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We present the photoelectron spectra of negatively charged cesium iodide nanocrystals recorded
using 2.540 eV photons. The species examined were produced using an inert gas condensation
cluster ion source, and they ranged in size fr@sl),,_ 3 to nanocrystal anions comprised of 330
atoms. Nanocrystals showing two distinct types of photoemission behavior were observed. For
(Csl,_15 and (Csh;,_s6_165 a plot of cluster anion photodetachment threshold energies ¥3

gives a straight line extrapolatin@t n 13=0, i.e.,n=) to 2.2 eV, the photoelectric threshold
energy forF centers in bulk cesium iodide. The linear extrapolation of the cluster anion data to the
corresponding bulk property implies that the electron localization in these gas-phase nanocrystals is
qualitatively similar to that of centers in extended alkali halide crystals. These negatively charged
cesium iodide nanocrystals are thus shown to support embryonic formgefiters, which mature

with increasing cluster size toward condensed phase impurity centers. Under an alternative set of
source conditions, nanocrystals were produced which showed significantly lower photodetachment
thresholds than the aforementionEecenter cluster anions. For these species, containing 83—131
atoms, a plot of their cluster anion photodetachment threshold energies meféigives a straight

line which extrapolates to 1.4 eV. This value is in accord with the expected photoelectric threshold
energy forF’ centers in bulk cesium iodide, i.e., color centers with two excess electrons in a single
defect site. These nanocrystals are interpreted to be the embrybiienter containing species,
CHCslp—41-65 © 1995 American Institute of Physics.

I. INTRODUCTION potential measuremeRfs and optical  absorption
experiment’ on neutral excess electron alkali halide clus-
Alkali halide clusters have been studied extensively dugers (n<30) by Whetten and co-workers were found to be
in part to the simple nature of the ionic bonding exhibited insupportive of these theoretical predictions.
these systems? The most thoroughly studied class of alkali Negatively charged alkali halide clusters having excess
halide clusters are the fully ionic clusters, i.e., species comelectrons not associated with halogen anions are either sto-
posed entirely of M and X ions, such as(MX),, ichiometric cluster aniongMX),, with single excess elec-
M*(MX),, and X (MX),.>* The results of mass spectro- trons, or excess metal cluster anions,(MX) , with mul-
metric abundance studies on charged alkali halidaiple excess electrons. Such alkali halide cluster anions have
clusters;™*® together with more recent reactivity studiés been investigated via negative ion photoelectron spectros-
and ultraviolet absorption studié%jndicate that fully ionic copy in experiments by Miller and Lineberé%r on
alkali halide clusters have a strong tendency to take onNaP),_,, and N&NaF),-,,; by Bloomfield and Smalle?)?
cuboidal nanocrystal arrangements that resemble portions eh (KI),-,; and Ki AKl)p=13 and by Bloomfield and
bulk simple-cubic, rocksalt lattices. The study of these speco-workerg®—33on (NaCl),=13 2, and N&NaCl),—,;. From
cies has made a substantial contribution to our understandinge photoelectron spectra and accompanying calculations,
of how crystalline structures emerge at small cluster sizegkl);; and (NaCl);; were interpreted as beirfg-center spe-
and accordingly are being used as model systems for exangies having X3x3 cubic arrangementavith single excess
ining other structural aspects of nanocrystéls. electrons occupying corner anion vacangieghile (NaCl),,
Alkali halide clusters possessing excess electrons not agvas likewise proposed to be a corriecenter species with a
sociated with halogen anions constitute another class of aBx3x5 structure. For K,KI)s—;5 and N&NaCl),,s, it
kali halide clusters. The interaction of excess electrons withwas proposed that their multiple excess electrons could be
alkali halide nanocrystals has been the subject of severgcalized, depending on the specific cluster anion size, sepa-
theoretical studie¥’~** Calculations by Landman, Scharf, rately in differentF-center sites, or together as spin pairs in
and Jortner first considered the interaction of excess eleqy~ sites analogous to bipolarons in bulk crystals. In addi-
trons with sodium halide clusters at finite temperat&f‘es. tion, for certain small NéNaC)),, cluster anions, it was pro-
Several possible outcomes for excess electron localizatioposed that two excess electrons could be localized together
were predicted, including the localization of electrons injn single anion vacancies & centerss®
halogen anion vacancies, analogoud-taenter localization Here, we present the visible photoelectron spectra of
in bulk alkali halide CI’ySta|§?_25 The results of ionization negatively charged cesium iodide nanocrystals containing
between 26 and 330 atoms. The present study is complimen-
Ypresent address: US Naval Research Laboratory, Washington, DC 20375ary t0 the aforementioned studies on smaller excess electron
YAuthor to whom all correspondence should be addressed. alkali halide cluster anions, examining a cluster anion size

J. Chem. Phys. 102 (1), 1 January 1995 0021-9606/95/102(1)/57/10/$6.00 © 1995 American Institute of Physics 57



58 Sarkas, Kidder, and Bowen: Color centers in cesium iodide

range extending to substantially larger sizes than those pre@anoclusters and transports them into vacuum via a rather
viously investigated. The approach taken here allows differweak supersonic expansion. A negatively biased hot thori-
ent types of electron binding behavior in these nanocrystalated iridium filament located on the high vacuum side of the
to be identified, tracked as functions of cluster size, and subcondensation cell aperture serves as a thermionic cathode,
sequently correlated with excess electron localization mechareating a discharge in the environment of the expanding jet
nisms found in the corresponding bulk crystals. The correlawhere negative ions are generated. The resulting plasma is
tions with bulk observed in this work provide evidence for confined by a predominantly axial magnetic field created via
the existence of two types of embryonic color centers insix cylindrical rare earth magnets.

