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NalBap(#) + Ayl = NiBp(v)
and, substituting for p(#) from (5.2-4),
8an’he’ 8an’h’
N [32, e AU] =N, [a,z m] (5.26)

Since the atoms are in thermal equilibrium, the ratio No/N, is given by the
Boltzmann factor [5] as

Myin ey, o
N,

Equating (N./N,) as given by (5.2-6) to (5.2-7) gives

Ban'h’ Asy

KT 1) T B — B, e
The last equality can be satisfied only when
By, = B, (5.2-9)
and simultaneously
:—:“ = sfﬂ (5.2-10)

The last two equations were first given by Einstein [6]. We can, using (5.2-10),
rewrite the induced transition rate (5.2-1) as

A
= e

ply) = P (5.2-11)

TV}
Banthart

where, because of (5.2-9) the distinction between 2 — 1 and 1 — 2 induced transition
rates is superfiuous.
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Figure 16-14 The ficld distribution of the laser mode inside a vertical cavity laser with L = An
with three quantum wells. Notice the evanescent decay of the ficld envelope inside the Bragg
mirrers and the constant amplitude standing wave between the mirrors.

total length of the spacer region, 2 and 3, that straddles the active region is typically
L = A, where A is the wavelength ‘m)he medium. This translates, near A = 1 um,
to L = 0.3 um. Typical mode diamélers are in the range of 3 to 10 gm. A typical
Bragyg stack consisting of, say, 15 A/4 layers is 2 um thick.

The field distribution inside a vertical cavity laser is shown in Figure 16-14. We
note that inside the Bragg mirror the optical wave amplitude undergoes exponential
evanescence. This is in agreement with Equation (13.5-4) and Figures 13-7 and 18-
8, which describe the evanescent decay of an optical wave inside a periodic medium
for optical frequencies within the “*forbidden™ frequency gap [17].

Since the distance L. traveled in the amplifying medium is small (approximately
100 A per quantum well), the gain per pass is very small, and laser oscillation is
made possible by the extremely high reflectance (=99 percent) of the Bragg mirror
and the very low losses in regions 2 and 3. Figure 16-14 conveys the relative scale
of the key layer thicknesses.

The Oscillation Condition of a Vertical Cavity Laser

The oscillation condition of the VCSEL can be written as
N
n(w)r;(w)exr'[li YolwL, — .2;:1_ =1 (16.41)
=

which is  statement of the réquirement that afier one round trip a wave refurns to
its, arbitrary, starting plane with the same amplitude and, to within an integral mul-
tiple of 27, the same phase. The factor of 2 in the exponent accounts for the fact
that the quantum wells are placed at the peak of the standing wave pattern where



they are exposed to an intensity that is twice the spatially averaged value. The number
of quantum wells is N. In what follows, we will assume that each quantum well

contributes equally to the gain so that 2 Yudw)L. = Ny(w)L,. The average index
A=t

of refraction of the path is n. The Bragg mirrors’ (amplitude) reflectances ry(w) and
ralw) refer to their respective input planes A and B in Figure 16-14,
The amplitude condition of (16.4-1) is

[rlan]® = exp(—2Ny(w)L.) (16.42)

Since the optical wave travels at right angles to the plane of the quantum wells,
the gain v is not the modal gain g4 0f (16.2-13) but the bulk gain y of a quantum
well medium. We note that according to (16.2-9), the product ¥(w)L, is independent
of L.. (This is strictly true when L, is sufficiently small so that contributions to the
gain from excited states (€ > 1) in the quantum well are negligible. In practice, this
is satisfied at room temperature for L, < 70A.) From experimental data of edge-
emitting quantum well lasers, we determine that for L, = 70 A the maximum gain
due to the f = 1 quantized well level with a fully inverted population is y(mg) = 5
% 10* em ", Using this value II}(IEM 2), taking L, = 70A, leads to

[r(@)f = exp{—2N % 5 % 10° % 7 % 1077]
for the reflectivity needed for oscillation.

N =1, [f@f = 0993

N =2, |re) = 0986

N =3, | = 0979

N =4, |rw) = 0972

where N is the number of quantum wells so that reflectivities around R(= |r(w)[*)
= 98 percent are required of the Bragg reflectors. We will next make a small detour
to study these reflectors.

