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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. 关DOI: 10.1063/1.1523145兴
obtained E g (T) can be fitted by two different methods,7,8
leading to E g 共0 K兲 and E g 共300 K兲.

I. INTRODUCTION

Lead iodide (PbI2) is a very important material with a
technological applicability as a room-temperature radiation
detector. It is a wide-band-gap semiconductor (E g ⬎2 eV兲
with high environmental stability efficiency.1– 4 The performance of the detector cannot be fully understood unless its
electronic and optical properties are determined. Recently, its
band-gap energy and thermal properties were determined by
photoacoustic spectroscopy.4,5 A single crystal of PbI2 was
grown by the Bridgman method with the c-axis oriented perpendicular to the growth axis.4
The purpose of this work is to obtain the electronic
structure of PbI2, its dielectric functions ⑀ 1 and ⑀ 2 by ellipsometry and theoretically by full-potential linear muffin-tinorbital 共FPLMTO兲 method,6 and the temperature dependence
of the measured band-gap energy by optical absorption. The
0021-8979/2002/92(12)/7219/6/$19.00

II. EXPERIMENTAL DETAILS

A crystal of PbI2 was grown by the Bridgman method
with the c-axis oriented perpendicular to the growth axis.4
The photoacoustic spectroscopy 共PAS兲 result was extracted
from Ref. 4. Additionally, from transmission 共TR兲 data we
have observed a broad spectrum spanning the wavelength
interval, 850–360 nm corresponding to photon energies from
1.46 to 3.44 eV. The experimental apparatus is shown in our
previous article by Ahuja et al.9 The temperature dependence
of the optical absorption 共ABS兲 was measured by the following procedures.
The samples were mounted in a closed-cycle helium refrigeration system and studied at temperatures between 10
7219
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FIG. 1. Full squares are the experimentally determined values, with ABS
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 use of
Eq. 共3兲. Dashed points represent lower and upper error limits.

FIG. 2. Full circles are the experimentally determined values, with ABS
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 use of
Eq. 共4兲. Dashed points represent lower and upper error limits.

and 300 K. In the ABS measurements, light from a stabilized
filament lamp was passed through the sample, the wavelength was analyzed in a 1 m grating spectrometer 共McPherson model 2051兲 and detected with a photomultiplier
共Hamamatsu model R 943-02兲, using a personal-computerbased single-photon-counting technique. Reference spectra
were obtained by keeping the geometry of the setup fixed
and removing the sample from the light path.
The absorption edge, i.e., where the signal of the transmitted light rose over and above the background level, could
for all sample temperatures be determined with a small uncertainty 共2 meV or less兲. The photon energy at the absorption edge is identified as the fundamental band-gap energy.
In Figs. 1 and 2 the experimental results are shown versus
the sample temperature.
Ellipsometric spectra of PbI2 were recorded at room temperature with variable angle of incidence spectroscopic ellipsometry 共J. A. Woollam, Inc. CO兲 in the photon energy range
1–5 eV in steps of 0.02 eV. Two angles of incidence were
used: 60° and 70°. For line-shape analysis, high-resolution
spectra were measured at three angles 共50°, 60°, and 70°兲
with 0.005 eV steps in the photon energy range 2–3.5 eV.
The sample quality did not allow us to use a beam diameter larger than 1 mm. Further reduction of the beam size
did not significantly change the data except that the noise
level increased. Measurements were done on several spots on
the sample and with different orientations but no significant
variations were found. Generalized ellipsometry was used to
determine all four elements of the reflection Jones matrix of

