4.10. Laser diodes &

4.10.1. Emission, Absorption and modal gain

The andyss of a semiconductor laser diode requires a detailed knowledge of the modd gain,
which quantifies the amplification of light confined to the lasng mode. To find the modd gan,
one darts from the notion that the emisson as well as absorption of photons, requires the
consarvation of energy and momentum of dl particles involved in the process. The conservation
of energy requires that the photon energy equds the difference between the eectron and hole
energy:

E,,=E,- E, (4.10.1)
with
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The conserveation of momentum requires that the dectron momentum equas that of the empty
date it occupiesin the valence band plus the momentum of the photon:

kn =kp +Kpn (4.10.4)

The photon momentum is much smaler than that of the eectron and hole, so that the dectron
and hole momentum are gpproximately equa. As a result we can replace kn and k, by a sngle
vaiable k. Equations (4.10.1), (4.10.2), (4.10.3) and (4.10.4) then result in:

hk? (4.10.5)
2m,

T
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where Egqui is the energy between the lowest electron energy in the conduction band and the
lowest hole energy in the valence band. m;  isthe reduced effective mass given by:

1 1 1 (4.10.6)
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The eectron and hole energies, E, and Ep, can then be expressed as a function of the photon
energy by:

: (4.10.7)
E, =E,+E, +(E,,- Eg,qm)%



- (4.10.8)
Ep = Ev - Eip - (Eph - Eg,qvﬂ)?

p

The emission and absorption spectra (b(Epn) and a(Epn)) of a quantum well depend on the
densty of sates and the occupancy of the reevant dates in the conduction and vaence band.
Since the dengity of dates in the conduction and vaence band are condant in a quantum well, the
emisson and absorption can be expressed as a product of a maximum emission and absorption
rate and the probability of occupancy of the conduction and vaence band states, namely:

b(E ) = b o (ED[L- L (E,)] (4.10.9)
a(E,) =amll- f.(E)]f,(E,) (4.10.10)

Stimulated emisson occurs if an incoming photon triggers the emisson of another photon. The
net gan in the semiconductor is the simulated emisson minus the absorption. The maximum
dimulated emisson equas the maximum absorption since the initid and find dates are Smply
reversed S0 that the trangtion rates as calculated based on the matrix eements are the same. The
net gain isthen given by:

9(E,,) =b(E,)- a(E,) = Unal f.(E,) - fL(E,)] (4.10.11)

where the maximum dimulated emisson and the maximum absorption were replaced by the
maximum gan, gmax- The normdized gan spectrum is shown in Fgure 4.10.1 for different
vaues of the carier dendty. The two darcase curves indicate the maximum possible gan and
the maximum possible absorption in the quantum well.
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Figure4.10.1 Normdized gan versus photon energy of a 10nm GaAs quantum wel for a
carrier density of 102 (lower curve), 3 x 10'2, 5 x 102, 7 x 10 and 9 x 102



(upper curve) cm?.

The theoreticd gain curve of Fgure 4.10.1 exhibits a sharp discontinuity & Epn = Egqwi. The gan
can aso be expressed as a function of the carrier dendties, N and P, when assuming thet only
one dectron and one hole leve is occupied:
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The pesk value at Epn = Egqui, assuming quas-netraity (N = P) isthen:

Ooeak = (Ey qua) = G (1= € VM - &V (4.10.13)

The maximum gain can be obtaned from the absorption of light in bulk materid since the
wavefunction of a free dectron in bulk materid is the same as the wavefunction in an infinite
gack of infinitdly deep quantum wells, provided the bariers are infinitely thin and placed a the
nodes of the bulk wavefunction. This means that for such a set of quantum wells the absorption
would be the same as in bulk provided that the dengity of dtates is dso the same. This is the case
for Eph = Equa S0 thet the maximum gain per unit length is given by:

—— _K /h2 1
=K./E - = Ep—
gmax qwl El 2 2mr I—X

where Ly is the width of the quantum wdl. This expresson shows tha the totd gan of a sngle
guantum well due to a single quantized leve is independent of the widtht. The corresponding
vaue for GaAs quantum wellsis 0.006 or 0.6%.

