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ABSTRACT

The effect, on semiconductor laser modes, of a time~varying modulation
of the complex dielectric constant of the active region of the laser, is
considered. It is seen that the main effect is to produce frequency modula-
tion associated with modulation of the real part of the dielectric constant
while modulation of the imaginary part gives rise to amplitude modulation.
Two methods for producing the modulation are considered. The first, pressure
via ultrasonic waves, produces pure frequency modulation in impure material.
The second, modulation of the injection, results in both amplitude and fre-
quency modulation. :

Experiments to confirm this analysis were carried out on a cw GaAs
injection laser. The modulated laser.spectrum was observed with a Fabry-
Perot Interferometer. Pressure modulation was seen to give frequency modu-
lation with little distortion, while for injection modulation, ratio of the
amplitude modulation index to frequency modulation index was found to be

* about 0.1.

High resolution measurements on the pulsed spectral shift of a GaAs
laser at 77°K and 4.2°K were performed using a Fabry-Perot interferometer.
The feasibility of detecting modulation on a pulsed semiconductor laser was
demonstrated.
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CHAPTER I
THE UNMODULATED SEMICONDUCTOR LASER

1. Introduction

Considerable research has been performed in the field of laser
communications because of the inherently large bandwidth associated
with'the laser. Many modulation schemes on different types of lasers
have been developed but it is not clear that any one has a definite,
overall advantage. Rather, the modulation scheﬁe to be used, will
depend on the specific application..

Here we report on two schemes for modulating a semiconductor
injection laser, firstly by modulating the bias and secondly by
modulating the pressure using ultrasonic waves. In Chapter I we
derive the laser mode frequencies and amplitudes for the unmodulated
laser, In Chapter II the effects of a general time dependent modula-
tion on the laser are considered. Pressure mgdulation via ultrasonic
waves is described in Chapter III and it is seen that the finite wave-
length of thé sound imposes an upper frequency limit on this form of
modulation. Comparison with experiment is also made, In Chapter IV
the same comparison is made for injection modulation. Finally in
Chapter V, high resolution studies are made of the spectral shift of
a pulsed semiconductor laser.

2.  The UnmoduLatgd Semiconductor Laser

Spontaneous emission, in semiconductors, arises when electrons in
the conduction band or a nearby donor state, recombine spontaneously
with holes in the valence band or an acceptor state, the energy lost by

the electron being emitted as light. The spontaneous emission has a
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fairly broad frequency range (& 1008 for GaAs) and closely follows the

behavior of the energy gap. Stimulated emission of light occurs, on

the other hand, when the transition is aided by the radiation field
present. From the well-known Statz-~-de Mars equations,'2 the threshold
for laser action occurs when the population inversion Nth = B;l tzl
where BC is the rate of stimulated emission into a single mode and tC
is the lifetime of a photon in the optical cavity.

The frequencies at which the laser will operate are determined
by the (i) resonant frequencies of the optical cavity and (ii) the gain
at these frequencies. The spontaneous emission gives roughly the
spectral shape of the gain of the laser modes so that lasing action
occurs near the peak of the spontaneous emission. In the following
section the laser mode frequencies and amplitudes will be calculated

for an unmodulated laser.

3. Mode Amplitudes and Frequencies

In this section we follow the treatment of Zachos and Ripperl in
éalculating the amplitudes and resonant frequencies of the laser modes.
We start from the experimentai observation that lasing action is not
uniform across the lasef mirror in the plané of the p-n junction of an

injection laser. Instead, the light is broken up into filaments which

‘lie along the junction. In generél, to calculate the mode ffequencies

and amplitudes is exceedingly complex due to the randomness of these
filaments. The choice of a focusing mechanism in the plane of the
junction is thus difficult. If,thWever, the electron injection is

confined to an area such that only one filament is present, the problem

is greatly simplified. This can be achieved by using lasers of "stripe"

T
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geometry* as done in these experiments. (see fig. 1-1)
As a model for confinement of the laser radiation to a filament we

thus assume a variation of the real part of the dielectric constant of

f the form
2 — . 2
| £ =" ¢ l-—(x—)—-(—-‘*—— -1
| x, e
where n is the maximum value of e/eo and where e _ is the dielectric

o)

‘constant of air, the z direction is the direction of propagation of

the light beam with the mirrors at z = 0 and z = L the x-direction

is perpendicular to the laser junction and y lies in the junction

plane. We consider Maxwell's equations for a medium with spatially

ranging dielectric constant

vx?:—yaaj -2

V X H= 3’+§? -3

taking the curl of 1-2 and the time derivative of 1-3

= > o=
VCVE) - VL *JJ“EC")'}\%—E%:_:)JO& |—4

. . Fiwgt
assuming a time dependence e~ ©

k. o *Kindly supplied by Dr, J E, Rlpper at Bell Telephone
% R Laboratorles? Murray Hlll New Jersey,
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Since %%—= 0 and p = 0 the right~hand side is small. We shall neglect

this term and justify this assumption later.

The equation to be solved is thus

[Vaﬂ*y‘,ecx,pwf]?:o - 6

We are looking for propagating solutions of the form which decays as x,y
tend to inrinity

— + LRyz + L w, €

F = Eo X 6O 7’0,) .._Q, 2 -7

-— A
the solutions to the equation are TEM modes where in one case E = Ey

and H = fx while in the other E = Ex and ﬁ = ﬁy. We can thus solve

a scalar equation for ¥ and 1-6 becomes

. Q_2 R 2
1 _)lXoc) +_ L AV _ky+RA '"(%CE"\)‘(%) =0
X oo Vet Y ¥y '3 e

where

‘R? 9 dp g, -9

—— °
Cc

rewriting 1-8

2 |
) e Y PR raag
e 2 [ e RR i

£

e
the first two terms are functions of x only while the second two are
fdﬁctions of y only so both must be'separately constant. But these‘

' are just two harmonic oscillator problems
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O |
)aXQc) - \311’—_{_ Yo X0GO) = K X)) |-
3 .
letting ol = J_’:__'_Y\T > l"a.
x-ﬁ.
-
I X - < X)) = KX 113
S« &3,)
2
choosin T M " -
g K‘ = — (an+1) R 7 -1y
2
we find ..% GL:L |
Xh(o() = 2" H,@E) -15 @)

X, 00 = £ < H“(JE—"‘TL ?C) |-15(b)

where Hn is the Hermite Polynomial of order n

a similar result may be obtained for Y, ( ’3‘.’3 tz,)
2

A =R |
. = -~ 3\l - &m-bl] -
S Y= [ Rn, T Rl -6

The definition of a mode requires that for say the wave propagating in
the +z direction
; 4 .
. -+ F a
E (x)ti,)o) = = (x,4,L) =17
this requires

- R LU - |-I8
X"’“‘t R L |

By substituting 1-18 into 1-16 we can solve for the laser frequency

"
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My =¢ {l +[ L (ant %..__.MH)] b +. & (-u.‘ +’Q.‘1t‘)

2
1-19

and the laser mode electric field may be written
S E C’w,l,f) H(F; x).l. H (F «3) Co‘)(‘t“ )

"My X cosc:m L)

The first term in 1-19 for GaAs is =8 400& while the second glves a

o]
small correction =4A.

This model g1ves very good agreement with the experimental obser-

vations. For instance by differentiating 1-19 remembering that » is
a function of frequency, the mode separation for low-order transverse

modes where

ans! pAm) | o< \ |-l

,u_
H

is given by

L. ad =~ L aw + LAM+A1] |~

Where in.,"" ;(I-_LE) 3 -3
IR TN |
Longitudinal mode separation giVes
, 2 ,
|-
(ax), = -2 8%
" an, L

While transverse mode separation are given by

(a >\) = - X on 135 @
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These values agree well with those observed experimentally. ¥For the
lasers used L = 380u, and ﬁe = 5.2. The values: Xg and Ye have been
measured1 as typically X = 17‘# and Y = l400ﬁ. This figures give a
longitudinal mode separation of 1.8& while the transverse mode separa-

tions are given by

(oN), = 13 A an 1-26

and

( m)m =~ 019 A dDm 1-27

respectively.

Neglect of the term V(V-E) on the right-hand side of 1-5 can be

shown to lead to neglect of terms of order

2 2 .
L and =2 with respect to

ko kye

unity. Using the values given above and X = 0.84u we find

. <3
AN~ 6xt0 M 29
| IS
and 3 |
am ~ 0.19 xte m I~a9

o

thus justifying the assumption mode.

The model used above for calculating the mode structure of an
unmodulated semiconductor pcstuleteS‘a dielectric constant which has
a maximum et the junction.and decreases on either side thus acting
as a waveguide for‘the light produced. Both the unperturbed cavity

‘mode amplitude and frequencies have been calculated and shown to

give good agreement with experimental observations on the laser spec-

- trum. The laser mode amplitudes will be used to calculate the'effects :

of pressure modulation on the laser in Chapter III.
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CHAPTER 11

MODULATION OF THE COMPLEX DIELECTRIC CONSTANT

1. Time Dependent Modulation of the Complex Dielectric Constant

In Chapter I the mode amplitudes and frequencies for the unmodulated
laser were calculated.These are now used as the starting point in calcu-
lating the effect on the laser amplitudes and frequencies of modulating
the complex dielectric constant.It will be seen that modulation of the
real part of the dielectric constant gives rise to frequenéy modulation
while modulation of the imaginary part leads to amplitude modulation.

In the section which follows,it is assumed that the laser mode amplitudes
are orthonormal and only a time variation in the modulated component of the
complex dielectric constant is considered,In Chapter III, for pressure
modulation,we shall consider a modulation of the form Co3( ‘\’Sf-' ""L,)‘-)

Consider Maxwell's equations

V XE = ~%—e()‘°;'q> 2-1
-~ - -y 3""’ Q_’l
| v >£:: = 3 '+-3E31°
write D= g E 2-3

where € is complex to take into account gain in the system and
; i - |
—S = G (r .r) E o =Y

where ¢C accounts for losses,

Write the electric and magnetic fields as a sum of normal modes

—_— =~ .
E=-~2 R Ew 2-5
AV - ~ |
~—P -~ -
H= T @ 96 Hal® 2-6
‘ a ] o “' ,
where ¢ Alj the real part of the dielectric constant and B, and ©,
are given in Chapter I.
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Note, ha' E V X Ha.

h.;ﬁl:VxE:,

From 2~1 we get
L

Yo

Pe.

From 2-2 and using 2-7

I - - -
“_’:J:Efcl}e) E =-2 E& Z'_‘_:s_s_)
CJPO o Q & a

take the dot product of 2-9 with Eb and integrate using orthonormallty

= -Z “’)Ian- (e t.m-ELr)

| wO. J 2 E\{:)
TR

b GAV

a 96

wi TORE gﬂw)_.éjdsi’rf-k‘b - LIN) gu El: E.,

A
Vwb 9 5“:).

wk&\'& hg‘“ﬁ.j—

S bs[ \»)JA* EGRED- g’)
.

_...Z (A3 S \t) Z

~20-
-7 )

~7(b) R

-9

P D) 13._1_,?_1 €RDp0]

2-10

En,
2~1t

2-12 o

let |
. 3__, - - - _,‘
5 b(;: H= L P Y (nt) E._(v-){btr)
a EAV _ ,
- -_
3~ a4 - -t
T " (&) = ___L. "J ¥ £(¥,¢) E‘o-) 'E‘t”
) GH" a -3
"~ Then

ru-) f)]'

2-1y
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- | % _
put %u) : = [Cb +C;,] A-15

. % -
Pb(t) = ’Qib [:Cb" Cb] d-16
Then Equation 2-8 becomes
L4 (] . '*
C:+ Cp = ‘-wb[cb"cb] -t/

and 2-14 becomes A—=I18

g %'[Tab“)((«“ﬂ-ﬂ -.wb[c., +cé 2; u[ca c]

Q-9

Let us assume that o.and the modulated components of ¢ are independent

of position. Then the.terms Sab and Tap which couple the modes, decouple

by G (¢ -
| qutt') ____(_é__) Sat A-20

AV . |
Tautt) = .g? € § . B -

: Av ‘ : v
further assume €)= 0;' + 0 ((‘) R P
| E«:) N Eof 1~[3¢ + z‘e-) 2-23 (a)
[ qV( (+ z-:fz')‘)]dv 2-23 (b)
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Then 2-19 becomes neglecting terms of order

lj Elf) (":h' ‘:bé] = 90&,[:(:5 -f'(:é} - CS";f) C::-(];‘ A-A4

BV , [, 14

[ 4 . *
C:— éb = r«wb‘ ,9:_%) ]Cb +Ecwb+ 0‘(&)]C -9 [f.‘:) (C* ]
Av » .
2-2

C': - éb :‘[cwb" C.‘S) - 6. t)]cb +['-“’b“*°“;:+ €, u-)\]

eqv v - Eh

[Cb - Cb] 2~26

adding and subtractlng 2~17 we flnd

S PR S I eu)]c Jew s o]y, £ __c]
Cb = [‘ b a EAV 1 GGV b a fn\/ 2 £Av : a Eﬂv b b

-7

&b - -.[:;U‘-t- 0‘:') + €(")]c 1-[5‘(‘9 4 E‘(b)]c,;t- £, ‘“,.Cb Cb]
PRIV QA Eav = fl!l/ R v R Cuv

2-29
we may-Awrite E‘Lt-): LA+ EQLC‘) + L °(;‘Lt) a-a9

AR RN 2720

where o is related to the gain. Then we have

- r- 3 P T
L.,, Lol 2-leW + 06T E IC ¢ GG G ~fac, r[‘:‘i_‘}cb
260 | € 6" Tt ER | ) ,
~ 3

r- —~ [a . - [
B ALY Pou I~ T/ 7Y 4 PR SPTAa L TL N PR
h b b ,
[“'w(] s R a €a 2 €q 2 G

m .
= and —Y— compared to unity
fikx g fky,
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Let | CWpb = & ¢ 4y'e *-33
b\t) 2 T &) o R
d . .‘Ub(“-(r‘.r *?t- 1'3
e Co®) = Dy¢) 2 * fas *
where Db(t) is a slowly varying function of time
-~ ca-O tf?“ |
fu- [ﬁ “""" :
L au- -~ c‘db't Go -Y QL ::-—-[1&4,1‘£§ C
L fnv | ( 2 e, ) 2
A-35
~ [ 6+ E;]befﬁ.f G]f?{)c:"-f_;‘ Cp +] tar e N
2 Eqv R Eyy 2 Eav, A &,

Choose v so that

~|i+ L W+ % ] o T ; -
! 2 Env‘illjt - 3 €m: :] l.‘.‘db 1:5525,,i‘ 2-36
a-37

L + uub]-[wh ‘-—%‘s.‘ (3 ]
Y = 254« 2% R Ea 2t 2 g

K
if we put in 2-37 Ub > « Wy, then T —> Y

then

and we have
tub”' rl‘ +y . .
l'+-45‘]]> v o _  \ 45 1Y - Ay 6
16 1%b —_ (o:_“*-fl >}b‘& TP, + (0;1-.7'}{'1).6:.;’% ﬁ;v "Y’t
| 2 €av I "

2€.

