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The electronic properties and the optical absorption of lead iodide,)(Rlave been investigated
experimentally by means of optical absorption and spectroscopic ellipsometry, and theoretically by

a full-potential linear muffin-tin-orbital method. Pbhas 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 given20@2 American

Institute of Physics.[DOI: 10.1063/1.1523145

I. INTRODUCTION obtainedE4(T) can be fitted by two different method$,
leading toE4 (0 K) andE4 (300 K).
Lead iodide (Ph)) is a very important material with a
technological applicability as a room-temperature radiation
detector. It is a wide-band-gap semiconductiy%2 eV) Il. EXPERIMENTAL DETAILS
with high environmental stability efficiendy* The perfor-

mance of the detector cannot be fully understood unless its . A crystaliof P.bk was grown .by the Bridgman methqd
with the c-axis oriented perpendicular to the growth akis.

electronic and optical properties are determined. Recently, ”‘?he photoacoustic spectroscof§AS) result was extracted
band-gap energy and thermal properties were determined q

h . H5A singl | of P Yom Ref. 4. Additionally, from transmissiofTR) data we
photoacoustic s.pectrosco ' smge crys'Fa 0_ bl was have observed a broad spectrum spanning the wavelength
grown by the Bridgman method with tleeaxis oriented per-

) interval, 850—360 nm corresponding to photon energies from

pendicular to the growth axfs. 1.46 to 3.44 eV. The experimental apparatus is shown in our
The purpose of this work is to obtain the electronic previous article by Ahujat al® The temperature dependence

structure of Phyj, its dielectric functionss; ande, by ellip-  of the optical absorptiofABS) was measured by the follow-

sometry and theoretically by full-potential linear muffin-tin- ing procedures.

orbital (FPLMTO) method® and the temperature dependence  The samples were mounted in a closed-cycle helium re-

of the measured band-gap energy by optical absorption. Thigigeration system and studied at temperatures between 10

0021-8979/2002/92(12)/7219/6/$19.00 7219 © 2002 American Institute of Physics
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FIG. 1. Full squares are the experimentally determined values, with ABSriG. 2. Full circles are the experimentally determined values, with ABS
measurements, for the band-gap energy of Bbla function of temperature.  measurements, for the band-gap energy of Bbla function of temperature.
Curve shows the best fit to the experimental data obtained with the use qfyrve shows the best fit to the experimental data obtained with the use of
Eq. (3). Dashed points represent lower and upper error limits. Eq. (4). Dashed points represent lower and upper error limits.

and 300 K. In the ABS measurements, light from a stabilizedhe sample to resolve anisotropic effects. It was found that
filament lamp was passed through the sample, the wavehese effects, if present, were below what is detectable with
length was analyzedhia 1 mgrating spectrometgiMcPher-  the system used.
son model 2051 and detected with a photomultiplier The measured? and A spectra can be transformed di-
(Hamamatsu model R 943-P2using a personal-computer- rectly to pseudodielectric function date). (€) would corre-
based single-photon-counting technique. Reference spectspond to the real dielectric functiofe)=(e,+ie,) of the
were obtained by keeping the geometry of the setup fixedubstrate if it was ideal with no roughness or overlayers.
and removing the sample from the light path. However,e, was found to be considerably above zero below
The absorption edge, i.e., where the signal of the transthe fundamental gap around 2.4 eV. The data were, therefore,
mitted light rose over and above the background level, couldnterpreted in a model using a homogeneous substrate with a
for all sample temperatures be determined with a small unroughness layer. The latter was modeled using the Brugge-
certainty(2 meV or lesy The photon energy at the absorp- man effective medium approximation with 50% void and
tion edge is identified as the fundamental band-gap energ$0% substrate material as constituents. The Levenberg—
In Figs. 1 and 2 the experimental results are shown versuglarquart algorithm was used to fit the model data to the
the sample temperature. experimental data. The thickness of the rough layer was a
Ellipsometric spectra of Phlvere recorded at room tem- global fit parameter, whereas the dielectric function of the
perature with variable angle of incidence spectroscopic ellipsubstrate was fitted on a wavelength by the wavelength basis.
sometry(J. A. Woollam, Inc. CQin the photon energy range The thickness of the rough layer varied slightly between dif-
1-5 eV in steps of 0.02 eV. Two angles of incidence wereferent spots on the sample but was of the order of 15 nm. In
used: 60° and 70°. For line-shape analysis, high-resolutioa particular spot, corresponding to the dielectric function
spectra were measured at three ang&¥’, 60°, and 70° data presented in this article, the thickness was3%m,
with 0.005 eV steps in the photon energy range 2—3.5 eV. where the limits correspond to 90% confidence intervals.
The sample quality did not allow us to use a beam di-
ameter Ia'rge.r.than 1 mm. Further reduction of the beam SIZR THEORETICAL CALCULATIONS
did not significantly change the data except that the noise
level increased. Measurements were done on several spots on In order to study the electronic structure of Rbwe
the sample and with different orientations but no significanthave used the FPLMTO methdd.The calculation were
variations were found. Generalized ellipsometry was used tbased on the local-density approximation with the
determine all four elements of the reflection Jones matrix oHedin—Lundqvistt parametrization for the exchange and
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correlation potential. The spin-orbit coupling was includedTABLE I. Fit parameters of the temperature dependence from(4iqPbl,
explicitly. Basis functions, electron densities, and potentiald’®™ our data; other semiconductors are compiled from Ref. 8.
were calcula.t.ed without any ge_ometricgl e}pproximaﬁor.l. E4(0) eV s % @ meV
These quantities were expanded in combinations of sphericat

