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ABSTRACT

A study was made of the thermoreflectance spectra of a series 

of five thin film samples spanning the range of composition of the amor

phous Ge^.Te^ ^ binary semiconductors. The experiment was performed over 

photon energies ranging from 0.5 eV in the infrared to 6 eV in the ultra

violet. The results are plotted for energies above the absorption edge. 

In the Ge-rich materials there was little structure in the thermoreflec

tance spectrum. However, there was the development of two peaks in the 

spectrum as the Te content was increased beyond a 50:50 mixture.

. The results are analyzed in terms of optical constants and elec^ 

tronic structure. It was. found that the energy separation of the peaks 

in the thermoreflectance corresponded closely to the separation of peaks 

in the valence band density of states seen in photoemission experiments. 

The existence of the two peaks indicates a "lone pair" band of energy 

levels positioned between the valence and conduction bands. This is 

additional evidence of two-fold coordination of the Te atoms in these 

materials.

At energies below the band gap there was strong interference 

due to increased transmission of the film. This made the analysis more 

complicated. A procedure is discussed for extracting from the modulated 

interference the specific changes occurring in the optical constants 

with temperature modulation.



CHAPTER 1

INTRODUCTION

In its many1 varied forms, spectroscopy has been a major tool of 

the physicist studying the quantum nature of matter. Things are partic

ularly simple in atomic and molecular spectra where we find discrete 

absorption lines. Their spectral positions and relative intensities lead 

immediately to a good quantitative picture of the energy level, structure. 

Data acquired in this way have not only led to an increased understanding 

of atoms and molecules but have spurred continual refinement of quantum 

theory in general.

In solids, the traditional forms of spectroscopy lose much of 

their diagnostic potential. Energy levels, instead of occupying discrete 

positions, become quasi-continuous bands extending through the Brillouin 

zone (BZ) in momentum space. Electron transitions from one band to 

another give rise to broad continuous spectra that usually lack any dis

crete structure. The details of the reflectivity.spectra often depend on 

the surface treatment; and once the reflectivity of the material is well 

established, there remains the problem of correlating the experimental 

results with band theory.

This correlation is greatly facilitated by introducing the con

cept of critical points in the band structure. They occur at points 

corresponding to extrema or saddle points in the interband separation.



AE(k), and are usually associated with band edges. Since they occur at 

points of high symmetry in the BZ, a knowledge of transition energies at 

critical points will yield much information about the band structure. It 
is this knowledge that the theorist must depend on when using...a semi- 

empirical approach to formulate band structure.

Critical points are characterized by slope discontinuties in the 

joint density of states and, hence, are detectable by optical methods. 

However, these discontinuities are often not seen in the reflectance 

spectra. Their effect is dwarfed by a large background of noncritical 

transitions occurring at other parts of the BZ. It was not until the 

development of modulation spectroscopy in the mid-sixties that these 

critical transitions could be brought out and studied without the 

unwanted background.

Modulation spectroscopy owes its name to the fact that the sample 

being studied is periodically perturbed while the reflectance is moni

tored. The perturbation may be either a modulated electric field.

Stress, or temperature. Each, in its own way, causes a periodic change 

in the band structure. This results in a periodic change in the reflec

tance. However, these changes will occur only for photon energies corre

sponding to critical transitions at the interband edges. The slope dis

continuities of the joint densities of states will be brought out clearly 

at these energies. At other photon energies where the joint density of 

states is slowly dependent on energy, a perturbation of the band struc

ture will not cause a noticeable effect. A lock-in amplifier is used to 

separate the modulated response from the unmodulated background.
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In the past decade, modulation spectroscopy.has proven to be a

most sensitive probe of the band structure in solids. Compared to the

traditional reflectance spectroscopy, it offers a much greater sensi

tivity for detecting transitions at inter-band edges. Furthermore, from 

a study of the line shapes of the modulated reflectance spectra, the 

edges can be classified as to whether they are of parabolic or. saddle 

point nature. The increased diagnostic potential of modulation spectro

scopy is responsible for much of todays well established knowledge of 

band structures.

In the past, modulation spectroscopy has been applied primarily

to crystalline solids. They have.long been a subject of intense study,

and their electronic theory was established long before modulation spec- 

: trogcopy appeared. , '

Extending modulation spectroscopy to study disordered solids is 

a proposition that has not aroused much interest in the past (Seraphin, 

1973). The reason is that the rules involving inter-band transitions 

are different in the crystalline and disordered phases. In a crystal

line material, the propagation vector, it, of an electron does not change 

during a transition. The presence of k-conservation allows only vertical 

transitions and keeps the observed response localized in the BZ. In a 

disordered solid, it has been shown by numerous workers that k-conser

vation is not an important selection rule (Donovan and Spicer, 1968;

Tauc, 1972). The optical spectrum is determined by a convolution of the 

valence and conduction band densities of states in momentum space. There

fore, One might expect that any structure found in the modulated spectrum 

would be severely broadened.



In this research program, we have used modulation spectroscopy 

to study disordered solids. What can be gained from such a study is 

still not known completely. However, if modulation spectroscopy could 

be shown to give useful information, great progress would be made toward 

an understanding of the electronic structure.

The research program has been conducted with a view toward using 

modulation spectroscopy to detect band edges in amorphous semiconductors. 

Ultimately, we wish to use modulated reflectance data to deduce the pro

files of the valence and conduction band densities of states.

This research program has been spurred by the great potential of

amorphous semiconductors and their increasing importance in technology.

The number of known crystalline semiconductors is limited. However, . 

since amorphous semiconductors are not restricted to stoichiometry, they 

can be fabricated in an infinite number of compositions. With a better 

understanding of the electronic behavior as a function of composition, 

it should be possible to engineer a material to fit a desired need.

As a vehicle for our study, we have chosen the Ge-Te binary alloy 

system. Its electronic properties are typical of many amorphous semi

conductors. However, it is unusual that in the case of GeggTeg^, the 

crystalline and amorphous materials are totally different in short-range 

order and electronic behavior. . The question of short-range order through

out the range of compositions is one that has not yet been resolved. On

the technological level, the alloy system has aroused great interest

because of its switching and optical storage capabilities (Evans,

Helbers, and Ovshinsky, 1970; Messier and Roy, 1971).



CHAPTER 2

THERMOMODULATION SPECTROSCOPY

Of the three types of modulation techniques, temperature modu

lation is most appropriate for our study.. Electroreflectance is not 

difficult in practice, but an adequate interpretation would require a 

much greater understanding of our materials, than we presently have. 

Although the task of interpreting piezqreflectance spectra is less 

formidable, there are experimental problems associated with it.

Often when studying anisotropic crystalline materials it is 

advantageous to modulate a vectorial parameter such as electric field 

or stress. The result is to enhance structure in only one part of the 

BZ. Since amorphous materials are macroscopically isotropic, the advan

tages usually attributed to electro- and piezoreflectance studies do not 

apply. Since thermodulation is easiest experimentally, we chose to use 

it for our investigation. ■

Thermodulation is usually accomplished by pulsing current either 

through the sample or through a conducting layer beneath the sample. The 

conductivity of Ge^Te^ is very low and varies by several orders of 

magnitude throughout the range of compositions. Therefore, we chose to 

use a heater layer since it would give a more consistent amplitude of 

modulation.

Modulation of the temperature will have two effects on a 

material. First, it will cause a periodic dilation of the lattice. A

■ : - . 5 ' .
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similar result would occur if the hydrostatic pressure on the sample were 

modulated. The .changing lattice parameter causes shifts in energy of 

the bands. If the valence and conduction bands move with respect to 

one another, the result will be. a periodically changing electron transi

tion probability.

The second effect is a periodic change in the phonon occupation 

numbers. A small increase in temperature will cause the average phonon 

to have a greater energy, which can be transferred to an electron in a 

collision. The average phonon contribution to the energy of electrons 

making transitions will therefore change with time. The effect will be 

similar to that found in wavelength modulation experiments. In one case 

the electrons experience a periodic energy shift due to phonons. In the 

other case the periodic energy shift is due to photons.

