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Optical absorption spectra of lead iodide nanoclusters
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Optical absorption spectra of nanoclusters of lead iodide, synthesized by the colloidal technique, have been
investigated. It is shown that the absorption peaks are due to different orders of interband transitions of a
nominally single size of particles rather than the first-order transitions of a number of discrete sizes of particles,
as reported earlier. The model used to explain the spectra of lead iodide has also been used to account for the
optical absorption peaks of colloidal mercuric iodide and bismuth tri-iodi88163-182808)01443-X]

[. INTRODUCTION Tanget al? reported such a measurement for Pénoclus-
ters to show that the size was as small as 6 A. The nanoclus-
Quantum-confined lead iodidéPbl,) nanoclusters have ters were, however, grown in zeolite supercages by a vapor
been under investigation for quite some time. Studies owliffusion method, and the size was controlled strongly by the
photoluminescenck,Raman scattering,photoconductivity, — inner radii of the cages. A study on the nanoclusters directly
and electroluminescenteproperties of the material have in the solvent would have been more useful in assessing the
been reported. The basic idea is to use the natural layeresize.
structure of Phj,* which is expected to facilitate the growth  In this paper we report room-temperature optical absorp-
of zero-dimensional quantum-confined nanostructures. Th#on spectra of colloidal nanoparticulate solutions of Fbl
size of the nanoclusters and the uniformity of the same aracetonitrile, deionizedDl) water, and methanol. It is shown
important factors in such studies. Since these nanoclustetbat the peaks observed in the spectra are due to various
are extremely small and are known to be unstable in air, it i©rders of interband optical transitions of Pblnoclusters of
difficult to measure the size directly. Efforts have been madeominally the same lateral dimensions rather than due to
to extract this information from the optical absorption spec-first-order transitions of those of different discrete sizes. We
tra of PbhL nanoclusters synthesized by the colloidalshow that the same model used for Phlso explains re-
technique’™® ported optical absorption spectra of nanoclusters of other
Sandroffet al® observed three, two, and one peaks in thelayered semiconductors, like mercuric iodidtgl,) (Ref. 6
optical absorption spectra of colloidal Bhhanoclusters in  and bismuth tri-iodidéBil 5).5°
acetonitrile, methanol, and water, respectively and attributed
the peaks to crystallites having “magic numbers” of lateral
dimensions grouped around 12, 18, and 29 A having a thick-
ness of about 7 A. It was suggested that particles of all the
three sizes were present in acetonitrile while the smaller two We synthesized Pbinanoclusters using the standard col-
and the smallest size of particles were present in methanddidal routé in three different solvents, acetonitrile, DI wa-
and water, respectively. Transmission electron microscopyer, and methanol. 10 ml of aqueous solution of Gi0&ad
appeared to support the conclusions, but the results are nnitrate was added to 250 ml of the solvent. The solution was
very conclusive since Pphanoclusters are known to be un- then vigorously stirred while a 10 ml agueous solution of
stable outside solution® For similar Pb} nanoclusters in  0.08V potassium iodide was added dropwise to synthesize
2-propanol, Micicet al® reported particle-size distributions colloidal Pbb.
around 12, 16, and 25 A of lateral dimension. It was, how- Optical absorption spectra of the solutions were obtained
ever, concluded that the absorption spectra could not be coat room temperature by the Shimadzu 3101PC UV-visible
related with “magic number” particle sizes and the absorp-spectrophotometer at 2 nm resolution in the wavelength
tion peaks were attributed to oxidized iodine iong ()l range of 600—-190 nm by recording values of 4ig¢@/T)
present in the solution. Roy and co-worketgenerated,l whereT was the transmittance. Spectra were taken with the
ions in a solution using a standard proCemsd recorded the corresponding solvent put in an identical quartz glass cuvette
absorption spectra in acetonitrile, methanol, and ethylenas the reference to eliminate any baseline contribution from
glycol, and compared them with the spectra of colloidaLPbl the solvent. Absorption spectra of the solvents were recorded
solutions in the same solvents to confirm that the peaks olseparately also to ensure that the solvents did not have any
served in the spectra were due to Phhnoclusters rather absorption peak in the range of the study. Nanoparticulate
than due to4™ ions in the solution. They also determined the solutions were systematically diluted to study the concentra-
size of Pb} nanoclusters to be 29, 18, and 12 A in acetoni-tion dependence of the absorption spectra, particularly for
trile, 18 and 12 A in methanol, and 12 A in ethylene glycol solutions in acetonitrile and DI water since these are the least
and glycerol on the basis of optical absorption studies. and the most polar solveritsespectively.
Raman scattering is expected to be a useful tool to find Figures 1, 2, and 3 show absorption spectra of, Raho-
the size of nanoclusters in solution. To our knowledge, onlyclusters in acetonitrile, water, and methanol, respectively for