(4.10.14)

Experimentd gain curves do not show the discontinuity a Epn = Equa due to inter-carrier
scatering which limits the lifetime of carriers in a specific gae. The line width of a sngle st of
electron and hole levels widens as a function of the scattering time, which disturbs the phase of
the aiomic oscillator. Therefore, an gpproximation to the actua gain curve can be obtained by
convoluting (6.2.10) with a Lorenzian line shape function:

1Thereisaweak dependence of m on the width of the well.



9(Epn) = OBra[Fa (E) - Fo(E,)] Dn dn (4.10.15)

Eph2 mz
2IO[(FI-T) +(2)]

with Dn =1t1 _ where t is the carier collision time in the quantum well. The origind and
p
convoluted gain curves are shown in Figure 4.10.2.
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Figure4.10.2 Origind and convoluted gain spectrum of a 10 nm GaAs quantum wdl with a
carrier dendity of 3 x 1012 cnr2 and a collision time of 0.09 ps.

For lasers with long cavities such as edge-emitter lasers, one finds that the longitudina modes
are closdly spaced 0 that lasing will occur & or close to the pesk of the gain spectrum. It is
therefore of interest to find an expression for the peak gain as a function of the carrier dengty?. A
numeric solution is shown in Figure 4.10.3 where the pesk gain is normdized to the maximum
value of the fird quantized energy levd. Initidly, the gan pesk is liner with carier
concentration but saturates because of the congtant dengty of dates, until the gain pesk
asociated with the second quantized level takes over. Since the peak gain will be rdlevant for
lasng we will consder it more closdly. As a first order gpproximation we will set the pesk gain

2Experimental values for the gain versus current density can be found in: G. Hunziker, W. Knop and C. Harder,
"Gain Measurements on One, Two and Three Strained GalnP Quantum Well Laser Diodes', IEEE Trans. Quantum
Electr., Vol. 30, p 2235-2238, 1994.



g(N) equd to:
g(N) =I(N- N,) (4.10.16)

where | is the differentid gain coefficent. This gpproximation is only vdid close to N = Ny, and

even more 0 for quantum well lasers as opposed to double-hetero-dructure lasers. An
goproximate vaue for the differentid gain coefficient of a quantum well can be cdculated from
(6.2.13) yidding:

3 Ntr/Nc

e N /N, (4.10.17)
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Figure4.10.3 Cdculated gain versus carrier dengty for a 10 nm GaAs quantum wdl (solid line)
compared to equation [6.2.13]

From Figure 4.10.3 one finds that the materid becomes "trangparent” when the gain equds zero
or:

9(N,) =0=g,[F.(E))d- F (E,) - @- F(E)F,(E,) (4.10.18)
which can be solved yidding:

E,=E,- E, =Eq, - E, =qV,

P a

(4.10.19)



The trangparency current dengity is defined as the minima current dendty for which the materid
becomes trangparent for any photon energy larger than or equa to Eggqwi. This means that the

Eg-qV\ﬂ

trangoarency condition is fulfilled for V, = . The corresponding carrier dengity is referred

to as Ny, the transparency carrier densgity. The transparency carrier dendty can be obtained from
by setting gmax = O, yidding

N, =- N, In(1- ™) (4.10.20)

This expression can be solved by iteration for Ny > Nc. The solution is shown in Figure 4.10.4.
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Figure4.10.4 Normdized transparency carrier densty versus the rétio of the effective densty of
datesin the valence and conduction band.

To include multiple hole levels one Smply replaces N, by N* as described in section 4.4.3.d.