the sample to resolve anisotropic effects. It was found that
these effects, if present, were below what is detectable with
the system used.
The measured ⌿ and ⌬ spectra can be transformed directly to pseudodielectric function data 具⑀典. 具⑀典 would correspond to the real dielectric function 具 ⑀ 典 ⫽ 具 ⑀ 1 ⫹i ⑀ 2 典 of the
substrate if it was ideal with no roughness or overlayers.
However, ⑀ 2 was found to be considerably above zero below
the fundamental gap around 2.4 eV. The data were, therefore,
interpreted in a model using a homogeneous substrate with a
roughness layer. The latter was modeled using the Bruggeman effective medium approximation with 50% void and
50% substrate material as constituents. The Levenberg–
Marquart algorithm was used to fit the model data to the
experimental data. The thickness of the rough layer was a
global fit parameter, whereas the dielectric function of the
substrate was fitted on a wavelength by the wavelength basis.
The thickness of the rough layer varied slightly between different spots on the sample but was of the order of 15 nm. In
a particular spot, corresponding to the dielectric function
data presented in this article, the thickness was 15⫾3 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 the
Hedin–Lundqvist11 parametrization for the exchange and
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correlation potential. The spin-orbit coupling was included
explicitly. Basis functions, electron densities, and potentials
were calculated without any geometrical approximation.9
These quantities were expanded in combinations of spherical
harmonic functions 共with a cutoff ᐉ max⫽8) inside nonoverlapping spheres surrounding the atomic sites 共muffin-tin
spheres兲 and in a Fourier series in the interstitial region. The
muffin-tin spheres occupied approximately 60% of the unit
cell. The radial basis functions within the muffin-tin spheres
are linear combinations of radial wave functions and their
energy derivatives, computed at energies appropriate to their
site and principle as well as orbital atomic quantum numbers,
whereas outside the muffin-tin spheres the basis functions
are combinations of Neuman or Hankel functions.12,13 In the
calculations reported here, we made use of pseudocore 5d
and 4d for Pb and I, respectively, and valence band
6s, 6p, 6d, and 5 f basis functions for Pb and 5s, 5 p, 5d
and 4 f basis functions for I with the corresponding two sets
of energy parameters, one appropriate for the semicore 4d
and 5d states, and the other appropriate for the valence
states. The resulting basis formed a single, fully hybridizing
basis set. This approach has previously proven to give a well
converged basis.10 For sampling the irreducible wedge of the
Brillouin zone we used the special k-point method.14 In order
to speed up the convergence we have associated each calculated eigenvalue with a Gaussian broadening of width 10
mRy.
The 共q⫽0兲 dielectric function was calculated in the momentum representation, which requires the matrix elements
of momentum p between occupied and unoccupied eigenstates. To be specific the imaginary part of the dielectric
function, ⑀ 2 (  )⬅Im ⑀ (q⫽0, 兲, was calculated from15

⑀ i2j (  )⫽

4  2e 2
⍀m 2  2

兺

knn ⬘ 

具 kn  兩 p i 兩 kn ⬘  典具 kn ⬘  兩 p j 兩 kn  典

⫻ f kn 共 1⫺ f kn ⬘ 兲 ␦ 共 e kn ⬘ ⫺e kn ⫺ប  兲 .

TABLE I. Fit parameters of the temperature dependence from Eq. 共4兲. PbI2
from our data; other semiconductors are compiled from Ref. 8.
E g 共0兲 eV

S

ប  meV

2.485
2.338
1.521
1.170

3.60
3.35
3.00
1.49

13.1
43.6
26.7
25.5

PbI2
GaP
GaSb
Si

the irreducible part of the Brillouin zone. The correct symmetry for the dielectric constant was obtained by averaging
the calculated dielectric function. Finally, the real part of the
dielectric function, ⑀ 1 (  ), is obtained from ⑀ 2 (  ) using the
Kramers–Kronig relation,

⑀ 1 共  兲 ⬅Re关 ⑀ 共 q⫽0, 兲兴
⫽1⫹

1


冕

⬁

0

共1兲

In Eq. 共1兲, e is the electron charge, m the electron mass, ⍀ is
the crystal volume, and f kn is the Fermi distribution function.
Moreover, 兩 kn  典 is the crystal wave function corresponding
to the nth eigenvalue with crystal momentum k and spin .
With our spherical wave basis functions, the matrix elements
of the momentum operator can be conveniently calculated in
spherical coordinates and for this reason the momentum is
written as p⫽ 兺  e* p  , 16 where  is ⫺1, 0, or 1, and p ⫺1
⫽1/&(p x ⫺ip y ), p 0 ⫽p z , and p 1 ⫽⫺1/&( p x ⫹ip y ). 17
The evaluation of the matrix elements in Eq. 共1兲 is done
separately over the muffin-tin and the interstitial regions. The
integration over the muffin-tin spheres is done in a way similar to the procedures used by Oppeneer18 and Gasche.15
However, their calculations utilized the atomic sphere approximation 共ASA兲. A fully detailed description of the calculation of the matrix elements is presented elsewhere.6
The summation over the Brillouin zone in Eq. 共1兲 is
performed by using linear interpolation on a mesh of uniformly distributed points, i.e., the tetrahedron method. Matrix elements, eigenvalues, and eigenvectors are calculated in

d  ⬘⑀ 2共  ⬘ 兲

冉

冊

1
1
⫹
.
 ⬘⫺   ⬘⫹ 

共2兲

IV. RESULTS AND DISCUSSION
A. Temperature dependence of the band-gap energy

The relation usually employed for the temperature dependence of band-gap energy is that of Varshni:7
E g 共 T 兲 ⫽E g 共 0 兲 ⫺