II. SYNTHESIS OF Pbl, NANOCLUSTERS,
EXPERIMENTS, AND RESULTS
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FIG. 1. Optical absorption spectra of Rlsianoclusters in aceto- FIG. 2. Optical absorption spectra of Rhianoclusters in DI

nitrile. Curves labele@—g are for decreasing concentrations of the water. Curves labelled—g are for decreasing concentrations of the
colloidal dispersion. The sample for curgas approximately 2000 colloidal dispersion. The sample for curges approximately 2000
times dilute compared to that for cunge Vertical lines of unit  times dilute compared to that for cunae Vertical lines of unit
length mark calculated absorption energies of nanoclusters havinlgngth mark calculated absorption energies of nanoclusters having
a=1.25 nm. a=0.96 nm.

different concentrations of the solutions. There are five peakpp|, has a hexagonal layered structure and nanocrystals of
in the case of acetonitrile, one ShOU'dEII' and two pea_ks fO!he material are expected to retain the morpho|ogica| sym-
water, and two peaks for methanol. It is noted that in allmetry of the bulk material* We, therefore, model a Pbl
cases, low-energy peaks are more prominent in spectra @fanocluster as an infinitely deep right-circular cylindrical po-
concentrated solutions while high-energy peaks appear ifential well of radiusa and lengthl. Using the EMA, the
sufficiently dilute solutions only. Similar observations were gptical absorption energies, of such a quantum (@) in

made earlit also. Fluctuations at the high-energy ends ofthe strong confinement limit, are obtained following Nag and
the spectra shown in Figs. 1-3 occur because transmittedangopadhyay as
light reaching the detector is attenuated to the latter’'s noise

level unless the solution is adequately dilute. This empha- 7202 [ [ pndl? (a\3( )
sizes the importance of attaining a suitable level of dilution, Emsn=Egt ——| | — T —) n?|. (h)
which may be nominally 1000 times of the original solution, 2 @\ ™ ll

in revealing the complete absorption spectrum. The first .
peaks in Figs. 1, 2, and 3 are located at 3.38, 4.1, and 3.45 €€ Eq IS the bulk band gapy and u, are reduced
eV, respectively. The first peak in acetonitrile is in goodcarrler effective masses scaled by the free-electron mass in
agreement with reported observatiGiisThe first peaks ob- the Id|r¢ct|r<])ns para!leil ?_?]d perpeljdlcu_larr':o ditt]eas, resfpic-
served in water and methanol were not reported earlier. Th vely, In the .matena. € quantiyns s thesth zero of the

first peak observed at 3.45 eV in methanol, however, comb€SSel functiond,(p) of orderm, and the quantum number

pares well with the lowest-energy peak observed at 3.46 eV takes integra! values. Since the marphological symmeiry of
in a similar solvent, 2-propan8IAll the peaks, along with a nanocluster is assumed to be the same as that of the bulk

those observed by other workers, are listed in Table I. mgterial, the value ofd/l) in Eq. (1) is _equated to the bulk
ratio (ag/c), whereag andc are the lattice parameters of the

bulk material in the directions perpendicular and parallel to

thec axis, respectively. The material parameters of,Rised
Attempts were made previously to explain similar spectran our calculations aré E;=2.55 eV, ag=4.557 A, ¢

by a model based on the effective mass approximatiors6.979 A,mg=1.25,mg, =0.25,mf;, mj, =1.1.

(EMA), where the Phlclusters were taken as infinitely deep ~ The observed absorption energies of Pinoclusters in

three-dimensional rectangular potential wélffsHowever, a particular solvent are correlated to the theoretical model in

[ll. DISCUSSION
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5 TABLE |. Absorption peaks of Pblnanoclusters in different
solvents, the assigned orders of transition, and the corresponding
calculated values of the lateral dimension.

- Solvent Absorption Quantum numbers Calculated

4 peaks(eV) n, s, n radiusa (nm)
Acetonitrilé® 3.38 0,1,1 1.28

3.86 0,12 1.29

i 4.48 1,1,1 1.25

23 5.19 1,1,2 1.21
2 | 6.20 1,1,3 1.20
2 Acetonitrile® 3.42 0,11 1.26
® | 3.95 0,12 1.25
% o 4.80 0,13 1.25
@) Acetonitrile® 3.4 0,1,1 1.27
4.0 0,12 1.23

4.8 0,13 1.25

Watef 4.1 0,11 0.94

! 4.75 01,2 1.00
6.02 1,1,1 0.93

Watef 3.95 0,1,2 1.25

4.80 0,1,3 1.25

0 Methanof 3.45 0,1,1 1.23

25 3.0 35 4.0 45 5.0 55 6.0 6.5 4.25 0,1,2 1.13
Photon Energy (eV) Methano? 3.95 0,1,2 1.25

