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EINSTEIN RELATIONS FOR GAIN-
GUIDED SEMICONDUCTOR LASERS

Indexing terms. Lasers ond laser applications, Stmiconductor
fasers, Quantum theory

The Eimsmein oquations which reluic the transition raios for
el asion and Mimulated

with g, — g, as the difference in the chemica) polentials of
conduction and valence band.

Sy = {elp [h—_%&] - I} K 5)

s the generalised ph distribution f {not only for

absorption in & laser sciive medium are re-casmined for the
special case of 3 ~ ] Inper with plex wave-
guiding. I is shown that, owing to the nenorthogonality of
the guin-guided Inser modes, (he Eisicin relations have 1o by

modified. In ' ihe 1p isSon rate per
laser mode no longer equals the stimulated envission rate per
laser phaton.

Introduction: Gain-guided lasers differ in many aspects from

index-guided lasers. The major reason lor this is the enhance-

ment of the spontaneous emission rate per laser mode due 1o
H 13

the astig Iy, Yariv® and M S have given
[] h | explanstion for this asti i
induced increase of the [ A ding to

these suthors, the longitudinel gain-guided modes are not
encrgy-orthogonal, and thus cach of the gain-guided longity-
dinal modes has to be reprasented by a st of orthogonal
mode functions. For these orthogonal mode fusctions the
‘usual’ Einstein relations* are valid.

In this letter we will show that 1his nonorthogonality of the
longitudinal gain-guided laser modes requires & modification
of the Einstein relation such that the spontascous cmission
rate per lastr mode is equal 1o the stimulated emission rate
per laser photon multiplied by the astigmatiom factor K
(sometimes also referred to an the spontancous emission
enhancement factor). The ‘ususl’ Einstein relation® i included
as it is valid for inden-guided lasers because the astigmatism
factor is equal to one for these lasers.

Calculation of the Einstein relations: FoBowing the analysis
given in References 4 and 5, esch gain-guided mode can be

d by M orthogonal modes &, ic. ¢ is the mode
subapace which spans ¥ :*

V=T ot m

For each of the modes ¢, the usual laser equations are vakd,
i imulated and

h | black-body radistion).” ie fuhol is equal 1o the
number of photons n per laser mode interval Ad,, and hence
eqn. 4 can be rewritten as

rJﬂ!='4-._L=r-_'~ 6]
Ap. Ab. nnm
Ad,

Eqn. 6 i ususlly referred to an the Einstein retation® Sinve M
mode intcrvale A, are required to build up the energy inter-
val Ap of onc real laser mode ¥, we have M equations. The
spontaneous emission fate per gain-guided longitudinal laser
mode R,_/A¢ is oblained by summing up these M equations:

R L) T, T,

—h e o Af AR pg _Nim 7

oy A9, a¢, " "
For simplicity. it has been assumed that Fopen 30 7, are the
same for all the M modes ¢,.

The number of submodes M which is needed to represenl
onc .lil'l-flliu mode ¢ is cqual to the spontaneous emission
factor K. and thus it follows from eqn. 7 thal the sponta-
NEOU etiission rale per gain-guided laser mode, Ropecimete
Ropo/A¥. is connected with the stimulated emission rate per
photon, 7o, = r__/n, a3 follows:

Ropeatieste ™ KF i L))

In contrast (o the ‘usuaf Einstein relation, where the sponia-
neous emission rate per mode is equal 10 the stimulated emis-
sion rafe per photon, we now obiain for gain-guided Iasers
thai the spontaneous emission rue per laser mode R is
equal lo the stimulated emission rate per faser photon [
multiplied by the astigmatism factor K.

The stimulated emissi rate per ph is d with
other laser parameters via

T timiphs = Uy 01, L}
where v, deniotes rhe group velocity, g the optical gain and o,
for i ) i

and in particular the absorp p
emission rates per volume and energy interval can be writien
as:’

T = 1 [} I Mibw, shrglein fe + Meo) de
[

inversion, and hence

Ropeasnese = Kty gn,, (10

Eqns. 8 and 10 thus rep the
for gain-guided lasers. Tt is important to realise that the spon-
tanoous cmission rate per laser mode enters directly into (he
specital linewidth of the individual laser modes. (O the basis
of the analysis presented above we can therefore prove that
the obeerved difference in power dependence of (he Iaser dine-
width for gain- and index-guided laser® resulls from the differ-
ence in the astigmatism facior.

