not only on the casé temperature but also on in_jection current,
due primarily to joule heating [20], [24]. To achieve the same junction temperaturé
ét higher case temperature, the cuﬁent must be reduced. Thus, wher the caée
temperature increases, the peak of mode 'hop;;in'g occurs at a reduced injéction
current. This is why the mountain ranges have a negative slope. Figﬁre 17 shows
an exﬁerimgnta]ly measured line of constant junction temperature superimpos-ed on
the stability map (dashed line). The line qualitzlitively parallels the slope of the

mountain ranges in confirmation of the hypothesis. See Appéndix D for details.
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Injection current (MA)

Figure 17. Stability map. Solid line marks boundary between multimode and
single mode operation. Dots are data and dashed line is best-fit line of constant
junction temperature.
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Periedicitv of Ranges

Still another feature we notice in Figure 9 is that the mountairl ranges occur
repeatedly, the location sh1ft1ng (positively) wrth temperature As was mentioned
earher the mode and gain peak wavelengths depend on the junction temperature.
The gain peak periodically overtakes the modes as the junction temperature

increases (see -Appendjx F).

laser longitudinal modes . gain profile

SN T

This is schematicaliy

illustrated in Figure 18. The T (N 72 B BN mode hopping
wavelength of the gain_ peak o TN ‘

: : T+AT | [ N J single mode
shifts with temperature more . _ : ‘
qulckly than the longitudinal T+9AT LN | | made hopping
mode wavelengths do. This Py
effect can also be seen in L 71Y i N N I — L_ single mode

Figure 4. The individual F igure 18. Illustration of shift of gain proﬁle and
: : modes with temperature. The gain profile moves
mode wavelengths (short more rapidly. Wavelength increases to the left.
line segments) shift at a rate of 0.065 nm/°C_(in agreement with Chambliss. and
Johnson [25]) while the overall wavelehgth shift rate of the gain profile is 0.208
nm/°C (which compares well w1th Wleman [3] and Lee et al [26]) The forner rate
. is. caused primarily by the change in the index of refractlon and by thermal

expansion [20], while the latter rate is chiefly due to the decrease in the bandgap

- with temperature [27].
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On thjs basis, we can calcu_late what the .exp_ectec_l separation (in terms of

case Tterhperature) between the rangés should be. It is |
| AT= MR, -R), (18)
where AT is the temperature shift, A\ is the 10ngitudﬁa1 mode s.eparation,'Rg is the
rate at ‘whic.h the gain peé.k shifts with respe;:t to temperature, and R, ié the
longitt;dihal, mode shift rate. For the values giiren' above., we obtain AT = 2.1;C. '
This va;ue is in good agreement with an experimente;l ést_imate of 2.1 + 0.3°C
obtained by drawing a line along each of thé"_niounteiin ranges anci noting the

vertical separation between the lines.

Finiteness of Ranges;"jagged and Anomalous Pé_aks

The mountain ranges do not persist indefinitely, but‘ have fairly definite ends,
although &ere are peaks which do océu_r isolate_:d from the mountain ranges. It may
be noted that the low-cuneht ends of the mquntéin ranges seem to follow a smootfi
line. This line qoincides closely with the transition from multimode t6 single-mode
_opératidn (single-mode defined as the main mode being 20 times larger than.the ‘
largest side mode [26]). This transition line is shown sﬁperimposed on the stability'

map (Figure 17) aé a solid line. To the left of this line, the laser has two or more '

- modes oscillating simultaneously. Changing the junction temperature causes the

distribution of modes to shift (mode "oozing"), but there is no abrtipt switching.
However, to the right of the transition line, single mode operation occurs except

during mode hopphg. Thus, we find that mode hopping occurs only when the laser “
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is operating in tﬁe single-mode regime.

The high-c;n'rent end of the mountain ranges occurs because the probability
of switching becomes quite l_bw even when the gain profjie is centered between the
modes. This is due to the aforementioned fact that the height of the saddle point
of the pqtential relative to the depth of the rﬁinimum increases with pump parameter
(and therefore with injection current). As the "barrier" between the two states
increases, switches become much less likely. They do occur, but the rapid back-
and-forth switching does not take place. This is consistent with the prediction of
Wang et al [28], who showed that the time should increase exponentially; with the
barrier height. This trend of h;crease of dwell time with punip pa;ameter has been
experimentally demonstrated by Gray and Roy [1 1].'Thi.s means that the ac voltage
will exhibit infrequent spikes in this regime, but -wiﬂ otherwise display quiescent.
iaehavior.

