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CHAPTER |
INTRODUCTION

The optical constants of a material yield much information about
the energy absorption processes which take place when ionizing radiation
is incident on the material, and this information is useful in estab~-
lishing the band structure of the material and energy absorption cross
sections. Recent improvements in vacuum ultraviolet equipment, partic-
ularly light sources, grating and detectors, have made it possible to
determine more accurately the optical constants of solids in the energy
region from 6 eV to 25 eV. This region is of interest because of the
many energy absorption processes which take place in this energy inter-
val, such as interband transitions, the generation of excitons, and col-
lective oscillations of electrons,

Because most materials are highly absorbing in the vacuum ultra-
violet and because of a lack of good polarizers for this region, the
optical properties in the vacuum ultraviolet are generally determined by
reflectance techniques. The two most common methods are the dispersion
analysis, or Kramers=Kronig analysis,l’2 and the "two-angle method." The
two-angle method requires the measurement of the reflectance, at two dif-
ferent angles of incident, of unpolarized light or of light of known
polarization. Using these values of the reflectance it is then possible
to solve the Fresnel reflection equations for the real and imaginary parts

of the complex index of refraction. From these quantities the real and



imaginary parts of the complex dielectric constant and the volume and sur~
face-plasma loss functions can be calculated. The dispersion analysis
method requires the measurement of the reflectance at normal or near~-nor-
mal incidence over a large energy interval., The phase shift upon reflection
is then calculated using the dispersion relations and from this shift the
optical constants can be calculated,

Still another method for determining the real part of the complex
refractive index from reflectance measurements is the critical=angle meth-
od.3 This method is based on the fact that if the extinction coefficient
of a material is small, there is a rapid increase in reflectance for angles
of incidence near the critical angle, the angle which marks the onset of
total reflection. The advantage of this method is that it can be used
when the normal incidence reflectance of a material is very small. Since
the extinction coefficient must be small in order to use this method to
determine the real part of the complex refractive index, the imaginary
part can be determined by transmission measurements.

Both the two=~angle method and the Kramers=-Kronig analysis were used
in this work to obtain the optical constants of selenium and tellurium
since the two-angle method was good at higher energies but not sensitive
enough at the lower energies while the Kramers-Kronig method was well~
suited to the lower energies but not so accurate at the higher energies.
In addition the critical~angle method was used in conjunction with trans~
mission measurements to determine the optical constants of tellurium above
18 eV where the reflectance was low,

The primary purpose of this work was to obtain accurate optical

constants for vacuum=evaporated selenium and tellurium films for the



ultraviolet spectral region. The optical constants were used to calculate
the real and imaginary parts of the complex dielectric constant and the
volume and surface~plasma energy loss functions.

There has been some previous work on the optical constants of sele=-
niun in the wavelength region investigated in this study. However, the
previous work was done on films which had been exposed to air. S. Robin-

Kandare4’5

has measured the transmission of selenium films in the spectral
region 110 A to 4000 A and the reflectance of selenium in the spectral re-
glon 550 A to 1500 A. W. L. Goffe and M. P. Givens® have measured the
reflectance of selenium in the spectral region 550 A to 1500 3. The re-
flectance of our films was higher than that of previous investigators and
the structure was more pronounced. The differences are probably due to
differences in the quality of the films studied.

The reflectance of polycrystalline tellurium films on amorphous

substrates has been measured by several workers7’8'9’10

for the energy
region above 3 eV, Their values differ in magnitude and shape and are
significantly lower than those measured in this work, S, Robin-Kandare,8

9

Rustgi,” and Merdy10 have made transmission measurements on polycrystal-
line tellurium films in the ultraviolet spectral region. The discrepancies
between thelr results and those of the present work are also attributed

to differences in the quality of the films studied. Great care was taken

in this work to prepare films of high gquality and to obtain reproducible

results,



CHAPTER 11
THEORY

The optical properties of absorbing media may be described quan-
titatively by the complex refractive index, N = n + ik, where n, the
real part of the refractive index, is defined as the ratio of the veloc-
ity of light in vacuum (c) to the phase velocity (v) in the dielectric
of a plane electromagnetic wave having constant amplitude along a wave
front,

n=c/v (1

The imaginary part of the complex refractive index, k, often called
the extinction coefficient, describes the damping of the wave as it tra-
verses the absorbing medium, and is defined by the relation

2 7 kz

E=E exp (- ) 2

where z is the coordinate in the direction of propagation, Eo is the
amplitude of the electromagnetic wave at z = 0, £ is the amplitude at z,
and A is the wavelength in vacuum of the electromagnetic wave.

