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A metal-clad optical waveguide with a semiconductor microcavity structure is proposed to in-
crease the coupling efficiency of spontaneous emission into a lasing mode (spontaneous emission
coefficient 8) and to increase a total spontaneous emission rate simultaneously. Such a microcavity
semiconductor laser with enhanced spontaneous emission has novel characteristics, including high
quantum efficiency, low threshold pump rate, broad modulation bandwidth, and intensity noise re-
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duced to below the shot-noise limit (amplitude squeezing).

I. INTRODUCTION

Spontaneous emission is a remarkable manifestation of
the interaction between an atom and vacuum fields. The
role of vacuum fields in driving an excited atom to its
ground state is often disregarded, and spontaneous emis-
sion is sometimes erroneously regarded as being an in-
herent feature in the behavior of atoms. However, it has
been demonstrated theoretically! and experimentally?
that the radiative properties of an atom can be altered by
modifying the vacuum-field fluctuations using a cavity
wall. The rate of spontaneous emission depends on the
density of electromagnetic modes and the local-field in-
tensity of vacuum fluctuation. Spontaneous emission is
inhibited if the cavity is off resonant and/or if the atom is
located at a node of a mode function, and is enhanced if
the cavity is resonant and/or the atom is located at an
antinode of a mode function.® Inhibited and enhanced
spontaneous emission has been successfully observed at
microwave frequencies.* ¢

Inhibited and enhanced spontaneous emission has also
been observed at optical frequencies using a cavity
wall.”~? Tt also has been demonstrated experimentally'®
and theoretically!! that the rate of spontaneous emission
is altered by a dielectric constant of a medium, in which
an atom is located. This is because both the density of
modes and the vacuum field intensity are modulated by a
dielectric constant.

Such capability of modifying spontaneous emission by
a cavity wall holds technological promise for realizing an
efficient laser.'>”'* This paper shows that a threshold
pump rate can be decreased substantially by increasing
the coupling efficiency of spontaneous emission into a las-
ing mode. To increase modulation bandwidth, the spon-
taneous emission lifetime must be decreased. If the in-
creased coupling efficiency of spontaneous emission and
the decreased spontaneous lifetime are realized simul-
taneously, the intensity noise can be suppressed to below
the shot-noise level (amplitude squeezing) at broad pump-
ing range and at broad frequency range.

However, vacuum-field alteration at optical frequencies
is much more difficult than at microwave frequencies, be-
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cause a superconducting cavity does not exist at optical
frequencies. A metal-clad optical cavity has a large ab-
sorption loss. A dielectric three-dimensional periodic
structure has been proposed to alter vacuum-field fluctua-
tions and to realize a stop band at optical frequencies.!’
However, fabrication of such a complex microcavity
structure requires difficult microfabrication technologies.
A dielectric one-dimensional periodic structure, which
can be fabricated easily, can have a high coupling
efficiency of spontaneous emission into a cavity resonant
mode, but its spontaneous lifetime cannot be shortened.'®
Spontaneous emission rate at microwave frequencies is
enchanced just above the cutoff in a superconductor
waveguide.> This property has been proposed to decrease
the spontaneous emission lifetime at optical frequencies.'’
However, a normal metal has a fairly large resistive ab-
sorption loss at optical frequencies and the mode at just
above its cutoff does not feature such cavity-enhanced
spontaneous emission due to high absorption loss.!3 1

The paper proposes an alternative microcavity struc-
ture that achieves high coupling efficiency into a lasing
mode and a short lifetime of spontaneous emission simul-
taneously. The proposed structure is based on a
semiconductor-core—metal-clad optical waveguide with a
buffer layer, in which a low-loss fundamental transverse
mode well above the cutoff is resonated by a microcavity
structure formed inside the semiconductor-core region.

This paper also demonstrates novel characteristics of
such a microcavity-structured semiconductor laser,
which includes reduction of threshold current, increase in
direct modulation bandwidth, and decrease in intensity
noise below shot-noise level (amplitude squeezing).

II. BRIEF REVIEW ON THE COUPLING EFFICIENCY
AND THE LIFETIME OF SPONTANEOUS EMISSION
IN CONVENTIONAL SEMICONDUCTOR LASERS

A. Spontaneous emission pattern and lifetime

Let us consider a dipole moment along the x axis in po-
lar coordinates (7,¥,¢) as shown in Fig. 1. The dipole
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S wave

p wave

FIG. 1. Polar coordinates (r,,¢) for radiation pattern cal-
culation.

emits electromagnetic fields with polarizations both per-
pendicular (s wave) and parallel (p wave) to the emission
plane. The radiation intensity at the point (r,,¢) is?

PL,E} |sin*y, s wave

al(r,¢,¢)=n 2

cos® cos’p, p wave . 2.1)

Here 7 is a constant, P, is the dipole moment, and E} is
the vacuum-field intensity at the location (r =0) of the di-
pole moment. In conventional semiconductor lasers with
a large active volume embedded in a homogeneous semi-
conductor medium, E3 is independent of ¢ and ¢. That
is, the vacuum-field fluctuation is isotropic. The total
emitted intensity is given by

1;f:”dzpfo"d(ﬁrz(sin¢)d1(r,¢,¢)=gmpizEg . @2

Of this total intensity, three-quarters is radiated as the s
wave and one-quarter as the p wave.

