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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-iodide.@S0163-1829~98!01443-X#
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I. INTRODUCTION

Quantum-confined lead iodide~PbI2) nanoclusters have
been under investigation for quite some time. Studies
photoluminescence,1 Raman scattering,2 photoconductivity,
and electroluminescence3 properties of the material hav
been reported. The basic idea is to use the natural lay
structure of PbI2,4 which is expected to facilitate the growt
of zero-dimensional quantum-confined nanostructures.
size of the nanoclusters and the uniformity of the same
important factors in such studies. Since these nanoclus
are extremely small and are known to be unstable in air,
difficult to measure the size directly. Efforts have been ma
to extract this information from the optical absorption spe
tra of PbI2 nanoclusters synthesized by the colloid
technique.5–8

Sandroffet al.5 observed three, two, and one peaks in
optical absorption spectra of colloidal PbI2 nanoclusters in
acetonitrile, methanol, and water, respectively and attribu
the peaks to crystallites having ‘‘magic numbers’’ of late
dimensions grouped around 12, 18, and 29 Å having a th
ness of about 7 Å. It was suggested that particles of all
three sizes were present in acetonitrile while the smaller
and the smallest size of particles were present in meth
and water, respectively. Transmission electron microsc
appeared to support the conclusions, but the results are
very conclusive since PbI2 nanoclusters are known to be u
stable outside solution.2,8 For similar PbI2 nanoclusters in
2-propanol, Micicet al.6 reported particle-size distribution
around 12, 16, and 25 Å of lateral dimension. It was, ho
ever, concluded that the absorption spectra could not be
related with ‘‘magic number’’ particle sizes and the abso
tion peaks were attributed to oxidized iodine ions (I3

2)
present in the solution. Roy and co-workers7,8 generated I3

2

ions in a solution using a standard process9 and recorded the
absorption spectra in acetonitrile, methanol, and ethyl
glycol, and compared them with the spectra of colloidal P2
solutions in the same solvents to confirm that the peaks
served in the spectra were due to PbI2 nanoclusters rathe
than due to I3

2 ions in the solution. They also determined t
size of PbI2 nanoclusters to be 29, 18, and 12 Å in aceto
trile, 18 and 12 Å in methanol, and 12 Å in ethylene glyc
and glycerol on the basis of optical absorption studies.

Raman scattering is expected to be a useful tool to
the size of nanoclusters in solution. To our knowledge, o
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Tanget al.2 reported such a measurement for PbI2 nanoclus-
ters to show that the size was as small as 6 Å. The nanoc
ters were, however, grown in zeolite supercages by a va
diffusion method, and the size was controlled strongly by
inner radii of the cages. A study on the nanoclusters dire
in the solvent would have been more useful in assessing
size.

In this paper we report room-temperature optical abso
tion spectra of colloidal nanoparticulate solutions of PbI2 in
acetonitrile, deionized~DI! water, and methanol. It is show
that the peaks observed in the spectra are due to var
orders of interband optical transitions of PbI2 nanoclusters of
nominally the same lateral dimensions rather than due
first-order transitions of those of different discrete sizes. W
show that the same model used for PbI2 also explains re-
ported optical absorption spectra of nanoclusters of ot
layered semiconductors, like mercuric iodide~HgI2) ~Ref. 6!
and bismuth tri-iodide~BiI3).6,10

II. SYNTHESIS OF PbI 2 NANOCLUSTERS,
EXPERIMENTS, AND RESULTS

We synthesized PbI2 nanoclusters using the standard co
loidal route5 in three different solvents, acetonitrile, DI wa
ter, and methanol. 10 ml of aqueous solution of 0.01M lead
nitrate was added to 250 ml of the solvent. The solution w
then vigorously stirred while a 10 ml aqueous solution
0.05M potassium iodide was added dropwise to synthes
colloidal PbI2.

Optical absorption spectra of the solutions were obtain
at room temperature by the Shimadzu 3101PC UV-visi
spectrophotometer at 2 nm resolution in the wavelen
range of 600–190 nm by recording values of log10(1/T)
whereT was the transmittance. Spectra were taken with
corresponding solvent put in an identical quartz glass cuv
as the reference to eliminate any baseline contribution fr
the solvent. Absorption spectra of the solvents were recor
separately also to ensure that the solvents did not have
absorption peak in the range of the study. Nanoparticu
solutions were systematically diluted to study the concen
tion dependence of the absorption spectra, particularly
solutions in acetonitrile and DI water since these are the le
and the most polar solvents,5 respectively.

