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Abstract 

PbS microcrystallites show strong quantum confinement effects on account of the fact 
that the particle size is much smaller than the exciton Bohr radius, leading to large blue 
shifts of the optical absorption edge and the transverse optical phonon frequencies. In 
addition, femtosecond pump-probe experiments find a transient absorption with tetrahertz 
oscillatory behavior, due to vibrational quantum beats. The frequency of the tetrahertz 
response agrees with the fundamental infrared absorption of the PbS microcrystallites, 
suggesting that the vibrational mode to which the photoexcited carriers couple is a 
transverse optical phonon. 

1. Introduction 

In very small semiconducting microcrystallites (or “quantum dots”) one can 
observe quantum size effects in both linear and nonlinear optical properties [l-3]. 
These effects occur when the particle size becomes comparable to or smaller than 
the spatial extent of the wavefunctions of photogenerated electronics or holes, 
i.e., when the particle radius I becomes comparable to the carrier Bohr radius, 
a, = Eh2/2m*e2. (6 is the dielectric constant of the semiconductor and m” the 
effective mass of the electron or hole.) In the semi-conductor materials most 
studied for quantum size effects, CdS, CdSe, etc., the hole Bohr radius is only 
-10 A, so that strong confinement effects are not observed. 

Strong confinement effects are more likely in narrow-gap semiconductors, for 
which E and the Bohr radius are large. In this paper we describe optical studies of 
PbS microcrystallites. These samples had radii of about 20 A, much smaller than 
the 90 A electron or hole Bohr radii. (In terms of volume, the particles 
themselves only occupy about 1% of the volume associated with the bulk exciton 
wavefunction [3,4].) 
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2. Experimental details 

The PbS microcrystallites were prepared in colloidal solution by arrested 
precipitation [5]. The colloids, stabilized with poly(viny1 alcohol) (PVA), can be 
dried to form thin (50 Frn) films consisting of a dispersion of the microcrystallites 
in the PVA film. From the ratio of Pb to PVA in the starting solution (7.6 mg/ 
1000 mg) the volume fraction of PbS is about 1%. Electron microscopy revealed 
that the PbS microcrystallites were nearly spherical with average diameters of 
43 A. Electron diffraction showed that the microcrystallites retained the crystal 
structure and lattice constants of bulk PbS. 

The UV/visible absorption of the samples was measured at temperatures 
between 25 and 300 K using a conventional spectrophotometer. The far-infrared 
transmission was measured between 15 and 300 K with a Bruker-Fourier 
spectrometer. In the far-infrared measurements, a stack of 15-20 layers of the 
thin-film samples was used in order to obtain an adequate absorption; an equal 
number of PVA layers (without PbS microcrystallites) was used as a reference. 

Luminescence measurement were made at 40 K with a cw rhodamine dye laser 
as excitation source and a Spex double monochromator plus Hamamatsu GaAs 
PMT to measure the emitted radiation. Far-infrared photoinduced absorption was 
measured at 15 K with the Bruker interferometer using a cw Argon-ion laser as 
excitation source. 

The -100 fs pulses needed for pump-probe studies were generated by a 
colliding-pulse mode-locked laser, amplified by a copper-vapor laser amplifier, 
and converted to white-light continuum in an ethylene glycol jet. Interference 
filters were used to select wavelength bands between -600 and -630 nm for 
pump and probe pulses independently. The delay between pump and probe was 
varied from zero to -3 ps. The ultimate sensitivity of the apparatus is Aa d = 5 x 

10-4. 

3. Results 

Fig. 1 shows both the room-temperature absorbance and the photoluminesc- 
ence of the PbS microcrystallites. Notable are the greatly blue-shifted absorption 
edge and the series of discrete absorption peaks. Both are due to quantum 
confinement. The band gap is increased substantially - from 0.41 eV in the bulk to 
-2 e in the microcrystallites. The peaks near 600, 390 and 290 nm (2.06, 3.15 and 
4.25 eV) can be assigned to the ls,-ls,,, Is,-lp,/lp, - Is,, and lp,-lp, exciton 
transitions, respectively. The best match of the calculated level spacings and the 
measured excitation energies comes at a particle size of 4OA, in agreement with 
electron microscopy. The luminescence peak is red-shifted with respect to the 
absorption spectrum, suggesting decays to trap states. 