The elevation of the barrier height with iﬁjection current also accounts for
the transition in a mountain range from smooth peaks to jaggedAones. The jagged
~ peaks occur because the switching has become episodic rather than frequent. This

produces a large irregularity in the ac signal.
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CHAPTER V
ADDITIONAL RESULTS

Heather Thomas of our .labora_tory obta.ine;d stability maps for a variety of
. semiconductor lasers; some of the results are shown in Figure 19. Going clockwise
from the upper left, the lasers are a 1.3 ﬁﬁcron" Mitsubishi, a 780 nm Mitéubish\i,
a 780 nm Sharp, and another 780 nm Sﬁarp. The second 780 nm Mitsubishi was
the sameI: mddel number as was used to produce the stability map .of Figure 9.
Clearly, stability maps v@‘considerably from laser to laser, even for lasers
of identical model numbers. Wthc some maps del;lonstratc some of the effects
discussed in the prcvi;)us chapters, it is clear that our simple model is inadequa,t-e‘
to explain the rich divérsity 6f patterns sééﬁ in Figure 19. However, the stability -
iﬁap remains useful as a means of | chbosing stable operating parame.ters.
Furthermore, the simple method of mode-hopping detection described i)rcviously is

useful regardless of the availability of a stability map.
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Figure 19. Stability maps of various lasers. See text for details.
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CHAPTER VI
” CONCLUSION

s Semicohductor lasers have found a wide range of applicationg due to the
variety of w‘avelengths available, the compact “size, lov.v price and the ease of
cogtrol. The rapid switching known as mode hopping gives rise to undesirable
inteﬁsity noise which can limit the performance of these laser; in some applications.
The level of intensity nbise has been shov;rn to be directly correlated to the’
occurrence of rmode hopping. We have demonstrated a simple, non-spectrosc;)pic
method of detecting the occurrence of -mode hopping by using the increasé m
intensity noise .a.s an iﬁdicatpr.\ We have also shown that mode hopping occurs fdr
specific values-of laser case temperature and‘.injection current. This means that
mode hopping can be eliminated by careful control of these pa.ramet-ers. : Thé
stabﬂi;y ~ﬁap (distinct for each laser) is a reliable means of detérmining which . -
values of the parameters will result in stability. These findings should be- foﬁnd
useftﬂ to anyone fo1; :whom mode hopping-is a potential problem.

This work was supported by grants from ILX Lightwave, Inc.
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APPENDICES




APPENDIX A

DETAILS OF MODEL DEVELOPMENT
‘ .AND
CALCULATION OF INTENSITY NOISE
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7

Closely following the developmeﬁt by Yaxﬁada [15], the rate equations are

ds - :
d_t1 = (Gl(l)—Gth_Gl(?J?)Sl_Gl(?z))sz) Sir
. . ' (19
%2 - (e -a,-af)s,-es,) 8 '
—= - (G en~ G2(2)S,~G2(1) S;) 8,
with m,;n = 1,2. The coefficients are defined as follows:
W E W) -
6™ = 9888 non®on/ (A0,
nryHo€o .
o o BV.g WE@ 167 (1,,/h)* (2 n®-ng” 20}
m(n) ~
n 2, Sop'onla (1+8m,n) 1+ (‘tin(l)n/},n) 2z (lm—xn) zr  (20)
e = 5%9® (g’ -n")
th . .
‘g “'oso

The various quantities which appear in these expressions are defﬁed as follows:
n; Index of refraction.
é‘”;;";‘”: quér confinement ratios (not to be confused with the mode
coupling fact;)r £).
g®:  Slope of linear gain, with carrier density.
n®:  Carrier dénsity injected into the active region.
| nf,‘? Carrier density‘.at lasing tlﬁeshold.

0).
g

Carrier density to get positive linear gain.
ng®:  Carrier density to get positive values of saturation coefficients.

h’: Curvature of linear gain profile.

C Tyt Intraband relaxation time.
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7\.,, -Wavelength of peaic gain.
Ay Wayelepgth of mode m..
_(M)zz . Square of the dipole moment formed: by electron-hole pans

!