Figures 1, 2, and 3 show absorption spectra of PbI2 nano-
clusters in acetonitrile, water, and methanol, respectively
13 055 ©1998 The American Physical Society
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13 056 PRB 58KANAD MALLIK AND T. S. DHAMI
different concentrations of the solutions. There are five pe
in the case of acetonitrile, one shoulder and two peaks
water, and two peaks for methanol. It is noted that in
cases, low-energy peaks are more prominent in spectr
concentrated solutions while high-energy peaks appea
sufficiently dilute solutions only. Similar observations we
made earlier6 also. Fluctuations at the high-energy ends
the spectra shown in Figs. 1–3 occur because transm
light reaching the detector is attenuated to the latter’s no
level unless the solution is adequately dilute. This emp
sizes the importance of attaining a suitable level of dilutio
which may be nominally 1000 times of the original solutio
in revealing the complete absorption spectrum. The fi
peaks in Figs. 1, 2, and 3 are located at 3.38, 4.1, and
eV, respectively. The first peak in acetonitrile is in go
agreement with reported observations.5,8 The first peaks ob-
served in water and methanol were not reported earlier.
first peak observed at 3.45 eV in methanol, however, co
pares well with the lowest-energy peak observed at 3.46
in a similar solvent, 2-propanol.6 All the peaks, along with
those observed by other workers, are listed in Table I.

III. DISCUSSION

Attempts were made previously to explain similar spec
by a model based on the effective mass approxima
~EMA!, where the PbI2 clusters were taken as infinitely dee
three-dimensional rectangular potential wells.5,6 However,

FIG. 1. Optical absorption spectra of PbI2 nanoclusters in aceto
nitrile. Curves labeleda–g are for decreasing concentrations of t
colloidal dispersion. The sample for curveg is approximately 2000
times dilute compared to that for curvea. Vertical lines of unit
length mark calculated absorption energies of nanoclusters ha
a51.25 nm.
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PbI2 has a hexagonal layered structure and nanocrystal
the material are expected to retain the morphological sy
metry of the bulk material.11 We, therefore, model a PbI2
nanocluster as an infinitely deep right-circular cylindrical p
tential well of radiusa and lengthl . Using the EMA, the
optical absorption energies, of such a quantum dot~QD! in
the strong confinement limit, are obtained following Nag a
Gangopadhyay12 as

Em,s,n5Eg1
p2\2

2m'a2F S rms

p D 2

1S a

l D
2S m'

m uu
Dn2G . ~1!

Here Eg is the bulk band gap,m uu and m' are reduced
carrier effective masses scaled by the free-electron mas
the directions parallel and perpendicular to thec axis, respec-
tively, in the material. The quantityrms is thesth zero of the
Bessel functionJm(r) of orderm, and the quantum numbe
n takes integral values. Since the morphological symmetry
a nanocluster is assumed to be the same as that of the
material, the value of (a/ l ) in Eq. ~1! is equated to the bulk
ratio (aB /c), whereaB andc are the lattice parameters of th
bulk material in the directions perpendicular and parallel
thec axis, respectively. The material parameters of PbI2 used
in our calculations are13 Eg52.55 eV, aB54.557 Å, c
56.979 Å,meuu* 51.25,me'* 50.25,mhuu* , mh'

* 51.1.
The observed absorption energies of PbI2 nanoclusters in

a particular solvent are correlated to the theoretical mode

ng

FIG. 2. Optical absorption spectra of PbI2 nanoclusters in DI
water. Curves labelleda–g are for decreasing concentrations of th
colloidal dispersion. The sample for curveg is approximately 2000
times dilute compared to that for curvea. Vertical lines of unit
length mark calculated absorption energies of nanoclusters ha
a50.96 nm.
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PRB 58 13 057OPTICAL ABSORPTION SPECTRA OF LEAD IODIDE . . .
the following way. The lowest-energy absorption peak is
signed to the first-order transition form50, s51, n51 and
the radiusa of the nanocluster is calculated from Eq.~1!.
Successively higher-energy peaks are then assigned to p
able higher-order transitions, and corresponding valuesa
are calculated. Results obtained for PbI2 nanoclusters in ac
etonitrile, DI water, methanol, and 2-propanol are listed
Table I. The nominal value of radiusa is found to be around
1 nm. For nanoclusters in water, the value ofa calculated for
the first-order transition is likely to have some errors sin
this transition is very weak and the peak position is not v
clear. Otherwise, small variations in the calculated values
a for a particular solvent are likely due to the choice of t
same values of effective masses over a wide range of ene
The overall agreement in values ofa across solvents an
laboratories is significant and is unlikely to be a coinciden
We suggest that this indicates that the multiple peaks are
to higher-order transitions of the same size of nanoclus
rather than due to first-order transitions of a number of d
crete sizes of particles. A closer look reveals that the m
value ofa decreases as the solvent is changed from acet
trile (a'1.25 nm! to water (a'0.96 nm! through metha-
nol (a'1.18 nm! and 2-propanol (a'1.15 nm!, where the
polarity of the solvent is increasing in the same sequen
We note this to be somewhat similar to the observation
nanoclusters having smaller lateral dimensions are prese
a more polar solvent.5 The difference is, we do not find th
absence of nanoclusters of one or two larger discrete size
a more polar solvent, but see the reduction in the mean
of the nanoclusters in monodisperse colloidal solutions. T
magnitude ofa also ensures that the condition of strong co

