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Quantum efficiency of stimulated emission in colloidal semiconductor nanocrystal quantum dots
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External differential quantum efficiencies were studied for the stimulated emission of thin films of colloidal
CdSe/CdS/ZnS nanocrystal quantum dots (NQDs) using the integrating sphere technique. A maximum effi-
ciency of 34% was measured for the stimulated emission in NQDs which far exceeds that for spontaneous
emission (9%). The competition between the radiative exciton/biexciton recombination and the carrier density-
dependent nonradiative relaxation processes in NQDs was modeled to account for the observed difference in

efficiency.
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I. INTRODUCTION

Efficient and size tunable photoluminescence has long
been observed in colloidal semiconductor nanocrystal quan-
tum dots (NQDs), which renders them promising candidates
for photonic devices such as light-emitting diodes and
lasers.' The first observation of amplified spontaneous
emission (ASE) in close-packed NQD films by Klimov
et al." spurred a broad spectrum of efforts to investigate the
stimulated emission and lasing processes in NQDs in recent
years. Coherent, stimulated emission from NQDs, spanning
from blue to the near-infrared range of the spectrum,*~!3 has
been realized with a variety of structures including slab
waveguides, microrings, microspheres, photonic crystals,
and distributed feedback resonators. These NQD-based co-
herent light sources hold great promise in information pro-
cessing and lightwave communication, as well as bio/
chemical sensing.

The photoluminescence emission from solutions of semi-
conductor NQDs has potential applications involving fluo-
rescent labeling in the field of biological imaging. As a re-
sult, the quantum efficiency of this spontaneous emission has
been widely studied. There has yet to be, however, any in-
depth investigation focused on the quantum efficiency of the
stimulated emission from NQD films. It is well known that
the radiative exciton and biexciton recombination in many
compound NQDs, including (Zn,Cd)(S,Se) and Pb(S,Se)
nanocrystals, competes with the ultrafast Auger relaxation
process. NQD samples of high-packing densities are thus
favorable for producing sufficient optical gain.!” Conse-
quently, ASE and lasing have hitherto been observed mostly
in NQD films of close-packed NQD solids' or in a high-
filling NQD/matrix,> though they are also realizable by in-
corporating NQDs of lower densities in resonant microcavi-
ties of very high-quality factors.'* The fluorescent
(spontaneous) emission of many NQD films exhibit quantum
yields (1-10 %) substantially lower than their solution coun-
terparts (80-95 %) due to the less passivated surfaces of the
dried nanocrystals. It is noteworthy, however, that these
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NQD films can still be efficient gain media for stimulated
emission because the optical gain of NQDs is determined by
the intrinsic Auger relaxation, that is, much faster than the
nonradiative recombination via surface states.

In NQD films the wave-guiding effect greatly modifies
the angular distribution of the emission, making the output
pattern highly dependent on film compositions and struc-
tures. Therefore, an efficiency characterization of NQD film
emission cannot be accomplished by simply comparing the
light output intensity with that of a reference dye sample as
in the fluorescence-quantum yield measurements of NQD so-
lutions because this technique assumes an isotropic angular
distribution of the fluorescent emission. A more suitable ap-
proach to characterize the emission efficiency of NQD films
involves measurements using an integrating sphere. When a
NQD film is placed inside an integrating sphere, the output
emission of the film will be diffusely reflected by the barium
sulfate-coated inner surface of the sphere and redistributed
isotropically into the full range of solid angles. In this man-
ner, the spectral and intensity detection of the light exiting
from a small aperture in the sphere surface can be used for an
accurate determination of the total number of photons emit-
ted by the NQD film. The external differential quantum effi-
ciency of NQD films, 7,, can then be calculated by its defi-
nition

number of emission photons

Na (1)

" number of absorbed photons

In this paper, we describe the experiment results of our
integrating sphere characterization of the external differential
quantum efficiency of CdSe/CdS/ZnS core-shell NQD films
at room temperature. Efficiencies for both spontaneous and
stimulated emission were studied over a wide range of opti-
cally excited NQD carrier densities, with the average number
of photoexcited electron-hole pairs per nanocrystal achieved
experimentally notated by (N,;). A rapid rise in efficiency
has been observed upon the transition from spontaneous to
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stimulated emission in our NQD films, with a maximum
value of 34% achieved with (N,,)~2.7. The emission effi-
ciency declined gradually upon further increasing the NQD
excitation density. The competition between radiative
exciton/biexciton recombination and the carrier density-
dependent nonradiative recombination in NQDs was mod-
eled to account for the observed variation in the external
differential quantum efficiency. The model took into account
the Poisson distribution of the photoexcited carriers as well
as the unique, step-by-step Auger relaxation of the multiple
electron-hole pairs in a quantum-confined system. The life-
times of the radiative biexciton recombination and the Auger
relaxation in NQDs were also determined by comparing the
model with the measured decay of the stimulated emission.
The resulting Auger lifetime agrees well with the reported
values that were previously extracted using time-resolved ab-
sorption spectroscopy.

