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The optical absorption spectra of thin films of Hg:Fs, Hg:Cls, HgoBre, and Hgel, were measured in the
wavelength range 190-750 myu at 77°K and 300°K. With the exception of Hg:F2, sharp exciton peaks were
observed in the spectra of all these halides, both near the fundamental absorption edge and at higher energies.
The multiplicity and positions of the exciton peaks are characteristic of the Mott-Wannier (delocalized)
type of excitons. Absorption peaks due to the splitting of the halogen doublet were also observed. The
photocurrent spectrum of Hg.I» shows close resemblance to the corresponding absorption spectrum.

I. INTRODUCTION

The optical absorption spectra of several metal
halides have been studied considerably in recent
years.!~® In many of these materials, sharp absorption
bands have been observed near the fundamental ab-
sorption edge which have been interpreted as due
to the formation of excitons. In general, two types
of excitons are found: (a) The small-radius (tight-
binding) excitons are typically observed in alkali ha-
lides,** and (b) the large radius or Mott-Wannier
(delocalized) excitons which form well-defined hydro-
genic series are typical of metal halides such as TIC1}?
Cul,? Pbl,,5~# Cdl,,? SbI; " Bily,! etc.

In contrast to other metal halides of the M-X type
which have alternating M and X atoms in the crystal,
the crystal structure of mercurous halides consists of
alternating linear units, X-Hg-Hg-X. The behavior of
mercury is unique in that it forms a stable diatomic
molecule *Hg-Hg* and predominantly ionic com-
pounds.’* In addition to its structural peculiarities,
mercurous halides are photosensitive, and their physical
properties correspond in many respects to silver ha-
lides. However, little is known about the optical and
electrical properties of these materials.

The absorption spectra of single-crystal and thin-
film Hg,I, were measured at room temperature by
Turyanitsa et al.®* They observed absorption peaks in
the visible and ultraviolet, but no hydrogenic series
was detected. Recently, Flannagan¥ while studying
the photographic properties of mercurous halides, mea-
sured the optical absorption of thin coatings of these
materials in a gelatin binder and found straight ab-
sorption edges with no structure.

We have measured the absorption spectrum and
photoconductivity of vacuum-evaporated thin films of
mercurous halides at 77 and 300°K and found several
absorption peaks near the fundamental absorption
edge which can be represented by a hydrogenic series.
The results also show additional absorption peaks on
the high-energy side of the absorption edge. Some of
these are attributed to transitions involving a split
valence band.
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II. EXPERIMENTAL

Thin films of mercurous halides, required for optical
measurements in the regions of high absorption co-
efficients, are difficult to prepare. Mercurous halides
sublime readily in vacuum at temperatures consider-
ably below their melting points, but they do not adhere
to glass or quartz substrates maintained at room tem-
perature or above. However, we found that good quality
films could be obtained on quartz substrates at room
temperature if the depositions were carried out at pres-
sures between 0.02 and 0.1 Torr. Therefore, during our
optical measurements at low temperature we main-
tained a partial pressure of dry argon of 0.02 Torr in
the cryostat. For each material studied, films of differ-
ent thicknesses in the range 0.05-1 u were prepared on
quartz substrates by thermal evaporation from a
tantalum boat of analytical grade material. The thick-
nesses of the films were monitored during deposition by
means of a quartz crystal oscillator.

The optical absorption spectra in the temperature
range 77-300°K were obtained using a Perkin-Elmer
Model 450 spectrophotometer and a metal cryostat.
The optical absorption was measured in terms of the
quantity logiw(Zo/I), where I, is the intensity of the
incident light and 7 is the intensity of the transmitted
light. The data were corrected for the reflection loss.
Photoconductivity was measured by the dc method
described previously'®; the current was measured with a
Keithly 610B electrometer: Monochromatic light, used
for irradiating the sample, was obtained from a 1000-W
xenon lamp source, through a Jarrell Ash grating mono-
chromator. Evaporated gold was used as the electrode
material. The refractive index of the film was measured
by the Brewster angle method.