+[i°“"‘5;.l'* ” e
e[ o ov ] R

—~— 2-38
ATy
1’€~v’l:j>b-}(2‘¢qb_ [ *):)t)é] b %ng'fb’f—'
+ Lokst ¢ |-~ ;
**%?W )b '31 f V( (0,4 -7) (r*fa?]D [co(-r( IUo.l"+V b’)é“
S | u‘% *0"?)"’

2-39
* & P |
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L' platt € ]’)b 2 - [ €y ("“’b*—P ))4‘_*& i—“ ¥+ ”)
v LR

+|‘(i.ogh+’e;)(...u.,‘ o +y) + ‘3:_‘1'_’__»]35 +(¢-U €2 ))b

2 av 2. Gmy 2 fm/,
=40

Since we have assumed that Db is slowly varying we can neglect the last

two terms in 2-39 and write

[

. - | E&_ (gwbi- 0, “Y) ?1. N
-Dh [l + (Cat 'I-E',.)] 2 &, 2 Eav Q €av )b

. o D T 2Xp { J“t‘[* "'“E a fnv (CU&, +202v ) ) Z*ity

€x

2 -¢2

to first order in €2 and o1 we have

* % 2 &, 2.€y

2-43

i} Cry.ix 9yt 52 oy I.u-ﬂ ~ €a
- .l)(fg 2. Eqv ;)[ ‘gﬁu’#&) dr 62 *= o eﬂw 2 g

2~ ¢4

=
L)cpé( lt,w‘t (..Ub:‘? —y)Jalr € ..jatL_G_‘g_f;\]

EDU'

z“v

= ‘ ' - .U fiﬁ:~ , i
C’b 1,1) E ((. bz-{;v Y)f‘ e |' (28 \[&c‘db-ﬂ; ))‘P;.{‘_ - J,.r
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For a solution which does not either grow or decay exponentially with

time we must have

G -~ 2-4¢
2 . %ar

This implies from 2-37 that

el W Oo A=%7

. . Q.war +2—-é_- '- {-é-; . | ‘:wb G"‘td'- -IG;AI" ~E‘,
* o <:!:" £ AP ie st ],
Gw, ) A-43

a | . i -
scwpe + LNV ITF (6 j < (@po g7 ) ~(E147%)
¢, = X TRy [ eedr el )

Thus we see that if we modulate the complex dielectric constant the laser
modes are both amplitude and frequency modulated. We must now examine

the quantities in 2-49,

2. Relationship Between the Real and Imaginary Parts of the Dielectric Constant

In general the real and imaginary parts of the dielectric constant
are related via the Kramer-Kronig relation. Thus in 2-49, the modulation
components may not be chosen arbitrarily. In order to examine the connection
between them we assume that the displacement 3 and electric field E are
linearly related. The most general linear relationship between D and E

may be written?

Der- ?\rnL (@) F (e-rydt  2-50

where f(7) describes the properties of the medium and the displacement i)

depends on the values of the electric field at previous times. Furthermore,'

by requiring that real electric fields give real displacements f(r) must be

e e e
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real. Taking the Fourier transform of 2«50

DWW = [l 4 imf@;"’"‘at] ) 2-51

Hence the most general form of the complex dielectric constant is given
by
(V2 -
4 W ~
tw = l+£ () < o 2-52
note that 2-51 gives the relationship for real u
. x _
gew) = €'(w) 2-53
writing “
{ . -
£ W) = EW) +i€ WD 1704

o0 P ]
W)= 1+ [ @) coswr dr  2-55
E-“LU) . Sob () smwr dT 2-5¢

If £(1) is now changed to f£(1) + Af(1) then the same analysis applies

with a new dielectric constant
A-57¢a)
€lw) = €W +dEw)
P | P L=
€ (W) = E'(u) + 4 g'gw) +C (GUJ) +D0¢€ (,:a)) 2-5727(b)
\

thus " . | :
fa) £'w) = So 45@) Ghwt 4 2~-5yg
k o k . - -
ae"@ = | prpy sawr dT 2-59
o
applying the Fourier transform to 2-58 and 2-59
fermses S' dw & gl) . a.go
' ' - .
| | | bt ~cwt | - |
Af®) = | do = afw)  a-¢|

=
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making use of
! ; { '
AE(-w)s Q€W :

and

B E'Cw) = - b€ W) . a-¢3

o0
AfE):a L o(wl__a €lo) coswl +ag(w) s wt] 2-6¢
It can be seen that there are two components to Af(t). The first comes
from modulation of the real part of the dielectric constant while the
second comes from modulation of the imaginary part of the dielectric

constant. Since in this experiment an external modulation at a frequency

wp is imposed, it must be that

de'wy = ae[ste-w)r So-un)] 265

AEW= ag” [-S (w-Wy) = S(“"“"h)] A-66

so that
AfEr: ae aswnt + NE" S Wyt 2-67

Thus we note the important result that the modulation of the real and
imaginary parts of the dielectric constant are out of phase by /2. This
fact makes a profound difference to the spectrum of the modulated laser.
It will be seen that it leads to an asymmetry between the high and low
frequency’sidebands while if the componeﬁts were modulated in phase no
asymmetry would result. |

The conclusions reached here apply very generally to materials
whose properties are modulated in some manner. The assﬁmptions.made are
only (i) a linear relationship between the displacement and electric_field

and (ii) real electric fields give rise to real displacements.

B
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3. Interband Absorption

There are three main contributions to the distributed losses in a
semiconductor laser: (a) interband absorption, (b) free carrier absorp-
tion and (c¢c) scattering by optical inhomogeneities in the active region
of the laser. The two other main losses are (i) loss of light from the
mirrors and (ii) diffraction losses. First we consider interband absorp-
tion and show how it can lead to a net gain.

Consider Schrodinger's equation in the presence of an electric

field for an electron in a crystal.

— —~— - o K - =D - ¢ - ¢
(FleR) + Vi@ th_ (vv x{p-ca) -a‘]% 2EpYa 2-68
2m ¢ nic

-> -> .
where V(?) is the crystalline potential, p and 0 are the momentum and spin

—+ ’ . .
operatures respectively, A is the vector potential of the electric field,

SN VDL SRR 3212 A SR SUCID U SUUT  UOSPRINURV - PO ST S PR P S A SIS IR

e and m are the electric charge and mass, H and c are Plank's constant divided

by 21 and the velocity of light, E, is the energy eigen value, and Wk

k

are the Bloch functions

LH;:":

Re-writing 2-68 and dropping the A2 term

-3 2y

k¥ U | 2-69

-—) . T 2 & - b ! ! ’
Ho = & (R +7-R) -2k RoR - 2k (avis &) s e Ui
] am ™m PR : '

where P

: - 33 ' T | |
Eh: kb." &2_;‘.':‘ Lo i ,‘2‘7““)
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and

2 -> L - =
P+ V(r) +_k (vvxp.r) -7
am 4 m'c

H,

is the Hamiltonian for the electron in the absence of an applied electric
field. The only term in 2-70 which can cause transitions between two

states is

H s L (a7 1f R 2-73

PR
—— — L of.*'.bu -
v = Re A: PR f -7y

- R& K 1“75k

v - —7
y H"--‘g"'[»'r 'rl“"*’rK prpeA
°* “m 2-76
‘ " ho’r}q’
= £ IA (pi—th,’,;.'r + Ao ‘fP‘”‘hr")a .]

am
2~77
The first term causes transitions upward while the second term causes
transitions downward, The time dependence will ensure energy conservation
in the transition. Considering only upward transitions and noting that,

since the electric field is transverse

A hop" = 0 | 2"'78

the rate of tran51t10n is given by
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_) _) N v eub) R
: 2‘7 ‘( Yml 3= £ l‘h’l PE 2-79

where p(E) 1s the member of states for which Em—Ej lies between Rw and

HwtdE. The total stimulated transition rate upwards is thus given by4

-) -)

Vieon® A7 2 Kt & 7 BT Fole ) T (1+4,)
2-80

where the sum is over valence bands and spin. f(E.) is the occupation probability

of a state at energy Ec in the conduction band and f(EV) is the probability
of occupation in the valence band. Then net stimulated transiton rate is

thus
-wl‘)
.rS(‘LVq 2_‘3"‘:!4%.. T\o "‘Qm ‘l-J')r('j‘k“{f&\)(l f’“.\)
e - §;6)(- R !n))]

2-%1
. ";? ot) r
=1 :m’*% | <% | A s f’ﬂf ) ' Pd (’0{“’)[&"*)"&(632]'
where | 2-81
., N . : | 2-
Ep - E5 = R *

The absorption coefficient (B) is related to the stimulated transition rate

in the following manner

g = hw Tseem | Q‘-_ﬁ*,

5“{2_(5 xH) | Q-85
a9 VKL 2-86

where

"

ac).:,
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is the poynting vector

g = Moo R }: me1a‘o-‘f?’t%>|ag¢w)[féf~>'§§*’]

e,(*w m2
A-387

where 50 is a unit vector in the direction of polarization of the electric.
The matrix element connecting the conduction and valence bands may be cal-
culated using Kane's theory5 applied to GaAs. The Hamiltonian in 2-72 is
used in the Schrodinger equation for an electron in the crystal, and we

obtain

FER > 1 (W) + R 0vais th £,
_.E_. + V&) k °| 5 P i
A-%8

- - 112
Wl\ﬂ.ve. tb. = kk-th
2 m
If the spin orbit coupling is neglected, 2-88 can be solved for a conduction
band withj?; symmetry and a valence band with 15 symmetry using the basis

function 1S for the conduction band and X, Y, Z for the valence bands.

Writing

: L. | -34
<c5laﬁ;‘+V0)1~57 &

B,z <x ]2l a-90
; 2 ;

i P = E?E' 45!?%‘;"‘> | 2-91

WLQV_Q_ ok = )clsy)os-Z»

‘the 4x4 determinant may be solved exactly

>u
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at I:;o these give a triply degenerate valence band at Ep and a conduction
band at ES.When the spin-orbit terms are taken into account, an 8x8
secular determinant must be solved,However, the spin-orbit energy is not
diagonal in the .L) ,;representat.ion and the basis must be changed tc¢ the ?
representation,The problem is further simplified by choosing the following

combinatiom of wave functions for the basis: | Sy, >, L (X =YD

. Vo
123, 1OtDTS>  awd 152> x-S 121> |- (x>
2 J'S'_. J -——-—-—-‘n J / J

If now k is chosen in the 2 direction and the last term on the left-hand
side of 2-88 is neglected in comparison with the second to last ,the 8x8

determinant breaks up into two Lxli determinants

H o g5
: o H “
where
1 [ Eg O ¢ O |
Sa L‘ r .
O P‘ 3 %—ﬂ o ; Q-‘:\ 6
.40
@) o 0 ,P+}'

RREINON
|
|
|
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where

A =3k L(xl(Vpr)lh> 2~97

TR

is the spin orbit energy. Neglect of the last term on the left in 2-88 is
justified since the spin orbit interaction takes place inside the atom where

Rk is very small compared to ; 2-96 leads to four energies given by

(l'— 'l’ﬂ h)E’-s l:)(kP% E)(J: -ﬁ’i )-}:P’(E‘;u -E')J:o

-4
o - - 2,
o By B4 4+kk - 294
~ - 2,2 .2
t-vzz- ﬁ‘,*_d_ + l_'\___E_ - L R 2 ~loo
3 m 3 .‘5'
a X
E, = E,-38 +KR -~ P° R Q- 100
3 F'=  Im 3(e%m)
- - Q
l: = k +*\ah1 3 P; 2_ 4 l‘)h 2~100 &)
< S = =\ = -
where
ca = E< = (E 4 | -0}
Eq s = (& %—) | e
Wfiting a
i O d Ec - |

L ) :%(E}fd} ’2_101
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53 Returning to 2-87, we can now calculate the absorption coefficient
f% under two assumptions.4 The first applies for pure materials involving
.
ﬂ; band~to~band transitions. Here the wave-functions may be written as
A
4
:% Bloch functions and hence P vanishes unless the initial and final states
o -+ o .
SR have the same k value (neglecting kopt)' In this case the density of

states in 2-87 is the joint density of states connecting the conduction

band with the valence bands.

2-1lo
e, (t - h k‘d) — Y ‘ ’
. Qﬂ d (Fh.' L Ew- &) )‘

- kj

Note that the split-off band cannot be connected in this way for light

energy close to the energy gap

X 2 7". m ﬁé} k’ . 5&
ES (E,-E;=k0) = ’;‘}'{; (’,;1 "J) ( “”L})
M‘rn,:’ )__lo‘l

PO R PRSP - o SR SE e

averaging the matrix element over polarization of the incident light and

3 noting that spin is unchanged in a dipole transition we find
s g
Rk — | Q
LKCI Qo *pP |Vj>|] = m P 2A-105
i ~, S v ¢ RR

and

h%-:: 1-5 2V

| 1106
% in Cgs units. Here it has been assuied f(EC)=1 and f(Ev)=O. Taking for-

[ TSN
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[N\ =0.3%3 v
an‘z mm
‘MVL: 0'51"\

@ - |2-62:::* (Rw-Eg})" 2-lo7
Av

= 3'57&!0“(KU -E%)T'l 2A-i0%8

Equation 2-108 assumes that the transitions involved are band-to-band.
In junction lasers, however, the impurity concentrations are high so that
this assumption is not true. Instead, transitions involve an acceptor and
poséibly a donor state., In general, calculation of matrix elements for
such transitions is very complex. We thus assume that the transitions
involved are from a ls conduction band (applicable for GaAs) to a hydro-

genic acceptor level. Since an acceptor level is involved, the k-selection

rule no longer applies because the wave-functions involved will be modified.