The intensity is related to the photon number by

2 . - .
s, zzt,nIlEm(t)'lz Jm=12. @1)

m

Substitution of these relations into Eqns. 19 yields, after cancellation of common

factors,'
d|E,|? .(1) 2e,ni 2e,nf
ﬂ‘tl_ = (Gy Gth"—ml— Gl | By | 2__%2— G | E,| ) | E,| %, 22
d|E,|? . 2e,n? 5 2e,n?
— 2 =(@6M-G,- GE2°”E2E2
IE (G2 “" v, 2(2) | | FV; Gty | By | 2) | B,
Assuming that B, and E, are complex, so that |E|* = E'E, we see that
d|E|2 _ d(E'E) _ -
- dt dt (23)
=R dE-+E' dE )
aE H'E'

where * denotes complex COnjugateé. As may be easily ‘verified for complex

numbers A and B, if A + A’ = B + B, then A = B. Here, E'dE/dt plays the role

of A, and 1/2 the right-hahd side of Eqn. 22 is B. Thus,we can write

280111 (3)

. dEl 1 ) ZéOnI (3) 2
—_ = (Gy e 1(1)|E Iz 1(2)!E | )E1'
dt 2 hv, hy,
(24)
dE, 1 2g,n? . 2& n:
& = 5 (@ -Gy~ h° el |E R 2‘?1’,|E |5 E,.
- Y,
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If we divide by (2e,n}/hv)G{;) in both equations, we obtain a normalized form for

the rate equations, namely,

dE

o = (2-Ei-8E:)Ey,
dE (25)
2 = (a,-Ef-EEX)E '
. aT 2 2 1 27
The quantities a,, & and T are defined by:
o = (6-G,) hv
1 L3P
2€,n1 Giyy)
o = (G -G,,) hv
* " T2enicl, |
0*+r (1) (26)
£ = ere)
T’
Gr')
= sonIzGl(fl’,t
— hv

In obtﬁning Eqgns. 25 , we have assumed that v, = v, = v (a good approxiniation for
the closely-spaced modes of the semiconductor laser). W_e have also assumed that
G, = GS{), this being valid since the functional form of the cross-correlation
.cc')efficien‘ts (Ecin. 20) is syminetrig_in mode number. Finally, we have taken all of
the G3)’s ?o be constants, talﬁng on their threshold -valﬁes when the laser is above
threshold. These coefficients depend on the carrier density, which become’g
esséntia]ly clamped to its threshold \./alue [291—[30]. Any extra injectéd carrier
density is quickly recombined in stimulated emission. There is, however, a slight
“increase of carrier density with injéctioﬂ current. Aécor@g to Ohtsu [31], 'tHc

fractional increase of carrier density to the fractional increase in injection current,
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L., (/ng-1)/T,-1) = 1.7x10%

We now turn our attention to the calculation of the total intensity noise. The

integrals we need are obtained as follows:

Q = f”dIldIZe U3 _
o]
= LdIlexp[—%If+%alll]L dIzexp[—-]z".Izz—.% (§Il—a2) I,

The lntegral over 12 can be found as formula 3 462 1 in [33] (this formula will be

(27

used repeatedly):
b 1 _ 2._ - T(v) ¥? Y . <28
Lx éxp[ Bx?-yx]dx = Zh) e#p(FB)D"’ 2B) ) ‘( )

where I' is the gamma function and D_, is the parabolic cylihder function. We
identify v=1,B = - Vi and v = ¥%(&l,-a,). Using formula 9.254.1 in [33] for D,, we

obtain

[&1 ‘ 1 (€173, ) 5
Q f dI1,/r exp __15_2 +_2_a111—1112 lexfe ___.15__2 | (29)
where erfc is the error functien cofnplement defined by erfc(z) = [Texp(-t?)dt. In

a similar fashion, we obtain

_(E_,Z 1)11 (a,-&a; )Iﬁ%az

—Z (‘all_az) ] *

(1) = ‘/—f dI Ilexp

- erfc

©(30)
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ny \/; s ‘n |1 2_ .2 1 _ 1_2)
T ' TLdIZIl eXP[z(g_ 1)I.2+z- (a,-€a,) Iz”"z-'al G1)

- erfc’[_; (EI,-a,) ] ,
with n = 1,2. Finally, to get (I,L,), we must use v = 2. With the help of formula

9.254.2 of [33] for the parabolic cylinder function, we get

(1,1,) =4_éj;”dIlﬂllexp[—%If”r%alIl] {1 —\/;[_;. (?’;Il—az)] -
. . - (32)

: exp(g%__afjerfc[% (E1,-a,) ]} .