negatively charged Csl nanocrystals, ife.centers(one ex- Typical source conditions in these experiments included
cess electron trapped in an anion vacanayd F’ centers cathode bias voltages ef60 V with filament emission cur-
(two excess electrons in a single vacancy rents of 2—4 mA. Plasma environments similar to those in
this ion source are known to possess high densities
OM_108 e 3 ; o
II. EXPERIMENTAL METHOD 1 10° cm ) of very low energy electrons in addition to

L h | i q q bthe primary electrons emitted directly from the cathdte.
Negatlve lon photoelectron speciroscopy Is conducte he electron energy distributions within such plasmas have

crossing a mass-selected beam of negative ions with a fixe leen examined via probe measurem¥rfawhich show that

'Wen under widely varying conditions, the majority of elec-
ftons are low energy thermal electrons, with characteristic
temperatures of a few electron volts. In addition, it was dis-
covered that the number of thermal electrons in such dis-
charges often exceeds the number of primary electrons by a
factor of 1¢. These findings suggest that negative ion pro-
Quction in the inert gas condensation ion source most likely
r{:)roceeds by the attachment of thermal electrons in the source

. . plasma to neutral clusters formed in the condensation cell.
laser operated at 488 n(@.540 eVf and circulating powers In the experiments reported here, cesium iodide cluster

of ~100 W. A small solid angle of the resulting photode- anions were produced by operating the inert gas condensa-
tached electrons is accepted into the input optics of a mag: b y op g 9

! : ) . ion portion of the source under two different sets of source
netically shielded, hemispherical electron energy analyzer " " : o

conditions. In both source condition modes, cesium iodide

where the electrons are energy analyzed and counted. Photo

electron spectra were calibrated by recording spectra of OSéIt (99.99%, Aldrich was first thoroughly outgassed at 500
P y gsp K, and then evaporated from a resistively heated stainless

enerated in a secondary beam, introduced only when the . : .
g]ain beam was ot in op)tlaration y steel cruciblé?*? The vapor was quenched in helium

Although unit cluster anion mass selectivity was not(99.99% at 273 K in a condensation cell fitted with a 1.5

; . .o . mm aperture. In one source condition mddeurce mode
achieved over much of the cluster anion mass distribution P ¢ 1

due to the large cluster anion masses invol(&B0—42 900 garrggug'g(l;nw?j amcaelgit:g?g dizteae tﬁmgﬁgﬁu\:g gfr 1r0egs(;u}:<’a
amu), the accuracy of the mass calibrations was easily suffi—f ~2F')r 43 gnd th ndensati nq Il or rp Wp ain
cient to determine the cluster sizes of the largest cesium 02 orr,~ a € condensation Cell pressure was ma

dide cluster anions to within a few Csl units. This was facili- tamded at agpr:oxmately 10 Tgrr. Ir;r:he oth(_eélsource ﬁon?'zon
tated by the fact that both Cs and | occur naturally as singlgn.O € USeo erésource mode 2 me crucible was heate
with 1.25 times the power used in source mode 1. This re-

isotopes. In addition, the spectral shifts between the photo- ited ible t ¢ £1170 K dina t
electron spectra of adjacent-sized cesium iodide nanocryst§P edin "’_‘f;_gc' € _tla_rgpera ure o ' co[(r)r_erspor}hlng °
anions of a given type are rather small, so that contribution§ CES!UM lodide equilibrium vapor pressur orr. The
from adjacent cluster anions do not significantly alter thecondensatlon cell pressure in this case was approximately 5.5
Torr.

spectrum of a given cluster anion.

spectrometer has been described previotfsinions gener-
ated in an appropriate ion soursee beloware accelerated,
collimated, and transported via a series of ion optical com
ponents, before being mass selected wittEa¢B Wien ve-

locity filter. The mass-selected ion beam is then focused int
a field-free, collision-free interaction region, where it is
crossed with the intracavity photon beam of an argon io

The cesium iodide cluster anion size distributions gener-
ated in both modes of operation appeared to be similar, con-
sisting mostly of large cluster anions. Although the fully
ionic cluster anions, X(MX),, have been found to be the

Beams of cesium iodide cluster anions with masses exmost readily generated alkali halide cluster anions in both
tending well beyond 50 000 amu were generated using ouion bombardmert®  and laser vaporization
inert gas condensation cluster ion souftén the past, inert environments;**® and they may well be formed in our
gas condensation has been employed by Mertfr’and by ~ source, they are not of concern in these experiments. Visible
Sattler, Recknagel, and co-workEr&®to generate beams of photons cannot photodetach electrons from fully ionic alkali
neutral and cationic alkali halide clusters. In our ion sourcehalide cluster anions since this process would amount to the
an oven evaporates the material of interest into a cell conremoval of an electron from an atomic iodine anion within
taining cool helium gas. The vapor supersaturates in this coghe nanocrystal. The energy required for this process falls
environment and nucleates, forming nanometer-sized cludbetween the electron affinity of the iodine atom, 3.06*&V,
ters. The condensation cell is coupled to high vacuum by and the photon energy required to remove an electron from
small aperture, resulting in a helium flow which entrains thethe valence bandiodine p band of bulk Csl into vacuum,

