VYolume 168, number 6

CHEMICAL PHYSICS LETTERS

18 May 1990

ULTRAFAST ELECTRON EJECTION AND TRAPPING IN SEMICONDUCTOR COLLOIDS

AFTER MULTIPLE PHOTON ABSORPTION

M. KASCHKE !, N.P. ERNSTING

Abreilung Laserphysik, Max-Planck-Institut fiir Biophysikalische Chemie,

Postfach 2481, D-3400 Géttingen, Federal Republic of Germany

U. MULLER and H. WELLER

Bereich Strahlenchemie, Hahn-Meitner-Institut Berlin, D-1000 Berlin 39, Germany

Received 5 February 1990

Quantum-size semiconductor microcrystallites of ZnCdS and CdS in aqueous and isopropanol solution were optically excited
using intense sub-picosecond UV laser pump pulses. Broad-band optical probing monitored the yield of electron emission and
the build-up of primary photochemical products. With typical pump fluences of femtosecond light pulses multiple photons are
absorbed by one quantum-dot leading to a quantum yield of up to 0.3 of photogenerated electrons. The vield curves, as a function
of pump fluence, are described by a simple kinetic model which involves the trapping-rate constant and a maximum number of
electrons which can be emitted per particle. This model is shown to be consistent with thermodynamic considerations.

1. Introduction

The non-linear optical properties of direct-gap
semiconductors have been examined intensively over
the past few years, both with bulk materials [1-5]
as well as microcrystals [6-17] embedded in a glass
host. A relatively young class of materials consists of
very small crystallites, with diameters ranging up to
100 A. These “microcrystallites” are usually pre-
pared by chemical reaction, either in a polymer film
[11,18] or asa colloid from solution [19-21]. If the
particle radius is less than the excitonic radius in the
bulk material we speak of quantum-size microcrys-
tallites or quantum-dots [22]. For the description of
such tiny particles a molecular approach is more ap-
propriate than a semiconductor one; however, stan-
dard pictures of semiconductor theory — such as ex-
citons and band filling - are frequently applied. In
quantum-dots the electronic wavefunctions of an
electron and hole always overlap appreciably duc to
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the confinement. In this sense, the lowest state of an
electron and hole may be called an “exciton” [22].

In a previous paper [23] we have investigated the
bleaching kinetics after absorption of multiple pho-
tons from an intense ultrashort light pulse at 308 nm.
It was shown that recombination of charge carriers
takes place on a picosecond time scale and is fluence
dependent. Further, the occurrence of rapid surface
trapping of charge carriers, as well as the ultrafast
ejection of electrons out of the quantum-dot in the
femtosecond time-scale was established.

In this paper we examine quantum-size CdS as a
colloid in water and in isopropanol, and compare it
to colloidal Zn,_,Cd,S.

We report

(i) transient spectra in the range 370 to 750 nm
for quantum-dots in water and isopropanol,

(ii) the relative yield of photoproducts absorbing
in the red spectral range - mainly solvated electrons
- as a function of pump fluence, solvent and particle
size.

We present a simple model, which consistently ex-
plains the experimental findings for both quantum-
size systems under investigation.
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2. Experimental

2.1. Sample preparation

2.1.1. Aqueous colloids

Aqueous stock solutions were prepared of
Zn(ClO,), and of Cd(ClO,), (both 0.1 molar) and
of sodium polyphosphate (Riedel-deHaén; 0.1 mo-
lar assuming a MW of 609). The synthesis was car-
ried out in a 2 ? flask sealed against air, and fitted
with a septum, a pH electrode, and a glass fritte for
bubbling with argon,

ZnCdS. To 352 mi of water in the flask were added
22.80 ml of the Zn solution, 1.20 ml of the Cd so-
lution, and 24 ml of the polyphosphate solution. The
solution was degassed thoroughly for 5§ min by bub-
bling with argon. Then the pH was adjusted to 11.0
using 1 N NaOH solution, and argon bubbling was
resumed for at least 20 min. Finally, 42 ml of gas-
eous H,S was quickly injected into the volume above
the solution, and the flask was vigorously shaken for
15s.

