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The electronic properties and the optical absorption of lead iodide (PbI2) have been investigated
experimentally by means of optical absorption and spectroscopic ellipsometry, and theoretically by
a full-potential linear muffin-tin-orbital method. PbI2 has been recognized as a very promising
detector material with a large technological applicability. Its band-gap energy as a function of
temperature has also been measured by optical absorption. The temperature dependence has been
fitted by two different relations, and a discussion of these fittings is given. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1523145#
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I. INTRODUCTION

Lead iodide (PbI2) is a very important material with a
technological applicability as a room-temperature radiat
detector. It is a wide-band-gap semiconductor (Eg.2 eV!
with high environmental stability efficiency.1–4 The perfor-
mance of the detector cannot be fully understood unless
electronic and optical properties are determined. Recently
band-gap energy and thermal properties were determine
photoacoustic spectroscopy.4,5 A single crystal of PbI2 was
grown by the Bridgman method with thec-axis oriented per-
pendicular to the growth axis.4

The purpose of this work is to obtain the electron
structure of PbI2, its dielectric functionse1 ande2 by ellip-
sometry and theoretically by full-potential linear muffin-tin
orbital ~FPLMTO! method,6 and the temperature dependen
of the measured band-gap energy by optical absorption.
7210021-8979/2002/92(12)/7219/6/$19.00
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obtainedEg(T) can be fitted by two different methods,7,8

leading toEg ~0 K! andEg ~300 K!.

II. EXPERIMENTAL DETAILS

A crystal of PbI2 was grown by the Bridgman metho
with the c-axis oriented perpendicular to the growth axis4

The photoacoustic spectroscopy~PAS! result was extracted
from Ref. 4. Additionally, from transmission~TR! data we
have observed a broad spectrum spanning the wavele
interval, 850–360 nm corresponding to photon energies fr
1.46 to 3.44 eV. The experimental apparatus is shown in
previous article by Ahujaet al.9 The temperature dependenc
of the optical absorption~ABS! was measured by the follow
ing procedures.

The samples were mounted in a closed-cycle helium
frigeration system and studied at temperatures between
9 © 2002 American Institute of Physics
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and 300 K. In the ABS measurements, light from a stabiliz
filament lamp was passed through the sample, the wa
length was analyzed in a 1 mgrating spectrometer~McPher-
son model 2051! and detected with a photomultiplie
~Hamamatsu model R 943-02!, using a personal-compute
based single-photon-counting technique. Reference spe
were obtained by keeping the geometry of the setup fi
and removing the sample from the light path.

The absorption edge, i.e., where the signal of the tra
mitted light rose over and above the background level, co
for all sample temperatures be determined with a small
certainty~2 meV or less!. The photon energy at the absor
tion edge is identified as the fundamental band-gap ene
In Figs. 1 and 2 the experimental results are shown ve
the sample temperature.

Ellipsometric spectra of PbI2 were recorded at room tem
perature with variable angle of incidence spectroscopic e
sometry~J. A. Woollam, Inc. CO! in the photon energy rang
1–5 eV in steps of 0.02 eV. Two angles of incidence w
used: 60° and 70°. For line-shape analysis, high-resolu
spectra were measured at three angles~50°, 60°, and 70°!
with 0.005 eV steps in the photon energy range 2–3.5 e

The sample quality did not allow us to use a beam
ameter larger than 1 mm. Further reduction of the beam
did not significantly change the data except that the no
level increased. Measurements were done on several spo
the sample and with different orientations but no signific
variations were found. Generalized ellipsometry was use
determine all four elements of the reflection Jones matrix

FIG. 1. Full squares are the experimentally determined values, with A
measurements, for the band-gap energy of PbI2 as a function of temperature
Curve shows the best fit to the experimental data obtained with the us
Eq. ~3!. Dashed points represent lower and upper error limits.
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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the sample to resolve anisotropic effects. It was found t
these effects, if present, were below what is detectable w
the system used.