The h}tegrations in Eqns. 28-31 .have to be done numerically, sincé there
appear to be no expressioné in closed form for these integrals.~ A fourth-order
Ruhge-Kutta ’l'nethod [23] is used to carry out the integration for each value of
injection current,.using fhe analytical expressions for the pump _para;neters: To
evaluate the error fﬁn_ction .compl'ement, we use |
Here, erf(z) is the error function defined by erf(z) = fgexp(-tz)dt. The first condition
_ is obtained by noting ﬁom tables [34] that a éraph of z exp(z%) erfé(z) Vvs. Z is very
'- nearly a ;Uaight line. In the second céﬁdition, erf(z) is .evaluated' ngmerically using

a ten-point Gauss-Legendre quadrature iechnique [23].
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APPENDIX B

CALIBRATION OF SPECTROGRAPH DISPERSION
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To determine the reciprocal dispersion of the grating spectrograph, light
from a rubidium discharge lamp was focussed onto the entrance slit of the
spectrograph. The spectrum of the lamp was imaged at the exit plane (actually an
arc) of the spectrograph. The linear photodiode array was placed in the same plane.
Its output showed the spectral distribution of the lamp (see Figure 20). The light
intensity was so low that the photodiode array scan rate (see discussion below) had
to be reduced to 10 Hz in order to accumulate enough charge in the diodes to give
a reasonable signal. The oscilloscope was used in "average’ mode to reduce the

noise. As can be seen from the figure, the rubidium lines of 794.76 run and

TEKTRONIX 2230

ZT=0 995 ns
AU? =90. 2mU SAU

794 .76 rri 780.02 nm

K flres*ix LNWV"
> -y

Teldc
-20m U NWUER AGE 0.55ms

Figure 20. Spectmm of rubidium used to calibrate spectrograph reciprocal
dispersion.
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780.02 nm [35] stand out well enough from the backg'roundnto be useful.

The photo_diode array stores charge in each diode until read (discharged) by
the controlling electronics. The amount of charée on-a diode is pr'opo.nional to the
accumulated energy of the light incident on the diode and hence to the inte‘ns'ity.’
The diodes are read at a rzjtte df approximately 4 microseconds per diode. Since the
diodes are 25 microns apart, time can be converted to distahce, Which in‘ turn can
be converted to Wavelength_ given the spatial position of kn’owﬁ wavelengths. The
 electronics send the readout to the digital oéci]loscope. The scope displays voltage

(proportional to the light ihtensit}'r)‘ vs. time (proportional .to wavelength), thus
‘ displaying the spectrum. - |

Deterrniﬁation of the reciprocal dispersion was carried_ouf by ﬁnding the

time difference between the &o peaks, cbnverting ﬁﬁs value to ‘a distance at the

output pléne, and then Hiviciing ‘the difference between the two waveleﬁgths. Wifh

the observed time difference of 1.575 ms, the calculation went as follows:

(794.76nm-780.02nm) 3.936x10>ms 1ldiode - 1. 4g0m (34) :
1.575ms . diode 25%10 °mm - mm




50

APPENDIX C

HIDDEN-LINE ALGORITHM FOR PLOTTING NOISE DATA
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The "grand stability map" was produced by the computer using the following
procedure: Each data pair of injection current 'a'nd ac vqltagé' in the file
cqfrespondjng to the lowest case temperature was read and entered into a master
map file. Each pair was stored in a variable which recorded the hiéhest. rea;dings
of ac voitage at a given carrent. Then each data pair of -the next highest
terhperaﬁne file was read. ’An offset of 0.5 mV was added to the ac voltage. If
thi_s new value was larger than the high reading at ghat current, it was 'appended to
the master file anci also enter.e‘d as the new high r‘eading. If the offset valué was '
not largqf than the high reading, it was the high reading which was appended to the
master file, thLe high réadjng was left unchanged. This allowed peaks to obscuxé

flat regioné.