III. RESULTS

A. Optical Absorption

Figures 1(a)~1(d) show the optical-absorption spec-
tra of thin films of the mercurous halides deposited on
quartz substrates. The results at room temperature are
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F1c. 1. Absorption spectra of thin films of the mercurous halides deposited on quartz substrates: (a) HgsFs; (b) HgCly; (¢) HgBry;
(d) nglz.

shown as dashed lines, those at liquid-nitrogen tem-
perature as continuous lines. In every case the struc-
ture in the absorption spectrum becomes more pro-
nounced at lower temperature owing to narrowing of
the peaks. Most of the peaks shift to higher energies at
lower temperatures. The ‘wavelength positions of the
absorption peaks at 77 and 298°K together with the
high-frequency dielectric constants and exciton orbital
radii are given in Table I. High-frequency dielectric
constants () were computed from the measured values
of the refractive index by the relation e=n?

The variation of the absorption coefficient with in-
cident photon energy at 77°K is shown in Fig. 2. This
follows Urbach’s exponential rule!®

a=qay exp[—o (hvo—hv) /kT],

with the parameter o between 0.02 and 0.06. The ab-
sorption edges shift to higher energies by 5.0X107,

7.5X10™4, 6.5X10™%, and 6.0X10~*eV/°K for Hg.F,,
Hg,Cly, Hg,Brs, and Hgsls, respectively.

The oscillator strength of the strongest band 4, at
77°K was calculated by the method of integral absorp-
tion,2 according to which the oscillator strength is
given by the expression

f= (nmc*/wNe?) [ady,

where 7 is the refractive index value at the frequency of
the band, ¢ and m are the charge and mass of the free
electron, NV is the number of atoms per unit volume, ¢
is the velocity of light, « is the absorption coefficient,
and dv is the half-width in the absorption. The integral
of this equation was solved graphically by plotting
absorption coefficient against wave number. Assuming
the band 4; to be symmetrical, the oscillator strengths
were found to be 0.09 for Hg,Cl;, 0.10 for HgyBr,, and
0.41 for Hg,I,. Similar calculation could not be made
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TasLe I. Summary of peak positions, exciton orbital radii, and high-frequency dielectric constants (eo).

Estimated

Exciton

Position Position High-frequency
band gap Absorption ineV at in eV at orbital dielectric
Compound in eV bands 298°K 77°K radii in & constant (e)
Hg.F, B 4.03 4.20
C .ee 4.70 oos
Hg.Cl, 4.39 Ai(n=1) 4.26 11 4.80
Ay (n=2) 4.35 44
Az(n=3) 4.37 99
B oee 4.39
C 4.86 4.88
D 5.47 5.57
Hg,Br, 3.91 Ai(n=1) 3.31 3.42 24 6.3
A:(n=2) 3.76 3.78 96
Az(n=3) 3.85 216
B e 3.91
Hg.I» 2.94 Asz(n=1) 2.30 2.43 19 7.3
Ay (n=2) 2.69 2.80 76
Asz(n=3) 2.90 17
B 3.26 3.26
(o 3.76 3.78

for the other absorption bands 4., 4;, B, and C be-
cause of the uncertainty in determining the background
absorption.

B. Photoconduction

Thin films and pressed pellets of mercurous halides
exhibit photoconduction when irradiated with light
within the fundamental absorption edge. In all cases
except HgyI,, the photocurrent was too weak to make
detailed spectral measurements. The measurement of
the spectral distribution of photocurrent was therefore
done only in thin films of Hg,I,. All measurements of
the photocurrent were made on the sample at room
temperature at a partial pressure of dry nitrogen of
0.2 Torr. The dark conductivities of the samples at
room temperature were 8.0X 1071 5X 1071 2X10-8,
and 3.3X1072 Q7! cm™ for Hg.F., Hg,Cl, Hg,Br, and
Hg,I,, respectively. Figure 3 shows the spectral dis-
tribution of photocurrent in the film of Hg,I, at room
temperature. The photocurrent spectrum shows peaks
at 2950, 3180, 3900, 4260, 4500, 4700 A, and a shoulder
at 3500 A. The threshold wavelength for photocurrent
occurs at 5500 A.