The Bragg Mirror

The analysis of the Bragg mirror is an excellent example of the power of the coupled-
mode formalism developed in Chapter 13. The periodic perturbation of the index of
refraction couples, exactly as in the case of the DFB laser, two waves propagating
in opposite directions. The coupling is strongest when the propagation constants =3
of the two coupled waves

B(2)%,(x, yiexplilwt — Bz)] (forward wave)
ACY(x, yexplilet + Bz)] (backward wave) (16.4-3)
obey very nearly the Bragg condition
,a=e% e=12... (16.4-0)




for some integer €. If we retain in Equation (13.4-3) only the two Bragg-coupled
waves A\ — A, AT — B, we obtain

i—': “"TE" B exp(~i282) L‘ An(x, y, JEA. y) dxdy  (16.46)

‘We also assume that the modes A and B are both y-polarized and have a normalized
transverse distribution, € (x, y). The index of refraction of the Bragg mirror can be
represented by

1 =4 5
iy, 2) = i(nf +nd) + 3 @f — ) f@)
where n,, 1, are the indices of refraction of the two alternating layers, and fiz) is a
square wave of unity amplitude as shown in Figure 16-14.

e -1

ir

2y
Ani(x, y, z) = H) fl2y (16.4-6)

Assuming that the Bragg condition (16.4-4) is satisfied by the £tk term in the
Fourier series expansion of f(z), we can rewrite (16.4-5) as

i@ =3 ae.a, =i

dA i 2 - & 2

== MI ey dvdy Besp| i €22 —28):| (o7
dz 8 = A

when £ = 1 we have

ats KB explidpz)

dz
‘%f = kA expl—idBz) (16.48)
2
: = 24
K= T2t~ ) [ wunaa~ o
Ap(w) = 2(% = B(m)) (16.49)

In the second approximate equality of (16.4-9), we assumed |An| = |n, — na| < n,,
na, B= w\ pegn, n = (1/2)(n} + n3), and used the normalization integral, (13.2-8)
Equations (16.4-8) constitute a pair of first-order, linear-coupled differential equa-
tions. Their solution requires that we specify two boundary conditions. Our chief
interest is in the operation of the Bragg stack as a reflector. The incident amplitude
B(0) thus becomes one of the given conditions. Since the backward-going wave A
is due completely to internal reflections, we take A(L) = 0. The solution is thus
given by Equations (13.5-2) so that the amplitude reflectance is



AQ) _ —ik sinh (SL)
B(0)  —ApB(w) sinh (SL) + i§ cosh (SL) (16.4-10)
S(w) = V& = ABlw)

where wy = me/An is the Bragg frequency.
To obtain an appreciation for the magnitude of reflectivities that we may expect
in a typical Bragg mirror, we will design a Bragg mirror to operate at a center
wavelength of Ay = 0.875 pm. The unit cell consists of a pair of epitaxially grown
GagsAlp2As and AlAs layers. The index of refraction difference is as An =
NGy il as — Maias = 0.55. The average index is n = 3.3. The peak reflectivity is
obtaimed from (16.4-10) with A = 0. Since the thickness of a unit cell is Agf2n,
the length of the Bragg mirror with N, periods is L = N,,A¢/2n. The result in the
15 X 0.55
3.3

rlw) =

A
case of N, = 15 is R(wg) = |r(wo)f = mnhz(N,,, —5) £ l:mh:(
n

0.973. This value is sufficient, according to the discussion following (16.4-2), to
satisfy the oscillation conditions in vertical cavity lasers with more than four inverted
(N = 4) quantum wells.

A plot of the reflectivity [r(w)[* based on (16.4-10) and the experimental param-
eters of the above example is shown in Figure 16-15(a). An experimental plot of a
Bragg mirror with the same paraméwrs is shown in Fig. 16-15(b). The phase shift
d(w) of the complex reflectance r(w) = |H(w)| exp(—id(w)) is shown in Fig.
16-15(c). For a more detailed treatment of Bragg mirrors and light propagation in
stratified media, the reader is referred to Reference [17).

The Osclllation Frequencies

The phase part of (16.4-1) is used to obtain an expression for the oscillation fre-
quencies of a surface-emitting Bragg mirror laser. If, for simplicity’s sake, we take
two identical ri(w) = ry(w) = [r(w)|e™), the phase condition is
~dw) + Zal = mm
c 16411y
m=1,2...