The rationale behind  this procedure was. that slowly-varying trends in the

-data could be observed if the curves were presented offset from each other. If the

offset was not great enough, the curves dverlapped, causing visual confusion. The
hidden-line procedure described above allowed many curves to be displayed on the

same graph with little obscuration of important features.
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- APPENDIX D

DETERNIINATION OF LINE OF CONSTANT JUNCTION TEMPERATURE
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It was suspected that the "mountain ranges" lay along lines of constant
junction tempera_lmre. It seemed reasonable that, because of joule heating, the .
junction temperature would rise with increased injection current even if the case

<

'tempgranue remained the same. The laser wavelength was used as an indicétor of
junction temper.at_ure constancy: If -the Jjunction temperature changéd, t;e mode
‘ wavelength would also change. The following procedure.was impleﬁlented: After
consulting tljle gtability map, a current-temperature combﬁation was choseﬁ for
which the laser would operate in ‘s‘ing;le mode. This formed the reference
temperature of the junction. Now fhe' task was to determine some othef
coni‘binationS which would yield the same junctidﬁ temperature.

The spectrum was obs\e_rved on .the scoiae_, note being taken o_f which diodes
formed the peak and their relative heights. The centroid of the distribution was
calculatgd in order to give 2 more precise esti;nate of the (relative) Wavélength.
This value became the reference wavelength: Any other case temperature-injection
current pa1r which yielded the séxﬂc.:.‘.walvelength corresponded to the same jungtioﬁ
'temperatﬁre. T

| | After the case temperature was increased by a few tenths of a degre_e,,the
waveiength was fecordéd _(again by 'calculating thq céntroid) and the current. The
current was then decreased by increments, each time noting the wavele‘ﬁgth. 'Using ‘

these data, it was detefmined at which current the wavelength had been the same

as the reference wavelength. This current and the present case temperature had
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reproducedl the réference junction temperature. )
This proéedure was repeated several times. The results are shown in Figure
A 17. As hypothesized, theé points lay along a line which réughly paralleled theslope _
- of t_hé "mountdin ranges". The line of best ﬁt (by linear regression) has .the
equation‘T‘C = 37.53-0.3111, where I is the current in Mimﬁps and T, is measured
in degrees Celsius.

» We n(')t'e thaf a sim1_'lar result has also been obtained by Yamada and
Suematsuh [24], who looked at témperature compenéation as a means of mode.
stabilization. They fougd that théy could keep the wavelength constant i)y éhanging
the caée temperature by -0.11°C per milliamp of injection current. Our value was
-0.31°C/ma, the djfference likely being due to different thermal masses, heat
conduction paths and differént leakage ‘cur're1'1ts, which contn'l;ute to joule heating.

Not all injected current necessarily passes thrdugh the active region; that which

does not i5 called leakage current.
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APPENDIX E

DETERMINATION OF JUNCTION TEMPERATURE
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An analysis of the heat flow in the laser and its immediate surroundings was

performed to determine whether the junction temperature could be measured with

techniques at hand (as compared to pulsed methods [20]). As shown below (see

Figure 21), heat flows occur between the junction, the aluminum plate and the

surroundings. The flow is
assumed to be conductive
between the junction and
plate and between the plate
and the surroundings (via
thermoelectric modules); it is
assumed that radiation is the
heat flow mechanism
between the surroundings
and the junction, as the latter

is not in physical contact

with the surroundings. The

ambient

aluminum

plate

Figure 21. Heat flow schematic. The dQ/dt’s are
heat flow rates, while kJ represents joule heating.

injection current is assumed to be a source of heat. Four heat flow equations can

be written as follows:
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dQ

d_-tl = ¢, (T,~T,),

dQ

—2 = ¢, (T,-T.),

gg- . (35)
H—‘Ea- = C3(T,-Te) /

T - dQ1 dQs

kL= e

where ¢, ¢,, c; and k are conétants 6f proportionality deterrrﬁnqd by coefﬁcients of
~ thermal conductivity, emissivity and geometrical factors; Ty, T, and Tc.aré the .
juﬁction, amBie,pt (surroundings) and case temperatures in °¢, respectively. The
dQ/dt’s and kJ are heat flow rates as defined in Figuré‘ 21: J being the injection
current. |

It should be noted that e-quations iﬁvolving heat flow t(-) and from tﬁel
sunoundipgs use a simple t‘emperature difference rather t'han differences of T, as,‘
one might expect for radiative transfer of energy. One can write, for example, the

following equations for the heat flow rate between the laser and the surroundings:

%% f_C’(T;f-Tﬁ)-_ o
: = ¢/ (TZ+T3) (T£-Tx) (36)
= ¢/ (TZ+T2) (T,+T,) (T,-T,) '
= c(T,~T,),

where ¢ is approximately constant for the range of temperatures encountered. The
heat flow rate can therefore be approximated as stated.
If we solve these equations for the case temperature T, at equilibrium, we

obtain:
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T, = aT,-bT,~-cI, | (37
where a= (ct+cs)/e,, b = ¢ /c, ahd ¢ = k/c,.