5 y: We have re d the bal quations for
emission and absorpiion processes in gain-guided lasers. 1 has
been shown that the monorthogonality of the gain-guided lon-
gitudinal lsser modes results in » modified Einstein refation

e . .

¥t = 1, (Acu) .[M(hm. eindengle + hw) de (¥}
(-]
Frpen = D oo} I Midwo, s feme + ho) ds
where my and m, demoie the pied snd pied band
#ates, respectively, Miho, g ing the matrin for

the tranuition, k) is the pholon dewsity snd D gh} =
(Al Wx'A2c?), the denaity of states for photons in & cavity
with refractive index . In particular, oqns. 2 are vatid for the
encrgy intesval A, which defines & single mode ¢,. The
bubmwﬂmnlotumrduddwnwmltumiﬁmw
mode interval A, can thus be wrilten az

L N 3

:‘7.+“. vy [} 3
Tnserting the Fermi distribution functions’ for n, and n, in
eqna. 2, egn. 3 results in

;J-‘n.;.?{u,,[ki:_&]_.} ™

' 3 kT

According to thie Einsiein relation, the spontancons emission
rate per laser made is obtained by multiplication of the stimsy-

lated emission rate per luser phoion with the asti K
factor K.
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On Spontaneous Emission Into Guided Modes with Curved Wavefronts

AMNON YARIV anp SHLOMO MARGALIT

Absiraci—The ptoblem of sp iavion into guided modes
Wik cuved fronts is dq Aanicalty, A classical
resuli due to Petermann, which shows an incressed smission rate refa-
tive to modes with planar phase [ronts, is cormoborated.

HE amount of power which is emiited sponlaneocusly into
T: laser mode plays an important role in determining the
speciral and dynamic features of the faser radiation. It figures
prominently in semiconductor lasers in questions such as the
resonance peak (“spiking resonance™) in the modwlation
response as well as in the number of longitudinal modes which
oscillate |2}.

An importani resull due 10 Petermann [3] is that the spon-
lancous emission power into modes with curved wavefronis
(such as result from gain guiding or 2 combingtion of gain and
(anti) realindex guiding) is enhanced relative to that emitied
into mades in pure index guiding.

At first glance, this resull scems to contradict [4] the basic
quantum mechanical relationship which states that the ratio of

lated 10 3p 1xtes into a (any) mede is
equal 1o the number of quanta in the mode. This last state-
ment would suggest that, atl other factors remaining the same,
the spentaneous emission rates into curved wavefront modes
and those with planar wavefronts are equal. This apparent

tradiction is not resolved by a study of Petermann’s paper
[31, which treats the electron in a semiconductor as a localized
chussical dipole. This classical approach which, in our opinion,
still needs to be justified, does not make any contact with the
LD ional q hanical derivation of the spontane-
ous emission [5] rate. ’

To resolve this problem, we undertook a quantum mechan-

Fig. 1. Schematic representation of the gain guided mode inside an
arbitrarily lavge (height L) quantization box.

The curved wavefiont modes cannot exist without the elec-
trons since they depend for their existence on the presence of
of a transverse gain profile [5]. The to1al mode-eleciron s
tem is, consequently, not described by a Hamillog\ian such as
(2). Since fppy does not exist independently of H ppewan, we
will, consequently, refer to such modes as “imptoper modes.”
It follows that the standard quantum mechanical resnlt con-
cerning the ratio of stimulaied 1o sp Jus IraRsition rales
does not apply 1o “improper modes.”
. To analyze the problem q meg ly, we “place™
the laser structure inside an arbitcarily large (heighi L) quanti-
2ation box as shown in Fig. 1.