If the dipole moment is along the y axis, the result is
exactly the same. However, if the dipole moment is along
the z axis, the radiation intensity at the point (7,1, ¢) is

PLE} |0,

% s wave
dI(r,¢,¢)=77——T
’

sin’p, p wave . @.3)

The total emitted intensity,
27 .
I=["dy [ 'd¢ rising)dl (r,4,4)=4mnPLES ,  (2.4)

is the same as in (2.2) for the dipole moment along the x
axis, as it should be; however, in this case, all the emitted
power is carried by the p wave. Therefore, if a number of
dipoles have moments that are randomly oriented, i.e., if
the dipole moments are equally distributed along the
x, y, and z axes, then the overall spontaneous emission
intensities in the two polarizations are equal.

For a two-level atom, the spontaneous decay rate vy,
which is equal to the inverse of the spontaneous lifetime,
is proportional to the total emitted spontaneous intensity
I and is given by

2p2
free — 2(00P 12

3mfic?

for free space. If the two-level atom is located in a homo-
geneous medium with a dielectric constant ¢, both the lo-
cal vacuum-field intensity and the density of modes are
altered and the new spontaneous decay rate is given by!!

965/2 ,yfree .
(2e+1)?

The spontaneous decay rate of a minority carrier in
semiconductors is quite different from that of a two-
level atom. The conduction electrons and the valence
holes have the distributions of p.(E’)f(E’') and
p,(E")[1—f(E")], respectively. The spontaneous decay
rate is not only dependent on the dipole moment and the
dielectric constant but also dependent on the concentra-
tion of a majority carrier. The spontaneous decay rate in
a semiconductor for the negligible minority-carrier densi-
ty as compared with majority-carrier concentration is
given by ¥ = Bp, where p is the background doping of ma-
jority carriers.

The spontaneous emission rate y in semiconductors is
proportional to the total emitted spontaneous intensity 1
and is given by*°

y=Bp < f_°° pE")p,(E")|P,(E",E")|?

14 > (2.5)

yddl= (2.6)

Xf(E"[1—f(E")]dE" . 2.7

Here the photon energy E is equal to the difference of the
energies of the conduction electron E’ and the valence
hole E”’. The dipole moment P, depends on the energies
E, and E,. When injected minority-carrier density n
greatly exceeds the background doping p, the spontane-
ous lifetime 7,=1/y is given by 1/Bn instead of 1/Bp.
B is on the order of 3X 107 % cm™3s ™! for a GaAs semi-
conductor and so the spontaneous lifetime is on the order
of 3ns at n ~10'8 cm 3%

B. Coupling efficiency B of spontaneous emission
into a lasing mode

Suppose an active volume ¥V of a semiconductor laser,
which is much larger than the cube of optical wave-
length, is enclosed by “‘perfect reflectors.” The number
of modes per unit frequency interval is given by
8mv2Ve*?/c3. If we assume that active dipoles are dis-
tributed uniformly in the volume ¥V and are randomly
oriented, the coupling efficiency of spontaneous emission
into each mode is identical. The total spontaneous emis-
sion rate is given by

872V ed/? 2N,
77'1/1376 2|2 ¢ dv

R_=N_.y=
® ¥ f 477'2(1/—1/0)2-f-1"2

_ 8m? Ve ?|g PN,

c3

(2.8)

Here |g|? is the electric dipole coupling constant and a
Lorentzian line shape is assumed, 2I" is the spontaneous
emission linewidth in rad/s (FWHM), and N, is total
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minority-carrier number. If the lasing frequency is coin-
cident with gain center v=v,, the spontaneous emission
rate E_, into one lasing mode is

_ 2lgl*N,
w r
From (2.8) and (2.9), the coupling efficiency B of spon-

taneous emission into the lasing mode (spontaneous emis-
sion coefficient) is calculated as®!
Ecu _ C3 _ }\.4 7&4

- 23201 a2 572 =0.025
Ry, 4mve’VT  47’VALe

(2.9)

B

il

(2.10

Here AL=AT /7c is the spontaneous emission linewidth
in meters (FWHM).

The above argument is not based on an accurate model
for a real semiconductor laser. In a real semiconductor
laser, the spontaneous emission is partly coupled to
several guided modes in an active waveguide and the rest
is coupled to radiation continuum modes. The spontane-
ous emission radiated at angles 8 larger than the critical
angle 6, of the total internal reflection at the active
waveguide boundary is trapped in the waveguide as guid-
ed modes and that radiated at angles 6 smaller than 6, is
lost as radiation modes, so that the coupling efficiency
into the guided modes is approximately given by

f;/z(sin39+ sin6+sind cos?6)d 6

— c

Mg = fon/z( sin*0+sinf+sind cos*0)d 0

=cosf, . (2.11)

The first terms inside the parentheses in the integrands
above represent contributions from the p-wave vertical
dipole, the second from the s-wave horizontal dipole, and
the third from the p-wave horizontal dipole. Of the spon-
taneous emission coupled to the guided modes, only a
small fraction is actually coupled to the single-lasing
mode. Suppose the active waveguide supports only the
fundamental transverse mode. The number of guided

modes within the spontaneous emission spectral
linewidth is then given by
AL _ 4€'’L AL
M=2 = , 2.12
AL, 2 (2.12)

where the factor of 2 accounts for the two polarization
directions, AL, =A%/2¢!/2L is the longitudinal mode sep-
aration, and L is the cavity length. The single transverse
mode waveguide has a cross-sectional area on the order
of A.;~A%/4e, so that the cavity length L is related to
the active volume V via L=4eV /A% The coupling
efficiency into the single lasing mode from all the guided
modes is thus given by

1w 2.13)
M= = e 321 (2.
M 16€**ALV
From (2.11) and (2.13), the spontaneous emission

coefficient 3 is

EANY

Atcosf.
16632AAV
If the refractive index ratio u,/u, of the active waveguide
and cladding medium is about 0.92, which is typical in a

GaAs semiconductor laser, then cosf,=~0.4 and (2.14)
reduces to

B=ngm = (2.14)

)\'4
E7ANYV

The two different models result in similar spontaneous
emission coefficients B. If we use the numerical parame-
ters of a typical GaAs semiconductor laser, A=8X 10"’
m, €!/2=3.5, AA=5X10"% m, and ¥=4X10""'* m?, the
spontaneous emission coefficient 3 is on the order of
1073, This means that only one photon out of 10° spon-
taneously emitted photons is coupled into a lasing mode.