Let us denote the two neighboring oscillation frequencies corresponding to m and
m+1 as @, and w,, ., respectively:

—lw,) + %m‘_ =mm

W1

— () + al = (m + 7 (16.4-12)

so that

I:—'ﬁ(w...q] + dlw) + M;_ﬁni.] - (16.413)
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distributed Bragg reflector. The calculated phase shift ¢(w) is plotied in (c). (Courtesy of 1.
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According to Figure 16-15(c), we can approximate ¢ () in the region of high re-
flectivity by

a== (16.414)

The expression for the slope a is obtained by dividing the maximum phase
deviation of 7 in Figure 16-15(c) by the corr ing (horizontal) freq y
interval that, according to Equation (13.5-7), is (Aw)y,, = 2xcin.




which when applied to (16.4-13) results in

C

T
(e )
2k,
for the intermode frequency interval,
The effective length of the Bragg mirror resonator is thus not the mirror spacing
L but

2TAY = (Wnsy — @) = (16.4-15)

Lg=L+— (16.416)
2K
The contribution m2x is due to the evanescent penetration of the oscillating laser
field into the Bragg mirrors, as illustrated in Figure 16-14. Since two Bragg mirrors
are assumed in the analysis, the Bragg penetration distance into a single mirror is
T4k,

‘We recall that the field behavior inside the periodic Bragg mirror (at the Bragg
frequency wg) is given by (13.5-6) as

exp(—if'z) = exp(—i ?_\72) exp(—kz,

which corresponds to an effective penetration distance of ~& ' tobe compared
to the value of w4k of (16.4-16)

Numerical example—i) node frequency seg ion. To obtain an appreciation
for the intermode frequency spacing of (16.4-15), we will consider the laser depicted
in Figure 16-14. The data for the Bragg mirror is the same as used in the example
following (16.4-10). The basic parameters are:

A=1pm L=A=1pum
_2An  2X055 _

= 1.1
A 1 s

L= L+ i = (1 + 1427) pm = 2.427 um

(Note that the penetration depth, 1.427 pun, is larger than the intermirror spacing,
L)
Ao Dt 0V EERES 3 x 10"
2 2nl.y 2 X33 X 2427 X 107*
= 1.873 X 10" Hz = 624.3 cm™"
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Phase Sensitive
Optical Disk
Fig 17, VCSEL for the generation of optical near field using nano-aperture

Wertical optical interconnects of LSI chips and circuit boards
and multiple fiber systems may be the most interesting field re-
lated to VCSELs. From this point of view, the device should
be as small as possible. The future pracess technology for it, in-
cluding epitaxy and etching, will drastically change the situation
of VCSELs. Some optical technologies are already introduced
in various subsystems and, in addition, the arrayed microoptic
technology would be very helpful for advanced systems.

The most promising application will be gigabit LANs. GaAs
VCSELs emitting 850 nm of standardized wavelength are
mass produced for >1-Gb/s LAN and simple optical links.
For high-end systems, 1300-1550-nm devices are requested.
By using VCSEL and micromachining technology, we demon-
strated a temperature-insensitive surface normal Fabry—Perot
filter for add—drop filtering in WDM. To establish an appro-
priate module technology utilizing VCSELs, an MOB has been
investigated together with planar microlens array. Related to
planar :mcrolens array npphcallon aml ulra-| pﬂnllel mfﬂrma-
lion proce: an image system is
using aymhen: discriminant fun:unn (SDF) filtering.

In summary, the ultra-parallel oploelectranics hased upon ar-
rayed devices, including VCSELS, will open up a new era for
the 2000 millennium,
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enough that the optical modes of

the device begin to become con-

fined in all three dimensions o dis-

tances of the order of the emirted

wavelength, For lasers this small,

the standard approximations use
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to predict the operation of the de- ' | Smeeis (i [
¢ begin to break down. To fur- §
ther Tmprove the device character- | ") ®
Tstics, we arc undertaking the study

h Figure 1. (a) Perspective flustration of a typical VCSEL. fb)
Cross-sechional ilusiration of the same structure.

of ultra-small devices in order to
develop accurate models for pre-
dicting device performance.®

It is not hard to imagine that (e
controlling the oxidation reaction e
with_sufficient-precision (0 fOrM  proee s7r  Seur g

s with.sub-micron-features - [Py B el

{uite difficult. The oxidation re-

i typically conducted in a
quartz'tube zone Fumace, with a ni-
tiogen-fed witer bubbler supplying
thie necessifry vapor: With this con-
figuration, monitoring of the
sample during the oxidation is dif-
ficull il ot impossible. Great ef- v
fort must be expended, thetelote, g 2 Schomatic diagram of the axidation fimace, wih &n
to ensure that the oxidation condi- — ez of & device oxida!
tions are repeatable and stable so

. that timed oxidations produce the
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