Calculation of the dielectric function

7221

␣T2
,
T⫹ ␤ ⬘

共3兲

where E g (0) is the band-gap energy at T⫽0 K, and ␣ and ␤
are parameters characteristic of a given material, which are
determined by fitting the right-hand equation to an experimental data set. Most semiconductors have a value of ␣
around 10⫺4 eV/K. Here, we found for E g (0)⫽2.490 eV,
␣⫽7.05⫻10⫺4 eV/K, and ␤⫽130 K. The smooth curve
shown in Fig. 1, was obtained by fitting Eq. 共3兲 to the full
squared data sets. Using another numerical least-square fitting procedure it is possible to extract the dependence of the
band-gap energy more accurately from the O’Donnell and
Chen relation:8

冋 冉 冊 册

E g 共 T 兲 ⫽E g 共 0 兲 ⫺S 具 ប  典 coth

具ប典

2k ␤ T

⫺1 ,

共4兲

where S is a dimensionless coupling constant, and 具ប典 is an
average phonon energy. For PbI2 we obtain E g (0)⫽2.485
eV, S⫽3.60, and 具ប典⫽13.1 meV. It is worth to mention that
this notation is adopted from the vibronic model of Huang
and Rhys.8,19
The smooth curve shown in Fig. 2 is obtained by fitting
Eq. 共4兲 to the full circle data sets. Here, we notice a better
fitting with Eq. 共4兲 compared to Eq. 共3兲.
In Table I we show the results obtained from Eq. 共4兲 and
compared them with other semiconductors. In Table II, we
show the obtained band-gap energies for different temperatures utilizing PAS, TR, ABS measurements, and the two
fitting procedures, O’Donnell and Chen 共FDC兲 and Varshni
共FV兲. In Table III, we present ⌬E g ⫽E g (T⫽0 and 10 K)
⫺E g (T⫽300 K兲 calculated from various sets of the ABS
measurement as well as the FDC and FV fitting procedures.
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TABLE II. Value of E g (T), obtained by PAS and ABS measurements and
fitting procedures, FDC and FV representing by Eqs. 共4兲 and 共3兲, respectively.
E g 共300 K兲 eV E g 共10 K兲 eV E g 共0 K兲 eV

Method
a

PAS
TRb
ABSc
FDCd
FVe

2.320⫾0.038
2.319⫾0.070
2.345⫾0.037
2.345⫾0.001
2.340⫾0.001

关 E g (ABS)⫺E g (PAS) 兴 300

K

•••
•••
•••
•••
2.484⫾0.042
•••
2.484⫾0.001 2.485⫾0.001
2.487⫾0.001 2.489⫾0.001

25 meV

a

Photoacoustic spectroscopy.
Transmission.
c
Absorption.
d
Fitting the O’Donnell and Chen equation to ABS curve.
e
Fitting the Varshni equation.
b

For case 共a兲 where ⌬E g ⫽E g (T⫽10 K)⫺E g (T⫽300 K),
we have ABS⫽0.139, FDC⫽0.139, FV⫽0.147, and for case
共b兲 where ⌬E g ⫽E g (T⫽0 K)⫺E g (T⫽300 K兲, we have
FDC⫽0.140 and FV⫽0.149. We can see that the ⌬E g values
of ABS and FDC are identical, but not those derived from
FV.
B. Optical properties