Ill. CESIUM IODIDE CLUSTER ANION GENERATION
AND INITIAL CHARACTERIZATION
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6.4 eV % The energy to photodetach (Csl);3 has been Nonthermal loss of halogen atoms is known to occur in
bracketed between 5.0 and 6.4 eV in photon energy studidsulk metal halide systems from exposure to ultraviolet pho-
by Whetten and co-workef§. tons or to energetic electrof$In cluster systems, Whetten

The negatively charged cesium iodide nanocrystals oind co-worker® have observed photon-stimulated ejection
interest in the present study do photodetach at visible wavesf halogen atoms from charged alkali halide nanocrystals. In
lengths, with the sizes of their photodetachment signals sugaddition, Recknagel and co-worké&rsddressed this issue in
gesting that the dominant anions generated in this source asectron impact studies on sodium halide clusters produced
not fully ionic species. Probably, any species not photodevia inert gas condensation. In their study, the dominant spe-
taching at visible wavelengthi®.g., (Csl),] account for cies in the cation mass spectra changed from the fully ionic
only a minor portion of the total ion beam intensity. The Na'(NaX), species to the stoichiometric speci¢siax), ,
predominant species produced here possess excess electropsn decreasing the temperature of the quenchugsisg 13
not associated with lions in the nanocrystals, and thus haveeV electrons for ionization in both cageSince the thermal
loosely bound excess electrons, corresponding either tevaporation of alkali halide salts at the temperatures typi-
(Csl), or Cs,(Csl), . cally employed in inert gas condensation is known to yield

Even thoughMX),, is not the lowest energy form for an only intact alkali halide molecules and some small molecular
anionic alkali halide nanocrystal, the preferential generatiorglusters;® the results of Recknagel and co-workers indicate
of stoichiometric cluster anions via inert gas condensation ighat even though the loss of neutral halogen atoms is a non-
easy to understand. Before it is quenched, the cesium iodid@&ermal process, it is nevertheless dependent on the cluster
vapor is known to be comprised primarily of Csl molecules,internal temperature prior to ionization. This result is consis-
along with substantially smaller amounts @sl),, (Csl;, tent with the observations reported here. Although similar
and(Csl),.%®*3Since this vapor will not contain atomic spe- supersaturation conditions were achieved in both modes in
cies from dissociation(at the crucible temperatures em- the present experiments, the clusters produced in source
ployed in this worl, the neutral clusters from its condensa- mode 2 were formed using higher crucible temperatures and
tion are likely to be stoichiometric in Csl. This is supported lower condensation cell pressures than those used in source
by the results of electron impact mass spectrometric studiggode 1. Thus, clusters produced in source mode 2 should
by Pflaum, Sattler, and Recknatfebn cesium iodide clus- have had higher internal temperatures prior to their ioniza-
ters produced from inert gas condensation. Their studyion. This is consistent with the appearance ofih the
showed that nearly all cations produced were stoichiometri§ource mode 2 mass spectra and not in the source mode 1
cluster ions,(Csl), when low energy electron&<10 eV) mass spectra. The loss of iodine by some of the cluster an-
were used for ionization. ions produced in source mode 2 resulted in their having ex-

In the present study, mass spectra recorded in source€Ss Cs _atoms, resulting in more than one excess electron in
mode 1 revealed intense beams of large cluster anior§€S€ anions. _

(n=25) having lognormal intensity distributions reflecting 10 Summarize, the above evidence suggests that sto-
the homogeneous nucleation conditions in the condensatidfhiometric cluster anionsCsl), , were generated in source
cell*® Three smaller cluster anions, (Csl;,, (Cs)is, and mo.dell, wh|_Ie st0|ch|om¢tr|c cIusterianlons as well as non-
I~ (Csl),3, were generated under a narrow range of sourcstoichiometric cluster anions, Q&sl), , were generated in

conditions which were intermediate between source modes 0Urce mode 2. It is interesting to note that the other ion
and 2, and which utilized a larger than typical cathode bia$0urce which has been shown to easily generate (x),
voltage(—110 V). The nonstoichiometric species were deter-2"d MMX), speciegalong with X"(MX),] is the flowing
mined to be fully ionic cluster aniorfsather than the corre- &ftérglow source employed by Miller and L'nEbe@Mh!Ch
sponding CECsl); species of similar magsince they did 'S also baseq on_thg thermal evaporation of alkali halide s_alt.
not photodetach at visible photon energies. Mass spectra re- 1h€ cesium iodide cluster anion beams observed during
corded in source mode 2 appeared similar to those of sourdgese experiments were ofteniv_ery intense. lon currents of
mode 1, but also included Ipeaks(at ~5%—10% of the 110 pA were measured f@Csl)g, in a Faraday cup located

currents for cesium iodide cluster anionshich were found ~downstream of the ion—photon interaction regica2 m
to grow with increasing crucible temperature. from .the ?ourc)_T Th{:); correngnds to a steady-state number
The above information suggests that the nega’[ivelydenSIty of nearly 10ions cm . To further gauge these in-

charged cesium iodide nanocrystals generated in sourdgnsities, tis instructive to compare them to _the maximum
mode 1 were primarily the stoichiometric cluster anions ion currents expected under space-charge limited conditions.

