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We have achieved lasing in a strongly guided semiconductor waveguide with mode area as small as
0.02 um? (A = 1.4 um). The lasing action takes advantage of the large enhancement of stimulated
emission in the waveguide and its suppression of unwanted dipole emission. We call the waveguide a
photonic wire. The laser cavity is a high-Q microcavity ring resonator formed by the photonic wire and
has a small cavity mode volume of 0.27 um?® The lasing behaviors are consistent with theory. Laser
outputs can be obtained via photon tunneling to adjacent waveguides. The laser realized will allow us
to study spontaneous emission and lasing in nanofabricated waveguide structures.

PACS numbers: 42.60.Da, 42.50.Lc

An interesting problem in quantum optics is the modifi-
cation of spontaneous emission in artificial photonic struc-
tures such as microcavities, photonic band-gap structures,
microdroplets, and low-dimensional photonic structures
[1-5]. For example, one can use these structures to con-
trol spontaneous emission as well as stimulated emission
into a particular electromagnetic field mode. Such control
enables one to realize novel lasers with dimensions and
properties much different from lasers with conventional
structures. The laser properties that could be manipulated
include the lasing thresholds, the population inversion, the
laser modulation rates, and the carrier dynamics such as
their decay rates and response times. Some of these prop-
erties may have novel photonic and electronic applications
in the future.

We report the realization of lasers based on low-
dimensional photonic structures called photonic-wire
structures. Photonic-wire structures are strongly guided
one-dimensional waveguides with tightly confined mode
area. Specifically, we may call a strongly guided wave-
guide a photonic wire if a large percentage of spontaneous
emission can be channeled into the lowest-order guided
mode. An example is sketched in Fig. 1, where a strongly
guided waveguide is made up of a high-refractive-index
semiconductor core (n = 3.4) surrounded by low-
refractive-index cladding such as air (n = 1) or SiO,
(n = 1.5). The cavities of the lasers realized are high-Q
microcavity ring resonators formed by the strongly guided
waveguides.

The fraction of spontaneous emission channeled into
the lasing mode is called the spontaneous-emission cou-
pling efficiency B and is an important factor that deter-
mines the lasing threshold. A large B value can increase
the effective gain of the cavity, making it possible to
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achieve lasing in a small cavity and to attain low lasing
threshold [1,6]. We will discuss how the laser waveguide
parameters affect spontaneous emission and how they can
be chosen to achieve very large 8 value. We then dis-
cuss our experiment on the realization of photonic-wire
microcavity semiconductor lasers and relate our initial ex-
perimental observation to theory.

Recently, we have studied theoretically the modifica-
tion of spontaneous emission in a strongly guided cylin-
drical dielectric waveguide as shown in Fig. 2(a), where
d is the waveguide diameter [3]. In the study, the to-
tal spontaneous emission rate yi, was decomposed into
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FIG. 1. Schematic diagram of the photonic-wire ring lasers.
The high-refractive-index guided core is surrounded by low-
refractive-index claddings such as air and SiO,.
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FIG. 2. Normalized decay rates. (a) The normalized decay
rates y,(TMy;), Yr, and the total normalized decay rate
vt Of the axial dipole versus the normalized core diameter
d,. (b) The normalized decay rates y,(HE,|), y,(HE5),
v.(EH ), yg, and the total normalized decay rate y,, of the
radial dipole versus the normalized core diameter. Inset shows
the drop in photon density of states for the HE;; mode at
d, = 0.6.

two components, namely, the guided mode and radiation
mode components, denoted by vy, and yg, respectively,
with 7yt = y¢ + yr. The radiation modes are modes
that escape the waveguides. The value for y, was cal-
culated as a sum over the spontaneous emission rate into
each waveguide mode denoted by 7v,,, where m is the
mode index (i.e., vy, = Z,,, Ym)-

When the active medium is excited, each radiating
dipole can be decomposed into three mutually orthogonal
dipoles: two along the radial directions (radial dipoles)
and one along the waveguide axis (axial dipole). Let the
refractive indices of the waveguide core and cladding be
ne and n.;, respectively. Figures 2(a) and 2(b) plot the
emission rates as a function of the normalized waveguide

diameter d, = d/(A/nave) (nave = 4/n2 — ng and A is

free-space wavelength) for the cases of an axial dipole

and a radial dipole, respectively [3]. In the plots the
emission rates are normalized by the bulk rate [3]. From
Fig. 2(b), we see that if 0.65 < d, < 0.85, the radial
dipole emission can be channeled predominantly into the
lowest-order guided mode (HE11). From Fig. 2(a), we
see that the axial dipole emission is suppressed at d, <
0.85. For the case of a rectangular waveguide shown
in Fig. 1, further control of emission could be achieved.
Let us assume that the active medium is a few quantum
wells parallel to dy and located at the midpoint of d; (see
Fig. 1). The decay rates relevant to this case have been
studied by Ho, McCall, and Slusher in the situation where
de > d; [2]. Below, we will use normalized waveguide
dimensions defined by d;, = d;/(A/n.e) and d¢, =
d¢/(A/nave). The results are shown in Fig. 2 of Ref. [2],
plotting the total decay rates of the horizontal and vertical
dipoles as a function of d,. The figure suggests that
in this geometry emission from dipoles perpendicular
to the quantum wells (vertical dipoles) can be partially
suppressed compared to emission from dipoles to the
quantum well (horizontal dipoles) provided d;, < 0.5 and
emission from the horizontal dipoles into the lowest-order
mode is maximum at 0.2 < d,, < 0.4. We note that,
in addition, the quantum wells by themselves also have
strongly preferential horizontal dipole emission [7].

