








Corrections for Diode Lasers and Photonic Integrated Circuits—Summary

(See also attached text screen shots with corrections & PPT figures)

Page Correction
16 Ttalicize “two-thirds of the band offset” in 11" line of 1* paragraph
Italicize “about 40% of the band offset” in last sentence of 2" paragraph
Italicize “conduction band offset of AE. = 0.7AE,.” in 11™ line of 3" paragraph
70 All equations > 2.47 need to be increased by 6. Any reference to these equations
also changes, except imbedded references on pp 80, 81, & 82 to (2.49), (2.50). &
(2.52)
73 Example 2.3, line #5 from bottom, “Differential gain/alpha can be computed using
expression Eq. (2.46)” ---> it should be Eq. (2.47) (the first 2.47, not the duplicated
2.47)
74 Example equation for f, last factor, replace (0.3) by (0.03)
77 Last line, the bracket “)” before “= 15 cm-1” should be removed.
90 For #15. Second line, replace ‘Problem 2.15’ by “Problem 2.14”
109 Line 2 below Eq. (3.40), “reducing ...to Eq. (2.29)” --> should be Eq. (2.32)
134 Equation for #, near top, --replace 0.349 by 0.823
--remove square root signs after ‘In’ in numerator and
denominator
—-replace 10 by 10”7 in denominator
--replace 0.703 by 0.584 on far right
138 Second equation, A4,,, remove ‘2’ from denominator in first line
- Replace ‘0.277 nm’ by “0.453 nm” in second line
Third equation, Aljusing, replace ‘0.277° by “0.453” after second = sign
- Replace ‘4.439’ by “4.665” on far right
144 *Replace Page with one supplied—mount sideways (attached PPT is camera-
ready): existing bottom graph has vertical scale erroneously expanded relative to
data and is too small to read
145 In figure caption, sixth line, change subscript from ‘g’ to “a” to read “...AL,,”
146 **Replace Page with one supplied—mount sideways (attached PPT is camera-

ready): existing bottom graph has vertical scale erroneously expanded relative to
data and is too small to read



148 --Bottom equation is incorrect, and graph is read incorrectly. Last sentence,
replace ‘0.35° by “-1.8”. Replace ‘f = ...." first equation line by:
136

A = —
27mg

--Replace second line by:

M= -2 C _ 367%103um = 4 =1550.362 nm
2m-3.8 (500)
179 Equation after 1 paragraph: after >’ on right, 2" parenthesis misplaced;
should be:
“> gmaxt(Eq)(f2(Ec1) = fi(En)).”
190 Equations (4.55 — 4.58) have errors—(4.54) is ok:
c~10-20 meV/(10"? cm®)". (GaAs/AlGaAs QW) (4.55)
c~20-25meV/(10"? cm?)". (InGaAs/InP QW) (4.56)
c~2-22meV/(10° cm™)". (GaN/AlGaN QW) (4.57)
c~2-22meV/(10° cm™)". (InGaN/GaN QW) (4.58)
190 Paragraph immediately after Equations (4.54 — 4.58) needs to be modified.

--In the second line, delete “one-third”.
--At the end of the paragraph add “using bulk actives,” so that it ends with, “ ...for
the GaAs/AlGaAs system using bulk actives.”

195 Text after Equation (4.69): change reference from Eq. (4.33) to (4.38), and from
(4.48) to (4.66).
197 --Next to last line on page in equation for Py, should have an additional factor

on far right of: - 1.610™" J/eV
--Last line, the answer should be 53.5 pW.

209 In Solution, first line, (4.111) should be (4.87)

216 Last line of Example problem solution is incorrect. It should be:

80300 |, 80

C(340K) = C(300K) - e " 26320 *26 = 1.436 - C(300K) = 8.167 - 10™*° cm?s.

*This could also be written as:

C(340K) = C(300K) " exp [— 220 4 2= 1436 C(300K) = 8.167 10 cm’ss.
237 Last line of text, should have a “ -1” in second quantity:

AL;= (1.1’ (1.436 — 1)I,. Finally,

238 Answer to Example problem should be 67 K, not 70 K.



293

309

337

367

504

676

After Equation (5.122) in text, replace (5.113) with (5.121), and replace (5.112)
with (5.122).

In Equation (5.165), lower-right equation should have lower-case ‘gamma’ on
right side:

ynn = yan + 1/ze
--Third line after Equation (6.6), change x to y-direction:

“...aligned along the y-direction.”
--Fourth line after Equation (6.6), change subscripts:

“..and }lx/= (low)d LZ/dz, we have”

--Equation (6.8) change subscript from x to y:
Line 2 above Example 6.7. “priciple” should be “principle”
Third line from top, change ‘internal’ to “injection.”

First line after Equation (A14.1), replace (A14.1) with (6.19).

** LINES HIGHED IN YELLOW ADDED 10/2019



MIRRORS AND RESONATORS FOR DIODE LASERS
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70 A PHENOMENOLOGICAL APPROACH TO DIODE LASERS

quantum wells, as indicated by the gain parameters listed after Eq. (2.46). If such
higher-order nonradiative carrier recombination is important at threshold, one must
add another component to the threshold current due to the CN,Z term in the recom-
bination rate. Then, Egs. (2.49) and (2.50) should be increased by

3
VN 3((ai)+am)y Fgo (2.52)
Ni .

Inrth =

where for 1.3 pm InGaAsP material, the Auger coefficient, C ~ 3 x 10-2° cm®/s,
and for 1.55 um material it is about two or three times larger. The cubic depen-
dence on N, places more importance on reducing the threshold carrier density in
this material system. In fact, this additive Auger term dominates Eq. (2.49) for
carrier densities above Nin ~ 3 x 10'® or 1.5 x 10'8 cm™3 at 1.3 and 1.55 um,
respectively. This fact focuses more attention on reducing cavity losses, ({;) +
®m), and maintaining a large confinement factor, I". With the use of strained-
layer InGaAs/InGaAsP or InGaAs/InGaAlAs quantum wells on InP, a considerable
improvement is possible because all the parameters affecting Ny, move in the right
direction. In fact, the Auger coefficient, C, may also be reduced due to the splitting

of the valence bands.

2.7 RELAXATION RESONANCE AND FREQUENCY RESPONSE

Chapter 5 will discuss dynamic effects in some detail. Here, we wish to use
Egs. (2.16) and (2.17) to briefly outline the calculation of relaxation resonance fre-
quency and its relationship to laser modulation bandwidth. As shown in Chapter 5,
because of gain compression with increasing photon density and possible trans-
port effects, the calculations are a bit oversimplified, particularly with respect to
quantum-well structures. However, these simple equations do seem to work well
for standard DH structures, and the method of attack for calculating resonance fre-
quency is also instructive for the more complex calculations to follow in Chapter 5.

Consider the application of an above-threshold DC current, Iy, superimposed
with a small AC current, [j, to a diode laser. Then, under steady-state conditions
the laser’s carrier density and photon density would respond similarly, with some
possible harmonics of the drive frequency, w, that we shall ignore. Using complex
frequency domain notation, ﬂ <N

I =1+ 1, M

N =N0+N1€jwt, (W

NP = NPO +Np16‘iwt.

