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Abstract

Photoelectron spectra for indium phosphide (InP) cluster anions comprised of up to 27 atoms were measured at a
photodetachment wavel ength of 266 nm. Results are presented for cluster anions of both stoichiometric and non-stoichiomet-
ric composition (In,P,, In,, ;P ; x=1-13). InyP; exhibits the lowest electron affinity (EA) of all the clusters studied,
indicating a particularly stable neutral species. The EAs of the stoichiometric clusters are considerably lower than those of
the corresponding non-stoichiometric clusters, suggesting the presence of closed-shell ground states for the neutra In, P,
clusters. Remarkable agreement between the experimental EAs and those derived from calculations on quantum dots is

found. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Indium phosphide (InP) based materials have be-
come an important class of 111-V semiconductors,
because of their application in electronic and pho-
tonic devices used for example in high-quality fiber-
optics communication systems [1]. The successful
synthesis of colloidal dispersions of quantum dots of
crystalline InP with narrow size distributions [2] has
led to experimental [3,4] and theoretical [5,6] charac-
terization of these quantum confined INP systems.
The synthesized clusters contain ~ 700—9000 atoms
and behave like perturbed bulk-like species. These

* Corresponding author. Fax: +1 510 642 6262; e-mail:
dan@radon.cchem.berkeley.edu

results suggest it would be of interest to study InP
clustersin the 10—-200 atom size regime, since thisis
where the most dramatic evolution from molecular to
bulk-like properties might be expected to occur.
However, little experimental information is available
for clusters in this size range.

Anion photoel ectron spectroscopy is a particularly
useful technique to study semiconductor clusters,
since the use of anionic precursors enables one to
study the electronic structure of clusters mass-selec-
tively. It has been applied successfully to the study
of pure elemental [7-11] and, to a lesser extent,
binary [12—17] semiconductor clusters. Photodetach-
ment studies on InP cluster anions are limited to two
previous studies. Xu et al. [18] reported photo-
electron spectra for small indium phosphide cluster

anions (In,P,"; x, y=1-4). They observed a con-

0009-2614,/99/$ - see front matter © 1999 Elsevier Science B.V. All rights reserved.

Pll: S0009-2614(99)00671-5



348 K.R. Asmis et al. / Chemical Physics Letters 308 (1999) 347-354

siderable gap for all even clusters between the bands
corresponding to transitions to the ground and the
first excited states of the neutral. Higher-resolution
zero electron kinetic energy (ZEKE) photodetach-
ment studies were performed on In,P~ and InP,
[19]. Prior to the photodetachment work, Mandich
and co-workers [20,21] used photodissociation fol-
lowed by photoionization mass spectrometry to mea-
sure near-IR and visible absorption spectra (from
0.65 to 2.0 eV) for InP neutral clusters containing
5-14 atoms, including the stoichiometric clusters
In, P, (x=3-7). They observed a higher absorption
onset for the even clusters, consistent with the anion
photodetachment studies. Remarkably, the onset for
the even clusters was close to the band gap for bulk
crystalline InP.

In the present Letter we report the photoelectron
spectra of InP cluster anions containing up to 27
atoms (In,P_, In,_ ;P ; x=1-13). We discuss the
evolution of the electronic structure in general and
the cluster electron affinity (EA) in particular as a
function of cluster size. The present study can be
seen as a continuation of the systematic study of
mixed I11-V clusters in our group, which so far has
covered clusters of InP, GaP, and BN [17-19,22—-24].

2. Experimental

The negative ion time-of-flight (TOF) photo-
electron spectrometer used in this study has been
described previously [25,26], with exception of a
shorter electron flight tube, which was installed to
increase the acceptance angle of the electron detec-
tor. Indium phosphide clusters are prepared by laser
vaporization with the second harmonic (532 nm, 7.5
mJ/per pulse) of a Nd:YAG laser tightly focussed
onto a rotating and trandating indium phosphide
disc. The resulting plasma is entrained in a pulse of
Ar carrier gas from a piezoelectric valve. The plasma
is expanded through a clustering channel. lons formed
in the expansion are extracted perpendicularly to the
expansion by means of a pulsed electric field and
accelerated to a beam energy of 3.75 keV. The
extracted ions enter a linear reflectron TOF mass
spectrometer, where they separate in time and space
according to their mass-to-charge ratios. The mass

resolution is m/Am= 2000. Photoelectrons are de-
tached from the mass-selected ions by a fixed fre-
quency laser pulse from a second Nd:YAG laser.
The laser firing delay is varied until optimal tempo-
ral overlap is achieved with the ion of interest. The
fourth harmonic (266 nm, 4.657 eV) of the Nd:YAG
laser with a typical laser fluence of 7 mJ/cm? was
used in the present study. The instrument is operated
at 20 Hz. The angle between the laser polarization
and the direction of electron collection can be varied
by means of a half-wave plate. All spectra reported
here were measured at a laser polarization angle of
6 = 55° (magic angle).

