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Chemically synthesized nanocrystal, CdSe/ZnS (core/shell), quantum dots are coated on the surface
of an ultrahigh-Q toroidal microcavity and the lasing is observed at room and liquid nitrogen
temperature by pulsed excitation of quantum dots, either through tapered fiber or free space. Use of
a tapered fiber coupling substantially lowered the threshold energy when compared with the case of
free space excitation. The reason for the threshold reduction is attributed to the efficient delivery of
pump pulses to the active gain region of the toroidal microcavity. Further threshold reduction was
possible by quantum dot surface-coverage control. By decreasing the quantum dot numbers on the
surface of the cavity, the threshold energy is further decreased down to 9.9 f]. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2387966]

Reduction of laser threshold can be obtained by leverag-
ing large oscillator strength gain media with modern, high-
quality-factor (Q factor)/high-spatial-confinement resonator
designs. Along these lines, two emerging strategies have
been pursued as a means to explore the limits of classical
laser performance. In the first, high-spatial-confinement
(small mode volume) semiconductor microcavities offering
moderate Q factors are loaded with epitaxially grown, self-
assembled semiconductor quantum dots (QDs) with impres-
sive results.' In the latter, whispering-gallery resonators pro-
viding high-Q performance with moderate spatial
confinement have been coated/filled with strongly quantum
confined, semiconductor colloidal dots to also achieve excel-
lent performance.z’4 As a chip-based microcavity providing
O factors in excess of 108, silica toroidal microcavity reso-
nators provide both long photon storage times and improved
spatial confinement over microsphere resonators of compa-
rable size.” The devices are also fabricated at lithographically
predefined locations on a silicon chip which provides addi-
tional benefits over microsphere resonators. Furthermore,
with highly ideal, tapered-fiber coupling, efficient pumping
and laser emission extraction are possible.

Ultrahigh-Q silica toroidal microcavities and tapered-
fiber waveguides are fabricated by the procedures published
carlier.” The waist diameter of the tapered-fiber center can be
adiabatically reduced down to around 1 wm allowing pump
pulses to be coupled evanescently to the toroidal microcav-
ity. CdSe/ZnS (core/shell) QDs of high photoluminescence
quantum yield (>50%) are similarly synthesized as pub-
lished previously’ [Fig. 1(a)]. The QDs are dispersed in tolu-
ene and spin cast on toroidal microcavities. Typical QD
thicknesses explored in this work were a few densely packed
layers down to ~0.3% (submonolayer) surface coverage.
Surface coverage was estimated from spectrophotometric
measurements of the solutions that have retrieved QDs from
the spun-cast wafer surfaces.® (There can be errors in count-
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ing the number of QDs on the active area of the toroidal
microcavity. However, the order of magnitude estimation can
be obtained with this method.) Figure 1(b) shows the sche-
matic experimental setup. Figure 1(c) shows a scanning elec-
tron microscopy image of a representative QD cast toroidal
microcavity with a minor/principal diameter of 5/60.6 um.
The lasing emission is bidirectionally coupled out of the cav-
ity [Fig. 1(d)] and measured at one end of the tapered fiber
either by a streak camera with a time resolution of 20 ps or
by a liquid-nitrogen-cooled charge coupled device (CCD)
spectrometer.

To understand the loading conditions affecting pump and
signal coupling, we studied the effect of QD surface cover-
age on the total intrinsic Q factor of the toroidal microcavity.
The intrinsic Q will be affected primarily by QD absorption
at a particular wavelength as well as Rayleigh scattering
caused by the discrete nature of the QDs as dielectric nano-
particles (Qy' =05 +07L,...). Figure 2 shows the theoretical
intrinsic Q factors (based on measured absorption and scat-
tering parameters) for two surface-coverage densities. The Q
factor in the absence of QDs is assumed to be in excess of
108. (The adsorbed water molecules on the surface have a
negligible effect on Q factor at the visible wavelength.g) At
wavelengths well above the absorption band of the QDs, the
Q factor is QD scattering limited as illustrated by Oy ,er
o« N7, However, at the pump wavelength the Q factor is
absorption limited and estimated to be in the range from 2
X 10* to 3 X 10° depending on the coverage density [Q;blS
*Nogp(Mngpl'(N), where ogp(N), ngp, and I'(\) are QD
absorption cross section,, QD concentration, and modal
overlap factor calculated from the normalized QD concentra-
tion profile and mode intensity pattern of the toroidal micro-
cavity, respectively]. The measured intrinsic Q factor at
682 nm is 1.2 X 107 for low coverage density (~0.3%) and
is consistent with a scattering limited Q as inferred from the
model.