The measuredC and D spectra can be transformed d
rectly to pseudodielectric function data^e&. ^e& would corre-
spond to the real dielectric function̂e&5^e11 i e2& of the
substrate if it was ideal with no roughness or overlaye
However,e2 was found to be considerably above zero bel
the fundamental gap around 2.4 eV. The data were, there
interpreted in a model using a homogeneous substrate w
roughness layer. The latter was modeled using the Brug
man effective medium approximation with 50% void an
50% substrate material as constituents. The Levenbe
Marquart algorithm was used to fit the model data to
experimental data. The thickness of the rough layer wa
global fit parameter, whereas the dielectric function of t
substrate was fitted on a wavelength by the wavelength ba
The thickness of the rough layer varied slightly between d
ferent spots on the sample but was of the order of 15 nm
a particular spot, corresponding to the dielectric functi
data presented in this article, the thickness was 1563 nm,
where the limits correspond to 90% confidence intervals.

III. THEORETICAL CALCULATIONS

In order to study the electronic structure of PbI2, we
have used the FPLMTO method.10 The calculation were
based on the local-density approximation with t
Hedin–Lundqvist11 parametrization for the exchange an

S

of

FIG. 2. Full circles are the experimentally determined values, with A
measurements, for the band-gap energy of PbI2 as a function of temperature
Curve shows the best fit to the experimental data obtained with the us
Eq. ~4!. Dashed points represent lower and upper error limits.
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correlation potential. The spin-orbit coupling was includ
explicitly. Basis functions, electron densities, and potent
were calculated without any geometrical approximatio9

These quantities were expanded in combinations of sphe
harmonic functions~with a cutoff ,max58) inside nonover-
lapping spheres surrounding the atomic sites~muffin-tin
spheres! and in a Fourier series in the interstitial region. T
muffin-tin spheres occupied approximately 60% of the u
cell. The radial basis functions within the muffin-tin spher
are linear combinations of radial wave functions and th
energy derivatives, computed at energies appropriate to
site and principle as well as orbital atomic quantum numb
whereas outside the muffin-tin spheres the basis funct
are combinations of Neuman or Hankel functions.12,13 In the
calculations reported here, we made use of pseudocored
and 4d for Pb and I, respectively, and valence ba
6s, 6p, 6d, and 5f basis functions for Pb and 5s, 5p, 5d
and 4f basis functions for I with the corresponding two se
of energy parameters, one appropriate for the semicored
and 5d states, and the other appropriate for the vale
states. The resulting basis formed a single, fully hybridiz
basis set. This approach has previously proven to give a
converged basis.10 For sampling the irreducible wedge of th
Brillouin zone we used the special k-point method.14 In order
to speed up the convergence we have associated each c
lated eigenvalue with a Gaussian broadening of width
mRy.

Calculation of the dielectric function

The ~q50! dielectric function was calculated in the mo
mentum representation, which requires the matrix eleme
of momentump between occupied and unoccupied eige
states. To be specific the imaginary part of the dielec
function, e2(v)[Im e(q50,v!, was calculated from15

e2
i j (v)5

4p2e2

Vm2v2 (
knn8s

^knsupi ukn8s&^kn8supj ukns&

3 f kn~12 f kn8!d~ekn82ekn2\v!. ~1!

In Eq. ~1!, e is the electron charge,m the electron mass,V is
the crystal volume, andf kn is the Fermi distribution function
Moreover,ukns& is the crystal wave function correspondin
to thenth eigenvalue with crystal momentumk and spins.
With our spherical wave basis functions, the matrix eleme
of the momentum operator can be conveniently calculate
spherical coordinates and for this reason the momentum
written asp5(mem* pm ,16 wherem is 21, 0, or 1, andp21

51/&(px2 ipy), p05pz , andp1521/&(px1 ipy).
17

The evaluation of the matrix elements in Eq.~1! is done
separately over the muffin-tin and the interstitial regions. T
integration over the muffin-tin spheres is done in a way si
lar to the procedures used by Oppeneer18 and Gasche.15

However, their calculations utilized the atomic sphere
proximation ~ASA!. A fully detailed description of the cal
culation of the matrix elements is presented elsewhere.6

The summation over the Brillouin zone in Eq.~1! is
performed by using linear interpolation on a mesh of u
formly distributed points, i.e., the tetrahedron method. M
trix elements, eigenvalues, and eigenvectors are calculate
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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the irreducible part of the Brillouin zone. The correct sym
metry for the dielectric constant was obtained by averag
the calculated dielectric function. Finally, the real part of t
dielectric function,e1(v), is obtained frome2(v) using the
Kramers–Kronig relation,

e1~v![Re@e~q50,v!#

511
1

pE0

`

dv8e2~v8!S 1

v82v
1

1

v81v D . ~2!