Hence, with appropriate waveguide design it is possible
to suppress both the vertical and axial dipole emission so
that only the horizontal dipole emission dominates. The
estimated waveguide dimensions for which this could be
achieved are 0.2 < d,, < 0.4 (to suppress vertical dipole)
and 0.65 < d¢, < 0.85 (to suppress axial dipole and
enhance horizontal dipole emission into the lowest-order
guided mode). The estimation here is sufficient to guide
our initial design. A better estimate could be obtained in
the future by solving for rectangular waveguide modes.
In our experiment, we have n, = 3.3 and n,; = 1 and the
photonic wire fabricated has dg = 0.4A/n,. = 0.18 um
and d¢ = 0.85A/nyye = 0.38 pum.

The emission rates into the radiation modes in Fig. 2
can be seen to undergo resonances, which is due to
the cavity effect formed by the opposite surfaces of
the waveguide [3]. From Fig. 2(b), we see that with
d¢ = 0.751/n4ve about 95% of the spontaneous emission
can be channeled into the lowest-order guided mode. It
reduces to 70% when the cavity resonances are averaged
out and the emissions from the vertical and axial dipoles
are accounted for [3]. Thus, for a ring cavity with
bidirectional lasing in the HE11 mode, the B8 value could
be around 0.35 (70% divided by two directions). This is
much higher than the usual semiconductor laser cavities,
typically with 8 = 107> [1]. It is also higher than
microdisk lasers with B8 = 0.1, which can be achieved
only with a disk diameter smaller than 3 um [4].

In our experiment, InGaAsP/InGaAs epitaxial layers
grown by molecular beam epitaxy on an InP substrate
were used to realize the photonic-wire lasers. The epitax-
ial layers form a 0.19 um thick InGaAsP/InGaAs laser

2679



VOLUME 75, NUMBER 14

PHYSICAL REVIEW LETTERS

2 OCTOBER 1995

FIG. 3. Scanning electron microscope image of a 4.5 um
diameter photonic-wire ring laser with 0.4 um waveguide.

structure. Within the structure, three 100 A quantum
wells (Ings3Gag4,As) were separated by 100 A barriers
(Ingg4Gag 16AS33P067). They were sandwiched by two
700 A Ingg,Gag16As033P 067 layers on both sides.
Nanofabrications involving electron-beam (E-beam)
lithography and reactive ion etching (RIE) were used to
fabricate the lasers. A wafer bonding and backetching
technique described below was used to transfer the thin
ring on top of a low-refractive-index SiO, cladding on
GaAs substrate. First, a 800 A thick Si0, was deposited
on the wafer via plasma-enhanced chemical-vapor depo-
sition (PECVD). E-beam lithography was used to write
the ring laser pattern on PMMA coated on the SiO,
layer. The pattern was transferred down to the SiO, layer
by etching away the unmasked region using RIE with
CHF; etchant gas under 31 mTorr pressure and 60 W
plasma power, and then the PMMA was removed. The
pattern on SiO, then formed the mask for subsequent
etching of the InGaAsP layer. RIE was again used to
etch the rings down vertically through the 0.19 pm thick
InGaAsP/InGaAs epitaxial layers into the InP substrate.
In this step, we used a gas mixture of methane, hydrogen,
and argon with a ratio of 10:34:10 under 45 mTorr and
90 W plasma power. To place the thin ring laser struc-
ture on a low-refractive-index material, the substrate was
removed via the following technique. The RIE etched
sample and a sample of GaAs substrate were deposited
with 0.75 pum thick SiO, using PECVD. The two sam-
ples were then SiO, face-to-face bonded together using
acrylic. Finally, a highly selective etchant (HC1:H;PO,,
1:1) was used to remove the InP substrate, leaving the
ring laser structure on 1.5 um thick SiO, above the
GaAs substrate. Figure 3 shows the photonic-wire ring
laser fabricated with 4.5 um ring diameter and 0.4 um
waveguide width (the waveguide thickness is 0.19 um).

The photonic-wire ring lasers were optically pumped -

with a 514 nm argon-ion laser modulated with 1% duty
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cycle in a vacuum-assisted Joule-Thomson refrigerator at
85 K [5]. The beam was focused with a 40X microscope
objective lens to a size larger than the size of the lasers.
The scattered output light was collected from the top of
each laser via the objective lens. The emission spectrum
was measured with a method similar to Ref. [5].