In general the matrix element for a transition isva complicated function of
energy and so the assumption is made that the matrix element is the same
for all initial and final states. Finally, fér large concentrations, such
as occur in junction lasers, the impurity levels merge with the band edges.
This effect may be approximated by a rigid shift of the bands toward the
center of tHe gap and ‘a change in the effective mass. The wave~function
@a(;s for an acceptor level may bg written in terms of the valence band

functions6 IV(‘-&,;P
S . > 1L = s 2-joq(a
g, (s I o) [VRFy 2

whére

T - 3 ) X 3/a
alR): 3RtV _& __ o
(1+a*0)"

and V is volume of the crystal over which the wave-functions are nomalized,

e

e
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a* = aoKlé%-, where a_ is Bohr rédius of a hydrogen atom, K = static
dielectric constant and m* = the effective mass of the perturbed band
edge. The matrix element M for the transitions when impurities are
present is thus given by

. - 2
CIME> 2 a1 [l Fleoly,. 210w

av

-
Since the direct gap in GaAs is at k = 0, the value of the matrix element

>
for all initial and final states is assumed to be that at k = 0 so that

3 3 3 - 2
CIMIEY, = 64T K o as {ey -7 lwsl  2-iones
> pvr ¢
," Ay
Using this in 2-87

k-
3
g = a8 LY m m, k?’ EqtA E_(eq-t') (5 $2) fa)de
‘5n ‘,.'0'( ‘h»"‘, glir
AV

Q2A-1i0
Here Eg is the effective energy gap in the material. From the measured

acceptor energy of 34 mev, m* is given by

_ x ¥
.= ‘m s
G ‘ -1l
2kt |
from which
m* = 0.39 m 2-Ha

where we have used K = 12.5, Using this in 2-110 we find

k k-E
T e S AL

e et ot st e et A b b ot e v




AL Wit R M

-37-

where
py |

-}k:“ | + Lx‘a[. E - ‘f:n-fc)] -y (&)

R

S,g N z)cl"[f" (“:'E.a_pr*Ev)] |
RY

. . . -1 . . .
B here is given in cm =~ and energies in electron volts. Figure 2-1
shows a graph of equation 2-113 at T = 0°K. The case (Fp—EV) = 1.23
(Fn—EC) is chosen to correspond to the experimental situation and the

graph is plotted as a function of &§ = E:E%—. We may thus write

Fn‘ c

2
a = 2yxio® (Fu-£) F ¢9) 2-15
A

at T = 0°K where F(8) is given in figure 2-1 and is a universal function
for a given ratio of F -E_ to F -E_. For low energies E-E <(F -E ),

n c - p Vv g n ¢
(FmeV) we have B%(E-Eg)z. As (E—Eg) increases, however, the assumption
of no k-selection rule should becomes less valid and at high energies,

/2

where transitions are band-to-band, we should expect B'\:(E-Eg)1 as in

2-106.

A-ly b))
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4, Modulation of the Gain

Consider first pressure modulation. The effect of pressure on a semi-
conductor is firstly to shift the energy gap of the material and secondly‘
to change the dielectric constant which depends on the energy gap. The
change in the dielectric constant changes the resonance conditions for the
laser modes and hence the mode frequencies must shift in order to maintain
resonance. Along with the shift in energy gap is a rigid shift in Fermi
levels so that their positions relative to the band edges remain fixed.

For pure material the main contribution to the change in the gain arises
through the different pressure derivatives of the modes and energy gap as

may be seen in 2-106. We thus obtain

de =1 @ d ho-£) -1
AP (kw-£) dp

Using 1-19 and neglecting the change in cavity length with pressure7

L A dn |
© ¥ w Ip 2-h7

] 24u8

] ]
:‘a\..
—

</
"Dl"l

Y

\>)
Sle

dWw
thus . o
- - é&fﬁ' . - :D;: : 11"lr1‘
hd P Atwdn 2P

In general we can write

,)'{'l -9_»1‘\ | - 2-120
BEEY A wlip dp 'n

Assuming that the chénge is entirely due to a shift in the absorption edge

iy
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7 2-12 1

P ST ~.a_(.)% 2-1aa

using n=3,59 and“%—-:,= 1.93°

cl e s 0-3%3a @ d e | A-ia 4
4 (ho-5) dp

Further using the valve'ggg = 11x10-6 ev/atm, and 2-108

G"Z'g ] 4.«:@; o ew fo 27125
2 -

; Fér diodes, however, from 2-113 and 2-115 it can be seen that pressure acts

on the gain only through the term E—Eg, the quasi~Fermi levels remaining
fixed. Since the laser modes will be located at the maximum of the gain,

tﬁe change in F(§) will be negligible and hence B will be unaffected by

pressure. Thus, while for pure material pressure will give a measurable

‘modulation to the gain, for diodes no such modulation should be observable.

Secondly we consider the case of modulation of the injection a diode.

:  inéreasing the bias has no effect on the energy gap but serves to increase

FE |

'f Ehe distance of the quasi-Fermi levels from the band edges. The corresponding L i}

case for pure material would be to increase the pumping intensity in an

-optically pumped 1aser. From 2-106 and 2-108‘for pure'material n

Ye o

R
— - D m————
Q

. av

e dke 5
Gw-€) dv
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while for diodes, assuming the the applied voltage does not change the
ratio (Fn—Ec)/(En-Fp),
d@ -2 @ J(l’l\-lfc_) d-127
av (Fa-€e) dv
Verification of equations 2~124 through 2-126 for pure material was not

performed. However, both pressure and injection modulation were performed

on diodes. The results of these experiments are reported in Chapter III

and Chapter IV,

5. Free Carrier Absorption

One of the main losses in a semiconductor laser, particularly at high
doping levels, is that due to free carrier absorption. Unlike the other
losses mentioned in section three, namely, (i) scattering by optical inhomo-
geneitiesy (ii) diffraction losses; and (iii) loss of light from the end
mirrors, the free carrier absorption will be modulateéd by modulating the
injection although not by ultrasonic waves.

The transitions involved are those from hole states in the valence
band to electron states higher in the valence band and similarly from
electron states in the conduction band to hole states higher in the conduct =
<on band,The absorption coefficient for these types of transitions may be
approximated by the Drude-Zener formula3

p 7 32 ¥ .2 €2
R & 4 ) 5:26xte _A | Ne (M4 No rompy
e - ay ] ~ npm——— ——— ] __Y

§c¢ 3 “% | he€ | P\ M MNp - m

4 » 2-1%
where T is the scattering time, A is the wavelength in mirrors, Ne and'Npk
are the number of électfons and holés;, u is the mobility in cms/sec, m:
is the conduction band mass ét the Fermi level and m% the valence band

effective mass averaged over valence bands. While$2¥128 givés a value for’

L .- B . e e MR 48 e
ENDPSPOE B ot =

[T S T T
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ch which is lower than the opseifved free .carrier absorption, it {llustrales

the dependence on carrier concentration. Hence, modulation of the
injection will change this absorption coefficient by changing the number
of free carriers in the active region of the laser. Since the obéerved
-18

free carrier absorption is very approximately given by8 B%c A 3x10

times the number of carriers, most of the absortpion in the lasers used

is due to holes and thus

d € x 3 @% dlH-E) 2-1219
dv 2 (Fp-Ev) d v

Assuming that the ratio (Fp-Ev)/(Fn—Ec) is not changed by the applied volt. _

af’L

Q ) .
dftc x 3 @Gs-< ol Fu-Ec 2-130
v

2 (F)‘ = Es) 14
This value must be subtracted from 2-127 to obtain the net modulation to be

used in 2%49.

6. The Modulated Electric Field

Returning to 2-49, the results of sections 2-2 to 2-5 may be used to

obtain the mode electric fields. The quantity

S=3g -?—-:: 4 2-13|
ARTE, - qwhé
Since we may expect g < 1000 cm-1
. S ' 2-132
.o + GaA
2R=,E°_ 4 , o:l: fO * 7S '

and we neglect it. Thus-

o Cea (e +0'.(-- .
g Cb_i' :-Qbe +[""’bf?%'flr 5 na. | (i H“)}-BS
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for the case of sinusoidal modulation and remembering the phase difference

between the real and imaginary parts of the modulated dielectric constant,

1t 62 > 0 ¢ Coy w( 2-13¢
we write «12 Ao Som U;t’ 2-135@)
G = 40 Su wst 2-1550)

¢ (WyF -mg 50 ™ - - ot il 50
C ¢ (0, § Sim W) + Mg Costd ﬁ;vmhgr{.&stuv,r

where ; 2 '-I 3¢

- At
M T oS
A CAY S

2-137

'M& - - L“bdt('l'ar]
2 'fnvk)‘

2A-139

The last two terms in the exponential in 2-136 represent a very small
amplitude modulation due to the real part of the dielectric constant and

a very small frequency modulation due to the imaginary part of e. Since
Ae Ao i

—5 P . . . .> . . .
. s 7 ~ 10 for injection modulation and pressure modulation, via
2 (uv 2 b "

ultrasonic waves, we can neglect these two terms and using 2-16 write

E = ; J w’m‘y t_ﬁ?) LACOS‘-% SUn [whmt N mf Shn U,t‘]
. mmgq N2E&y s . b2 2-139

where ﬁhﬁq(?) is given by the spatial part of 1-20. Equation 2-139 thus

shows that the mode electric field are frequency modulated by the real

pa?t of the dielectric constant and amplitude modulated by the imaginary

 part. Using the results of section 2-4 and 2-5 we may relate m, to measur-

able quantities thus

Mo =

= 08 -0864<  2-l40
=i&vh° Qg |

For pressure modulation in diode lasers m, = 0.wh11e,

R T
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For pressure modulation in diode lasers m, = 0 while,

Mm, = Lo _| 2€ ap 2-141
§ wg 2AR'E, AP

Since for GaAs no reliable measurements of %ﬁ-for uni-axial stress have

9,10

been made, we assume it is one-third of the hydrostatic value. Then I

‘ss is w MHy

2142
5s P s m Abtwm

myg = 339 ¢

et

When modulation is perfofmed via the injection, the value of m_ will

depend on the biasing point, as will that of me. :

7. Conclusions 3

The effect of an arbitrary time-dependent modulation of beth the real

and imaginary parts of the dielectric»constant on a semiconductor laser

has been considered. It has been shown that modulation of the real part

of the dielectric constant gives rise to frequency modulation while modula-
tion of the imaginary part results in amplitude modulation. Furthermore,

it has been shown, quite generally, that the modulations of the real and
imaginary parts of the dielectric constant ére out of phase by II/2. The
useiof pressure as a modulator. has been éhown to give rise to pure frequency

modulation (i.e. pressure has no effect in tle gain) for diode lasers while

for pure crystals the change in the gain is sufficient to give measureable
‘amplitude modulation as well, Under modulation of the injection for a diode
laser or modulatibh:of the pumping power intensity for an optically pumped

crystal, Both frequency and amplitude modulation will be preSent.

1 e
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CHAPTER III

Pressure Modulation

1. Introduction

In Chapter II the effects of a time dependent modulation of the complex
dielectric constant on the laser modes were deduced. It was seen that this
lead, in general, to both an amplitude and frequency modulation -- the
amplitude modulation arising from changes in the gain, while frequency
modulation arose from perturbations in the real part of the dielectric
constant. In this chapter, the finite wavelength of the ultrasonic waves
used to modulate the laser is taken into account. Since it was deduced in
Chapter II that for diode lasers, the change in gain with pressure was
negligible only variations in the real part of the dielectric constant are
considered here.

Following the treatment of Ripper1 we solve for the laser mode frequen-

cies using a quasistatic approxiﬁation. Starting with the unperturbed laser

mode frequencies and amplitudes given by equations 1-19 and 1-20 respectively,

we use first order ﬁerturbation theory to solve for the laser frequencies.

A quasistatic approximation is valid providing the lifetime Tp of the photon
in the cavity is short cbmpe:edftO»the period T, = ﬁi-of the perturbation.
Since, typically, 2 ~ 10"12 secs and, for the modulating frequencies used,
v, < 109 cps, T > 10—9vsecs. Thus this condition was satisfied>and a quasi~
static approximation justified.

It is assumed that the dielectric constant in the presence of ultrasonic

waves may be written

& = "ag l."l ( \]a»ne‘:os(wt*‘l,x)}l

~ where ws and qy are the modulating angular frequency and wave number. The
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first term is just the unperturbed dielectric constant which was used in
Chapter I to calculate the laser mode frequencies and amplitudes. The
second term is the modulation produced by the ultrasonic waves. The
direction of propagation of the waves X is perpendicular to the direction
of propagation of the laser electric field. Solving for the new mode

frequencies we find

Y < )) + )_ )) jv t. L" l') Q E COS(‘US" *13-"-) 43;>
} S E (¥ d3F

where V is the volume of the cavity. The result, given in reference 1 is

i | Y, - H:
Y. X.‘,,‘ =~ Ynmy L (R3) = “0g cosor 3-3
1 ARE, o
where Ln(kﬁ) is the Laguerre,polynominal of order n and ku. 9_‘_3_‘_5_4
W?lﬁhy 9'“\ vum,
: ‘ -hﬁ\. ‘
Mme = Ywmq e Lnlhd) ¢ y -4
IS 2RE,
Dy = Rm,, = Vs g s 35

and the electric field is given by

_3’

E (v . ¢) = E (;) COSI I c“' 201’( 1'.,»5.‘,,‘5":””“2', 
.hmil 2 3- ‘

Y

'E \ ) ¢,5[2n9e1~'m§sw\.u‘l- 3“7
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o where qmq(z;) is given from 1-20 by *
B - t
- => = o ) ¢ 3-¢
(Fet) = [ (¥) cos2aii» -9 ‘1
¥ Wy, f,
and -
N ‘ﬂ)s = W 3-9 t,
- Q0
’ Using the well-known bessel function expansion 3-7 may be written f
~ ¢ o ~.
r - L
& - - - ’ . 3
‘ E k'\-‘t') = [ \I’) Z 3‘ (‘M_‘) Cos 21 @‘hn "P%)(‘
Thus we see, from 3-10, that the effect of modulating the real part of the @
g dielectric constant is to produce a set of sidebands on either side of the "
carrier frequency which are separated from each other by the modulating %
? frequency Vg and which have amplitudes governed by the bessel functions
i Jp(mf). Note that in the limit of low frequency ku + 0, 3~10 agrees with ‘3‘
2- 137 and the modulation index is given by *
5 ‘mf = Af WOanns 3= .
¥ Assuming that %I% for ymiakial pressure is one third of the hydrostatic B i
pressure” >~ value we find
Dy i3 o MHZ '
M, = 330 pnp > 7. 12
—_-"s P 15 e Abtm
where P is the ultrasonic pressure in atmospheres and Vg is in MHz.