4.10.2. Principle of operation of alaser diode

A laser diode consdts of a cavity, defined as the region between two mirrors with reflectivity Ry
and Ry, and a gan medium, in our case a quantum wel. The opticd mode originates in
spontaneous emission, which is confined to the cavity by the waveguide. This opticd mode is
amplified by the gan medium and patidly reflected by the mirrors. The moda gain depends on
the gan of the medium, multiplied with the overlgp between the gan medium ad the optica
mode which we call the confinement factor, G, or:

modal gan =g(N)C (4.10.21)



This confinement factor will be cdculaed in section 6.25. Lasng occurs when for light
traveling round trip through the cavity the optical gain equds the losses. For alaser with modd
gang(N)G and wave guidelossa this condition implies:

RR exp[2(g(N)- a)L] =1 (4.10.22)
where L isthelength of the cavity. The digtributed loss of the mirrorsis therefore:

1 (4.10.23)
RR,

) 1
mirror loss = Eln

4.10.3. L ongitudinal modesin the laser cavity.

Longitudind modes in the laser cavity correspond to standing waves between the mirrors. If we
assume tota reflection a the mirrors this wave contains N/2 periods where N is an integer. For a
given wavelength | and a corresponding effective index, net, thisyidds:

2L (4.10.24)

Because of disperson in the waveguide, a second order modd should adso include the
wavelength dependence of the effective index. Ignoring disperson we find the difference in
wave ength between two adjacent longitudina modes from:

2n,, L (4.10.25)
N =
Iy
2n, L 4.10.26
N+l=— ( )
2
11 | 2 (4.10.27)
DI =2Ln, (—- @)
« (N N+D QZLneﬁ

Longer cavities therefore have closer spaced longitudind modes. An edge emitting (long) cavity
with length of 300 mm, ng = 3.3, and | = 0.8 mMm has a wavelength spacing DI of 0.32 nm while
a surface emitting (short) cavity of 3 mm has a waveength spacing of only 32 nm. These
waved ength differences can be converted to energy differences using:

h DI 4.10.2
DE=— " =E, — (4.10.28)
2Lng, I,

so that 0.32 nm corresponds to -6.2 meV and 32 nm to 620 meV. A typica width of the optical
gain spectrum is 60 meV, 0 that an edge emitter biased below threshold can easly contain 10
longitudind modes, while for a surface emitter the cavity must be carefully designed so that the



longitudina mode overlgps with the gain spectrum.
A more detailed andysis of a Fabry-Perot etalon is described in A.7.3, providing the reflectivity,
absorption and transmission as a function of photon energy.

4.10.4. Waveguide modes

The opticd modes in the waveguide determine the effective index used to cdculate the
longitudind modes as wdl as the confinement factor which affects the moda gain. Starting from
Maxwell's equetions in the absence of sources:

N° H =e,n?(x,y,2) (4.10.29)
. 3 4.10.30
R E=m % ( )

and assuming a propagating wave in the z-direction and no variation in te y-direction we obtan
the following one-dimensiond reduced wave equation for a time harmonic field, E = Ex e, of

aTM mode:

2 (4.10.31)
x4 (n2(0Kk2- b2)E, =0
dx?2

with the propagation congtant givenby b = Vlne'-f , and k = ﬂ, this equation becomes:
c c

42E (4.10.32)
— (P00 By =0
X

this equation is very smilar to the Schrodinger equation. In fact previous solutions for quantum
wells can be used to solve Maxwell's equation by setting the potentid  V(x) equa to -n? (x) and
2 *
replacing W—2 by 2&2 The energy egenvaues, E, can then be interpreted as minus the
C h
effective indices of the modes: -n’g;,. One particular waveguide of interest is a dab waveguide

condging of a piece of high refractive index maerid, n;, with thickness d, between two
infinitly wide dadding layers condsing of lower refractive index materid, n,. From Appendix
A.1.3. one finds that only one mode exists for:

2 .2 (4.10.33)
Vo =-n§+n12 Eio SR

w? d?

3A detailed description of modesin diel ectric waveguides can be found in Marcuse, "dielectric waveguides”, 2nd g,



or,

gelp 1 | (4.10.34)
w \/nlz-ng 2\/n12-n§

For | =0.8mm, n; =3.5and n, = 3.3 onefindsd £ 0.34 mm.

