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ABSTRACT

We report experimental measurements and analysis of HOMO-LUMO transition

photol uminescence and photoinduced bleaching magnitude and decay kineticsin lead sulfide
guantum dotsin glass. We find that the radiative lifetime is independent of temperature from
77K to 500K. Thelifetime of the HOMO-LUMO state decreases dramatically for T>300K,
indicating thermally activated nonradiative recombination. The excitation decay time is much
greater than the radiative lifetime and increases monotonically with decreasing temperature with
decay times of 2 s at room temperature and 4-10 psat 77K.

INTRODUCTION

A single gap solar cell has an optimal unconcentrated solar energy conversion efficiency of
~32% for aband gap of ~1.5 eV. The discovery of efficient multiexciton generation by high
energy photonsin quantum dots [2, 3] may lead to significant improvementsin efficiency with a
concomitant decrease in the optimal band gap. When multiexciton generation is considered,
guantum dots with their lowest excited state near 0.5-0.8 €V are particularly interesting for solar
photovoltaic applications [4]. PbS and PbSe are prototypical materials that satisfy the desired
properties of narrow gap (to access low energy photons), large exciton radius (to permit use of
larger particles thereby ameliorating surface effects), and nearly equal electron and hole
effective masses (for high efficiency inverse Auger effect) [5].

Although efficient multiexciton generation isimportant, it is not useful if the excited carriers
cannot be extracted or converted into useful photons. The lifetime and radiative recombination
efficiency of excitonsin PbSisan important probe of carrier recombination pathways. The
decay lifetime for excitons has been observed to be unusually long in similar PbS particles[1, 6]
and the presence of a"dark exciton” state has been recently proposed [7]. The term "dark
exciton" is used to refer to an intrinsic quantum dot state that is optically forbidden [8]. If adark
exciton state lies at lower energy than the allowed HOMO-LUMO transition, the decay lifetime
for an excited exciton can be extended by orders of magnitude. To address the question of the
nature of the lowest excited state, we report here on the temperature dependence of the
photoluminescence and photoinduced bleaching magnitudes and decay lifetimes.
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THEORETICAL BACKGROUND

The intensity of steady state HOMO-LUMO photoluminescence depends only on the occupation
and radiative lifetime 7, of the alowed HOMO -LUMO transition:

lo, ON,7* 1
where N, isthe number of dots with an exciton in the HOMO-LUMO state. (We use the term
"HOMO-LUMO exciton state" to indicate a state with an electron in the LUMO state and a hole
in the HOMO state.) The occupation of the HOMO-LUMO exciton state can be measured
directly using the steady state photoinduced bleaching magnitude of the HOMO-LUMO
transition: Al,,, O N+ N;. Inthe absence of traps, the ratio of PL to PM magnitude should
yield the (temperature independent) radiative lifetime.
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The number of dots N, with HOMO-LUMO excitons depends on the generation rate G, the
excitation lifetime 7, and the fraction of the lifetime that an exciton spendsin the HOMO-
LUMO state. If thereisatrap or dark exciton below the HOMO-LUMO state, then the exciton
may spend only asmall fraction of itslifein the HOMO-LUMO state. The corresponding decay
time depends on the temperature dependent ratio of occupations and the two lifetimes:
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where g; isthe degeneracy of the ith state and E, 1 is the energy difference between the two states.
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Fundamental considerations of the HOMO-LUM O excitation cross-section predict asingle
exciton radiative lifetime of ~400 ns[7] for PbS particles embedded in glass with HOMO-
LUMO transition at 0.8 eV (3 nm radius). Thislifetime should be relatively independent of
temperature until thermally activated nonradiative recombination becomes important at high
temperature. Experimental reports of the decay lifetimes for PbSin glass are more than ten
times larger than the theoretical prediction, suggesting the presence of atrap or dark exciton
state.

In one model for the dark exciton state, the energy difference between dark and allowed statesis
due to singlet-triplet splitting [7]. If thisisthe case, then the splitting should be small (of order
1-10 meV) and relatively insensitive to small variationsin HOMO-LUMO energy.

EXPERIMENT

PbS nanoparticles were grown in glass from quenched PbS-doped borosilicate samples
by heat-treating at the temperature range from 540 to 580°C for 12 to 36 hours [6, 9-11]. The
samples for this study were chosen to have aHOMO-LUMO peak near 0.8 eV; this corresponds
to amean particle radius of approximately 3 nm. The absorption spectrum for representative
glassesisshownin Fig. 1.
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Time resolved and cw
photol uminescence and pump-probe
measurements were carried out for sample
temperatures from 77K to 500K. The pump-
probe system is described in detail
elsewhere[1]. A dyelaser pumped by a
nitrogen laser is used as the pump source for
both luminescence and pump-probe kinetics.
Laser pulses have awavelength of 640 nm
(1.94 eV), duration of ~5 ns, and repetition
rate of ~10 Hz. Typical excitation intensity
of pump applied to the sampleis
<40 pJem?. The probe for time-resolved
pump-probe studiesis a 1550 nm cw
semiconductor laser. The response time for
the Ge photodiode detector for this study is
1.0 ys. Time-resolved luminescence was
excited with the same dye laser and detected
with the same Ge photodiode detector and
electronics.

Steady state luminescence and
photomodul ated transmission were excited
with a 650 nm diode laser, chopped at 1000
Hz, and detected with an uncooled Ge
photodiode and lock-in amplifier. An HP
462A voltage amplifier acted asa
transimpedance amplifier for both
oscilloscope and lock-in detection.

RESULTS

The intensity of the steady state
photoluminescence (PL) and photoinduced
bleaching (PM) is plotted against
temperature in Figure 2. Theintensity
drops dramatically above room
temperature, consistent with athermally
activated nonradiative recombination
pathway. Theintensity isonly weakly
dependent on temperature for lower
temperatures, dropping slightly with
decreasing T, consistent with literature [7].
The differencein the PL and PM
temperature dependence indicates the
presence of trapping states.
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Fig. 1 - Optical absorption coefficient for a
series of glasses in which PbS nanoparticles
have been grown. The arrows denote the sizes
that correspond to alowest absorption peak at
that energy. (fromref. [1]
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Figure 2 - Photoluminescence and

photomodul ation magnitude plotted against
temperature.
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Figure 3 - Photoinduced bleaching signal at
1550 nm at 295K. The solid lineisafit using
asingle exponential decay time of 2.0 ps.
Response time of the Ge detector is 1.0 ps.

Figure 4 - Photoluminescence decay
intensity plotted against time for several
temperatures. Long lifetime curve ~100K,
short lifetime ~ 400K

An example of the time dependence of photoinduced bleaching is shown in Figure 3. The signal
rise timeis determined by the detector response time of 1us. The decay timeis due to
convolution of detector and sample response and is consistent with a sample decay time of 2.0
ps. The solid fit curveis the result of the convolution of exponential detector

response and exponential sample response.

1 Ly The time dependence of
;? photoluminescence is shown for several
aa x| temperaturesin Figure 4. The PL decay
ost oo LR time increases monotonically with
. © o ST decreasing temperature as shown in
= o Figure 5. Most notableisthe fact that
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Figure 5 - Decay lifetime plotted against

temperature for several locations on the sample.

Each symbol denotes adifferent location.
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CONCLUSIONS

Steady state photoluminescence is consistent with earlier reports and with adark exciton
interpretation, but comparison to the photomodulated bleaching signal suggests that traps may
play an important role. The fact that the decay lifetime for both PL and PM depends on position
on the sample is further evidence of a defect or trap, rather than a dark exciton.
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