‘The perturbation in the dielectric constant also introdu‘ces some mode
‘mixing from modes of different n‘."'Howeve_r, provided Ae<<iiZg,
th‘isﬁ is shown in reference 1 to be very small. For ultrasonic waves Q.sle ~|o

| 0
so that no mode mixing could be observed.
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2. Egperiment

A gallium arsenide laser of the "stripe" geometry* was bonded with
indium onto one end of a sapphire rod which was one quarter of an inch in
diameter and one quarter of an inch long. The top surface of the rod, to
which the laser was bonded, had a thin gold layer evaporated onto it so
that the indium solder would adhere to it. The laser wes mounted p-side
down on the sapphirevand the junction depth from the top of the p-side
was 2.5p. The p-side was gold coated so that the laser could be soldered.

On the bottom surface of the sapphire, a 10MHz or 30MHz quartz transducer

ﬁith coaxial plating was bonded using non-aq solution to ensure efficient
transmission of the ultrasonic waves across the quartz-sapphire interface.

The sapphire rod was clamped around its circumference by two pieces of OFHC
copper as shown in figure 3-1. The top contact of thelesswvsasmode via a

3 mil gold wire indium soldered to the n side of the laser and running to a
stand-off mounted on the copper block and thence to e microvolt connector.

The p-side of the laser was grounded to the copper block by applying conducting
silver paiﬁﬁ between the gold layer on the sapphire and the block itself. A"
coaxially shielded connection was made to the transducer via a modified BNC

connector as shown in figure 3-1. The transducer was cemented in place using

silver paint which also served to ensure a common ground between the trans-

ducer and copper block. A teflon sleeve whose inside diameter was equal to

that of the center contact of the transducer and whose outside diameter was

equal to that of the sapphire rod, was placed ontop of the transducer and
acted as afﬂuiée for a spring contact which was pressure bonded to the center
of the transducer. The outside shield of the transducer groumd connection

could slide in a trombone fashion so that the'spriﬁg connection could be made

Kind ¥ uprlied by Dr. Ripper at Bell Telephone Labs., Murray Hill, NJ.
(see ig. : _
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(a)
NO SOUND

(b)
MAXIMUM SOUND APPLIED

LASER L-5
MODULATING FREQUENCY yg = 30 MHz
LASER CURRENT = 40 mA

FIG. 3-3 BLURRING OF RING PATTERN PRODUCED BY
FABRY-PEROT INTERFEROMETER
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and then the ground connection slid over it and soldered to the copper block.
The block was then screwed and soldered to another piece of copper designed,
as shown in figure 3-1, so that the whole assembly could be brought in con-
tact with a copper cold finger for operation at liquid nitrogen or liquid
helium temperafures.

Figure 3-2 shows a diagram of the experimental apparatus. The laser
was operated cw using a Trygon Model T50-2 power supply. The transducer
was excited using either a Hewlett Packard Model 608C signal generator and
a Boonton Radio Model 230A power amplifier or an Airborne Instruments
Laboratories Model 125 power signal source. The sound waves genera;ed in
the transducer travelled through the sapphire rod to the laser mounted on
the other side. Sapphire was chosen because (i) it is a good heat sink for
the laser and (ii) it has good acoustic conduction properties. The frequency
modulated output from the GaAs laser was passed through a confocal lens and
thrqugh a Fabry-Perot interferometer. Two interferometers were used: One,
which had flat mirrors and could be pressure scanned, had a free spectral
range of 1GHz while the other, Tropel Model 7600 with spherical mirror, was
piezoelectrically scanned and had a free spectral range of 7.5 GHz. Light
leaving the.fiat Fabry-Perot interferometer was focussed using a 50 cms lens.
A pinhole was placed_gt the focal point of the lens and a photomultiplier
placed behind the pinhole, used to detect the lighﬁ,”“Single frequency
coherent light passing through the flat Fabry—?érot interferometer, produces
rings in the focal plané of the 50 cms lens corresponding to the discrete
transmission angles of the interferbmé£er. The inﬁefferometer was scanned
by‘evacuating iﬁ aﬁd slowly filling it with nitrogen'gas. This changes the
refractive inaex between the interferometer mirrors and hence the transmission
angles. Light parallel to the axis of the interferometer will be transmitted
only wheﬁ the optical distance between mirrors is api;ntegral number of half

o
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wavelengths. Thus, the light detected by the photomultiplier, for a single

e BT s B -

'">7H frequency when the interferometer was scanned, consisted of a series of peaks

spaced by a distance corresponding to the free spectral range (1 GHz 2). )

o When the laser was modulated, additional peaks appeared which corresponded
to the sideband frequencies. When the spherical Fabry-Perot interferometer '
was used, the light was detected using a silicon photodiode placed on axis

behind the rear mirror, since interference of the light in the interferometer

takes place at the mirrors. The signal from the detectors was fed directly

P b

to a 1A7 plug-in on a 547 oscilloscope. The output of the scanned inter- '

ferometer could be seen on the oscilloscope. For the pressure scanned inter-

ferometer, the oscilloscope trace was free run, while for the piezoelectrically
scanned interferometer, the mirror was driven from the sawtooth output of the

oscilloscope which was synchronized to the x-axis. Graphs of the fiﬁrg-ﬁ4*0r'

B iR e ek AT

output could be obtained on a Moseley 7035B X-Y recorder by applying the output

of the plug-in to the Y-axis and the sawtooth to the X-axis.
Operation at 4.2°K or 77°K was achieved by using a Janis helium dewar

with an optical tail. The cold finger cooling method was used. Whenever

possible, the laser was kept continuously at 77°K except when operation at
'3?3, liquid helium temperature was desired. This prevented unnecessary cycling
between roon temperature and nitrogen temperature which adversely affects the
operation of the lasérs. Operation at 77°K could also be achieved by using

a widermeuthldewar.flask% The laser assembly was mounted om a big cbpper rod
which was partially immersed in the liquid nitrogen. Frosting of the laser

was prevented by piaéing an inverted, optical dewar flask over the laser

St

i ¢§ o ~ assembly and rod.

41
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R Equation 3-10 shows that when a semiconductor laser is modulated via ultra-
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513 sonic waves, a set of sidebands appear. The amplitudes of the sidebands are

_;f’: governed by Bessel functions while their spacing in frequency is equal to the

modulating frequency Vg Thus for a single mode laser, the output of
Affﬂg the scanned Fabry-Perot interferometer should consist of a series of peaks
; spaced a distance v, from each other. If the instrumental width of the
interferometer is greater than the modulating frequency, then only the
fi_;g envelope of the sidebands will be observed. Figure 3-3 shows a picture of
fﬁﬁf the ring pattern produced after passing a single mode GaAs laser beam

: through a Fabry-Perot interferometer. In figure 3-3(a), where nc sound I
modulation is applied, each ring corresponds to the discrete transmission
angle of the interferometer for a particular frequency. When sound is :
applied, the rings broaden as shown in figure 3-3(b). For these pictures, | %
a modulating frequency of 30 MHz was used and the experimental arrangement
of the sample holder was different from that described in section 3-2.
Instead of the sound waves travelling through sagyhire to the laser, they
were passed through copper. It was noticed that whereas at 10 MHz the rings ?
couldkbe broadened so thatkthey overlapped, at 30 MHz the maximum broadening

attained was that shown in figure 3-3(b). The deciease in the frequency

deviation may be attributed to the increased acoustic attenuation in copper 9;

between 10 MHz and 30 MHz which resulted in a smaller acoustic pressure

A

reaching the laser crystal, The maximum frequency deviation attained at

°
=
S
i
]
i
S

Lamperti

10 MHz was of the order of 1 GHz corresponding to a modulation index of -

!)
it

Toi RuESNE

100 and an acoustic pressure of 3 atmospheres. Figure 3-4 shows an inter-

ferometer scan when modulation at 10 MHz was appiied. Figure 3-4(a) shows

SRS S

the scan when no sound was applied, figure 3-4(b) when 42 volts was applied

T

to the transducer and figure 3-4(c) when the applied voltage was 75 volts.

In figure 3-4(b) some broadening of the rings can be seen while in figure
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3~4(c) the rings are broadened so much that they almost cross and hence the
intensity is fairly uniform. In order to observe the individual sidebands,

the modulating frequency was raised to 150 MHz and the sample holder was
changed so that the sound waves did not travel through copper and hence

become attenuated. Figure 3-5 shows interferometer scans at Vg = 150 MHz
and varicus transducer voltages V. Figure 3-5(a) shows the scan for the
unmodﬁlated laser i.e. V=0, Figure 3-5(b) corresponds to a modulation

index mf=l.9. Here the carrier frequency is almost zero and the first side-
bands are nearing a maximum and the second are clearly visible. In figure
3-5(c) at mf=2.4, the carrier is completely suppressed and the first side-
bands are a maximum. The second sidebands are now approaching their maximum
while‘the third sidebands have appeared. The first sidebands are completely
suppressed at a modulation index mf=3.9 as can be seen in figure 3-5(d).

A picture of the theoretical behavipr of the sidebands is given in
figure‘4—2(aj. One point of difference in the observed spectra, betweén
pressure modulation and injection modulation is that for pressure modulation
(pure frequency modulation), there is symmetry about the cérfier frequency
while for injection modulation, the inherent amplitude modulation causes an
asymmetry in the sideband pattern. This will Bé seen’in Chapter IV. Side-
band patterns for modulation indicés"up~t0'6 were obtained. ’However, at
these high frequency deviations, considerable overlap occurredibetﬁeeﬁ ﬁhe
high frequency sidebands of one intgpferqmeter ring and the lo& freduénéy
sidebandsrof the adjacent one. Figure 3-6(a) shows a plot of carrier
intensity;verSUS transducer voltageigbmpared with the theoretical variation N
Ji;‘vFigures 3-§(b),i(c),‘and (d)'Shbw similar plots for the first, second,
and third sideﬁahds; As can‘be seen, the fit is very close td the theoretical

variations Ji, Jg,"ahd'Jg peépectively indicating that.veryrlittle’distortion

is present. Particularly for the second and third sidebands, corrections were
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made to allow for the overlap mentioned at the higher modulation indices.

bands with transducer voltage was noted as shown in figures 3-6.

the voltage at which the maxima and minima of the nth sideband occurred

was noted. The value of m. at which Ji has its maxima and minima is known
and was plotted against the measured voltage. Figure 3-7 shows such a

plot. The relationship between me and transducer voltage is linear since

both are proportional to the acoustic pressure, The highest modulation

index attained was 6 corresponding to a frequency deviation of 900 MHz and
an acoustic pressure of 2.7 atmospheres.

In order to be certain that modulation was occurring via pressure
rather than via injection modulation due to‘pickup from the transducer

lead onto the laser bias lead, the following measurements were made:

P

firstly, the sideband pattern was observed and found to contain little
or no asymmetry about the carrier frequency. As discussed in’Chapter Iv,
when modulation was applied via the injection, considerable asymmetry was
detectable. Seéondly, the voltage in the laser bias lead could be monitored
ﬁsing a spectrum analyzer tuned to the modulating frequency. Either no
voltage was measurable down to a few microvolts which would be inéufficieht
to produce the noted modulation, or the vbltage measured was too sméli.

That this was so was checked by purposely introducing modulation onto‘the
bias lead and noting the observed modulation for a given voltage. Thirdly,

by measuring the total laser intensity with a photodetector, as described

in Chapter IV, no amplitude modulation was measurable on the spectrum analyzer

at frequency deviations where it could easily be observed when the injection

was modulated., Co-axial cabling and shielding was used on the transducer lead

so that it was completely shielded. On the.laSer‘lead,féo—axial cabling

The modulation index was measured as follows: The variation of the side-

In particular,

T
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was used up to the microdot connector mentioned in section 3-2. Consider- f
:HM able care was taken in properly grounding all equipment and where necessiry, i
double shielding was used, Fifthly, a laser was operated cw using the

arrangement described in section 3-2. In order for ultrasonic waves generated :

’i]; in the transducer to reach the laser, they had to travel thfough the sapphire ?

rod. Modulation was observed in the interferometer when a voltage was
applied across the transducer., Next, a thin piece of cardboard was placed
between the transducer and the sapphire rod to prevent any ultrasonic waves

from reaching the laser. The transducer was cemented in place with silver

paint and the sample holder assembled as before. No modulation was observed
when the same voltage was applied to the transducer. Also, when the active %

area of the transducer was not exactly under the laser, no modulation was

observed,

4, Conclusions

The experiment described above shows that when an injection laser is
modulated via ultrasonic waves, sidebands are generated at multiples of the

modulating frequency from the carrier. These sidebands closely follow the

behavior expected from a laser which is frequency modulated but contains no

amplitude modulation. The modulation index showed the expected linear 3

S ;A..Laél SR

relationship with the transducer voltage. Experiments were performed to

show that it was, in fact;fpressure from the ultrasonic waves which caused

the observed modulation.

_Sincé pressure does provide a means for obééining:;ﬁre freqqéncy modul-
‘Q; - atibn; an injebtioﬁ laser mod#léted via ultrasonic”ﬁaVes éaui&’bgvuseqvin
:% N kén optical‘FM éommunications system. The maximum useable centef frequency
hés a 1imitation imposed by equation 3-4 whiéh:aiiées'wheh‘the soundeaVe-

klength becomes comparable to the width of the laser beam in the active region.
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With current semiconductor laser this means a maximum frequency of about 2 GHz.
This is attractive for many applications.so that a useful semiconductor laser
FM communications transmitter is a possibility.

