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THEORETICAL BAND STRUCTURE ANALYSIS ON POSSIBLE HIGH-Z DETECTOR MATERIALS*

J. H. Yee, J. W. Sherohman and G. A. Armantrout
Lawrence Livermore Laboratory
Livermore, California 94550

Abstract

Theoretical energy band structure calculations
have becen utilized to investigate several high-Z
materials for potential use ac ambient temperature
radiation detectors. Using the pseudopotential tech-
nigue, the band Structure for HgI2 has been determined

and the effective masses of the holes and electrons
have been estimated. Theoretical mobilities of the
electrons and h0les as a function of temperature have
been computed for Hgiz and CdTe and are compared to

experimental data.

Intraduction

In the search for semiconductor crystals suitable
for ambient temperature radiation detection, basic
criteria such as high-Z, appropriate energy band gap,
and a sufficiently high mobility-Tifetime {uT) product
are necessary. In many of the high-2Z compounds that
appear to be of interest, information concerning the
BT product for holes and electrons and the magnitude
and type of band gap structure is lacking. As a result,
this information has to be generally obtained by
experimental means using single crystals.

An accurate determination of band gap character
and ut product gencrally vequires a relatively perfect
single crystal. The initial evaluation of high-Z
nateriais as possibie deteclors, then, usually invclves
a comprehensive crystal growth program which inciudes
2 study on the control of extrinsic and intrinsic
nonstoichiometry during growth. A research program of
this type is usually expensive and time consuming. It
i5 therefore desirable to establish a research tech-
nique for initially investigating and evaluvating com-
pounds of interest without the initial step of growing
high purity, stoichiometric single crystals.

A research approsch based on theoretical band
structure analysis can provide the necessary informa-
tion concerning the ability of high-Z materials to
meet the basic detector requirements. By applying
this analysis to Selected compounds of interast, it
is possible to determne whether the crystal has a
direct ¢r indirect band gap, the magnitude of the
bandgap, and the hple and electron effective mass.
From the effective mass values, the hole and electron
mobility of these compcunds can then be calculated.
The data obtained by this method can be used to decide
which high-Z compounds are worth pursuing a concen-
trated effort for single crystal growth.

Selection of High-Z Compounds

In a complete investigation of possible ambient
temperature detector materials, it is necessary to
examine the high-1 elements of the Periodic Table.

#This work was. perforred under the auspices of the
U.S. Energy Research ond Development Administration
under contract number k-7504-ENG-48.

Selected ¢ -ments of a high-Z nature are indicated in
the Period: Table shown in Figure 1. The elements are
designated ¢s either a cation or anion depending upon
their behavior in compound formation. Most binary
compound semiconductors of potential interest on the
basis of high 2 would involve the anicns Te, I, and
amphoteric Sb. Because of the fact that few binary
tellurides, Yodides, or antimonides can meet the band
gap requirement, the anion group has been extended to
include Se and S. The elements, G and Br, are not
included since ti:e oxides and bromides generally have
a highly ionic character because of the large ejectro-
negativity diffe==nce between the c¢ation and anion.
This implies that these materials have high band gaps

and Tow mobilitie:.2*3 The inclusion of S is mainly
due to the fact ta-t it has the same electronegativity
value as | and th:==fore some of the svlfides would
have an ionicity s iilar to their iodides. As a result,
sul fides may be of interest due to their ability to
adjust the band gap in the investigation of ternaries
even if their binary compounds are not useful.

The high-Z materials that have been thus far used
as ambient temperature radiation detectors are basically
CdTe and Hgi,. However, both materials have inherent

fnadequacies in that the ut products tend to be too
small for high resolution detector applications.
Utilizing the technique of band structure analysis, we
are currently searching for other high-Z materials

which would Se useful 2c v-ray detectore 2t room terper-
ature. As a means of checking the exactness of the
band structure analysis technique in accurately
describing the potential suitability of a material,

the analysis has been initially applied in confirming
the experimental data for CdTe and Hglz.

Theeretical Energy Band Computation

Perhaps the most powerful method used today for
energy band calculations is the pseudnpotential
technique. In this method, the potential energy of
the electron is expressed in the foliowing form:9,5

Vs (P = Z vps(s)e"é T )
G

where the constants Vps(G) are determined from the con-

dition that the cnergy levels at certain points in the
Brillovin Zone agree with that obtained experimentally.
The summation in equation {1} is over all the recip-
roral vectors pertaining to the soiid._ for most of the
crystals that have been studied so far® this series has
been found to converge very rapidly; hence, only a few
constants are needed for evaluation. Once the constanrts
have been determined, the resulting pSeudopotential is
used tc calculate the energy band structure for the
whole Brillouin Zone.

In searching for new materials as possihle hich
energy photon detectors, almost all of the materials
that look premising have been found to have insufficient
data for computing their pseudopotential. It was found
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that either the experimental data does not exist or
that the data is too inconsistent to allow determina-
tion of the pseudopotential constants. However, by
using transferability properties of the pseudopotential

technique.s one can obtain an approximate pseudopoten-
tial. In the determination of the pseudopotential for
materials having inadequate data, the transferability
of the pseudopotential technique is utilized.