4.80 0,13 1.25

FI_G. 3. A typical opticalnabsorptior_l spectrum of Rhlanoclus- 2-propand| 346 0,11 1.22
ters in methanpl. Vertical lines of unlt_ length mark calculated ab- 4.28 0,12 1.12
sorption energies of nanoclusters havargl.18 nm. 534 013 113

the following way. The lowest-energy absorption peak is as
signed to the first-order transition fon=0,s=1,n=1 and

the radiusa of the nanocluster is calculated from EQ). CReference .
Successively higher-energy peaks are then assigned to profxcierence 8.
able higher-order transitions, and corresponding values of ~eerence 6.
are calculated. Results obtained for Phanoclusters in ac-
etonitrile, DI water, methanol, and 2-propanol are listed in
Table I. The nominal value of radiusis found to be around

1 nm. For nanoclusters in water, the valueaafalculated for

%Present work.

finementa<2rg,* or evena<1.5g, is valid since exci-
ton Bohr radius'g in Pbl, is about 1.9 nnt®
We calculate the optical absorption spectrum of quantum-

the first-order transition is likely to have some errors sincefOnfined Pbl QD's to correlate the increasing strengths of
this transition is very weak and the peak position is not very2PSorption peaks observed with increasing photon energy to
clear. Otherwise, small variations in the calculated values ofélative strengths of various orders of interband optical tran-
a for a particular solvent are likely due to the choice of theSitions of th;—:-se QD's. The absorption coefficieng,of a QD
same values of effective masses over a wide range of energy. 9'Ven by

The overall agreement in values afacross solvents and

laboratories is significant and is unlikely to be a coincidence. o =i|m( ) )

We suggest that this indicates that the multiple peaks are due 4 nge Xd)»

to higher-order transitions of the same size of nanoclusters

rather than due to first-order transitions of a number of disWherew is the angular frequency of the incident light is
crete sizes of particles. A closer look reveals that the meathe refractive index of the host material in which the dot is
value ofa decreases as the solvent is changed from acetongmbeddedc is the velocity of light in free space, and Iy

trile (a~1.25 nn) to water @~0.96 nm through metha- is the imaginary part of the electric susceptibility of the QD.
nol (a~1.18 nm and 2-propanold~1.15 nnj, where the  For a system of identical cylindrical QD%

polarity of the solvent is increasing in the same sequence.

We note this to be somewhat similar to the observation that Noe? [2|Pg,|?

nanoclusters having smaller lateral dimensions are presentin Xd= 5 7 o { > g(m,s,n)
a more polar solvert.The difference is, we do not find the @"€oMo 0 Lmsn

absence of nanoclusters of one or two larger discrete sizes in 1 1

a more polar solvent, but see the reduction in the mean size X —1}-
of the nanoclusters in monodisperse colloidal solutions. The
magnitude of also ensures that the condition of strong con- 3)

Emon—fio—iT | Emonthotil
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6x108 TABLE Il. Absorption peaks of Hgl and Bil; nanoclusters in
i different solvents, the assigned orders of transition, and the corre-
sponding calculated values of the lateral dimension.
Material Solvent Absorption Quantum Calculated
peaks(eV)  numbers radius
n,s, n a (nm)
4x10° Hgl,? 2-propand1 3.49 0,1,1 1.01
I 4.07 0,12 1.02
— 4.81 0,1,3 1.07
'c Bil 3 Acetonitrile® 2.58 0,1,1 1.42
e 3.35 0,1,2 1.06
L 3.82 0,13 1.08
[ 4.35 1,1,1 1.09
2x108 5.28 0,1,4 0.95
I Acetonitrile? 2.67 0,1,1 1.31
3.46 0,12 1.02
4.31 1,1,1 1.09
*Ey=2.14 eV,a3=4.357 A,c=12.36 A, m§=0.25, m}, =0.29,
my=1.72,m}, =0.56 (Ref. 13.
ol bReference 6.

Eg=2.0 eV,ag=7.51 A, ¢=20.71 A (Ref. 13, m;=0.55 m
=1.67,m}, =0.35(Ref. 6).
dReference 10.