The “hig box™ modes are of the form el -7+ 122/}

h

- where &7 + (I(28/L})? = (2an/A)*. The spontaneous emission

rate into any one of these modes is given by the standard

ical derivation of the spont i problem into 2
mode with z field dependence

x‘l
E(X.:)'Eacxp[- Z—J(Hix)-iﬂz] m

[ ponding to a G

bearn height w §2) and 2 radius

of curvature of the wavefront & = 2ancw?/xh. In 2 realindex.

guided mode, the astigmatism factor x is zero, while in the
case of pure gain'guiding, x = |. Higher values of x oblain in a
combination of anti-index guiding and gain guiding [3]. The
key idea is that when x # 0, \he ficld (1) does nor qualify as
2 quanium mechanical mode. A "proper™ mode must be an
eigenfunction of 2 field Hamiltonian ;44 with the toial 7 of
the form

A=Faat Hocron + i;'inm-n'mn- 0]

Manuscript received July 6, 1982, This work was supported by the
Office of Naval Rescarch and the Ais Foroe Office of Sciemtific Rescarch,

The authors are with the Californiy Institute of Technology, Fasa-
dena, CA 91125,

ical result since these modes are defined {and

- exist) without injected electrons so that the total system

Hamiltonian is given by (2).

The calculation of the spantaneous emission rate is thus re-
duced to that of determining how many “big box™ modes are
needed to expand the “improper mode™ and then sutiiming
the spontaneous rates into these modes. The resull is the spon.
taneous transition rate into the “improper mode.” Let

x? ) - L, 2m
exp[— ﬁ(|+lx)]=§ﬁr¢KP"Tx {3)

from which
w In Wl - i)
YITVRE™ o,

By approximating the effective number of modes ¥ = 2/ by
the valuc of { where |A | = ¢ 14,1, we obtain

>
Ne¥ZL

f w

4

1+x% [B}]

0013-9197/R211100-1831300.75 © 1982 IEEE
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The total spontancous emission rate into an improper mode
“is equal to the spontanecus rate into one “big box” mode
multiplied by the number N of “big box™ modes contained
in the impraper mode.
“Since the spontaneous emission rate inlo s proper mode is
inversely proportional Lo the mode volume, we have

1
L
where A is some constant. The rate of spontaneous emission

inlo a proper real-index guided mode with the same Gaussian
beam radius w 3s the improper mode is

(Wopony) into improper mode = 4 E\ll +y? (6)

(Wypony) inl0 index guided mode = 4 X (ﬁ) ' N
The [actors 1/L. and 1} in the last two relations reflect the
effective mode heights.

The ratio of the spontaneous emission rates into an “im.
proper mode™ and an index guided mode, both with the same
beam radius w, is thus

(Wipany) “improper” o
{Wipony) index guided AR @

This is the resuil oblained by Petermann using a classical
dipole moded for spontancous Lransitions.

The rate of stimulated transition inlo the “improper” and
index guided modes with the same cw is the same when both
carry equal power. It follows immediately that the ratio of the
ate of induced transition to that of spontzneous transition
into an “improper mode" with s constant beam height w and
astigmatism factor x is equal 10 the number of quanta in the
mode divided by /T + x%. The result is thus fully consistent
with quantum mechanics.
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New Recombination Lasers in Li, Al, Ca, and Cu in a Segmented
Plasma Device Employing Foil Electrodes

J. J. MACKLIN, OBERT R. WOUD, I, anp W. T. SILFVAST

Abstract —The use of fol slecirodes s expanding plasma recom-
bination Juser device has rewslted m the generation of 30 laser transi-
tioms ln Li L, AJ ), AL U, AL ML, Ca I, Ca 1,Cw 1, and Cu 1. The gener
stion of sgmented arc plamas in these meial vapaors at the background
s préseres required for lsser sction had not previously been possible
wsing bulk chectrodes, and suggests that conditions mecessary for recom-
Bimation laser acti ay be obtained for any metal wsing this technique.

LARGE number of metal-vapor recombination lasers
with operating wavelengihs from the UV 1o the mid-IR
tly been desmc d usin d-pk

10 -
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B 3 3epf P
excilation-vecortbination (SPER) device [1-[3]. Both the
Aumber and the type of meals studied thus fas have been
limited, however, by the nndesirable occurrence, for some
metals, of dischaiges in the He background gas which shorls
out most (or all) of the sequential mictal-vapor arcs and re-
duces (ar eliminates) the laser gain, For example, a SPER

; device employing bulk electrodes (the type of clectrodes used

Lin previous SPER devices) of Li, A1, Ca. or Cu cannot be oper-

Sted at He pressures below abou 50 terr. On the other hand,
SPER device emplaying foil electrodes of these metals can

y Manuserip received fuly 9, 1982, .