harmonic functiongwith a cutoff €,,,,,=8) inside nonover- 221'; 22'438358 3?;6305 143?;16
lapping spheres surrounding the atomic sitesuffin-tin Gasb 1521 3.00 26.7
spheresand in a Fourier series in the interstitial region. The i 1.170 1.49 25.5

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 theﬂﬁe irreducible part of the Brillouin zone. The correct sym-

site and principle as well as orbital atomic quantum numbersi'netry for the dielectric constant was obtained by averaging

whereasb_outs_|de tr}eNmufﬂn-tm sthirelsf the gngl' fur?ctlonﬁe calculated dielectric function. Finally, the real part of the
are combinations of Neuman or Hankel functions-in the ;00 e function,e;(w), is obtained frome,(w) using the

calculations reported here, we made use of pseudocdre Fkramers—Kronig relation
and 4 for Pb and I, respectively, and valence band ’

6s, 6p, 6d, and 5 basis functions for Pb ands5 5p, 5d €1(w)=Rd e(q=0,w)]

and 4f basis functions for | with the corresponding two sets 1 (= 1

of energy parameters, one appropriate for the semicdre 4 =14+ _f dw'ez(a)’)( . . )
and o states, and the other appropriate for the valence m™Jo wTe ot

states. The resulting basis formed a single, fully hybridizing
basis set. This approach has previously proven to give a welV. RESULTS AND DISCUSSION
converged basi® For sampling the irreducible wedge of the
Brillouin zone we used the special k-point methddn order
to speed up the convergence we have associated each calcu- The relation usually employed for the temperature de-
lated eigenvalue with a Gaussian broadening of width 1@endence of band-gap energy is that of Varshni:

mRy. aT2

Eq(T)=E4(0)—

A. Temperature dependence of the band-gap energy

Calculation of the dielectric function TIa (3

The (g=0) dielectric function was calculated in the mo- whereEy(0) is the band-gap energy &-0 K, anda and 8
mentum representation, which requires the matrix elementgre parameters characteristic of a given material, which are
of momentump between occupied and unoccupied eigen-determined by fitting the right-hand equation to an experi-
states. To be specific the imaginary part of the dielectriGnental data set. Most semiconductors have a valuer of
function, e,(w)=Im €(q=0,w), was calculated frofi around 10* eV/K. Here, we found forEy(0)=2.490 eV,

4262 a=7.05x10* eV/K, and =130 K. The smooth curve
él(w)= ot > (kna|pi|kn’ a)(kn’ o|p;|kna) shown in Fig. 1, was obtained by fitting E(B) to the full
knn' o squared data sets. Using another numerical least-square fit-
ting procedure it is possible to extract the dependence of the
band-gap energy more accurately from the O’Donnell and

