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Abstract: Sources of coherent, monochromatic short-wavelength infrared
(1-2 um) light are essential in telecommunications, biomedical diagnosis,
and optical sensing. Today's semiconductor lasers are made by epitaxial
growth on a latticeematched single-crysta substrate. This strategy is
incompatible with direct growth on silicon. Colloidal quantum dots
synthesized in solution can, in contrast, be coated onto any surface. Here we
show a 1.53 um laser fabricated using a remarkably simple process: dipping
aglass capillary into a colloidal suspension of semiconductor quantum dots.
We developed the procedures to produce a smooth, low-scattering-loss film
inside the capillary, resulting in a whispering gallery mode laser with a
well-defined threshold. While there exist three prior reports of optical gain
in infrared-emitting colloidal quantum dots [1, 2, 3], this work represents
the first report of an infrared laser made using solution processing. We also
report din./dT, the temperature-sensitivity of lasing wavelength, of
0.03 nm/K, the lowest ever reported in a colloidal quantum dot system and
10 times lower than in traditional semiconductor quantum wells.
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OCIS codes. (140.5960) Semiconductor lasers; (160.3380) Laser materials, (999.999)
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1. Introduction

Semiconductor lasers are widely employed throughout telecommunications, information
storage, medical diagnostics [4], and remote sensing [5]. Gain is provided in these devices
using quantum wells, wherein electrons and holes are confined along one axis, yielding a step-
like density of states. By creating a sharper joint density of states [6], quantum confinement
contributes to improving the temperature stability of such lasers and lowers their laser
thresholds.

Confining carriers in additional dimensions, resulting in quantum wires (2D) and quantum
dots (3D), further concentrates the density of states at the band edge. In quantum dots, atomic-
like states spaced by much more than the thermal energy kT should produce a peak gain
wavelength which does not depend on KT, thus producing a laser whose emission wavelength
depends only very weakly on temperature. Additionally, since the ground state energy and
level spacing depend on quantum dot diameter, a single materials system can in principle be
tuned, through control over dot diameter, to produce luminescence and gain a a range of
selected wavelengths.

Quantum dots grown epitaxialy using I11-V compound semiconductor materials generally
have large diameters compared to the Bohr exciton diameter. As aresult, their atom-like states
are closely spaced, standing in the way of producing a temperature-insensitive lasing
wavelength, and militating against significant size-effect tuning. Additionaly, epitaxia
growth necessitates high temperatures, the use of dangerous gases such as arsine, and relies on
a very specific choice of lattice mismatch relative to the substrate that is highly restrictive
with respect to direct-growth on silicon.

In contrast, colloidal quantum dots have been synthesized with excellent monodispersity
(< 5%) over average diameters ranging from 1 to 10 nm. Small-radius dots exhibit very strong
guantum confinement, producing levels spaced by hundreds of meV, much greater than KT at
room temperature. In the PbS materials system, for example, controlled variation in colloida
dot diameter from 1 to 10 nm produces excitonic absorption peaks tunable between 850 nm
and 1800 nm [7]. Colloidal nanocrystals are - in stark contrast with epitaxially-grown
semiconductors-solution-processable. They are thus compatible with a wide range of
substrates from crystalline to amorphous, rigid to flexible. Integration with silicon
microphotonic components, for example, provides a natural route to monolithic integration of
high-performance electronic and photonic components[8].
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Optical gain [9] and lasing operation [10] from colloidal quantum dots have been
demongtrated in visible light-emitting materials systems. Infrared gain has been shown in
guantum dot nanocrystals[1, 2, 3, 11]. However, lasing has never previously been reported in
such systems. PbS and PbSe, |ead-salt quantum dots employed in previous reports of infrared
gain, both exhibit symmetric energy band structures[12] with an 8-fold degeneracy of thefirst
excited state. Four excitons are therefore needed to give rise to population inversion,
compared to only one exciton in the CdSe systems. As a further challenge, Auger
recombination, in which an electron-hole pair recombines non-radiatively with the energy
transferred to a third particle, increases exponentially with decreasing bandgap. Therefore, in
the lead-salt systems Auger recombination is expected to be very efficient compared to larger-
bandgap systems such as CdSe.

