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Abstract 

Theoretical energy band structure calculations 
have been u t i l i zed to investigate several hign-Z 
materials for potential use as ambient temperature 
radiation detectors. Using the pseudopotential tech­
nique, the band structure for Hgl, has been determined 
and the effect ive masses of the holes and electrons 
have been estimated. Theoretical mobil i t ies of the 
electrons and .holes as a function of temperature have 
been computed for Hgi, and CdTe and are compared to 
experimental data. 

Introduction 

In the search for semiconductor crystals suitable 
for ambient temperature radiation detection, basic 
c r i te r ia such as high-Z, appropriate energy band gap, 
and a suf f ic ient ly high mobi l i ty- l i fet ime (UT) product 
are necessary. In many of the high-Z compounds that 
appear to be of interest , information concerning the 
PT product for holes and electrons and the magnitude 
and type of band gap structure is lacking. As a resu l t , 
th is information has to be generally obtained by 
experimental means using single crystals. 

An accurate determination of band gap character 
and vi product generally requires a re lat ively perfect 
single crysta l . The i n i t i a l evaluation of high-Z 
materials as possible detectors, then, usually involves 
a comprehensive crystal growth program which includes 
a study on the control of extr insic and in t r ins ic 
nonstoichiometry during growth. A research program of 
th is type is usually expensive and time consuming. I t 
i s therefore desirable to establish a research tech­
nique for i n i t i a l l y investigating and evaluating com­
pounds of interest without the i n i t i a l step of growing 
high pur i ty , stoichiometric single crystals. 

A research approach based on theoretical band 
structure analysis can provide the necessary informa­
t ion concerning the ab i l i t y of high-Z materials to 
meet the basic detector requirements. By applying 
th is analysis to selected compounds of in tersst , i t 
is possible to determine whether the crystal has a 
direct or indirect band gap, the magnitude of the 
bondgap, and the hole and electron effective mass. 
From the effect ive mass values, the hole cuid electron 
mobil i ty of these compounds can then be calculated. 
The data obtained by th is method can be used to decide 
which high-Z compounds are worth pursuing a concen­
trated e f fo r t for single crystal growth. 

Selection of High-Z Confounds 

In a complete investigation of possible ambient 
temperature detector materials, i t is necessary to 
examine the high-Z elements of the Periodic Table, 

Selected e -ments of a high-Z nature are indicated in 
the Period. Table shown in Figure 1. The elements are 
designated es either a cation or anion depending upon 
their behavior in compound formation. Most binary 
compound semiconductors of potential interest on the 
basis of higr 1 would involve the aniens Te, I , and 
amphoteric Sb- Because of the fact tr.at few binary 
te l lur fdes, iodides, or antimom'des can meet the band 
gap requirement, the anion group has been extended to 
include Se and S. The elements, 0 and Br, are not 
included since tJ:e oxides and bromides generally have 
a highly ionic character because of the large electro­
negativity difference between the cation and anion. 1 

This implies that these materials have high band gaps 
2 3 and low mobi l i t ies. ' The inclusion of S is mainly 

due to the fact t - - t i t has the same electronegativity 
value as I and t/J»'-efore some of the sulf ides would 
have an ion ic i ty s l i l a r to their iodides. As a resu l t , 
sulfides may be of interest due to thei r ab i l i t y to 
adjust the band gap in the investigation of ternaries 
even i f thei r binary compounds are not useful. 

The high-Z materials that have been thus far used 
as ambient temperature radiation detectors are basically 
CdTe and Hg.u. However, both materials have inherent 
inadequacies in that the VT products tend to be too 
small for high resolution detector applications. 
Ut i l i z ing the technique of band structure analysis, we 
are currently searching for other high-Z materials 
which would be useful cs v-ray detectors at roar, temper­
ature. As a means of checking the exactness of the 
band structure analysis technique in accurately 
describing the potential su i tab i l i t y of a mater ial , 
the analysis has been i n i t i a l l y applied in confirming 
the experimental data for CdTe and HgU. 