The photoel ectron kinetic energy is determined by
time-of-flight. The detached electrons are detected at
the end of a 30 cm magnetically shielded flight tube,
mounted orthogonal to the laser and ion beam. The
electron detector subtends a solid angle of 0.01 sr,
i.e, 0.1% of the detached photoelectrons are de-
tected. With the shorter flight tube, the instrumental
resolution is ~ 30 meV for an electron kinetic en-
ergy (eKE) of 0.65 eV and degrades as (eKE)*/2,
Ultraviolet photons efficiently gect electrons from
metal surfaces, resulting in a residua background
photoelectron contribution of typically 1 electron per
10 laser shots at 266 nm, primarily at low eKE.
Background spectra were recorded on a daily basis,
summed and then subtracted from the acquired data.

3. Resaults

A mass spectrum of the larger indium phosphide
cluster anions generated in our laser ablation source
is shown in Fig. 1. A wide variety of clusters are
generated that can be grouped into cluster series
differing by one InP unit. The series In,P, and
In,, P, are marked. Within each series the inten-
sity distribution of neighboring clusters is smooth,
i.e., no obvious intensity discontinuities (magic num-
bers) are observed. The formation of indium-rich
clusters is favored under the experimental conditions
used here. An excerpt of the mass spectrum is shown
with larger magnification in the top right-hand cor-
ner of Fig. 1. It shows that each band associated with
a cluster anion of particular stoichiometry consists of
a series of peaks, reflecting the natural isotope distri-
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Fig. 1. Mass spectrum of larger indium phosphide clusters anions.
Clusters of type In,P, (asterisks) and In,, P, (diamonds) are
marked. An excerpt of this spectrum is shown with larger magnifi-
cation in the top right-hand corner.

bution of indium atoms (96% “*°In, 4% *In) in the
source disc. This spectrum demonstrates that in the
cluster size regime we are probing (< 2100 AMU),
complete mass-separation of the cluster anions of
interest is obtained.

The 266 nm photoelectron spectra of the indium
phosphide cluster anions In, P, and In,, P, (x=
1-13) are shown in Figs. 2 and 3. The spectra show
partially resolved electronic bands, with the number
of distinct bands decreasing for the larger clusters.
The vertical detachment energies (VDES) for se-
lected bands, marked with adot in Figs. 2 and 3, and
estimated electron affinities (EAS), indicated by an
arrow, are listed in Table 1. The determination of the
VDEs is straightforward, as each corresponds to a
band maximum, while that of the EA is complicated
by the absence of vibrationally-resolved features; in
the absence of such features, vibrational hot bands
and the possibility of large geometry changes upon
photodetachment can obscure the vibrational origin
of the transition between the anion and neutral elec-
tronic ground states. The arrows in Figs. 2 and 3 thus
only reflect our best estimates of the cluster EAs.
Determination of the error associated with the EAsis
difficult, but we believe error bars of +0.10 eV for
x<6and +0.15 eV for x> 6 to be reasonable.

Higher-resolution spectra of InP clusters contain-
ing less than nine atoms have been published previ-
ously and discussed elsewhere [18,19,27]. The spec-
tra for these species presented here are in good
agreement with the previous data. For these clusters
the EAs stated in this Letter and the ones determined
in the previous studies lie within +0.10 eV (see
Table 1). The present spectra also confirm the as-
signment by Xu et al. [18] of a sharp feature ob-
served a an eKE of ~29 eV in the 266 nm
photoelectron spectra of the larger In, P, anionsto a
two-photon absorption process. These spectra were
measured with a typical laser fluence of 70 mJ/cm?.
The present study was performed with one-tenth the
laser fluence, i.e, conditions less favorable for
multi-photon processes. The sharp feature is absent
in al the present spectra.
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Fig. 2. 266 nm anion photoelectron spectra of stoichiometric
indium phosphide clusters (In,P,, x = 1-13). Arrows indicate the
estimated electron affinities. The vertical detachment energies of
the bands marked with dots are listed in Table 1.