In the present work, we first sought to find process conditions that resulted in optical gain
in colloidal quantum dots. We then fabricated films from these materials and identified
process conditions that resulted in sufficiently low-loss waveguides. Only then did we
fabricate whispering gallery mode structures which combined gain and feedback. In these
structures we observed a sharp pump power threshold and the corresponding emergence of a
sharp spectral line at 1.53 um. This work represents the first report of infrared lasing from
solution-processed materials.

2. Optimization of colloidal quantum dotsto achieve infrared optical gain

Figure 1 illustrates the challenges associated with achieving lasing in the infrared materias
system chosen and suggests a strategy for facing these challenges. Our PhS nanoparticles
were synthesized according to Ref. 13 and dispersed in hexane. As synthesized, the
nanoparticles were capped with oleic acid ligands. The linear absorption spectrum exhibits
[Fig. 1(a) bottom] an excitonic peak at 1480 nm (1S electron-hole transition) and 1P transition
a 1000 nm. When the nanocrystals are optically pumped high above the bandgap,
photoluminescence appears at about 60 nm red-shifted with respect to the 1S absorption peak.
The photoluminescence quantum efficiency of this nanocrystal solution was estimated to be
30%. Carrier dynamics in the PbS nanocrystals were investigated using transient absorption
measurements. The nanocrystal solution was excited using 2 ps pulses (1 kHz, 800 nm) and
probed using 2 ps pulses from a continuously-tunable infrared optical parametric amplifier.
Following excitation, the carriers relax such that they bleach the 1S transition within the 3 ps
time-resolution of the experimental setup. The carriers subsequently recombine through Auger
processes with a typical time constant of tens of picosecond and on longer timescales through
radiative recombination. Unlike in CdSe nanocrystal systems [14], no photoinduced
absorption was observed. The 0.8€V photon energy of interest in this work does not,
therefore, excite band-to-continuum transitions in the PbS materials system, in contrast with
the 2 eV photon energy used in CdSe.

Transparency is reached when the absorption change, Ao, equals the linear absorption ok.
We fixed the delay between pump and probe to 2 ps and varied the pump power, and
investigated a number of probe wavelengths in the vicinity of the 1S excitonic and
photoluminescence emission peaks. We employed a wobbler to minimize local heating. The
relative change in absorption increases linearly at small pump fluences and begins to saturate
at about 1.2 mJ¥em? [Fig. 1(b)]. While the absorption at the 1S excitonic peak does not reach
transparency, the absorption at 1570 nm turns into gain at a pump threshold of 7.8 mJ/cm?. At
this wavelength the absorption of hexane has a minimum value [Fig. 1(a) top]. Gain was also
observed on the low energy side of the photoluminescence peak [1] in the case of PbSe in
hexane. From the saturated gain value of 7% at 1570 nm an optical gain coefficient of
~5x10™ cm™ can be estimated for this nanocrystal/hexane solution. This value is a lower limit
for the gain coefficient of nanocrystals in solution since hexane absorption not only increases
the transparency threshold, but also reduces the measured gain values. Extrapolating the gain
percentage to solid nanocrystal thin films, in which the linear absorption can reach
magnitudes of hundreds inverse centimeter, a gain coefficient of tens inverse centimeter can
be expected.
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Fig. 1. (8) Room temperature absorption and photol uminescence spectrum of PbS nanocrystals
in a hexane solution (bottom) and absorption spectrum of hexane (top). (b) Pump power
dependence of normalized absorption changes (-Ao/ow) measured at the exciton absorption
peak and on the red side of the photoluminescence peak as indicated in Fig. 1(a). At 1570 nm,
where there is a minimum in the hexane absorption spectrum, the relative absorption change
becomes larger than 1 for a pump fluence of 7.8 mJ/cm? and optical gain is obtained.

3. Identification of conditions needed to achieve net modal gain

We observed a modest degree of population inversion. This led to two crucial conclusions
with respect to the design of alaser and the minimization of its threshold fluence:

1) It would be essential to maximize the density of quantum dots per unit volume in
order to maximize the material gain of the system for a given level of inversion. We
therefore pursued a strategy based purely on quantum dots with no matrix. We also
developed a procedure to replace long oleic acid ligands with short butylamine
ligands to enable a maximum of close packing. In this way, we increased the packing
fraction from less than 20% (oleic acid) to more than 30% (butylamine).