(Csl,, while in source mode 2 the stoichiometric cIusterThe space-che_lrge limited curr_e(m amperg}sfo_r a cylindri-
anions were accompanied by the nonstoichiometric specie :":llly symmetric cq%rzged particle beam is given by the fol-
Csy(Csl), . The presence of 1in the source mode 2 mass Gwing expressiort™

spectra probably indicates that | atoms had dissociated from

. 112y /3122
some of the nanocrystal anions and were subsequently con- | _ 9% 10-6 NYVED &
verted to I via electron attachment. This would have oc- seo M172 2

curred by means of a nonevaporative mechanism, most likely

during negative ion formation, since thermal evaporation ofin which N is the ion charge staté/, is the accelerating
cesium iodide at the modest crucible temperatures utilizedoltage (in volts), M is the ion masgin amu, D is the
should not have yielded atomic species. nominal beam diameter, andis the distance over which the
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Photoelectron Counts
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ated using source conditions intermediate between those of
source mode 1 and source mode 2, while the larger anions
were generated in source mode 1. The photoelectron spectra
shown in Fig. 1 are similar for all cluster aniomsz13—-165,
' each consisting of a single feature which shifts to succes-
25 20 15 Lo 05 00 25 20 15 10 05 00 sively higher electron binding energi¢SBE) with increas-

ing cluster size. The low EBE onset in each spectrum is the
_ _ photodetachment threshold enefgy,) for that given cluster

FIG. 1. Photoelectron spectra ¢€s)y5 and negatively charged cesium anion. Values for the photodetachment threshold energies,
iodide nanocrystals containing 36—165 Csl units, recorded using 2.540 eV, for th . iodide clust . det ined
photons.(Csl);; was generated using source conditions intermediate be£Th S .OI’ ese cesmm lodide cluster anions \_Nere etermine
tween source modes 1 and 2. The condensation cell in the inert gas condeffom linear extrapolations of the low EBE sides of the fea-
sation ion source was operated in source mode 1 during the recording of theires in their photoelectron spectra, shown in Fig. 1. The
n=36-165 spectregn=number of Csl units For species larger than=36, 's for (Csh>. are shown in Fig. 2 plotted vers
the spectral features are attenuated at high EBEs due to the transmissio h ( )n=137165 9- p. . us
function of the electron energy analyzer. where n represents the number of Csl units in the cluster

anion. Theep,’s for these anions increase smoothly from

1.14 eV forn=13 to 1.75 eV forn=165. Initially, the e,
beam is transported. Since the formation of doubly chargedialues rise rapidly with increasing cluster size and then ap-
negative iongeven at large cluster sizeis unlikely in the — pear to approach an asymptotic limit. In order to correlate the
present ion source environmeht=1 was assumed. Experi- €lectron binding energies in these negatively charged cesium
mental conditions included an accelerating voltagg, of  iodide nanocrystals with an excess electron binding mecha-
500 V, a transport distance of 2.25 m, and a nominal bearfism found in extended ionic solids, it is necessary to evalu-
diameter of 8 mm. This diameter is chosen to correspond téte the asymptotic limit of the photodetachment threshold
the average diameter of the ion beam determined from an io8Nergies.
optical ray trace of our apparatus, given that the ion beam’s  The size-dependent evolution of electron binding ener-
spatial cross section expands and contracts during transpdtes (ionization potentials or electron affinitiegor finite-
and focusing. The space-charge limited ion current forsized metal and dielectric clusters has been evaluated using
(Cslgp (15 600 ami predicted from the above expression is classical electrostatic modets:>" The observed size depen-
1150 pA. The observedCsl)g, current constitutes nearly dencies of cluster electron binding energies are generally in
10% of the space-charge limited value, suggesting that theery good agreemertapart from rather small cluster sizes

ion beams produced in this work were beginning to approacMith classical models which predict that electron binding en-
space-charge limited conditions. ergies will increase linearly toward the corresponding bulk

energy value as a function 8 1, whereR is the radius of a
spherical cluster. The specific details of nanocrystal geom-
etries are not taken into account in this model in order to
display the essentials of this physical behavior. Examining
All of the photoelectron spectra reported here were rethe variation ofey, with R™! is accomplished by plotting
corded using 2.540 eV photons. The photoelectron spectra @f,(n) vs n~ 3 where the number of Csl units in the cluster,
the stoichiometric specie$Csl),_,5_145 are presented in n, is related to the spherical cluster radius By=r¢n*/®
Fig. 1. The smallest of these speciéSsl),_13, was gener- (wherer is the effective radius of a single Csl paiPlotting

IV. PHOTOELECTRON SPECTRA AND
INTERPRETATION
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TABLE |. Measured photodetachment threshold energégg for cesium