IV. RESULTS AND DISCUSSION

A. Temperature dependence of the band-gap energy

The relation usually employed for the temperature d
pendence of band-gap energy is that of Varshni:7

Eg~T!5Eg~0!2
aT2

T1b8
, ~3!

whereEg(0) is the band-gap energy atT50 K, anda andb
are parameters characteristic of a given material, which
determined by fitting the right-hand equation to an expe
mental data set. Most semiconductors have a value oa
around 1024 eV/K. Here, we found forEg(0)52.490 eV,
a57.0531024 eV/K, and b5130 K. The smooth curve
shown in Fig. 1, was obtained by fitting Eq.~3! to the full
squared data sets. Using another numerical least-squar
ting procedure it is possible to extract the dependence of
band-gap energy more accurately from the O’Donnell a
Chen relation:8

Eg~T!5Eg~0!2S^\v&FcothS ^\v&
2kbTD21G , ~4!

whereS is a dimensionless coupling constant, and^\v& is an
average phonon energy. For PbI2 we obtainEg(0)52.485
eV, S53.60, and̂ \v&513.1 meV. It is worth to mention tha
this notation is adopted from the vibronic model of Hua
and Rhys.8,19

The smooth curve shown in Fig. 2 is obtained by fittin
Eq. ~4! to the full circle data sets. Here, we notice a bet
fitting with Eq. ~4! compared to Eq.~3!.

In Table I we show the results obtained from Eq.~4! and
compared them with other semiconductors. In Table II,
show the obtained band-gap energies for different temp
tures utilizing PAS, TR, ABS measurements, and the t
fitting procedures, O’Donnell and Chen~FDC! and Varshni
~FV!. In Table III, we presentDEg5Eg(T50 and 10 K)
2Eg(T5300 K! calculated from various sets of the AB
measurement as well as the FDC and FV fitting procedu

TABLE I. Fit parameters of the temperature dependence from Eq.~4!. PbI2
from our data; other semiconductors are compiled from Ref. 8.

Eg~0! eV S \ v meV

PbI2 2.485 3.60 13.1
GaP 2.338 3.35 43.6
GaSb 1.521 3.00 26.7
Si 1.170 1.49 25.5
 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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7222 J. Appl. Phys., Vol. 92, No. 12, 15 December 2002 Ahuja et al.
For case~a! where DEg5Eg(T510 K)2Eg(T5300 K),
we have ABS50.139, FDC50.139, FV50.147, and for case
~b! where DEg5Eg(T50 K)2Eg(T5300 K!, we have
FDC50.140 and FV50.149. We can see that theDEg values
of ABS and FDC are identical, but not those derived fro
FV.

B. Optical properties

Since the optical spectra are calculated from interb
transitions, we find it of interest to first describe our calc
lated electronic structure. For this reason we show the ca
lated density of states~DOS! in Fig. 3. The major contribu-
tions to the total DOS come from the Pbd and Pbs states
and the Is and Ip states. The total DOS has many structur
~a! a peak around214.0 eV arising from the Is states;~b! a
narrow structure around29.0 eV arising form the Pbs
states;~c! a broad structure around25.0 eV from the Pbp
and I p states; and~d! a structure just after the band-ga
arising from the antibonding Pbp and I p states. Our calcu-
lated band gap is around 1.5 eV, which is 0.85 eV lower th
experiment. This type of error for band-gap energies is v
usual in local density approximation~LDA ! calculations.

The measured dielectric function is shown in Fig. 4.
Fig. 4~a!, we show the imaginary part of dielectric functio
e2 and notice an onset of absorption around 2.4 eV. Be
this gap there is some residual absorption, which may be
or due to model artifacts. Above the fundamental gap rat
well-defined absorption bands are seen at 2.9 and 3.2 e
well as a broad band between 4 and 4.5 eV. In Fig. 4~b! we
show the real part of dielectric functione1. This exhibits a
peak around 2.5 eV, a shoulder around 2.75 eV, a p

TABLE II. Value of Eg(T), obtained by PAS and ABS measurements a
fitting procedures, FDC and FV representing by Eqs.~4! and ~3!, respec-
tively.