 The swthors arc with Nl Labotatorics, iuimdel, NJ 07733,

K

Fig. L. Rel output powey from a Cd SPER laser operating on the
1.433 um transition in Cd | and the 537.8 nm transition in Cd IF a8 2
function of He pressure. Inset shows a highly schemanic diagram of
the cxperimental arrangement for a SPER device.

easily be operated at low He pressures where |aser action
typically occurs (1-10 torr). This new foil electrode device
has resulted in 30 new recombinatian laser transitions in these
four mctals at wavetengihs ranging from 5696 to 5460 nm.
Twenty-cight of these transitions have not previously been
observed in faser action. Except for a recent experiment in-
volving the observation of 3 two-photon laser via optical
pumping [4], this lester is the first report of laser action in
lithiwm vapor. lsoetectronic scating of the new laser 1ramai-

O018-5197/22/1100-1R12300.75 © 1982 IEEE




G. Grav - Spontaneous Emission into Index-Guided and Cain-Guided ...
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Coherence Properties of Gain- and Index- Gurded
Semiconductor Lasers

WOLFGANG ELSASSER, ERNST 0. GOBEL, ann JORGEN KUHL

Absrract-The sprotral linewidth of the longitedinal lsser modes has
been messured a5 8 fonction of mode power Tor diffarent fypes of gaim-
guided a5 well a5 inden-guided (GaMiM double hetvrostruciure faser
diodes.  Various elfects 0 lime broadening, wich 23 mpron-
(aneous emimsion, carmies dcndl’y l'luclntlwl changes of the 1esonator
and mode pedd are & d

INTRODUCTION

IGH tempotal coherence is one of the characteristic fea-

tures of laser light. In a “classical” laser, ¢ 5., a gas or
solid-state laser, the coherence properties are determined by
the { value of the cavity, the photon density within the cav-
ily, and the spontaneous emission rate a5 described by the
Schawlow-Townes formula [1]. Semiconducior lasers differ
from gas or solid-stale Jasers with respect 1o the coherence
properties essentialy in the rate of spontaneous emission at
each of the cavity mode frequeacies. This sp
emission is several orders of magnitude higher in semiconduc-
tor lasers {2} resulting in reduced coherence. In addition,
several dine-broadening mechanisms which sre not considered
in the Schawlow-Townes formula have 10 be taken imo ac-
count in semiconductor lasers, eg., index fluctustions ac-
companying spontanecus events [3}, ]4] snd Muctuations in
the number of the electrons and holes [5].

Linewidth measurements for single longitudinal mode index-
guided lasers have been reported recently |3], |S]-[7]. The
linewidth is typically in the megahertz regime, corsesponding
10 a coherence length of 10-100 m. Gain-guided lasers, which
typically show a mwuliimode emimion spectrum, exhibit
larger linewidths of the individusl modes [8]. However, no
comprehensive and detatled investigations on the mode power
dependence of their linewidih have been published so far.

In this paper, we report detalled studies of the dependence
of the laser linewidth on emitted light power per lastr mode
for various GaAsH{GuAl)As Jaser structures, namely, visible
and inlrared channeled substraie planar (CSP), infrared buried
heterostructure (BH), V-groove, and oxide stripe lasers. For
M) the different index-guided lasers, we find a power-inde-
pendent contribution 10 the linewidth, which ia typically on
the order of | MHz. This power-independent contribution can
be partly atributed to density fluciuations, as discussed in
I5]. The decreas of the lases linewidth with incressing mode
power., furthermore, it stronger by o factor of 30 than ex-
pecled from the Schawlow-Townes relatk This behavior

Metiuscript received Sepiember 27, ”G! nvhd Jamoary 26 l’ll
This work was supporied by the D

has been explsined by additional line broadening, due to index
fluctuations initisted by the spontancous emission [4].

The power-independent linewidth brosdening of the gain-
guided lasers is sbout three orders of magnitude larger than for
the index-guided lasers. We stiribute this large linewidth to
phase fluctuations introduced by compeiition of the longi-
tudinal laser modes. The decrease in linewidth with increasing
mode power is even stronges in the gain-guided kasers than in
the index-guided lasers, which is » consequence of the higher
spontancous emismion rate per laser mode, due to the
astigmatism.