B=0.025 (2.15)

III. MODIFIED SPONTANEOUS EMISSION IN A
METAL-CLAD OPTICAL WAVEGUIDE MICROCAVITY

Let us consider a semiconductor-core—metal-clad opti-
cal waveguide, in which a microcavity structure is
formed in a core region, as shown in Fig. 2. A semicon-
ductor core region (post) has a half-wavelength or one-
wavelength  optical microcavity layer which is
sandwiched by distributed Bragg reflectors. The distri-
buted Bragg reflectors (DBR’s) consist of two alternating
quarter-wavelength layers with refractive indices of u;
and u,. A dielectric buffer layer exists between a semi-
conductor core region (post) and a metal cladding.

It is possible to make the fundamental transverse mode
of the metal-clad waveguide be resonant for the micro-
cavity. The conditions required for this is given by

Bod =m or 2 (3.1)

and

Bil, =B(3’12=§ , 3.2)
where 3, By, and B are the real parts of the propagation
constants (phase constants) of the fundamental transverse
mode in the half-wavelength (or one-wavelength) optical
cavity layer with thickness d and in the two DBR layers
with thickness /, and /,.
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FIG. 2. A semiconductor-core—metal-clad optical waveguide
with a microcavity structure.
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It is also possible to make the surface-plasmon
modes'®!® and all the higher-order guided modes be off-
resonant (either in the stopband of the microcavity or
outside the stop band) if the waveguide cross section is
not too large and if the spontaneous emission linewidth is
not too broad. This situation is schematically shown in
Fig. 3. The electric- and magnetic-field distributions of
the fundamental and some higher-order modes of a
metal-clad optical waveguide are schematically shown in
Fig. 4. The phase constant f3; of the fundamental trans-
verse (HE;;) mode is given by

[3’0:@(1/2——1/8)”2 , (3.3)

Co

there u, is refractive index of the optical cavity layer and
v, is the cutoff frequency of the fundamental transverse
mode, which is given by v;=0.58¢c,/uoa for a circular
metal-clad waveguide, where a is a core diameter. The
phase constant [3; of the first higher-order transverse
(HE,,, TE,,, and TM,,;) modes is given by

27
B=
€o

(V=2 (3.4)
where v, is the cutoff frequency of the first higher-order
transverse modes, which is given by v;=0.75¢/puqa for a
circular metal-clad waveguide. From (3.1), (3.3), and
(3.4), the difference in resonant wavelengths Ay and A, of
the fundamental and first higher-order transverse modes
is given by

172 172

vi
==
vV

2
Vo
AA=Ao— A =2pupd | |[1—— — (3.5)

When an optical wavelength is A=800 nm
(v=3.8X 10" s71), the refractive index and thickness of
the optical cavity layer are p,=3.0 (for AlAs) and
d =114 nm (half-wavelength), respectively, and the core
diameter is ¢ =0.5 um, then the difference AA is 80 nm.
This value is much greater than the microcavity resonant
bandwidth of 0.1-1 nm and is also much greater than the
spontaneous emission linewidth of 1-30 nm.'® This
means that all the guided modes except the fundamental
transverse mode are either in the stop band or outside the
stop band, as schematically shown in Fig. 3.

A low-refractive-index buffer layer is inserted between
a semiconductor core and a metal cladding to decrease
the resistive absorption loss of the fundamental trans-
verse mode. The absorption loss of the fundamental
mode is calculated using the Maxwell equations taking
into account the complex refractive index of metal.!® !
For a 500-nm core AlAs slab waveguide with Au clad-
ding, the absorption loss of the fundamental transverse
mode is about 103 cm™!. If a dielectric buffer layer with
refractive index u, and thickness b is inserted between
the AlAs core and metal (Au) cladding, the absorption

loss is decreased by a factor of
exp[ —2b(B5—kgng)'?], (3.6)

where k,=2m/A is the free-space wave number. When
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Propagation constant 8
fundamental mode
first higher order mode surface plasmon modes

FIG. 3. The reflectivity of the metal-clad waveguide micro-
cavity as a function of the propagation constant. The propaga-
tion constants of the surface plasmon modes 8_,, the fundamen-
tal mode B, and the first higher-order mode 3, have a spread
due to the spontaneous emission spectral width.

Bo=3.0ky, n,=1.38 (for MgO), and b=0.1 um, the
reduction factor of absorption loss is about 10”2, There-
fore, the absorption loss of the fundamental mode is re-
duced to about 10 cm ™! by such a thin buffer layer. This
value is comparable to the background free-carrier ab-
sorption loss in GaAs and AlAs. However, a real loss
will be larger than the theory predicts, mainly because
the metal-buffer-layer boundary roughness scatters the
fundamental mode to highly lossy surface-plasmon
modes. Much technological progress is needed to realize
such a low-loss microcavity.