350 K.R. Asmis et al. / Chemical Physics Letters 308 (1999) 347-354

Electron Binding Energy (eV)
40 3.0 20 1.0 40 3.0 20 1.0
In P A x=1

x+17 x

10

5 '

¢
100 2.0 3.0
Electron Kinetic Energy (eV)

s
1.0 2.0 3.0

Fig. 3. 266 nm anion photoelectron spectra of non-stoichiometric
indium phosphide clusters (In,, ,P,, x=1-13). Arrows indicate
the estimated electron affinities. The vertical detachment energies
of the bands marked with dots are listed in Table 1. The dashed
lines for x=7 and x = 13 are the spectra of In,P; and In,;3P;5
(see text).

The photoelectron spectra of the stoichiometric
clusters In, P, (Fig. 2) show severa interesting fea-
tures. Distinct bands are observed up to x = 6, which
we attribute to detachment transitions to the ground
and low-lying electronic states of the neutral species.
The isolated band at highest eKE in these spectra is
assigned to the transition to the neutral electronic
ground state. An abrupt change in the appearance of
the photoelectron spectra is observed between x = 6
and x = 7. Instead of resolved bands, a broad, rather
structureless feature now dominates the lower-eKE
region. The center of this broad feature is gradually
shifted to lower eKE with increasing cluster size. A
weak band at high eKE can still be observed in the
X = 7 spectrum. From x =7 to x = 9 this weak band
shifts to lower eKE, i.e.,, 2.04 eV (x=7), 1.79 eV

(x=298), and 1.49 eV (x=9). As aresult of this, the
signal onset for the x> 8 spectra does not corre-
spond to the onset of a distinct band with an observ-
able maximum, in contrast to the x< 8 spectra.
Instead, the signal gradually increases without much
structure from the signal onset. The only distinct
feature that remains in the spectra of the larger
clusters (x=10-13) is a considerable increase in
slope of the signal ~ 0.5-1 eV below the signa
onset. Even though the appearance of the spectra of
the stoichiometric clusters changes considerably with
cluster size, the EA increases rather smoothly for
X > 4 (see Table 1 and Fig. 5).

The photoelectron spectra of the non-stoichiomet-
ric In,, P, clusters are shown in Fig. 3. In contrast
to the spectra of the stoichiometric clusters, an iso-

Table 1
Vertical detachment energies (VDES) and electron affinities (EAS)
of indium phosphide clusters (all energies are in eV)

Cluster  VDEs EA® EAPC
InP 2.05, 2.60, 2.69, 3.75 188 1.95°
In,P 244,263 233 2400,
2.36°
In,P,  1.98,2.68, 3.00, 3.71, 4.40 175 1.68°
IngP,  3.06.319,335 2.74  2.66°
IngP;  157,2.70,291,325,382,398 140 1.30°
In,P,  2.86,313,343, 394,432 248 243°

In,P, 234,315 328,347,385 446 215 207
IngP,  3.01,322 362 382 400,428 276
IngP,  2.27,3.28,3.44, 367,393,442 210

IngP, 3.0, 352, 3.80, 3.94, 4.33 285
IngR, 249, 3.20, 3.61, 4.00, 4.31 218
In, P, 281
In,P, 262, 342 245
IngP, 326 2.86
IngP; 287,345 251
IngPy 3.00
IngP,  3.17,3.52 265
InyoPy 2.99
In,Po 359 265
In,,Pyo 3.06
In,P, 368 272
In,, Py, 3.08
Ing, Py 2.80
InsPy, 2.99
In5Py 2.87
In,, Py 3.03

#Present study (+0.1 eV for x <6 and +0.15 eV for x> 6).
"Ref. [18] (+0.05 eV).
°Ref. [19] (4 0.001 eV).
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lated band at high eKE is not observed in the spectra
of the In,, P, clusters. Consequently, the EA of a
particular In,, ,P, cluster is higher than that of the
corresponding In, P, (or In,, ;P ;) cluster. Up to
x =5 an increasing number of overlapping bands is
observed in the lower-eKE region. Starting with
X = 6 most of the structure observed in the spectra of
the smaller clusters is replaced by a single broad
feature at lower eKE. With increasing cluster size the
slope of the signal decreases towards higher eKE. In
contrast to the stoichiometric clusters, the EAs of the
larger In, ., , P, clusters remain nearly constant (~ 3.0
eV). The spectra of the larger In,P, and In,, ,P;
clusters also become more aike. Thisisindicated in
Fig. 3for x=7 and x = 13. Inthefirst case (x =7),
the two spectra are quite similar in the eKE region
below 1.5 eV, but the In,P; spectrum shows an
additional band at higher eKE. In the second case
(x = 13), the additional band is not observed for the
stoichiometric cluster and the spectra look rather
similar. However, the EA of the odd cluster is
slightly higher, and the increase in slope around 1.4
€V is more noticeable for the stoichiometric cluster.