II. EXPERIMENTS
A. Sample preparation and characterization

The NQDs employed in the present study have core-shell
structures consisting of CdSe crystalline cores and CdS/ZnS
double shells, prepared using a synthetic route based on in-
organic precursors and noncoordinating solvents.'> The aver-
age size of the as-prepared core-shell nanocrystals is ~6 nm
in diameter. Following a purification process, thin films of
NQDs were spun cast from a toluene solution to form slab
waveguides of ~500 nm nominal thickness on glass sub-
strates. The packing density of the NQDs in the films was
examined with cross-sectional TEM imaging, revealing a
volume density of ~4 X 10'® ¢cm™ for core-shell NQDs in
the waveguide structure. The measured refractive index of
the NQD film was ngpy~1.82 at A=633 nm as compared
tO N (glass) ~ 1.45 for the substrate.

B. Quantum efficiency measurement

For the efficiency measurement, the NQD films were
placed inside an integrating sphere to facilitate collection and
measurement of the highly divergent emission. The second
harmonic of a Ti:sapphire femtosecond amplifier (800 nm, 1
kHz, 80 fs, Coherent Libra system) was introduced into the
integrating sphere to optically excite the NQD film sample.
The output of the integrating sphere was coupled to a 0.1 nm
resolution SpectroPro spectrometer equipped with a silicon
p-i-n photodetector. Both the dispersion of the spectrometer
grating and the response of the photodetector were calibrated
to ensure detection linearity. A barium sulfate-coated baffle
was placed in front of the fiber coupler at the interior surface
of the integrating sphere to prevent direct illumination of the
optical fiber.

In the present study the external differential quantum ef-
ficiency, 7, was measured following a three-step
procedure,'®!® as illustrated in Fig. 1(a). While an in-depth
discussion of the measurement approach can be found
elsewhere,!® a brief description of our experiment procedure
follows. In the first step (i), the excitation laser beam was
introduced into the integrating sphere before the NQD
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FIG. 1. (Color online) (a) Schematic diagram illustrating the
three-step procedure for the integrating sphere measurement of the
external differential quantum efficiency in NQDs; (b) spectra of
scattered excitation light and emission from the NQD film under
different pump fluence conditions with emission spectra primarily
influenced by either single exciton (X) or biexciton (XX) recombi-
nation; (c) emission spectra recorded from step (iii) at different
excitation fluences; (d) peak intensities of the stimulated emission
(square) and spontaneous emission (circle) of NQDs versus the
pump fluence.

sample was loaded, allowing for detection of the pump-laser
light scattered by the interior surface of the sphere. The re-
corded output spectrum was normalized to the photon flux,
as shown in Fig. 1(b). The excitation laser spectrum is cen-
tered at A=400 nm, with an integrated intensity, Iix, that is,
proportional to the pump-laser intensity. In the second step
(ii), the sample was placed inside the sphere but was not
under the direct excitation of the pump beam. Only a small
fraction of the scattered pump-laser light was absorbed by
the sample and hence a weak emission was recorded from
the NQD sample. The photon-flux normalized output spec-
trum of this configuration is composed of two bands: the
excitation band with an integrated intensity of I, and the
band of NQD emission with an integrated intensity of I In
the third step (iii), the sample was irradiated by the pump
beam directly. A portion of the pump light was absorbed
upon initial propagation through the sample. In addition, a
small fraction of the scattered residual light was reabsorbed
by the sample as in step (ii). The photon-flux normalized
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emission from the direct illumination configuration also in-
cludes two bands resulting in spectra from the excitation
source, I'', and the NQD emission, I'? . The external differ-
ential quantum efficiency for the NQD film emission can
then be calculated with the following equation,'0-!8
I Ie}cl lelrln -1 Lel lelm
W= g (2)
ex ex-ex
In the integrating sphere, the NQD samples were photoex-
cited by focusing the pump beam to a ~1 mm spot on the
surface of the NQD film. The pump fluence was varied be-
tween measurements to investigate the effect of the carrier
density of NQD excitation on the external differential quan-
tum efficiency and the aforementioned three-step procedure
was repeated to extract the corresponding efficiency values.