4.10.5. The confinement factor

The confinement factor is defined as the ratio of the modd gain to the gain in the active medium
a the wavdength of interest:

¥ , (4.10.35)
' C(X)|Ey| " dx
modd gan _ _y
G= =
g ¥
2
GE x| dx
- ¥
for aquantum wel with width Ly, the confinement factor reduces to
Ly/2 , (4.10.36)
O |Ex|7dx
Ly /2
G=— )
G x| dx
- ¥

@0.02...0.04 for atypica GaAs single quantum well laser

4.10.6. Therate equations for alaser diode.

Rate equations for each longitudind mode, |, with photon densty S and carrier densty N,
which couple into this mode are;

N _d gz Mg N g N TS W (4.10.37)
it 2o Witk gtk Tt
AL b B N|2- S|—+EB,| =1,2 .| Max (4.10.38)

qt t ph, | ix 9t

Raher than usng this st of differentid equaions for adl waveguide modes, we will only
consgder one mode with photon densty S whose photon energy is closest to the gain pesk. The
intendgty of this mode will grow faster than dl othes and eventudly dominate. This
amplification avoids the problem of finding the parameters and coefficients for every sngle



mode. On the other hand it does not enable to caculate the emisson spectrum of the laser diode.
For asingle longitudind mode the rate equations reduce to:

‘Z—':' -3 Bn2. zl VgrG(N - Ny)S (4.10.39)
q 0
S _pen2- S 4y G(N- N¢)S (41040
ot t o ar tr
R = Vg SWn 1 (4.10.41)

R

4.10.6.1. DC solution totherate equations
The time independent rate equations, ignoring Spontaneous emisson are;

J N (4.10.42)
=2~ BN§ - 2=~ vgrG(No- Nyr)So
q 2
(4.10.43)
=- 2 4yg@(No - Ny )So
t ph
where the photon life time is given by:
i = EKE = Vgr (a_ +1|n 1 ) (41044)
from which we can solve the carrier concentration while lasing:
Ng = Ny + 1 (4.10.45)
t phvng

which is independent of the photon density*. The threshold current density is obtained when & =
0

5 Ng (4.10.46)
JO|(SO=0) =Jth =aA(BNg +Z_0)

The photon density above lasing threshold, and power emitted through mirror Ry, are given by:

4a more rigorous analysis including gain saturation reveals that the carrier concentration does increase with
increasing current, even above lasing. However this effect tends to be small in most laser diodes.



gy =20 dn 1 (4.10.47)
d Vg &(Ng- Ni)

and the power emitted through mirror 1is.

Ao = hnSgMW/gr In—— (4.10.48)
| R
The differentid efficiency of the laser diode is.
In—L (4.10.49)
b =3P _hn JR
dl 0 q In ; ral
and the quantum efficiency is
In—2+ (4.10.50)
h=_d9Po JR
hn dlo ln;_{_al_

Efficent lasers are therefore obtained by reducing the waveguide losses, increasng the
reflectivity of the back mirror, decreasing the reflectivity of the front mirror and decreasing the
length of the cavity. Decressing the reflectivity of the mirror also incresses the threshold current
and is therefore less dedrable. Decreasing the cavity length at fird decreases the threshold
current but then rapidly increases the threshold current.

4.10.6.2. AC solution to therate equations

Asuming a time-harmonic solution and ignoring higher order terms (as we did for the LED) the
rate equations become:

. T (4.10.51)
Jwm :%‘ t?l' VgrG(No - Nir)st - vgrGngSo

- S (4.10.52)
Jws = - P +VgrA(No - Ny )s1 +VvgrGm S

ph
where tegr is the same a for an LED and given by eguation [6.1.19]. Usng

VgrG(Ng - Ng ) = ti these eguations can be solved yidding:
ph



o 1 GSyv (4.10.53)
j1.= jwany +ong (——+ ASgvgr ) + g ———
U eff JWE o
replacing n; by reaing it to the smdl Sgnal voltage v,
_mVimy (4.10.54)

Vi
N
0

The eguation for the smdl sgnd current, i1, can be written as

o 1 1 (4.10.55)
i1 =(JWC +—=+—)Vv
1=(] = ij) 1
. NoA NoeN/ Ne NoeN/Nv .
with C:q 0 ,and m= ON/N + ON/N , where A is the area of the laser
m; N Me -9 Ny(e"' M -1

diode.
1 1 (4.10.56)
—=C(—+QASyvy)
R t off

and

1 ton (4.10.57)