In Fig. 4, the estimated EAs of the indium phos-
phide clusters In,P, and In,, P, (x=1-13) are
plotted as a function of cluster size. A clear oscilla-
tion in the EA is observed between the clusters
containing an even and an odd number of atoms,
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Fig. 4. Electron affinity of In,P, (open squares) and In,, ;P
clusters (open circles) as a function of cluster size. Solid lines are
drawn only to guide the eye. Estimated error bars are +0.1 eV for
x<6and +0.15 eV for x> 6.
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Fig. 5. Electron affinity of indium phosphide clusters as a function
of n"1/3 where n is the number of atoms in the cluster.
Experimentally determined cluster electron affinities (open squares
and circles), estimates of quantum dot electron affinities (solid
squares, based on calculated conduction band minima in Ref. [5])
and the electron affinity of bulk crystalline InP (solid triangle, see
text) are shown. Solid lines are drawn only to guide the eye.

with the odd numbered clusters having a consider-
ably (up to 1.3 eV) higher EA. The difference in EA
is largest for the smaller clusters and decreases with
cluster size. In;P; exhibits the smallest EA (1.40 V)
and largest ground state—excited state splitting (1.13
eV) of al the clusters studied. This indicates a
particularly stable neutral species, in agreement with
previous studies, which showed that relative to other
InP clusters In,P; is characterized by a high dissoci-
ation energy, large ionization potential and large
abundance in the mass spectrum of InP clusters
formed by laser ablation [20,21].

In Fig. 5 we compare results from the present
study to the EA of InP quantum dots and bulk
crystalline InP. For this comparison it proves useful
to plot the EAs as a function of n~1/3 where n
refers to the number of atoms. n*/2 is proportional to
the effective diameter of an idealized crystalline-like
cluster containing n atoms. The EA of crystaline
InP (4.43 eV, solid triangle) was obtained from the
known bulk ionization energy IE (5.85 eV) [28] and
bulk band gap AE, (1.42 eV) [29] using EA = IE —
AE;. We aso include results from Fu and Zunger
[5], who have performed semi-empirical calculations
on InP quantum dots of various sizes. These calcula
tions reproduce the experimentally observed quan-
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tum size effects on the band gaps of InP dots in the
700-9000 atom range [3,30,31]. EAs can be esti-
mated (solid squares) from these calculations by the
location of the conduction band minima (Fig. 9b in
Ref. [5]) relative to the vacuum level. The two
smallest calculated sizes overlap the size range
probed in our experiments.

Our EAs for the larger clusters (open squares and
circles in Fig. 5), in particular the stoichiometric
clusters, show approximately the same size depen-
dence as the theoretical EAs of the InP quantum
dots. Moreover, we find good agreement between the
theoretical EAs for 17 and 29 atom dots with our
values for IngP, and In,,P,;. A linear, least-squares
fit to our EAs for the larger stoichiometric clusters
(x> 4) yields an extrapolated bulk EA (n — «) of
4.9 eV. This value lies within 0.4 eV of the experi-
mentally derived value.

4, Discussion

The oscillatory pattern observed when plotting the
EA as a function of cluster size (Fig. 4) reflects the
open-shell /closed-shell alteration between clusters
differing by a single atom (with an uneven number
of electrons). This behavior has been noted in related
photoelectron spectroscopy studies on 111-V semi-
conductor cluster anions (GaP and GaAs) [14,17]. A
similar aternation is seen in the electric polarizabil-
ity of GaAs clusters [32]. In the stoichiometric In, P,
clusters, photodetachment from the anion, which
contains an odd number of electrons, results in a
neutral cluster with an even number of electrons. The
Situation is reversed for the In, P, clusters. The
lower EAs for the stoichiometric clusters suggest
that the neutrals are closed-shell species, whereas the
higher EAs for the In,, ;P clusters are consistent
with open-shell neutrals and closed-shell anions.