III. RESULTS AND DISCUSSIONS

For a low pump fluence, the spontaneous emission of the
NQD film peaks at A~615 nm with a full-width-at-half-
maximum bandwidth of ~25 nm. When the pump fluence is
increased to ~0.7 mJ/cm?, the spectral profile of the NQD
output exhibits a significant reduction in bandwidth, down to
~7 nm, which is characteristic of stimulated emission for
the NQD film [Fig. 1(b)]. The peak of the stimulated emis-
sion spectra also exhibits a noticeable redshift of ~10 nm
with respect to the spectral maximum from the spontaneous
emission. The observed redshift has been interpreted as aris-
ing from the dominance of radiative biexciton recombination
during stimulated emission as compared to the single-exciton
process underlying the spontaneous emission in NQDs. Fig-
ures 1(c) and 1(d) show, respectively, the emission spectra
recorded at step (iii) and the measured peak intensities for
the single and biexciton emission of the NQD sample versus
pump fluence. The noticeable threshold behavior for the
biexciton emission at J=0.5 mJ/cm? adds further evidence
to the primary role of the radiative recombination of biexci-
tons in the stimulation emission of CdSe/CdS/ZnS NQDs.

The presence of the biexcitons in CdSe-based NQDs
arises from the twofold degeneracy of their ground electron
states, which also predicts a carrier density of NQD excita-
tion of N,,~ 1 for population inversion and, hence, the onset
of the optical gain in NQDs.! In our experiment, the average
carrier density of NQD excitation was determined by esti-
mating the average number of photogenerated electron-hole
pairs per nanocrystal, (N,,), using the following relation

Jo
(N = KN@, (3)

pump
where J is the pump fluence, hv,,,, is the pump photon
energy, and NQD is the measured absorption cross section of
the CdSe/CdS/ZnS NQDs under study. The measured pump
fluence for the onset of the stimulated emission in the NQD
film, J=0.5 mJ/cm?, corresponds to an average carrier den-
sity of (N,,)=N""~1.25, where Ny denotes the threshold
carrier density. The greater value of Ny as compared to the
predicted carrier density for the onset of the optical gain
((N,,) ~ 1) is attributed to the internal losses in a NQD film,
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FIG. 2. (Color online) (a) External differential quantum effi-
ciency of the emission of a NQD film plotted as a function of the
average carrier density of NQD excitation. (b) Schematic diagram
of the contributions of single exciton (X) and biexciton (XX) recom-
bination in an amplified spontaneous emission spectrum. Inset
shows the quantized steps of the Auger relaxation in NQDs. (c)
Excitation fluence-dependent integrated intensity of single exciton
emission (X) and biexciton emission (XX).

which often include light reabsorption and scattering in
close-packed NQDs.!3

In order to investigate the radiation efficiency of NQDs,
7, has been calculated from the integrating sphere-
measurement data using Eq. (2) and plotted as a function of
(N,;) in Fig. 2(a). A prominent feature of the 7, vs (N,;)
relation is the onset of a rapid rise in 7, at a threshold carrier
density of (N,,)=1.25, which leads to a maximum 7,
=34% at (N,;,) ~ 2.7. Further increasing the carrier density of
NQD excitation above (N,,)=2.70, however, resulted in a
slow reduction in 7, At a low carrier density of NQD exci-
tation the NQD emission is characterized by a low efficiency
of 7;=9% and drops further as (N,;,) is increased to Npy.
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In analyzing the results of our efficiency measurement, it
is worth noting that the population distribution of photoex-
cited carriers is known to follow the Poisson distribution,
where the probability of having m electron-hole pairs in a
selected NQD is e=Nei( N, )" /m! (m=1,2,...) (Refs. 19 and
20) for an average initial carrier density per NQD of (N,,).
When the pump fluence is low, (N,,) <N, the majority of
the NQDs in the thin-film sample has either 0 or 1 photoge-
nerated excitons following the Poisson distribution. The
spontaneous emission of a NQD film is dominated by the
radiative relaxation (RR) of single excitons, which competes
primarily with the defect- and surface-state-mediated nonra-
diative recombination (NR) process as well as the slow ion-
ization (SI) and fast ionization (FI) events in the close-
packed NQDs. The recorded efficiency of 7;,~9% for the
spontaneous emission of the NQD film is consistent in order
of magnitude with the calculated radiation efficiency of
single-exciton recombination, 7"), using the reported rates
of NR (RNR~ 107 S_l), SI (RSIN 105 S_l), FI (RFI
~10°-10% s71), and RR of single-excitons (Rgl%fv 107 s7h),