The theory of reflection and transmission of light by thin films

has been discussed in many texts.z’ll’lz’13

Expressions for the reflec-
tance (R) at a given wavelength are obtained by the application of bound~
ary conditions to Maxwell's equations for a plane electromagnetic wave

incident on the boundary between two media. For an infinitely thick ab=-

sorbing film the equations for the components of the reflected light



are given by the Fresnel equations:

~ i 2
'L(nHk)2 - sinZGfg - cos B
R, =|| = (3)
S [(n+ik)2- sinze_j%+cos 6 ‘
i 2 2,1 2 2
[ (m+ik) % = sin8 F - (m+ik) “cos 8
R = (4)

P f(n+ik)2 sinzej% + (ntik)Zcos ©

where Rs and Rp are the reflectances for light with the electric field
vector perpendicular and parallel respectively to the plane of incidence
and @& is the angle of incidence.

For unpolarized light, for light polarized at 45° to the plane of
incidence, and for circularly polarized light the reflectance (R) is
given by

R=% (R, +R) (5)

For partially plane polarized light the reflectance is given by14

R=(PRP+RS)/(1+P) (6)
where the parameter P is defined by the relation

p=-E (7)

with 'p and IS being the intensities of the incident light with the elec~
tric field vector parallel and perpendicular, respectively, to the plane
of incidence of the sample.

If P is known and R is measured for two angles of incidence, then
Equations (3), (4) and (6) constitute a system of equations which can be

solved by graphical or numerical methods to yield the optical constants



n and k.

The reflectance, R(E), can be expressed in terms of F(E), the com-

plex reflectance amplitude, by:
- L - 2
R(E) = ¥(E) F(E) = IF(E)| (8)
For normal incidence the complex reflectance amplitude, F(E), is

given by

~ _ «igp(E) _ ntik-1
F(E) = r(E) e = ol (9)
The magnitude r(E) and the phase ¢({E) are not completely independent.

They are related by the phase shift dispersion relation

E [»e]
__o In R
se) ==2 | R (10)
E™~E
o o
¢(Eo) is restricted to the range ~r < ¢ < 0,
The optical constants n and k are determined from ¢(E) and R(E)

by the relations

o = 1-R (11)
1+R =2 ,Rcos ¢

_ - 2,Rsin ¢ (12)
l1+R~-2.,Rcos ¢

Another useful relation is

- 2k
I "

Thus, if the nomal or near~normal incidence reflectance is known
over a wide enough energy range, the phase shift and therefeore the optical

constants can be calculated in the region where the reflectance is known.



The advantage of this method over other reflectance methods of
determining optical constants is that measurements may be made near nor-
mal incidence, and the polarization of the incident light need not be
known., There are several disadvantages., One is that the reflectance
must be known over such a wide energy range that some extrapolation tech=
nique generally must be used beyond the region where data is available.
Another is that errors in the reflectance measurement at one energy will
affect the calculated optical constants at all energies.

The complex dielectric constant, ¢ = € + i €5 is related to the

. 2
complex refractive index by ¢ = N so that

€ =n - k (14)

€, = 2nk (15)
The volume and surface~plasma loss functions are given by =Im (%) and

1 X
~|m (E:T), respectively.

The optical properties are specified when these factors are known

as a function of incident photon energy.



CHAPTER 111

EXPERIMENTAL APPARATUS

A. General Description

The apparatus, depicted schematically in Figure 1, consisted pri~-
marily of a light source and detector, a scanning monochromator, a reflec~
tance chamber, current measuring instruments, and vacuum systems.

Light from the source passed into the monochromator through the
entrance slit and filter assembly and was incident on the grating. Light
of the selected wavelength passed from the grating through the exit slit
into the reflectance chamber and on to the evaporated film. The light
intensities were detected by a photomultiplier tube which was rotated
about the vertical axis of the sample, The output from the photomulti=
plier tube was measured by a pico~ammeter and recorded by a Minneapolis-
Honeywell Brown recorder. The monochromator and the reflectance chamber

were evacuated by separate vacuum systems,

B. Light Source

The capillary discharge light source used is depicted schematically

in Figure 2, and consisted of a boron nitride cylinder and a water—~cooled

]
brass anode and cathode. This source was mounted on a & brass spacer

ring which in turn was mounted on the entrance slit assembly, A Hastings
model DV~-4DM thermocouple gage, mounted in the spacer ring, was used to