EXPEAIMENTAL

The following laser types have been investigated: CSP lasenrs
(Hitachi) emitting in the infrared (840 nm) snd visible (780
nm) spectral range; BH lasers (Hitachi). oxide stripe lasers
(Siemens); and V-groove Lusers (AEG-Telefunken), all envitting
in the infrared. Typical data of the lasers, e.§., threshold cur-
rent [y, cmizsion wavelength A, mode spacing Ao, and
emission characteristics are summarized in Table 1. The lasers
were mounted in a temperstyre-sishilized copper block to
schieve 2 constant temperature of 298 K. The measurements
were performed under CW conditions, except in the came of
gain-guided lasers where the highest output powers (from
10-150 mW peak power} were achieved by pulsed operstion
(square pulses, 400 ns duration, repetition rate of § kHz). The
emission spectrum was messured by a 1.0 m Czerny-Turner
prating spectrometer equipped with a photomultiplier or an
optical multichannel analyzer system. In the case of pulsed
operation, a boxcar integrator with » gate width of 50 ns was
used {or signal averaging. The gate was set close (o the end of
the 400 nx excitation pulse to ensure quas-stationary
conditions.

Different instruments have been wsed for the linewidth
determination, depending on the resolution required; ») &
I m grating specirometes (up to 10 GR:). b) & | m spec-
trometer with a plane Fabry-Pesot interfermoter (vp to 50
MH2), snd ¢) 1 | m wpectrometer with » 50 cm comfocal
Fabry-Perot interferometer (up (o § MHz). )

Grest care has been taken in the case of index-guided lasers
1o avold optical feedback by reflecting surfaces. This feedback
thowed up in » drastic linewidith narowing and in an exireme
mensitivity of the spectrum 1o mechanical distortion. The feed-
back was eliminated using antireflecting costings for the op-
tical components and by inserting neuiral density filters be-
tween the laser snd the . The wp J output of
the rear mirror of the -emlnmductor lu:r was simuliamcusly
monhiored (o enture that no feedback occwrred.

The authors are with the Max-Planck | lnmm nu Festh pari; AL
Stuttgen, West Gormany.

The Fabry-Perot scans were recorded by a digital oscillo-
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scope and transfered to 3 computer (o evaluate the linewidth,
The final result for the linewidih is obtained by averaging
sbout 20 tingle scans.

The output power of the laser was measured with a cali-
brated silicon photodiode. Light power versus current sthowed
8 linear dependence in the entire investigated current ange,
The power per laser mode Pamode (per facel) in the case of
ll||ll||ml'no¢le emission (gain-guided Lascrs) was determined from

€ emission spectrum and the total emitied er P,
facet) according 1o powet P Ger

AjsdAfy -
’-na"m[f mm/f mm}
Ar-AN2 ]

with intensity /, mode sepatation A), and wavelength X, of
the respective longitisdinal laser mode.

Fimaly, nesr- and far-field patiemns of the Inser have been
measured in the standard mannes [9) .

ResuLts

Exparimental results for three different index-guided layers
are mummarized in Fig. 1. We find a linear relation between
Linewidth and inverse optical mode power (per facet) Fplo,
for sll three lasers. A slope of 17.8 MHz - mW (infrared BH),
483 MMz -mW (infrared CSP), and 42.7 MHz - mW {visible
CSP), and an intercept for (Pla)=0 {e4., infinite mode
power} of 9.2 MHz (infrared BH), 09 MHz (infrared CSP),
nd 0.6 MHz (visible CSP), respectively, is obtained from &
least-aquare fit of the daty points (cf. Table.1).

