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Photoabsorption spectra of isolated GaNAsM clusters (N1M54–80) have been investigated in the range
\v51.7–6.4 eV by measuring their absolute photodissociation and photoionization cross sections. The results
are analyzed in terms of an effective optical band gap, and answer the question of how the well-known
quantum-size effects in semiconductor colloids are transformed into the molecular spectra of small semicon-
ductor clusters.@S0163-1829~96!07240-2#

There has been intensive research into the photoabsorp-
tion cross sections~v! of metal clusters in order to under-
stand how the typical Mie resonances1 of metal colloids
transform into the molecular spectra of small clusters.2 How-
ever, for semiconductor clusters only the relative spectra of
small InNPM and SiN clusters3 have been investigated by
Mandich and co-workers. Measurements on InNPM clusters
have demonstrated that these clusters are optically transpar-
ent in the infrared region, and that the absorption increases
for photon energies larger than a typical energyEbg that
seems to play a similar role for clusters as the band gap does
in bulk semiconductors.

Similar results to those obtained for InNPM clusters were
obtained in the present work for GaNAsM clusters; however,
we concentrated on the absolute values of the oscillator
strength which allow us to determine an effective optical
band-gap energy quantitatively, and its evolution with cluster
size. This investigation was carried out with the purpose of
contributing to the understanding of the behavior of optical
properties observed for semiconductor quantum dots and col-
loids: the band gap of these particles increases continuously
as their diameterD decreases. A typical example is the band
gap of GaAs colloids,4,5 which increases fromEbg51.5 eV
for D522 nm (N1M'23105! to Ebg53.5 eV for D53
nm (N1M'600!. This effect is usually described by means
of quantum particle models, where the electrons are repre-
sented by waves confined in a spherical box.6 On the other
hand, it is experimentally known that the energy gap be-
tween the highest occupied molecular orbital~HOMO! and
lowest unoccupied molecular orbital~LUMO! of the di-
atomic GaAs molecule is onlyEbg'3.0 eV.7 Hence two
questions arise:~i! how the band gap evolves in the size
range betweenN1M5600 andN1M52, and~ii ! how the
formal divergence of the band gapsEbg within the quantum
particle model forD→0 can be avoided in order to connect
the quantum-size effects of colloids to the molecular elec-
tronic structure of semiconductor molecules.

We have therefore experimentally investigated the size
evolution of the optical-absorption spectra of GaNAsM clus-
ters. An effective optical band gapEbg~p! can be defined in
order to quantify the onset of optical absorption in the vicin-
ity of the band edge by

E
0

Ebg~p!

s~\v!d~\v!5pFe . ~1!

This formula determines the energyEbg(p), where the inte-
gral oscillator strength is increased to a certain fractionp!1
of the complete, one-electron oscillator strengthFe51.1
eV Å2.8

The so-defined value ofEbg(p)is consistent in the limit
p→0 with the conventional definition of the bulk band gap.
However, an experimental determination is restricted to
small, positivep values.

The cluster beam apparatus has been already described in
detail elsewhere.9 The clusters are produced by a pulsed-
laser vaporization clusters source. The clusters leave the
source through a nozzle at a temperature of 300 K, and a
collimated molecular beam is formed. Size-selective cluster
intensities are measured by ionizing the clusters with a sec-
ond excimer laser~\v57.89 eV! and detecting the ionized
clusters with a time-of-flight mass spectrometer. In the
present experiment the clusters are excited on their way from
the source to the detector by an excimer laser beam that
intersects the cluster beam perpendicularly. Photoabsorption
is followed by photodissociation,10 and appears as a loss of
intensity ~depletion! of the excited clusters in their mass
spectrum, similarly to the experiments described in Ref. 3. If
the photon energy of the excitation laser reaches the ioniza-
tion threshold, photoionization of GaNAsM clusters provides
an additional channel for light absorption.11 Photoionization
spectra are obtained recording directly the cluster cation sig-
nal, i.e., the second excimer laser is switched off. Simulta-
neously, the intensity of the excitation excimer laser beam is
measured with a photometer~accuracy620%!.