Theoretical Energy Band Computation 

Perhaps the most powerful method used today for 
energy band calculations is the pseud^potential 
technique. In this method, the potential energy of 
the electron is expressed in the following form;4,5 

s ( ? ' • T. V G ) e ;5 ( i ) 

*This work was pcrfo-Ted under the auspices of the 
U.S. Energy Research :-nd Development Administration 
under contract number h'-7504-EMMS. 

where the constants V fi(G) are determined from the con­
dition that the energy levels at certain points in the 
Brillouin Zone agree with that obtained experimentally. 
The summation in equation (l) is over all the recip­
rocal vectors pertaining to the solid. 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 constant:, 
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 possible h n h 
energy photon detectors, almost all of the materials 
that look promising have been found to have insufficient 
data for computing their pseudopotential. It was found 



that ei ther the experimental data does not exist or 
that the data is too inconsistent to allow determina­
t ion of the pseudopotential constants. However, by 
using t ransferab i l i ty properties of the pseudopotential 
technique, one can obtain an approximate pseudopoten­
t i a l . In the determination of the pseudopotential for 
materials having inadequate data, the t ransferabi l i ty 
of the pseudopotential technique is u t i l i zed . 

Band Structure Analysis 

As a f i r s t attempt in studying the band structure 
analysis approach for investigating high-2 materials, 
an energy band calculation was made for HgU. The 
calculation was made using an approximate pseudopoten­
t i a l obtained by the t ransferabi l i ty of pseudopoten-
t i a l s . The pseudopotential of Mercury was taken from 
the work of Brandt and fUyne6 and is shown in Figure 2. 
For Todine, the result of i-chluter and Schluter7 showed 
that the pseudopotsntial can be written* 

V*> s 
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where A, = 6 . 5 

''4 = -6.5 

The numerical values of the constants for Iodine have 
been s l igh t l y changed tn bring the calculated energy 
bfcnd gap of Hgl 2 in agreement with experimental data. 

The Br i l lou in Zone of Hgl-* snuwing some symmetry 
points, is given in Figure 3. Using the pseudopoten-
t i a l s of Mercury and Iodine, the energy banc structure 
of Hglo was calculated for a l l symmetry directions. 
The smallest energy gap was found to occur in the 
r - H direct ion of [110]. In this direct ion, 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 t ransi t ion. 
In addition the second and th i rd valence bands are 
found to be degenerate, regardless of symmetry direc­
t ion . 

The present work indicates that the conduction 
band is s - l i ke , in contrast with the energy band struc­
ture of Pb l ? i n which the conduction band is p - l i k e . 8 

The s- l ike nature of the conduction band seems to con­
f i rm the experimental results of Kan2aki and lmai. 
The fact that the bottom of the conduction band and 
the top of the valence band do not occur in the same 
k-space confirms the experimental findings of Chester 

g 
and CoU-man. This interpretation is s t i l l only tenta­
t i ve . Calculations including the spin-orbit interac­
tion and careful symmetry considerations are needed 
to determine the exact shape of the conduction and 
valen,c bands. Contour plots for th*> bands are also 
needed in order to confirm whether they are s- l ike or 
p- l ike in character. 

Theoretical Mobil i ty Computation 

Carrier mobil i t ies are o»;e of the more important 
parameters that must be known in predicting the poten­
t i a l use of a material for detector applications. 
This parameter, in turn, depends on the hole and elec­
tron effect ive masses. From the band structure calcu­
lat ions, i t is possible to deterraii\e 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 
a more accurate value for the effective mass, i t i s 
necessary to take into account the spin-orbit interac­
t i o n , especially in the case of hinn-Z (Mterials, How­
ever, as a reasonably accurate f i r s t order approximation, 
the hole and electron effect ive masses wore 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 ef fect ive mass, the technique was 
applied to several U-'Jl compounds. Using exist ing 

pseudopotentials, the electron effective mass was ca l ­
culated and compared with experimental data as shown 
in Table I . I t is seen that the calculated effect ive 
mass and experimental values agree quite well - wi th in 
20 percent. 

In general, there are d i f ferent types of phonons 
in a sol id which can interact with holes and electrons. 
These di f ferent types include the acoustical photons, 
the optical phonons, and the polar optical phonons. In 
the case of an ionic crystal , the most important in ter­
action is the polar optical phonon interaction. For a 
layered structure crysta l* however, both the optical 
and the polar optical phonons are important.* • » " 

There are numerous ways that can be used to derive 
the hole and electron mobil i ty for a crystal where the 
optical phonons are considered to be dominant.'2~15 in 
the present paper we w i l l use the fol lowing: 

of 
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"hw = polar optical phanon energy 
m = effective mass of either electron or hole 
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, K. = zero and f i r s t order Bes&el Functions. 