[}
measure the pressure in the light source. A = vacuum line from the
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forepump to the space between the light source and the entrance slit was
used to evacuate the light source. The discharge gas was leaked slowly
into the capillary tube at the anode by means of a needle valve. The
light source could be operated in either of two modes, d. ¢, arc dis~
charge or spark discharge., The spark discharge mode was used for wave-
lengths below 1500 A while the d. c. arc discharge mode was used for wave-
lengths between 1500 A and 4000 A, High voltage for the discharge was
supplied by a Consolidated Vacuum LC-031 power supply. Typical operating
conditions in the d. c. arc mode were a current of 250 milliamperes at
600 volts with a light source pressure of 1000 microns Hg. A rotating
spark gap with a repetition rate of 56 pulses per second was used to dis~
charge a 0.5 uf capacitor through the light source in the spark mode.
Typical operating conditions in the spark mode were a current of 150 mil=
liamperes at 5000 volts with a light source pressure of 400 microns Hg.
The stability of the light source was very sensitive to changes
in the light source pressure and to the condition of the spark gap when
operating in the air spark discharge mode. The spark gap had to be ad=
justed each time prior to use to obtain maximum stability, and the 'Q"
rings in the light source had to be changed often since the heat dis~

sipated in the boron-nitride cylinder dried them out rapidly.
C. Monochromator

A 0.5 meter Seya~Namioka type vacuum scanning monochromator built
at ORNL was used to select the incident radiation. The bilateral en=~

trance and exit slits were continuously adjustable from 10 microns to 6
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millimeters by means of rotating shafts extending through the housing.

Each slit assembly incorporated a slide valve which made it possible to

isolate the monochromator from the light source and the reflectance chamber.
The diffraction grating used was a Bausch and Lomb concave grating

with a 0.5 meter radius of curvature. The grating was ruled with six

hundred lines per mm. with a 1500 A blaze and was coated with aluminum

and overcoated with magnesium flouride (MgFZ).
D. Vacuum Systems

A National Research Corporation (NRC) model H$6-1500 six-inch
water-cooled oil diffusion pump, with a pumping speed of 1400 liters per
second at 10“6 Torr, backed by a Welch model 1397 rotary forepump was con-
nected to the reflectance chamber through a NRC water-cooled baffle, a
NRC slide valve and an elbow flange. Pressure in the reflectance chamber
was measured by a Veeco RG 75K ionization gage tube and read on a
Vactronic ion gage control model SP-230.

A similar system with two exceptions was used to evacuate the
monochromator. The diffusion pump used was a NRC VHS6 six-inch water-
cooled 0il diffusion pump with a pumping speed of 2400 lijters per second
at 10“6 Torr, and the slide valve was connected directly to the mono-
chromator.

The reflectance chamber could be isolated from the monochromator

by means of a slide valve incorporated in the exit slit assembly.
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E. Current Measuring Equipment

The incident and reflected light intensities were measured by means
of a RCA 1P28 photomultiplier tube equipped with a sodium salicylate wave-
length converter. The operating voltage of 540 volts was supplied by a
regulated power supply built at ORNL. The output from the photomultiplier
tube was integrated using an RC circuit and was measured on a Keithley
Model 409 pico-ammeter and recorded by a Minneapolis~Honeywell Brown 10
millivolt recorder. The range of photocurrents measured was 1077 to 1071

amperes. The pico-ammeter and the recorder were calibrated with a

Keithley model 261 standard current source.
F. Reflectance Chamber

The chamber used for preparing and measuring the reflectance of
the films is illustrated in Figure 3.

The evaporated film, film holder, evaporation boat, and the light
detector were enclosed in a stainless steel cylinder 16 inches long and
8L inches in diameter with vacuum and viewing ports. One port of the
cylinder was connected by an elbow flange to a vacuum pump. The op-
posite port was connected by a stainless steel yoke to the exit slit of
the monochromator. Vacuum seals were accomplished by Viton 0" rings.
The cylinder was mounted in a vertical position with the vacuum ports at
the lower half of the cylinder. The entire cylinder was electro-polished
inside and outside,

The top portion of the cylinder contained the high current feed-

throughs, the baffle and shutter assembly, and the sample holder assembly.
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The sample holder guide and the rotating photomultiplier tube holder were
mounted on the base of the cylinder. The sample holder was designed for
vertical positioning and independent angular rotation about an axis nor-
mal to the plane of incidence by a shaft extending through the vacuum
system. This permitted the positioning of the sample film at various
angles of incidence when measurements of the reflected light were made,

or withdrawal from the beam to allow measurement of the incident intensity.
The detector was rotated about the same axis as the sample holder by a
similiar arrangement.

For evaporation, the sample holder containing a clean slide was
raised into the upper part of the chamber and the baffle shutter closed.
The sample was evaporated onto the slide from the tubular boat mounted
on the electrical feedthroughs. The evaporation process could be observed
through viewing ports in the upper section.

The reflectance measurements were made in the lower section of

the chamber.