2) It would be necessary to minimize the surface roughness of quantum dot films. We
developed process conditions, based on the choice of solvent, the nanoparticles
surface ligands, and the concentration of the nanoparticles in solution, aimed at
producing smooth films, and monitored waveguide losses as a function of these
processing conditions. We therefore aimed to achieve scattering losses less than
10 cm™, based on our estimate of the material gain achievable in a highly-packed
nanocrystals thin film experiencing a modest degree of inversion.

It would be necessary to use a high-Q cavity to maximize the photon lifetime and reduce
the laser build-up time and threshold fluence. Ring cavities have shown quality factors of
more than 10° [15] which are several orders of magnitude higher than Fabry-Perot cavities
[16]. In aring cavity whispering gallery modes (WGMSs) propagate around the outer edge of a
high index material (nanocrystal film) through total internal reflection, with some of their
modal energy extending into the low index outer material (glass) (see Fig. 3(a) for a schematic
drawing). If a thin film is used as the high-index medium, the propagating mode will be
confined by not only the interface between the nanocrystals and glass but also by the interface
between the nanocrystals and the inner medium (air). Therefore, not only scattering losses
inside the thin film and bend losses due to the curvature of the ring resonator, but also
scattering losses from the nanocrystal-air interface could reduce the ring cavity's Q-factor.
Microrings can be patterned on silicon substrates in close vicinity to a microfabricated
waveguide [17]. Light within the ring is subsequently amplified by the nanocrystals that fill
the inner part of the ring and efficiently coupled to the waveguide through evanescent wave
coupling, thus generating CMOS compatible coherent light in a waveguide.
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4. Fabrication and characterization of optical waveguide made from solid thin films of
pure quantum dots

To monitor scattering loss, we employed the shifting excitation spot (SES) technique [18] for
which the experimental setup is schematically shown in Fig. 2(a). Here, the waveguided
photoluminescence, generated by a small excitation spot that moves across the thin film, is
described by the Lambert-Beer law. The 1.14 um thick nanocrystal film was created by spin-
coating a chloroform solution of butylamine-capped nanocrystals onto a substrate of 5um
thermal oxide on silicon. In this configuration, the generated photoluminescence is confined
inside the nanocrystal film since its refractive index is 1.7-1.85 compared to ~1.5 for the
thermal oxide, whose thickness is large enough to avoid evanescent leakage into the silicon
substrate. In addition to the increased packing fraction, butylamine-capped nanocrystals have
the advantage of producing thick films (up to several microns) of high optical quality with a
surface roughness of less than 10 nm as measured with an atomic force microscope. A sharp
edge was created by cleaving the sample in half. Scanning electron microscope images of
similar samples revealed that the cleaved edge propagated through the height of the
nanocrystal slab waveguide, creating a relative smooth edge. The best quality edge was
chosen by employing a high magnifying infrared camera that identified regions with lowest
scattering intensity.

As a function of distance from the edge, the blue side of the photoluminescence peak is
absorbed [(Fig. 2(b)], while the intensity at the far red side, where there is no nanocrystal
absorption, is near constant. The photoluminescence intensity as function of the distance of
the excitation spot from the edge reveals a single exponentia decay [Fig. 2(c)] from which the
absorption coefficient is obtained. At shorter wavelengths the absorption coefficient obtained
from the SES data does not correspond to the values obtained in transmission measurements
[Fig. 2(d)] due to the resolution of the SES experiment. However, at longer wavelengths the
values do agree with each other and reveal awaveguiding loss of less than 10 cm™. This loss
figure is not influenced by scattering from the imperfect cleaved edge. Losses from Rayleigh
scattering due to the ~4.5 nm diameter PbS nanocrystals were calculated to be less than
1 cm™, thus indicating that scattering losses from the nanocrystal-air and nanocrystal-thermal
oxide interfaces are the main contributors to the waveguide losses. Therefore, to redlize a
nanocrystal laser it isimperative to ensure high quality interfaces.
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Fig. 2. (a) Schematic drawing of the Shifting Excitation Spot (SES) setup, in which the position
of the pump spot on the nanocrystal (NC) film is shifted with respect to the edge of the sample
from where the photoluminescence (PL) is collected (b) Guided photoluminescence spectra of
a1.14 um thick butylamine-capped PbS nanocrystal film, when pumped at various distances, z,
from the sample edge (c) Change in guided photoluminescence intensity as a function of
excitation spot position at wavelengths of 1220 nm, 1340 nm and 1465 nm. (d) Absorption
coefficient obtained when the SES datais fit to the Lambert-Beer law. At short wavel engths the
SES data is not following the absorption spectra obtained from transmission measurements due
to the resolution of the setup, while at long wavelengths, where there is no nanocrystal
absorption, waveguide | osses of less than 10 cm™ are measured.