The variation in photocurrent with exciting light in-

tensity at wavelengths 4800 and 3800 A shows that the
current is linearly proportional to intensity at 3800 A

and is proportional to the square root of intensity at
4800 A.

IV. DISCUSSION

The absorption spectra of thin films of mercurous
halides show several characteristic absorption peaks.
With the exception of Hg,F,, the mercurous halides
have a strong absorption band (4;) followed by several
other peaks superimposed on the continuous absorp-
tion. Since the absorption coefficient in the neighbor-
hood of the first absorption peak 4 is very high (o>
105 cm™) it is assumed that the absorption in this re-
gion is due to direct allowed band-to-band transition at
the center of the Brillouin zone. The strong tempera-
ture dependence of the bands A;, 45, and A4; suggests
that these transitions are due to the formation of exci-
tons. The observed structure near the first absorption
peak A4; can be represented by a hydrogenic series
according to the equation

E,= EO_ Eex/nz;

where 2=1,2,3, -+, and E., the exciton binding en-

TasrLE II. dE($, }) splitting in some metal halides.

Chlorides Bromides Todides Ref.
dE in eV observed 0.06-0.13 0.30-0.52 0.15-1.17 2,10, 11
JdE in eV theoretical 0.103 0.432 0.889 17
dE in eV observed in Hg,X, 0.13 0.46 0.84 This work
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Fic. 2. Variation of the absorption coefficient with incident
photon energy at 77°K: (a) Hgaly; (b) HgeBry; (c) HgsCly;
(d) Hg2Fz.

ergy, is equal to Ru/em, R is the Rydberg constant,
w is the reduced effective mass of the exciton, and e is
the high-frequency dielectric constant. The first strong
band A, is therefore interpreted as due to the formation
of a Mott-Wannier delocalized exciton with =1, and
the bands A4, and A4; correspond to quantum states
n=2 and n=23, respectively. The observed peaks at
100°K may then be represented by the following equa-
tions:

In Hg,Cls, E,=4.39—-0.13/n%eV,
HgoBr,  E.=3.91—049/n2 eV,
Hg,l,, E,=294—051/n*eV (n=1,2, and 3).

Similar delocalized excitons have been observed in a
number of other metal halides.>~!* The exciton binding
energies (0.13-0.51 eV) are comparable to those ob-
served in other metal halides.

The exciton orbital radii », were calculated from the
formula

1M = Eymn?/2pu,

where ¢ is the high-frequency dielectric constant, u is
the exciton reduced effective mass, and # is an integer.
The results of such calculations at 100°K are given in
Table I.

On the high-energy side of the first exciton series
(bands 45, As, and A;), the absorption coefficient in-
creases steadily, and superimposed on it is the absorp-
tion maximum B which probably arises from transitions

DEB 2

from a split valence band. It seems reasonable to as-
sume that the valence band in mercurous halides is
formed from the np orbitals of the halogen ions and,
therefore, should split into two levels (J=3, 1) by
spin-orbit interactions. The minimum energy separation
of this halogen doublet (%, %) has been calculated by
Knox and Inchauspé,'” and the results of their calcula-
tion together with the experimentally observed split-
ting in the absorption spectra of various metal halides
are given in Table II. It is apparent from Table II
that the energy separations in mercurous halides are
close to the theoretical values.