CHAPTER 1V
EXPERIMENTAL PROCEDURE
A. Spectrometer Alignment and Calibration

The initial alignment of the spectrometer consisted of centering
the grating face on the grating table, adjusting the tilt and level of
grating, focusing the spectrometer with the entrance and exit slits
equidistant from the grating, and aligning the entrance and exit slits
parallel with the rulings on the grating. Optical stops were placed in
the entrance and exit arms to confine the beam area at the sample to
approximately 5 mmZ at normal incidence.

The spectrometer was calibrated using known spectral lines in the

air spark and air d. ¢c. arc spectra.
B. Film Preparation

The films used in this experiment were prepared by vacuum evapo-
ration in the upper half of the reflectance chamber. The boats used to
evaporate the selenium were made from stainless steel tubing .005" in
thickness and were cleaned by soaking in a sulfuric acid-sodium dichromate
solution followed by rinsing in running distilled water for an hour. The
boats were dried with compressed air and mounted on the current feed=-
throughs in the reflectance chamber.

A predetermined amount of selenium or tellurium was placed in the

tubular boat and the top of the reflectance chamber was then mounted in

16
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place, and the sample holder was aligned with the monochromator. The
selenium and tellurium used had a specified purity of 99.999% and were
obtained from the United Mineral and Chemical Corporation.15

The glass microscope slides used as substrates were subjected to
an extensive cleaning procedure. The slides were soaked overnight in
Knox—6016 cleaning solution, then rinsed in running distilled water for
an hour, soaked in a sulfuric acid-sodium dichromate solution for half
an hour, then rinsed again in running distilled water for an hour, and,
finally, placed in an isopropyl alcohol degreaser for half an hour. The
alcohol treatment removed 21l traces of grease, and upon removal from
the degreaser the slides were hot and dried immediately. Since the slides
were hot, the chance of water vapor from the air condensing on the slides
was small. A clean slide was immediately placed in the sample holder and
the system pumped down.

The distance from the evaporation boat to the substrate was 9 cm.
Vacuums of the order of 10-6 Torr were maintained during the evaporations,
and the pressure in the reflectance chamber was never over 6 x 1(')-6 Torr
while taking data for selenium and 2 x 10-5 Torr for tellurium.

The substrate was positioned so that it was shielded from the boat
until the boat and the sample were outgassed. The substrate was then
exposed to the boat and the current increased. The evaporation took place
over a period of about 3 seconds. Typical film thicknesses were 3000 A

to 6000 A.
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C. Reflectance Measurements

Both the film and the photomultiplier could be rotated to permit
reflectance measurements to be obtained at several different angles of
incidence. The photomultiplier was positioned manually for peak inten-
sities. The reflectance at 20°, 45°, and 70° was measured using known
spectral lines with air or argon as the source gas.

The primary components of the background were phototube dark cur~
rent and scattered light. Lithiuw flouride, quartz, and glass filters
were used to determine the background intensity as a function of wave-
length and to eliminate second order diffraction of the short wavelength
lines from the spectral regions covered. The background in the spark
mode was found to be constant for wavelengths above 200 A, while the
background in the d. c. arc mode was constant above 500 A, for a given
phototube position. These constant background intensities were measured

for each phototube position and subtracted from the corresponding inten-

sities measured at each spectral line used,
D. Determination of the Polarization of the Incident Light

Since the grating is known to polarize the incident light con-
siderably in the Seya geometry, it was necessary to determine the polar-
ization of the light incident on the sample.

This pelarization, P, was measured using a reflection type polarizer
consisting of three mirrors of evaporated gold with angles of incidence
of 75°, 60°, and 75°. This polarizer has been described elsehwere.14

The polarizer was attached to the exit arm of the monochromator and
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aligned so that the emerging beam was not deflected as the mirrors were
rotated, A photomultiplier tube coated with sodium salicylate was con-
nected to the exit side of the polarizer. Two intensity measurements
were made for each spectral line used: one, lz, with the grating and
polarizer having a common plane of incidence and the others, IZ, with the
polarizer plane of incidence perpendicular to the grating plane of inci-
dence. The polarization introduced by the polarizer, q, was calculated
using published values of n and k for gold.17 The polarization, P, of
the light emerging from the monochromator was then determined using the

relation14

Y

p= > (16)
m
|S - qlp

The degree of polarization of the light incident on the sample us-
ing the 1500 A blaze grating in this experiment is shown versus energy in

Figure 4.
E. Transmission Measurements

Thin aluminum foils were prepared by evaporating aluminum onto
microscope slides coated with a wetting agent,18 and then immersing the
slides slowly into distilled water to float off the aluminum foils. The
aluminum foils were picked up on stainless steel holders having circular
apertures about 1 cm. in diameter so that the foils covered the apertures.
These holders were then mounted on the sample holder in the reflectance

chamber so that the incident beam was incident normally on the aluminum
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foils. The foils could be moved to allow for measurements of the inci-
dent light intensity without moving the phototube.