The vacuum-field intensity of the fundamental trans-
verse mode is enhanced by a factor of 4/(1—R) at the
antinode and at the resonance by the microcavity, as long
as the reduced absorption loss «a satisfies

1

ag< —-1—ln— ,

3.7
L. "R (3.7

fundamental (HE;;) mode

higher-order TE
modes

01

FIG. 4. Electric and magnetic fields of fundamental and
higher-order guided modes in a metal-clad circular waveguide
with dielectric buffer layer.



44 MICROCAVITY SEMICONDUCTOR LASER WITH ENHANCED . . . 661

where L g is the effective cavity length of the microcavi-
ty, in which most of the cavity internal field is confined,
and R is the reflection coefficient of the DBR. On the
other hand, the vacuum-field intensities of all higher-
order modes are either suppressed or not altered by the
microcavity, because these modes are either in the stop
band or outside the stop band of the DBR’s. Moreover,
higher-order modes have higher absorption loss as a re-
sult of the metal cladding, so the resonant enhancement
of vacuum-field fluctuation just above the cutoff® is
smeared out. Therefore, the proposed microcavity struc-
ture increases the coupling efficiency of spontaneous
emission into the fundamental transverse mode, while
keeping those into higher-order modes small or at least
unchanged.

If the semiconductor-core region does not have a mi-
crocavity structure but rather has a uniform refractive in-
dex py, the enhanced or inhibited spontaneous emission is
conveniently described by modified density of states rath-
er than modified vacuum-field intensity. The density of
states for the fundamental transverse mode is given by>
161/%#(3, v

)1/2 §C3 (VZ__V%

_ 4 v
CAg (1/2—-1/

polv) R

2
()
Here A, is the cross section of the waveguide and a
geometrical factor & is £=1 for a circular waveguide.
The density of states normalized by the free-space value,
prs(V)=8mv2ul/c?, is given by

2

polv)

2 ¥
prs(v) &

v

7 3 (3.9)

(V—v2)1/2
The normalized density of states is enhanced just above
its cutoff v=~v,, as shown in Fig. 5.> This is because the
fundamental mode just above its cutoff does not propa-
gate along the waveguide, but is almost “trapped” at one
position and behaves like a resonator mode. This is the
case for microwave superconductor waveguides. Howev-
er, the guided mode near its cutoff has a fairly large ab-
sorption loss at optical frequencies as a result of the metal
surface. Consequently, this resonant enhancement of
spontaneous emission is not expected at optical frequen-
cies.

On the other hand, if the fundamental mode is well

free space

/ Pis (V)

metal-clad
waveguide

Density of states p(v)

Vo Vi V2
Frequency Vv

FIG. 5. The densities of states in the metal-clad waveguide
and in free space.

above its cutoff, the absorption loss is decreased but the
normalized density of states is also decreased according
to (3.9), as shown in Fig. 5. The normalized total density
of states for higher-order guided modes is given by>

2

piv) 2

j=1 Prs(v) B T

Yo v

2__.2y\172

(3.10)

v

J
Here v; is the cutoff frequency of mode j. In general,
(3.10) is larger than (3.9). Equation (3.10) does not go to
infinity even at v=v;, because the higher-order guided
mode at just above the cutoff has a large absorption loss
due to the metal surface. By choosing the waveguide
cross section appropriately, (3.10) can be made smaller
than 1. This becomes impossible only if the highest-order
guided mode is just above its cutoff. But, otherwise, the
total density of states for all guided modes except the fun-
damental mode can be made smaller than the free-space
value,

(v)
Py, (3.11)
F'

j =1 PEstV)

Inequality (3.11) is unchanged even if the microcavity
structure is introduced in the semiconductor-core region,
because all the higher-order modes are either in the stop
band or outside the stop band of the DBR’s; so the densi-
ty of states is not enhanced by the microcavity.

On the other hand, the density of states for the funda-
mental transverse mode is enhanced by the microcavity
structure. When the effective reflection coefficient of the
DBR’s is R, the normalized density of states is given by

2
v

(1/2—1/(2))1/2

polv) g

prs(v)  wE(1—R)

Yo
v

(3.12)

If the numerical parameters A=800 nm, ©,=3.0,d =114
nm, and ¢ =0.5 um are assumed, then (3.12) reduces to
polv)/pps(v)=0.1/(1—R). Since L is on the order of
1 um for an AlAs/GaAs microcavity,'® the inequality
(3.7) is satisfied for R =0.999. Values of R =0.95, 0.99,
and 0.999 give py(v)/pgs(v)=2, 10, and 100, respectively.
The coupling efficiency of spontaneous emission into the
fundamental mode, which is given by

B=p()(v)/ |p6(v)+ > piv) ],

i (=D

(3.13)

is about 0.67, 0.91, and 0.99 for those R values, respec-
tively.

A one-dimensional periodic structure!® requires a large
refractive-index difference between DBR layers to
achieve a high coupling efficiency 3 into a single-lasing
mode. In the metal-clad optical waveguide microcavity
treated here, however, a large refractive index difference
is not necessary; instead the coupling efficiency 3 is sim-
ply increased by the large R value.