In Eq. (1), eis the electron chargey the electron mas€) is ~ Chen relatiorf:
the crystal volume, anfl,, is the Fermi distribution function.
Moreover,|kno) is the crystal wave function corresponding Eq(T)=E4(0)— S w)| cot m) -1
to thenth eigenvalue with crystal momentuknand sping. B
With our spherical wave basis functions, the matrix elementsvhereSis a dimensionless coupling constant, &fa) is an
of the momentum operator can be conveniently calculated iaverage phonon energy. For Phie obtainEy(0)=2.485
spherical coordinates and for this reason the momentum isV, S=3.60, and%w)=13.1 meV. It is worth to mention that
written assz#e:pM,16 whereu is —1, 0, or 1, andp_;  this notation is adopted from the vibronic model of Huang
=1NM2(p—ipy), Po=P,, andpy=—1WV2(ps+ip,)."" and Rhy$1°
The evaluation of the matrix elements in Ef) is done The smooth curve shown in Fig. 2 is obtained by fitting
separately over the muffin-tin and the interstitial regions. TheEq. (4) to the full circle data sets. Here, we notice a better
integration over the muffin-tin spheres is done in a way simiitting with Eq. (4) compared to Eq(3).
lar to the procedures used by OppenBand Gasché® In Table | we show the results obtained from E4). and
However, their calculations utilized the atomic sphere apcompared them with other semiconductors. In Table II, we
proximation (ASA). A fully detailed description of the cal- show the obtained band-gap energies for different tempera-
culation of the matrix elements is presented elsewhere.  tures utilizing PAS, TR, ABS measurements, and the two
The summation over the Brillouin zone in E€L) is fitting procedures, O’Donnell and ChéRDC) and Varshni
performed by using linear interpolation on a mesh of uni-(FV). In Table Ill, we presenAE,=E4(T=0 and 10 K)
formly distributed points, i.e., the tetrahedron method. Ma-—E4(T=300 K) calculated from various sets of the ABS
trix elements, eigenvalues, and eigenvectors are calculated measurement as well as the FDC and FV fitting procedures.

X Fn(1—fyn) (€kn — € —fiw). (1

(hw) | @
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TABLE 1. Value of E4(T), obtained by PAS and ABS measurements and 40.0 =TT T T

fitting procedures, FDC and FV representing by E@s.and (3), respec- :
tively. |
1

Method E, (300 K) eV E, (10K) eV E, (0K)eV L | J

SR &N 50K ' Pbl,

PAS 2.320+0.038 (
TR® 2.319-0.070 |
ABS® 2.345+0.037 2.484:0.042 |

FDC® 2.345:0.001 2.484:0.001 2.48%0.001 30.0 - I }
Fve 2.340+0.001 2.4870.001 2.489-0.001 :
o~ |
[Eo(ABS)—E4(PAS)lsp0 k25 meV % |
: = :
#Photoacoustic spectroscopy. & |
bTransmission. 8 |
“Absorption. 1¢7) |

“Fitting the O’Donnell and Chen equation to ABS curve. ~ 200 | -
°Fitting the Varshni equation. 2 !
Qo |
[am] 1
—ca |
1
For case(a) where AE;=E4(T=10 K)—E4(T=300 K), = |
we have ABS-0.139, FDCG=0.139, F\=0.147, and for case = :
(b) where AE;=E4(T=0 K)—E4(T=300 K), we have !
FDC=0.140 and F\*+0.149. We can see that theE values 10.0 :
of ABS and FDC are identical, but not those derived from :
FV. !
|
|
B. Optical properties |
Since the optical spectra are calculated from interband :

I 1

transitions, we find it of interest to first describe our calcu- 0.0 . . . . L
lated electronic structure. For this reason we show the calcu- -15.0 -10.0 =50 0.0 50 10.0 150
lated density of statedOS) in Fig. 3. The major contribu- Energy (eV)

tions to the total DOS come from the Rband Pbs states FIG. 3. Calculated total density of statd30S) for Pbl,. Fermi energy has
and the Isand Ip states. The total DOS has many structureéSieen set to the zero energy level and marked by a vertical dashed line.
(a) a peak around-14.0 eV arising from the $ states;b) a
narrow structure around-9.0 eV arising form the Pis
states;(c) a broad structure around5.0 eV from the Plp
and | p states; andd) a structure just after the band-gap
arising from the antibonding Ppp and | p states. Our calcu-
lated band gap is around 1.5 eV, which is 0.85 eV lower tharbiel
experiment. This type of error for band-gap energies is ver

around 3.2 eV, and also a minimum at 4.5 eV. These features

of €; are also Kramers—Kronig consistent wih.