Fig. 2 depicts the expetimental resubts for the gain-guided
lasers [oxide stripe (upper part) and Vgroove (lower part)].
The lipewidth is generally larger by roughly » factor of 1000,
u compared 1o the index-guided lasers. Both laser types
(Vgroove and oxide stripe), again, behave in a similer fashion;
& linear dependence of the linewidih &4 on the inverse optical
mode power Pl it found for relatively small mode powens
(25-200 uW). A least-square fit to these dsta points results in
an intercept of 6.5 GHz for both lasers and 2 slope of 385
MHz - mW for the V.groove and 376 MHz - mW for the oxide
stripe laser, respectively (cf. Table 1). At high mode powers
(200 uW-11 mW)} (CW and puised operstion), however, the
linewidth does not decrease with mode power, bul instead,
increams again. At the highett mode power of 11 mW (cor-
responding to s emitted total power of 150 mW), a inewidih
of 43 GHlisoblliled,whichithulﬂnntbelddlh
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Discussion
The linewidth data will be analyzed according to (4], [5)

A,.A,,,,"_'_”.'_":‘_"a.!ﬂ:(”,z, m
Bx ’M

where Ay s o powet-independent contribution to the line-
widih, » & the laser frequency, Pyoy, it the power per later
mode (per facer), ¥ is the group velocity, ay, is the mirsor
0% {ap =(-1/) MR, | is the cavity length. R is the mirror
reflectivity), Ropow 5 the spontaneons emission rste per laser
mode, and the enhancement factor o sccounts for the index
fluctuations, as will be discupsed below. The spontaneous
emision rate per laser mode is equal to the stimulated emis-
sion rate per laser pholon multiplied by the astigmatism fac-
tor K. according to the Einstein relations, snd thus,

R.wn =gy u K (#3]
and

ELSASSER ¢f #l.: GAIN- AND INDEX-GUIDED LASERS

A = {1 - exp |- (AEy - AepkT]} !

where a,, accounts for incomplete population inversion, g is
the optical gain. and AE is the separation of the quasi-Fermi
Jevels,

Summarizing. the different contributions 10 the linewidih
can be distinguished as follows [(1)].

a) Phase fluctuations of the optical field in 1he cavity in-
troduced by sp ously emitted ph a4 rate Ry,
leading 10 an inverse mode power dependence according 10 the
Schawlow-Townes relativn |1).

b) Index fluctustives caused by the coupling of phase and
amplitude of the electric field and introduced by spontancous
eminsion. The ratic of the changes in real and imaginary parts
of the dielectsic function & = (An'fAn"), finally, is 2 measure
for the additional broadening artsing from this mechanism [4].

<) A power-ind deni ¢ ibutien Av,, which may ac-
count for different physical effecis, eg.. refractive irdex
fluctuations due to statistical fuc in the ber of
free elections and holes. These fluctuations sesult in 2 con-
tribution 4w to the power-independent linewidih broadeni £
which can be described by (5]

Fw» dn
1= . —
Ay - L5 v 3)

where T is the confinement factor, » is the laser frequency, n
is the refractive index, 5N is the carrier density fluctuation,
and dn/dN is the change in refractive index with carrier con-
centration.  Further contributions 10 Av, will be discussed
below.

Firs1, the results for the index-guided lasers will be discussed.
The power-independent contribution is almost the same for
the visible (0.6 MHz) and infrased (0.9 MHz) CSP laser, and
roughly & [actor of ten higher for the BH laser (9.2 MHz).
Welford and Mooradian {5] have calculated s} for a TIS
laser to be about 2 MHz. Since for a CSP laser, the confine.
ment factor has been estimated 10 be stightly smaller than for
2 TIS laser (0.2-0.4 for a CSP laser {10] instead of 0.4 for a
TIS laser), the values obtained for the CSP lasers are quite
reasonsble. The fact that Avg is smaller for 1he visible than
for the infrared Inser may be due 10 the lower threshold cuz-
rent (cf. Table 1), thus, & smalles 5N, which counterparts even
for the frequency dependence of Av). Even though the BH
laser has a slightly higher confinement factor ©6 [11]), 1
secems very unlikely that the value oblained for the BH Lascer
can be explained on the batis of (3) alone. However, i should
be noted that the specirat behavior for the BH laser is different
from the CSP lasers. The BH fnser shows o mather smooth
transition between sdjacent lasing modes as injection current
is incressed with regions where two Inting modes coexist.
The CSP lasers, instead, show abrupt transitions beiween dif-
ferent lasing mondes a3 the curient is vasied 112}, Therefare,
we believe that the larger Avy of the BH laser is relaled to the
drilerent mode behavivr, s will be discussed in more desil
for the gain-guided multimode tasers.