Photon Energy (eV)

FIG. 4. Typical calculated optical absorption spectra of cylindri- _ . . .
cal Pb}, quantum dots dispersed in acetonitrile for the volume frac-Eq' (_1)' andp=0.1, 0.05, a_nd 0.025 for increasingly dilute
tion parameter(a) p=0.1, (b) 0.05, and(c) 0.025. solutions. The paramet®\ is the product oDy andv, the

number of electrons available for a transition per QD. In
Here P, is the momentum matrix element for interband Order to estimate the value of we note that the topmost and

transition in the bulk QD material, calculated using the stanihe next six lower valence bands of Plare populated by

dard expressio# two electrons belonging to thestorbital of the lead atom
and five electrons of thepborbital of each iodine atorh,
, mSEg(Eng A) respectively._ Thus, ina hexggonal PRID consisting of six

|Pe|é= ; (4)  lead and 12 iodine atoms$,v is expected to be 12 and 60 for

3mg (Eq+2A/3) transitions involving the topmost and the lower valence

N, is the number density of electrons available for transition?@nds, respectively. It has been observed that the topmost
in a QD; g(m,s,n) is the possible degeneracy of the energyvalence' band gets exhausted around 4(B¥f. 4 in bulk

level Ep s n; T is the phenomenological broadening param—P_b_|2- It is, therefore, reasonable Fo take=12 up to a tran-
eter, and all other symbols have usual significance. The atgition energy ofi4 eV+E,, ;—Eg) in a Pbp QD andv=60
sorption coefficient evaluated using E¢®). and(3) does not  for higher energies. The factd,,—E4 accounts for the
include the effect of the polarization field produced by neigh-Shift due to quantum confinement. .
boring QD’s on a given dot. The effective dielectric constant 1YPical calculated spectra afey of Pbl, nanoclusters in

€« Of an ensemble of QD’s dispersed randomly in a dielec-2cetonitrile p=1.344 23)(Ref. 21 are shown in Fig. 4. It

tric host medium is given BY is evident that the strengths of transitions get enhanced with
increasing energy, which is the trend observed experimen-
€q(1+2p)+2e,(1—p) tally. Such enhancement in the strength of transitions is at-

€erf(@) = €n el(l-p) ten2+p) | (5 j[ribqted to the inprease in the number of electrons participat-
ing in the transitions, and to the collective effect. The latter
when this collective effect is considered. He#g=1+ x4  causes slight blueshift also of the absorption energies.
ande, are the average dielectric constants of the host mateStrengths may increase further if higher-energy levels have
rial. It is assumed that the absorption of the host is negligiblylarger degeneracy as in the cases of cubic and spherical
small in the frequency range of interest. The parametisr  QD’s. In our case, this accidental degeneracy is resolved, and
the volume fraction of the QD’s, defined as the product ofg(m,s,n)=1. While comparing the relative magnitudes of
the number density of the QD’'®),, and the volume of a absorption peaks observed experimentally with those calcu-
QD, V,. The effective absorption coefficiert of the host  lated, it must be kept in mind that the EMA gives poor re-
material containing a dispersion of QD’s is then obtainedsults with increasing energy. This is a probable reason why
from a relation similar to Eq(2) with x4 replaced byy., calculated strengths of higher-order transitions are not as
calculated back from Ed5). large as those of the experimentally observed ones, particu-
In a typical calculation’ has been chosen to be B2 larly above 5 eV.
whereE, is the prefactor of the quantity in parentheses in We applied the model discussed above to nanoclusters of
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other layered semiconductors, like Hgind Bil,. The opti- peaks are pronounced in relatively concentrated and dilute

cal absorption peaks observed by other workers and the réolutions, respectively. The same theoretical model has been

sults obtained from our calculations are listed in Table II. Itextended to account for absorption peaks of colloidal,Hgl

is interesting to note that the calculated valuesdbr dif-  and Bil; with similar conclusions. It appears that the colloi-

ferent orders of transition agree very well with one anotherdal route adopted for synthesizing the nanoclusters is capable

for each material. We find that the valueabbtained for the  of producing monodisperse solutions, which is an interesting

first-order transition h=0, s=1,n=1) in nanoclusters of area to investigate further. Very recently, Peigal>> have

Bil; is considerably larger compared to those obtained foreported “focusing” of size distributions of 111-V and II-VI

higher-order transitions. However, from the publishedsemiconductor nanocrystals grown by the colloidal method.

spectr&!®we see that the peak positions are not clearly idenThey have shown that then growth of selected sizes of

tifiable, which is likely to be the source of this discrepancy.nanocrystals is preferred by the growth kinetics. Although
Pbl, is a IV-VII material, the work of Pengt al, in a way,

V. CONCLUSIONS supports our idea. Our conclusion is of course limited by the

fact that the size of the nanoclusters was not measured by a

~We have modeled colloidal Phinanoclusters by right direct method, which is difficult in a colloidal dispersion.
circular-cylindrical potential wells of finite length and infi-

nite depth, and have shown that peaks observed in the optical

absorption spectra are due to different orders of transition of ACKNOWLEDGMENTS
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