The transmission of the aluminum foils was measured and the foils
removed from the reflectance chamber and mounted on the ends of clean
glass microscope slides at various distances from a stainless steel
tubular boat containing tellurium. The tellurium was evaporated onto the
aluminum foils and glass slides at a pressure of 2 x 10'5 Torr.

The transmission of the tellurium~coated aluminum foils was then
measured in the reflectance chamber with the foils in the same geometry
as before. The tellurium films on the microscope slides to which the
aluminum foil holders were mounted during evaporation were overcoated with
silver, and the thicknesses of these tellurium films were determined inter=

ferometrically.
F. Critical Angle Measurements

The critical angle method for determining the refractive index is
based on the fact that if the extinction coefficient of a material is
small, there is a rapid increase in reflectance for angles of incidence
near the critical angle, the angle which marks the onset of total reflec-
tion. Hunter3 has discussed the use of this method for determining the
real part of the complex refractive index. His calculations show that
the angle at which the slope of the curve of the reflectance as a function
of angle of incidence is a maximum can be used as an approximate value of
the critical angle. The reflectance was measured as a function of angle

of incidence utilizing an electric-motor~driven sample holder connected to
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the phototube through a belt~drive angle-doubler system so that the photo-

tube was always at an angle which was twice the angle of incidence.



CHAPTER V

DATA REDUCTION

The primary data were corrected for background as described in
chapter |V, and the reflected intensities plotted. A typical set of re-
flectance curves for amorphous selenium is shown in Figure 5. Equations
{(3) and (4) were used to calculate the constants n and k by means of a
computer program written for the CDC 1604-A computer at the Oak Ridge
National Laboratory using values of reflectance taken from the curves
drawn through the experimental data. The computer program utilizes
Newton's method of successive approximations and corrects for the polar=
ization of the incident light by the use of Equation (6).

The initially assumed values of n and k in the iterative process

19 These

were obtained using the charts published by Ishiguro and Saski.
charts consist of curves for constant values of n and k plotted for
reflectance at 20° incidence (abscissa) and reflectance at 70° incidence
(ordinate). The values obtained from these curves were sufficiently ac-
curate for the initial guesses.

Since the reflectance was measured at three angles of incidence,
20°, 45°, and 70°, three different sets of values of n and k were com-
puted and compared. This gave a check on the consistency of the input
reflectances. Typical results for n and k for selenium are shown in

Figure 6.

For selenium the two angle method gave quite consistent results

23
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for the optical constants in the region above about 15 eV, as can be seen
in Figure 6, but the consistency was not very good for energies below
about 12 eV. Hunter20 has discussed the errors in the two angle method.
His analysis shows that in general when n and k are large (greater than
1), a small error in the reflectance or polarization can result in large
uncertainties in n or k, especially for incident light polarized perpen~
dicular to the plane of incidence. Above 10 eV, the incident light was
largely polarized perpendicular to the plane of incidence (Figure 4), and
up to about 13 eV the constants n and k for selenium were large (Figure
6). Therefore, discrepancies could be expected in the results from the
two angle method for energies below 13 eV for selenium. Above 13 eV, n
and k were small and good results from the two-angle method is expected.
Since the two-angle method gave discrepancies at the lower ener-
agies, we decided to use the dispersion-analysis method also. This method
is useful when data over a wide energy range is available. The principle
disadvantages of this method were listed in Chapter II. For selenium,

good clatazl’zz’23

were available for energies up to 5 eV (see comments
page 2). However, the optical constants in the energy region from 5 to
15 eV obtained from the dispersion analysis depend to a large extent on
the extrapolation used above the last data points. Various extrapolation
procedures have been used with good success by other workers.24’25’26
However, for this work, since good data exist below 5 eV and since the
two-angle method gave good results above 15 eV, the phase change on re~

flection, ¢(EO), could be calculated in these regions from Equation (13).