The spontaneous lifetime normalized by that in a
homogeneous GaAs is given by

o :pFS(V)/ [p;)w)+ S o0 (3.14)

Tsp,0 j(=1
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This value is 0.33, 10}, and 1072 for R =0.95, 0.99, and
0.999, respectively. Since Tep,0 is on the order of 3 ns, the
spontaneous lifetime can be decreased even to 30 ps.
This is in sharp contrast to the one-dimensional periodic
structure, in which the spontaneous lifetime is increased
rather than shortened.'®

IV. CHARACTERISTICS OF MICROCAVITY
SEMICONDUCTOR LASERS

In a conventional semiconductor laser, only a very
small part of the spontaneous emission is coupled into a
single-lasing mode as discussed in Sec. II. The reason is
twofold: First, the radiation pattern of spontaneous
emission is isotropic, so a substantial part of the spon-
taneous emission is not coupled to the guided modes in
an active waveguide with a small acceptance angle but is
coupled to radiation continuum modes propagating in
oblique directions. Second, the spontaneous emission
spectral linewidth is broader than the longitudinal cavity
mode spacing, so a substantial part of the spontaneous
emission is not coupled to a lasing guided mode but is
coupled to nonlasing guided modes. As discussed al-
ready, the coupling efficiency of spontaneous emission
into a lasing mode, i.e., spontaneous emission coefficient
3, can be increased to close to 1 for a microcavity semi-
conductor laser from 107° for a conventional semicon-
ductor laser. The spontaneous lifetime is also decreased
to 30 ps for a microcavity semiconductor laser from 3 ns
for a conventional semiconductor laser. The characteris-
tics of such a microcavity semiconductor laser are very
different from a conventional semiconductor laser.

A. Basic equations

The quantum Langevm equatlon for the (total) electron
number operator JV is written as?

iﬁczp_ ﬁ_i_ﬁ
dt Tp Top

—(E,,—E p+T,+0 +1,

A

N,

c

(4.1)

where P is the pump rate, B(N )/T is the spontaneous
emission rate into a lasing mode, (1~/3)(N )/’r is the
spontaneous emission rate into all other modes except the
lasing mode, (E,, ) and (E, ) are the stimulated emis-
sion and absorptlon rates per photon, ng, =(E,)/
((E,)—(E,,))is a population inversion parameter and
7 is the (total) photon number operator.
The spontaneous emission rate into the lasing mode
and the stimulated emission rate per photon should be
equal by the Einstein’s relation, so that we have

Bpy=(£,).

Tsp

(4.2)

The noise operators associated with the pump process,
the spontaneous emission process and the stimulated
emission or absorption process satisfy the following
correlation functions:

(P, ()f,(u))=0, (4.3)

N
(fsp(t)fsp(u))=8(t—u)<Tc) , (4.4)

sp
(BOf(u)y=8(t—u)KE, )+ (E)){A). (4.5)

Here (4.3) indicates that the pump noise for a semicon-
ductor laser is suppressed by a high-impedance constant
current source.372% Equations (4.4) and (4.5) indicate
that the spontaneous emission, stimulated emission, and
absorption are Poisson point processes, which means one
event occurs independently when the previous event
occurs.

The quantum Langevin equations for (total) photon
number operator 7 is written as

—E,) |a+E

Tsp

(0] PN
- |=—(E,
Q

where w /Q is the photon decay rate. The noise operators
associated with the stimulated emission or absorption
process, spontaneous emission process, and the photon
decay process satisfy the following correlation functions:

N.+F+F, (4.6)

PaN o Py <ﬁc)
(F(t)F(u))=8(t—u) ((ECU>+(EUC>)<ﬁ)+ET—
sp
@.7)
<ﬁe<t)F(u)>=a<r—u)—‘5<ﬁ>. (4.8)

Here F\ =2V/( a)/Q)(ﬁ)f, and f is the vacuum-field
fluctuation amplitude incident on _an output coupling
mirror. Since IV ( f-H“ ) and F are originally from
the same dipole moment n01se operator, they are corre-
lated, using (4.2), as

(B(OFw)y=(F)f"(u))

=—8(t—u)

B(N,)

Tsp

(E,)+(E IR+

(4.9)

The photon flux operator N emanating from the output
coupling mirror is?”?
ﬁz%ﬁ—ﬁe . (4.10)
The first term represents the transmitted internal photon
number and the second term represents the quantum in-
terference between the transmitted internal coherent ex-
citation V' (w/Q){# ) and the reflected vacuum-field fluc-
tuation f

B. Reduction of threshold pump rate

Let us consider the steady-state (average) solutions of
(4.1) and (4.6). Using the linearized solutions,
ZV “NCO-E-AN and A=ny+AA, in (4.1) and (4.6), we ob-
tain



4“4
N, BN,
-0, =0, (4.11)
Tsp Tspnsp
BN BN
— 20y + 2= 4.12)
Q Tspnsp Tsp

At pump rates above the threshold, the photon decay
rate o /Q is equal to the net gain E_,, —E,_ (i.e., the stimu-
lated emission gain-stimulated absorption loss). Thus,

(0] — BNCO,th

Q Tsplt sp

(4.13)

where N, is the threshold (total) electron number,
which is approached by real electron number N,, only
when the pump rate is well above the threshold. The
threshold condition is usually written as
1
ex —a)L]=—,
plgn—alL]=—
where g, is the gain constant per unit length, «a is the ab-
sorption coefficient, L is the active layer length, and R is
the power reflection coefficient of the end reflectors. Us-
ing the relations

g =(1/v)IE,—E,)

(4.14)

and
(1/v)[a+(1/L)n(1/R)]=w/Q

in (4.14), we can obtain the threshold condition

%=(ECU-—EUC)=ECD /ng, .
The threshold condition (4.15) is obtained by assuming
the net growth rate of photons in (4.6) is zero.