An interesting experiment which could be performed would be oi:: designed
to probe the frequency limitation predicted by 3-4. In order to do this, the
input power necessary to cause a fixed frequency deviation would be measured

as a function of modulating frequency. This would give directly the variatiun
of modulation index m_ with frequency or wavelength of the ultrasonic waves.

f

Considerable care would have to be exercised in such an experiment. Over
the frequency range of interest, say 500 MHz to 3 GHz, the voltage reaching
the transducer from the signal generator would have to be measured at each
frequency; the performance of the transducer at each frequency would have
to be known. Probably more than one transducer would be required for a
bandwidth this large. Fufthermore, the acoustic properfies of any material
in between the transducer and the laser would have to be accounted for. A
possible way of avoiding some of these problems‘would be to use a GaAs
depletion layer transducer in the same la;er‘crystal as proposed by Ripper,.4

Another experiment which could be performed, is-ohé designed ﬁo verify
the prediction of equation 2-116>and 2-125 that an optically pumped‘semi—
conductor laser when moduiated via ultrasonic waves, will contain amplitude

modulation. For this, a pure GaAs laser cfystal, with oﬁﬁosite faces cleaved

to form an optiéal cévipy,'would be bonded-to'aisappﬁire rod. On the other

end of the rod,'a’transdﬁéér would be placed so that acoustic waves generated
in the transducer could be‘tranSmitted to the laser. The CaAs crystal cbuld

be pumped with éﬂGaAstlaéér 6perated}éi£hér cw‘Or,vas the results of Chapteer
show;>it woﬁld be possiblé‘to operate;pulsed, Both lasersvwould be cooled to
77°K or 4,2°K, Amplitudé ﬁodulation could be detécted simply by allowing the
Pressure modulated GaAs laser beam to fall on a phofodetéctor cnnnnr+nﬁmf"‘°

spectrum analyzer.
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CHAPTER IV

Injection Modulation

1. Introductipn

In Chapter II, the effect on a laser mode of a simultaneous modulation
of the real and imaginary parts of the dielectric constant was considered.
There it was shown that the major effect was a modulation of the frequency
by the real part oF the dielectric constant while the imaginary gave rise
to modulation of the amplitude. In Chapter III, it was shown that for injeg-
tion lasers, pressure modulation induces a freqeuncy spectrum which closely
follows that produced by pure frequency modulation and that hence modulation
of the gain orkimaginary part of the dielectric constant, is negligible. 1In
this chapfer, the experimental results of modulating the injection will be
presented. It will be seen that both the frequency and amplitude modulations
are appreciable and that the effect of the amplitude modulation on the

spectrum of the laser is pronounced.

2. Experiment

The experimental arrangement used to modulate the injection was similar
to that used for the pressure modulation expériment. However, instead of
applying a modulating signal to a transducer, it was capacitively coupled
to the laser bias lead so that the signal generator output feéra SO ohm
load in series with the biased laser. The modulated laser beam was’passed»r

through a Fabry-Perot interferometer, as before, but this time one which had

a free spectral range of 7.5 GHz and which could be piezeelectrically scanned.

The beam emergent from the interferometer was detected using a silicon photo-

diode on axis, and the diode 81gna1 amplified using a Tektronix 1A7 plug-in

amplifier. The oo.tput from Huz_ aufld-wr Was is:.a& o the Yaxis of dn X= Y
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recorder whose X-axis was driven by‘Fhe scannigg voltage applied to the-
interferometer mirror.’ A;Qeam'gglitté{ was placed between thé 1aser'and
the interferometer so that a portion of the beam could be allowed to fall
directly on another photodiode which was connected to a Tektronix 491
Spectrum Analyzer. This was used to measure the amplitude modulation on
the laser beam. Since the detector responds only to amplitude changes in
the light beam and not to frequency changes, any frequency modulation on
the beam will not be measured and thus the amplitude modulated component

could be separated out. All measurements of the injection modulation were

performed at 77°K on a cw GaAs laser. The modulating frequencies used

ranged from 30 MHz to 1 GHz.

3. Results
Equation 2-139 gives the effect of a time dependent modulation of the
complex dielectric constant on the total electric field of the laser modes.

For each mode we have
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The coefficient of the 1th sideband is thus

(]
"'v‘
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- - ),L u‘lhu""‘ws)t. -5
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Thus there is an asymmetry about the center frequency, in the sideband
pattern. Had the modulation of the amplitude and frequency been in phase,
then no assymmetry would result. Furthermore, putting m > -m_ Or m. > -m
changes the side on which the assymmetry is higher. Thus by observing on

f

which side the sidebands are higher, the relative signs of m, and me may be.

determined.

Since the signal produced by the photodiode is proportional to the

intensity of 1light falling upon it, the photocurrent produced by the 1th
sideband is proportional to
2 o
- )
T, = Ew[S Ty T m| 46
i -1 R=-o0

while that produced by the detector in front of the interferometer is pro-

portional to

R - QMQ ‘OS%"' '
tmmgqg = 11 o) 2

The signal displayed on the screen of the spectrum analyzer was the component

of the intensity at the modulating frequency

. g2 | g
[—.F‘hmq]aks: n?w-) Q T (a‘m‘) o4

 Measurement of harmonics could not be performed because their signal
levels were below, or about equal to, that of the noise and the signal

generator output contained harmonics larger than those to be measured.
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Figure 4~1 shows the behavior of the modified Bessel functions Io(x)

through Ié(x) for values of x up to 4. In particular, it can be seén

that I)(x) is linear with x to within 1% for x=2m_ less than 0.28. Thus

for m less than 0.14 little distortion would be present in a léser AM

communications system Where the injection laser was amplitude modulated

by applying modulation to the bias. Harmonic distorfion at this point

is about 5%. Note also that for square law detectién, the frequency

modulation simultaneously produced on the laser beam, would have no effect

on the photodetector. Thus, an AM communications system using an injection

laser is possible and for small signals, little distortion would be present.
The sideband pattern observed from an injection modulated laser, as

given by equation 4-6, will depend on the relative magnitudes of m, and me.

Figure 4-2 shows some results for the first few sidebands. The spectra are

shown at different values of me for fixed values of A where A is defined

by

ma = )\mf . H_Qq

the case A = 0 is the case for pure frequency modulation. In this case,

the electric field of the modes is given by

-
' - Ty ) som (0,4 -p@)E  §-to
mﬁ"‘{ " """‘) z‘_--u ' e

while the case denoted A = » 1is that for pure‘amplitude modulation

E. 5 N R, \t 4 -l
(v- r) = ELF) ¥ Tam) sun ( mg
hmg, 4 hz~c0

When individual sidebands cannot be resolved because the modulation
frequency is less than the instrumental width of the interferometer, the
envelope of the sidebands is observed at the output of the photodetector.

Figure 4-3 shows an interferometer scan at a modulating frequency of 30 MHz

for various modulating voltages. The free spectral range of the interferometer

R AR YT R T
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is 7.5 GHz and frequency is decreasing to the right. Figures 4~3 through
4~7 are taken at fhe same injection current of 298 ma. The threshold
current at 77°K was 250 ma. In figure 4-3, as in the othefs, it will be
noticed that the low frequency sidebands are higher than the high frequency
ones. This indicates that m, and m., as written in 4-1, have| the same sign.
In these pictures, the modulation index varies from zero to ahout 150.

Figures 4-4 represents similar scans as those of figure 4~3. The modulating

voltageé are the same as those in figure 4-3 but the frequencylhas been changed

to 150 MHz. It can be seen that the frequency broadening is the same as that

produced at 30 MHz at the same modulating voltage indicating that the modula-

ting power in the sidebands is the same in both cases. However, in figure
4-4, some detail of the sideband pattern begins to appear. At a modulating
frequency of 330 MHz, as shown in figure 4-5, the individual sidebands are
fairly well resolved. The suppression of the carrier frequency can be seen
in figure 4-~5(c), while that of the first sidebands can be seen in figure
4-5(d), TFigures 4~6 and 4-7 are similar traces taken at modulating frequen-
cies of 660 MHz and 990 MHz respectively. All are at the same injection
current, Figure 4-8 shows a plot of sideband intensity versus modulating
voltage at 330 MHz. These sidebands correspond to A = 0.1. Figures 4-9 and

4-10show similar graphs at 660 MHz and 990 MHz respectively. Agreement, at

the higher power levels, between 4—6 and figs. 4-9 and 4-10 diverge. It is thought

that the reason for this lies in the mode-locking phenomena reported in
reference 1 at frequencies from 509 MHz to 3 GHz, This conclusion is sub-

stantiated by the obeervation that the sidebands broadened, as the modulating

power level was increased,; and eventually disappeared. The disappearance of

the sidebands is caused by the coherence time of the mode-locked laser

becoring shorter than the lifetime of a photon in the Fabry—ferot interfero-

meter. Furthermore, this phenomena was observed at 660 MHz and 1 GHz whereas
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at 320 MHz and frequencies below, it was not. Figure 4-11 shows the manner
in wh%ch the sidebands disappear at 660 MHz;“ In contrast,'af 150 MHz,
frequency deviationsvof 80 GHz were obtained without signs of modeflocking.
In general, agreement was better for the low frequency sidebandS than for
the high frequency. |

The deviation of 150 MHz was found to vary linearly with modulating
voltage as shown in figure 4~12. Simultaneous measurement was made of the
amplitude modulation, as described above, and a plot is shown in figure
4~13 of the photodiode voltage measured on a spectrum analyzer versus fre-
quency deviation. It is seen to be super linear with frequency deviation.
An exact measurement could not be made of the percentage of modulation to
determine m since the photodiode also measured the modulation of the
spontaneous emission and this could not be separated out from_the laser mode
without a spectrometer, Thus figure 4~13 shows a ploﬁ of the total light
modulation, spontaneous and stimulated modulation, versus frequency\deviation.
Results obtained at 725 MHz show similar behavior.

Since -g% = —%E- % “va,ﬁd Consid ering eq,w\.t&m t= l'.l'z, Mq amol mf Lre wcpuﬁzol.'
to vary with bias point. Some experiments were thus performed to examine
their behavior. ' First, the fréquehcy of the unmodulated laser was plotted

as a function of current. This'was,achieved by measuring the peak -shift in

the Fabry-Perot interferometer as the laser current was changed. Figure

4-14 shows the results of this observation. The breaks in the curve show  *

where the laser jumped froﬁ one mode to another.é Thétactual frequency éhift
at this point was’an intéérél number of freevépéétral rangeSV(7.5iGHz) plus
the apparent shift in the interféroméﬁér. Only'thé apparent shift is
recorded here. In all, the laser passed through four modes as the current
was changed from 280 ﬁa3to.420_ma. The initial decrease in iéser frgquenCy’
between 280 ma and 300 ma is nét fully uﬁderstood althbﬁéh the behavior was

common to all lasers used. One explanation is that it is due to many-body

% :
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Figure 4-11 Disappearance of Interferometer Trace with Increasing Modulat'ing Vo!tage’
at 660 MH,
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Lo . . . 3
T interactions as observed in reference 2. Basov et.al.” have proposed that
‘ 5§ screening of the crystal field by free carriers and interactions between

the carriers reduce the effective energy gap. As the number of carriers

is increased with injection, the reduction in the energy gap continues so
that the total energy gap shift is excitation dependent. However, in
Reference 1, no quenching of the short wavelength modes was noticed as the
modes shifted to longer wavelength. In our case, however, the laser changed
modes as the wavelength was increasing. Unfortunately, no means were r
available to measure whether the new mode was on the long or short wave-

length side of the original mode. ™. o,

Between 300 ma and 400 ma the laser frequency increased with current.

This is to be expected from the change in gain with Fermi energy calculated

4 in equation 2-~127. The frequency decrease above 400 ma may be attributed
{ .

Ry

to dominance of heating effects which tend to decrease the energy gap and

i e

hence the laser frequency.
Having obtained the plot shown in figure 4~14 for the unmodulated laser; §, ,.
the laser was operated at various currents from 280 ma to 400 ma and at each f Sy

current position, fixed modulating voltages at 600 MHz applied to the laser. 4

Spectral traces were then taken with the Fabry-Perot interferometer. These -

traces are shown in figure 4-15., An attempt was made to correlate this : %

with the data of figure 4~14. However, since the decrease in frequency with
current initially indicates that mechanisms were present which had not been

accounted for in Chapter II, quantitative agreement was not expected. The o

qualitative effects were as follows: Mode #1 (see figure 4-15(a)), where
E ' _théﬁfrequency decreased with injeétion, was easily modulated, with the modula-

tion, for a given modulating power input, increasing with current. Mode #2

was harder to modulate than Mode #1 and near the termination point (about

s

315 ma) on Mode #3 the modulation produced was least. From there, on Mode #3
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J and Mode #4, the modulation increased roughly as the slope of the curve on {
figure 4-14 increased. :
g o %
, 4, Conclusions -
; Modulation of the injection of a semiconductor laser was seen to pro- i
: duce both amplitude and frequency modulation as predicted in Chapter II. %
4 Furthermore, the asymmetry in the sideband pattern showed that m and me §
ﬁfﬁ have the same sign and that the behavior of the sidebands may be explained
7?ﬂj§ with m_ N 0.1 m.. At frequencies above 660 MHz deviations in the behavior
.i of the sidebands from that expected was attributed to a mode-locking phen-
f% omenon. Observations were also made of the change in the spectrum with
% .
: bias point. ]
-} The initial decrease in laser frequency with laser current was tenta-
‘f tively attributed to many-body interactions. Further examination of this
§ effect with a spectrometer and Fabry-Perot interferometer in tandem should
.
| help to elucidate the mechanism involved.
‘. f
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Modulafaing Frequency
=600 MH,