Then Eauation (10) can be written
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For selenium the integral for 0 to EC eVl was evaluated numerically using
the 20° reflectance values from the present work up to 22.5 eV and values
calculated from the data of Vasko,21 Caldwell and Fan,22 and Koehler,

et. _1%3«L2 eV to 5 eV) utilizing a computer program written for the CDC
1604-A computer at the Oak Ridge National Laboratory. A graph of the in-
put reflectance is shown in Figure 7. The phase change on reflection,
¢(Eo), was calculated for several energies EO for which the constants n
and k were known and the corresponding phase change values given by the
integral from 0 to 22.5 eV subtracted from these values. This gave values
for A¢(EO), the contribution to the phase change on reflection due to
absorption in the energy region above 22.5 eV. Values of A¢(EO) plotted
versus energy are shown in Figure 8. A¢(EO) was interpolated in the
energy region 4 to 17 eV by a smoothly varying curve as shown by the
curve in Figure 8. This method was first used by MacRae, Arakawa, and
William527 for tin. For selenium this curve is very nearly that which
one obtains using the extrapolation method suggested by Roessler.25
Values of A¢(EO) in the energy region 2 to 17 eV obtained from this

curve were substituted back into Equation (17) to obtain values of ¢(EO).

These values along with the reflectance R(EO) were used to calculate n
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and k in the energy region 0 to 16 eV using Equations (11) and (12)
respectively.

Thus for selenium, the values of n and k in the energy region O
to 16 eV were obtained from the dispersion analysis method, while those
above 16 eV were obtained from the two-angle method. These results are
shown in Figure 9.

For tellurium the two~angle method gave consistent results be~-
tween 14 eV and 18 eV but some divergence for energies above 18 eV and
below 14 eV. The values of n in the energy region between 18 eV and 26 eV
were obtained from an average of the 70°-~20° and the 70°-45° data, while
the values of k in this same energy range were determined from trans-
mission measurements made on films of tellurium evaporated onto thin
self-supporting aluminum films as described in Chapter [V. The trans~
mission éf the aluminum films measured before the tellurium evaporation
was divided into the transmission of the same films after the tellurium
evaporation to obtain the transmission, T, of the tellurium films. Then
graphs of log T versus thickness of the tellurium films were used to obtain
the k values of tellurium in this energy region. A typical set of these
plots is shown in Figure 10.

We were able to obtain values of n in the energy interval between
28 eV and 40 eV from the critical angle method. The critical angle, Gm,
was taken as the angle at which the slope of the reflectance curve was
a maximum when the reflectance was plotted versus angle of incidence.

The real part of the refractive index was determined using the relation

n=sin@_ (18)
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Fig. 10. Transmission of Tellurium Films versus Thickness.
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A comparison of the n and k values obtained by these methods for
the energy region 18 eV to 38 eV is shown in Figure 11.

The values of n and k for energies below 14 eV were obtained from
a Kramers-Kronig analysis of the reflectance values shown in Figure 12.
The reflectance values from 0 to 0.5 eV were calculated from the optical
constants determined by Hartig and Loferski28 for single crystals of tel-
lurium with electric vector of the incident light parallel to the c~axis
of the crystals. The reflectance values in the energy interval 0.5 eV
to 3.0 eV were taken from the data of Stuke and Keller29 for single crys=
tals of tellurium with the electric vector of the incident light paral-
lel to the c~axis of the crystals., These values best matched our re-
flectance values on polycrystalline films. The reflectance values from
3 eV to 23 eV were the 20° reflectance values of the present work. The
extrapolation used for tellurium was the same type as that used for
selenium, The plot of A¢(EO) versus EO for tellurium is shown in Figure
13. The final values of n and k obtained in this work for tellurium are

shown in Figure 14,
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CHAPTER VI
RESULTS AND CONCLUSIONS
A. Selenium

The real and imaginary parts of the complex refractive index,
N=n+ ik, are shown graphically in Figure 9. These values represent
a composite of values found for a number of evaporated selenium films.
The values from 0 to 16 eV were obtained by the dispersion method and
the values from 16 eV to 27.5 eV were obtained from the two-angle method.
The values above 24.5 eV are based on only a few measurements made at
27.5 eV and contain more uncertainty than the other values. From trans=
mission measurements on selenium Robin—Kandare4 has measured the absorp-
tion coefficient, K = é%¥i, in the spectral region 110 A to 4000 R, and
has interpreted the results using Reitz's30 band model, She attributes
a set of peaks at about 5 eV to transitions from the second group of p
bands to d bands, a maximum at 9 eV to transitions between the first and
third groups of p bands and a maximum between 28 and 30 eV to transitions
between the 4s band and the conduction band. |In the present work, a
broad maximum in k is found at about 9 eV and a small "bump' at about
5 eV. The optical constants up to 5 eV correspond to data previously
reported (see Chapter V) and will not be discussed. The values of k ob~-
tained in this work are considerably higher than those measured by Robin-
Kandare throughout the vacuum ultraviolet region, except at the 9 eV