Using equation (3) alonq with the paranoters given in 
Tdblc I I , a thcni'Lin-dl r . jDi l i ty curve ..--. obtained for 
CdTe. A comparison of the theoretical and the experi­
mental mobil i ty * for the electrons and holes as a 
function of temperature is shown in Figures 5 and 6, 
respectively. The effective mass used for the mobil i ty 
of holes t i i^ - . « mQ) was that calculated by the 
pseudopotential technique. The agreement with theory 
and expeimental results are excellent, especially 
for the lole mobility curve. 

In the case of HgU. the crystal is a layer struc­
ture and the bonding forces between atoms are di f ferent 
for dif ferent crystal l ine directions. The interaction 
between atoms in the c-direction is mostly due to van 
der Waals forces while the bonding of atoms in the 
a-directioii is mostly covalent. Fivaz and Hooser have 
derived expressions for mobility in layered struc-

12 tures. According to their work, the mobility in a 
layered structure for an optical phonon interaction 
can be wr i t ten: 

and 
ftr^) (6) 

-^r~ v m) (7) 

where g is defined as the coupling constant between the 
electron and the optical phonon, m is the effect ive 
ras* in tiie oirectJvn perpendicular to the c-axis, d 
is the effective distance between the layers, h u is 
the optical phonon energy, and ] is the overlapping 
energy. 

Equation (6) and (7J are based upon a simple 
layer structure rrodel. As a resul t , i t is not expected 
that these equations can exactly predict the mobil i ty 
of a complicated layer struct •••e such as ngl«. I " 
addit ion, there are many unknown parameters associated 
with equations (6) and (7). Consequently, only a 
tentative judn~en*» concerning any agreer-v-u or dis­
agreement cdii be made in the comparison cf experirental 
data of Hgl, and the results of equations (6) and (7). 

Since the energy of the optical phonon is not 
known tor this crys ta l , i t was assumed that i t s value 
was the same as the polar opt'.cal phonon energy which 
is about 0.013 eV.8 The coupling constant g is 

12 
approximately 0.25. The overlapping energy integral 
I was estimated to be of the order of 0.01 eV using: 

«.'ftf (8) 

The effect ive mass for the electron and hole were 
estimated from the energy fcjnd calculation to be: 

m . s 0.4 m e o 
m. = 1.2 rn 

h o 

m. = 3 . 5 m„ 
h„ 0 

Because there was good agreement brtwce.i the theory 
and the exuerireniti l ly seterrused cff-.-t.tivc- v.j-^ tor 
the 11-VI compounds, i t is assumed that the above values 
for Hgtj are a good approximation to the true effect ive 

Based upon the assumption of the value of the 
optical phonon energy and the approximation ma2c for 
the constant I , the theoretical mobil i ty of the noles 
and electrons was calculated. A comparison of e /per i -

17 mental data with the theoretical mobility di.-r to 
both polar optical scattering and optical scattering is 
shown in Figure 7 for holes and in Figure 8 for elec­
trons . 

Oiscussion and Summary 

The intention of this paper was to discuss a 
theoretical method to select potential high-? detector 
materials. The approach is pr incipal ly based on tne 
concept of electronegativity differences of elements 
as i t applies to the decree of ionic bonding. Although 
the degree of ion ic i ty of a compound can be lcosely 
related either direct ly ->r indirect ly to tne band gap 
and mobi l i ty, i t does not p.-ovide suf f ic ient information. 
The phenomenological approach cannot give detailed in for­
mation as to whether the band gap is direct or ind i rect . 
In addit ion, i t cdnnot provide the necessary data for 
determining e l ec t i ve mass SO that calculatons of 
ncb i l i t y as a function oi r temperature can be made. 
Consequently, the pseuuopotential technique was used 
to Supplement the phenomenolocical acproach in obtain­
ing the entrnv band s t r u c t u r e d a crystal- From the 
band structure i t is possible to determine, to a f i r s t 
approximation, the type of energy gap t rans i t ion. 
Also, i t is possible to estimate the hole and electron 
effective JTSSS ar.d provide in es t i " ; t e of the '"Cb^lity 
for the charge carr iers. To show the accuracy of the 
pseudopotential approach, electron effect ive masses 
were calculated for several I l-VJ compounds. The 
theoretical results agree well with experimental 
values. 