FIG. 3. A typical optical absorption spectrum of PbI2 nanoclus-
ters in methanol. Vertical lines of unit length mark calculated a
sorption energies of nanoclusters havinga51.18 nm.
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finement,a,2r B ,14 or evena,1.5r B ,15 is valid since exci-
ton Bohr radiusr B in PbI2 is about 1.9 nm.16

We calculate the optical absorption spectrum of quantu
confined PbI2 QD’s to correlate the increasing strengths
absorption peaks observed with increasing photon energ
relative strengths of various orders of interband optical tr
sitions of these QD’s. The absorption coefficient,ad of a QD
is given by17

ad5
v

n0c
Im~xd!, ~2!

wherev is the angular frequency of the incident light,n0 is
the refractive index of the host material in which the dot
embedded,c is the velocity of light in free space, and Im(xd)
is the imaginary part of the electric susceptibility of the Q
For a system of identical cylindrical QD’s,18

xd5
N0e2

v2e0m0
F2uPcvu2

m0
H (

m,s,n
g~m,s,n!

3S 1

Em,s,n2\v2 iG
1

1

Em,s,n1\v1 iG D J 21G .
~3!

-

TABLE I. Absorption peaks of PbI2 nanoclusters in different
solvents, the assigned orders of transition, and the correspon
calculated values of the lateral dimension.

Solvent Absorption
peaks~eV!

Quantum numbers
n, s, n

Calculated
radiusa ~nm!

Acetonitrilea 3.38 0, 1, 1 1.28
3.86 0, 1, 2 1.29
4.48 1, 1, 1 1.25
5.19 1, 1, 2 1.21
6.20 1, 1, 3 1.20

Acetonitrileb 3.42 0, 1, 1 1.26
3.95 0, 1, 2 1.25
4.80 0, 1, 3 1.25

Acetonitrilec 3.4 0, 1, 1 1.27
4.0 0, 1, 2 1.23
4.8 0, 1, 3 1.25

Watera 4.1 0, 1, 1 0.94
4.75 0, 1, 2 1.00
6.02 1, 1, 1 0.93

Waterb 3.95 0, 1, 2 1.25
4.80 0, 1, 3 1.25

Methanola 3.45 0, 1, 1 1.23
4.25 0, 1, 2 1.13

Methanolb 3.95 0, 1, 2 1.25
4.80 0, 1, 3 1.25

2-propanold 3.46 0, 1, 1 1.22
4.28 0, 1, 2 1.12
5.34 0, 1, 3 1.13

aPresent work.
bReference 5.
cReference 8.
dReference 6.
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Here Pcv is the momentum matrix element for interban
transition in the bulk QD material, calculated using the st
dard expression,19

uPcvu25
m0

2Eg~Eg1D!

3me* ~Eg12D/3!
; ~4!

N0 is the number density of electrons available for transit
in a QD; g(m,s,n) is the possible degeneracy of the ener
level Em,s,n ; G is the phenomenological broadening para
eter, and all other symbols have usual significance. The
sorption coefficient evaluated using Eqs.~2! and~3! does not
include the effect of the polarization field produced by neig
boring QD’s on a given dot. The effective dielectric consta
eeff of an ensemble of QD’s dispersed randomly in a diel
tric host medium is given by20

ee f f~v!5ehFed~112p!12eh~12p!

ed~12p!1eh~21p! G , ~5!

when this collective effect is considered. Hereed511xd
andeh are the average dielectric constants of the host m
rial. It is assumed that the absorption of the host is negligi
small in the frequency range of interest. The parameterp is
the volume fraction of the QD’s, defined as the product
the number density of the QD’s,D0 , and the volume of a
QD, V0. The effective absorption coefficientee f f of the host
material containing a dispersion of QD’s is then obtain
from a relation similar to Eq.~2! with xd replaced byxeff ,
calculated back from Eq.~5!.