The difference in the appearance of the photo-
electron spectra of the even-numbered (stoichiomet-
ric) In,P, and the odd-numbered (non-stoichiomet-
ric) In,, ,P; cluster for the smaller clusters (x < ~
8) has a similar origin. The spectra of the stoichio-
metric clusters show an isolated band at high eKE,
which is absent in the spectra of the In, P, clus-
ters. The isolated band reflects the closed-shell na-

ture of the electronic ground state of the neutral
In,P, clusters. A closed-shell system is generally
characterized by a larger HOMO-LUMO gap than a
comparable open-shell system, resulting in a larger
energy difference between the electronic ground and
first excited states. From the VDEs in Table 1, the
gap between the ground and first excited states of the
In,P, clusters up to x=7 lies between 0.55 eV
(InP) to 1.13 eV (In;P,). Thisgap is not apparent for
the larger stoichiometric clusters. For the In,, P,
clusters up to x =15 the gplitting between the two
lowest electronic states is considerably smaller, rang-
ing from 0.13 eV (In;P,) to 0.32 eV (IngPy).

A comparison of the current results to the absorp-
tion spectra of neutral InP clusters of Rinnen et al.
[21] yields additional information on the nature of
the electronic structure. Rinnen et al. performed
resonant two-color and one-color photodissociation
spectroscopy on neutral InP clusters, including In;P;
to In,P, and In,P; to In,P,. The estimated absorp-
tion onset energies for the stoichiometric clusters
In;P; to In, P, were 1.8, 1.4, 1.1, 1.0, and < 0.8 eV,
respectively. 0.8 eV was the lower limit of the
absorption measurements for In,P,. For x= 3 and 4,
these values are considerably higher than the gap
between the ground and first excited states as seen in
the anion photoelectron spectra. As discussed previ-
ously [18] this verifies that the first excited state in
the photoelectron spectra is a low-lying triplet state.
Transitions to these triplet states are not seen in the
photodissociation experiment, because they are not
optically alowed. The absorption onsets agree better
with the gap in the photoelectron spectra for the
larger clusters, indicating a decrease in the singlet—
triplet splitting in the first excited state with cluster
size.

The abrupt disappearance of most of the band
structure in the In,P, and In,, P, photoelectron
spectra with more than six In atoms is of interest.
Such an effect could arise if the density of electronic
states increased considerably, or if there were multi-
ple isomers for the larger clusters, each with slightly
different electronic structure. The existence of multi-
ple isomers is well established for carbon and silicon
clusters through ion mobility measurements [33,34];
similar experiments on InP clusters combined with
ab initio calculations would be of considerable help
in interpreting this trend in the photoel ectron spectra.
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Finally, we consider the experimental and calcu-
lated EAsin Fig. 5 in more detail. The quantum dots
in the calculations of Fu and Zunger [5] are assumed
to have the bulk crystalline structure of InP; a ficti-
tious pseudopotential is added to simulate * passiva
tion' of the cluster, i.e., to eiminate low-lying states
due to dangling bonds at the surface of the cluster.
As aresult, the electronic wavefunctions correspond-
ing to the valence band maximum and conduction
band minimum are largely delocalized within the
guantum dot. In contrast, amost al of the atoms
comprising the gas-phase clusters examined in the
present study are located on or close to the cluster
‘surface’, due to the small number of atoms present
in these clusters. Consequently, these atoms will
rearrange in order to minimize the number of dan-
gling bonds, resulting in a non-crystalline structure.
The agreement between the experimental EAs and
those obtained from the calculations is therefore
quite remarkable. There are certainly errors in our
estimated EAs, and the EAs obtained from the en-
ergy of the CBM alone do not account for charging
of the quantum dots [35]. Nonetheless, the plot in
Fig. 5 suggests a stronger connection than one might
expect between the highest occupied molecular or-
bital in the bare cluster anions and the conduction
band minimum in small passivated quantum dots, at
least for stoichiometric clusters with more than 12
atoms. Alternatively, the electron affinities of the
stoichiometric clusters may be relatively insensitive
to the detailed bonding arrangement of the atoms and
instead depend mainly on the total number of atoms.

This raises the issue of whether the clustersin the
Size range investigated here are beginning to exhibit
‘bulk’ or at least nanocrystalline properties. To in-
vestigate this further, it will be necessary to measure
the photoelectron spectra at higher photon energies
of the species studied here as well as larger InP
cluster anions. Such experiments, planned for the
near future, will indicate whether there is a ‘band
gap’ in these clusters that extrapolates to the
nanocrystalline and bulk values.
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