1
Ritg

M .
R + Rxg + R + Ry

7

(4)

At high excitation intensities, the trap-filling effect could
cause the variation in NQD photoluminescence efficiency.
Nevertheless, the efficiency should then increase gradually
with the excitation intensity until all the NQD traps get filled
up (saturation). Such a speculation is in conflict with the
observed threshold behavior in the experiment [Fig. 2(a)],
allowing us to rule out the trap-filling effect in the present
study. Furthermore, the observed coincident change in spec-
tral profile [Fig. 1(c)] at the excitation threshold has sug-
gested the key role of the biexciton gain. The emission spec-
trum of the NQD film can be deconvoluted into two
overlapping spectral profiles that are associated with the ra-
diative recombination of single excitons (X) and biexcitons
(XX), respectively, as illustrated in Fig. 2(b). Figure 2(c)
plots the integrated intensity of single exciton (X) and biex-
citon emission (XX) as the functions of exciton fluence,
which suggests that the biexciton emission becomes more
dominant when the excitation fluence rise beyond the thresh-
old [Fig. 2(c)]. The {N,;,)-dependent 7, can thus be inter-
preted by inspecting the intrinsic physical processes in the
NQDs under different pumping conditions. When the aver-
age density of NQD excitation becomes significant and ap-
proaches Npy, there is a continuously increasing population
of NQDs containing two or more electron-hole pairs accord-
ing to the Poisson distribution, which triggers quantum-
confinement-enhanced Auger recombination in these nano-
particles. Since the multiple electron-hole pairs in a NQD
can relax rapidly via the fast, nonradiative Auger recombina-
tion, they offer no contribution to the spontaneous emission
before relaxing to the single-exciton state. Neither do they
provide any optical gain in the NQD films due to the low
density of biexcitons (Coulomb-correlated exciton pairs
formed in the presence of two electron-hole pairs per NQD)
at this pumping level. This leads to the observed decline in
spontaneous emission efficiency as <N, rises from 0 to
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Nry, which can be modeled by assuming that only one
electron-hole pair recombines radiatively in each of the
NQDs initially containing multiple electron-hole pairs,

= En(l)e_wf’l)(Neh)’”/m!
¢ (N

At an even higher pumping fluence the average carrier
density of NQD excitation exceeds N'# and the population
of biexcitons in NQDs grows rapidly in accordance with the
Poisson distribution. Since the radiative relaxation rate of
biexcitons has been found to be several orders of magnitude
larger than that of single excitons, the radiative recombina-
tion of biexcitons in NQDs can compete favorably with the
nonradiative recombination events including fast Auger de-
cay and, hence, results in optical gain and provides for the
observed stimulated emission at a sufficiently large biexciton
density in the NQD film. The radiation efficiency of the biex-
citon recombination, 7, can be expressed as

(0O <(N)<N™). (5

2
Rigk

®= 2, p@°
Rpr + RAQ

U (6)

where R%){ is the radiative relaxation rate of biexcitons
and Rggj is the Auger relaxation rate for two electron-hole
pairs in a NQD. The fact that Rﬁfﬂ is several orders of mag-
nitude higher than the rates of other nonradiative relaxation
processes allows for disregarding Ryg, Rgp, and Ry in the
denominator of the above efficiency expression (6). For
NQDs containing more than two electron-hole pairs, the car-
rier relaxation dynamics has been proposed by Klimov et al.
to be a step-by-step process, e.g., from four pairs to three,
and then to two pairs, with each step characterized by a
discrete Auger rate, RX'{}(m:3,4. ..). The corresponding ra-
diation efficiency for the relaxation of m electron-hole pairs
in a NQD, 77(’"), can be modeled as

@
g =% Rie 2

m R%%+RX’3 - m(1 + m2§(2)/4)

(m=2,3,...),

7

where §(2)=Rﬁf&/ R%% and the relation of RX”&:mzRf[)J/ 4 has
been used in deriving the efficiency expression.?%?! The ap-
pearance of R%){ and 2/m in Eq. (7) originates from the fact
that only two of the m electron-hole pairs in a NQD can
occupy the ground biexciton state and thus contribute to the
radiative path for the relaxation from m to m-1 electron-hole
pairs in a nanoparticle [Fig. 2(b)].

