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Photonic Quantum Ring
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We report a quantum ringlike toroidal cavity naturally formed in a vertical-cavity-like active
microdisk plane due to Rayleigh’s band of whispering gallery modes. The

p
T -dependent redshift

and a square-law property of microampere-range threshold currents down to2 mA are consistent
with a photonic quantum wire view, due to whispering gallery mode-induced dimensional reduction.
[S0031-9007(98)08230-1]
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For the last several years, there have been intensive
velopments of microdisk semiconductor lasers of whisp
ing gallery (WG) modes for low-power and high-densi
photonic array applications. These efforts of earlier pho
pumped thumbtack-type WG lasers [1] have been evolv
to photonic-wire lasers [2] and electropumped thumbta
type WG lasers [3,4] of submilliampere threshold curren
In this Letter, we demonstrate a cylindrical vertical-cav
surface-emitting laser (VCSEL)-like diode that exhibi
WG modes with unusual photonic quantum ring (PQ
characteristics such asmA-range threshold currents an
spectral

p
T dependence, in addition to the usual VCSE

mode. We will thus illustrate and analyze the tw
threshold behavior of successive lasings, first the P
and then the VCSEL as well. Indeed, the quantum w
behavior of the PQR is vividly demonstrated in the

p
T -

dependent spectral peak shift data. We note that
quantum-ring-like WG modes are naturally formed in t
circumferential Rayleigh band region [5] of the activ
microdisk of a regular multi-quantum-well VCSEL-like
structure but without any intentional and real quantu
ring patterning.

The PQR device differs from the previous WG lasers [
4,6] in that the vertical confinement is improved by the t
and bottom distributed Bragg reflector (DBR) layers, a
that stripe or segmented top electrodes are used for ver
output coupling. The metal-organic vapor-phase epita
grown device employs a1l thick active layer with four
80 Å Al0.11Ga0.89As quantum wells (QWs), whose detai
have been described elsewhere [7–9]. In the active d
plane, the PQR region is defined by Rayleigh’s bandwid
WRayleigh ­ sfy2d s1 2 neffynd, where the WG mode oc
curs, which is well described in Ref. [10]: Rayleigh’s a
nular band is defined by the active disk’s radiusRs­ fy2d
for outer boundary and the inner reflection pointrin ­
RnMyn, where n is the refractive index of the active
medium andnM is the effective refractive index in azi
muthal direction (nM . neff [1]). The calculated profile
of the annular WG emission based on Rayleigh’s Bes
function analysis is shown in Fig. 1(a) for our device wi
R ­ 7.5 mm. The azimuthal mode number is rather lar
here, M ­ 2pRneffyl ­ 188, and hence the 376 azi
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muthal peaks are not well distinguishable, unlike the intra
cavity axial VCSEL mode patterns being easily resolve
as shown below. The exploded segment, Fig. 1(b), sho
cross sectional details of the1l thick toroidal cavity of
the PQR, formed by the vertical DBRs, together with th
in-plane annular Rayleigh confinement, which then allow
forward and backward helical wave propagations of th
intratoroid WG modes, evanescently leading to the extr
cavity emission in radial direction [8].

We now illustrate unusual two-threshold successive la
ing behaviors with the near-field micrographs of a15-mm-
diameter device as shown in Fig. 2. The annular PQ
emission patterns in Figs. 2(a) and 2(b), exhibiting an o
set of transparency of,3 mA and a threshold of,12 mA,
respectively, correspond to the conventional WG lase
which is extracavity evanescent field emission [1]. Ther
occurs tremendous intensity buildup with increasing in
jection currents so that neutral density filters were use
in taking pictures of Figs. 2(c) and 2(d). Nevertheles
the ring-shape emission pattern and spectral behaviors
main mostly unchanged. As the injection current increas
above the second (VCSEL) threshold level of,12 mA,
the emission of intra-VCSEL-cavity high-order transvers