The third effect is also related to phonons, but is not important 

in amorphous materials. The modulated temperature will cause a periodic 

change in phonon population. This will result in a changing probability 

of phonon-assisted indirect transitions. However, since lc-conservation 

is not an important selection rule, indirect transitions will be pre

dominant without the presence of phonons. Therefore, the changing 

phonon population should not affect the indirect transition rate.

We can summarize.by saying that the temperature modulation will 

cause a periodic shift in the "effective" band separation. Part of this 

shift will be due to dilation of the lattice, causing actual movement 

of the valence and conduction bands in energy. The other part is due to 

the changing phonon contribution to the energy given to electrons making 

transitions.



CHAPTER 3

PREVIOUS INVESTIGATIONS OF Ge Te,x 1-x

Ge^Te^ can be produced only in thin films deposited by sput

tering or,vacuum evaporation onto substrates held below the crystalli

zation temperature of the alloy. This temperature is above 100 C for 

the entire range of composition, except for the extreme Te-rich side. A,' 

crystalline alloy can be made in bulk form and consists of microcrystal

lites of Ge and GeTe on the Ge-rich side, and GeTe and Te for the Te-rich 

mixtures.

Pure Ge exists in both the crystalline and amorphous forms. The 

crystal has a diamond-type lattice, and the short-range order is preserved 

in the amorphous state. There is fourfold coordination, each atom being 

tetrahedrally connected with four other atoms.

Pure tellurium exists only in the crystalline state at room tem

perature, and its morphology consists of covalently connected chains.

Each atom has a twofold coordination.

The structure of crystalline GeTe can be described aA a slightly 

distorted NaCl lattice. Each atom is sixfold coordinated, and from x-ray 

diffraction studies, the interatomic distance has been shown to be 3 A.

The coordination number is one indication that the bonding is of ionic 

character.

The structure of G e ^ T e ^ i n  its amorphous state is radically dif

ferent from the polycrystalline form, and the question of short-range order

7
l - , - -
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still has not been resolved. One of the earlier studies on GeTe, per

formed by Hilton et al. (1966) showed a coordination number of two for 

both the Ge and Te atoms. However, radial distribution studies performed 

by Dove and his associates (1970) indicated the coordination number for 

both elements should be four. Another study by Betts, Bienenstock, and

Ovshinsky (1970) indicated that the average coordination number is three;
-

but since equal coordination seemed to violate the valency requirements, 

these workers postulated a fourfold coordination for Ge and a twofold 

coordination for the Te atoms. Another study by DeNeufville (1972) agreed 

with this model, but singularities in the electrical conductivity and 

thermodynamic properties as well as in the density led him to postulate 

an ordered covalent model for GeTeg, which is similar to the amorphous 

SiOg structure. In this structure, each Ge atom would be tetrahedrally 

connected to four Te atoms, but with the bonds twisted making long-range 

order impossible. However, a study of enthalpy changes upon crystalli

zation showed that an ordering phenomenon was occurring in the amorphous 

GeTe structure. It was proposed that a threefold coordination in regions 

containing equal concentrations of Ge and Te could account for these ef

fects. There is some evidence to support that a phase separation of the 

two ordering schemes occurs in the regions between GeTeg and GeTe.

Radial distribution studies have shown that the interatomic sepa

ration in the amorphous material is about 2.7 A as opposed to 3.0 A 

in crystalline GeTe (Betts et al., 1970).
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Electronic Structure

In a typical■amorphous semiconductor, the conductivity is of 

intrinsic nature and is given by .

-AE/kT a = age •

The mobility and hence the conductivity are usually one or two orders of 

magnitude smaller than in the crystalline case. However, the presence 

of a well defined excitation energy, AE, as well as the presence of an 

optical absorption edge is a definite indication of a band gap.

In a semiconductor that exists in both a crystalline and amor

phous state, we often find that the gross electrical properties are 

similar in the two states--that is, if the short range order is the 

same. There are some differences, however. In the amorphous material, 

the bands do not cut off sharply,- but extend as tails of localized states 

well into the band gap. Phonon-assisted hopping conduction can occur 

between these levels with a mobility much lower than for electrons in 

the extended states. Since the gap is often highly populated with 

localized states, it is more appropriate to use the term "mobility gap" 

for the smallest energy separation between extended states in the 

valence and conduction bands.

Optical absorption occurs when photons excite electrons to 

states of higher energy. The initial and final states may be either 

localized or extended, so we can expect absorption to occur at photon 

energies below the fundamental edge of the crystalline material. For 

this reason it is difficult to define the optical absorption edge in an 

amorphous material.
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We mentioned previously that the rule for momentum conservation 

is relaxed in the amorphous material. This means that transitions are 

not restricted to ones in which the value of the propagation vector, ic, 

is conserved.

Crystalline GeTe is a degenerate p-type semiconductor with the

Fermi level 0.3 to 0.5 eV inside the valence band (Bahl and Chopra 1969,
201970). It has a correspondingly high carrier concentration of 10 to 

1 0 ^  cm- ,̂ and,a room temperature resistivity of 10”^ ohm-cm. The band 

gap is relatively narrow, being only .0.1 to 0.2 eV, but the absorption 

edge is at 0.73 to 0.95 eV due to the large Burstein shift (Burstein, 

1954).

Since the bonding and coordination number is different in the

amorphous case, we would not expect the same band structure or electrical

properties. Indeed, the amorphous alloy is almost an insulator with a
3resistivity of about 10 ohm-cm (Bahl and Chopra, 1970). Over the compo

sitional range, the resistivity reaches a sharp maximum at the composi

tion GeTe2  (DeNeufville, 1972). This points to the singular nature of 

GeTe2 , for which an ordered covalent bonding scheme has been proposed.

The strong Ge-Te bonds would account for a high mobility gap at this 

composition. If the concentration of Ge or Te were increased, the 

weaker Ge-Ge and Te-Te bonds would cause a decrease in the mobility gap 

and, therefore, a decrease in resistivity. The optical gap also reaches 

a maximum at GeTe2 . At this composition, the gap is 1.2 eV. By 

. comparison, the optical gap of GeTe is 0.9'eV. Measurements of the



11
Seebeck coefficient of the different compositions of Ge^.Te^_^ show that 

we have a p-type conduction for x < 0.6, and an n-type conduction for 

x > 0.7  (Rockstad and DeNeufville, 1972).

Among the various models proposed for the understanding of the 

bond type, the "lone pair" (Kastner, 1972) model has attracted particular 

attention. If the Te atoms are twofold coordinated, we would expect that 

two of the p orbitals would be used in bonding. The two other p orbitals 

would be nonbonding and hence would be at a higher energy. These non

bonding "lone pair" Orbitals actually form the top of. the valence band. 

The bonding orbitals form a band at lower energy. Photo,emission experi

ments have shown the separation of these bands to be about 1.4 eV in 

compositions with more than 20% Te. The lone pair band vanishes if the 

concentration of Te is less than 20% (Fisher et al., 1974).

Since the existence of a lone pair band is a bonding phenomenon, 

we would expect a change in the band if the coordination of the Te atoms 

was changed in any way from their twofold bonding scheme. Therefore, if 

the coordination is indeed threefold for the composition Ge^QTe^^, we 

would expect the lone pair band to be affected.

One of the things that we shall be looking for in our thermo

reflectance study is the existence of the lone pair band throughout the 

range of compositions. We do not know at this time how a change in 

coordination number would manifest itself in the thermoreflectance 

spectra, but we shall try to interpret our results in terms of the 

valence band density of states as a function.of composition. Hopefully, 

our study will help resolve the questions that still remain concerning 

the bonding and coordination number.



The first year of our research was focused on amorphous GeTe. 

There have been no other thermoreflectance studies on this system. 

Fischer and Donovan (1973) have made thermoreflectance measurements of 

amorphous Ge, but they found no response. This, however, is contrary 

to our results.



CHAPTER 4

SAMPLES

It was mentioned previously that the amorphous alloy Ge^Te^ 

cannot be made in bulk form but must, be deposited by means of sputtering 

or vacuum evaporation. Therefore> work on this alloy system must be 

conducted on thin film samples that are well suited for thermoreflectance 

e x p e r i m e n t s ,

Before samples could be produced, material for the substrate and 

heater layer had to be chosen. The requirements for the substrate were 

high thermal conductivity and low electrical conductivity. Silicon was 

chosen because it had both qualities and was readily available in thin 

wafers.