Before applying these to Egs. (2.16) and (2.17), we first rewrite the rate

equations using g =aAN for the gain. This is valid because small-signal
conditions are assumed, and the gain can be well approximated by a linear

S
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. ¢ion from its steady-state value,
geviat AN 8, Over some small range of -

s , provided the local slope, a =
Jensities pe, a =3g/aN, at the bi g .
ssed: We also ?SS‘}me the DC current is sufficiently far abov: thlras hptl);nt Ny is
Spontaneous emission can be neglected. That is, eshold that the
dN _nl N
-(-lT_q_V_?_vg(Srh+aAN)N, 2.5%
ol s<
P N 2.
7 = Ty (gm +aAN)Np_t_P. ‘.
2,53 g

Now, after plugging in Eq. (247) for /, N, and N, we note that AN = N exp(jor)
and ré%nize that e DC Fomponents satisfy the steady-state versions of
gs. @48) and G39) G, with d/dt — 0); and they can be grouped together
and set to Zero- Next, we recognize that the steady-state gains, g, can be replaced

by [TV grp]’l according to Eq. (2.28). Finally, we delete the second-harmonic
terms that involve &2t and divide out an /' common factor. Then,

N+ = nli N1 Np 2.56
J@ 1"}1“7—7‘5';—vgaN1Npo, 250)
| ! 2,57
ijpl = FvgaNleo. ‘ (_2__5})

With the preceding manipulations we have generated frequency domain equations
that can easilygbgs §olved for the transfer function Np1(w)/h (@) First, solving

for N in Eq. we have Nj = joNp1/ TvgaNpo. Then eliminating N; from
Eq. (250) and using Pac = vgamNplhva, we obtain
256
Puc(w) _ mihv vgtm (VgaNp0) f’«%

I (w) T q vgaNpo/tp—w2+jw[vgaNpo+l/r]'

Now we observe that the first term in the denominator is the square of a natural
resonance frequency, sO W€ define,
2.SY

2 Vg aN, p0 2-53)
w R -——‘_—T "
14

il

Using Eqgs. (2.28) and (2.40), the transfer function can be written in a more
normalized form:

2.40
Pac(®) _ o mavle (254)
Lw) 1- (w/wR)? + j (0/wr) @R Tp + 1/wrT]
For jently low modulation frequencies, the denominator refiuces to one a}nd
Eq. ' reduces to the AC equivalent of Eq. (2.41). For higher modulation

frequencies, the 1 — (w/wg)? term in the denominator creates a Strong resonance
in the response. Figure 2.13 illustrates the frequency dependence for a wide range
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FIGURE 2.13: Frequency response of an idealized diode laser for several different oy.

put powers. The active region is characterized by: hv = 1.5eV, a=5x10"1%cm? ;-
3x 107%s, n; = 86.7%, and v, = 3 x 101°/4 cm/s. The laser cavity is characterized by:

7, =2 x 10712 s (with &, =60 cm™! and &; =5 cm™!), 74 = 80%, and V, =5 um x
0.25 um x 200 pm. The 20 log [Pac(w)/Pac(0)] is used because photodetection generates
an electrical current in direct proportion to the optical power. Thus, for a power ratio in the

electrical circuit, this current must be squared.

of output powers. Note that the resonance is damped at low Jdigh ‘output

powers. This occurs because the imaginary damping term in Eq. ¢&5%) depends on
both wg and 1/wg. In Chapter 5, we will find that inclusion of gain compression

and transport effects creates significantly more damping than predicted here.
In fact, on real laser devices the resonance is typically limited to 5-10 dB (as

opposed to the peak ~25 dB suggested in Fig. 2.13).
Beyond the strong resonance, the transfer characteristics degrade significantly.

Thus, effective modulation of the output power can only be achieved over a mod-
ulation bandwidth of ~wg. When the damping is small, the electrical 3 dB down
frequency (i.e., the frequency that reduces the received electrical power to one-
half its DC value) is given by w3 ¢ =V 1+ V2wg. Expanding Eq. (%’3% using
Egs. (2.28), (2.38), and (2.40), we can express this result in terms of the output

power:
Sibl
1.55 [Tv,a n; 12
fidp & > [ hvi/‘ a ;’71—] V/Py. (small damping) (255)
d

The modulation bandwidth of the laser can be steadily enhanced by increasing
the output power. However, increased damping of the resonance at high powers,
thenpal limitations, and high power mirror facet damage set practical limits on the
maximum average operating power we can use.

Because thermal limits are usually associated with the drive current, it is also
convenient to express wg in terms of current. Using Eq. (2.37) for Npyo, with g
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given by Eq- (2.28), Eq. (2753) becomes
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lv,a 12
WpR = — v 8
[ qV mi(l ‘Im)] : (g,? i‘)?‘

[n this form we observe that it is desirable to enhance the di i

. e the volume of the mode (I'/V = ket e Wl
::)mmreshold for maximum bandwi/dth. Ifl /v:::)»’v::td t:)n ell::alczglzt;ethe Cual;rlent -relative
cent low, then we should.also try to minimize the threshold cuover crhops by
increasing the fa?et reflectivity. If, however, we are more concemrr;ntéoperhaps.by
the photon, density low (for example, to reduce the risk of fac:t c:lﬁaml;t :)eel:}:ﬂg
from Eq we should.try to decrease the cavity lifetime instead %ha’ s ;n
Jecreasing the facet reflectivity. Thus, the optimum cavity design for z; l}f h—f ec)il
Jaser depends on what constraints we place on the device operation. In Cgha 5; 5
we will find that at very high powers, the maximum bandwidth actl.xally becpomes
independent of wg and is more fundamentally related to the damping factor (the
K -factor), which is affected by gain compression and transport effects.

Example 2.3 A cleaved facet, active 3-um-wide and 500-pm-long ridge laser
s created from the laser structure from Example 2.1. This ridge laser is biased
30 mA above threshold and directly modulated by applying a small signal sine

wave current to its active section.

Problem: Determine the resonance peak frequency fr = 3% of this laser, assuming

injection efficiency 7 of 80%, and assuming no change in the intem:a;l losses.
XA

nce frequency, we will use the Eq. (256). There-
fferential gain a at threshold, since the carrier
arrier density. Thus, we first need to deter-

mine the threshold carrier density. Because the internal losses and the laser length

are unchanged, the threshold modal gain for this laser is the same as that for the
laser in Example 2.2, I'gn = 37.79 em-!, leading to the same threshold carrier

density as calculated in Example 2.2,

Solution: To calculate the resona
fore, we need to compute the di
density is clamped at the threshold ¢

8ih_ 37.79 8.
N,y 0.041207.29 =2.6865-10" cm ~.