Since the optical spectra are calculated from interband
transitions, we find it of interest to first describe our calculated electronic structure. For this reason we show the calculated density of states 共DOS兲 in Fig. 3. The major contributions to the total DOS come from the Pb d and Pb s states
and the I s and I p states. The total DOS has many structures:
共a兲 a peak around ⫺14.0 eV arising from the I s states; 共b兲 a
narrow structure around ⫺9.0 eV arising form the Pb s
states; 共c兲 a broad structure around ⫺5.0 eV from the Pb p
and I p states; and 共d兲 a structure just after the band-gap
arising from the antibonding Pb p and I p states. Our calculated band gap is around 1.5 eV, which is 0.85 eV lower than
experiment. This type of error for band-gap energies is very
usual in local density approximation 共LDA兲 calculations.
The measured dielectric function is shown in Fig. 4. In
Fig. 4共a兲, we show the imaginary part of dielectric function
⑀ 2 and notice an onset of absorption around 2.4 eV. Below
this gap there is some residual absorption, which may be real
or due to model artifacts. Above the fundamental gap rather
well-defined absorption bands are seen at 2.9 and 3.2 eV as
well as a broad band between 4 and 4.5 eV. In Fig. 4共b兲 we
show the real part of dielectric function ⑀ 1 . This exhibits a
peak around 2.5 eV, a shoulder around 2.75 eV, a peak
TABLE III. Values of ⌬E g 共0 K兲 and ⌬E g 共10 K兲 for the ABS measurement
and fitting procedures, FDC and FV.

a

Method

⌬E g 共10 K兲a eV

⌬E g 共0 K兲b eV

ABS
FDC
FV

0.139
0.139
0.147

•••
0.140
0.149

⌬E g (10 K)⫽E g (10 K)⫺E g (300 K).
⌬E g (0 K)⫽E g (0 K)⫺E g (300 K).

b

FIG. 3. Calculated total density of states 共DOS兲 for PbI2. Fermi energy has
been set to the zero energy level and marked by a vertical dashed line.

around 3.2 eV, and also a minimum at 4.5 eV. These features
of ⑀ 1 are also Kramers–Kronig consistent with ⑀ 2 .
In Fig. 5共a兲 we show the calculated imaginary part of
储
⬜
dielectric functions ⑀⬜2 , ⑀ 2 , and ⑀ tot
2 . Our calculated ⑀ 2 displays basically three main peaks; two at low energies and
one at a higher energy. The two low-energy peaks are positioned around 3.0 and 4.0 eV and the high-energy peak is
储
around 7.0 eV. However, for ⑀ 2 , the two peaks are found
around 3.5 and 4.5 eV and the high-energy peak is at 7.0 eV.
Our calculated spectra compare very well with the measured
储
one. By comparing ⑀⬜2 and ⑀ 2 , one can notice that the anisotropy of the dielectric function is very small. We have also
investigated the origin of these peaks. The first two peaks,
both in the parallel and the perpendicular directions, originate from Pb s to Pb p interband transitions while the peak at
7.0 eV originates from the Pb p to Pb d interband transition,
since the LDA is well known for underestimation of the band
gap and our band gap is 0.85 eV less compared to the experiment. If one uses a scissor operator to calculate the dielectric function using the experimental gap as done by several workers in the past, our whole spectra will shift by 0.85
eV towards higher energies. This will not improve the agreement with the experiment data. It means that one cannot just
shift the band gap but one has to go beyond the LDA using a
more sophisticated approach like the GW method,20 where
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FIG. 5. Calculated dielectric function as a function of photon energy for
different directions 共a兲 ⑀ 2 and 共b兲 ⑀ 1 .
FIG. 4. Experimental total dielectric function as a function of photon energies 共a兲 ⑀ 2 and 共b兲 ⑀ 1 .

correlations are included. This approach does not just give a
better band gap but also improves the electronic structure. In
Fig. 5共b兲 we show the calculated real part of the dielectric
储
function, ⑀⬜1 , ⑀ 1 , and ⑀ tot
1 . The real part of the dielectric
function is obtained from ⑀ 2 by the Kramers–Kronig relation. Our calculated ⑀⬜1 shows two sharp peaks and a broad
peak. The first peak is situated around 3.0 eV, the second one
is at 4.0 eV, and the broad peak is around 7.5 eV. ⑀⬜1 becomes
储
negative around 5.0 eV. The calculated ⑀ 1 also has a very
储
⬜
similar structure as ⑀ 1 . In ⑀ 1 , there is an additional peak at
around 2.0 eV, which is absent in ⑀⬜1 . At 1.0 eV, our calculated value of ⑀ 1 (0) is 7.5, which compares very well with
the experimental value of 7.2.
V. CONCLUSIONS

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

coupling. Our calculations for the dielectric function compare well with experiments. Our calculations show that there
is a very small anisotropy in the optical properties of PbI2.
This is in contrast to what our previous calculations on HgI2
共Ref. 21兲 have shown. Our calculated and experimental values of ⑀ 1 共0兲 are in very good agreement. The measured band
gap determined from different methods are consistent with
each other.
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