FIG. 1. Calculated WG mode ring. (a) Annular Rayleigh
band withR ­ 7.5 mm, WRayleigh ­ 0.36 mm, andM ­ 188.
Azimuthal maxima region generates the WG ring while a
other ripples are filtered out with29 dB cutoff in this plot.
(b) An exploded segment shows the effective toroidal structu
of the PQR, whereR is the index-guided outer limit andrin is
the inner reflection limit which may also be reinforced by gai
guiding. The radial evanescent field results from forward an
backward helical traveling waves, and its intensity peaks at
distancet # 1 mm from the outer boundary.
© 1999 The American Physical Society
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FIG. 2. Microscope pictures of the PQR laser. The emissio
is partly blocked due to the stripe electrode. (a)I ­ 3 mA,
where a faint evanescent mode image appears indicating
onset of the toroid transparency; (b)I ­ 12 mA, near the PQR
threshold; (c)I ­ 11.5 mA, right below the VCSEL threshold;
(d) I ­ 12 mA, at the VCSEL threshold.

axial mode with 10-fold rotational symmetry appears [9
We also note that, after the VCSEL threshold, the mod
energies in the toroidal cavity split into intracavity VC-
SEL mode and extracavity PQR WG modes, and that r
cent studies of ultralow threshold VCSELs may have
consider this mode split loss.

We now mention some previous reports [11,12] o
observing WG modes from VCSEL structures with dis
tinguishable azimuthal peak patterns, even though t
observed WG mode patterns, sizewise, seem to be rat
intracavitylike. However, since the reports never discu
the temperature dependence as described below, a di
comparison with our results is impossible. Otherwise, pe
haps due to submicron azimuthal mode spacings, there
been no report of distinguishable WG patterns actua
observed [1,4].

The room temperature CW light-current data for th
PQR device in Fig. 3 were collected by reading spectr
peak intensities that become resolvable forI . 400 mA
with a microprobe made of a tapered single mode fib
and a spectrum analyzer (HP model 70951A). After th
VCSEL threshold, the portion of curve for the PQR emis
sion was not separable from that of the VCSEL, becau
of data overlapping due to a monitoring microscope plac
right above the device. The near-vertical PQR emi
sion, with an off-normal probe angle of,5±, had a spec-
tral linewidth of ,0.5 nm as compared with the VCSEL
linewidth of,0.2 nm. The broadened PQR linewidth due
to peripheral surface roughness will be discussed later.

To distinguish the PQR WG mode from the VCSEL
mode, we present the wavelength shift data for bo
as a function of the device temperature in Fig. 4 [13
n
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FIG. 3. Light-current curves of the PQR and VCSEL mode
We note that data fluctuations occur in the low current reg
especially for the PQR spectral peak measurements.
microprobe for PQR measurements had a collection efficie
of ,20% within a given radial segment. The inset show
typical spectra, atI ­ 5 mA for PQR and at 13 mA for
VCSEL.

It is notable that the spectral shift of the PQR mo
shows a distinct

p
T dependence, while the VCSEL mod

wavelength increases linearly at a rate of 0.07 nmy±C.
The best fits to both curves in Fig. 4 are given aslPQR ­
0.42

p
T 2 18 1 794.3 fnmg and lVCSEL ­ 0.07T 1

794.3 fnmg, respectively. One of the results in Ref. [14
shows linearT dependence for both the index-dominat

FIG. 4. Temperature dependent spectra measured with a
stant injection current,I ­ 12 mA. Circles represent spectra
data for the VCSEL, while squares are for the PQR, indicat
a

p
T dependence.
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spectral change for short resonant cavities like the VCS
and the gain-dominated spectral change for long cavit
like the edge-emitting diode. The previously measur
temperature coefficient of 0.07 nmy±C for the intracavity
VCSEL mode is consistent with the index-dominate
mechanism. On the other hand, the three-dimensio
Rayleigh toroid for the PQR emission is to be classified
a long cavity confining the helical wave propagation alon
the circumference of the active disk, and hence the PQ
emission ought to be gain dominated. The observed sp
tral

p
T dependence then implies a gain-induced lasin

and is best explained by the quantum wire assumpti
i.e.,

p
T -dependent transparency condition [15].