At the threshold pump rate, all the pump electrons
recombine via spontaneous emission [the pump rate
equals the total spontaneous emission rate
(P =Ncoh/7syp)]. The stimulated emission rate E, by
one photon is equal to the spontaneous emission so that

(4.15)

E.,=BPy, . (4.16)
From (4.15) and (4.16), the threshold pump rate is calcu-
lated as

_(0/Q)ng,

Py, 5 (4.17)
Note that the threshold pump rate is inversely propor-
tional to the spontaneous emission coefficient f3, if the
photon decay rate »/Q and the population inversion pa-
rameter ng, are constant. This is an important result
which suggests that the threshold pump rate can be de-
creased by increasing f3.

Physical interpretation of (4.17) is straightforward. P,
is the number of electrons injected into the active region
per second which is equal to number of spontaneous pho-
tons generated in all modes per second, so BP,, is the
number of spontaneous photons generated in the lasing
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mode per second. That is independent of the spontane-
ous lifetime 7y, which determines the average waiting
time for an electron to emit a photon but does not deter-
mine the number of spontaneous photons generated per
second. That is, the total number of electrons in the ac-
tive region is given by N o= Py, 7, so the total number of
spontaneously emitted photons per second s
N o/Te, =Py, and the total number of spontaneous pho-
tons coupled to the lasing mode is BN /7, =BPyy,. Since
the photon lifetime is Q/w s, the average number of
spontaneously emitted photons staying inside a cavity is
given by ny=pBP;Q /w. At the threshold, the net stimu-
lated emission rate, which is given by (E_, —E,.)n,, must
be equal to the spontaneous emission rate given by E, .
This is the definition of oscillation threshold and it is
satisfied when ny=pPyQ/w=ngy, which gives the
threshold pump rate (4.17).

A threshold pump rate is usually calculated via the re-
quired gain constant per unit length g, using (4.14), i.e.,
gm=a+(1/L)In(1/R). The gain constant is calculated
as a function of carrier density by assuming a certain
model for the transition matrix element, Fermi—Dirac
electron distribution, and the density of electron states.
One such example is Stern’s improved matrix element
and Gaussian approximation of the Helperin-Lax
bandtail (SME-GHLBT) model.?’ Once the threshold
carrier density is determined, the total carrier number
N,o is obtained by multiplying the carrier density with
the active volume V,. The spontaneous lifetime 7, is
also calculated by the same band model and by the argu-
ment of detailed balance.?’ The threshold pump rate is
then given by Py, =N, /7y, According to this con-
ventional procedure, the photon loss constant
a+(1/L)In(1/R)=v(w/Q) can be decreased and the to-
tal spontaneous emission rate N/7,, for achieving a
given gain constant g, =E_ /n v can be decreased to
achieve a low-threshold pump rate. The first factor cor-
responds to the reduction of w/Q and the second factor
corresponds to the reduction of N o/7y,8m=nuv/B.
This is the meaning of (4.17).

From (4.12), the average photon number n is

ﬂNcO/Tsp

M0 0 /Q BN oty

(4.18)

It is obvious from this equation that the real electron
number N, never reaches the threshold value N, as
long as the spontaneous emission coefficient 3 is nonzero.
From (4.12), the average electron number N, is given by

(r+1)—[(r+172—4(1—8)r1'"2
2(1—p)

r
Neow oy B=1, (4.19)

NcO,th ’ Bil

NCO:

where r=P /P, is the normalized pump rate and
N m=oTgng, /QB. Using (4.18) in (4.19), the average
photon number 7, is
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" (r+1)—[(r+1)2—4(1—/3)r]“2/ 1_(r+1)—-[(r+1)2—4(1—B)r]1/2 | B£I
P 2(1—P) 2(1—PB)
- 4.20
"= \n_r, B=1. ( )

sp

If the photon number n is larger than one before the
carrier density exceeds a transparency point, the stimu-
lated emission rate into a lasing mode exceeds the spon-
taneous emission rate into the lasing mode, even though
the net gain is still negative. The threshold condition
(4.17) holds when the photon number n, is much smaller
than one at the transparency point.?’

Figure 6 shows the internal photon number 7, versus
the pump rate P as a function of the spontaneous emis-
sion coefficient B. It is assumed that ©/Q =102 s~ ! and
ng, =1. To create the ideal population inversion ng, =1
in semiconductors, a certain carrier density n,=N_,/V,
is required. In other words, the population inversion pa-
rameter ng, in (4.17) depends on the pump rate. For a
GaAs bulk material at room temperature and at 77 K
this required carrier density n. is about 10'® and 10"
cm 3, respectively.?’ If the pump rate required for real-
izing the transparency given by

Pp = i 4.21)
Tsp

is much smaller than the threshold pump rate (4.17), the
population inversion parameter at the threshold is ng, =~ 1
and the result shown in Fig. 6 is correct. Note that the
pump rate Pp; is decreased by decreasing the active
volume V, for a given n, value. In Fig. 6, the active area
diameter for a GaAs quantum well with 100 A thickness
that satisfies the population inversion condition is plotted
as a function of the pump current I=gqPp;, where

10 pm  Active Area Diameter

5 | L _

Photon Number n

T ) * = ' =] ’ =

Pump Current I(A)

FIG. 6. Internal photon number n, and required active area
diameter vs pump current I as a function of spontaneous emis-
sion coefficient B. ny,=1, 7,=107’ sand ©/Q=10"2s"1.