Fig. 2 shows the far-infrared transmittance at three temperatures. For all 
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Fig. 1. The solid line shows the 300 K absorbance (arbitrary units) of a sample of the PbS 

microcrystallites over 250-800 nm (40 000-12 500 cm-’ or 5-1.5 eV). The dashed line shows the 

luminescence intensity spectrum (arbitrary units). 

practical purposes, there is no temperature dependence between 15 K and 300 K; 
the differences among the spectra are likely due to imperfect compensation for 
the PVA host material and instrumental drift. There are two reproducible features 
in these data: a strong, broad, asymmetric band centered around 
90 cm-’ (11 meV) and a much weaker, sharp feature at 280cm-’ (35 meV). 
Neither frequency corresponds to optical phonon frequencies of bulk PbS, which 
are w,,=65cm-’ (transverse) and ore = 216 cm-’ (longitudinal), respectively 

[61. 
Fig. 3 shows the time-dependent nonlinear absorption for three different 
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Fig. 2. Ratio of the far-infrared transmittance of PbS microcrystallites in poly(viny1 alcohol) (PVA) to 

that of PVA alone, is shown for three temperatures. 
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Fig. 3. Time-dependent nonlinear absorption for PbS microcrystallites in poly(viny1 alcohol) for three 

combinations of pump and probe wavelengths. (a) Pump and probe at 602 nm; (b) pump at 602 nm, 

probe at 626 nm; (c) pump and probe at 616 nm. The inset to panel (a) shows the Fourier transform of 

the time signal. 

combinations of pump and probe wavelengths. The wavelengths and their relation 
to the absorbance shown in Fig. 1 are indicated in the little cartoons at the right of 
each panel. The differences in the signal-to-noise ratios of these data are 
attributable to differences in output power and stability of the laser system at the 
different wavelengths. The spike at zero delay in the spectra represents a coherent 
artifact, which should be disregarded. 

In the upper panel, both pump and probe wavelengths (602 nm) coincide with 
the absorbance maximum; the signal corresponds to a bleaching of the ls,--1~~ 
transition. Superimposed on the recovery signal is an oscillatory term with a 
period of 385 fs; this component is evident in the Fourier transform of the signal 
shown in the inset. The frequency of the oscillation is 2.6 THz or 87 cm-‘. The 
middle panel shows the transient absorption when the pump wavelength (602 nm) 
is on the resonance while the probe wavelength (626 nm) is at lower energies, In 
this case there is photoinduced absorption; the low signal/noise ratio makes any 
oscillations (if they exist) invisible. 

The bottom panel shows the case where both pump and probe wavelengths 
(616 nm) are at lower energies than the absorbance maximum. Here also is 
photoinduced absorption; superimposed on it is a very obvious oscillatory 
component. The period of this component is -350 fs, corresponding to a 
frequency of 2.8 THz (94 cm-‘). 

The change from photoinduced bleaching to photoinduced absorption can be 
understood in the context of the theory by Hu et al. [7]. Absorption bleaching at 
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the peak is due to saturation of the ls,-lsh transition. Induced absorption below 
the peak is due to the formation of a biexciton (two-electron-hole state) via the 
absorption of one pump and one probe photon. That this absorption is seen when 
both pump and probe wavelengths are below the peak in the transmission 
requires some homogeneous broadening of the transition, so that the low energy 
tail of the exciton transition overlaps the ground-state biexciton transition. 

Fig. 4 shows the photoinduced far-infrared absorption, -AY/Y = 

caphotoexcited - adark )d, at 15 K, compared to the thermally induced absorption, 
-AT/F = [a(30) - a(15)]d. The latter quantity has been scaled by a factor of 0.1 
to permit comparison with the photoinduced signal. (Note that the convention 
here is opposite to that in Fig. 3: photoinduced absorption is plotted increasing 
upwards.) 

The photoinduced absorption is extremely reproducible. It consists of a series 
of narrow-bleaching and induced-absorption peaks spread across the phonon 
absorption band. Although they appear to be periodic, in fact, they are not. The 
spacing of features increases from 20 cm-’ near 70 cm-’ to 28 cm-’ by 150 cm-‘. 

That the photoinduced features are due to heating cannot be ruled out; some of 
the photoinduced peaks also appear in the thermal -AY/Y. However, some do 
not, and we speculate that the structure may represent changes of vibrational 
frequencies in the excited state. This would indicate significant electron-phonon 
coupling in the PbS microcrystallites. 
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Fig. 4. Solid lines: photoinduced absorption -AF/-is = (aphotoexc_, - adark)d for PbS microcrystallites 
in poly(vinyl alcohol) at 15 K. Dotted line: -AT/.7 for a temperature change of 10 K, scaled by a 
factor of 0.2. 
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4. Discussion 

In the remainder of this paper we focus on the far-infrared transmission 
measurements and their relation to the oscillatory term in the pump-probe 
measurements. The far-infrared absorption is maximum at 90 cm-’ (11 meV), a 
frequency well above the transverse optical phonon of bulk PbS, wTo = 65 cm-‘. 
In small particles, the absorption is expected to be a maximum at the surface 
optical (SO) phonon or Frohlich mode, which is the equivalent of the Maxwell- 
Garnett resonance of an isolated metal particle [S, 91. For a sphere, the Frohlich 
frequency is the solution to eparticle(~ = wF) = -2ehost, or, using a harmonic 
oscillator model with a single optical phonon, 