For excitation energies lower than the ionization thresh-
olds the experimentally determined depletion of the cluster
signal isxdis5I /I 0 , whereI and I 0 are the intensities of the
cluster beam respectively in the presence or absence of the
excitation laser. This depletion is theoretically related to the
transition probabilityw(a→e) from an initial stateua& to a
final stateue& of the cluster. Within the dipole approximation,
and taking only single photon absorption into account,xdis is
given by12

xdis512w~a→e!512
4p2uWeau2d~Ee2Ea!

h
Dt, ~2!

whereinWea5^euŴua& is a transition matrix element of the
perturbation operatorŴ, andDt is the time period of the

PHYSICAL REVIEW B 15 OCTOBER 1996-IVOLUME 54, NUMBER 15

540163-1829/96/54~15!/10296~4!/$10.00 10 296 © 1996 The American Physical Society



perturbation. The transition probabilityw(a→e) determines
the absolute photodissociation cross sectionsdis for a number
of photonsw per unit area and per excitation laser pulse:
sdis5wdis(a→e)/w. In the case when photoionization has to
be taken into account, the photoionization cross sectionssion
are analogously calculated fromxion5I ion/I 0 , where I ion is
the intensity of cluster cations. The total photoabsorption
cross sectionsabs is then given bysabs5sdis1sion .

We have determined the absolute absorption cross section
sabsby measuring the number of photonsw per unit area and
per excitation laser pulse, the depletion ratioxdis and/or the
ionization ratioxion . The finite overlap existing between the
depletion laser and the molecular beam2 has been thereby
taken into account.

From this procedure we obtain the absolute photodisso-
ciation, photoionization, and total photoabsorption cross sec-
tions of GaNAsM clusters (N1M54–80) in the photon en-
ergy range\v51.7–6.4 eV for several fixed excimer laser
wavelengths~l5193, 248, 308, 348, and 713 nm!.

Figure 1 shows the results for several GaNAsM clusters in
comparison with the bulk absorption spectrum, which is cal-
culated from the bulk dielectric functions using the Mie
theory.13,14There is a significant increase of the total absorp-
tion cross section to high photon energies for all GaNAsM
clusters. Moreover, a cross-section minimum is observed at
5.0 eV for the smaller clusters, though this minimum van-
ishes when the clusters become larger.

Within our experimental setup, we are not able to observe
absorption of light for photon energies lower than 1.7 eV,
i.e., infrared absorption due to, e.g., vibrational excitations or
weakly bond electrons.

We have shown in a recent paper15 that small GaNAsM
clusters with an odd number of atoms (N1M55,7,...)have
significantly larger static polarizabilities than those clusters
with an even number of atoms (N1M56,8,...).This result
has been explained by a simple model taking into account
the existence of additional donorlike or acceptorlike elec-
trons for the oddN1M clusters. The experimental photoab-
sorption and photoionization16 spectra exhibit characteristic
features that can be related to the measured polarizabilities.
For example, the absolute values of the absorption cross sec-
tions of the clusters with oddN1M55,7 ~j andd in Fig.
1! are larger than the values ofN1M56 ~m in Fig. 1! over
our experimental energy range~1.7–6.4 eV!. Nevertheless,
only 20% of the expected full one-electron oscillator strength
due to the additional defectlike electron can be found in this
energy range. The missing transitions contributing to the os-
cillator strength must be located at energies above 6.4 eV,
because the oscillator strength is expected to be very weak
for transition energies below 1.7 eV.17 Within the last as-
sumption we are able to estimate the resonance energies ac-
cording to Mie’s dipole excitation theory applied to small
GaNAsM clusters (N1M54–15). This is done by fitting the
parameters of a two-Drude-oscillator-model polarizability
aD~v! ~Ref. 18! by using the measured static polarizability
a~0! and the photoabsorption cross sections~v! which is
related to the dynamic polarizability a~v! by
s~v!}Im$a~v!%/v. This calculation additionally requires tak-