Band Structure Analysis

As a first attempt in Studying the band structure
analysis approach for investigating high-2 materials,
an cnergy band calculation was mage for Hglz. The

calculation was made using an approximate pseudopoten-
tial obtainad by the transferability of pseudopoten-
tials. The pseudopotential of Mercury was taken from
the work of Brandt and Rayneb and is shown in Figure 2.
For lodine, the result of Schluter and Schluter/ showed
that the pseudopotantial can be written-

{a,06% - n)]

v - 7 ()
‘ Ag(6° - 8,) ]
e +1
where A] = 6.5 AJ = D.46
By = 1.6 Ay = -6.5

The numerical values of the constants for lodine nave
been s)ightly changed tn bring the calculated encrgy
band gap of Hol, in agreement with experimental data.

The Brillouin Zone of Hgl,, shuwing some symmetry

points, is given in Figure 3. Using the pseudopoten-
tials of Mercury and lodine, the emergy band Structure
of Mgl2 was calculated for all symmetry directions.

The smallest energy gap was found to occur in the

T - M direction of [110]. In this direction, the bot~
tom of the conduction band does not occur at the same
point in k-space as that of the top of the valence
band. This implies an indirect band gap transition.
in addition the second and third valence bands are
found to be degencrate. regardless of symmetry direc-
tion.

The present work indicates that the conduction
band is s-like, in contrast with the energy band strgc-
ture of Phlz in which the conduction band is p-like.

The s-1ike nature of the conduction band seems to con-

firm the experimental resylts of Xanzaki and Imai.
The fact that the bottom of the conduction band and
the top of the valence band do rot occur in the same
k-space confirms the exverimental findings of Chester

and Coleman. This interpretetion is still omly tenta-
tive. Calculations including the spin-orbit interac-
tion and careful symetry consigerations are needed

to determine the exact shape of the conduction and
valen.c bands. Contour plats far the baands dre also
needed in order to confirm whether they are s-like or
p-like in character.

Theoretical Mobilizy Computation

Carrier mobilities are one of the more important
parameters that must be known in predicting the paten-
tial use of a material for detector applications.

This parameter, in turn, depenas on the hole and elec-
tron effective masses. Froa the band structure caicu-
lations, it is possible to determine an estimate of
the effective mass of the charge carriers by taking

the second derivative at the bottom of the conduction
band and at the top of the valence band. To obtain

@ more accurate value for the effective mass, it is
necessary to take into account the spin-orbit interac-
tion, especially in the case of high-Z materials. How-
ever, as a reasonably accurate first order approximation,
the hole and electron effective masses were calculated
from the second derivative without spin-orbit consider-
ations. To demonstrate that the pseudopotential tech-
nique does indeed give reasonable accuracy in the
determination of the effective mass, the techaique was
applied 10 several 11-¥1 compounds. Using existing

pseudopotentia]s.5 the electron effective mass was cal-

culated and compared with experimental datam as shown
in Table 1. [t is seen that the calculated effective
mass and experimental values agree quite well - within
20 percent.

In general, there are differeat types of phonons
in a so0lid which can interact with hotes and electrons.
These different types include the acoustical phonons,
the optical phonons, and the paiar optical phonons. In
the case of an ifonic crystal, the most important inter-
action is the polar optical chonon interaction. For a
layered structure crystal, however, both the 9“{3“]
and the polar optical phonons are important.l::

There are numerous ways that can be used to derive
the hole and electron mobility for a crystal where the
optical phonons are considered to be dominant. !~ tn

the present paper we will use the fn\\wing:”
w=uF {3)
vhere
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and

fw = polar optical phonon energy
m = effective mass of either electron or hole
= Tiw
z kT
1odd Ly
Y 4n ‘¢, €

K.+ Ky = zero and firsi order Bessel Functions.
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Using cquation {3) along with the parareters given in
Table 11, a theorclical rubilily curve <. obtuined for
CdTe. A comparison of the thearctical and the experi-

menta) mobi)it.,v”"a for the electrons and holes as &

function of temperature is shown in Figures 5 and 6,
respectively. The effective mass used for the mobility
of holes ("‘h - .43 mo) was that calculated by the

pseudopotential technique. The agreement with theory
and experimental resylts are excellent, especially
for the iwle mobility curve.

In the case of Hgl,, the crystal is a layer struc-
ture and the bonding fogces between rtoms are different
for different crystalline directions. The interaction
between atoms in the c-direction is mostiy due to van
der Waals farces while the bonding of atoms in the

a-direction s mostly covalent. Fivaz and Mooser have

derived expressions for mobidity in layered struc-

tums.u According to their work, the mobility in a
layered structure for an optical phonon interaction
can be written:

u S (e_"i’f.'_l ®
o a0
and
1213(2n 0,2) ~
Y22 " Vax T82 Ve ?ﬁ) "

where g is defined as the coupling constant between the
electron and the optizal phonon, m 1s the effective
@ass in tiw direction perpendicular to the c-axis, d
is the effective distance between the iayers, hy is
the optical) phonon energy, and lz is the overlapping
energy.