It was. decided to use nichrome for the heater layer because its 

coefficient of thermal expansion made it likely to survive repeated 

cycling to liquid nitrogen temperature.

Making samples of high quality requires both good equipment and 

experience. Since the acquisition of such technology would require much 

time and money, we felt it was expedient to purchase our first samples 

from Energy Conversion Devices, Inc., Troy, Michigan, whose laboratory at 

that time, had extensive experience in the preparation of high quality 

amorphous films. ,.

Samples of five different compositions were purchased, the compo

sitions being Geioo’ Ge80Te20’ Ge50Te50> Ge33Te675 G e ^ T e ^ .  There
13
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were four samples of each type. The alloy films were sputtered onto an

area of 9 x 9 nun in the center of a 9 x 16 nun substrate. The remaining 

area was left bare so that wires carrying the modulation power could be 

attached to the nichrome heater layer. ■

Table b is a description of the configuration of the layers.

The impurity content was quoted to be less than 1.0 at.% argon, and less 

than 1.0 at.% oxygen and nitrogen.

Table 1. Composition and Geometry of the Samples

Layer Material ' Thickness

Substrate Si 250 pm ± 50 pm

Layer 1 SiO2 1 pm ± 0.02 pm

Layer 2 NiCr 0.-15 pm ± 0.025 pm

Layer 3 GeiyTegg i 2% Ge 

Ge^gTe^y i 2% Ge

0.8 pm

1.5 pm

1.5 pm

1.5 pm

Go100 1.5 pm



The first half of this research program was devoted to the study 

of- Ge5()Te50 in the form of 2.2 pm thick films . When we ordered the 

present set of samples we thought that the problem of interference ef

fects in the infrared would be reduced if the layer was thinner. Since 

that time further study has shown that this presumption was not true,

i.e., interference occurs in thin layers as well as thick ones, but pos

sibly without the characteristic fringes. This subject will be covered 

in greater detail later.

It was our original intention to produce the samples at our own 

facilities, and much time has been invested in the design and construc

tion of the necessary equipment.

Since sputtering equipment is not available to us, we have

chosen to deposit the films by vacuum evaporation. It has been shown by

others that the films will be amorphous if the substrate temperature is 

held below the crystallization temperature during the deposition. This 

temperature is above 100 C for compositions containing more than 10 at.% 

Ge, so, we should have no difficulty in making the films amorphous.

The problem of obtaining a film of known composition, however, is 

not a trivial one. Whenever we evaporate an alloy we must consider the 

dissociation of the various components and subsequent fractional distil

lation on the substrate. For instance, in evaporating Ge^Te^ we would

expect that the more volatile Te would initially be deposited: Only

after most of the Te had left the source would we expect Ge to make up 

a substantial portion of the vapor. We would, therefore, obtain an 

inhomogeneous film of unknown composition.
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The problem can be overcome by using the method of flash evapo

ration, in which the material in powdered form is fed onto a hot filament 

at a slow, uniform rate such that there is no net accumulation of mate

rial on the filament. During the deposition, the grains on the filament 

at any one time will be at various stages of dissociation, and the result 

will be a vapor and, therefore, a film with the same stoichiometry as the 

initial material.

The flash evaporation apparatus that we constructed was built 

along the lines described by Carter (1963).. A powder reservoir and a 

chute are mounted rigidly on a small buzzer. The rate of feed is inde

pendent of particle size and can be adjusted by changing the slope of the 

chute, or by changing the amplitude of the armature swing.

To monitor the deposition we built an optical system to measure 

the reflectance of the film as it grows in thickness. A chopped beam of 

2 pm light is reflected off the sample and detected using a PbS cell in 

conjunction with a lock-in amplifier. The rate of deposition can be 

calculated from the number of interference fringes observed per unit time 

while a count of the total number of fringes would give the total optical 

thickness of the film. Dividing by the true thickness, we can obtain the 

refractive index of the film material at the wavelength of 2 pm. A 

knowledge of the refractive index of the film at one wavelength would 

serve as a starting point from which an analysis of the modulated reflec

tance in the infrared can be made.

After deposition, the samples must be carefully characterized as 

to the true composition and the degree of disorder they possess. In this 

area we have made only tentative plans.
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Whether the film is crystalline or amorphous can be determined

indirectly by simply measuring the resistance of the film. We have al

ready seen that amorphous GeTe is almost an insulator, while the crystal

line material exhibits metallic conductivity. For the general composition, 

Ge^Te^ , we would expect the amorphous material to have a lower conduc

tivity than an admixture of Ge, Te, and highly conductive GeTe crystal- 
llites. Therefore, a positive determination of the ordering can be 

obtained by monitoring the resistance of a sample while heating it. If 

there is.a sudden decrease in the resistance at a certain temperature, we 

would know that crystallization had occurred, and that the sample was 

initially amorphous. If other samples were made in the same evaporation 

under identical conditions we can be reasonably certain that they are 

also amorphous.

A more direct method to measure the ordering would be to use 

electron or x-ray diffraction. However, the simplicity of a resistance 

measurement does not seem to warrant the extra effort needed in the 

design of a diffraction experiment. '

The composition of the samples would be most easily checked using 

an electron microprobe. If a few bulk samples are supplied for calibra

tion, reasonably accurate measurements of the film composition can be 

made.

Bulk samples, as well as being necessary in sample character

ization, could be used as an evaporation source in making the thin film 

samples. When ground to a powder, they would probably provide a smoother
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evaporation than a mixture of powdered Ge and Te. For these reasons, we 

built the necessary equipment needed to produce bulk samples of any compo

sition.

We made bulk samples of several compositions using the following 

procedure. . The proper amounts of Ge. and Te were weighed and inserted 

into quartz ampoules that were then evacuated to 10“^ torr. The ampoules 

were sealed off using an oxy-hydrogen torch and inserted into an oven 

where they were heated to around 1000 C to melt the contents. Thorough 

mixing was accomplished by rocking the oven. Upon cooling, the samples 

were, ready for use.

The thin film samples that we have been planning to make will 

have the same geometry as the ones we now have from Energy Conversion 

Devices, Inc. The only difference will be the use of silver for the 

heater layer instead of nichrome. We chose silver because its optical 

constants are well known while those of nichrome are not to be found in 

the literature, and may be expected to vary with the type of deposition, 

since it is an alloy.



CHAPTER 5

INSTRUMENTATION

The modulation spectrometer was built during the first phase of 

the program (Kottke, 1974) and consists basically of five components-- 

sources, monochromator, sample chamber, detectors, and signal processing 

equipment.

Two light sources are used to cover the necessary wavelength 

range. A 100 watt tungsten halogen lamp, is used in the range from 3000 nm 

to 320 nm, while a Beckman hydrogen lamp is used from 400 nm to 200 nm.

On an energy scale these lamps give the spectrometer a range from 0.4 eV 

to 6.0 eV.

The source is focused into the entrance slit of a SPEX model 1702 

3/4 meter monochromator. The monochromator is of the Czemy-Tumer type, 

and the light path is shown in Fig. 1. The diffracted light is spread in 

a spectrum across the exit slit, the spectrum consisting of contributions 

from several orders of diffraction. To separate out the unwanted orders, 

filters, are placed at the entrance slit. Generally the experiment is 

conducted Using the first-order diffracted light. The second and higher 

orders are of shorter wavelength and are more easily blocked by our fil

ters. The slit widths are generally kept at 2 mm giving a spectral pass- 

band of 0.16 eV at a photon energy of 6 eV and about 0.0002 eV at a photon 

energy of 0.5 eV. Two gratings ruled at 600 grooves per millimeter are

19
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Fig, 1, Sketch Showing the Optical System Used in Our 
Modulation Spectrometer (Kottke, 1974).
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used to cover the range--one blazed for infrared radiation at 1000 nm, 

and the other blazed for ultraviolet radiation at 300 nm.

From the exit slit, the light is focused onto the sample surface. 