Method Eg ~300 K! eV Eg ~10 K! eV Eg ~0 K! eV

PASa 2.32060.038 ••• •••
TRb 2.31960.070 ••• •••
ABSc 2.34560.037 2.48460.042 •••
FDCd 2.34560.001 2.48460.001 2.48560.001
FVe 2.34060.001 2.48760.001 2.48960.001

@Eg(ABS)2Eg(PAS)#300 K 25 meV

aPhotoacoustic spectroscopy.
bTransmission.
cAbsorption.
dFitting the O’Donnell and Chen equation to ABS curve.
eFitting the Varshni equation.

TABLE III. Values of DEg ~0 K! andDEg ~10 K! for the ABS measuremen
and fitting procedures, FDC and FV.

Method DEg ~10 K!a eV DEg ~0 K!b eV

ABS 0.139 •••
FDC 0.139 0.140
FV 0.147 0.149

aDEg(10 K)5Eg(10 K)2Eg(300 K).
bDEg(0 K)5Eg(0 K)2Eg(300 K).
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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around 3.2 eV, and also a minimum at 4.5 eV. These featu
of e1 are also Kramers–Kronig consistent withe2.

In Fig. 5~a! we show the calculated imaginary part
dielectric functionse2

' , e2
i , ande2

tot . Our calculatede2
' dis-

plays basically three main peaks; two at low energies
one at a higher energy. The two low-energy peaks are p
tioned around 3.0 and 4.0 eV and the high-energy pea
around 7.0 eV. However, fore2

i , the two peaks are found
around 3.5 and 4.5 eV and the high-energy peak is at 7.0
Our calculated spectra compare very well with the measu
one. By comparinge2

' and e2
i , one can notice that the an

isotropy of the dielectric function is very small. We have al
investigated the origin of these peaks. The first two pea
both in the parallel and the perpendicular directions, ori
nate from Pbs to Pbp interband transitions while the peak
7.0 eV originates from the Pbp to Pbd interband transition,
since the LDA is well known for underestimation of the ba
gap and our band gap is 0.85 eV less compared to the
periment. If one uses a scissor operator to calculate the
electric function using the experimental gap as done by s
eral workers in the past, our whole spectra will shift by 0.
eV towards higher energies. This will not improve the agre
ment with the experiment data. It means that one cannot
shift the band gap but one has to go beyond the LDA usin
more sophisticated approach like the GW method,20 where

FIG. 3. Calculated total density of states~DOS! for PbI2. Fermi energy has
been set to the zero energy level and marked by a vertical dashed line
 Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
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correlations are included. This approach does not just giv
better band gap but also improves the electronic structure
Fig. 5~b! we show the calculated real part of the dielect
function, e1

' , e1
i , and e1

tot . The real part of the dielectric
function is obtained frome2 by the Kramers–Kronig rela
tion. Our calculatede1

' shows two sharp peaks and a bro
peak. The first peak is situated around 3.0 eV, the second
is at 4.0 eV, and the broad peak is around 7.5 eV.e1

' becomes
negative around 5.0 eV. The calculatede1

i also has a very
similar structure ase1

' . In e1
i , there is an additional peak a

around 2.0 eV, which is absent ine1
' . At 1.0 eV, our calcu-

lated value ofe1(0) is 7.5, which compares very well wit
the experimental value of 7.2.

V. CONCLUSIONS

We have studied the electronic and optical properties
PbI2 using optical absorption, transmission, ellipsometry, a
also theoretically using the FPLMTO method with spin-or

FIG. 4. Experimental total dielectric function as a function of photon en
gies ~a! e2 and ~b! e1.
Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract.
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coupling. Our calculations for the dielectric function com
pare well with experiments. Our calculations show that th
is a very small anisotropy in the optical properties of Pb2.
This is in contrast to what our previous calculations on H2
~Ref. 21! have shown. Our calculated and experimental v
ues ofe1~0! are in very good agreement. The measured b
gap determined from different methods are consistent w
each other.
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