In the present paper, preliminary results for the 
band structure of Hgl-, have been presented. The 
effect ive masses of tnt- holes ani i (ie electrons have 
been estimated. Usino these values, tne theoretical 
rwbi l i ty of the charge carriers f.ave Deen calculated 
as a function cf tc ;»<:ratjrc-. I t hss been st.:..n mat 
the agreement of theoretical and experimental results 
are very good for holes. 

I t is of interest to conjecture as to which 
scattering mechanism controls the behavior of the 
electron mobil i ty with temperature 'n Hgl~. J f optical 
phonon scattering is more important that polar phonon 
scattering, then, from equations (6) ^nd P ) , the 
mobility in the c-direction should have a very i i f f e ren t 
temperature dependence than tne a-direction. This is 
not the case as shown in Ficure 8. experimental 
data of Figure 8 further indicates that the electron 
mobil i ty is almost independent of crystal l ine d i rect ion. 
Based upon the fact that the re f lec t i v i t y »s almost 
isotropic and that the conduction Mnd is s- lU.e. one 
would expect that the d ie lect r ic constant and the con­
duction band effective rar.s snouiJ > - IM bo sc cv.h.it 
independent of d i rect ion. Consequently, comparison 
of theory an experimental evidence inj j l ies that polar 
phonon-electron interaction is the most important 
scattering mechanism in Hgl, . 

In calculating the theoretical l a b i l i t y for "he 
electrons and the holes in Hg l ? , the existing ref lec-

http://cff-.-t.tivc-


tivity data was used to estimate the dielectric con­
stants for this crystal.* In applying equation (4) to 
HgU. the anisotropic nature of the crystal was 
neglected. The neglect of anisotropy was justified 
based on tJie fact that the reflectivity ills is quite 
isotropic when the excitation wavelength is away from 

Q 
the fundamental absorption edge. This assumption has 
also been made for crystals such as GaS*.' 3 

The band structure analysis approach is presently 
being applied to the investigation of other interesting 
high-Z materials of binary and ternary composition. 
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Figure 1. Selected elements for the investigation of possible ambient temperature 
detector compounds. 
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Figure ?. Pseudopotential of Mercury 

« 

> s j ±J, 1 ^ S -

/l V 
(i 

1 
1 

* \ \ 

"M \ * \ , 
, Mi_ ^̂ 3 \ * \ , 
, Mi_ 

Figure 3. The Brillouin Zcne of Hgl- with 
some symmetry points indicated. 
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Figure 4. Energy band structure of Hglj, for 
three symmetry directions. 



TABU 1 
Effective mass of some II -VI compounds 

Compound 
Electron m* 

Compound 
Theory Experimental a 

MTe 0.15 0.14 t 0.02 

ZnS 0.21 0.24 

ZnSe 0.173 0.13 - 0.17' 

ZnTe 0.16 0.20 

TABLC rr 
Physical parameters of Cd Te 

Parameter Value b 

V o 0.0963 

co 9.6 

*- 7.13 

"fiat 0.021 eV 

<1* 0.5 q 

'Reference 10 

•Effective charge 

Reference 16 
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Figure 5, Hobi l i iy of electrons in CdTe as a 
function of temperature. A comparison 
of the theoretical mobility due to 
polar optical phonon scattering is made 
to experimental data 

Figure 6. Hole a b i l i t y of CdTe as e function 
is 

of temperature. Experimental data 
1s compared to the theoretical mobil i ty 
due to polar opt ical phonon scattering. 
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f igure 7. Mobi l i ty of holes as a function of 
temperature parallel to the c-axis of 
Hg l j . Theoretical mobility due to 
r-ptical phonon scattering only and 
scattering due to both polar and 
optical phonons are compared to 
experinr-ntal data. 

Figure B. Hobi l i ty of electrons as a function o f 
temperature paral lel and perpendicular to 
the c-axis of HgU. A comparison of the 

experimental data to the theoretical 
nob i l i t y due to di f ferent phonon 
scattering mechanisms is shown. 
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