The sample is mounted on a glass cover slide, which in turn is mounted 

on a copper heat sink that can be cooled to liquid nitrogen temperature. 

Thin layers of high vacuum grease between the sample, cover slide, and 

copper block serve as an adhesive and enhance the thermal contact. The 

glass cover slide is underneath the sample to provide an adequate base 

for.attaching the electrodes. They can be attached directly to the sam^ 

pie using silver conducting paint, but we found these contacts to be 

fragile and nonuniform. Better contact is achieved by attaching the wires 

to the glass slide to which the silver paint sticks very well. Silver 

paint is then painted over the ends of the sample and allowed to seep 

under the sample, resulting in a good rugged electrical contact with the 

nichrome. The thickness of the cover slide is only 0.1 mm, and its 

presence causes no noticeable rise in the average temperature of the 

sample. A mask is placed over the sample exposing only a small part of 

the Ge^Te^ ^ film, and hiding the nichrome and silver paint from stray 

light that could cause an anomalous signal.

Three detectors are used depending on the spectral region. In 

the visible and ultraviolet we use an EMI model 9558QA photomultiplier 

tube. A Princeton Applied Research (PAR) model 180 programmable high- 

voltage supply, working in conjunction with a PAR model 221 photometric 

preamplifier, controls the operating voltage to give a constant current 

output. However, the response of the servo loop is designed to be slow
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so as not to compensate the thermo response. Since the average output 

of the tube, R, is constant, a measurement of AR will always be related 

to AR/R by a simple constant of proportionality. A block diagram of the 

electronics is shown in Fig. 2.

In the region from 800 nm to 1000 nm, a UDT model 500. PIN diode 

is used, and for longer wavelengths we use a PbS cell. When using either 

of these detectors, we must manually divide the static and modulated 

reflectance to obtain AR/R.

The modulated signal from the various detectors is measured using 

a PAR model 124 lock-in amplifier. The results are plotted on a Houston 

Instruments model 2000 X-Y recorder.

The modulation current is a square wave that originates from a 

Wavetek model 130 function generator and is amplified by a power ampli

fier built here. The resulting modulation current is dc biased so that 

there is no current for half of each cycle. All experiments were done 

with the modulation amplitude of five volts peak. The typical sample 

has a resistance of eight ohms, so the power dissipated is about 3 watts 

peak or 1.5 watts rms.
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CHAPTER 6

■ EXPERIMENTAL STUDIES

At the beginning of this research program the necessary equipment 

had been built. Kottke (1974) had used the equipment to study the thermo- 

reflectance of Ge^QTe^Q and had shown that it was possible to measure 

AR/R to an accuracy or 2 % 10”^ over most of the spectral range. With 

the experimental techniques developed, the extension of the work to other 

compositions appeared to present little problem.

Upon receiving the samples from Energy Conversion Devices, Inc., 

we decided to begin by making a quick survey of the thermoreflectance 

spectra across the range of compositions. We wished to gain a quick 

familiarity with the compositional dependence and to determine which 

regions would require further study. Additional samples could then be 

fabricated.

The initial thermoreflectance measurements were unsatisfactory, 

for a critical examination revealed a multitude of problems. These were 

mostly discontinuities of the response at points where the filters, grat

ings, or light sources had been changed.

One problem that we were plagued with for much of the time was

scattered light entering the sample chamber and interfering with the

measurement. Even a small amount could be detrimental to the experimental

results-— especially if the measurements were taken in spectral regions

where the quantum efficiency of the detector was low. If the scattered
24
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light corresponded to a larger quantum efficiency it could cause a 
disproportionately large fraction of the detector output. In this way 

the effect of the scattered light could be greatly magnified and could 

substantially alter the observed thermoreflectance.

In order to minimize the scattered intensity we painted all spec

ular surfaces in the monochromator with flat black paint. Masking was 

used so that light entering the monochromator would strike only the 

mirrors and not be scattered off the walls. Residual scattering by 

imperfections in the mirrors was still present; however, recoating the 

mirrors was the only way to eliminate it. Since this would involve re

mounting the mirrors and completely realigning the monochromator, we 

decided not to pursue this course.

A related problem was the rediffraction of light by the grating. 

As shown in Fig. 1, the light diffracted by the grating is brought to a 

focus in the plane of the exit slit. The exit slit then selects a small 

range of wavelengths out of the spectrum to be used for the thermoreflec-r 

tance measurement. However, the spatial width of the spectrum is large, 

and other wavelengths will be located in a narrow band that extends on 

both sides of the exit slit across the face of the grating and beyond. 

Light striking the grating a second time will again be diffracted. If it 

reaches the exit slit, it will mix with the singly diffracted light and 

cause the problem's described above. The problem may be easily eliminated 

by placing a mask in front of the grating that blocks out the band of 

previously diffracted light. In successive thermoreflectance scans, with
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and without the mask, we found a large disagreement in the position of 

the zero crossing. The presence of rediffracted light was therefore a
V/ - -definite source of error. ' .

Another difficulty was a misalignment of the gratings. Exchanging 

them resulted in a shift of the beam position on the sample. A permanent 

solution would require a realignment of the monochromator. However, since 

the spectral alignment was good, we found it easy to readjust the beam 

position each time the grating was changed. .

Our problems had not completely disappeared at this point. There 

still existed a large shift in the observed thermoreflectance when the 

grating was changed. The magnitude of the shift depended upon the posi

tion of the beam on the sample and could be as large as 1 x ICT^. We 

were led to believe that the disagreement was due to stray light reflected 

from the silver paint or from the nichrome heater strip. Incorporating 

a mask that covered all but a small portion of the sample reduced the mis

match by a factor of ten. The remainder was due to uneven heating of the 

sample and the fact that each grating distributed the light differently 

on the sample. The problem was corrected by improving the electrical 

contact between the silver paint and the nichrome to promote a more uni

form current flow.

So far, we have mentioned only optical difficulties, but there 

were some electronic problems also. We noticed that by reversing the' 

current flow through the sample, we could change the observed thermore

flectance by 2 x 10"^. The periodic magnetic field produced by the 

current was interfering with the electronic space charge in the PMT, and
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produced a signal that either reduced or augmented the true thermoreflec

tance. The effect of the magnetic field was reduced to a negligible 

value by wrapping a mu-metal shield around the tube.

The initial survey of the compositional range was never com

pleted. Midway through, the ion pump that keeps the sample chamber at a 

high vacuum began to develop problems. The pumping speed had diminished 

to the point that it could not handle the large volume of air when en

gaged to the rest of the system already at a rough vacuum. We could not 

repair the pump,' so it had to be replaced.

During the month that it took for the new pump to arrive, we 

designed and built the equipment that would be needed for sample prepa

ration. This included the flash evaporation equipment, the optical 

thickness monitor, and the equipment needed to prepare the bulk alloys. 

Work was also done on the interpretation of the thermoreflectance in the 

infrared where the alloy film is transparent. This will be discussed 

in greater detail in the next section.

The new pump arrived, and after installation we were able to

evacuate the system to 1 x 10 ^ torr. This vacuum was not as good as 
-7the 5 x 10" torr we had been able to achieve with the old pump; and an 

annoying problem had developed. As the sample returned to room temper

ature after being cooled for some time, there would be a sudden rise in 

pressure sufficient to shut off the ion pump. This was attributed to 

the formation of an ice layer on the cold finger, which evaporated 

rapidly when the temperature rose about the freezing point of water.
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The problem was tolerated, and we again tried to survey the range 

of compositions. This time the results were not repeatable. The zero 

crossing of the thermoreflectance could not be located with any pre

cision. For a G e^Q sample that we examined, the position of the zero 

crossing was different by about 100 nm on two successive days. It was 

postulated that the growth of an ice layer was responsible for the shift 

from day to day. If there was a layer of ice on the sample, the modu

lated reflectance would be due to changes in the optical constants of 

both the sample and the ice. It would also be a function of the thick

ness of the layer and would therefore change with time.