Ny, = Ny e 8N =
@47)

Differential gain a can be computed using expression Eq. (

-1
a=28 )y =% = __6%260?7'_21_907‘}“———3 —4.49.107' cm®.
oN T ] . cm™
Mg 2,42

The resonance frequency is given by fr = SR, where wR is defined in Eq. (2-56),

1/2 r 1/2
_ 1 [Tya [Tivee g ]
fro= D [ av ni(l "‘Ith)] - [ qV1 it )




74 A PHENOMENOLOGICAL APPROACH TO DIODE LASERS

V, is the volume of a single quantum well, V; =3- 500 0.003 - 10 -12 Cm](3
4.5.10-12 cm" and the group velocity for InGaAsP laser is v, = =0.7894.
1010 cm/s. Therefore, the resonance frequency is

1.6-10"19.4.5.10712

5 1 [0.01 .0.7894 - 1019 . 4.49 - 106 cm?
e s

To gain a somewhat more intuitive understanding of the natural resonant behay.
ior that results between the carrier-photon coupling described by the led rate
equations, we consider only the third term on the right side of Egq. éﬁ@? for the
small-signal carrier density, N;, together with Eq. (ét for the small-signal pho-
ton density, Np;. This is approximately valid, begause the carrier density is almost
clamped, N1 3> Nj, so the other terms in Eq. (é%; are much smaller. If we view
the lefthand sides of these two equations as time derivatives, then we observe from
Eq. (Z31) that as N; increases and becomes positive, N increase ime due to
mcreased gain in the laser. However, from the third term in Eq. (%% , once Ny,
becomes positive, it serves to decrease N; through increased stimulated emission.
As N decreases and becomes negative, N,1 begins to fall, and once it becomes
negative, it again produces an increase in Nj. At this point, the cycle repeats itself.
This phenomenon produces a natural resonance in the laser cavity which shows
up as a ringing in the output power of the laser in response to sudden changes in
the input current. The natural frequency of oscillation associated with_ this m
dependence between N; and N can be found by multiplying Egs. (5'553 and )
together, again ignoring all but the third term_ on the right-hand side of the first
equation, we again obtain wg, given by Eq. (323), and commonly referred to as
the relaxation resonance frequency (where relaxation refers to an attempt by the
photons and carriers to relax to their steady-state values). It is directly propor-
tional to the square root of the differential gain and average photon density in the
cavity (output power) and inversely proportional to the square root of the pho-
ton lifetime in the cavity. The relaxation resonance of the laser cavity is much
like the p ral oscillation of an LC circuit. However, the additional terms present
in Eq. ( lead to more of an RLC circuit behavior, dampening the resonant
response.

2.8 CHARACTERIZING REAL DIODE LASERS

In this section we wish to review some of the common measurements that are
made on diode lasers. We shall emphasize those that can be used to extract internal

" parameters that we have used in the rest of this chapter. More complex characteri-
zation techniques will be delayed until after the discussion of dynamic effects and
the introduction of more complex cavity geometries.
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Py [nternal Parameters for In-Plane Lasers: («;), 5;, and g versus J
+ iy rsus

aps the most fundamental characteristi : .
E‘fﬁs s been illustrated in Fig. 2.9 Froma ﬁe:;?xf:dla;firfiﬁhe P! characterss
i * fately determine tl}e expeﬁmental P iy a;actenstlc. one can
of the above-threshold curve with the abscissa. The diffcrer;tia:;” uror:lu o i
74, ©&0 be c.alculated fr.or.n Eq. (2.41), provided the wavelengthqisalllcn " efﬁljlency,
the mean mirror reflectivity, R = riry, can be calculated with good aOW"- -
he length, L, can be measured. Thus, the mirror loss, o, = ( lé;L) ln(c;a;acy, e
calculated. HOWeVer, the net internal optical loss (c; ), ar;':i quantum efﬁ/ ') e
cannot be determined from a single device. e

To determine these important internal parameters, one commonly uses two or
different length fabricated from the same material with identical mir-
ly strai.ghtforward for in-plane lasers because the length can
clea\{mg step. From Eq. (2.40) it can be seen that by mea-
fficiency of two such lasers, one is left with two equations

more lasers of
rors. This is relative
be varied at the final
suring the differential e
containing two unknowns, (o) and 7;. That is,

ni In (%)

Nd = i
L{o;) +1In(%)
and
o _minG) P
d L’(d,‘) +1n(1%)’
where L and L’ are the lengths of the two different lasers. Solving, we find
ny —Nd (1)
Ve —4 —In|<)>
(a,) Lna - L,n:i R
d
o LoD 2.4¥
i = MMt i (258)
i Lnd — L/r’d
2'6?)‘

If indeed one can make two identical lasers except for their lengths, then Egs. (
will give the desired internal parameters. However, experimental data usually hgve
some uncertainty which limits the utility of these expressions. For more reli'fxbihty,
it is generally better to plot a pumber of data points on 2 graph' and determme'the
unknowns by fitting a curve to the data. In the present case 1t 1S most convenient
to plot the reciprocal of the measured differential efficiencies versus L. Then a

straight line through the data has a slope and intercept from which (a;) and 7; can
be determined. More specifically, g
) | A.es
1 ’(ﬁli____ L4 —. C=2y]

Nd ni ln(l/R) i

Thus, the intercept gives 7, and this can be used in the slope to get (o).
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FIGURE 2.14: Plot of experimental reciprocal external differential efficiencies versus laser
cavity length for 50 um wide Ing2Gag gAs GRINSCH quantum well lasers. For both single-
quantum-well (SQW) and double-quantum-well (DQW) cases, the Ing2GapgAs well(s) was
80 A wide. For the DQW a 12 nm GaAs separation barrier was used, and in both cases
40 nm of GaAs was used on each side of the well(s). On each side of this active region, the
barrier stepped to Alg,GaggAs for 8 nm and then tapered to AlygGag2As over 80 nm to
form the graded-index GRINSCH structure [1]. From these data the SQW had o;; = 3.2 cm™!
and 7; = 89.6%; and the DQW had o; = 2.6 cm™! and n; = 98.6%.

Figure 2.14 shows such a plot for some data taken from broad-area in-plane
InGaAs/GaAs quantum-well lasers. Single (SQW) and double (DQW) quantum-
well cases are included [1].

For shorter cavity lengths, the data in Fig. 2.14 will fall above the line indicated.
This data was ignored when determining the line fit because it represents a region
where higher-order effects result in an incomplete clamping of the carrier density
above threshold. The result is an apparent decrease in 7; (see Appendix 2 for
details). If one assumes that the net internal loss does not change in this process,
it is possible to estimate the decrease in 7; by repeated use of Eq. (2.'59§ or 2.35
for this high-gain points. 2

In the process of taking data, one can also generate a table of threshold cur-
rent densities in the active region, Jy, = (nil/wL) versus L. These are usually
taken from broad-area devices so that lateral current and carrier leakage can be
neglected. From Eq. (2.25) we also see that corresponding threshold modal gains
I'gm can be calculated for each length once the internal loss is found. Thus, it is
possible to construct the modal gain versus current density characteristic for the
laser from these threshold values. This characteristic can usually be fitted well to
an exponential, two parameter (J,, and go) curve,

2.l
(260)

£
J = J,,.egO.
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FIGURE 2.1 5: Experimentally determined gain versus current densi aAs
. & nsity for an InGaAs/G

quantumm well laser described in Fig. 2.14 [1]. For the ordinate the modal gain I'g is (Sjivided

by the confinement factor for one well T, to give the material gain g times the number of

wells, Ny. The solid curves are from a calculation based on the theory to be developed in

Chapter 4.