FIG. 2. Excitation energies of GaNAsM clusters: Effective opti-
cal band gapsEip~p50.02! ~)!, effective photoionization gaps
Eip~p50.02! ~s! and effective photodissociation gapsEdis~0.02!
~n!, photoabsorption band gapsEbg~p'0! for GaAs colloids~l!,
and photoabsorption and photoionization thresholds of diatomic
GaAs ~j andd!. The quantum confinement model is represented
by curve~A!, the ionization thresholdsEip~p50! within the dielec-
tric sphere model by curve~B!, the work function of bulk GaAs
~Ref. 21! by curve~C!, the effective optical band gapEbg~p50.02!
of bulk GaAs obtained by Mie theory by curve~D!, and the bulk
GaAs band gapEbg(p50) ~Ref. 6! by curve~E!. The dashed line
~ ! corresponds to the estimated band gapsEbg(0) of the
GaNAsM clusters.

FIG. 1. Absolute photoabsorption and photoionization cross sec-
tions of GaNAsM clusters. Photoabsorption cross sections per elec-
tron: N1M55 ~j!, 6 ~l!, 7 ~d!, 80 ~n!, and bulk~)!. Photo-
ionization cross sections per electron~inset!: N1M55 ~h!, 6 ~L!,
7 ~s!, and 80~,!. The accuracy of the absolute scale for the cross
sections is about620%.
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ing into account the so-called sum rule for the oscillator
strength.8 The first oscillator describes the peak at\v54.0
eV in Fig. 1, and the second the Mie resonance that is ex-
pected to occur at\vcluster.\v56.4 eV in the vicinity of the
bulk surface-plasmon energy\v059.0 eV.19 The calculated
energy shiftsDE5\v02\vcluster are shown in Table I. The
table shows how the defectlike electrons systematically in-
fluence the appearance of the spectra. The values of the di-
pole resonance energies of the clusters containing odd num-
bers of atoms are shifted toward lower excitation energies by
about 1.5–2.5 eV against the bulk value. This result relates
the strong variations of the static polarizabilities more to the
variation of the dipole resonance excitation energies, rather
than to a distinct defectlike electronic state on which we
have speculated in our previous paper.15

Another important result shown in Fig. 1 is the reduction
of the total absorption cross sections of larger GaNAsM clus-
ters withN1M580 ~n in Fig. 1! in comparison to the cross
sections of the bulk or that of smaller clusters. This means
that the effective optical band gaps strongly increase for
these larger clusters. However, the photoionization cross sec-
tions of large GaNAsM clusters~, in the inset of Fig. 1! are
much larger than those of the smaller clusters. Figure 2
shows the size dependence of the effective photodissociation
gapsEdis~p50.02! ~n!, the effective photoionization gaps
Eip~p50.02) ~s!, and the effective optical band gaps
Ebg~p50.02) ~)! of the GaNAsM cluster. The value of
p50.02 is suitable in order to describe the essential physical
effects in the measured spectra. However, we can give an
idea of the limitEbg~0!. These values are also shown in Fig.
2 ~ !. They have been roughly estimated by extrapolat-
ing Ebg(p) for p→0, using the experimental valuesp50.02
and 0.01. Some measurements of the photoabsorption band
gaps of GaAs colloidsEbg(p'0) ~l!,3,4 and the photoab-
sorption and photoionization thresholds of the diatomic
GaAs molecule~d andj!,7 are additionally included in this
figure.

The effective optical band gapsEbg~0.02! of the large
GaNAsM clusters seem to follow the trend of the GaAs col-
loids, and are still increasing fromN1M580 toN1M514
[N1M580→14: Ebg(p50.02)55.3→6.0 eV#. Then
Ebg~0.02! starts to decrease gradually for the smaller
GaNAsM clusters toN1M54, and its value comes close to
the HOMO-LUMO gap of the diatomic GaAs molecule. The
size evolution of the effective dissociation gapsEdis~0.02! of
the smaller GaNAsM clusters is similar to the one of the
effective band gaps, whereas theEdis~0.02! values are nearly
constant~Edis'6.2 eV! for the larger cluster (N1M.14).
However, the effective ionization gapsEip~0.02! of the larger
GaNAsM clusters decrease fromN1M520 to N1M580
~N1M520→80: Eip~0.02!56.4→5.7 eV#, showing there-
fore an opposite behavior toEdis~0.02!.