Number of CsI Units (n) iodide nanocrystals(Csl),, containing embryonid= centers. All energies
o 165 6|5 3’16 1|3 are in eV.
-~ |
5 2.5 , o
gB +<&—— Measured PET for F-centers 13 1.14-0.50
g 20 in Bulk Cst 36 1.45-0.50
= 1 41 1.48-0.50
.% 1 50 1.53-0.50
E 15 n 60 1.570.50
» 65 1.58:0.50
g 145 1.73:0.50
E 165 1.75-0.50
§ 107
3 i
<]
é i
ST L E R S S DR threshold energiegvertical electron binding energiego
0.0 0.1 0.2 0.3 0.4 0.5 - . )
3 cluster size can be written as follows:
n
_ ° 12 -1/3
eTh(n)—eTh(oc)—F 1+ ———|n , 2
FIG. 3. Photodetachment threshold enerdias) of (Csl),_13_1¢5 plotted s Ko Ks

vs n~ 3 wheren is the number of Csl units. The line drawn through the

o .
data points represents a linear least-squares fit to the experimental data. where eTh( ) CorreSpondS to the phomelecmc threshold

(PET) for F centers in bulk cesium iodide, is the effective

radius of a single Csl paik; is the high frequency dielectric

constant of bulk cesium iodide is the static dielectric
the data in this manner clearly illustrates the asymptotic beeonstant of bulk cesium iodide, amdis the number of Csl
havior of the photodetachment threshold energies, as the immits. If the PET measured by Philipp and Téft2 e\),*’ an
tercept of this plot represents tleg, at infinite cluster size. rg value obtained from the bulk density of crystalline Csl
This essentially corresponds to the bulk crystalline photo{2.84 A)°* and the literature values fok, (3.03 and «,
electric threshold corresponding to the mechanism of exced$.65,%® are used in Eq(2), the resultant line is essentially
electron localization in the cluster anions. the same as the best fit line of the experimentally determined

A plot of cesium iodide cluster aniog, values versus photodetachment threshold energies shown in Fig. 3. In fact,
n 12 is presented in Fig. 3. They, values for all these the e, values predicted by this equation are all withiri5
cesium iodide cluster aniona=13-165, plot linearly with meV of the experimental values presented in Table I, with
n~%3, giving a very good straight line extrapolating to a bulk the errors given there representing the variationejf(n)
ern(n=x) value of 2.2 eV. This energy corresponds to the 2.2values obtained using our linear extrapolation procedure.
eV photoelectric threshold measured by Philipp and Taft for ~ The photoelectron spectra of cesium iodide nanocrystal
F centers in bulk cesium iodide samples at 30d’Kthe  anions withn~41—65, generated in source mode 2, are pre-
internal temperatures of the cluster anions were also likely t@ented in Fig. &). The photoelectron spectra of tRecenter
be ~300 K, given that the internal temperatures of the neu<cluster anions of similar sizégenerated in source mode 1
tral clusters were-273 K (see source condition discussion are also shown in Fig. 4 for comparisfsee Fig. 4b)]. The
above. This made the comparison between our extrapolatedpectra for the anions produced in source mode 2 are differ-
erp Value and the bulk photoelectric threshold value straightent from those of the source mode 1 anions in that they
forward, given that thresholds can be somewhat dependedisplay two features which shift together to successively
on the temperatures at which they are measured. The linedigher EBE with increasing cluster size. The higher EBE
extrapolation of the cluster anion data to the analogous bulkeatures in the source mode 2 spectra are very similar to the
property implies that the electron localization in these gasfeatures in the source mode 1 spectrhich was confirmed
phase nanocrystals is analogousRocenters in extended by deconvoluting the features in the source mode 2 spectra
alkali halide crystals. These negatively charged cesium iomto two separate Gaussiansvhile the lower EBE features
dide nanocrystals are thus identified as stoichiometriéndicate that a new mechanism of excess electron binding is
(Csl,-13_155 Species containing single excess electrons iroccurring for the species generated in source mode 2. In
embryonicF centers, which mature with increasing clusteraddition, the relative intensities of the features in a given
size toward being defect centers in bulk crystalline cesiunphotoelectron spectrum were found to be strongly dependent
iodide. on the source crucible temperature, as is illustrated in Fig. 5
A model describing the cluster size dependence of vertifor the case oin~60. This type of temperature-dependent

cal ionization energies in discrete dielectric clusters has beepehavior can be interpreted to indicate either the presence of
presented by Landman, Jortner, and co-work&t& Their  new forms of(Csl),,_4;_¢s that were not produced in source
dielectric sphere model applies to homogeneous dielectrimode 1, or the appearance of new nanocrystal anions with
media containing spherically symmetric charge distributionsslightly different stoichiometries than those generated in
and is therefore an appropriate model Fecenter containing source mode 1. The mass spectrometric observation of |
cluster anions. The expression relating photodetachmemturing source mode 2 suggests that the species responsible
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25 20 15 10 o0s 0o 25 20 L5 10 05 00 FIG. 5. Photoelectron spectra of cesium iodide nanocrystal80 recorded
‘ under different source conditions using 2.540 eV photons. Spec¢auwas
(a) (b) recorded in source mode 1 of the ion source at the lowest crucible tempera-

ture and highest cell pressure while spectr(@hwas recorded in source
mode 2 at the highest crucible temperature and lowest cell pressure. Spec-

) L trum (b) was recorded at an intermediate crucible temperature and interme-
FIG. 4. Photoelectron spectra of negatively charged cesium iodide nangyjate cell pressure.