Because the confinement factor, I', can usually be calculated as discussed in
Appendix 5, one can ultimately determine the basic material gain Versus current

density characteristic for the active material. Figure 2.15 gives the result for the

example in Fig. 2.14.

Example 2.4 To characterize the active material from Example 2.1, a 50-pum-

wide and 500-um-long broad area laser is cleaved from the wafer. Its pulsed

threshold current is 47.94 mA and differential efficiency from both facets 48.24%.

This laser is then re-cleaved into two 250-pm-
currents of 59.44 mA and differential efficiencies of 60.19%.

Problem: (1) What is the injection efficiency 7i? (@) What is the average internal
current density characteristic

modal loss? (3) Determine J;r and 80 in the gain Vs
e%0.

long lasers, having pulsed threshold

for each quantum well, assuming J = Jrr

Solution: To calcula%:}ty injection efficiency 7i
we will use the Eq. ( -58). Once the modal loss is known,

old current densities in the active region, We can construct thc.: modal gain T'g
‘ se the confinement factor is known, W€ can

versus current J density curve. Beca! : ot -
g versus Ccurrt &gnsny J character1stic for this

and the internal modal loss (ati)s
and knowing the thresh-

determine the basic material gain -

active material using the Eq. (2.6%). From Eq. (=%

(0.6019 — 0:4824)1n (cz) 7 -15cm™

@y ez (L) =
Lng—Lnj \R 0.05 - 04824 — 0.025- 0.601
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and
L-L 0.025 cm™!
= gy~ = 0.6019 - 0.4824———— — (80,
W= NN g — L, 0.0091

For the gain versus current density characteristic, we utilize two data points from
two different laser lengths:

_ nilm _ 0.8-47.94 mA

w-L;  500-50-10-8 cm?
ml,;,z 0.8 -59.44 mA

Jrh2 ES = -8 2
w-L, 250-50-10-8 cm

= 153.41 A/em?

= 380.42 A/cm?.

Threshold modal gain I'gy,; for the 500-pm cavity was calculated in Example 2.5
to be 37.79 cm™!. Similarly, for the 250-pm-long cavity, the threshold moda] gain
is Tgim1 = 60.58 cm™!, where I" = 0.04, as discussed in Example 2.2. Finally,

_ 81 —8m2  944.71 — 1514.43 cm™!

=
80 ] = 153.41 =627 cm
In ﬁj In 3552
J 153.41 A/cm?
Jr = thglm = T = 34 Alem’,
CXP %20 CXP 627

2.8.2 Internal Parameters for VCSELs: ni and g versus J, («;), and aUm

In vertical-cavity lasers the preceding procedure is a little difficult to carry out
because the cavity length is set by the crystal growth. Multiple growths may result
in other changes in the material besides the cavity length. Therefore, it has been pro-
posed that the desired information can be determined by making in-plane cleaved
lasers fabricated from the vertical-cavity laser material. However, a somewhat dif-
ferent approach is followed. Clearly, the internal loss determined for the in-plane
laser will not be the same as for the VCSEL because the optical mode travels
through a different cross section of materials. Nevertheless, if the electrical pump-
ing current follows the same path and the threshold current densities covered in
the in-plane diagnostic lasers includes the VCSEL values, the measured internal
quantum efficiency should be the same.

The most valuable piece of information provided by the diagnostic lasers is the
gain versus current density characteristic. Combining this -characteristic and the
internal quantum efficiency from the in-plane lasers together with the measured
threshold current density and differential quantum efficiency from the VCSEL, we
now have enough information to unambiguously determine the VCSEL internal
loss and mirror loss (and thus, reflectivity). That is, Eqs. (2.40) and (2.25) can be
solved for (e;) and «,, because g, n4, and n; are known. The results are 20 7

Xy = thh E (2;6'1)

Ni
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(@) =T [
8|l - Nld
~ Ni ] 2(24622;
¢ before, the lc)onﬁnement factors for both th
t ¢ in-plane di
qCsELs must be caleulated. In-plane diagnostic lasers and the

2.8.3 Efficiency and Heat Flow

Justlaiattkilzndg;z:::l efECiCnCy is important in determini
¥ : ni - .
mot 0 determinin ti,l t ehoverall net power conversionngff[ih ¢ electrical to optical
tand 1 e g the ac ievable optical power out as we . ciency is also impor-
an¢ Syls em poWer requirements. This so-called wall-plu e fﬁas‘ e s
optica [Lciw;er out r;latlve to the electrical power in gne Icher}c)y is simply the
0 S V y — . 2
given by Eq. (2.39), and the electrical power inO/is I:I;eqzerdopttlca;
uct o

power
the drive current and the total volta
ge acro iode’ i
Pt ss the diode’s terminals. We can express
Pen =12Rs +1IVy + 1V, %)

where R is the series resistance, V; 1s i

: . . » Vs a current-independent series Ita

Vd.lS the 1deo1 diode voltage, which is equal to the quasi-Fermi levelw;e i:;t;nnd
This voltage 18 clamped at its threshold value above threshold. . .

The power dissipated in the laser is
3.70

Pp = Pin = Po=Pall = 1), 2:64)
and the temperature rise is 2.7
(265)

AT = PpZr,

which are approx-
e are illustrated in
dimensions

ic expressions for Zr,
st, exist. Thre

where Zr is the thermal impedance- Analyt
loser than the lateral

imately valid for several practical cases of intere
Fig. 2.16. For a heat sink plane positioned much ¢

e/ Jun

FIGURE 2.16: Sche matics of heat flow geometries relevant to laser.s: (a) planar Of ooe-
dimensional flow for a heat sink relatively near the heat source, (b) a line source on 2 thick
substrate, and (c) a disk SOUrce on a half-space:
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of the regions generating the heat (Fig. 7.16a), a one-dimensional heat flow -
assumed. In this case,
h 272
=T 1-D ﬂOW)
Zr i ( o

where £ is the thermal conductivity of the material separating the source of
area A a distance h from the ideal sink. For GaAs and AlAs, § ~ 045 44
0.9 w/em-C. For Al,Gaj—;As, alloy scattering reduces £ to a minimum of
0.11 Wem-°C at x X 0.5. For InP and InGaAsP, the values are § ~ 0.68 ang
0.06 W/em-°C.