I =282 mA

Modulating

Volts (mV)
90

Figure 4—I5(a) The Effect of Bias Point on the Specfrum of an
_ Injection Modulated Laser
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1. Introduction
One of the disadvantages associated with semiconductor lasers is the
necessity of cooling in order to obtain cw 0peratioﬁ. So far operation at
room temperature has been péssible only under pulsed conditions. Thus if
a modulated semiconductor laser were to be used as a transmitter at room
temperature, it would have to be operated in a pulsed condition. The
frequency information would then have to be demodulated on a pulsed basis,
In order to ascertain the feasibility of demodulating such an
optical signal, a:high resolution'Stﬁdy of the spectral shift under pulsed
conditions was made. Previous measurements on the pulsed spectral shift
of semiconductor lasers used spectrometers, The standard technique requires
that the pulsed light be passed through the spectrometerrand the behavior
of the detected light puise be watched as a function time during the pulse
at different Waveiengths, Usually, in order to obtain a large enough shift
to be measured, the laser injection level must be high so that several modeé
of the laser may be oscillating simultaneously. The spectral shift mustl
then be inferred from the enhancement of the long wévelength modes. The

procedure is as follows: When the injection to a junction laser is pulsed,

the temperature at the junction rises during the course of the pulse. This

temperature rise causes a shift in the dielectric constant, Thus in order
to maintain the resonance condition in the cavity, the laser frequency must

foliow the changé in the dielectric constant. This it can do, ' since the

kvgaih profiie of semiconductorzlasers is broad. In gallium arsenide the

_lasér freqﬁency decreases with temperature. Thus when a GaAs laser is pulsed

the frequency will be decreasing with time. Suppose this light is passed

through a Fabry-Perot interferometer. The interferometer has autransfer

R prerot

Fler TR R ]

SRR TR

SRR
RS - : . .
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function
. F = Fuaessa
| § = fre Spachal Ranga
3 h( = a V= Fregency >
|+[3#° Sim r_l?.’c.ose] G = Incidat Angle

in frequency. Thus as the laser frequency decreases, the output of the

Sl interferometer will consist of a series of peaks, occurring every time

» Lt) - m f io-,_ 6=0 m = "“‘23"? 5-a

| 1 Thus by counting the peaks the total frequency shift during the pulse may
be determined. By observing the position in time at which the peaks

occur, the instantaneous frequency can be seen and thus the change in

" ’ ;, dielectric constant with time may be calculated. Furthermore, a continuous
plot of frequency change versus time may be obtained by scanning the inter-

ferometer. Suppose one mirror is mounted on a piezoelectric slab, then by

applying a d.c. voltage to the slab we can change the position of the

resonance frequency

[ ‘Y&(oclg, a}, LL‘,U‘

-5"' < 'Y\:: dalichic conslaml” 5-5
| 4R | dislamce belorzan Morras

This formula applies for spherical Fabry-Perot interferometer, Appli-

cation of a d.c. voltage causes a shift in R such that AR/R<<1l

S — . -y
~ 4n(R+DR) |

i v §-ets =5
{ I i ~ § = 5-6
e ‘ For resonance now .
% , . /

Yer= mf§ 5-F
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Vi) = mf - 4% m § : . 5-8 @)
oy WE)-0M = M ~0R m{ 5-% (b)

thus although the distance between peaks remains constant, the position of
the peaks will shift since m>>1. Furthermore, by changing the applied dc
voltage and noting the direction of the peak shift, we can also tell whether

the frequency increases or decreases with time.

2. Taggératugg\Rise at the Junction Under Pulsed Injection

In order to calculate the temperature rise at the junction and correlate
it with the deserved spectral shift, three models of heat folow in the laser
are considered along with their applicability to the case at hand. Thé three
models considered are (a) linear flow of heat from the junction to the laser
surface which is maintained at the heat sink temperaturel, (b) linear flow
in a semi -infinite medium2, and (c) flow from a spherical heat source3.

(a) Linear Flow of Heat from the Junction to the Laser Surface
Which is Maintained at the Heat Sink Temperature

Consider a gallium arsenide injection laser soldered onto a heat sink at
x=0, The p-n junction lies in the plane x=R with the p—-side adjacent to the’
heat sink.v Current flows into the laser at ehe end x=L via a thin wire and-
out at x=0. The temperature rise AT at fhe junction x=¢ must be calculated
while a pulsé 6fAcurrent (I) is passed througf}the laser. - It is assumed that

the end of the laser x=0 is maintained at the temperature Tg of the heat sink.

 In practice, however, there will always be a temperature drop across the solder

laYer between the laser and heat sink. For cw operation, thermal gradients in

the solder layer are important. However, under pulsed operation, these gradients

are unimportant provided the solder layer is either thin or several diffusion
léngths away, the diffusion length being the distance heat travels during the

pulse. For short pulses and most junction depths, the second condition is often

L DA s R ST
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satisfied. For the lasers used in this-experiment, £=2.5u. At 77°K the
diffusion length for a 1 usec pulse is 17y so this second condition was
not satisfied, and. it was found that the observed spectral shift was

due to thermal gradients in the solder. layer since this was also fairly
tﬁick. Heat is generated in the laser in three ways. First there is the
heat generated at the junction due to the quantum efficiency of th>
recombination process being less than one. Secondly there is the heating
associated with the bulk resistance of the laser and thermally that due to
contact resistance and the temperature rise of the heat sink. At the low
current densities used, bulk heating may be neglected. Since the rate of

heating produced is

TRy
Qbuh. -
0-1y wally T = lamp §-lo

Rpx 016 L $5-q
while that produced at the junction is

Q; = TV = .‘,S»» wall T =lamp 5H-H
At higﬁ current densities, however, the bulk heating cannot be neglected.
Neglecting the contact resistance and the temperature rise of the heat sink
for the momentﬁ the only source of heat left is that produced at the junc-

tion. The temperature rise in the heat sink and solder layer are calculated

later and used as boundary conditions instead of equation 5-13. Since,

experimentally, a small temperature rise in the junction was observed, it is

. kp o
assumed that the thermal conductivity kp specific heat C and hence D = Prc
the diffusion constant are constant throughout the pulse at any heat sink

temperature.

It is assumed that the heat flows linearly through the<laser'into the

" heat sink. The equation to be solved is this

R, 30T - C0T =-T -
S-r- S T o

B A T R A ST R O T
-
. ~ ,

R R ST

R
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where J is the bulk heating and will be-neglected. The boundary conditions

’ - @
are . .

bT = O alF xzo for ol € b-13

NT = © for all 2 For €<o S-iy

and

@=rale s, kta.t'vma,
x=4 P A = jumebim area
which accounts for junction heating. Neglecting J we have for the temperature

rise AT =T ~ TB

VBT - _t QaT 5-16
3t D E

If we assume AT = 0(t)X(x), then we may write

I X0 -l 68 =~ 5-17
Xoe) ' Dew €

where o is a constant

Dt
- O¢&) - J..-Do‘ }o» L X 5-1%

. - | iy
and - ee) = | . o a=0 5-19

Solving for X

’ -0
) Xod + L Xu)s O | 5: 2
D)C

= N - fo e

I-‘w.& + By 2 fnodo -ai

LY A

.;'V',o \kszc) {

Ay + A4 f e

s ‘b“t . : ~r:c. b ,
‘. DT A X * Ay f Z (ﬂ.t':m,“r&": 5-ax
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To determine the unknown constants the boundary conditions 5-13 and 5-15 may

be used. 5-13 gives

A, =0 ’ 5 -a3

and
A**B‘*:’-
From 5-15

A+ Tal A«F @z )i & 5-25
A

5-26

ﬁ; {< = 2nl I 5-28
2 a
_Qn#t ?ntm-
| oo DOT= & | Yn Smu,m)_v_)_‘ 2 5-2¢
Ahp n:—w
nto
finally at t=o and for all x AT—O
5 5-30
= Se a4 Yy St (Rnil o =

o= Q__E + ;ﬂ " Tz |

p A P , wto

F R \0,_ -4 4 \-\) & ~ 5-3|
1 " 1t am? AR

-(u-n n

. oaT - G2 fn é S i ‘“‘"""”“
’u T < PRI S — +
~ Arlt T Ewegned 5~3a
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J;f . at the junction x=% we have

2 2
o | w _@n) 1 d&
: AT(HE T QL [,- 8 > & W 5-3%
Arp ™ wmi  @mp?

This form of the solution is useful for long times, i.e. Dtx%?, An equiva-
: f lent solution may be obtained which is useful for short times by using

Laplace transforms

5~3¢

| \1‘ o0 " /. .
AT Gye) = %%r(‘bt‘) 1‘2—.'0 D ( t‘%(i%ﬂ% oY) »{c(z:wg)dgr))‘]

at the junction x={ this reduces to

, o0

Bt V™ ’ N . p
1 3 3 - hl
N = 2& (DEY] 1+ 2n D ovfe A2
: aTCan - 2& o) [1e et 2 05"
F 5-35
1 for short times such that'.(Dt)l/2 < &

o

i _

BT (49 2% (25) 5-36

1/2

While from 5-33 fOrﬂlong times such that (Dt) 2
? o ) S )
58 OT,, (o) = g_& 5-37

This is the maximum temperature rise at the junction during the pulse.

(b) Linear Flow in a Semi-infinite Medium

In this model it is assumed that heat is generated at -the junction and

flows linearly into a semi~infinite medium. This situation corresponds to

.
R
i
:
3

theycase]where the junction is far from the heat sink and the pulse time

‘t<<%-. In this case heat does not reach the boundary so that the model should

give good agreement for short times. The problem now reduces to solving
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note that the heat flow
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h 3ar |
A V¢ I

also satisfies 5-38 with Q=Q, at x=%.

(5¢-2)

.zq-fc. )
2D 2

A A

oL

.0 AT - Qo

R A n-L

'
AT =29 (DO
R A

lovfe

or 2
" ~(x-2)
A T ~ AW (12_‘5 4 4vF
| ka L\T

that.at x=4£
!Ia
2 o (T>C?)
A o

.,/_\T" by

which gives the temperature rise at the junction.

to 5-36 so that the second term in 5-35 represents the effect the boundary

~ has on the temperature rise.

(¢) Heat Flow from a Spherical Source

The temperature rise at the junction has been calculated in (a) under two

main assumptions (i)‘'the end of the laser x=0 is held at the heat sink temperature

(ii) 1inear heat flow from the junetion.

*"""}C- &3;{) d 2
zL‘Dt_)‘IL

(c-2)
2 (D '

;8

Noté that this is identical '

5-39

Kh-4o

The solution of 5-38 fbr Q gives

5-4|

D-¢=2

°-%3

c (c- ?)
Q\Dt')
54y

5-u45

In. the actual case, there are temperacu.

A T
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ﬁflg : gradients.in the solder laygr and heat sink. These must be accounted for and
may be used as boundary conditions to solve for the temperature rise at the
junction. For the heat sink and thick solder layers, lateral diffusion of

heat must be accounted for.

From equation 5-33, the temperature rise at the junction stabilizes for

times such that %%-> 1. This time may be computed for the lasers used at

77°K as ' )
2 - 4=25p b
- = 5-46
ta = _ﬁ = 2.} w0 s=ecs D=3 ““?/su_

This time is well below the time resolution of the experiment and it is clear

that the boundary condition 5-13 is not valid. We thus consider now the

temperature rise of the heat sink. This may be done as follows: By

differentiating 5~32 the heat flow at x={ may be found as %f
Q@ (x=0) = Q.Ll"it > L+ i R o
A A T owz) (2n3) .
for t>>t, which conforms to the experimentai situation - SR
14 |

O

A A e

Thué'we have the problem of solving the temperatﬁre rise in the heat sink

o QA (=) —> & S f

when heat is suppiied at a constant rate Q/A. In order to simplify the

problem and take into account the spreading of the heat in the heat sink,

we consider the heat to be produced in é'sphere of radius a surrounded by
g,ﬂi a heat sink of thermal conductiGity_ki-andvdiffusivity D,. The problem is
thus redﬁcedwto‘solving the equation -

'-}_z-i—'\"('r 3'\') F o |
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with the boundary condition

! i

<+ 4T 1-? hi 20T - Q T ol = 5-¢9
Y

and requiring :
i
T — o as 5-50

putting u =ATr reduces the problem to solving
2,
§ )Yl ‘}\. )f’ b_bl :
3i with §
P! ' :
%

"'%9-; -ws Q@ af ¥z a 5-Ta

Equations 5-21 and 5-532 may be solved by Laplace transforms, Defining

— ot s | |
U-KP) = So -’Le uLf')d" ‘ b~-53 |

5-51 beqomes

or?

where the additional constant u(t=o) arising from the transform of the time

by w (%) - cf‘ E(@): o 1,:].-’1%- ’ 5-5¢

derivative of u is zero sinceAT(fio)=O.' Eqﬁation 5-52 thus becomes _ 5>;?§
~1 - Y v " o _ ~
I 4k p . \

The solution 9f15—54 taking into account the boundary_condition-swso is

uy) = Ay e . qvored 556
from 5-52 we find

!

e = -« 5-57
(47 +1) um,m &

i . e e o g e . s




W) lpee = - 5-58
e ‘1,) L- “ Gk, p( I+aq,)
~— {
w@) = _& _ 5-59
“lky ap (L +9)

Yo @ [afefay G &
Ulr,t) = ______[ «fr-ad _o “ u- ”
) ‘l‘”hg .M:f ‘.lb)i(’.‘)h' @c')

5-60
. ' ~ D(—
4o t\7~(;lt):: @ lJL}}c(}H-;) ( < Y
1 = g —L r-a) Ly 2
MO ‘“’f 1530 zﬂ]
5-61

alt the 5‘4-1’face_ T-a

AT (a r) Q”ML -2 4‘J,,.5 (w- ’1] 5-62

The orlginal problem of finding the temperature rise at the junction may thus '
be solved with the boundary condition at x=0 in place of 5-13
y — \—i_f' » fl’: |
[\T (X:o) el Q oy ll - ¢ -0/\—-5(. (?_5_{(“ 5" 65
: ‘g o anq' k¢ o o ’ v
The solution of 5-22 with the boundary condition.5—63‘inserted instead of
O . 5=13 leads to 8 :
s > ' . 2% -3 ("D S(In (Q“““) Ix g
T ( TN o B G( I— _— Z ;
AT C),) AR 'L& mt (am)" R .
F |
SR e Sty A] =
CER v » * ' [ L “‘Mfc— b‘ ) J S-¢¢
AR . R \
B | | R S
' The temperature fise at the junction is thus given by
e
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| of ;‘ type GaAs and yA = h§ = 2naZ,