2 2 Eparticle(“) + 2Ehost 

% =OTO E 
particleCw) + 2Ehost ’ 

(1) 

where l particle(m) is the dielectric function of the PbS microcrystallite and ehost is 
the dielectric function of the host medium, here assumed constant. l particle(w) is 
the dielectric function of the particle at frequencies below the band gap for 
electronic excitations but well above the LO phonon frequency. 

The Lyddane-Sachs-Teller relation, eparticle(0) = •partic,e(~)~~O /oio, allows 
Eq. (1) to be rewritten as 

(2) 

Taking the phonon frequencies and dielectric constants for bulk PbS, wTo = 
65 cm-’ (transverse), oLo = 216 cm-’ (longitudinal) and eparticle(m) = 17.2, and 
using l host = 2.25, the SO frequency is wF = 205 cm-‘. 

In the PbS microcrystallites, the electronic contribution to the dielectric 
constant will be affected both by changes in electronic band gap and by 
modifications of the optical oscillator strength. The band-gap widening that we 
observe will reduce E, which would lower the SO frequency. However, as 
discussed by Schmitt-Rink, Miller and Chemla [lo], the oscillator strength for 
optical transitions is enhanced by small size. Thus the two effects (band gap 
widening and oscillator strength enhancement) tend to compensate each other. 
Indeed the details are not important because even if the dielectric constant is 
reduced to 2, the SO frequency would still be above 130 cm-‘, considerably to the 
blue of the observed absorption maximum. 

We believe that the far-infrared absorption maximum occurs at the TO phonon 
frequency, where the frequency has been increased due to the small size of the 
particles. The lowest frequency vibrational mode that the crystallite can support is 
one with a wavelength equal to twice the particle radius; with r = 20 A, the 
phonon would have a wave vector 9 = 2 x 10’ cm-‘. Because the TO phonons in 
PbS have strong dispersion away from the zone center [6], this value of q in fact 
corresponds to vibrational frequencies of 90 cm-’ along both the [OOl] and [llO] 
directions. 
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The small size of the particles may also explain why the SO phonon is not 
observed. Although it is called a “surface” mode, the SO vibration is really due to 
there being a uniform polarization (dipole moment/unit volume) P within the 
particle. The uniform P leads to a surface charge density, which, in turn, 
produces a depolarizing electric field within the particle. This field, in the 
boundary value problem where one calculates the polarizability of the particle 
when subjected to an external applied field, produces a pole at the SO frequency 
instead of the TO frequency of the bulk. In a sense, the surface charge density 
acts to stiffen the mechanical response of the particle. If the particle is mostly 
surface (as is the case here) this phonomenon may not occur; instead, the 
response is at the TO frequency. 

Finally, we propose that the oscillations occurring in the pump-probe experi- 
ment (Fig. 3) are due to quantum beats involving the same TO phonon. The 
simplest quantum beat phenomenon occurs when there is a three-level system, 
with two closely-spaced excited states at energies hw, and kw,, which are well 
separated from the ground state. Photoexcitation creates a state which is a 
coherent superposition of the two excited states and which evolves in time as 

la(t)) = cy exp(-io,t)(l) + p exp(-iw,t)]) , (3) 

where 11) and 12) are the two excited states and the amplitudes (Y and p depend 
on the excitation spectrum and transition probabilities. The relaxation probability 
then contains modulation terms of the form &I cos(o, - ~~)t; it oscillates with a 
frequency given by the splitting of the two levels. 

The beats occur with frequencies in the 2.6-2.8 THz (-90 cm-‘) range, exactly 
the frequency of the infrared absorption maximum in Fig. 2. Thus, in the data of 
Fig. 3 we associate o2 with an the ls,-ls,, confined exciton and w1 with the same 
exciton plus one quantum of TO vibrational energy. 

In most previous studies where quantum beat phenomena were attributed to 
vibrational modes, it was the LO phonons that were considered. Here, in 
contrast, it is the TO mode that is important. The reason for this difference is 
unclear. It should be noted that in CdSe, where most such effects have been 
observed [1,2], the TO-LO splitting is only about 15%) and the observed 
frequency from the pump-probe measurement, 205 cm-‘, lies between the TO 
and LO frequencies [ll]. In PbS, in contrast, the TO and LO frequencies are 
separated by almost a factor of four, so there is no doubt that the beat frequency 
observed is much closer to the TO than the LO frequency. 
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