For a linear stripe heat source of length / and width w on a thick substrate (thick-
ness h), which is somewhat wider (width 2 ws) than this thickness (Fig. 2.16b), a

quasi two-dimensional heat flow results. Then,
2.3

In(4h/w) . (line: w K b < ws) (267)

nél

T%

A narrow stripe in-plane laser mounted active region up on a relatively thick sub-
strate approximates this case. For a disk heat source of diameter s 0na half-space
(Fig. 2.16¢), three-dimensional flow into the half-space can be assumed. Then,

1 2.1
Zr = —. (small disk) (268)
2Es |

id for a small-diameter VCSEL mounted on the top side

o4

2.8.4 Temperature Dependence of Drive Current 3

The required drive current for a given power out of a laser is given by Eq. (2507,

in which the first and second terms give the needed current above threshold and

the threshold current, respectively. In this equation it is assumed that the recombi-

nation below threshold is dominated by spontancous emission events. If sigm’ﬁcan;‘!
¢ o

nonradiative recombination exists, an additional threshold term, such as Eq. (252

must be added. For both in-plane and vertical cavity lasers these expressions are
quired both for threshold

functions of temperature. Generally, more current is re
and the increment above threshold as the temperature is increased, and we can

estimate the nature of this dependence by oring t%mperature dependence
of each of the factors in the terms of Egs. (< and (352). ¢ £ £

However, for VCSELSs as well as single axial-mode in-plane lasers, the situa-
tion is complicated by the integrated mode selection filter (e.g., Bragg mirrors),
which can force the lasing mode to be well off the wavelength where the gain
is a maximum. Thus, such lasers can be designe

behavior because the wavelength of the cavity mo
different rates versus temperature. In fact, by deliberate

This is approximately val
of a relatively thick substrate.

d to have anomolous temperature
de and the gain peak shift at
ly misaligning the mode
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from o with increasing temperature g (hlcs €ven possible ¢, -

go In this section, we will not cone: 84N moves jpg 4 nmen reshold
modﬁ (4- will as Onsider thege relative £ " t with the
+ gUES- Rather, We ssume that a Spectrum of meq mO'dc-gam alignment
is5 e laser, so that lasing always cap €S exist, ag j

OCCur at the gq
:;:focus only on the temperature dependence of th: i'a%?(;?xspt'cak Thus, we again
actors j

4 (3327 . e
an o the threshold current in Eq, (249) three factors
mperature dependence: Ny, go, and («;). From the gaj
i« may be shown that over some range of res, Ny « T yr

P 4480 x 1/T, and

y oc T. The transparency carrier dengity i« ;
(oi) X s . Y 18 increased and the gai

is reduced because 1t¥hected camer§ Spread over a wider range jgrl':nsfram‘:'tfhr
higher temperatures. ‘he increased internal Joss results from the reqys d THigh
carrier densities for threshold. From Eq. (249) equired higher

. » We conclude t :
the internal loss variations result in an expone hat both the gain and 572/~

‘ ntial temperature dependence of th
threshold current, whereas the linear dependence of the transparencf'ecarrier densit;

is not signiﬁC%%gve{r small temperature ranges. Additional threshold components
such as Eq. (2:>2) will introduce further temperature dependencies. For example
in Chapter 4 and Appendix 2 it is shown that C « exp(ycT) and R; o exp(y, T)j
Thus, Auger recombination and carrier leakage both contribute additional exponen-

tial increases in the threshold current. These observations suggest that the threshold
current can be approximately modeled by

generally haye 4 significant
N calculations of Chapter 4

- 4 1. 9
T/To 15
¥

(269

where T is some overall characteristic temperature, and both temperatures are given
in degrees Kelvin, K. Note that small values of Tj indicate a larger dependence
on temperature (since dly, /dT = Iy, /To). It should also be noted that any minor
temperature dependence of other parameters can easily fit into this model over
some limited temperature range. For example, the internal efficiency can decrease
at higher temperatures due to increased leakage currents and/or higher-ord‘er effects
discussed in Appendix 2. This decrease in 7; will show up as a reduction of 7o
& over a limited temperature range, regardless of the exact dependence of 7; on
temperature.
For good near-infrared (~850 nm) GaAs/AlGaAs DH lasers, observed val-
ues of Ty tend to be greater than 120 K near room temperature. For quantum-
well GaAs/AlGaAs the values are somewhat higher (~150— 180 K), and fg’
strained-layer InGaAs/AlGaAs quantum wells, To = 200 K have been obseryt:'c.
For 1.3 — 1.55 um InGaAsP/InP DH and quantum-well lasers the clharactter:’:is tlo
temperature is generally quite a bit lower as expected. Measured va ues.blee 5
fall in the 50-70 K range, due to Auger recombination as well as po;snld  car-
rier leakage and intervalence band absorption effects. Thus, the [Erese:ultin n
to change significantly between room temperature and 100°C, usuﬁ yer i gth 5
relatively poor performance at the higher temperatures, and generally ? C? . C%aAs
use of thermoelectric coolers. Shorter wavelength (600-800 nm) AlGaAs

]lh = Ioe

i
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/GaAs lasers also tend to have a smaller To than the near'infrared
GaP : : |
and. Alln ably due to increased carrier leak.age — |
variety, presum current required to obtain a des output power js -

The above-thresdz(:td although the dependence is usually smaller than for
temperature depen Thi; dependence results from a reductlon. in the dlfferemial
threshold current. gested by the constituent factors in the first term j,

i . As su )
quanrzursno)efaﬁ;l;ifrias e in (i'_) as well as a drop in 7; are }Jsually the cause of the
i?;é@e ix; I — I. In analogy with Eq. (2:69), we can write

i 725
il 27
@)

I _Ith = Ipoe »

82

where T, is the characteristic temperature for the above-th.reshold current incremen;.
T, is generally two or three times larger than Tp, as .rmght.b.e expected f.rom the
above discussion. That is, Ty includes several effects in a('idmon to th9se in T,
In practice one is typically more interested in the rel.atlve changes in thresholq
current and differential effjciency as he temperature varies rather tl?an the absolute
values as given in Eqs (2269} and , so more useful expressions tend to be
the ratios of currents and differential efficiencies at two different temperatures,

T1 and T>:

Ihl 2'77
Thl _ (Ti=Ty)/Tp Q)
Iin2 2 %
Ml _ —i-ToyT, 279

Nd2

Example 2.5  Another batch of lasers similar to those from Example 2.3 is
made, but this time, the laser contacts exhibit large series resistance, and thus lead
to significant amount of heating under CW operation. Consider a 250- -long, 3-
pm-wide all-active ridge laser, which can be modeled by a 50  series resistance
and an ideal diode with voltage V; = 0.88V. The InP substrate is 100 pm thick and
500 um wide, and it is bonded to a good heat sink. The characteristic temperature
for threshold current is Ty = 25 K and that for differential efficiency is T, =110K.

Pulsed threshold current is 15 mA, and differential efficiency out of both ends
48.24%.

Problem: (1) What is the thermal impedance (2) What is the new CW threshold
current (3) At a bias of 50 mA, what is the power out and the temperature rise of
the active region?

Solution: Thermal impedance can be calculated using Eq. (2.67),

Ty = In(4h /w) _ In &;ﬁ .
mEl T 7.0.6-250.10-3 — 103.78° C/w




!