crystals,n~41-65, recorded using 2.540 eV photons. The spectra denoted
(a) were recorded with the condensation cell of the inert gas condensation
ion source operated in source mode 2, while the spectra defijtede of

the (Csl), tal taini bryorficcent Fig. . .
& (Cshy nanocrystals containing embryorficcentersisee Fig. 1 centers in K2 and RbI® both values being 1.6 eV. The PET

is expected to be a little smaller in the case of Csl since its
bulk crystal has a larger lattice constant than the other io-

for the low EBE features in the photoelectron spectra arelides, and this is consistent with the extrapolated value in
nonstoichiometric cesium iodide cluster anions. The clusteFig. 6. The PET foF' centers in bulk Csl can also be esti-
size dependence of the photodetachment threshold energiemted using theF’-center photoconductivity threshold
for the low EBE features reveals the nature of the exceséPCT) and the band structure of bulk Csl. The band structure
electron binding in these nanocrystals. of crystalline(pure Csl is illustrated schematically in Fig. 7

The e, values for the source mode 2 cesium iodide clus-with the F-center andF'-center impurity states superim-
ter anions were determined from linear extrapolations of th@osed. The PCT represents the energy required to promote an
low EBE sides of the low EBE features in their photoelec-electron from a defect state to the bottom of the conduction
tron spectra. A plot of the source mode 2 cesium iodide clusband (i.e., the optical activation energyFor F' centers in
ter anioney, values versus Y3 is presented in Fig. 6, along most alkali halides, this energy is approximately 1°%4¥he
with a plot of the(Csl),—15_165(F centej e, values versus PET is obtained by adding the PCT to the energy required to
n Y3 The &, values for all four source mode 2 cesium remove an electron from the bottom of the conduction band
iodide cluster anionsn~41-65, also plot linearly with into vacuum. This latter quantity is referred to as the bulk
n~ 3 The slope of the source mode 2 line is very similar to(crystalling electron affinity,y (determined from the energy
that for theF-center cluster anions, but extrapolates to a bulkdifference between the valence band photoemission thresh-
erm(n=) value of 1.4 eV. This energy is consistent with the old and the band gapand for Csl, it is 0.3 e¥® The PET
PET expected foF ' centerqtwo excess electrons in a single obtained from the sum of the PCT ands 1.3 eV, and this
defect sitg in bulk Csl. compares well with our extrapolated value of 1.4 eV. Thus,

Although direct measurements of the PET Fdrcenters  both methods of estimation yield numbers consistent with
in bulk Csl have not been made, this quantity can be estieur extrapolated value.
mated by considering either the experimentally determined The nanocrystals giving rise to the low EBE features in
PETs forF’ centers in other alkali iodides or the energy bandthe source mode 2 photoelectron spectra are therefore inter-
structure of cesium iodide. PETs have been measureB'for preted to be embryoni€’-center containing species. We fur-
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TABLE II. Measured photodetachment threshold energégg for cesium

n iodide nanocrystals, @8sl),, containing embryoni¢’ centers. All ener-
oo 165 65 41 13 gies are in eV.
| [ |

o 25
5’ ] n €Th
;E,B ] 41 0.68-0.50
g 20 50 0.73+0.50
2 1 60 0.77-0.50
Z 1 65 0.78-0.50
E 1.5 —
g ]
g ]
S 10 . . . . . .
g . onic F’ centers in cesium iodide nanocrystals in this study
B ] begins with neutral clusters whose internal temperatures are
=] 4 . .
£ 05 J e higher than those of the clusters which eventually become

0.0 o1 02 03 04 0.5 F-center species after negative ion formation. At first sight,

B this is somewhat unexpected, considering that the formation
of F’ centers in bulk alkali halides is usually associated with
_ S cryogenic environment€:*253The generation of embryonic
FIG. 6. Photodetachment threshold enerdies) of cesium iodide nano- £/ ~anters here can be understood. however by realizing that
crystal anions generated while operating the condensation cell in sourc% - . N ! .
mode 2(®) plotted vsn—"2 (lower ploy. The e, values of theF-center  the l0ss of iodine WI|| not only provide the nanocrystals with
containing specie$#) are also shown for comparisaupper plot. The  excess electronwia extra metal atomsbut may also serve
lines drawn through each set of data points represent linear least-squares fii§ decrease the internal energies of the nanocrystals.
o the experimental data. In our analysis of the source mode 2 photoelectron spec-

tra, we considered several alternative explanations for the

ther interpret these species to be cesium iodide nanocrystai§esence of the low EBE features, but none was found to be
having excess metal atoms, consistent with our deductiongatisfactory. For example, embryorfic centers might exist
based on the ion production information for source mode 2Within doubly charged stoichiometric cluster aniof@sl), ,

The most likely candidates are @©sl), species, cluster an- but avallaple evidence s_uggests thalt such species were not
ions which possess two excess electrons. &hevalues for ~Produced in these experiments.(@sl), had been produced
embryonicF’ centers in these nanocrystals are presented iand then given rise to the low EBE features in the source

Table I1. It is interesting to note that the formation of embry- Mode 2 photoelectron spectra, analogous features would
probably have appeared in the source mode 1 spectra as well.