Several weeks were spent in leak checking and rebuilding the 

system. Several small leaks were found and repaired. The quartz win

dow, which had been mounted with an adhesive, was remounted on a rede

signed 0-ring flarige. The neoprene rubber 0-rings were replaced with 

Viton 0-rings that were more suitable for high vacuum use. The main

source of the problem was isolated to the teflon sleeving that was used

to insulate the thermocouple and modulation wires. With the insulation
_ g

removed, an acceptable base vacuum of 8 x 10" torr was achieved;

With the spectrometer working properly, we were able to complete 

the low temperature thermoreflectance study throughput the range of 

compositions. All scans were repeated on successive days, and the

results were found reproducible to within the experimental error. A

detailed description of the results and the interpretation will be dis

cussed later.



CHAPTER 7

MODULATED REFLECTANCE OF TRANSPARENT FILMS

As one would expect, our semiconducting films show high absorp- . 

tion"for photon energies above the optical gap. Photons that are not 

reflected by the surface of the film are absorbed by exciting electrons 

from the valence band into the conduction band. Because of the strong 

attenuation, the reflectance of the film is entirely due to the first 

' surface. The reflectance is, therefore> a simple function of the opti

cal constants and is given by

r = U  - n)2 + k2
Cl + n)2 + r 2

Interpretation of the modulated reflectance in this spectral region will 

be discussed in the next section.

For photon energies below the gap, the film is transparent, and 

the reflectance is characterized by interference between front and rear 

surface reflections. In this case, the reflectance is not only a func

tion of the optical constants of the film, but also of the film thick

ness, wavelength, and optical constants of the substrate. The thin film 

Fabry-Perot cavity that we have in this spectral region makes it neces

sary to treat the modulated reflectance data in a radically different 

manner from the data taken at higher photon energies. If the optical 

constants of the film are modulated.by a periodic change in temperature 

or some other parameter, the cavity response, AR, will be due mostly to

29



shifting interference fringes rather than changes in the first or.second 

surface reflectances. This is apparent because the fringe pattern of 

the cavity response has the same periodicity as the fringe pattern of 

the static reflectance. Also, upon entering the region of transparency 

we find that the peak values of AR/R grow to be up to two orders .of 

magnitude larger than the AR/R in the absorbing region. The presence of 

the cavity seems to amplify any change occurring in the optical constants 

It is obvious that the effect of modulating the optical constants is 

manifested quite differently in the cavity response.

Figure 3 plots R and AR from a thermoreflectance scan of Ge^TegQ 

taken in the infrared. One should note the definite phase relationship 

between the fringes of R and AR. In this case, the zeros of AR occur at 

approximately the wavelengths corresponding to the maxima and minima of 

R. In the following discussion we shall show how to exploit the relation 

ship between R and AR to obtain quantitative-values of An and Ak that 

are responsible for the response.

The analysis starts with an expression for the static reflectance, 

of the film. This can be obtained, by adding the contributions from the 

first and second surface reflections, while taking into account the 

phase shifts and attenuation that occur as the light traverses, the film.

The amplitude reflectance at normal incidence of an interface 

separating two media having complex refractive indices = n^ + ik^ 

and N7 = n9 + ik9 is given by

n^ - n g  + .iCkj.- kg) 
nl + n2 + ■iCk1 - k2)

N, .N,
r =

N1 * N2
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Fig. 3. Experimental Results Showing the Reflectance and 
Modulated Reflectance below the Gap for Ge^QTe^Q.



32
As a complex number, it can be written in polar form to bring out more 

clearly the phase relationship between the incident and reflected rays

r = p e*01

where

P =
(n i - n 2)2 + (k1 - k2)2 

(nl + n2)2 + (kx + k2)2

and

-1 2 fkln2 ” k2n l̂a = tan
"l2 - n22 + kl2 - k22

The relationship between the amplitude reflectance and the reflectivity, 

R, that we measure is

R = |r|2 = p2 .

We must now apply this to a thin film of index deposited on a sub

strate of index N2. Let r^ and r2 be the amplitude reflectances of the 

first and second interfaces where

ri = pi e
iai

i a 2
r 2 = p2 6

We let t^ be the transmission coefficient for light entering the film, 

and t| be the transmission coefficient for light leaving the film. If 

the thickness of the film is given by d, the phase shift experienced by 

the wavefront in passing through the film twice is
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A =
4nn^d

The attenuation that would occur in passing through the film twice would 

be given by

-4irk d/X 
e-C = e 1

Using this terminology, we can proceed by adding all contributions 

to the reflected wavefront. This is illustrated in Fig. 4.

1 2

1 2

-E iA

-£ 1A\2

Fig. 4. Contributions to the Reflected Wavefront 
from a Thin Film.
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' -£ iA M  _ _ -C iA , -K iA.2
1 ' ''lt lT 2e t1 " rir2e e + ^rir2e e ) - ...]

* -Zibr 1r = Tj + tltlr2e- e [    ]
1 + rir2e

r = rl " rl2r2 e'CelA + tlt'lr2 e'?elA
i - c  iA1 + 1 * ^ 2  e e

2Using the relation t^t’ = 1 - , we obtain

1 + rir2 e™C elA

Including in the expressions for and we have

r =

la.
1 a ■ K2p. e 1 + p. e"C el(A + a2)

1 + Plp2 e-S ei(A + al +

Rationalizing and splitting into real and imaginary parts, we have

2 _ r 2 - £
Cl + P2 e" cosa1 + Cl + p^ ) e~ P2 cos CA + a2)

2 2  „ 2  F -F1 + p^ p2 e" + 2p1p2 e cos (A + + a2)

(1 - p22 e ^)p1 sina^ + (1 - p^2) e ^p2 sinCA + a2)
2  2 — 2 F __ r1 + p^ p2 e~ + 2p1p2 e”s cos(A + + a2)

The reflectivity that we observe is



where

Cl - n p 2 + k j 2 
Cl + n j)2 + k :2

= tan -i -2 k i

1 - n i 2 - k i2

(n l - n2)2 + (k1 - k2)2 

(n l + n2)2 + (k1 + k2)2
a2 = tan-1 2[kin2 ' k2n l]2 2 , 2 , 2  

nl " n 2 + kl ‘ 2

The reflectivity of the thin film is a complicated function of the 

optical constants of both the film and the substrate. Differentiating the 

expression for R to obtain one for AR/R would no doubt give an even less 

attractive expression. Continuing in this manner appears to lead only to 

more mathematically intractable expressions and a dead end as far as our 

understanding is concerned.

From the thermoreflectance data we would like to be able to see 

through the complicated fringe patterns and determine quantitatively the 

changes in the optical constants, which account for the response. Fortu

nately, a straightforward method has been developed for doing this. We 

first assume that the entire response is due to the variation of the opti

cal constants of the film; the thickness of the film and the optical con

stants of the substrate are assumed to be constant.
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It is necessary first to understand how the reflectivity of the 

film depends upon the optical constants, n and k. To do this, it is 

useful to plot the amplitude reflectance, r, on the complex plane as a 

function of thickness (Apfel, 1972).

Beginning at zero thickness, we note that the amplitude reflec

tance will be just that of the substrate. Proceeding from this point, 

with increasing thickness, r will trace a counterclockwise spiral that 

encircles and asymptotically approaches the point corresponding to the 

amplitude reflectance of the bulk material.

This behavior is shown in Fig. 5. Actually, the distance along 

the spiral increases with the quantity nd/A. This means that for a small 

increase of n or d we would expect a counterclockwise movement of r 

along the spiral. For a small increase in the wavelength. A, r will 

move in a clockwise direction. The pitch of the spiral is determined 

by the extinction coefficient, k. For large k, the spiral will converge 

rapidly to its limiting value as shown in.Fig. 5b. For small k, the 

spiral will take longer to converge. This is shown in Fig. 5a.

We now have the keys for understanding the effect of modulating 

either optical constant. First, consider what would happen if the 

refractive index, n, were changed by a small amount. Suppose An is posi

tive. This would induce a small counterclockwise movement of r along 

the spiral, as shown in Fig. 6a. Here, we have indicated four points 

of major interest. Point A corresponds to a reflectance minimum. A 

■movement in r tangential to the spiral at point A will cause no change 

in reflectivity. There is a phase shift in r but no change in magnitude.
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Im r Im r

Re r

Fig. 5. Path that the Reflection Coefficient Takes in the Complex 
Plane when the Film Thickness is Increased.
(a) for a low absorption film.
(b) for a highly absorbing film.