-1 3%—

: | o0 'D_‘;t‘ﬁ
DT (2,6)= @.&[l-i? 2 4t }+.El_. 2:[" 4“"""(’%9]
A ¢ras RL 565

If now the temperature rise ATsolJei' in the ihdivuséld-trquzr is: Caken’ into
account, 5-65 wiil have this as an additional term. For thin soider layers,
the linear flow model should give the temperature. Mofeover, experimentally
the solder layer was made thick due to the difficulty‘of'bonding the lasers
onto a sapphire substrate. Thus the lateral diffusion of heat must be
accounted for in a manner similar to that used for the temperature rise in

the heat sink. The general temperature rise at the junction may thus be

written

- — _ -6
A’ - Alﬁaﬂs * GTHs ~+ ATSoc.u‘n- 5-6¢

where ATGaAs and ATHS are given by 5-33 or 5-35 and 5-65 respcctively and

AT, = @ 5 afe@) ] 5-67
n .=.._._cs*~x‘r~,o~c,_z__] -6
S“é)f’.,' ‘ B R; [‘ 5' & a~

where kz = thermal conductivity of indium; D, = diffusivity of indium. The

Valug of %‘is given byu

e TV . 5 -63
A hs[HEe)] ST o

where I = junction current,\f = junction voltage = 1.48 volts; n = quantum

efficiency, h = cavity length, s = stripe width and k.p = thermal CODdUQtiViFY,‘

n
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The bracketed factor in the denominator of 5-68 accounts for the fact
that heat flows from the junction into the Wi region as well as the p region.
Also in 5-68, the energy converted to photons has been taken into account

by introducing the quantum efficiency. Thus we approximate the observed

temperature rise at the junction as

ks[H-[ ar

AT = V(- AU D) [| - ;4,5 (D,r)} 5-69
| '»]

From equations’5-69 and 5-66, it may be seen that the temperature rise at
the junction may be minimized by (i) making the solder layer as thin as
possible and using in solder with high thermal conductivity and (ii) placing
the junction as élose as possible to a heat sink with large thermal conduc-
tivity. For the lasers used, where the junction was very close to the heat
sink, the temperature rise due to the thermal conductivity of the gallium
arsenide was small and eséentialiy constant for the times involved in the
experiment. The main contribution to the temperature rise was due to the
heating inrthe solder layer. This situation contrasts that‘of Engeler and
Garfinkel1 where the junction was far enough from the heat sink thatuthe
main contribution to the junction heating arose from the thermal conductivity
of the léser itseif. Note thaf the fundamentalrassumptignwmade_of constant
conductivity and diffusivity is not true at high injection lévels where the
temperature rise étithe juncfibn ié lérge. For this case the approach of
Engeler and Garfinkéll may be used to obtéin'a numericél solution.

The main features of 5—33, 5-65, 5-66 and 5-67 show that for short times

1/2

the temperature rise by AT a t while for longer times the temperaturé.rise

AR O TR TR TR TR
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saturates at the cw value

a—

us[u(%)'h] kr’ Ri R

Figure 5-1 shows how the temperature varies with time for different models.

AT, = ZV UM [L +ata 5-70

Curve (1), for linear flow in a semi~infinite slab, gives a temperature #ise
which increases indefinitely with time at t1/2. Curve (11), the tzmperature

rise due to the thermal conductivity of GaAs, rises as for the semi-infinite

[}
Y
slab but saturates near (-D('.'/a:.\) ={ . Finally, the temperature rise for

P, SO R

Gallium Arsenide lasers of the stripe geometry were indium bonded on to

spherical flow of heat in a semi~infinite slzl gives a much slower temperature
) rise reflecting the lateral diffusiun of the heat.
e
» 4 3. Fxperiment i

fié either a sapphire or a copper heat sink and cooled in a dewar to 77°K or g
=}£T 4,2°K. 1In the lasers used, the p-layer was 2.5u thick and the lasers were é *
gﬁ H?. mounted p-side down on the heat sink. Electrical contact was'made to the ff !
-'li n-side of the laser Widw a thin éold wire which was indium bonded to the %(.
)i5§¢ laser. The heat sink was clamped in a copper block, Qﬁiéh was cooled via- .
f‘ the cold finger method. The bias to the laser could be pulsed by placing :
;jéi the laser in series with a 500 resiétér which was connected to the output of 3
»;1%22 a Hewlett-Packard Model 214A pulse generator. By monitoring the voltage ;

vwégj ~across the series resiétdr, the current through the‘iaser could be seen to be
3 . v
v_?;; constant during the pulse. The pulsed output from the laser was focused by
3‘ "a short_focai length lens onto thé center of a spherical Fabry~Perot inter-
& ferométet'ﬁﬁich‘had a_free spéctral rangé of 7.5 GHz. One mirror of the ’ ’?5
inté;fgrgmgter waé mounted on a piezoeieéttic siab so that éhe interferometef'

could be scanned by applying a voltage to the slab and moving the mirror

 backwards and forwards. -Light passing through the interferometer on avis
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(i) LINEAR FLOW IN A SEMI-INFINITE

SLAB a1 o
A——TQ } .'VZ al

(iii)

(ii) LINEAR FLOW IN A SLAB WHOSE END
X=0 IS HELD AT T=Tg AND HEAT IS
PRODUCED AT X=a

AT _ 8
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~ (iii) SPHERICAL FLOW MODEL
AT

o Dt
ATy

bf/az
e erf =
a

| i L

1.0 20 30

[Dt
02

THEORETICAL HEAT FLOW CURVES

FIGURE 5-1

e




T Y o s

B AR KR e S g TR T2 R

B
i

,pglﬁngaSSedmthrqughfthe,interﬁeromgte},copldrbewobserved;r-,

~13%-

was detected.by a silicon pﬁotodetedtor placed éirectly behind the interferometer.
Thé output from the photodetector was passed into a Tektronix 555 Oscilloscope
with a 1A7 plug-in unit. The X—axis,of the oscilloscope was triggered from the
output of the pulse generator. When the signél—to-noise ratio was good, photo-
graphs of the oscillosbope display were taken. When the signal-to-noise ratio
was bad or when the light pulse shape was to be recorded on a graph, the output
of the 1A7 plug-in was fed into a Princetdn Applied Research Boxcar Integrator
and then to the Y-axis of an x~y recorder. The X-axis of the recorder was
operated from the Boxcar scan ramp. The Boxcar Integrator was operated in the
recurrent mode. The signal from the time base ramp was used to trigger the
pulse generator. The position of the pulse with respect to this trigger could
be adjusted using the pulse position control on the generator so that the pulse
occurred during the time base ramp. The operation of the 363car was thus as
follows: at the start of a time base a trigger was senﬁ to the pulse generator.
At a later time, controlled by the pulse position knob on the pulse generator,

a pulse was sent through'thejlaser and simultaneouSIyrthe x—-axis of the bscillo—
scope was triggered. The output pulse from the photodetector was amplified by
the 1A7 plug?in aﬁd fed into the Boxcar integrator. The signal was then‘amplified
in the Boxcar integrator and applied to the input of a gated amplified. The
length of time the aﬁplifier gate was open could be controlled with’the gate
width switch on thekBoxcar integratof, while the tiﬁé at which itiopened with

fespect to the start of the time base could be adjusted using the scan time

" control. ‘The output of the Boxcar integratdr, for gate widths small compared

tordetail in the pulse, reproduced the pulse shape at a rate which could be

recorded on an“x~y recorder. The signal was fed into the y-axis of the recorder

‘while the x-axis was driven from the scan ramp jack which produced a voltage pro-

portional to the position of the open gate; Thus by using either the Boxcar and

“recorder or by observing the oscilloscope display, the time behavior of the light
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As noted earlier, during the pulse, the laser frequency decreases at a
rate proportional to the temperature rise at the junction calculated in
equation 5-69. Thus frequency chaﬂges rapidly at the beginning of the
pulse and more slowly toward the end. Since the transfer function of the
interferometer for light on the axis consists of a series of peaks separated
in frequency by the free spectral range f = 7.5 GHz in our case, light will
be transmitted by the interferometer only when the laser frequency is some
multiple of f. Thus every time the laser frequency decréases by f a peak
of light will be passed by the interferometer. The interferometer thus
acts as a frequency marker, marking off frequency intervals of f. The
output of the interferometer should thus consist of a set of peaks, the time
between successive peaks increasing according to 5-69,.

Results

The changé in frequency of‘a semiconductor laser during pulsed operation,
arises thfough the temperature dependence of the dielectric constant. Thus

the time behavior of the spectral output may be written
| VD .
w =Yy, + dT aT (e -

Using 1-19 and neglecting thermal expansion'

- dwY 2 1L dme
a7 2 I7 | | 5-7&

dme = dlne 4+ € dd 5-73
O, d9 = -4 Vo 3T 5-7¢
e ;l . ,

?

SN e AR PR SN

e T T R

; BC . UEE

b,

L

QRS ML St

TR G T e

AR R T TR

X8 e G




G g U e et
SRR A TR L T

e <y S
B ST

E: R

-
e
i

N TN, s AR B i B BB, e i 6

oy

o PR
PSR S AN

JIOP IV - N P PSRRI NP 1 S SN S N o S S RS SPER I (AEE SRR

~-140-

o
m

-.t

AT &) 5-75

3)&)"-" Vo "'.-“-l;"

] o

Y
14

+

mi| m[&

where AT is given by 5-69

bu t -a'?ls): DT%’T %P?‘E 5-76

assuming that the dielectric constant change is one solely to the shift in

the absorption edge,

de = - 2E
) € =,

L diy 5-77
37 h -

d ‘9. aT¢) 5-78

2e Y = 0-35 5-749

JE? = - 4 XIO-Q.QV/OK © - at 77_’{\' 5-80

e =Y, = - l6'7_AT(r') GHz aF 77%%  5-81

Table 5-1 shows values of k, ¢ and D at different temperatures for different |

materials. Using in 5-69, the values V = 1,48 volts, h = 380y, s = 12.7u,

a= T== 27.5u.

r
o
i

aZ/D2 = 9,7 usecs at 77°K which are applicable for“iaseré L~15 and

L-23 . F~-8]
C7; 4 ‘ .
°anfe (_g,) ] GHy aF 7%

y\)\f') -V =" qm I()—q) -2
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TABLE 5-1. — THERMAL CONSTANTS FOR VARIOUS SUBSTANCES

Thermal

AR I | | Diffusivity .
‘Substance | Density (P) | Temperature T conductivity Specific heat C {): k/c
gms/ c. c. ok watts/cm °K Joules/cm3 OK cm*/ sec %
 GaAs 5.36 4.2 0.025 28 x 1074 89
P Type 77 2.41 0.93 259 8
300 0.47 1.73 0.27
In 7.33 4.2 8.52 7.4x 103 1.09 x 103
77 1.09 1.395 0.574
300 0.25 1.816 0.1376
Sapphire 400 42 1.1 8.35 x 10 1.3x 103
77 7.8 0.269 29.1
300 2 3.11 0.64

~ Copper 8.93 4.2 120 0.89 x 10°3 135 x 103
‘ 77 6 1.75 3.43 |
300 ~3 345 1.15 -
+ i

S o~ . .
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As will be seen below, comparison of equation 5-82 with the experimental
results at 77°Kkshoms'good agreement. o .
Figures 5-2a to 5-2d show the variation in time of the light intensity

passed'through a Fabry-Perot interferometer from laser L-15 which was pulsed

at liquid nitrogen temperatures. The top trace in the four photographs -

shous the current passed through the laser while the}bottom trace gives the
}:E output of the photodetector placed behind the Fabry-Perot interferometer.
The;peaks occur every time the laser frequency equals some multiple of the
interferometer‘s resonant frequency which, for the interferometer used, was
7.5 GHz. 'It can clearly be seen that the frequency change with time is

fast at the beginning of the pulse and slows down as time progresses. In

the four pictures 5-2a to 5-2d the current is kept constant but the pulse

il il

length (and;horizontal time) scale arecchanged. The repartition frequency
was kept low enough so that the junction temperature had returned to the
heat sink temperature before-the heat pulse arrlved. That this was true,

‘was determlned noting that the peak pOSLtlonS were not affected by 1ncreasrng

BB

i R I R
2. R R e B

E ,-the pulse length up to a certain value. Flgures 5 3a to 5~3d show the effectr_,

of scanning the interferometer on the observed peak positions for the same .
laser L-15 at 77°K. Here the current is held fixed through the pulSe~and-r ‘, , ~¢fﬂ*f
the pos1t1on of one mirror is changed from picture to plcture. The corres—r

-ponding total frequency shift is noted with each plcture. It can bex‘

- that the mirror is moved almost through one free spectral range. By ekamining ey SR

~ the movement of the peaks it can be determ1ned that the frequency is decreas1ng

w1thbt1me for 1fvwe"100k,at.one of the modes, the flfth forflnstance, 1t“movesj'*

'to earl1er times as the resonance frequency 1s 1ncreased.,-Hencexthe 1aser

"]jfrequency does in fact decrease with temperacure.x Flgures 5-4a to 5 4d show?dﬁbnwl'

: 13}'*““fifthe t1me behav1or of the laser 1nten31ty as a functlon of current.. These
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(d)
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L- IS
TOP TRACES: LASER CURRENT PULSE: VERTICLE SCALE - 20V /cm
BOTTOM TRACES: LIGHT OUTPUT FABRY-PEROT INTERFEROMETER
LASER CURRENT = 240 mA . VERTICLE SCALE - I mV/cm
T=77°K

FIG. 5-2 SPECTRAL SHIFT OF LIGHT FROM A PULSED INJECTION
LASER AS MEASURED WITH A FABRY-PEROT INTER-
FEROMETER
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LASER CURRENT = 200 mA LASER CURRENT = 260 mA

(d)
LASER CURRENT = 320 mA LASER CURRENT = 360 mA

L—15
TOP TRACES: LASER CURRENT PULSE : VERTICAL SCALE - 5 V/cm
BOTTOM TRACES: LASER LIGHT PULSE: VERTICAL SCALE - |0 mV/cm
HORIZONTAL SCALE: 20us/cm
T=77°

FIG. 5—=4 LIGHT INTENSITY FROM A PULSED INJECTION FOR
DIFFERENT CURRENTS
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(d) S
LASER CURRENT = 250 mA LASER CURRENT = 265 mA

L-15
TOP TRACES: LASER CURRENT - VERTICAL SCALE -10V/cm
BOTTOM TRACES: LASER OUTPUT PASSED THROUGH FABRY - PEROT
INTEROMETER VERTICAL SCALE-|mV/cm
HORIZONTAL SCALE: 10us/cm

FIG. 5-5 THE EFFECT OF INJECTION CURRENT ON THE MODE >
FREQUENCY OF A PULSED INJECTION LASER AT T=77 K
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traces were obtained by focussing the laser beam directly onto a photodiode.
It can be seen that the light pulses are reasonably flat with a slightly
higher intensity at the beginning of the pulse for higher currents. The
peaks observed in figures 5-2 and 5-3 are thﬁs definitely caused by the
transmission characterisitcs of the Fabry-Perot interferometer.