We now pay special attention to the
p

T -dependent char-
acteristics of the PQR because the PQRs would occu
the peripheral region of the four QW active disk, whic
should have a uniform carrier distribution. However, th
observed two-threshold emission behavior indicates a s
nificantly lowered transparency level for the PQR region
seen in Fig. 2(a), compared with that of the central regi
of the QW plane. A possible reason for this is the Raylei
confinement mechanism leading to the three-dimensio
toroidal cavity. This peculiar confinement appears to lim
the number of guided resonant modes drastically, which
turn reduces the amount of energy required for the ove
PQR mode excitation. Moreover, the above situation m
involve a possible universal mechanism of dimensional
duction [16], and is also effectively analogous to the e
hancement of the spontaneous emission factorb, which is
the key interest of the various microcavity structures su
gested such as microdisk, microdroplet, and photonic ba
gap structures [17]. We also note that wavelength shifts
the PQR mode level off in the region ofT $ 40 ±C, which
might solve the nagging problem of the spectral wanderi
due to local device heating associated with typical hig
density laser arrays.

The Rayleigh toroid, associated with the PQR emissi
as described above, is to confine the WG modal ma
folds of the above-mentioned helically twisted travelin
waves. We thus propose a concept of two-dimensio
pseudoquantum rings for providing carriers needed
the excitation of the WG modal manifolds, which woul
take place well below the transparency of the whole Q
plane [18]. In order to estimate the threshold current
the WG emission, we now assume the toroidal structu
of our device as a concentric array of PQRs whose late
characteristic unit length is defined by half the waveleng
(lPQRy2), being much larger than de Broglie’s wave
length, to reflect the nature of paraxial light wave cha
acterized by transverse peaks with a half-cycle interv
For such a pseudoquantum wire, assumed to provide
carriers needed for the individual PQR, the transparen
carrier density is calculated by using a formula [15
Ntr ­ s

p
2mCyp h̄d 3 1.072

p
kBsT 1 273d. The overall

transparency current,I
Rayleigh
tr , can now be calculated by

multiplying the transparency current,I
PQR
tr ­ Ntrpfey

ht, for a single quantum-wire ring with the numbe
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(x) of concentric rings within the active Rayleigh WG
band so that I

Rayleigh
tr ; xI

PQR
tr ­ WRayleighyslPQRy

2neffd sNtrpfeyhtd, wheref is the device diameter,h
the quantum efficiency, andt the carrier lifetime. The ad-
ditional terms [15] due to the intrinsic lossai ­ 5 cm21

[19] and the mirror loss are then included in the fina
expression for the threshold current:

Ith ­ I
Rayleigh
tr 1 Ii 1 Imirror

­

√
pneffeNtrw

lPQRt

!
f2 1

√
pdeaiw

2g0
1Dt

!
f2

1

√
dew ln R21

2g0
1Dt

!
f , (1)

where w ; 1 2 neffyn ­ WRayleighyR is a normalized
Rayleigh bandwidth,d is the active region thickness, and
g0

1D ­ 8 3 10216 cm2 [19] is the differential gain co-
efficient. This formula indicates a square-law property
Ith ~ f2, excluding the relatively small contribution from
the DBR mirror loss. A comparison between experimen
and theory is shown in Fig. 5, and it indeed suggests
excellent agreement except some systematic discrepan
presumably due to substantial scattering losses associa
with microscopically rough peripheral structures [8]. As
the device diameter decreases, the Rayleigh bandwid
WRayleigh also decreases, and in turn the scattering lo
due to the peripheral surface roughness is now more se
ous and thus becomes the dominant loss factor. This lo
affects the observed threshold currents: for instance,Ith ­
2 mA, larger than the calculated valueIth ­ 0.8 mA for
f ­ 6 mm, as tabulated in Fig. 5. The peripheral rough
ness is also related to the broad linewidth of the PQ
mode, 0.5 nm, which is relatively large compared with th
VCSEL linewidth. Refined epitaxy, lithography, and etch
ing processes [9] for smoother cylindrical surface, min
mizing the scattering loss [1,4], will further narrow the
linewidth of the PQR emission like that of VCSELs.

In summary, we have observed ultralow threshold cu
rents of,mA range, and two-threshold successive lasing

FIG. 5. Size-dependent PQR threshold currents. The so
curve is from Eq. (1), and the circles are from PQR thresho
currents measured.
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of the PQR and VCSEL modes, from a toroidal cavity natu
rally formed in a VCSEL-like microcavity structure. We
have also shown the

p
T dependence of the spectral peak

shift and a square-law behavior of threshold currents, co
sistent with the PQR analysis. Further work for lowere
scattering loss is also under way for achieving linewidth
narrowed, submicroampere laser diodes so that the hig
density integration of photonics to electronics become
reality.
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