From the slope 380/3P;L,. of the data of Fig. 1, the values
for Rypoul] +0%) can be determined. The Tespective lases
length, and hence the minos Jouses Oy, Me calculaied from

"

the measured mode spacing A, assuming v, = ¢/4.32 [10].
Rugun(] +a'), thus, smounts 1o 7.7 X 1057 197X
lf.lr’.s" .and 103X 10" 5™ for the infrared BH. the infra-
red CSP, and the visible CSP laser, respectively. IF. for ex-
ample, a = 5.4 [4]. [13] is assumed for alt vhree fasers, Rypon
isequal to 2.6 X 10™ 5! 66X 20" 5! and 34 X 10" 5!
for the respective lasers. 1f, on the other hand, Ropon is
assumed to be constant (for example, 5 X 10" 57'), o has 1o
be varied by a factor of 1.6(a=3.8,62, and 44, again, for
the three lasers).  Unfortunately, no independent measure-
meat of & Of Rypon is,available for the invesiigated lasers.
The observed differences in slope, however, can be reasonably
explained by respective variations of the parameters enlering
into {1). These differences may be atiributed to either the
spontaneous emission rate per laser mode Repon 01 the en-
hancement factor o.

Next, the zesuits of the gain-guided lasers will be discussed.
We assume that the experimental results stifl can be described
by {1). The impottant differences with respect 1o the laser
linewidih of the gain-guided lasers as compared to the index-
guided lasers ase:

1) the emistion spectrum of the grin-guided Iasers, in general,
consists of several tongitudina) modes. and

b) the guiding is mainly plished by the | ¥ part
of the refractive index, Iting in an of these
Iasers and in a modified spontaneous emistion Tate per laser
mode [14]), [15].

The slope dAV/IP L, in the case of gain-guided lasers s
always larger than that for index-guided lasers. From the
tlope, we again obtain for the product Rupon(! + ) values
of 22X 10" 1™ and 2.1 X 10" 37" for Fpoove and oxide
siripe lasers, respectively. Assuming the same enhancement
factor as for the index-guided lasers, €. az54 Ropn=
73X 10™ 57, and 7.0X 10" s~ follows for the V-gioove
and oxide stripe lasers, respectively, which is roughly an order
of magnitude higher than for the index-guided lasers. This
difference in Ropon, indeed, is expecied because the spon-
tancous emmission rate per laser mode is enhanced by the
astigmatism of gain-guided lasers. The sponlaneous emission
rate per laser mode for typical gain-guided lasers has been cal-
culated to be a factor of ten higher than for index guided
GaAs/(GaA)As lasers |14], which well accounts for the char-
acteristic difference in R, observed for index- snd gain-
guided lasers, though sn additional difference in the
enhancement Facior o, due ta the different guiding mechanism,
might be possible.

The effect of the astigmatism on the laser linewidth i dem.
omstrated even more diastically a1 the higher output powers
(Proge > 200 uW). The laser linewldth increases sgain in this
regime (cf. Fig. 2). in contrast 10 the expected decrease as
described by (1). The astigmatiom factor &, which reflecty
the latera) electromagnetic field distribution in the cavity
{15), [16] can be determined expetimentally from the far.
field distributions of the emitted laser light. We have mea-
wired the mear- and for-fleld patierm simutancously in order
wmmnmmmwumumm
output powsr. Fig. 3 shows some experimental repudis For the
ur-flebd pattem of the oxide stripe laser and (s change with
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output power. We find the peculiar far-field distribution with
the so-catled “ears,” cawsed by the astignatism [16]. [|7|
The change of the ratio of the i Y COresp

ing 10 the ears [H6,)] 10 the intensity t the angle & = 0 de-
gree | KO = 0)] directly refects the change of the astigmatism
factor X [i8],1e.,

Ka KO, )He = 0).