CdS. To 500 ml of water in the 2 Q flask were added
4.5 ml of the polyphosphate solution and 9 ml of the
Cd solution. The pH was adjusted to 9.7 using NaOH
solution. 10.2 ml of gaseous H,S was quickly in-
jected. After 6 s of reaction the flask was vigorously
shaken for 3 s. The solution was then filled into a
beaker and 10 ml of 0.2 molar NaOH solution was
added. The beaker was heated to 90°C and the tem-
perature was maintained for 3 h. Finally, the solu-
tion was concentrated to 250 ml in an evaporator.

2.1.2. Alcoholic colloids

CdS. A stock solution of Cd(ClO,), (0.1 molar)
in isopropanol was prepared. To 200 ml of isopro-
panol in a 250 ml measuring flask 3.1 ml of this stock
solution were added. The flask was fitted with a sep-
tum, 8 ml of gaseous H,S were quickly injected into
the volume above the solution, and the flask was vig-
orously shaken for 20 s. The sample was then aged
overnight and concentrated to 50 ml in a rotating
evaporator. The concentrated colloidal solution was
stable up to 30 min at room temperatures, after which
precipitation occurred.
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2.2. The laser system

The pump/probe-absorption (gain) experiment
used a laser system combining an excimer laser with
a colliding-pulse-mode (CPM) dye laser which is
described in detail in ref. [24].

3. Results

The absorption spectra of colloidal CdS in water
and isopropanol and aqueous colloidal Zng gsCdg o5S
are showin in fig. 1. Also given in the figure is the
particle diameter as a function of the wavelength of
the first “excitonic” transition, according to quan-
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Fig. 1. (a) Solid line: absorption spectrum of agueous colloidal
Z10.05Cdyp.05S. Dots; particle diameter estimated from the spec-
tral location of the “exciton?” band [25]. Sample thickness for
this measurement was 0.2 cm. (b) Solid line: absorption spec-
trum of aqueous colloidal CdS. Dashed line: absorption spec-
trum of colloidal CdS in isopropanol, Dotted line: particle di-
ameter estimated from the spectral location of the “exciton” band
[25}. Sample thickness for this measurement was 0.5 cm.
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Table 1
Parameters for yield curves in fig. 3
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ZnCds Cds

N, No. density of particles with 40 A diameter

N, No. density of particles with 25 A diameter

d, optical path length

OD,, small-signal optical density at 308 nm

o, absorption cross-section at 308 nm

o, =a*/0[23)]

B, cf. eq. (4) of ref. [23]

dq, absorption cross-section of solvated
electrons at 616 nm [26]

dy, absorption cross-section of solvated
electrons at 720 nm [26]

04, absorption cross-section of holes at 616 nm

a1, absorption cross-section of holes at 720 nm

kz, exciton trapping-rate constant

k4o, initial Auger emission-rate constant

n$** maximum number of emitted electrons
per particle

3.24x10%em*
6.39%10% cm—3

0.2cm 0.2cm

0.715 0.330

25.4% 10~ % cm? 5.94%10~'% cm?
0.6 1

0.7 1

0.539x 10~ %em?

0.726x 10~ % cm?
0.013% 10~ % cm?
0.018x 10~ cm?

35%102s7! 300% 10'2s~!
1015 -1 1015 =t
16 6

2 The high value for the Auger emission-rate constant &, is relatively uncritical and merely indicates an initial quantum yield near one

for the process.

tum-size calculations with a finite potential barrier
as described in ref. [25]. From these curves we es-
timate the mean particle diameter 2R for the CdS
colloid to be ~ 25 A and for the ZnCd$ colloid to
be ~ 40 A, which is in good agreement with our data
from transmission electron microscopy. These val-
ues have to be compared with the excitonic diameter
2ay of the bulk material (53 A for CdS and 40 A for
ZnCdS). The concentration of colloidal particles as
well as the inferred absorption cross sections are col-
lected in table 1.

Photophysical and photochemical changes after
short UV pulse excitation were monitored by broad-
band transient absorption measurements in the
wavelength range 370-750 nm. The rise of all tran-
sient absorption bands occurred simultaneously
within the time resolution of this measurement. Fig.
2a shows transient spectra at 0.33 ps after excitation
for CdS colloids in water and in isopropanol. Evi-
dently, a strong additional absorption can be ob-
served in the red spectral range in the case of the
aqueous colloid. This is in agreement with findings
in nanosecond flash photolysis experiments [27].