peak. Robin—Kandare5 has also measured the 18° reflectance of selenium

38
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up to 12 eV. Her results show a minimum at about 6.5 eV and a peak at
9 eV, but the structure is not as pronounced as that shown in the present
results. Vasko21 has used the dispersion relations relating the real
and imaginary parts of the complex refractive index, N= n + ik, to the
absorption coefficient, K = é%%i, and calculated the constants n and k
from .13 A to 150 4 using the absorption coefficient determined by various
experimenters including that of Robin—Kandare5 in the vacuum ultraviolet.
His results differ considerably from those of this work in the vacuum
ultraviolet spectral region. W. L. Goffe and M. P. Givens6 have measured
the reflectance of selenium in the spectral region 550 A and 1500 A.
Their values are considerably lower than those reported here. The dif-
ferences are probably due to the fact that the present measurements were
performed on films which had not been exposed to air, since we have found
that the reflectance of selenium films exposed to air for a few minutes
is considerably less than the reflectance of the same prior to exposure
to atmospheric pressure,

The real and imaginary parts of the complex dielectric constant,
e(E) = el(E) + i eZ(E), were calculated from the values of n and k and
are shown graphically in Figure 15. The optical constant most useful in
relating one~electron spectra of solids to band structure is eZ(E).31
Peaks and sharp edges in eZ(E) can be associated with optical transitions
which take place in the solid between filled and unfilled states. Since
€, Is proportional to the joint density of states in the solid, the
energy dependence of €5 yields information about the relative band gaps

in the solid while the shape and magnitude of €, give information about

the type and relative importance of the transition.
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30,32,33,34,35 band structure calculations

There have been several
for selenium. The most recent35 makes use of the molecular=-orbital meth~
od taking hybridized orbitals as basis functions. Their calculations
indicate that the 4s and 4p atomic levels hybridize into 4 levels which
are designated as o, 1, B, and p. The three lower levels, 7, B, and p
are the primary constituents of the valence bands, while the ¢ and 5s
levels make up the major parts of the conduction bands.

For selenium the broad peak in €, beginning at about 7 eV is due
to interband transitions, probably from the lower valence levels f and
p to the conduction bands. The magnitude of €, at the peak at 8.25 eV
is comparable to that of the peak at 4 eV, indicating that the 8.25 eV
transition is relatively strong.

The energy=~loss functions ~Im % and «Im E%T were calculated from
the values of n and k and are plotted versus energy in Figure 16, The
volume~loss function «im & shows peaks at 5.25 eV and between 18.5 and

19.0 eV, while the surface~loss function, =im has maxima at 5.25 eV

-e—-'l-f’
and 14.5 eV. Characteristic~electron=energy losses have been observed

in amorphous selenium by Robins36 who found losses at 5.4 eV, 14.2 eV,
18.8 eV, 37.7 eV, and 55.5 eV¥. The loss at 14.2 eV was attributed to a
surface~plasma loss while the loss at 18.8 eV was attributed to a volume=
plasma loss. The loss at 5.4 eV was attributed possibly to an interband
transition. The peaks in the energy~loss functions in this work compare
well with the measurements of Robins. The loss at 18.8 eV is definitely
a volume=-plasma loss since <5 shows little structure near this energy,

€ and €, are small in the region of the peak and approximately linearly

varying with de;/dE > 0 and de,/dE < 0, while the loss at 14.5 eV is
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Fig. 16. The Energy Loss Functions of Selenium versus Energy.
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definitely a surface-plasma loss since €, shows little structure in this
region. We identify the loss near 5.25 eV as due to volume-plasma oscil-
lations involving the electrons in the uppermost valence band.

Selenium has a 452 4p4 electron configuration; therefore one
would expect 6 electrons per atom to take part in the major volume-plasma
oscillations. Since interband transitions occuring below the plasma en-

ergy, EP, shift the plasma energy to higher values, the plasma energy

will not necessarily be given by the free electron relation,

2%

Ep=ﬁ<ﬁ1'~ni1"i> (19)
where N is the number of electrons per unit volume and m is the electron
mass. For six electrons per selenium atom, Equation (19) yields a value
of 17.4 eV for the plasma energy. The difference of 1.4 eV between the
observed plasma energy and that given by Equation (19) is reasonable
since there are strong interband transitions below the expected plasma
energy. For two electrons per selenium atom in the top valence band,
Equation (19) yields a value of 5.8 eV for the energy associated with
collective oscillations involving these electrons. Thus it is reason-

able that the loss near 5.25 eV is due to collective oscillations.
B, Tellurium

A typical set of reflectance values for polycrystalline tellurium
is shown in Figure 17. The near-normal=-incidence reflectance of poly-
crystalline tellurium films on amorphous substrates has been measured by