Pulsed excitation is used for all experiments to avoid the
Auger process that competes with stimulated emission'® in
the strongly confined regime. The pulse is frequency doubled
to 388 nm from a mode-locked Ti:sapphire laser having a
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FIG. 1. (Color) (a) Absorption and photoluminescence spectra of QDs in
hexane solution. The nanocrystal diameter is estimated to be ~2.6 nm. (b)
Schematic experimental setup of a tapered-fiber-coupled, toroidal microcav-
ity, nanocrystal QD laser. Pump pulses are coupled to the microcavity and
lasing pulses are bidirectionally emitted through the tapered fiber. Pulse
repetition rate is 80 MHz and pump wavelength is 388 nm. The output
emission is collected either by a streak camera or by a high-resolution,
liquid-nitrogen-cooled, CCD spectrometer. (c) Scanning electron micro-
graph of QD spin-cast toroidal microcavity. The principal diameter of the
toroidal microcavity is ~60.6 um. (d) Optical micrograph of a tapered-
fiber-coupled, toroidal microcavity, nanocrystal QD laser showing QD emis-
sion from the whispering-gallery mode. Tapered fiber and toroidal micro-
cavity are kept in contact during pumping.

pulse width of <100 fs and a repetition rate of 80 MHz.
Optimal pump coupling resulted when tapered fiber and tor-
oidal microcavity were in contact. This arrangement indi-
cates the presence of strong pump-band absorption provided
by the QDs. Based on measured pump coupling (10%-30%)
and the estimated pump Q factor (see Fig. 2), the waveguide-
resonator loading is in the undercoupled regime. Further-
more, the absorption-limited pump-band Q is so low so as to
enable efficient coupling of even short pulses, which them-
selves are spectrally broad (for toroidal cavities used here,
there exist many higher-order modes at the pump wavelength
in addition to the fundamental pump mode and the presence
of these modes with low Q factors can result in an improved
coupling). Depending on the sample, both single mode and
multi mode lasings have been observed. Representative
single mode lasing is shown in Fig. 3(a) with the lasing peak
at 579 nm. Figure 3(b) shows a multimode spectrum at
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FIG. 2. Theoretical total intrinsic Q factors for two different surface cover-
ages of QDs on a toroidal microcavity (circle/rectangle—high/low cover-
age). QD scattering-limited Q factors (dot/dash-dot—high/low coverage)
and absorption-limited Q factors (solid/dash—high/low coverage) are also
shown.