Im r

Re r

Fig. 6. Movement of the Reflection Coefficient of a Thin Film 
when the Optical Constants are Varied.
(a) when the refractive index is increased by a 

small amount.
(b) when the extinction coefficient is increased 

by a small amount.
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Therefore, at point A, AR is zero. The same is true at point C, which 

corresponds to a maximum in reflectivity. AR will be zero at point C.

Points B and D are defined such that lines connecting them with the

origin are tangent to the spiral. Therefore, at point B, r moves away 

from the origin in a direction that results in the greatest change in 

reflectivity. Therefore, a positive extremum in AR would correspond to 

point B. Likewise, a negative extremum in AR would correspond to point 

C where r shifts toward the origin. To summarize, if n is varied we 

will expect the magnitude of AR to be greatest at points B and D. At 

points A and C, AR will be zero.

Now, consider what will happen if the extinction coefficient, k, 

is varied by a small amount. Let Ak be positive. With an increase in

k, the pitch of the spiral will increase; r will move in a direction

perpendicular to the spiral, as shown in Fig. 6b. Using the same anal

ysis that we used above, we find that AR will be a positive extreme at 

point A, and a negative extreme at point C. At points B and D, AR will 

be zero. The results are summarized below in Table 2.

Table 2. Modulated Reflectance at Four Points on the Spiral

Spiral
Point

AR When An is Positive 
' Ak = 0

AR When Ak is Positive 
An = 0

A 0 Maximum

B Maximum .0

C 0 Minimum

D Minimum . . 0

\



The points A, B, C, and D that we have mentioned are very spe

cial in the sense that the modulated reflectance at these points will 

depend upon a change of only one of the optical constantsi At points A 

and C, AR will depend only on the value of Ak. Likewise, the value of 

AR at points B and D will depend only on An. In this way, the effects 

of modulating n and k have been separated, and the problem has been 

reduced to one of solving for the change in only one constant instead 

of two. There is no problem in determining An and Ak if we limit our 

attention to these points. Also, without any calculation, one can deter 

mine the sign of An and Ak by just noting the sign of AR at these points 

For example, if AR is negative at point A, one can assume that Ak is 

negative; if AR is positive at point B, An must be positive, etc. There 

fore, we may quickly gain a qualitative idea- of the behavior of the 

optical constants as a function of temperature or any other modulation 

parameter.

There are three steps in the analysis of the thermoreflectance 

data. First, the optical constants of the film must be determined. 

Second, we must find the wavelengths corresponding to the points A, B,

C, and D on the amplitude reflectance spiral. Third, An and Ak are 

calculated at these wavelengths from the observed AR/R.

If the film is sufficiently transmitting, and if its thickness 

and the optical constants of the substrate are known, the optical con

stants of the film may be obtained from its static reflectance. The 

method for doing this is probably best illustrated with an example. 

Suppose the reflectance of the films shows a fifth order fringe located 

at the wavelength This fringe can either be a peak or a valley in



40

the reflectance curve; we arbitrarily assume it to be a peak. To obtain 

the refractive index n^ at we first make a guess and calculate the 

reflectance curve that this would give us. Suppose the calculated fifth 

order fringe is located at A^. If A,L < A^, n^ is too small. We make 

it larger to move A^ closer to A,-. If A^-> A^, n^ is too large and we 

must make it smaller. Using a computer, we may continue this process 

until the calculated and experimental positions of the fringe match.

This process can be repeated for the other fringes to determine the 

refractive index at other points of the spectrum.

Determination of k can be handled in much the same way, except 

that in this case, k is adjusted to achieve the proper fringe contrast 

in the calculated fringe pattern. A convenient measure of the contrast 

at any point in the spectrum is the ratio at a reflectance maximum to a 

neighboring minimum. For large k, this ratio is close to one, and the 

fringes are not visible; for small k, the ratio becomes larger as the 

contrast of the fringes becomes greater. It is, therefore, no problem 

to adjust k to a value for which the ratio between neighboring fringes 

in the calculated and experimental reflection spectra agrees.

Since the response of the spectrometer is not constant, one 

must take great care in finding the ratio of reflected intensities at 

different wavelengths. The relative response of the spectrometer may 

be judged by first using it to measure the reflectance of aluminum or 

some other material with a uniform reflectance throughout the infrared. 

This can be used as a scale against which neighboring reflectance min

ima and maxima of the samples are measured. Data taken in this way 

will yield more accurate ratios that can be used to determine k.
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Generally, the effects of changing n and k are not independent.

A change in n will have the primary effect of shifting the fringes in 

wavelength, but it will also cause a very small change in fringe con

trast. The contrast may be brought to the desired value by adjusting k, 

but this will also cause a small wavelength shift in the fringes. There

fore, we have incorporated into a computer program a process that simul

taneously adjusts n to place two neighboring fringes in their proper 

positions, while adjusting k to give the proper ratio. This process is 

continued with other pairs of fringes, and thus yields optical constants 

throughout the spectrum that are sufficiently accurate for our purposes.

The next problem is one of determining the wavelengths at which 

the modulated reflectance is a function of only An or Ak. In the general 

case, we can use the optical constants of the film to obtain R, and then 

perturb n or k to calculate AR^ or AR^. The zeros of AR^ correspond to 

the points A and C in our previous discussion, where the modulated reflec- 

• tance is dominated by Ak. The zeros of AR^ correspond to the points B 

and D, where the modulated reflectance is dominated by An. Figure 7c is 

a plot of the reflectance of a 1500 nm thick film of a material similar 

to Ge with the optical constants n = 4.5 and k = 0.1. It is deposited 

on a substrate similar to nickel, with n = 3.0 and k = 5.0. Figures 7a 

and 7b show AR^ and AR^, the results of perturbing n and k by small

amounts. Notice how well the zeros of AR and the extrema of AR. corre-n k
late with the extrema of R. This is what was predicted from the analysis 
of the amplitude reflectance spiral we discussed earlier. One should 

also note that the extreme of AR^ and the zeros of AR^ occur at the same 

wavelengths.



42

0 .001

- 0.001

0 . 001

(b)

- 0 .001

.5

0.4
(c)0.3

0.2

0. 1

0.0
1.5 vim1.41.31.2

Fig. 7. Calculated Results Showing the Spectral Dependence of R 
and AR when the Optical Constants are Varied.
(a) AR^ when n is changed from 4.500 to 4.501.
(b) AR̂ . when k is changed from 0.100 to 0.101.
(c) Static reflectance R with n = 4.500 and k = 0.100.
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In the case of our samples, it will not be necessary to go 

through an elaborate procedure to determine the wavelengths of the points 

A, B, C, and D. The plot of the thermoreflectance of GeTe shown in 

Fig. 3 is typical of the results found so far. The zeros of AR are 

located near the wavelengths corresponding to the extrema of R. Clearly, 

AR is dominated by An. It is a good approximation to conclude that the 

points B and D are at wavelengths corresponding to the extrema of AR, 

while the points A and C correspond to the extrema of R.

The third and last,problem is the determination of An and Ak.

Like the first problem, this must be handled by computer. The input 

parameters are the optical constants and thickness of the film, the 

optical constants of the substrate, and AR/R with the corresponding 

wavelengths at the points determined earlier where the modulated reflec

tance is a function of An or Ak only.

In the case of our samples, AR/R is dominated by An, so we first 

scan through the points B and D for which An is the only contributing 

factor. At each point,, an iterative procedure is used to generate a An 

that gives agreement between, the calculated and experimental value of 

AR/R. The same is then done to the points A and C, at which Ak is the 

sole contributing factor. In this case, a Ak is generated to provide 

agreement between the calculated and experimental results at each point.

Using this method. We obtain both An and Ak at discrete points 

of the spectrum. In order to correlate these results with the modulated 

reflectance in the spectral region above the absorption edge, we may use 

An and Ak to calculate AR/R of the first surface reflection.
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Although the conceptual difficulties have been eliminated^ there 

is one practical problem in applying the above techniques to our samples. 