=

n.=10"% cm ™3 and Tsp— 1 ns are assumed. The threshold
pump current I, =gP,, is on the order of 10 mA for a
conventional semiconductor laser with S=~10">. The
threshold pump current decreases with decreasing a cavi-
ty volume V. As shown in Eq. (2.10), B is inversely pro-
portional to V. B can be increased to 1073-10"% in a
small volume (edge emitting) semiconductor laser
without requiring a cavity quantum electrodynamics
(QED) effect, for which the expected threshold current is
0.1-1 mA. The threshold current becomes less than 1
uA  for a microcavity semiconductor laser with
B=0.1-1. The active area diameter must be smaller
than 1 um to create the population inversion by such a
small injection current at room temperature. The size of
the active region is incidentally on the same order for the
size required to increase the spontaneous emission only
into a fundamental guided mode. In the limit of =1,
the change in differential quantum efficiency from 7, =/
to np =1 disappears. The threshold pump rate defined
by (4.17), at which the average internal photon number is
ng=ng,, corresponds to the threshold pump current
I;,=160 nA for B=1, n,=1, and y=10"s"1 At
pump rates below this value, spontaneous emission is
dominant. At pump rates above this value, stimulated
emission is dominant. Figure 7 shows the average elec-
tron number N versus the pump current, where Top—1
ns is assumed. In Fig. 7 the active area diameter to real-
ize the population inversion, i.e., n, =10'® cm ™3, is plot-
ted as a function of N,

Let us mention here that the threshold condition (4.17)
correctly describes the material properties dependence
via ng, and 5. For instance, the population inversion pa-
rameter ng, for a given pump rate decreases with decreas-
ing a temperature, because the required carrier density
for transparency decreases. Note that (4.17) is a self-

Active Area Diameter

o
pd =5
8=10
10 7
-4
£=10
-3
= 3 A=10
b5} L — 10 pm
2 10 F
: e
=
4
5 ol
= 10'F =10 «— 1 pm
~
< £=0.5
O
A=1
2L 0.1 pm
10 L
L . .
16° 16°® 16 16°
ICA)

Pump Current
FIG. 7. Electron number N, vs pump current I as a function
of spontaneous emission coefficient B. n,=1, ©/Q@=10"7s7",
and 7,,=107"s.
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consistent relation in which ng, is a function of Py,. The
spontaneous emission coefficient [ increases by quantum
wire or dot structures, because the gain spectral width AA
is decreased in such microstructures.

C. Increase in modulation bandwidth

Since the spontaneous lifetime 7, can be decreased by
a factor of 10% in a microcavity semiconductor laser, the
response for direct intensity modulation via injection
current becomes very broad even for a light-emitting
diode (LED) operating below the oscillation threshold.

i

(1+ 2
Spn(Q)= [+ r)/my]

When 7 is 30 ps as estimated in Sec. III, the modulation
bandwidth is f.=1/277;,~5.3 GHz. Moreover, the
quantum efficiency of such a microcavity LED is 3==0.1
to 1 which is comparable to or higher than that of a con-
ventional semiconductor laser. An even broader modula-
tion bandwidth is expected for a microcavity semicon-
ductor laser operating above the oscillation threshold.

When the pump rate is sinusoidally modulated as
P0+APeiQ’, the response of the internal photon number
modulation is evaluated by (4.1) and (4.6). The power
spectrum of An is

AP)* . (4.22)

Figure 8 shows the normalized power spectrum as a func-
tion of the normalized pump rate. The modulation
response is dependent on ¥y =w/Q, 7y, and r, but is in-

dependent of B. When r=P/Py,>(w/Q)7, (4.22)
reduces to
(AP)? 1
Sp,(Q)=~ .
8 (0/Q )P 1+(Q /0P +(Q /o (12, /r) 0t
(4.23)

The relaxation oscillation is shifted beyond the cavity
cutoff frequency Q.=w/Q, and the modulation band-
width is equal to the cavity cutoff frequency. Since P is
given by (4.17), the pump rate satisfying this ultimate
modulation bandwidth is
(@/Q )1 n

o (00 Tyly (4.24)
Q% B

When y=10" s, 7, =107% s, n, =1, and =1, pump
rate P must be greater than 10'° (s~ !), which corresponds

P>P,

2
10

S, (Q)

10

-4 1

10
Ve, 4

Freqguency (Q)

FIG. 8. Normalized intensity modulation response S,, () as
a function of pump rate »r =P /Py,.

QY /A +r)PH[(1+r) /r P = Q2ry /1) + 721 +r) /7,1 (

to the pump current of 160 pA. If the pump rate satisfies
this condition, the modulation bandwidth is as high as
fe=(0/Q)/27m=160 GHz.

The physical reason for such an enormous increase in
the modulation bandwidth of a microcavity laser is that
the electron lifetime is greatly shortened by the stimulat-
ed emission process. The internal field strength interact-
ing with dipoles produced by a single photon increases
with decreasing a cavity volume.