B EGsovgr

4.10.6.3. Small signal equivalent circuit

Adding parasitic dements and the circuit described by the equation [6.2.48] we obtain the
following equivdent circuit, where Lg is a series inductance, primarily due to the bond wire, Rsis
the series resstance in the device and C, is the pardle capacitance due to the laser contact and

bonding pad.
Lg R
o——FFEE VNV

S

R |C

Figure4.10.5 Smadl sgnd equivaent circuit of alaser diode

(e,




The resstor, Ry, in series with the inductor, L, is due to gain saturatiorP and can be obtained by
adding a gain saturation term to equation [6.2.16]. The optica output power is proportiond to the
current through inductor L, i1, which is given by:

. A 4.10.58
i1, = i gAS1Vgr (@ +£In ! ( )

)
T ph L JR+R:

and the corresponding power emitted from mirror Ry

b1 = sthnvg Win—— (4.10.59)

R

Ignoring the paradtic dements and the gain sauration ressance, Ry, one finds the ac
regpongivity pifis as:

n 1 (4.10.60)
P_hn VR 1
I g In;+aL 1+ jw£+(jw)2 LC
JR]_ + R2 R
from which we find the relaxation frequency of the laser:
1 [Gsgvg _ I GR (4.10.61)

Wo
TR

or the relaxaion frequency is proportiond to the square root of the DC output power. The
amplitude at the relaxation frequency relative to that a zero frequency equas:

VLC tph \/t IDhhnWIni

Plly=w, R 1 (4.10.62)
pl| =0 B LWO B
" Wol e *t ph?Vo
4.10.7. Threshold current of multi-quantum well laser

Comparing threshold currents of laser diodes with identicd dimensions and materia parameters
but with a different number of quantum wels m, one finds that the threshold currents are not
ample multiples of that of a Sngle quantum well laser.

Sfor a more detailed equivalent circuit including gain saturation see: Ch. S. Harder et al. High-speed GaAs/AlGaAs
optoelectronic devices for computer applications, IBM J. Res. Develop., Vol 34, No. 4, July 1990, p. 568-584.



Let us assume that the moda gain, g, is linearly proportiond to the carrier concentration in the
wells and that the carriers are equdly didributed between the m wells. For m quantum wells the
moda gain can be expressed as.

g=ImN- Ng) =IDNm (4.10.63)

where | is the differentid gain coefficient and Ny is the transparency carrier density. Since the

totd modd gan is independent of the number of quantum wells we can express the carier
dengty asafunction moda gain & lasngp.

g DN (4.10.64)

The radiative recombination current at threshold is then

DN 2 (4.10.65)
)

DN
Jth = qByM(Ny +F)2 = gBy(Nfm+ 2Ny DN +

This means that the threshold current dendgty is a congant plus a component, which is

proportiona to the number of quantum wells. The last term can be ignored for m >> 1 and DN
<< N

4.10.8. L arge signal switching of a laser diode

Because of the non-linear terms in the rate equations the large sgnd switching of a laser diode
exhibits some peculiar characterisics. The response to a current step is shown in the figure
bdow. The carier dengty initidly increases linearly with time while the photon dendty remans
very smdl ance simulated emisson only kicksin for N > Np.

6We assume here that we are comparingidentical lasers, which only differ by the number of quantum wells.
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Figure4.10.6 Opticd power and normaized carier concentration versus time when applying a
sepcurrentatt =0from | = 0.95 Iy, to | = 1.3 Iy.

Both the carrier dendty and the photon densty oscillate around their find vaue. The oscillaion
peaks are spaced by roughly 2/wg, where wy is the smal sgnd relaxation frequency & the find

current. The photon and carrier densties are out of phase as carriers are converted into photons
due to simulated emisson, while photons are converted back into eectron-hole pairs due to
absorption.  High-speed operation is obtained by biasng close to the threshold current and
driving the laser well above the threshold. In addition one can use the nonlinear behavior to
generate short optica pulses. By goplying a current pulse, which is long enough to initiate the
first pesk in the oscillation, but short enough to avoid the second pesk, one obtains an optical
pulse which is sgnificantly shorter that the applied current pulse. This method is referred to as
gain switching or current spiking.