Fig. 2b shows the difference between the two spec-
tra of fig. 2a in comparison with the spectrum of a

solvated electron reported in ref. {26]. The similar-
ity between the two spectra as well as the analogy to
nanosecond experiments allows us to conclude that
in aqueous colloidal solution after intense UV pulse
excitation we observe an *“‘instantaneous” ( within our
temporal resolution of 250 fs) ejection of electrons.
The almost structureless transient absorption in the
range 440-720 nm in the case of the colloidal so-
lution in isopropanol (or the difference between the
transient spectrum of CdS colloid in water and the
hydrated electron spectrum, respectively) can be as-
signed to photochemical changes due to trapped
charge carriers. Again, this photochemical reaction
(carrier trapping) is faster than 250 fs. The chemical
nature of these photoproducts (S, e~ associated
with Cd**) has been discussed in [23,28,29] *..
Here this is of no further interest, since on the time
scale of interest up to 10 ps after excitation no sig-
nificant absorption decay was observed in the red
spectral range. Similar spectra have been observed
for Zn,Cd,_,S.

#1 It should be noted that a similar almost structureless transient
absorption spectrum on the long wavelength side can also be
observed with CdS and CdSSe microcrystallites embedded in
a glass host [4].
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Fig. 2. (a) Transient absorption spectrum of CdS in isopropanol
(a) and water (b) at 0.33 ps after excitation by a 250 fs UV pulse.
For comparison, the ground-state absorption spectrum of CdS is
also shown for a sample path length of 0.2 cm as used in experi-
ments. (b) Difference spectrum of colloidal CdS in water and
and colloidal CdS in isopropanol at 0.33 ps after excitation by a
250 fs UV pulse. For comparison, the absorption spectrum of a
solvated electron in water is shown [26] (dashed curve).

Fig. 3 shows the observed number of electrons per
incident photon as a function of pump fluence as cal-
culated from the maximum changes of optical den-
sity at 720 nm (CdS) and at 616 nm (ZnCdS) for
2 mm of the colloidal solution using the absorption
cross-section of solvated electrons from ref, [26]
(table 1) and the experimentally determined cross-
sections for the hole absorption (measurement in al-
coholic colloids, table 1). Evidently, in the case of
the CdS colloid, saturation of the ejection occurs at
considerably higher pump fluences and only a third
of the electrons per colloidal particle is ejected. The
solid lines in the figure represent the results of the
model calculations (see below).
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Fig. 3. Number of ejected electrons from aqueous CdS (hollow
squares, obtained from change of optical density at 720 nm) and
Zny55Cdy 558 colloids (hollow circles, obtained from change of
optical density at 616 nm) at 0.33 ps after excitation by a 250 fs
UV pulse versus pump fluence at 308 nm. Solid lines are the re-
sult of model calculations (see text).

4, Discussion

Since photochemical assignment of the broad-band
absorption to trapped holes and trapped electrons
has been discussed in ref. [23], we will focus here on
the ejection of electrons in aqueous colloidal solu-
tion. Possible mechanisms of photoelectron genera-
tion in colloidal semiconductors have heen dis-
cussed thoroughly in ref. [27], Here, we will briefly
review the main features with respect to our fem-
tosecond experiments.

It was pointed out earlier [27,30] that electrons
cannot be photoemitted from CdS into water via a
process in which only one photon is involved. This
becomes evident by an inspection of the electro-
chemical potentials of the bulk semiconductor ma-
terials (CdS, ZnS) [31] and the energy level of sol-
vated electron [27] which are shown in fig. 4. The
energy of the first excited (“excitonic™) state is not
high enough for an electron ejection.