In our experiment, photonic-wire ring lasers with
4.5 um diameter and waveguide widths of 0.25 and
0.4 um were fabricated. The typical emission spectra
of the photonic-wire laser with a waveguide width of
0.4 pm are shown in Fig. 4, indicating lasing at 1403 nm.
The dashed curve is the spectrum at around threshold
where the peak pump power absorbed by the laser is
approximately 95 uW. The lasing power as a function
of the peak pump power is shown in the inset of Fig. 4.
Its spectral linewidth at 1.5 threshold was measured to
be about 0.5 nm with a spectrum analyzer resolution
of 0.1 nm. The cavity Q value was estimated to be
Q = 300 from the emission linewidth of the enhanced
photoluminescence below threshold near the -cavity
resonance. This corresponds to a waveguide loss of 2%
per round trip due to the average corrugation of around
0.02 xm on the waveguide side walls.

In order to obtain light output, in some variation we
have fabricated a waveguide adjacent to the ring laser as
shown by the dotted line in Fig. 1. We have obtained
light output from the waveguide, and the result will be
published elsewhere.

We found that while the laser with 0.4 wm waveguide
width lased, those with 0.25 um waveguide width did not.
To compare with theory, we see from Fig. 2(b) that when
d, is smaller than 0.65 (d = 0.3 um), the emission into
the lowest-order guided mode is highly suppressed. In
that regime, emission into the radiation mode dominates,
and the B value drops drastically. This large drop in
emission into the lowest-order mode is due to a large
plunge in the photon density of states as shown in the inset
of Fig. 2(b) as well as an increase in the mode area at very
small waveguide dimensions. As the 0.25 um waveguide
has d¢ = dy < 0.65, the laser structure will have a low
B value and low gain, and hence cannot lase. While
the experimental observation is consistent with theory, we
should point out that the increased scattering loss in the
0.25 pum waveguide can also be a factor that affects lasing.

In order to understand interesting operational parame-
ters associated with the photonic-wire laser, we can use
the following laser rate equations [1]:

diz_(zt) = —vl(1) + GI(t) + Ry, ™
%ut(f) = —R — GI(t) + C(1), @

where 1(¢) is the number of photons in the lasing mode.
N,(t) and N,y (r) are the number of gain-medium atoms
or excitons in the excited state (upper level) and ground
state, respectively. The total number of atoms is given
by Ng = N,(t) + Ny(¢t). In Eq. (1), vy, is the photon
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FIG. 4. Spectra of a 4.5 um photonic-wire ring laser with
0.4 um waveguide. The solid line and the dashed line were
measured above (1.5 threshold) and near threshold, respec-
tively. Inset shows the measured lasing power as a function
of peak pump power.

cavity decay rate, G is the gain coefficient given by
G = y.[N, — Ng], and R, is the spontaneous emission
rate into the lasing mode given by R;, = y.N,. In
Eq. (2), C(¢) is the population pumping rate and R is
the total spontaneous emission rate with R = (yon +
yL)N,, where younN, is the spontaneous emission rate
into all nonlashing modes and Yyiot = Yoth + YL is the
total spontaneous decay rate of an excited atom. Note
that G is dependent on B and can be written as G =
Yot B[Nu — N¢], where B = yr/vi. By setting the
time derivatives to zero, these equations can be used
to solve for the steady-state population inversion N,o —
Ngo and the photon number I, as a function of the
pumping rate C. One can then estimate the lasing spectral
linewidth using Av;, = (Gnyp/4mlp) (1 + a?) [8].

For the 4.5 um laser with 0.4 um waveguide hav-
ing a top surface area of Ap = 5 um? we assume a
typical transparency carrier number per unit area of
pu = 1.3 X 10'2/cm? for a single 100 A thick quantum
well giving Ny = 3 X 2p,Ap = 400000 for three
wells. We take vy = 0.3 X 10° sec”!, @ = 3, and
ve =2 X 10" sec™! (for Q = 300) [8]. We obtain a
theoretical laser linewidth of about 0.7 nm for the case
of Fig. 4 at 1.5 threshold, which is close to experimen-
tal observation. It can be shown that Av; scales as
Av; « \/By., which indicates that the large observed
linewidth is consistent with the large theoretical 8 value.
A more detailed comparison between theory and experi-
ment will be a subject of future studies.

In summary, we have demonstrated the photonic-wire
lasers. The laser is formed by a strongly guided single-
mode waveguide with a mode area of 0.02 wm? and phys-

ical dimensions of 0.19 um X 0.4 um. The small mode
area gives a large spontaneous-emission coupling effi-
ciency of around 35%. Theory shows that with proper
choice of waveguide dimensions, the dipole emission can
be highly nonisotropic enabling the dominance of emis-
sion from a single dipole orientation. We found theo-
retically that photonic-wire lasers must have a minimum
waveguide cross-sectional area, below which the 8 value
can become small and lasing will cease. This is consistent
with our experimental observation. The observed lasing
linewidth of 0.5 nm is also consistent with theory. The
laser demonstrated has a mode volume of only 0.27 um?
and a material volume of 1 ,um3, which is around the
smallest laser ever realized. Our experimental realiza-
tion will allow new possibilities to explore the physics
of spontaneous emission, lasing, and carrier dynamics in
nanofabricated waveguides and microcavities.
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