slightly higher pump excitation. The measured mode spacing
of approximately 5 nm is larger than the next-nearest neigh-
bor spacing (~1 nm) and is consistent with spectral hole
burning in the gain distribution."’ The lasing spectra are ob-
tained by integrating 50 ps windows after each excitation
pulse. To demonstrate the improved laser efficiency obtained
by using a tapered-fiber coupling, free space excitation of the
toroidal microcavity QD laser was conducted. Figure 4(a)
shows typical data for the output emission power as a func-
tion of free space pump excitation energy (L-L curve) at
77 K and room temperature. It is worth noting that the
threshold energies are not very sensitive to the temperature
change. This is a characteristic of QDs in strong confinement
regime and is in contrast to other epitaxially grown large
QDs. For comparison to the free space pumping case, Fig.
4(b) shows an L-L curve measured using a tapered-fiber-
coupled QD laser at room temperature with other conditions
kept identical. A threshold energy (~1 pJ, in the left panel)
is measured and represents a reduction by a factor of ~2600
when compared to the free space excitation case. This reduc-
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FIG. 3. Single mode and multimode lasing spectra from tapered-fiber-
coupled toroidal microcavity QD lasers. Spectra are integrated over a time
window of 50 ps after each pulse excitation. (a) Single mode lasing spec-
trum. (b) Multimode lasing spectrum.
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FIG. 4. L-L curves from toroidal microcavity nanocrystal QD lasers and
threshold energies from tapered-fiber-coupled toroidal microcavity QD la-
sers with varying number of QDs in the active region (output emission
powers for different concentration samples are not related to each other). (a)
L-L curves from toroidal microcavity QD lasers excited via free space
pumping. Two L-L curves are shown for two different temperatures (77 and
293 K). (b) L-L curves from toroidal microcavity QD lasers excited via
tapered-fiber coupling. Output emission power plotted as a function of input
pump energy at the tapered-fiber microcavity junction for three samples with
different numbers of QDs in the active gain region. For a sample with
~2000 QDs in the active region, an ultralow threshold energy of 9.9 fJ is
observed. For clarity, the L-L data curves are repeated (rightmost panel)
with a magnified pump/emission scaling (corresponding to the boxed area in
the center panel). (c) Plot of experimentally obtained threshold pump ener-
gies as a function of estimated number of nanocrystal quantum dots in the
active region of the toroidal microcavity. The theoretical limit to pump
energy provided by the transparency condition is denoted by a slanted line.

tion of threshold energy can be explained by the more effi-
cient delivery of pump energy to the QD gain region as com-
pared to the free space excitation case.

We next studied the effect of reducing the number of
QDs on the threshold. By decreasing the number of QDs in
the active gain region, two benefits can be obtained. First, the
cavity Q factor is increased by reducing QD-related contri-
bution to scattering/absorption loss (Fig. 2) and this in turn
reduces the required optical gain to achieve threshold. Sec-
ond, and most important, the transparency condition is low-
ered in proportion to the numeric reduction in QDs within

Appl. Phys. Lett. 89, 191124 (2006)

the gain region. Concerning this latter effect, the threshold
pump energy consists of both a transparency component and
a “gain” component. Optimization of threshold therefore re-
quires a balance of these two components that can be
achieved experimentally through variation of the QD num-
ber. To test for an optimum threshold, two other samples
having a decreased number of QDs [Fig. 4(b)] were mea-
sured. Threshold pump energies of 42.4 and 9.9 fJ are ob-
tained for ~20000 and ~2000 QDs within the active region.
In Fig. 4(c) the measured threshold pump energies are plot-
ted as a function of the estimated number of QDs in the
active region. For comparison, the theoretical lower bound
on threshold energy provided by the transparency condition
is also plotted. It is apparent that for decreasing QD number
the measured threshold and lower bound begin to diverge.
This can result from two mechanisms. First, as already
noted, the gain component of pump energy will ultimately
become a significant fraction of pump energy with decreas-
ing QD number. Second, with decreasing QD number the
pump-band Q factor will increase, thereby reducing the effi-
cacy of pump coupling.

These observed improvements in laser threshold demon-
strate the effectiveness of colloidal QDs as a tool to explore
the limits of laser performance in the strongly confined re-
gime, and, in addition, the utility of tapered fiber coupling. In
addition, from a fundamental viewpoint, the measurement of
9.9 1] is a record low threshold for strongly confined QDs
and is close to the transparency bound for operation in this
regime. Significantly, this result is obtained for room tem-
perature operation, a result of using the strongly confined
quantum dot lasing medium. More generally, the ability to
coat microresonators on a chip with semiconductor nano-
crystals can open up use of other nanocrystal surface func-
tionalizations for operation in the visible/infrared or poten-
tially for sensing applications.
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