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Room-temperature gain at 1.3 um in PbS-doped glasses
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We report on room-temperature optical gain at the ground exciton transition of PbS
quantum-dot-doped glasses while optical pumping into the next-higher exciton resonance. The
material gain in the quantum dots is as large as 80%cifihe dot-size selective excitation provides
tunability of the optical gain. This is demonstrated by tuning the gain from 1317 to 1352 nm by
changing the pump wavelength from 900 to 980 nm. 1@99 American Institute of Physics.
[S0003-695(99)00146-1

A major advantage of semiconductor-doped glasses ovanal treatment schedules, which result in different average
epitaxially grown structures is that glass is an inexpensivalot sizes. The strong quantum confinement in these struc-
and robust material. Recent improvements in the manufadures is clearly observed in the large blueshift of the
ture of quantum dot$QDs) embedded in glassy matrices 1s-absorption resonance with decreasing dot size. The ap-
have resulted in structures with more uniform-size distribupearance of defined subbanded peaks in all absorption spec-
tion; fewer vacancies, substitutional defects, and danglingra demonstrate the high quality of our samples and the rela-
bonds; higher dot concentration; and reduced photodarkertively small size distribution of the PbS QDs. The average
ing. As in epitaxially grown QD structures, the three- radii R of the QDs are deduced from fitting the spectral po-
dimensional quantum-confinement effects in the incorpositions of the lowest-energy absorption peaks, which have
rated semiconductor QDs allow for tailoring the linear andbeen determined from the first derivative of the absorption
nonlinear optical properties of these materials. Thus, semispectra shown in Fig. (&), to the calculated d-transition
conductor quantum-dot-doped glasses are very promisingnergies.Here, we used the analytical hyperbolic baHiB)
candidate materials for photonics applications and may havaiodel® which phenomenologically includes the nonparabo-
niche applications relative to the complicated and expensivécity of the band structure and provides very good estimates
epitaxially grown structures. for the 1s-transition energies. Figurgd) compares the cal-

In this letter, we report on room-temperature optical gainculated dot-size-dependent energies of theatid Ip transi-
in PbS quantum-dot-doped glasses in the communicatiorfion with the measured absorption maxima. As we can see,
wavelength region. When pumping into the first-excited ex-when the HB model is used to fit thes‘transition energy,
citon transition, optical gain is observed in the vicinity of the the 1p-transition energy is slightly underestimated.
ground exciton resonance. We demonstrate that the spectral TO investigate the dynamics of the nonlinear absorption,
position of the peak gain can be changed from 1317 to 135%€ performed two-color pump—probe experiments. In these
nm by tuning the pump wavelength between 900 and gg@xperiments, we used orthogonally polarized 130 fs pulses
nm, a wavelength range which is accessible with InGaAgvhich are independently tunable in frequency. Pump and
laser diodes. This tunability relies on the strong carrier conprobe pulses are obtained from two optical parametric am-
finement and the inhomogeneous broadening in the sampifiers, which are synchronously pumped by one regenera-
due to dot-size fluctuations, whereas the actual spectral widdive Ti:sapphire amplifier at a repitition rate of 1 kHz. The

and position of the gain is given by the pump pulse. zero time delay and the time resolution are given by the cross
In our experiments, we used PbS quantum-dot-doped

glasses which were fabricated by a thermal treatment of an @ 1.7

oxide molten glasS.In this method, the subsequent thermal 3 F\R=47omf = 0.8

treatment of the melted glasses precipitates the microcrystal- 8 M = <

line phase. PbS quantum-dot-doped glasses exhibit strong  § &'\'/\2.3 ol B 122

three-dimensional quantum-confinement effects at moderate & 512 ?

nanocrystal size because of the large bulk exciton Bohr ra- 2 27mm | 2 | &

dius ofag~18 nm. This, combined with the small band-gap < 2.5 0m = l.g [ 0.7

energy of 0.41 eV(room temperatupeof PbS, allows for P E—

tuning the ground exciton absorption from the visible to 3 Wg\(/)elelzilsgtl%&m) Radius (nm)

um. Figure 1a) shows the room-temperature absorption
spectra of PbS-doped glasses fabricated with different theiFIG. 1. (a) Room-temperature absorption spectra of PbS quantum-dot-
doped glasses with different dot radi (b) Calculated %- (solid line) and
1p-transition (dashed ling energies; opertfilled) circles; position of first
3Electronic mail: wundke@u.arizona.edu (secondl absorption peaks ifa).
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FIG. 2. Dynamics of the nonlinear absorption for the sample ith 0.0 0.1 0.2
=2.7nm, (a) probe at 1317 nm, which is at thes-hbsorption peak, with a Absorbance ad Radius (nm)

pump fluence of 4 mJ/ctrand pumping at 900 nnil), which is at the

1p-absorption peak, or pumping at 980 ), which is on the low-energy  FIG. 3. (a) Absorption spectrum of the sample wikh=2.7 nm and pump
side of the p-absorption peaksee Fig. 83)]; (b) probe at 1352 nm and  and probe pulses of Fig. (1. (b) Calculated - (open circles and
pump at 980 nm with pump fluences of 4 mJfcft) or 2 mJ/c (2). No 1p-transition(full squareg energies; the arrows mark the positions of pump
gain is observed for probing at 1352 nm and pumping at 900 nm; the lineaand probe pulses as shown (&.

absorption is marked by the dotted horizontal lines.