A two-photon ionization as a possible process for
the observed electron ejection is generally observed
only when there is no one-photon absorption pres-
ent. It should be also reflected in a characteristic de-
pendence on the pump fluence, and in the case of
negligible screening (CdS) no saturation should be
observed. Measurements with nanosecond light
pulses by some authors [27], however, showed an
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Fig. 4. Electrochemical potentials of bulk CdS and ZnS in water
and potential energy of solvated electron [31]. Also shown are
the “excitonic™ and “biexcitonic” energy levels of the semicon-
ductor colloids and schematically the reduction of the potential
energy after electron ejection due to remaining positively charged
excess holes.

almost linear dependence of the electron yield on the
pump intensity up to 30 MW /cm? and no saturation
behavior. An Auger-like ejection process for elec-
trons was thus proposed. Auger electron-emission
processes have been observed also in (larger) semi-
conductor particles embedded in a glass host in na-
nosecond experiments [9]. In the latter experiments
the Auger process was shown to greatly influence the
relaxation process after light excitation as an addi-
tional recombination channel of the charge carriers,
and therefore strongly decreases their lifetime,
Compared to these experiments, a much higher
density of charge carriers occurs in our femtosecond
investigations, If we bear in mind that in such tiny
guantum-dots one electron-hole pair is already com-
pletely delocalized over the entire particle, it is ev-
ident that the spatial overlap with a second gener-
ated electron-hole pair is extremely large. This leads
to an enhanced Auger emission rate. Such an elec-
tron-emitting state should be an analogue to a dou-
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bly-excited (“biexcitonic™) state in a macrocrystal.

It might be argued that the electron emission could
also occur from trapped states because trapping pro-
ceeds also within times shorter than 250 fs. How-
ever, due to the localization the spatial overlap of the
charge-carrier wavefunctions is significantly lowered
and consequently the probability for the Auger-like
emission process will be greatly reduced. This is sup-
ported by the fact that in nanosecond transient ab-
sorption measurements (excitation pulse width 30
ns) [27] with pump fluences in the order of 150
photons per A2 (compared to 10 photons per A? in
our 250 fs experiments ) the maximum electron yield
for the hydrated electrons amounted to only 2-3% ¥
compared to about 30% in our femtosecond exper-
iments. The flux in the femtosecond experiments,
however, is such that on the average every 10 fs a
photon is being absorbed by the quantum-dot, giving
a certain probability for creating two or even more
excitons before they are trapped or before they
recombine.

In ref. [23] we have proposed a model which con-
siders electron ejection, trapping and absorption of
multiple photons (due to the high fluxes) (fig. 4),
which we will briefly sketch here:

Absorption of 2 photon with absorption cross sec-
tion g, leads to the first excited (“‘excitonic”) state
a. This is followed by “excitonic™ recombination or
by trapping with a rate constant kr. In the case of
strong pumping the “excitonic’ state may absorb an-
other photon (before trapping and recombination
occur) leading to a doubly excited state b. Besides
trapping and recombination another decay channel
of this doubly excited state is given by the emission
of an electron, with rate constant k,, leading to a
deexcited particle with an excess hole. Since recom-
bination of carriers proceeds on a picosecond time-
scale [23] the effect of an intense femtosecond pump
pulse is to drive population up along the main di-
agonal in the scheme of fig. 5 creating particles hav-
ing absorbed an average number #,,, of photons and
emitted an average number of electrons #,,. This sug-
gests a simpler energy-level scheme shown on the rhs
of fig. 5.

Rate equation calculation as in ref. [23] for this

¥ From nanosecond control experiments as in ref. [27], with
identical samples.
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Fig. 5. Full and simplified formal rate model for multiphoton ab-
sorption by semiconductor microcrystallites.

model have been carried out to simulate the exper-
imentally obtained electron yield curves (the num-
ber of electrons has been derived from experiment
from the change of optical density in the red spectral
range) (fig. 3). The parameters for best overall
agreement with experiment are collected in table 1.

The decisive parameters of the model which have
been varied in the course of calculation are:

- the trapping rate constant kr,

- and the maximum number of electrons which
can be emitted by one particle n7®x.