In Fig. 5@ we show the calculated imaginary part of

v ectric functionses , €5, andey". Our calculatede; dis-

. : . ; lays basically three main peaks; two at low energies and

usu?\rlhlg :gg:lsdf;;'gye?ggrpcx';nggtqéhnljé)Sﬁila:]la}::ogs' 4 1n°Ne at a higher energy. The two low-energy peaks are posi-

Fig. 4(a), we sl;]ow thle imaI in;r Iartlof die\llt\;ctlric flljgﬁcti.on tioned around 3.0 and 4.0 eV and the high-energy peak is
g ' ginary p around 7.0 eV. However, foe),, the two peaks are found

€, and notice an onset of absorption around 2.4 eV. Below round 3.5 and 4.5 eV and the high-energy peak is at 7.0 eV.

this gap there is some residual absorption, which may be re%ur calculated spectra compare very well with the measured

or due to model artifacts. Above the fundamental gap rather . I .
well-defined absorption bands are seen at 2.9 and 3.2 eV gge. By companngﬁ ande;, one can nofice that the an

well as a broad band between 4 and 4.5 eV, In Fi) #e isotropy of the dielectric function is very small. We have also

show the real part of dielectric functiogy. This exhibits a mvc:]sygai:ed the ”orllglndofk;[hese pea(l;s. I‘rhedf|rst .tWO pegk_s,
eak around 2.5 eV, a shoulder around 2.75 eV, a peaEOt In the paralle an the perpendicuiar llrectlons, origl-
P ' ' ' ' nate from Pls to Pbp interband transitions while the peak at
7.0 eV originates from the Ppto Pbd interband transition,
TABLE Ill. Values of AE (0 K) andAE, (10 K) for the ABS measurement  SiNCe the LDA is well known for underestimation of the band
and fitting procedures, FDC and FV. gap and our band gap is 0.85 eV less compared to the ex-

periment. If one uses a scissor operator to calculate the di-

Method AE, 10K eV AEg (0K eV electric function using the experimental gap as done by sev-
ABS 0.139 eral workers in the past, our whole spectra will shift by 0.85
FDC 0.139 0.140 eV towards higher energies. This will not improve the agree-
Fv 0.147 0149 ment with the experiment data. It means that one cannot just
BAEL(10 K)=E4(10 K)—E4(300 K). shift the band gap but one has to go beyond the LDA using a
PAEL(0 K)=E4(0 K)—E4(300 K). more sophisticated approach like the GW metffbdshere
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15.0 ———————————— 200 —————————————————
I (b)'l ---------- Perpendicular |
15.0 - I — — Parallel B
/,, —— Total
10.0
10.0
W w
5.0
5.0
0.0
-5.0 —
0.0 ———f——+—F—+—F— 150 -
| Perpendicular
(a) hr — Parallel
10.0 'H‘ Total
10.0
~
w L
™ )
oS i
0 F Hl
5.0 5.0 i |
/) N ':
! \
, y
A o/
0.0 L | N 1 ) 1 2 l i
0.0 2.0E 4.0 6.0V 8.0 10.0
0.0 e ner e
1.0 2.0 3.0 4.0 5.0 gy ( )
Energy (eV FIG. 5. Calculated dielectric function as a function of photon energy for

different directionga) e, and(b) «;.
FIG. 4. Experimental total dielectric function as a function of photon ener-
gies(a) e, and(b) €;.

coupling. Our calculations for the dielectric function com-

correlations are included. This approach does not just give gare well with experiments. Our calculations show that there
better band gap but also improves the electronic structure. Iy very small anisotropy in the optical properties of £bl

Fig. S(b) we STOW the t((:j?lculated real part of the dielectric g js jn contrast to what our previous calculations onHgl

. L . .
function, €1, €1, and e;”. The real part of the dielectric (ref 21 have shown. Our calculated and experimental val-
function is obtained frome, by the Kramers—Kronig rela- o5 ofe, (0) are in very good agreement. The measured band

tion. Our cglculatedsi shows two sharp peaks and a broad g, determined from different methods are consistent with
peak. The first peak is situated around 3.0 eV, the second ong,-n, other.

is at 4.0 eV, and the broad peak is around 7.5eg\becomes

negative around 5.0 eV. The calculateb also has a very

similar structure agj . In €}, there is an additional peak at

around 2.0 eV, which is absent &] . At 1.0 eV, our calcu- ACKNOWLEDGMENTS
lated value ofe4(0) is 7.5, which compares very well with
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