The behavior of laser frequency was also observed as the current was
changed. As can be seen from figures 5=5a to 5~5d the peaks initially move
toward the left as the current is increased and then reverse direction and
move toward the right. This behavior was observed both in laser L-15 and

L-23 (figure 5-6) at 77°K. It is due to a shift in the laser starting

SRR B A T T T Y R T e e

i

TR SRS

frequency, initially toward lower frequencies and then toward higher fre-
quencies. This phenomenon is also observed on a cw basis. The shift toward

higher frequencies is the normal behavior and is accounted for by a filling

e IR R TR R S RSN

of the states in the conduction band since the maximum in the laser gain

curve moves toward higher energies with current. The cshift rtoward Towern

gnergies is discussed in Chapter IV. This behavidr can be seen”

P

the graphs of figure 5-6. Initially (figure 5-6a) the laser is below thres-

R L T

i ;

hold and only spontaneous emission is emitted., As the current is increased ;
laser threshold is reached and the laser ﬁeaks apbear in the trace. The . S %J’%EJ
peaks move toward the front of the pulse at first, as noted with laser L-15 :
but then moVéftowardvthe réar. Figﬁre 5-7 shows a plot of frequency»;hangey
versus time for:sevetgl currents. fﬁese résulfs were taken from figure 5~6; hk :5‘;

- The vertiéal distance between curves is the actual change in the laser fre-

~quency for a given instant in tiem, when the laser current'is_ghanged. A
similaf graph in figure'5-8:shows.thejresults for figure 5-5 while figureb5-9
shows those fdr‘figureMSQB'whéﬁthhe interferometer waééiénned. ‘Note that by

,‘scanning, the laser*frequgncy change with time may be followed,cohtinuoﬁsly,
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In order to elucidate the behavior of laser frequency further, two
mere graphs, figures 5-10 and 5-11, were drawn from the data in figure . f

5-6 and other data taken in the same run but not shown in figure 5-6. In

figure 5-10, the frequency change is plotted as a function of current at
different instants during the pulse. This figure clearly shows the inital
shift toward lower frequencies followed by the shift toward higher frequen-
¢ies. In figure 5-11, the position in time of each peak (aifixed frequency)

is plotted against current. For low currents the peak positions move

—

toward shorter times reflecting the shift toward lower freqeuncy. As the

et It

current increases, however, the peaks move toward longer times. This

AW

N

latter behavior is just the reverse of what would be expected if the laser

| starting freqeuncy was fixed and the total frequency change was due soley f
x
to the temperature change at the junction with current. f
"§ The results presénted so far were taken for duty cycles low enough that g'
3. heating from the previous pdlge was negligible. This condition could easily % -

be verified by increasing the pulse repartition frequency. At some frequency,

1

. i
the peaks would sﬁaft'to shift toward.shorter.times due to the additional E A )
L : i
i heating caused by the previous pulse. Figures 5-12a to 5—12& and accompany- % 4
ié% ing curve figure 5-13 show the effects of keeping the repartition frequency §1-~
?2 fixed and varying the pulse length. As the pulse length is increased g:
fié the peaks move toward the front of1the~pﬁise reflecting the increase in g;
‘iéé heating. Eventually the increase ih heating becomes so great that,laser ' | %f{
fgi ~action ceases altogethéf. yéiﬂ

S

o SR

Comparison of equation 5-82 with the experimental results was made in

the following mannef¢ 'From figures 547, 5-8, ahd 5-9, the frequency change

at two times t and 4to were noted. and related via figure 5-1 to the maxi~
:ﬁi, - mum frequency change. Knowing,the current, the quantum efficiency n was

calculated and equation 5-82 then plotted against time. This is shown in

figure 5-8 and 5-9. The_value‘o£ the‘quantum efficiency calculated is -
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undoubtedly too high, although no “independent measurements of n have been
made on these lasers, but considering'the assumptions'made in calculatiug
the temperature rise, the agreement with the observed results is good. For
longer times, the spectral shift is more rapid than would be predicted on
the spherical flow model. This behavior is to be expected, however, from
the examination of curves (11) and (111) in figure 5-1, since the actual
flow would:like somewhere between the linear and spherical flows. Taple 5-2
shows the calculated maximum frequency shift and corresponding temperature
rise‘for different currents.' The calculated values of n are also given.
Figure 5-14 shous these maximum frequency shifts plotted against the laser
current to obtain an average value for the quantum efficiency.

Measurements of the spectral shift under’pulsed operations were also
made at 4;2§K. Data was recorded both using a boxcar integrator and By
direct observation of the photodiode output on an oscilloscope. The
observedbspectral shifts are much smaller than those obtained at 77°K as can be
seen &by comparing figure 5415 with figure:5-6.This. would?fbe expected beécause
(i) D is much larger so the temperature rise is more rapid and (ii) Q%% is
smaller & 2x10-5ev/°K4 at 10°K. However, the maximum spectral shifts cal-
culated from 5-82 are too small to account fqr the observed shifts. It
thus seems likely that the observed shifts are due to small pockets at the
interfaces of the solder layer.’ The graphs of figure 5-15 show;the appear-
ance of second laser mode. This and the original mode merge to form one
peak in flgure 5= 15C At this point they are separated by an integral
number of free spectral ranges. Unfortuhately, Without'the aid.qfva:spectrof
meter the actual frequency dlfference ‘cannot be measured |

0w1ng to the slow varlation of frequency w1th t1me 1n figure 5~ 15, the

position of the peaks is extremely sensitive to temperature variations.' Thusv'

thermal drifting of the 1aser temperature was sometlmes observed due to»d
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| T | T=77°K
Ay =6.07Av FROM FIG,5-7,5-8,5-9
" MAX : _ L-15 AND L-23

AvMAX _ 537 GHz/AMP
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TABLE 5-2. — CALCULATED VALUES OF QUANTUM EFFICIENCY

Figure | Laser Av max AT max 7 Laser
J current mA GHz %
§7(b) | 272 | 722 433 | .568 L-23
5-7 {(c) , - 280 74.6 447 .566 L-23
5.7 (d) 308 81.4 488 | 568 L-23
5-7 (e) - 344 , 953 5.70 .548 L-23
5-8 (i) - 235 54.6 3.27 621 L-15
5-8 (ii) 250 66.7 4.00 .565 L-15 :
5-8 (iii) 265 68.0 4.08 581 L15 S
5-9 ‘ 230 ; 63.8 3.82 545 L-15 T
M
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' ;."' 5 4__—,&'_, B ’ —




3
c

rY")

L-23
PULSE WIDTH = 300 S

PULSE START

|60

(f) LASER CURRENT = 336 mA

e 2

(¢) LASER CURRENT =332 mA

(d) LASER CURRENT = 328 mA
| Askivipatattnvngirpiuvepmagyasd

(c) LASER CURRENT =324 mA

ANV
" (b) LASER CURRENT = 320 mA

" (a) LASER CURRENT= 312 mA

FREQUENCY DEPENDENCE OF PULSED LASER
WITH INCREASING CURRENT AT 4.2°K

FIGURE 5-15
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L-23
LASER CURRENT=300mA
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L-23
FROM FIG. 5-15
(@) I= 3I12mA
(b) I= 320mA
(c) I= 324 mA
(d) 1= 328 mA
(e) I= 332 mA
(f) I= 336 mA

FREQUENCY IN GHz.

A | |

1 ‘ 1 1 1 1 i

TIME IN MICROSECONDS
FREQUENCY CHANGE WITH TIME
FOR DIFFERENT CURRENTS AT 4.2°K

FIGURE 5-17
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mode frequency shift of 0.35 times the band edge shift, we find
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instabilities in the cryogenic cooling. Consequently, the traces obtained
usiﬁg the boxcar integrator, which required many minu;es to plot, necessitate
great temperature stability. Fiequre 5-16 shows a plot of freqeuncy change
versus time at I = 300ma obtained by scanning the interferometer as mentioned
previously. The data was taken over a period of several hours and the data
points reflect the above mentioned temperature fluctuations. Figure 5-17
shows similar data for differenf'currents.

Application to room temperature operation

The results presented above were taken at 4.2°K and 77°K. At room
temperature, the threshold current densities required for pulsed lasing
operation are very high ~ 105 amps/sq. cm. and thus laser heats up rapidly.

Pulse lengths are thus required to be short, typically less than 100 ns.

.
2 l) ;

the diffusion léngth L = /Kt is of the order of 1lu for t = 40Ons. If pulse

Since the thermal diffusivity of éaAs~is small at 300°K ( 0.27 cm“sec

lengths shorter than 40ns are used, thermal diffusion may be neglected and

the temperature rise may bé estimated by solving

C 247 ., Q@ | g
2% " pe | S8

where & 1s the thickness of the active region

o aTE): Qe g - 5-%%
- ACE ' L
Using a typical current threshold values J = 10° amps / en’ and C = 1.73 ‘-’%’-‘-"3
. éhd e = 1y 5
| gl o ; es
d ate X 0:37 k/1‘5 S > 35 -

Using the room temperature value for the band edge shift of 2.5&/ok, and'.the
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The first zero of the carrier can be seen in fig. 5-18d. 'Iﬁ”fig.<5fl§§ fhe i

~164-
daY ~ 30 = EHafns 5-86
t;é : dr
: % L
'z Spectral shifts this rapid may be observed if (i) the Fabry-Perot ; I
Zé interferomecer has a large free spectral range say 100-150 GHz might be a
| good choice and (ii) sampling techniques are used. Interferometers with A
this large a free spectral range can be made, but measurements at 300°K
fﬁ; were not performed since neither equipment with the necessary speed nor , %
| a suitable interferometer was available. é‘
n
6. Detection of Sidebands Duriné Pulsed Operation g’
by In order to determine the feasibility of detecting sidebands under i
'iz pulsed operation, tye:following experiment was conducted. A pulse of g f
ﬂ current was sent thfough a 50 ohm resistor in series withba GaAs laser % ;
so that it lased iﬁ'é“bulsed'ﬁode. The amplitude of the current pulse El
‘was chosen so that the laser remained in a single mode. A modulating % ‘
signal at arfrequency of 480 MHz was capacitatively coupled from a %
signal generator to the laser bias head. The pulsed;kmoduiéted light’wés 2 ’
passed through a Fabry-Perot interferometer, as mentioned before, and the %* :
output of the photodetector placed behind the iﬁterferometer was mOn;tored ;
on an oscilloscope. The modulating signal was increased, keeping the é
current pqlse'constant. Figure 5—18 shows a series'of five pictures as fﬁé 5
3 modulating?éliage is increased. The horizontal time scale is 10 usec/cm : %
féﬁ and the vertical scale ZOﬁﬁV/cm, Figufé 5-18a shows the output when no ‘% = %
i%é modulétion is épplied,,'Thé increasingutimg,difféfenCe betwgén peaks is % e
\E; S due to‘the saturation Qf the laser temperature riSé;  As’the modulating"L ,~',;. :’
' : éignal is increased, sidebands appear;on'eithér side of théicafrié¥ frequency. 1"f ;: '
b

_first sidebands are zero. =
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(b)
MCDULATION VOLTAGE =0 MODULATION VOLTAGE = 34 mV

MODULATION VOLTAGE =50 mV MODULATION VOLTAGE = 70mV

(e)
MODULATION VOLTAGE =130mV

L= 26
HORIZONTAL SCALE : IO us/cm
VERTICAL SCALE: 20 puV/em
LASER CURRENT = 220mA
T=77°%

FIG. 5-18 MODULATION OF A PULSED INJECTION LASER AT 480 MHz
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;g; The reverse of this expériment, where the laser was opératedgcw and i
:éi the modulating sigpal was pulsed, was also performed to demonstrate how é
.éég power is pumﬁed from the carrier to thg sidebands. The output from the z
flkg photodetector was amplified by a Tektronix 1A7 plug-in amplifier and fed %
VQE: to the Boxcar Integrator along with a trigger pulse. The output of the %
} t: Integrator was fed to the Y-axis of an X-Y recorder while the interfero- % ,
;; E meter scanning voltage was fed to the X-axis. D.C. signals were filtered %
‘;EE-_ oﬁt in the plug-in amplifier and prevented from reaching the Boxcar ©
{:;é Integrator. As the interferometer was swept the X-Y recorder plotted | | %1 »“V
E{t% changes in light intensityiagainst fréquency. Figure 5-19 shows such a %i
*Wé plot where a modulating frequency of 1 GHz was used, The negative peak %f"
; § corresponds‘to the intensity pumped from the carrier frequency intoffhe ; E
.qé si&ebands by the moduléting signal. The positive péaks on either side § >
 ;5 of the carrier are due to the first sidebands. %*v‘
: L
7. ;Conclusibns" e | T T R ' S
It has been showﬁ that thé spectral ghif; under pulsed operation of a 3’
y » semicénductor laser may be measured using a Fabry-Perot interferometer.. L ? ’155
J ‘ Furthermore, the laser'fires, from pulse to pulse, canSiStently into the o ﬁﬁglv

same starting frequency. The spectral shift observed at 77°K was consistent

with that calculated'from the temperature change of-indium"binding layer.
At 4.2°K the observed shift was attributed to pockets in this layer.

Frequency Sidebands were observed under pulsed operation showing the

"‘feasibility‘bf détecting,frequency modulation when the laser is pulséd. 

. Also it is shown that the same technique may be used at room temperature.
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