) ) transfer of the electron excess energy to a hole, with subse-
correlation of both pulses, which has been measured t0 20Q,ent fast relaxation through its dense spectrum of states.
fs. To minimize the fluctuation in the detected signal due torhe opserved ps decay of the bleaching signal agrees well
the laser-intensity noise, we utilized a dual-beam setup foyith the excitonic lifetime observed in various quantum-dot
the probe beam: one invariant reference path and one sign@'aSS sample&3-16 The origin of this fast and pump-
path that contains the sample. The signals of kpitobd  flyence-dependent decay of the excitonic population has
beams are then detected with an autobalanced photoreceiVig&en discussed either in terms of carrier trapping effécts,
(Nirvana, New Focus which cancels out signals that are j e = at surface located defects, or Auger recombingtiof.
common to both channels. With this technique, we are able Optical gain is observed when the negative nonlinear
to detect small transmission changes; however, the spectrghsorption exceeds the linear absorptiootted horizontal
resolution is limited by the pulse spectral width due to thejines in Fig. 2. The buildup time of the gain, as seen in each
spectral-integrated detection. curve(1) in Figs. 4a) and 2b), is about 500 fs and the gain

In the following, we concentrate on results obtained atjzsts for 5—6 ps. The maximum gain value gsl= — («
the sample with an average dot radius of 2.7 nm. Figure ZJFAa) d~0.022, which corresponds to 156 and 28%(b)
shows the dynamics of the nonlinear absorption for two dif-of the linear absorption. From the measured optical gain and
ferent probe wavelengthga) resonant with andb) 35 nm  the filling factor (0.15% of the QDs in the glassy material,
below the maximum of the stabsorption peak. In Fig.(8) ~ we estimate a material gain in the QDs of 80 ¢mThis
the pump wavelength is tuned and set either to the maximurropom-temperature material gain is large compared to earlier
of the 1p-absorption resonandeurve (1)] or 80 nm below  results of 33 cm® obtained by Buttyet al?° in sol—gel-
this maximum[curve (2)]. Fig. 2b) shows the bleaching derived CdS QDs. The significant enhancement of the optical
dynamics for two different pump intensities, whereas thegain can be attributed to the stronger three-dimensional
pump wavelength is fixed at 80 nm below the maximum ofquantum confinement in our samples, which is expected to
the 1p-absorption peak. enhance the optical nonlineariti&sThe difference in the

The dynamics of the bleaching signal can be fitted usingyuantum confinement can be seen if we compare the normal-
a simple asymmetric response function with exponential risézed dot radiusR/ag= 1.3 for the sample used in Ref. 20 to
and decay timessolid lineg. All transients shown in Fig. 2 R/ag=0.15 in the PbS quantum-dot-doped glass used in the
exhibit the same ultrafast rise time of about 300 fs, which isexperiments presented here.
only slightly above the time resolution of our experiments. In Fig. 3, we illustrate the spectral dependence of the
The recovery dynamics of the bleaching signal changes witlaptical gain. Here, the spectral positions of the pump and
the pump fluence, i.e., the decay time decreases with increagrobe pulses, as used in the experiments of Fib), 2Zare
ing pump fluence from 28 to 16 ps. The dotted horizontalcompared to the linear absorption of the san{plig. 3(a)]
lines in Fig. 2 mark the value of the linear absorptiggl at  and the calculatedst-1p splitting [Fig. 3(b)]. When pump-
the respective probe wavelength. ing into the JIp-absorption resonance, optical gain is found

The sub-ps buildup of the bleaching signal is consistenbnly when the pump—probe detuning is close or equal to the
with previous observations of the ultrafass lynamics in  1s—1p splitting for a given dot size. More explicitly, gain is
glass samplés® and indicates that the phonon bottleneisk  found only for pumping at 900 nm and probing at 1317 nm
not effective in this system. Note the large excess energy dfsee curvel) of Fig. 2@)] or for pumping at 980 nm and
the excited carriers, which varies with the pump—probe deprobing at 1352 nnisee curvel) of Fig. 2(b)]. However, no
tuning between approximately 12 and 16 LO-phonongain is observed for pumping at 980 nm and probing at 1317
energie$. Different mechanisms have been proposed tonm[see curve?) of Fig. 2@)] or for pumping at 900 nm and
overcome the phonon bottlenetk? Klimov and  probing at 1352 nm. Since in our experiments, the inhomo-
McBrancH showed that in a glass sample, the observed shodgeneous broadening of thep Jabsorption is large compared
rise time can be explained in terms of an Auger-liketo the spectral width of the pump pulse, the pump pulse only

mechanisnt? which involves confinement-enhanced energyexcites a small portion of all QDs for which the pump pulse
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is resonant with the @ transition. Optical gain is only pos- length of commercially available laser diodes shows that PbS
sible in this subset of pump-pulse-selected QDs and will apguantum-dot-doped glasses may be suitable low-cost alterna-
pear around the transition frequencies between the lowesives to current amplifiers and lasers for optical communica-
confined electron and hole levels after relaxation of the extion applications.

cited electron—hole pairs to the exciton ground state. In this i

case, taking into account our dot-size-selective excitation, as | "€ authors acknowledge support from Coring, Inc.
the mismatch between thes11p spliting and the pump— @nd NSF under Grant No. EEC-9520256.
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