On the higher-energy side of the halogen doublets
there are two more absorption peaks, C and D, which
are quite pronounced in the chloride and iodide. In the
absence of any band-structure calculation, it is difficult
to interpret these bands. However, these peaks could
be due either to exciton transition at different sym-
metry points in the Brillouin zone or to Van Hove singu-
larities in the interband density of states. The strong
temperature dependence of these bands suggests the
formation of excitons. The energy separation of 0.51
eV between the two peaks C and D in Hg,l, could be
due to spin-orbit splitting of the valence band.

The spectral distribution of photocurrent shows
several maxima which correspond to the absorption
peaks. The absence of any photocurrent peak associ-
ated with the first exciton peak at A; shows that its
binding energy (0.64 eV) is so large compared to kT
that no appreciable dissociation of the exciton occurs to
produce free carriers. Strong photocurrent peaks are
observed in the wavelength regions corresponding to
exciton transitions involving quantum numbers #=2
and 3. The photocurrent in this wavelength region
varies as the square root of intensity, indicating that
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Fic. 3. Spectral distribution of photocurrent in the mercurous
halides at 300°K: (1) Hg.lz; (2) HgeBry; (3) HgCle.



2 EXCITON ABSORPTION AND PHOTOCONDUCTIVITY ..«

the free carriers are produced by the bimolecular dis-
sociation of excitons. The linear dependence of photo-
current on intensity at wavelengths below 3800 A is
perhaps due to direct transitions across the band gap.
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The absorption spectrum of KBr:TI crystals has been investigated using an ac electric field (2X10¢
V/cm, rms). The change of the absorption coefficient, versus photon energy, supports the validity of
Henry, Schnatterly, and Slichter’s theory concerning the zeroth-moment conservation. It is also shown that
the absorption intensity of the B band is supplied, almost entirely, by the 4 band.

INTRODUCTION

The absorption spectrum associated with the thallium
activator has stimulated the interest of many investi-
gators.”® When metal impurity ions with the (s)?
outermost electron configuration, such as TI*, In*,
Snt+, etc., are added in an alkali halide, one can ob-
serve three absorption bands which are called 4, B,
and C in order of increasing energy. In KBr: Tl their
spectral positions at room temperature are 4.74, 5.55,
and 5.87 eV, respectively. Seitz* has suggested a model
in which he assumed that thallium is present in an
alkali halide in the form of monovalent thallous ion,
since this form of thallium ion is most stable at the
high temperatures at which the crystals are grown.
In addition, he assumed that the TI+ ion replaces an
alkali ion of the lattice, and that the TI*+ ions are dis-
persed at random through the lattice when the concen-
tration of TI* in the crystal is small. The C band was
attributed to the completely allowed transition 1.S—1P;
(141,'T1.) of high oscillator strength, and the A
band to the spin-forbidden transition 1.5;—%P; (14;,—
3T1), while the B band was attributed to the spin- and
symmetry-forbidden transition 1.5;—3P; (14,,~3T%,) as

supported by the observed temperature dependence of
oscillator strength. Yuster and Delbecq? found the triplet
structure in the C band of potassium iodide-thallium
phosphors, attributing such a structure to the vibration-
induced removal of the triple degeneracy of the P
state. Since then, several authors®®—® observed the
structures in the 4 and C bands of various alkali
halide phosphors, revealing that the C band consists of
three components and the A4 band has the doublet
structure. Toyozawa and Inoue® have considered the
possibility that the dynamical Jahn-Teller effect might
be important in the case of TI*-type centers, and to-
gether with Cho'* were able to reproduce theoretically
the triplet structure of the C band; the calculations
were made in the six-dimensional configuration coordi-
nate space on the basis of the classical Frank-Condon
approximation.

In previous papers®® we confirmed experimentally
both in absorption and emission that the 4 band shows a
triplet structure and we also found an oscillator strength
decrease. The present work was undertaken for the
purpose of obtaining more information about A-band
oscillator strength, extending measurements to B- and
C-band spectral regions.