The films are deposited on nichrome, whose optical constants are not 

known. Therefore, we cannot be sure that the method can be applied to 

these samples with any degree of accuracy. To remedy this problem, the 

new samples that we intend to make will have a heater strip of silver 

that has well defined optical constants.

The procedures described above are of general applicability to 

any modulated reflectance study involving thin transmitting films. It 

does not depend on the cause of the modulation; it simply is a method 

for determination of the changes in the optical constants, once the 

modulated reflectance is known.



'CHAPTER 8

EXPERIMENTAL RESULTS

We now have a set of thermoreflectance spectra for the five dif

ferent compositions. All the samples were studied at low temperature. 

The average temperature for all the samples, except Ge^gTe^Q, was 90 K. 

The temperature of Ge50Te5Q was a somewhat higher 100 K..

In, all cases, a 5-volt square wave was used to produce the-tem

perature modulation. The frequency was 4 Hz. For the 8 ohm sample 

resistance, the power dissipated in the sample was about 3 watts peak, 

or 1.5 watts rms. The results for the five compositions are plotted in 

Fig. 8.

Beginning with pure amorphous Ge, we find a rather featureless 

spectrum that is positive at low energies and that becomes negative for 

higher energy photons. The thermoreflectance is monotonically decreas

ing with increasing photon energy throughout the range from 1.2 to 6.2 

eV. The zero crossing occurs at 3.6 eV. One should note the sharp • 

contrast with the thermoreflectance of crystalline Ge as reported by 

Batz (1967) and shown in Fig. 9. The large amount of structure found 

in the crystalline sample is reduced drastically in the amorphous case..

The thermoreflectance of GOg^TegQ has the same featureless mono

tonic behavior that Ge^^^ showed. However, the addition of Te causes 

the zero crossing to be pushed down in energy from 3.6 eV to 3.3 eV.

Progressing toward higher Te concentrations, we find a drastic 

change in the thermoreflectance. The thermoreflectance spectrum of
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Fig. 8. Experimental Thermoreflectance 
Spectra for Five Compositions.
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a:
Cd<

120°K
400°K

Fig. 9. Thermoreflectance of Crystalline Ge 
at 120 K and 400 K (Batz, 1967).
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Ge^^Te^Q has a large negative peak at 5.4 eV. For higher photon energies 

AR/R moves rapidly toward positive values, crossing zero at 5.8 e'V. The 

first zero crossing follows the trend established earlier by moving down 

to 2.2 eV. There is a slight shoulder at around 4.0 eV. We will see in 

the following discussion, that the positive trends at 4.0 eV and 5.4 eV 

are of great importance in applying the thermoreflectance to the band 

structure.

Moving into regions of higher Te concentration, the thermoreflec

tance spectrum begins to take on a more complicated shape. In G e ^ T e ^ ,  

we see the development of two negative peaks-~one located at 3.0 eV and 

the other at 4.2 eV. There is also a fairly prominent shoulder at around 

5.6 eV. If we can extrapolate a bit, we find a zero crossing at 6.6 eV. 

The first zero crossing is at 1.8 eV, continuing the trend toward lower 

energies with higher Te concentration.

The sample Ge^Teg^ has the same double-peaked structure, with 

one peak located at 3.3 eV and the other at 5.6 eV. The location of the 

first zero crossing is 1.65 eV, while a second zero crossing may be ex

trapolated to 6.3 eV.

There are three trends that appear in the data as we move from 

Ge to Te rich mixtures. First, the zero crossing moves toward lower 

energiesi Second, for samples with a Te concentration of 50% or more, 

the modulated response appears to cross from negative to positive values 

at high energies. Third, when the Te concentration is greater than 50%, 

there is the development of the twin negative peaks, as seen in the ther

moreflectance of Ge^gTe^y and Ge1yTeg3.



CHAPTER 9

DISCUSSION

With the thermoreflectance data well established, the problem 

remains to correlate it with the electronic processes that occur in the 

samples. We shall proceed along two levels in our analysis. First, the 

thermoreflectance spectra will be discussed in terms of the optical 

constants and their respective variations. Using this approach we will 

discuss the significance of the zero crossings found in the spectra, and 

also consider the other structure associated with the Te rich alloys. In 

this way we will gain a qualitative understanding of the spectra. How

ever, for a more quantitative picture we will have to proceed on a sec

ond more fundamental level.

This second approach is to relate the optical constants directly 

to the electronic structure. This results in a great unification of our 

analysis. From the electronic structure follows all optical behavior, 

both static and modulated. It therefore should be possible to work back

wards using the optical behavior (thermoreflectance data) to find the 

required electronic structure.

Optical Constants

The optical behavior of a material is completely characterized 

by any one of several pairs of optical constants. For the purposes of 

this discussion we will use and e^, which are the real and imaginary
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parts of the dielectric function. They are closely related to the elec

tronic structure and hence are the logical choice. In other optical work 

it is common to use n and k to characterize the optical behavior. The 

relationship between these two sets of optical constants is

e2 = 2nk .

is the dielectric permittivity and is related to the polar- 

izability of the charge distribution in the material, is proportional

to the optical absorption. It is practically zero at wavelengths where 

the material is transparent but grows large when there is absorption due 

to photon-induced electron transitions or lattice vibrations.

The optical constants are not independent. The presence of a 

finite polarizability given by implies a restoring force between the 

positive and negative charge distributions. This restoring force implies 

a resonance frequency and therefore high absorption. If is large in 

one part of the spectrum, there must be.a large in another part. The 

relationship between the two optical constants is expressed by the dis

persion relations
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2ti)o r e ,  (to) -  12a)o f  - 1
e2(a,o) = ' — P  2“  ^  •J (i) - (i)n

(2)
0)0 “

For each integral the P indicates that the Cauchy principle value should 

be taken. Small changes in the optical constants are also related.

From Eq. (1) we obtain

9 r™w[Ac (w)]
Ae^Oo) = -  P / —  —  dw . (3)

y (l) ~ COq

Using and E., we can write an expression for the reflectivity of a 

material (Seraphin, 1972).

Ce,2 + E22)1/2 - [2b, + 2(El2 + + t

" = (c/ + e / ) 1/2 + [2El + 2 (e j2 + + 1 ' (4)

It is only a matter of differentiating Eq. (4) to express AR/R in 

terms of the optical constants. We are able to write it as

^  = oAc^ + 3Ae2 , (5)

where a and 3 are fractional coefficients given by

1 9Ra = R 9e1

1 9R
= r i f ;
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They are not constant and are functions of and . They can be 

expressed explicitly as (Seraphin and Bottka, 1966)

a = C1ICe1 - 1) A+ + CgA-]

B - 1)/A+ -

with

^  + e„2)1/2 ± £ij1/2A = +  1----- -----------Z____
4 " (e,2 + e22)1/2

C1 = ^ E1 " 1^2 + e22^"1

C2 = 2c2 ^ ^ 1  "  1')2 + £22^ el2 + e22')

(6)

The fractional coefficients are of central importance in the 

following discussion for they determine the relative influence of 

and on the observed thermoresponse. The presence of a and 3 in 

Eq. (5) means that we must be careful in interpreting structure in AR/R. 

Zeros in AR/R do not necessarily indicate zeros in Ae^ or Ae^. They 

could indicate zero crossing of a or 3. The same is true for other struc

tures. The two negative peaks found in the thermoreflectance of Te-rich 

alloys could easily be due to structure in a or 3.
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Interpretation of General Features 

For amorphous Ge we have calculated the fractional coefficients, 

and they are plotted in Fig. 10. The optical constants used in the cal

culation were obtained by Tauc et al. (1965). For a semiconductor, the 

curves are very typical,

0.02

0.01

- 0.01

- 0.02 -

Fig. 10. Fractional Coefficients Calculated for Amorphous Ge.

Below 1 eV, 3 is very small, and AR/R is dominated by Ac^. Above 

1 eV, however, 3 becomes larger, and Ae^ has an increasing influence. At 

2.4 eV a crosses zero and goes negative; and the same happens to 3 at 

4.8 eV. Both fractional coefficients remain negative and decreasing 

through and beyond 7 eV.