Equation 36 gives the casé tempérémre in terms of the junction and ambient
temperatures and the injection current. :Late‘r, qf cdurse, we will invert the equation
to get thg junction temperature in terms of the other quantities. For now, we note
that the experimentally measurable (and contro]léble)'pérameters are the ambient
' temperatujre, the case température and the injectiop current. Now, k has already
been determined: It is the;_c’oefficient of the injection current in the equation of the
line of constant junction témperatufe as described in Appendix C All that remains,
* then, is to find either a or b in Eqn. 36, since,.by their definitions,‘a = b+1. Takmg '

small differences in Egn. 36 while holding T; and T, constant, we obtain:
b= -cAl 3

~ where Al and AT, are chénges in the injection cuﬁent and the ambient temperame,
respectively. The experimentally gbtained value were Al = 0.4 ma and AT‘A = -
5.0°C, giving values of b = 0.025 and a = 1.025. Thus, Eqn. 36 can b written

expliéitly as

T, = 1.025T,-0.025T,-0.311T, - | (39)

or inverted to give, as advertised,

T, = 0.976T,+0.024T,+0.303L - - _ (40)

From this we can see that the ambient temperature, at least in the present
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temperature-controlled set1.1p, has a small effect on the junction temperature. This
was bomn out by n_laking a stability map of a selected portion of the current-
temperature plane at a different ambient temperature. ;I'his map was siightly shifted
from the original, but was otherwise essentialiy the same.

Of great'est importance is the cése temperature, followed by the heating
_effect of the injection current. The fact that the iﬁjection current can cause a
significant temperaﬁe change in the junction is an effect of which little account

is taken in the literature. Exceptions exist [16],[24],[26],[31],[36].
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APPENDIX F

"‘MEASUREMENT OF RATE OF CHANGE OF MODE AND GAIN PEAK
WAVELENGTHS WITH TEMPERATURE '
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To measure how rapidly the wavelengths of .the}mo‘de<s and the gain peak
change with case temperature with the output power held éonstant, it was only
necessary t.o implement ﬁ variation of the procedure outlined m Appendix D. "I"he
centroid of the mode wavelength was. noted at each of several case temperatures.
Each timé the laser switched modes, a similar éet of measurements was carried out.
The result was the series of steps ségn in Figure 4. The average of the slopes of
the line segments was 0.065 nm/°C. The gain peak’s rate of change with case
temperéture was found By taking the slope of the line conﬁecting the centers of the
line segments, the assumption being that the gain peak is centered over a
longitudinal mode between mode hops. The gain peak shift rate was fopnd to be

0.208 nm/°C. These values are in good agreement with Wieman [3].
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APPENDIX G

THEORETICAL CALCULATION OF AC VOLTAGE
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Tl'le.noise spectrum is taken to be a Lorentzian centered at the origin. We

write

s(g) = SO | (41)
1+(£/£,)° _

where f is the frequency, S(f) is the noise spectrum, and f, called the cutoff
frequency, is the half-width defined by S(f,) = S(0)/2. Setting the total noise equal

to the integral of S(f) over all (positive) frequencies, we obtain

Ai 2z = [ S(O)d-f
((, )% Jo 1+(£/£,)

T's(0) £,..

42)-

Z
The ac voltage depends on the detection system response convolved with the noise
' spectitum. If g(f) is the system response function, we have
vac = [”g (£) S (£) Af » (43)
-0
where vac is the (unnormalized) ‘a¢ voltage. For simplicity, we take the system

response to be flat from zero frequency to a frequency f,, vanishing otherwise. -

With g(f) = 1 when 0.< f < f,, and g(f) =0 when f 2 f,, we have

vac = f”g(f) S (£) df
o .

fo s (£) df . (44)

.
2((AT) )7 tan (I .
T =

c
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A functional form of Ohtsu’s graph [12] of fcvs (19Z(12), obtained by trial and error,
is given by

fc = 50 kHz + 500 kHz In(Ly™)1 (45)
where I> (I<) is the greater (lesser) of the two intensities (see Figure 22). This

(expression for fcis used in Egn. 44 to obtain Figure 16.

-P 10

Figure 22. Plot of cutoff frequency vs. ratio of average intensities.
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