Consequently, the external differential quantum efficiency
of the NQD emission for (N,,)>N"" can be modeled, by
taking into account both the single-exciton (spontaneous)
emission and the biexciton (stimulated) emission as

S =1 7 e N (N, Y m)!
(Ngp)
Sz 1S e e N (N N !
(Nep)
S e 1S =N NTHY 1

- <Neh> : (®)

Na =
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FIG. 3. (Color online) Time-resolved photoluminescence trace
of the amplified spontaneous emission from the NQD film recorded
at a pump fluence ~1 mJ/cm?.

The first summation in Eq. (8) counts the efficiency for
the spontaneous emission while the second summation mod-
els the efficiency for the stimulated emission due to the ra-
diative relaxation of multiple electron-hole pairs in NQDs. A
negative term has been introduced to the efficiency expres-
sion to represent the losses involved in the NQD film. The
prevailing biexciton radiation in NQDs for (N,,)>N"" ac-
counts for the rapid rise in 7, as presented in Fig. 2(a),
which is further confirmed by the observation of the red-
shifted biexciton emission peaks in Fig. 2(b). A close exami-
nation of Egs. (7) and (8) suggests that 7, first increases with
the carrier density of NQD excitation and then declines
gradually after reaching a maximum value, as indicated in
the efficiency plot [Fig. 2(a)]. Such a variation arises from
the fact that %" decreases when m>>2 as a consequence of
the quadratic carrier-density dependence of the Auger rate.
The overall efficiency of the stimulated emission therefore
declines as a majority portion of the NQDs are photoexcited
with more than two electron-hole pairs, which corresponds to
an average carrier density of (N,,)~2.70 in the experiment.

Finally, the measured values of the external differential
quantum efficiency have been least-square fitted to Egs. (5)
and (8) in the proposed efficiency model by taking into ac-
count the high-order Auger relaxation up to m=8, which
yielded a value of £2=RZ/R\Z=0.14. The deduced ratio
between R%% and REEI)J makes it possible to determine the
lifetimes of the Auger relaxation and the radiative recombi-
nation of biexcitons in NQDs if the lifetime of the stimulated
emission is known. To facilitate this calculation, the Kerr
gate technique has been employed to record the fast decay of
the stimulated emission of the same NQD film.??> The time-
resolved photoluminescence trace of the amplified spontane-
ous emission from the NQD film is plotted in Fig. 3. A
relaxation lifetime of 7=8.5 ps was measured at the pump
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fluence corresponding to the maximum 7, of (N,,)=2.70,
which is about three orders faster than the spontaneous emis-
sion (~8 ns). The measured stimulated emission lifetime is
an average value over all the NQDs

S mpe” N (N " (17 + 1173
/7= N m ) )
2m22€ eh <Neh> /m!

where mh=1/ R%{ and Ty=1/ RE\% are the lifetimes of the
radiative recombination of biexcitons and the Auger relax-
ation in the NQDs with m electron-hole pairs, respectively.
Solving Eq. (9) under the conditions of =8.5 ps and &%
=RS§€J/ R%{:O.M results in the determination of the respec-
tive lifetimes: 7'%)513 ps, Tf&=89 ps, 7'(131){=4O ps, and
1'(1{%:22 ps. These Auger lifetimes agree well with the re-
ported values that were previously extracted using time-
resolved spectroscopy.?!?>?* Also of note is our determina-
tion of the lifetime of the fast biexciton recombination in
NQDs.

IV. CONCLUSION AND OUTLOOK

The uncovered efficiency of NQD emission here can be
utilized to the future design of NQD emitters in a variety of
applications. For instance, given the limitations of existing
techniques®~27 improving the rapid quantitative spatiotem-
poral measurement of small molecule metabolic analytes
such as K* and O, within the nanoscale extracellular space
of organs such as the brain would be very beneficial. The
goals of fluorescent stability, ratiometric strategies to account
for local concentration, ability to biological embed to protect
cells and sensors, and extremely small size are all features
which the NQD techniques of this paper can help serve in
future work. It is also noteworthy that while the conclusions
of the present study are valid for Cd(S,Se) NQDs II-VI com-
pounds with high binding energy of exciton [on the order of
100 meV (Ref. 28)] and biexciton [on the order of 10 meV
(Refs. 21, 29, and 30)],modifications to the model might be
made in explaining the stimulated emission in NQDs of other
compositions, such as PbS, PbSe, given the distinct differ-
ence in their energy-band structures.”!
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