4
|
|

i

2.8 CHA
RACTERIZING REAL DIODE LASE
RS 83

temperatllfe increase. At threshold, the ou

:]he; e d: therefore, the dissipated power is eq

tput powe
I from the |
ual to the inpyt power et can be

Pp =P, — 2
D Pm-_th'Rs'i‘I-Vd’

. the ideal diode voltage :
where 74 15 5 §nd 1S approximate]
o Jming that the threshold current increase due to heat); 0'38 V for InGaAsP/Inp,
e dissipated power and temperature increase are ng1s 1 mA, Iy = 16 ma,
_ 2
Pp = (0.016)"-50 + (0.016)(0.88) mW = 26.88 mw

AT = PaZr = 0.02688 - 103.78°C = 2.79°C

To check, we plug in the value for AT to calculate the threshold current based
on

known TO = 25 K,

1,(AT = 2.79°C) = 15 mA - exp %%2 = 16.77 mA.

de that we have underestimated the heating effects, and we use I,

Thus, we conclu
process. After a couple of iterations,

to calculate the dissipated power and repeat the
p with the final value for I,

I, = 16.9 mA.

weend u

wer for the bias current of I = 50 mA, we do the fol-
t power is negligible, we calculate the dissipated

power, the temperature increase, and then the increase in the threshold temperature
and the decrease in the differential efficiency. At that point, we can compute the
output power. To iterate, W€ reduce the dissipated power by the output power value

and repeat the process. After a couple of steps, the process converges.
2, 50 + (0.05)(0.88) mW =

To calculate the output po
lowing: assuming that the outpu

W
Pp & P;y = (0.05) 169.00 m

AT = PpZr = 0.169- 103.78°C = 17.54°C
The threshold current and the differential efficiency Wwith this much temperature

increase are given by
17.54 =30.25 mA

Iy, = 15 mA'eXp"ég’
—17.54
=04113.
)7:1 — (0.4824 - exp ’fib’ ¢

w = 6.49 mW.

The output power is given by

P, = ;”d(l - Ith,) =08 04
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Reducing the dissipated power by P, yields AT =16.87°C and P, = ¢
Repeating the process yields the final values of 80 my

AT = 16.83°C
P, = 6.82 mW,

The L-I characteristic of this laser is illustrated in Fig. 2.17.

2.8.5 Derivative Analysis

Real diode lasers do not always have perfectly linear P-/ characteristicg
threshold, and they hav ‘ asitic series resistance as well as a possible seriesaboVe
age as outlined in Eq. (2363) above. Derivatives of the P—I and V -] characteﬁv(fh"
can be useful in sorting out these nonidealities. The dP/dl characteristic in ap i?cs
laser would only provide a good measure of the threshold current and 3 slopeetal
determine ny above threshold. However, actual P -/ characteristics can haye kinkso
and they tend to be nonlinear. The kinks can indicate a switching between laterai
or axial modes or an additional parasitic mirror in the device. These are obvigyg|
emphasized in a derivative curve. Premature saturation of the output power maz
indicate the existence of current leakage paths that “turn-on” at higher current ley.
els or excessive heating of the gain material. The derivative curve gives a good
quantitative measure of these symptoms. Figure 2.18(a) gives example plots of
P~I and dP/dI for an in-plane laser.

In addition to the V —I characteristic, it is common to plot IdV/dI versus I.
This latter characteristic gives a sensitive measure of the series resistance, and it

35
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AT (°C)
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. Output power (mW)

0 10 20 30 40 50 60
Laser current (mA)

X . -l
FIGURE 2.17: Tllustration of Example 2.5—laser heating as a function of bias current, L
I curve (for

curve with thermal roll off (temperature effects taken into account) and ideal L-
no heating) are shown.
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FIGURE 2.18: (a) Plots of o
versus drive current, /, for a uided InGaAsP laser. (b) Plots of the
dl versus current for the same device [5]. (Reproduced, by

terminal voltage, V, and 1dV/
permission, from Semiconductor Lasers.)

ptical output power,
stripe-geometry gain-g

is palﬁcuiarly useful nt current paths. Because the voltage across
the junction clamps at threshold with the carrier density, 8 kink in t:j]f//fil;we r(::;u}-s
at that point. Figure 2.18b shows example plots Ofdbt?th ;ls?ggﬁfl Yo e;zivalen;
The i i ined i t can be derived by ©  an e

pinicgmation cONEne. - the Plo ) th an ideal heterojunction diode. The

in identifying shu

circuit with a parasitic resistancé in series Wi -
diode V —1I is described by 7 )7
I = Io[equ/"kT ~1]. )

+ <olving for dVa/dl

Taking the derivative of the terminal voltage, v=Vi t;gled and solvifig
from Eq. (2?;, we obtain for I > I but belowW thresho™ 2.90
e 274)

A nkT L R
dl q
Above-threshold V; is constant, SO 2.9
av (235)
= IR.

Tar



86 A PHENOMENOLOGICAL APPROACH TO DIODE LASERS
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FIGURE 2.19: (a) Output power and terminal voltage for a 20 wm diameter VCSEL with
three InGaAs strained quantum wells and AlAs/GaAs DBR mirrors. (b) Derivative curves

for the same device [6].

Thus, we see that the slope above and below threshold should be R, but there is a
positive offset of nkT/g below threshold, which provides a kink of this magnitude
at threshold. Now if a shunt resistance is added to i’i quivalent circuit, it turns
out that an additional term must be added to Eq. (2#4). This provides a peak in
the 1(dV/dI) characteristic below threshold. For common DH structures the diode
ideality factor n ~ 2.

Figure 2.19 gives plots analogous to Fig. 2.18 for an InGaAs/GaAs VCSEL.
Here, significant local heating causes the P—I curve to roll over at relatively low
powers. This results in a negative dP/dl beyond this point. In addition, significant
series resistance makes it difficult to discern the nkT/q kink in the IdV/dI charac-
teristic at threshold. Thus, the derivative analysis is not always very effective for

VCSELs.
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PROBLEMS

ol 0P, DU NK. Semiconductor lasers, 394 ed. N
Agr:g% - New York: Van N
0strand Reinholg:

K. [ntegrated opto-electronics. Berlin: §

gheline pringer-Ver]ag; 1993

yerdese" , _ addle River. NI b«
ol Opncal electronics. 4th ed. Philadelphia: Saundersr,c N:l Prentice Hall; 1989
g, 1991,

se problems draw on material from Appendices 4 trough 6
ugh 6.

{, In a diode laser, the terminal current is ], th
region is Iy, the current due to carriers leak,ing Z:t“"feg: bypflssing the active
they recombine is I;, the current contributing to non(:adi e active region before
the active region is I, the current contributing to spom:r?:s reCol?ub}natl.on in
active region is Igp, the currents contributing to spontaneous :Iilfs?ssl"ndm the
radiative recombination outside the active region are I/ and I/ lr:: ant‘ noln'
and the current contributing to stimulated emission in the acti\’;: regg)e: 11:9} Ys
(a) What is the injection efficiency? -
(b) If the measured external differential efficiency above threshold is 74,
what is the ratio of the mirror loss to the total cavity loss?