In a typical calculationG has been chosen to be 0.2Ea ,
whereEa is the prefactor of the quantity in parentheses

FIG. 4. Typical calculated optical absorption spectra of cylind
cal PbI2 quantum dots dispersed in acetonitrile for the volume fr
tion parameter,~a! p50.1, ~b! 0.05, and~c! 0.025.
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Eq. ~1!, andp50.1, 0.05, and 0.025 for increasingly dilut
solutions. The parameterN0 is the product ofD0 andn, the
number of electrons available for a transition per QD.
order to estimate the value ofn, we note that the topmost an
the next six lower valence bands of PbI2 are populated by
two electrons belonging to the 6s orbital of the lead atom
and five electrons of the 5p orbital of each iodine atom,4

respectively. Thus, in a hexagonal PbI2 QD consisting of six
lead and 12 iodine atoms,11 n is expected to be 12 and 60 fo
transitions involving the topmost and the lower valen
bands, respectively. It has been observed that the topm
valence band gets exhausted around 4 eV~Ref. 4! in bulk
PbI2. It is, therefore, reasonable to taken512 up to a tran-
sition energy of~4 eV1E0,1,12Eg) in a PbI2 QD andn560
for higher energies. The factorE0,1,12Eg accounts for the
shift due to quantum confinement.

Typical calculated spectra ofaeff of PbI2 nanoclusters in
acetonitrile (n051.344 23)~Ref. 21! are shown in Fig. 4. It
is evident that the strengths of transitions get enhanced
increasing energy, which is the trend observed experim
tally. Such enhancement in the strength of transitions is
tributed to the increase in the number of electrons particip
ing in the transitions, and to the collective effect. The lat
causes slight blueshift also of the absorption energ
Strengths may increase further if higher-energy levels h
larger degeneracy as in the cases of cubic and sphe
QD’s. In our case, this accidental degeneracy is resolved,
g(m,s,n)51. While comparing the relative magnitudes
absorption peaks observed experimentally with those ca
lated, it must be kept in mind that the EMA gives poor r
sults with increasing energy. This is a probable reason w
calculated strengths of higher-order transitions are not
large as those of the experimentally observed ones, par
larly above 5 eV.

We applied the model discussed above to nanocluster

TABLE II. Absorption peaks of HgI2 and BiI3 nanoclusters in
different solvents, the assigned orders of transition, and the co
sponding calculated values of the lateral dimension.

Material Solvent Absorption
peaks~eV!

Quantum
numbers
n, s, n

Calculated
radius
a ~nm!

HgI2
a 2-propanolb 3.49 0, 1, 1 1.01

4.07 0, 1, 2 1.02
4.81 0, 1, 3 1.07

BiI 3
c Acetonitrileb 2.58 0, 1, 1 1.42

3.35 0, 1, 2 1.06
3.82 0, 1, 3 1.08
4.35 1, 1, 1 1.09
5.28 0, 1, 4 0.95

Acetonitriled 2.67 0, 1, 1 1.31
3.46 0, 1, 2 1.02
4.31 1, 1, 1 1.09

aEg52.14 eV, aB54.357 Å, c512.36 Å, mei* 50.25, me'* 50.29,
mhi* 51.72,mh'

* 50.56 ~Ref. 13!.
bReference 6.
cEg52.0 eV, aB57.51 Å, c520.71 Å ~Ref. 13!, me* 50.55, mhi*
51.67,mh'

* 50.35 ~Ref. 6!.
dReference 10.

-
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other layered semiconductors, like HgI2 and BiI3. The opti-
cal absorption peaks observed by other workers and the
sults obtained from our calculations are listed in Table II
is interesting to note that the calculated values ofa for dif-
ferent orders of transition agree very well with one anot
for each material. We find that the value ofa obtained for the
first-order transition (m50, s51,n51) in nanoclusters of
BiI 3 is considerably larger compared to those obtained
higher-order transitions. However, from the publish
spectra6,10 we see that the peak positions are not clearly id
tifiable, which is likely to be the source of this discrepanc

IV. CONCLUSIONS

We have modeled colloidal PbI2 nanoclusters by righ
circular-cylindrical potential wells of finite length and infi
nite depth, and have shown that peaks observed in the op
absorption spectra are due to different orders of transition
nominally one single size of particles rather than to fir
order transitions of various discrete sizes of particles.
this, a study of the absorption spectra of solutions of syst
atically varying concentration is found to be essential to
tain a complete spectrum because low- and high-ene
st
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peaks are pronounced in relatively concentrated and di
solutions, respectively. The same theoretical model has b
extended to account for absorption peaks of colloidal H2
and BiI3 with similar conclusions. It appears that the collo
dal route adopted for synthesizing the nanoclusters is cap
of producing monodisperse solutions, which is an interest
area to investigate further. Very recently, Penget al.22 have
reported ‘‘focusing’’ of size distributions of III-V and II-VI
semiconductor nanocrystals grown by the colloidal meth
They have shown that then growth of selected sizes
nanocrystals is preferred by the growth kinetics. Althou
PbI2 is a IV-VII material, the work of Penget al., in a way,
supports our idea. Our conclusion is of course limited by
fact that the size of the nanoclusters was not measured
direct method, which is difficult in a colloidal dispersion.
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