Since the cluster formation and ionization regions of the ion

source are largely separate, the intensities of low EBE fea-

tures arising from doubly charged anions would depend on

the source conditions relevant to ion formation rather than on

Vi crucible temperature, as was actually observed. In addition,

7 1(0,3"6\,) / Level the ion source conditions most relevant to ion formatiom,

T PET  pho the cathode bias and emission curjenere the same for

PET -13eV) L1 gey) both modes. Another explanation we considered for the low

L @2eV) (1i>ceTV) EBE features was that they resulted from the photodetach-
Eq 4 F'-center ment of electronically excited centers in stoichiometric

E Ground State . Ly . . .
Gaev) € - cesium iodide cluster anions. It is unlikely, however, that

T 6.1eV) F - center ) . . .

T Ground State such species would have been present in the ion—photon in-
teraction region, since luminescence to thecenter elec-
tronic ground state in bulk cesium iodide occurs on a time
scale over 10 times faster than the ion transit time in our
apparatu$® This possibility also seems unlikely on the basis

Cesiun(lll‘;{lidePVglendci Band of energetics. The energy required to promote an electron
oo from an excited stat& center into the conduction band of
Z bulk cesium iodide is 0.052 €. The PET for excited state
F centers in bulk cesium iodide is therefore expected to be
only 0.352 eV, which is inconsistent with the extrapolated
FIG. 7. lllustration of the electronic band structure of bulk crystalline ce- €Th value for the IOV\_’ EBE features. The possibility that the
sium iodide showing vertical energy relationships. The ground state energlow EBE features might have resulted from the photodetach-
levels for theF-center andr'-center impurity states are also represented. ment of electrons loosely bound in the lowest unoccupied
On this figure E;=the valence band photoemission thresh&gk-the band molecular orbitals(LUMOS) of closed-shell cesium iodide
gap energyyx=the crystalline electron affinity, PESimpurity center pho- . . .
nanocrystals was also considered. Since the unoccupied or-

toelectric threshold, PCFimpurity center photoconductivity thresholdr ¢ g .
optical activation energy bitals of the clusters will eventually develop into the conduc-

Cesium Iodide Conduction Band
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tion band of the bulk as cluster size increases, the upper limidielectric clusters, it is not immediately apparent that
to the binding energy in this case would be the crystallinesurface-localized electrons would be adequately described by
electron affinity, y. As stated, this quantity is 0.3 eV for the model. This situation was recently examined in a theo-
cesium iodide. This energy is again inconsistent with ouretical study by Makov and Nitzatf,who developed a model
extrapolateder, value for the low EBE features, which that specifically applies to the ionization of localized charges
points to stronger electron binding. “solvated” at dielectric cluster surfaces. Their model not
Having ascribed the low EBE features in the sourceonly predicts ann™*? (i.e., R™Y) dependence, just as the
mode 2 photoelectron spectra to embryoRit centers in  sphere model described above, but further predicts the slope
CS(Csl), , the origin of the high EBE features is now consid- of then 2 line to be insensitive to the actual location of the
ered. As mentioned, the high EBE features are very similaexcess charge. Thus, the adherence okthealue of(Csl)3
(if not identica) to the features in the source mode 1 spectrato the dielectric sphere line simply indicates that this anion
implying that they result from the photodetachment of elecpossesses an embryorficcenter, regardless of the particular
trons from embryonicF-center environments. These high position of the localized excess electron.
EBE features can therefore be attributed to photodetachment With this result in hand, we then used the dielectric
from one of two separaté centers within a given G€sl),  sphere model with the measured PETFoenters in KI52°
cluster anion, to spectral contributions from adjacent-sizedhe dielectric constants of KP and arr ¢ value from the bulk
stoichiometric cluster anions, or to both. In cluster anions oldensity of KP! to predict theey;, of (Kl);; which has been
the sizes considered here,centers in different nanocrystal measured by Bloomfield and SmalfyThis method pre-
sites are likely to have similar photodetachment thresholdicts aney, value of 1.53 eV, in very good agreement with
energies, in contrast with small cluster aniéns<13) where  the threshold in their experimental spectrum, lending addi-
different binding sites are more likely to have dissimilar lo- tional support to their interpretation of this anion as an
cal environment$>**The interpretation presented above sat-F-center species. On the strength of the model in predicting
isfactorily accounts for all of the observed features in thethe e, values for both(Csl);3 and (Kl);3, we went on to
cesium iodide cluster anion photoelectron spectra. apply this model to estimatE-center ey, values in cluster
Last, it should be noted that multiple excess electromanjons of other alkali halides. The PETs fBr centers in
binding in the form of tightly bound spin pairs in Msites  several bulk alkali halide¢K!, Rbl, and Cs)*"6268-"%aye
[for K(Kl)y<o1 and NaNaCl,.,1] has also been peen measured, and PET values Focenters in other bulk
reportect®*% If such binding also occurs in the case of gikali halides can be estimated in the following manner. The
cesium iodide cluster anions, the relevant photoelectron fegxiig of the experimentally determined PET fercenters in
tures are either out of our spectral range or obscured by thg|62 15 that for E centers in RUP can be very accurately
main features discussed above. predicted by taking the ratio of the magnitudes of the total
energies for thes& centers, calculated using a point-ion
V. DISCUSSION model with ion-size correctiorf$.Using this correlation, the
The success of the dielectric sphere model in predictindg®ET for F centers in a given alkali halide can be estimated
the F-center Csl nanocrysta;, (photodetachment threshold by scaling the PET value measured Focenters in Kl by the
energy values suggests the further application of such mod¥atio of the computed total energy fBrcenters in that alkali
els to estimate additional properties of defect state alkali habalide to that forF centers in KI.
lide nanocrystals. Before we proceed, however, several as- The case of NaCl is first examined since experiments
pects of this model pertaining to cesium iodide cluster anion§ave been carried out ofNaCl),-,, by Bloomfield and
in particular should be discussed. The ability of this simpleco-worker§* who interpreted both the=13 andn=22 clus-
model to so closely predict the-center Csl nanocrysta;,,  ter anions to be--center specieg3xX3x3 and 3<3X5, re-
values is at first sight surprising, since the cesium iodidespectively in which the excess electrons reside in corner
nanocrystal structures are likely to be rocksaltlike, while theanion vacancies. Using the above procedure, the scaled PET
bulk crystal structure of Csl is bcc rather than fcc. Li andfor F centers in bulk NaCl is found to be 2.96 eV. Using this
Whetten have considered the structure of fcc cesium iodid®ET and the other constants for bulk NaCl in the dielectric
based on ionic radii and found that the fcc lattice constansphere model, they, for (NaCl);; is estimated to be 1.45 eV,
would be close to the actual bce constahin light of this, it~ while the ep, for (NaCl)3, is estimated to be 1.69 eV. Both
is reasonable to assume that the densities and dielectric propstimates are in very good agreement with the observed
erties of fcc and bcc Csl would be similar, and this maythresholds in the photoelectron spectra, and again add sup-
partially account for the match between the energies preport to the interpretation of these cluster aniong-asenter
dicted by the model and the observeg| values. species. The repeated success of this approach suggests that
The ability of the dielectric sphere model to predict thethe er,’s of other (MX);; F-center species can be estimated
er of (Csl)13 is also somewhat intriguing. TH®1X);53 spe-  in an analogous fashion. The,, values for theMX);5 spe-
cies are expected to havex3X3 arrangements analogous to cies for a variety of alkali halides estimated from the dielec-
the X~ (MX)3 nanocrystals, but with the excess electron tak-tric cluster model using bulk dielectric constants and scaled
ing the place of a corner halogen anitii;*!i.e., (Cslzis  bulk F-center PET’s are given in Table Il
expected to possess a localized surf&ceenter. Since the A dielectric sphere model approach can also be used to
dielectric sphere model given above applies strictly to localestimate the adiabatic electron affinities of cesium iodide
ized excess charge distributions internalized in homogeneoudusters containing defect centers. The term electron affinity
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TABLE lIl. Estimated(predicted photodetachment threshold enerdies,) tem of dielectrons in water clustéfsind that clusters with
for embryonicF centers iNMX);3 nanocrystals calculated using the dielec- two electrons localized in single cavities strongly prefer to
tric sphere model. All energies in eV. have the charges internalized within the dielectric environ-
MX e ment of the cluster. In light of this, perhaps thé centers in
cesium iodide nanocrystaldecoming stable abh~25) are