The slative change of X with output power as obtained from
the far-fiedd data (Fig. 3) is depicted in Fig. 4(c). We find
an increase of the sstigmatism factor by roughly a factor of 4
for the highest output level, as compared to low output power.
This increase of the astigmatism factor is also reflected in the
half width of the spectral envelope. The width of the envelope
Bhypecyum I8 directly proportional 10 the astigmatitm factor
and the inverse totl power Py, [19). The product of
Algpacarum and Py, therefore, is an additional measure for
K. The experimental resuli it plotted in Fig. 4(b). We again
find an increase of the sstigmatism (about & factor of 6} in
good agreement with the far-field date [ef. Fig. 4(c)}. The
devistion of the measured Linewidth from the expected value
ss obtained by extrapolsting the linear part of the data of
Fig. 2 [sccording to (1)} i finally plotied in Fig. 4{a). The
ratio of the measured and extrapolated linewidth corresponds
approximetely to the chaage of the sstigmstiam factor a5 seen
by comparing the results shown in Fig. 4. 1t thus seems very
likely that the sdditional Unewidth broadening at high output
powet is related to the change in sstigmatism factor, and hence
to the electromagnetic wave distribution in the resonator.
Finally, we discuss the power-independent comribulion to
the laser linewidth. 4wy in gainguided laers is sbout »
factor of 100-1000 higher than in index-guided lasers (cf.
Table 1). In the case of indexyuided lasers, Avy can be at
fentt partly sttributed 10 statistical changes in carrier density,
as has been discussed before. In guin-guided lasers, Av, i3
too large 10 be explained by these sustistical Auctuations
alone. In gainguided lasers, however, sdditional Muciuations
may arise from the competition of the wricus longitudinal
wsser modes. This mode competition clearly shows up a3 an
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imlensity of the far-fleld paitern f1@y) 1o the intensity (& =0) at
@ =0 degree (obtained rom Fig. 3) versus total output power Fygp.

sdditional contribution in the intensity noise of the individual
laser mode [20], [21]. According to the classical rate equa-
tions for the phase and amplitude of the coupled Jaser modes
{22]. these intemsity fluctustions result in phase fluciusiions.
‘These phase fluctuations, in turn, contribute to the laser line-
width snd may sccount for the large powerindependent
contribution observed for gain-guided lasers. In addition, since
this effect will be present in all multimode lasers, it should
also contribute in index-guided lasers with a “nonideal single
mode behavior,” as observed for the BH laser discussed above.
We therefore conclude that mode competition due to mode
coupling in the dispersive medium of the active layer [23}
introducet an additional e broadening in mubtimode lasers.

SUMMARY

We have reported denalled investigations of the spectial
width of single laser modes of pain- and indexguided GaAs/
(GaAl}As wemiconducior Iasers. The linewidih of all the dil-
ferent index-guided lasers is typically on the order of 10-100
MHz and shows a linear variation with inverse mode power
The linewidth of a single longitudinal mode of a gain-guided
laser is higher by thiee ordeis of magnitude and is typically
in the range of a few GHz. Devistions lrom the expected
dependence of laser lirewidih on inverse mode power are
additionally observed at high output power. The data of
both laser types (gain- and index-guided) can be described
by & modified Schawhow-Townes expression, 1aking intv ac-
count the dependence of the spontaneous emission sate per
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Jaser made on the guiding mechani with sdditional broad-
ening dur 1o index fluctuations caused by spontancous emis-
sion 38 well as a power-independ ibution. This power-
independent contribution incorporates different physical
processes, such as statistical carrier density fluctuations snd
phase flucivations due to mode comp No compl
and selfconsislent theory is available at present, however,
to quantitatively account for these additional broadening
mechanisms, which are unique to semiconductor lasers.
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SHG intensity —.__

-60 -40 20 o 20 40
time delay 5

FIG. ). SHG Butocorrelation trace of the laser pulse. The hall-width of the
autocorrelation irace is 13 P4, corresponding 1o & 23-ps pulse width for 2
Baussian profile. The insert shows the block diagram of the setup for the
Autacorrelation experiments using SHG.
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FOURIER TRANSFORMATION (FT)

10

Aiv = loexp (-4 In2(¥L:%)2)

- b

I~ I

Bv=loexp -4 n2 (%))

lv) = Av) - (Biv) ® Dyvy)
Ity = FT(lv) = Btv - (At @ D)
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RED SHIFT DUE TO DECREASE OF CARRIER DENSITY,

DURING OPTICAL PULSE GENERATION
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BAND TO BAND TRANSITIONS IN GaAs
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diode, each time fransmilling a portion of its encrgy through the cleaved fuce. (b) Magnifica-
tion of the central part of (a). The width is 0.58 ps fur a Lorenizian pulse shape.
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