5. Observation of lasing operation of infrared colloidal quantum dot devices

The low waveguiding losses and the presence of optical gain in PbS nanocrystal quantum dots
demonstrate the feasibility of fabricating alaser. To establish lasing action, the inner wall of a
fused-silica microcapillary (Polymicro Technologies; inner diameter: 75 um) was coated with
a solid thin film of butylamine-capped nanocrystals (~5.5 nm diameter), by dipping the
capillary into the nanocrystal solution and subsequently force the solvent to evaporate. Images
from an optical microscope show that the film thickness is less than 1 um [Fig. 3(b)]. The
capillary was mounted onto a cold finger of a liquid nitrogen cryostat with Cryocon thermal
conductive grease and pumped with 2 ps pulses (1 kHz repetition rate) at 800 nm. The emitted
light from the nanocrystals was collected with a 10 cm focal length lens positioned at an angle
of ~20 degrees with respect to the incident pump beam; the collimated light was directed to a
grating monochromator and detected by a liquid-nitrogen-cooled Ge detector. The thin
nanocrystal coating was within 10% uniform in thickness over a length of 300 um, confirmed
by monitoring the photoluminescence efficiency when trandating the capillary along its
longitudinal axis.

#9910 - $15.00 USD Received 9 December 2005; revised 28 March 2006; accepted 30 March 2006
(C) 2006 OSA 17 April 2006/ Vol. 14, No. 8/ OPTICS EXPRESS 3278



WMs

WGMs

NC film  glass

Fig. 3. (&) Schematic drawing of microcapillary tube with a solid nanocrystal thin film on the
inner wall. The inner diameter of the fused silica capillary is 75 um and the outer diameter is
360 um. (b) Cross-section optical microscope image of a typical microcapillary tube with a
solid nanocrystal thin film on theinner wall with a width of lessthan 1 um.

Upon cooling, the absorption spectrum remains essentially fixed [12], while the below-
threshold photoluminescence peak red-shifts, increasing the Stokes shift to almost 200 nm at
80 K [Fig. 4(a)]. The emission efficiency increases as a result of an increased energy transfer
rate from smaller to larger dots in which Auger processes are less efficient compared to
smaller dots [19]. Energy transfer is possible since the packing fraction of butylamine capped
nanocrystals is very large, ensuring exciton wavefunction overlap with more quantum dots.
Also, at lower temperatures Auger recombination rates are less efficient, thus increasing the
probability of energy transfer.
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Fig. 4. (8) Absorption spectrum and normalized (bel ow-threshold) photoluminescence spectra
at room temperature (dash) and 80 K (dot) of the nanocrystals used as gain mediumin a 75 um
diameter microcapillary. The increased Stokes shift at lower temperatures is a result of an
increased energy transfer rate from smaller dots to larger dots. Also shown is the emission
spectrum of the microcapillary laser when pumped above threshold at 80 K (note the scale is
made 30x smaller than the photoluminescence spectrum at 80K). (b) Pump fluence
dependence of the nanocrystal emission from the microcapillary laser at the central lasing
mode wavelength of 1532 nm operating at 80 K. A clear sharp threshold can be observed, with
athreshold fluence of 177 uJcm?. The insets show the emission spectra at the corresponding
pump powers, clearly demonstrating the appearance of a narrow lasing peak centred at
1532 nm.

#9910 - $15.00 USD Received 9 December 2005; revised 28 March 2006; accepted 30 March 2006
(C) 2006 OSA 17 April 2006/ Val. 14, No. 8/ OPTICS EXPRESS 3279



The photoluminescence signal of the nanocrystals linearly increases with pump fluence
and eventually saturates. In different nanocrystal samples we observed neither spectra
narrowing nor a nonlinear increase of the photoluminescence in the absence of optical
feedback even for pump fluences in the mJcm? range. In contrast, the nanocrystals inside the
capillary exhibit a clear threshold behavior at 1532 nm, where a narrow peak arises [Fig. 4(b)]
at a pump fluence of 177 uJcm?. Here, the optical gain is larger than the losses and laser
oscillation commences, with a lasing wavelength that is slightly on the blue side of the low
temperature photoluminescence peak [Fig. 4(a)]. A further increase of the pump fluence
results in a linear increase of the lasing signal and a small increase of the lasing bandwidth
(Fig. 5).