(c) For below-threshold operation, what is the radiative efficiency?

2. A reservoir of area A is filled at a rate of Ry (in 3 /min.) and simultaneously
drained from two pipes that have flow rates that depend on the height of
water, . The drain rates are, Ra1 = Cih and Raz = C,h?, respectively.

(a) Write a rate equation for the water height.
(b) What is the steady-state water height?

(c) IfA =100 ft2, Re = 10 ft* / min, and C; ~ 0, what is C, for a steady-state

depth of 5 ft?
,& What is the approximate intrinsic cutofg frequency of an LED with a p-type
active region doping of 6.3 X 108 cm™?
f GaAs is found

through a piece ©
the material gain in cm ?
o have an

4. The relative increase in photons in passing
-1 _What 18

to be [1/N,[dN,/dr] = 107§ ten
A A 13 um wavelength InGaAsP/InP diode laser cavity is Toun

optical loss rate of 4 x 10'2/s.

(a) What is the photon lifetim;? -

(b) What is the threshold mod - .
/. Tn a cleaved-facet 1.55 pm In : ultiPlecquznnt:m-WGH s
< in length, it is known that the injection efficiency
10 cm™!, respectively.
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(a) What is the threshold modal gain?
(b) What is the differential efficiency?
(c) What is the axial mode spacing?

> A cleaved-facet, DH GaAs laser has an active layer thickness of 0]
length of 300 um, and a threshold current density of | kA/em?, Agq

injection efficiency, an internal loss of 10 cm™!, 3 confinement fac
and only radiative recombination.

a
tor of 0]

(a) What is the threshold carrier density in the active region?

(b) What is the power out of one cleaved facet per micrometer of width
a current density of 2 kA/cm2? A

(c) What are the photon and carrier densities at 2 kA/cm?2?

. In the device of Problem 2.7, gain transparency (g = 0) is found ¢ oce
t 0.5 kA/em® and the transverse confinement factor is (.15, What is g
relaxation resonance frequency at 2 kA/cm29

\ﬁ Two broad-area DH 1.3 mwm InGaAsP/InP lasers are cleaved from the same

(a) What are the injection quantum efficiency and internal loss for this
material?

(b) For a +1% error in each of the measured differential efficiencies, what
are the errors in the calculated internal loss and quantum efficiency?

10. For the material of Problem 2.9, the relaxation resonance frequency for the
200-pm laser biased at twice threshold is found to be 3 GHz. What is the
resonance frequency for the 400-um device also biased at twice threshold?

@ A VCSEL is formed with multilayer AlGaAs mirrors and a 3-quantum-well
GaAs active region. Current is injected through the mirrors. At a terminal
current density of 1 kA/cm? the active region provides 1% of one-pass gain
for the propagating axial mode. The injection efficiency is assumed to be 80%,
and the average internal loss is 25 cm™!. The effective cavity length is 1.5 um.

(@) What mean mirror reflectivity is necessary for the device to reach
threshold at 1 kA/cm?2?

(b) For this case, plot the output power density versus terminal current density-
(c) If we assume the gain is linear with carrier density, and that only spon-
taneous recombination is important below threshold, plot the threshold
current density versus mean mirror reflectivity for 0.98 < R < 1.0. On

the opposite axis label the differential efficiency at each 0.005 reflectivity
increment.




@Wm the VCSEL material of propje, 2.11 89
f .

measuring § on ) .

%ﬁ:‘l’f an axial gco“ﬁnefflfilrcli1 fSlde' Assuming ah:;io:quare mesas are poy,

<3)f ‘mi’ty’ and that the aPProx?rilt:triozf 2 La/L, lamratftzug bandwidth of
. ]

spontaneous Ermission factor versus ¢ S Of Appendix 4 gy leriI:jem lfaCtors

' » plot the

(2) Plot the temperature at the base of the mesa (active regi :
versus s for a current of twice threshold. Cover 1 < g i ;%gmn location)
pm.

(b) Assuming a differential efficienc
y of 50%, pl )
current versus s for the conditions of (a)(? plot the power out and required

@Aﬂ MQW-SCH InGaAsP/InP laser wafer with emission wavelength near
1'5.5 wm has be.en grown and characterized with broad area chips. Alternate
active and passive regions are included. The active region contains 6—7 nm
thick unstrained quaternary quantum wells (with lowest conduction and valence
band quantum state energies spaced by 0.8 eV) separated by 5-8 nm qua-
ternary barriers (having photoluminescense emission at 1.3 um), all centered
within a 1.3 um-Q SCH waveguide, which all measures 350 nm in total thick-
ness; the passive region does not have quantum wells, but is all 1.3 pm-Q mate-
rial, again 350 nm thick. We can neglect optical reflections between the active
and passive waveguides. A calculation indicates that the transverse confinement
factor in the active is I' = 0.08. Measurements o1 three different broad-area,
cleaved-facet chips show that the modal losses in the active and pa’ssive
sections are 15 cm™! and 5 cm™!, respectively, and that the injection efficiency
to the active is 70%. A material gain curve is also derived f(?l' .the quantum
wells. Fitting to an expression of the form g = 8 In(J /Jr), it is found that
gos = 600 cm™!, and J,, = 100 Afcm? per well. It1s also fou}ld that the 'recom(;
bination rate for nominal threshold gains is composed_ of a mix ‘_)f radialive J%I;

Auger recombination, such that the carrier density varies approxmg:’ . ast riai

We create three cleaved facet, 3-pm-wide ridge laser:df;ri?ir:)lnal sscr:;;ng
glateral BUECSTI, BE At spread'ing > Weli a:ss?\r:z laser with active and
osses can be neglected): the first 15 a0 active—p

1 : . d is an all active laser 500 pm
T e o T ﬁt)ii:elilzzr 250 pm in length. Measured

in length; the third is another 21 2 tive—passive laser
smalt-signal frsquency mep of e '500-500 tug(l) mAalc lvaboI\,/e threshold.
gives a resonance peak at 5 GHZ for a bias curren

Neglecting heating effects:

(a) What are the differential efficie
ends) of each of the three lasers

considering the emission from both

ncies (
2

e
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currents of each of the three lasers?
gain, dg/dN, for this laser above threshold?

threshold carrier density?
r density? (Assume a logarithmic g versy
s

(b) What are the threshold
(c) What is the differential
(d) What is the approximate
(e) What is the transparency carrie

N dependence)
tion resonance frequencies for the 50(.

f) What are the expected relaxa
and 250— all-active devices at 30 mA above their threshold currents)
ther batch of similar lasers from the same materjy

We now-piake any
as in Problem 2.13, but this time we mess up the contacting procedyre
such that| the Jagers have a relatively large series resistance, and thus, ,

significant @mount of heating under continuous wave operation. Consider

the 250-um-long, 3-pm-wide, all-active device, which can be modeled by 5

50 Q series resistance and an ideal diode with an ideality factor of 3, The

InP substrate is 90 pm thick and 500 um wide; it is bonded to a good heat

sink. The characteristic temperature for threshold current is Tp = 55 K, and

the characteristic temperatur for differential efficiency is T,=110K

(a) What is the thermal impedance of this laser?