7,8,9,10

several workers in the energy region above 3 eV. Their values

are all significantly lower than the values reported here. We found that
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exposing the tellurium films to air did not affect the reflectance. The
discrepancies in the values reported by the various workers must there-
fore be due to the condition of the substrates, the speed of the evap-
oration, or the purity of the sample. Robin--Kandare,8 Rustgi,9 and
Merdy10 each observed the peak in the reflectance near 7.8 eV while
Merdy10 and Rustgi9 each observed the reflectance peak near 9 eV. The
plateau in the RZO curve of Figure 17 between 14 eV and 17 eV has not
been observed previously. The sharp decrease in reflectance above 17 eV
results from the onset of transmission at the plasma frequency. The only
other structure which might be noteworthy is a plateau from 20 eV to
about 22 eV. Robin—Kandare4 observed an absorption peak in the energy
region 20 to 26 eV for tellurium in transmission measurements. She at~
tributed this edge to transitions from the 5s band to the conduction
band {Reitz Model).3O Our transmission measurements did not show a peak
in the energy interval 18 eV to 24 eV (Figure 11). In her transmission
measurements Robin-—Kandare8 also observed absorption peaks near 4 eV and
near 8 eV.

The real and imaginary parts of the complex refractive index for
tellurium for the energy region covered in this experiment are shown in
Figure 14, Merdy’slo paper did not give the constants n and k. However,
it is possible to obtain them from the real and imaginary parts of the
complex dielectric constant using relations (14) and (15). Calculations
for a few selected energies indicate that his values for n and k were
less than those reported here. This is to be expected since his reflec~
tance values for polycrystalline telluriun on amorphous substrates were

less than those of the present worke.
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The real and imaginary parts of the complex dielectric constant
were calculated from the values of n and k and are shown graphically in
Figure 18. |In the energy region covered in this work €5 has a peak at
7.4 eV and small edges at 8.5 eV and at 9 eV. Several band structure

32,34,37,38,39 p11 indicate

calculations have been made for tellurium,
that the band structure of tellurium is very similar to that of selenium.
The structure in €, between 7 eV and 9 eV is probably due to interband
transitions from levels in tellurium similar to the B and p levels
mentioned for selenium to the conduction band.

The energy-loss functions for tellurium are shown in Figure 19.
The volume-loss function has peaks at 5.6 eV, 7 eV, 8 eV, and 17.2 eV
with a shoulder around 14 eV, while the surface~loss function has peaks
at 5.4 eV, 7 eV, 8 eV, and 11.3 eV, Characteristic~electron-energy
losses have been observed in tellurium by MBllenstedt,4O Leder and
Marton,41 Gauthe42 and Robins.36 Robins observed losses at 5.2 eV, 11.8
eV, 17.0 eV, 29.1 eV, 33.8 eV, 41.5 eV, and 50.5 eV. The loss at 5.2 eV
was attributed possibly to interband transitions, while the loss at 11.8
eV was attributed to surface-plasma oscillations and the loss at 17.0 eV
to volume~plasma oscillations. The peaks in the energy-loss functions
of the present work agree well with the losses observed by Robins. We
associate the 5.6 eV peak with the loss observed by Robins at 5.4 eV and
attribute this loss to volume~plasma oscillations involving the electrons
in the uppermost valence band. The 11.3 eV peak in the surface-loss
function is associated with surface~plasma oscillations while the 17.2 eV
peak corresponds to volume~plasma oscillations of all the valence elec~

trons. The shoulder in the volume~loss function near 14 eV is due to
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the fact that €, goes through zero in this energy region. There may be
volume~plasma oscillations associated with this structure, also.

For 6 electrons per tellurium atom Equation {19) yvields a theoret~-
ical plasma energy of 15 eV. The difference of 2,2 eV between the theo-
retical value and the observed value is reasonable since there are strong
interband transitions fairly close in energy to the expected plasma en-
ergy. For 2 electrons per tellurium atom Equation (19 yields a value of
5 eV which is reasonably close to the peak in the volume-~loss function
at 5.6 eV.

From this work we have found that the optical properties of evapo=
rated films of tellurium and amorphous selenium are very similar. Both
materials have a strong absorption band around 8 eV and both materials
can have volume~plasma oscillations at two different energies, between
5 and 6 eV and between 17 and 19 eV.

We have found that it is possible to prepare evaporated tellurium
films with reflectance comparable to that of tellurium single crystals
and that the reflectance of these films does not seem to be affected by
exposure to air. However, amorphous selenium films do show a consider~
able decrease in reflectance upon exposure to air. These findings in-
dicate that the reflectance values at low energies reported earlier for

these substances may be too low,
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