Not only do WGMs exist in the capillary, but aso waveguiding modes can be supported
both aong the capillary and around the nanocrystal film. Only the WGMs that experience
feedback can achieve true lasing action, whereas all other modes can only sustain amplified
spontaneous emission. Therefore, a combination of lasing and amplified spontaneous
emission is expected within the capillary when pumped above threshold. In addition, both
waveguiding modes around the film and non-feedback WGMs will exhibit slight differences
in mode position and spacing in the optical spectrum. Therefore, the lasing modes will not be
sharply-defined as can be seen in Fig. 5. However, a mode spacing of ~5.9 nm can be
observed, which corresponds to a modal index of ~1.7. Butylamine capped nanocrystals in
solid film have a refractive index of 1.7-1.85. The WGMs are therefore well-confined to the
nanocrystal film. At different positions along the capillary, lasing action was observed at
wavelengths varying from 1530 nm to 1560 nm, thought to be caused by non-uniformities of
the nanocrystal film.

No significant hysteresis effects were observed in the laser spectrum or emission intensity
as a function of pump fluence. The laser emission was stable over the course of hours, but

degraded for pump fluences of more than 250 uJ/cn?.
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Fig. 5. Typical lasing spectrum of the PbS nanocrystal microcapillary laser at liquid nitrogen
temperatures for pump fluences of 200 uJcm? (dotted line) and 300 pJcm? (solid ling)
displaying the increase of lasing modes with pump fluence. At a pump fluence of 300 pJ/cn?, a
WGM profile can be observed with a corresponding modal index of ~1.7. (inset) Shift of the
central lasing wavelength as function of temperature, with respect to the lasing wavelength at
80 K. An average red-shift of 0.03 nm/K (solid line) can be observed from 80K to the
maximum operating temperature of 250 K.

Auger recombination and the temperature-dependence of efficient energy transfer to larger
dots are expected to make the above-threshold slope of the laser emissions temperature
sensitive. Increasing the temperature of the capillary subsequently resulted in a dramatic
increase of the lasing threshold to several mJcm? at 250 K. No lasing action was observed
above this temperature. Despite the temperature-dependence of the lasing threshold, the lasing
wavelength red-shifted at an average rate of 0.03 nm/K with increasing temperature (inset of
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Fig. 5). Thisrateis 10 times smaller than the spectral shift in quantum well lasers and twice as
low asin epitaxial quantum dot lasers[20].

The fast depopulation of the excited state by Auger processes limit the time of lasing
operation. When the nanocrystal cavity is pumped by an ultrashort pulse, the laser ceases to
oscillate as soon as the gain turns into absorption. The corresponding characteristic lasing
lifetime can be obtained by a single wavelength pump-pump experiment, where each pump
beam is kept below lasing threshold and the integrated lasing signal is monitored while the
time-delay between the arrival of the two pump beams is varied. For a combined pump+pump
power of 1.1x threshold, the lasing signal exhibits a rapid decay with a characteristic time of
about 10 ps. Increasing the combined power to amost 2x threshold increases the lasing
lifetime to almost 40 ps. These times are considerably longer than the ~1 ps roundtrip time of
the WGMs.

6. Summary

This work presents the first solution-processed infrared laser. We first demonstrated that
colloidal PbS nanocrystal quantum dots suspended in a hexane solution exhibit optical gain.
In addition, solid thin films made from these nanocrystals produce waveguides with high
optical quality, attested to by low waveguide losses of less than 10 cm™. These waveguides
were fabricated with nanocrystals that have very short ligands to increase the packing fraction
of the dots. With a decreased inter-particle spacing there is a higher probability for energy
transfer from smaller to larger dots to occur. At reduced temperatures, Auger processes
become less efficient and energy transfer becomes predominant, which increases the carrier
population around the gain spectrum. This process step was essential to obtain whispering
gallery mode lasing action around 1.55 um from a colloidal PbS nanocrystal solid film on the
inner circumference of a glass capillary. An important observation was the temperature
insensitivity of the lasing wavelength over a range of 170 K. This demonstration of lasing
from colloidal quantum dots in the infrared opens up the possibility of using these CMOS
compatible materials in telecommunications applications. In addition, quantum information
processing in the infrared can be realized once single-dot lasing can be demonstrated.
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