(b) What is the new CW threshold current?

(c) At a bias of 50 mA, what is the power out and the
active region? :

(d) Plot the output power and temperature rise versus CW current up to
100 mA. Compare to the pulsed output power on the same plot.

In a 1.55 pm InGaAsP/InP BH laser, the active region is 0.2 pm thick, 3 pm
wide and 300 pm long. The injection efficiency is 70%. In addition, there is a
400-um-long passive waveguide channel with the same lateral and transverse
dimensions butted to the end of the active region. The transverse and lateral
confinement factors are 0.2 and 0.8, respectively. Cleaved mirrors form a 700-
um-long cavity, and other internal reflections can be neglected. The material
losses are 80 cm~!, 20 cm™!, and 5 cm~! in the active, passive, and cladding
regions, respectively. The gain versus-carrier density characteristic_for the
active material is linear with a transparency cartier density of 2 x 10% cm”
and a differential gain of 5 x 10716 cm?. Assume a spontaneous emission band-
width of 100 nm. At transparency the Auger recombination rate equals the
spontaneous recombination rate, and other nonradiative terms can be neglected.
(a) Plot the P-I characteristic, labeling the threshold current, the spontaneous

emission power into the mode at threshold, and the differential efficiency

above threshold.
(b) Plot the small-signal frequency response for a bias curre

threshold.

Using Eq. (A6.25) calculat
as a function of (2 —f1).
heavy-hole band.)

temperature rise at the

t of twice

ve the band edge in GaAs

e the gain 50 meV abo
s, and consider only the

(Assume 75 =0.3n
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i effective length. However, becayge Pe expli o
. e |
choose t© define the effective length ag e s
4, We
Ly = _Ldby
5 :
7 (3.39)

The mode spacing can be defined in termg of w
; frequen = o =S n

%n e Oihrsg‘; cc:iy, dEa- dl) @Qr/c )nga, where Ry =i — Ad7 ?(2R/A2)nga; or
it follows tha /APy = Tigp [figa. Using these expressions i En/ 4. Furthermore,
spacing 10 either wavelength or frequency becomes 54 0.38), the mode

avelength, g, =

)\'2

—] — C
2(ngaLg + figpLegy)

Z(ﬁgaLa + ’_lgpLe-ﬁ') ’

or dv=

(3.40)

g ar;o :ﬁgsc;lon ixEt; at Lthe active—passive interface (r = 0) and r; is positive and

’ eff BpLy, and Ley = Ly, reducing Eq. (3.40) to Eq. given
earlier. For the more general Fabry—Perot etalon, the slope of the phase will be
dependent on whether we are near a resonance or an antiresonance of the etalon (as
shown earlier in Fig. 3.6). Thus, Ly can be larger or smaller than L,. However, if
the phase varies rapidly and nonlinearly within the range of one mode spacing (for
example, near the Fabry—Perot resonances (8L = m) in Fig. 3.6), then Eq. (3.40)
will most likely not be very accurate because this derivation assumes that @, varies
linearly over at least one mode spacing.

The differential quantum efficiency and power out of end 1 are given .by
Egs. (3.32) and (3.33), respectively, using Eq. (3.31). The second mirror reflectiv-
ity, r, in these single-section laser expressions should be replaced by 7eff wherever
it shows up, and the mirror loss, 0tm, 18 given by the secor{d term in Eq. (3.36).

Figure 3.6 gives plots of the magnitude of 7ef in the special case ;lh?si: 2 ;1:35
and loss can be neglected. As can be seef, the magnitude of the reflectivity

i  omi ‘s wi ide a filtering effect on the cavity
oy can vary Slgmﬁcantly, and this will peot th the lowest loss or highest

modes. As indicated by Eq. (3.36), the modes W h a second section Of etalon
mirror reflectivity will tend to lase first. Thus, suc int often confused is that
can be used to filter out unwanted modes. Hometes ) pgf the etalon. Thus, in the
the maxima of reg always occur at the antlresonanlcezvity actually leads to WOISe
three-mirror configuration, having @ high-Q externa gat in this case. In fact, there
mode selectivity because the maxima become Vel:yt rovides the Jargest curvature
is an optimum value of net external cavity loss t 361;), practical case because there
at the maxima of ref . Figure 3.6 1s actually not iive cavity and in coupling back
is usually some loss both in traversing the Pf}shus, the minima do not tend to be
into the active section, and generally réapem'i'his {s one case in nature where loss
as deep, and the maxima have more ST
seems to help.
External cavities are not very Us°
case because their short cavities t.oge
provides single-axial mode operatio™

in the VCSEL
dwidth usually

] modes aré the larger problem.

ful for axial mode selefction
ther with the finite gain ban

Here latera











































































6.4 COUPLED-MODE THEORY: TWO-MODE COUPLING 367

function between the normalized input field a; and the normalized output field b,
by = $z1a1

Convgrting this structure into a signal flow chart (which is left to the reader as an
€xercise), we have that

A=1—-+1- c2e~PLr
There are two independent forward paths, and one loop in this system, therefore,

T-A=vV1- Ze~iBLs . (1 —+/1 = c2e7P1),

and

. —jpL, ,=iBLs
T2'A2=(]c)2-e“8 e IPLs,

B
inally, the value for S, is

8; —.~Lr —‘~LS
% 5 il (,c)2-e jBLr o Jlf
21 = \Y) 1 — Cc“e 1 _ ,‘/Tje'jﬂl‘f

This result i analogous to the result for a Fabri—Perot cavity, in which the reflection

'S replaced by r = /T — ¢ and transmission by £ = J¢- The pole in the denominator
Wil determine the transfer function of the ring resonator, and this structure can be

used as a filter. An example application will be discussed in Chapter 8.

Ring lasers represent an attractive implementation of sipgle mode laserst flue
‘0 their simple building blocks and fabrication processes involved. In adc'lmon,
the “mj 1ly light couplers, which allow for a portion of

th mirrors” in a ring laser are actua el 1
© light to escape the cavity. Figure 6.15 illustrates the use of a directional coup er
the round trip cavity length is the

aS an output coupler for a ring laser. In a ring laser, ) _
Circumference of the cavity, and there aré generally two propagating modes, which
e uncoupled (clockwise and counterclockwise), and whose degeneracy must be
femoved through insertion of differential loss to achieve stable operation. One way

10 remove the degeneracy, particularly suitable for PIC ring laser implem.ex.ltation
18 through seeding of a particular mode by an on-chip light source. The priciple of
designing a ring laser is illustrated in the following example.

Example 6.7 We wish to analyze a ring laser device as shown in Fig. 6.15,
assuming a 4-quantum-well gain region from Fig. 4.31. The passive waveguide
Cross section in the transverse direction is 0.3 pm thick, and the waveguide index is
3.37. The waveguide is clad by InP, with an index of 3.17 at 1.55 um. The lateral




