D. Amplitude squeezing

It was theoretically and experimentally demonstrated
that the photon flux fluctuation from a semiconductor
laser can be reduced to below the shot-noise level (ampli-
tude squeezing).”>" ¢ As shown in Fig. 9, the output
photon flux fluctuation from an ordinary laser having
shot-noise-limited pump fluctuation approaches the
shot-noise level at pump rates far above threshold, while
that from a constant-current-driven semiconductor laser

-t

shot noise level |

Normalized Noise Level (dB)

—2r without pump noise

1

1 3 10 30

Normalized Pump Rate I/,th—1

FIG. 9. The normalized photon flux fluctuation level vs
pump rate. Solid and dashed lines are theoretical results and
crosses are experimental results.
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having no pump fluctuation is reduced to below the shot-
noise level. However, the photon flux fluctuation at
pump rates near the threshold is not reduced to below the
short-noise level, because the spontaneous emission is
randomly coupled into the laser mode which is amplified
rather than attenuated at near the threshold. This prob-
lem can be solved if the spontaneous emission coefficient
B is increased close to unity and the randomness of spon-

The Fourier-transformed photon number fluctuation
operator is

AL, +T +T)—(jQ+ 4 /(F+F,)

AR = .
AL A, — O+ 4,0+ 40+ 4,)

(4.27)

Here the tilde denotes the Fourier-transformed operator
and the coefficients are

taneous photon coupling is eliminated. 1 B,
The small fluctuation operators Aﬁc and A7 obey A, =— |1+ , (4.28)
Tsp Msp
d 1 Bng S
AN, =—— |1+ AN, BN,
dr"C oy Ny ¢ Ay =—L (4.29)
Toplsp
ﬁNco N BN
———Ar+f,+0 41, (4.25) ) <0
Toplsp A3—§ — (4.30)
sp’sp
d [5] BNCO
— AR = ——— A7} n
dt 0 Tony a,=L |14 2 (4.31)
Tsp ng,
+ B 1+ "o AN, +F+F, (4.26) Using the boundary condition (4.10), the Fourier-
Tsp nep transformed photon flux fluctuation operator becomes
J
~ ©0/Q = | = = . O 5
AN= l A?(FP+FSP+F)—(JQ+AI)6F
— Q= |4, 4;— A, 4, +2 4, |—jQ |4, +4,— 2 | |F, /[92~(A1A3—A2A4)—jQ(A1+A3)] )
e Q 432
The power spectrum is
2
(0/Q)n
) [} o) [2) /o)
S, y(Q)=2 laAZ —Bi+5(2nsp—1)no + | = | (Q*+42+24,4,) ansp+-§(2nsp—l)n0
2 2
+ 1102 = A 43— A, 4,4+ 24, || +Q2 |4, +4,— 2| 2y
143 2445 4 1 370 oo
X{[Q*—(A, 43— A, 4,)]P+Q% A, +4,)%) 7" . (4.33)
Figure 10 shows the normalized power spectral density 10t
S 5(Q2)/2N, in the limit Q—0 as a function of the nor- al.
malized pump rate r for various B values. When the 73. z p=10°
spontaneous emission coefficient 3 is on the order of 0 s

1075, the output photon flux fluctuation is reduced to
below the shot-noise level only at high pump rates. How-
ever, if the spontaneous emission coefficient 3 is close to
1, the output photon flux fluctuation is reduced to below
the shot-noise level at pump rates even very close to the
threshold. The output photon flux fluctuation is reduced
to below the shot-noise limit also at pump rates below the
threshold. A conventional LED has a very small cou-
pling efficiency of spontaneous emission, so that strong
sub-Poissonian statistics of injected electrons are smeared
out by a random deletion process and end up with very
weak sub-Poissonian statistics of emitted photons. The
increased 3 value by a microcavity solves this problem.
Figure 11 shows the normalized photon flux fluctua-
tion spectra as a function of the pump rate for a special

shot noise limit

10

e,

th

FIG. 10. Normalized photon flux spectral density as a func-
tion of normalized pump rate P /P, —1.
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case of B=1. The output photon flux fluctuation is re-
duced to below the shot-noise level at all pump rates in-
cluding below, near, and above the threshold.

The physical reason for this change is obvious from the
energy conservation argument. If the spontaneous emis-
sion coefficient 3 is unity, all the injected electrons emit
photons in a single mode that are extracted from the cav-
ity sooner or later. Therefore, if the output photon num-
ber is counted for a time interval much longer than the
delay time involved in the electron-photon conversion
process and in the photon escaping process, the output
photon number is constant because the input electron
number is constant. The time constant is the spontane-
ous lifetime 7y, at a pump rate far below the threshold,
and is the photon lifetime Q /w at a pump rate far above
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the threshold. On the other hand, when the spontaneous
emission coefficient 8 is much smaller than unity, the
conversion efficiency from the injected electrons to the
emitted photons jumps suddenly at the threshold, where
the output photon number becomes very noisy.

V. CONCLUSION

The microcavity semiconductor laser can concentrate
all the spontaneous emission power into a single cavity-
resonant mode and achieve near-unity quantum efficiency
of spontaneous emission. f3 is roughly the inverse of the
number of modes, so it can be automatically increased in-
versely with a cavity volume without requiring the princi-
ple of cavity QED. Cavity QED plays an important role
if a cavity designer manages to selectively increase the
spontaneous emission rate into a lasing mode and de-
crease those into nonlasing modes. In such a well-
designed cavity, 3 increases faster than the inverse of the
number of modes which is determined by the cavity
volume. The spontaneous lifetime can also be reduced by
a factor of 100. The characteristics of such a semicon-
ductor laser can be altered drastically. The microcavity
semiconductor laser is a surface-emitting light source
that has high quantum efficiency, a low threshold pump
rate, high-speed response, and low noise. Potential appli-
cations include ultrahigh-speed optical communications,
optical connections in a large-scale-integrated circuit
(LSI), and two-dimensional optical information process-
ing.

It is important to realize the spontaneous emission
linewidth be narrower than the cavity resonant linewidth.
Then, the requirement for the active volume for realizing
ideal population inversion is relaxed. A possible “exciton
laser” is one candidate for meeting this requirement. A
“quantum wire” or “quantum dot” laser’! is another can-
didate.
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