LiF 0.96 internalized. In some sense, this cluster size may also repre-
Licl 1.30 . . ) .

LiBr 136 sent the point at whiclr centers can become internalized,
Lil 1.43 since they can be viewed as “trapping sites” for second elec-
NaF 1.30 trons in theF'-center formation process.

NaCl 1.45 In conclusion, it should be noted that the results of the
ng" 1-22 present study are consistent both with the results of previous
KE 161 photoelectron experiments on smaller alkali halide cluster
KCl 157 anions and with the theoretical predictions of Landman,
KBr 157 Scharf, and Jortnér, who first postulated that excess elec-
Kl 153 tron localization in small alkali halide clusters could be
EEEI i'é’i manifested as physically similar entities to those seen in ex-
RbBr 159 tended ionic solids.

Rbl 1.53

Csl 115 VI. SUMMARY

The photoelectron spectra of negatively charged cesium
iodide nanocrystals, recorded using 2.540 eV photons, are
s use e o desrbe the aabtc biing energes ST, PSS Secicn anernsas sompriec o 20 1o
S!ECtronS‘f n dgfecﬂmpunty) state dclust%r arrwllonsl,, Wh'Chb.'S dditions, these nanocrystals show two distinct types of photo-
d erent romf|tst,1 previous use :Io esc? e the Zglc.tron_ "N emission behavior which indicate different modes of excess
e 1o e e o i o g lckon ocafzaton. The coraaion of h arued phoc-

Lo : . emission behavior to bulk behavior provides evidence for the
sium |pd|de cluster anions should not neces;arlly correspongxistence of embryoniE centers and embryonfe’ centers
to their er, v_alues_, as the Ia_tter are determined by vertlc_alin negatively charged cesium iodide nanocrystals. Stoichio-
energy relationships. The dielectric sphere model equatio

for adiabatic electron affinitiesaccompanying the vertical etric cluster anionsCsh, , containing single excess elec-
. . 5860 panying trons can localize them in embryorficcenters, while cluster
expression presented abovs®

anions with two excess electrons,(Csl),,, are capable of
2 . . . . .
B e 1) ., localizing these electrons together in single defect sites as
EA(n)=EA(®)— 1=—In" "%, 3) embryonic F' centers, or separately in two embryonic

2r K
X ° .. F-center defects in the same cluster anion.
where EAx) corresponds to the threshold for the thermionic

emission of electrons frork centers in bulk Csl. Since no
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