4

€quation {6) and (7} are based upon a simple
layer structure model. As a resul?, it is not expacted
that these equations can pxactly predict tne mobility
of a complicated layer Structve such as nglz. In

addition, there are many unknown parameters 2c5o0c)ated
with equaticns (6) and (7). Conseguently, oniy 2
tentative juddment concerning eny agreerent or dis-
agrecment can be made in the comparison of experirental
data of Hgl, and the resuits of equations (6) and (7].

Since the energy of the optica) phonon is no:
known tor this crystal, it was assumed that its value
was the seme as the polar optical phonon encroy which
s about 0.013 ev.8 The coupling constant g is

12

approximately 0.25. The overlapping energy integral
1, wes estimated to be of the order of 0.0) eV using:

‘4
) ]
1 ® (g) an, (8
1n

The effective mass for the electron and hole were
estinated from the encrgy band calculation to be:

m, 0.4 LA
my, £ 1.2 LR
m £35m
hn o

Because there was qood agreerent betwee. the theory
&nd the experirentally ceteryined cffective nasy for
the 11-Vl compounds, it is assumed that the above values
for Hgl, are a good approximation to the true effective
msses.

Based upon the assumptian of the value of the
optical phonon energy and the spproxiration maic for
the constant lz. the theorotical mobility of the nales

and electrons was calculated. A comparison of esperi-

nental dat_a” with the theoretical mobility du= to
both polar optical scattering and optical scettering is
shown in figure 7 far holes and in Figure 8 far elec-
trons.

Discussion and Sumrary

The intention of this paper was to discuss a
theoretical method to select potentis) high+? detector
materials. The approach is principaliy besed on the H
concept of electroneqativity difierences of eiements
as it applies to the degree of ionic bonding. Although
the degree of ionicity of a compound can be lcosely
related either directly =»r indirectly to the Lznd gao
and mobility, it does rot provide suf“icient information.
The phenomenclogical apnroach cannot give detailed infor-
mation as to whether the band gap i5 direct or indirect.
In addition, ii cannot provide the necessary data for
determining efiective miss so that calculai-ons of
mobitity as a function o temperature can be made.
Consequently, the pseudgpotential technique was used
to supplement the phenomenolocical acproach in obtain-
ing the encrqv band Structure of a crystal. From the
band structure it is possible to determine, to a first
dppraximation, the type of energy 9ap transitioa.
Also, it is possible to estimate the hole and electron
effective mass and provide 2p estimate of thae mohilig
tor the charge carriers. 70 show the accuracy of the
pseudopotential apnroach, electron effective masses
were calculated for several 11-V1 compounds. The
theoretical results agree well with experimental
values.

In the present paper, prelininary results for the
band structure of Hgl, have been presented. The

effoctive masses of the holes and the ejecirors hawve
been estimated. Using tihese values. tne thecroatical
ewobility of the charge carriers fave been Caicuiated
as a function ©f te porature. it nis peen S
the agreement of theoretical anc experimental results
are very good for noles.

it is of intercst to conjecture as to which
scattering mechanism controls the behavior of the
electron mobility with temperature in Hg]z. If optical

phonon scattering is more important that polar phongn
scattering, then, from equations {6) :nd {7), the
mobility in the c-direction should have a very iifferent
temperature dependence than tre a-direction. This is
not the case as shown in Ficure 8. Cxperimental

data of Figure 8 further indicates that the ¢lectron
mobility is almost independent of crystalline direction.
Based upon the fact that the reflectivity is almost
isotropic and that the conduction bind is s-like, ane
would expect that the dielectric constant and the con-
duction band effective rass snould <12 be sc enh.
independent of direction. Conscquently, comparison
of theory an cxperirental evidence irplies that polar
phonon-electron interaction is the mast important
scattering mechanism in Nglz.

oy

In calrylating the theoretical sebility for She
electrons and the holes in Hyl,, the existing reflec-
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tivity data was used to gslimle the diclectric con-
stants far this crystal. In applying cquation {4} to
HgIZ. the anisetropic nature of the crystal was
neglected. The neglect of anisotropy was justified
based on the fact that the reflectivity d2ty is quite
fsotropic when the excitation waveleagtn 15 away from
the fuandamental absorption edgc.8 This assumption has
also been made for crystals such as GaSe.l3

The band structure analysis approach is presently
being applied to the investigation of other interesting
high-Z materials of binary and terndry composition.
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TABLE I

TABLE |
Effective mass of some 1] - V1 compounds Physica) parameters of CdTe
H Electron m* Parameter value b
[w
k Theae, Expecimental ?
! v pert LWLR £.0363
P tete 0.15 D14 ¢ 0.02
¢ - . & 9.6
ns 0.21 0.24 < 7.13
Inse 0.173 0.13 - 0.17° i 0.02) ev
B q* 0.5 gq
inTe 0.16 0.20
*Effective charge
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