In particular, for CdS we find ;=300 ps—', and
n&** =6, whereas for the larger ZnCdS, kr=35ps~!,
and nd** =16 have been obtained. & corresponds to
an “exciton” lifetime of 3 fs for the CdS particle and
28 fs for the ZnCdS colloid, respectively. Calculating
the transit time of an electron through such a small
semiconductor particle (assuming an orbital veloc-
ity in an exciton of the corresponding bulk mate-
rial ), one finds characteristic times in the order of 10
fs [23]. We believe that the surface of the quantum-
dot is highly reactive and that it requires only a few
orbits before the carriers are being trapped. The
trapping possibly depends on the particular chemical
preparation of the surface. Thus, such very fast trap-
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ping times, as well as the difference between CdS and
ZnCdS (the CdS particle is significantly smaller) are
indeed reasonable. However, the calculated values
can only be considered as estimates, In particular,
the value of k;=300 ps~' for the CdS particle is al-
ready far beyond the limit where the rate equation
description is applicable. We can take it therefore as
a mere indication of almost instantaneous photo-
chemical reaction on the surface.

Let us discuss now the second parameter of our
model, the maximum number of electrons which can
be ¢jected from such a particle, which differs by a
factor of three for the two colloids. With every elec-
tron ejected from the doubly excited state, the re-
maining excess hole reduces the electrochemical po-
tential [31] by e/4neeR, where ¢ is the high-
frequency dielectric constant (fig. 4). In this figure
the energetic levels of the excitonic and biexcitonic
states were calculated from the valence-band posi-
tions of the bulk materials and the spectral positions
of the excitonic transitions of the investigated par-
ticles, The reduced potential decreases the driving
force for the formation of hydrated electrons, which
we incorporate into our model by an Auger rate con-
stant k, which depends on the number of electrons
which have been ejected aiready, n,, and the total
number of ejectable electrons, nZ**:

ka=kao(l—na/nd*™) for ng<ng™
and
kn=0 otherwise.

Due to the larger particle diameter 2R of the
ZnCdS particle, the potential energy decrease with
every ejected electron is smaller (0.142 eV) com-
pared to the CdS particle (0.214 eV). The energy
difference between the initial potential of the doubly
excited (“biexcitonic™) state and the solvated elec-
tron is larger (2.85 eV) for the ZnCdS colloid com-
pared to 1.6 ¢V for CdS particles. Thus, more elec-
trons can be emitted by the ZnCdS particle in
comparison 10 the smaller CdS microcrystallite. For
the ZnCdS particle we can estimate the maximum
number of electrons to be:

nma =2 85eV/0.142eVx20
and for the CdS particle
ni*=1.61¢vV/0.214e¢V=x75.
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From the fits with the parameters of table 1, we find
n®¥* =16 for ZnCdS and n5* =6 for CdS, respec-
tively. Thus, our experimental findings and the pa-
rameters of our model calculations are in good agree-
ment with the values for the maximum number of
electrons which can be ejected per dot derived from
simple thermodynamic considerations.

5. Conclusions

We have monitored by subpicosecond spectros-
copy the yield of photochemical products and the
yield of solvated electrons from subpicosecond ex-
citation of quantum-size CdS- and Zny, ¢5Cdg ¢5S-mi-
crocrystallites in alcoholic and aqueous colloidal so-
lution, respectively. Both photochemical product
formation (trapping) and electron ejection occurred
within a time below our temporal resolution. The
electron yield as a function of pump fluence was mo-
delled in a simple Kinetic scheme which involves the
“exciton” lifetime prior to trapping, and a maxi-
mum number of electrons which can be emitted per
particle. From the model calculations, “exciton”
lifetimes (trapping times) in the order of 10-30 fs
were obtained. The calculated maximum number of
ejectable electrons from such a particle is in good
qualitative agreement with thermodynamics. Our re-
sults suggest that the primary photophysical pro-
cesses in such small quantum-dots differ consider-
ably from the primary events in larger crystallites (in
which R is several times the excitonic radius) [9,16].
Further experimental and theoretical work, how-
ever, is needed to clarify the primary photophysical
and photochemical events in such semiconductor
quantum-dots. In particular, measurements are re-
quired in quantum-dots of different size, as well as
with specific surface preparation, in order to eluci-
date the influence of the surface on the trapping and
electron ejection. Also, a higher temporal resolution
is needed to gain further evidence for the suggested
model.
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