The absorption of the larger GaNAsM clusters (N
1M>15) is dominated by their large effective photodisso-
ciation gaps, which reflect pure absorption without ionization
effects. These enhancedEdis~0.02! gap values can be under-
stood as a result of quantum confinement effects, i.e., the
pure photoabsorption spectra shift to the blue as it is ob-
served for semiconductor GaAs colloids. The calculation of
the band gaps for colloids6 within the quantum confinement
model is also shown in Fig. 2@curve~A!#. It is obvious from
the figure that this simple model overestimates the values of
the photoabsorption band gaps, especially for the smaller
GaAs colloids. The effective optical band gaps of the
GaNAsM clusters withN1M514–80~) in Fig. 2! are 1.3–
2.0 eV larger than those corresponding to the effective opti-
cal band gap of bulk GaAsEbg

bulk~0.02! obtained by Mie
theory. This shift DEcluster5Ebg

cluster~0.02!2Ebg
bulk~0.02! is

comparable to the shiftDEcolloid5Ebg
colloid~0!2Ebg

bulk~0! ob-
served for the GaAs colloids. However,DEcluster is much
smaller than expected from the quantum confinement model
for this cluster size range.

These deviations from the quantum confinement model
can be related to the efficient photoionization of large
GaNAsM clusters. TheEip~0.02! gaps of the GaNAsM clusters
with N1M520–80 are about the same as the effective dis-
sociation gaps. This is theoretically confirmed by curve (B)
in Fig. 2. This curve represents the theoretical ionization
thresholdsEip~p50! of a dielectric sphere, calculated by
classical electrostatics20 using the bulk dielectric constant
and the bulk work function in the calculation. These theoreti-
cal Eip~0! values give an upper limit for the quantum con-
finement energies for cluster sizes smaller thanN1M
5100–200, and can be understood considering a finite
potential depthV'2Eip in the quantum confinement model.

This idea is confirmed by our experiments for the larger
clusters (N1M514–80). The measured effective photoion-
ization gaps are indeed close to the calculatedEip~0! values
obtained from the electrostatic model. The increase of these
effective band gapsEbg~0.02! from N1M580 to N1M
514 is also due to the increase of the experimentalEip~0.02!
values. This gives further support to the idea that the effec-
tive optical band gaps are strongly influenced by photoion-
ized effects forN1M,200.

The absorption behavior of the GaNAsM cluster with
N1M<15 is dominated by the decrease of the effective
photodissociation gaps and by their molecular electronic
structure, i.e., the defectlike electrons give rise to even/odd
oscillations in the decreasing effective band gaps. It is clear
that this effect cannot be understood within the quantum con-
finement model. Hence there seems to be a qualitative
change in the electronic structure of the GaNAsM clusters
with N1M,14. The reason for the decrease of the effective
optical band gaps is the fact thatEdis~0.02! becomes smaller.

TABLE I. Shifts of the Mie dipole resonance excitation energies for small GaNAsM clusters (N1M54–15) from the bulk value
\v059.0 eV.

Cluster size
N1M 4 5 6 7 8 9 10 11 12 13 14 15

Shift of the Mie dipole 0.4 3.0 0.5 3.6 2.4 3.1 20.4 2.7 0.5 2.3 20.4 0.6
resonance energies~eV! 60.5 60.7 60.6 61.2 60.2 63.5 61.5 63.1 60.9 62.1 61.3
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This effect makes theEbg~p50.02! values forN1M4–5 to
be close to that of the diatomic GaAs molecule~3–4 eV!.
These small clusters have a molecular electronic structure.
This means that the transition between the bulklike clusters
and the molecularlike clusters takes place at a cluster size of
aroundN1M'14. GaNAsM clusters with more than 14 at-
oms behave surprisingly simple, like small bulklike nano-
crystallites. Their photoabsorption behavior can be under-
stood with the bulk dielectric constant, including

photoionization and quantum confinement effects. The un-
derstanding of this crossover from bulklike to molecular
behavior seems to be a challenge for theoretical investiga-
tions.
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