Now we must ask ourselves what this implies about the samples 

that we have studied. First, for all compositions including Gc ^q q , AR/R 

is positive for low energies. Since Ae^ dominates in this region and
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since a is positive it must be concluded that is positive. From the 

dispersion relation in Eq. (3) it is reasonable to conclude that Ae^ is 

also positive in this region.

Physically this means that increasing temperature causes the 

absorption to increase implying a reduction in the effective band gaps 

of the samples. The temperature coefficient of the gap, (<3E/8T)p, must 

therefore be negative. This is in complete agreement with other investi

gations of amorphous semiconductors (Fagen et al., 1970).

One feature of the thermoreflectance that is common to all compo

sitions is the presence of a zero crossing. There is a temptation to 

place special significance on this point by assuming that it indicates 

zero crossing of Ae^ or Ae^. However, this is not the case. The zero 

crossing of AR/R simply requires that the terms aAe^ and ^Ae^ cancel.

In Ge^QQ the zero crossing occurs at 3.6 eV where a is negative and 6 is 

positive. Barring the possibility that both Ae^ and Ae^ are zero at the 

same point we must conclude that they have the same sign and that their 

relative magnitudes cause cancellation of the two terms. To be con

sistent with our earlier observations we can conclude that the signs of 

AEj and Ae^ at the zero crossing are positive.

In the case of Ge^^g we saw that the zero crossing of the thermo

reflectance occurred between the zeros of a and 6. It is interesting to 

speculate on whether or not this is true for the other compositions. We 

do not know the optical constants so we cannot graph a and B as was done 

for Ge^QQ. However, the following argument will show that there is simi

lar behavior in each case.
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Let the energies A and B correspond to the zeros of a and B, and 

assume that for high concentrations of Te, the zero of AR/R moves outside 

the range between A and B„ This is depicted in Fig. 11 for four possible 

compositions. In this case, composition L has a greater Te content than 

composition K, etc.

Fig. 11. Possible Spectral Dependence of the Thermoreflec
tance for a Number of Compositions.
The points A and B signify the zeros of a and B 
respectively.

In Table 3 are listed the signs and relative magnitudes that Ae^ 

and Ae^ must have for the zero to occur. We assume that the fractional 

coefficients, a and B, have similar behavior for all compositions.
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Table 3. Signs and Relative Magnitudes of &e^ 
and Agg at Various Zeros of AR/R

Composition Ae1 A£2
K Positive Positive

L Large Positive Small Positive

M Large Positive Small Negative

N Positive . Negative

In going from composition L to composition M, a becomes positive at the 

zero of AR/R. Either Ae^ or AG2  must become negative, but from conti

nuity considerations we can assume that Ae^ goes negative because it is 

relatively small. •

For compositions L and M the negative Ac^ would force Ae^ nega

tive at lower energies through the dispersion relation in Eq. (5). How

ever, this contradicts the previously discussed fact that Ae^ is 

positive in that region. We must therefore assume that the zero of 

AR/R remains between the points A and B for all compositions.

In the Te-rich samples there is evidence of a second zero 

crossing at large photon energies. In this case we cannot obtain the 

signs of Ae^ and Ae^ since the behavior of a and B is not known. At 

low energies we could assume that the behaviors of a and 3 were similar 

for all compositions. However, at high energies it is difficult to make 

such an assumption since deeper electronic levels are responsible for 

the optical properties. These may be much different than for G e ^ ^ .



\

There are a number of things that could cause a second zero crossing, 

but our knowledge of the Te-rich materials is.not adequate to determine

the correct combination.
The thermoreflectance spectra of the Te-rich compositions pos

sess prominent negative peaks that call for some interpretation. Again 

we are hindered by not knowing the coefficients a and 3 exactly. The 

structure may be in the coefficients or in Ae^ and Ae2 . However, we 
can postpone this difficulty since in either case the features are band- 

structure related. If there are two peaks in the thermoreflectance 

spectra that are separated by 1 eV, there must be structures in the 

valence or conduction band densities of states that are separated by 1. 

eV. This is very simplistic and quantitative, but it is the best that 

can be done at this stage.

In the thermoreflectance of Ge^yTe^Q there is a shoulder at 4.0 

eV and a peak at 5.2 eV. The separation of the features is 1.4 eV. In 

the case of Ge^^Te^y, the first and second peaks are located at 3.0 eV 

and 4.3 eV with a separation of 1.3 eV. Likewise, the peaks of Ge^yTeg^ 

are at 3.3 eV and 5.4 eV, with a separation of 2.1 eV. These results 

are summarized in Table 4.

From these data we would expect to have structures in the den

sity of states with separations of 1.4 eV, 1.3 eV, and 2.1 eV for the 

three compositions. .
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Table 4. Separation of Structure in the 
Thermoreflectance Data

1st peak 2nd peak Separation
Composition (eV) (e¥) (eV)

GCg^Te^Q 4,0 5,4 1,4

Ge33Te67 3.0 4.3 1.3

Ge^ yT6g3 3.3 5.4 2.1

The double peaks in the thermoreflectance spectra and the pro

posed structure in the density of states can be interpreted in terms 

of the "lone pair" theory discussed earlier. Te has four electrons 

in its outer P shell. When the Te atoms are twofold-coordinated, two 

of the electrons are used in bonding and their energy states form 

what we normally associate as the valence band. However, the two other 

lone pair electrons are nonbonding and, therefore, must be at a higher 

energy. They form a lone pair band of states between the bonding and, 

therefore, must be at a higher energy. They form a lone pair band of 

states between the bonding states and the conduction band. The density 

of states of the valence band as a whole would exhibit two peaks. The 

peak of higher energy corresponds to the lone pair electrons, and the 

lower energy peak corresponds to the bonding electrons.

Therefore, the two structures we have proposed may be associated^, 

with the two peaks in the valence band. There is more evidence to this
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effect when one considers that the two peaks are not present in the 

thermoreflectance of the Ge-rich compositions. In this case, the con- 

centration of Te is not sufficiently high to produce the lone pair band.

Fisher and his associates (1974) have performed photoemission 

studies of the Ge-Te system, and their results are shown in Fig, 12.

For GeggTe^Q, they found the separation between the peaks in the va

lence band to be 1.5 eV. This is very close to the 1.4 eV separation 

that we obtained. For Ge>^gTe<gg they measured a peak separation of 

2.2 eV. This agrees with the 2.1 eV separation we found in Ge^TCgg.

Our results confirm the results of Fisher in that the lone pair 

band exists in Te-rich compositions up to, and including, GeggTOgg.

The lone pair phenomenon is dependent upon a twofold coordination scheme 

for Te atoms. Therefore, our results lend support to the theory that 

the Te atoms remain in twofold coordination throughout the compositional 

range.

Interpretation of Optical '.Spectra 
in Terms' of Electronic Structure

Using modulation spectroscopy, we have detected structure in the 

density of states without the experimental difficulties associated with 

photoemission studies. In this sense the results are impressive. How

ever, they are disappointing in the sense that they are not more quanti

tative. The thermoreflectance spectra have indicated structure in the 

density of states, but have not specified what kind of structure. We 

would, like to express the optical properties more directly in terms of
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Fig. 12. Photoemission Spectra of GexTe 1 _~ (Fisher et al., 1974). 

Note that the two peaks at the top of the valence 
band in the Te-rich compositions completely 
disappear when the Ge content is increased above 
67%. 
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the electronic structure. This will lead to a method for obtaining

more quantitative information about the density of states profiles 

from the thermoreflectance data.

We can start by defining in terms of the densities of states. 

Since, is proportional to the optical absorption, it will depend on 

the number of electron transitions that can occur between the valence 

and conduction bands. In a crystalline solid in which ^-conservation 

holds, the number of possible transitions for a given energy separation 

is obtained by summing all pairs of states having the same $ and sepa

rated by a given energy. In an amorphous solid, k-conservation is not 

an important selection rule (Tauc, 1972). An electron initially in the 

valence band can be excited into any state of the conduction band as 

long as energy is conserved. The number of possible transitions that 

can occur between an initial energy, E, and a final energy, E + hw, is 

proportional to D^(E)D^ (E + hw). D (E) and D^(E + hw) are the valence 

and conduction band densities of states at the initial and final ener

gies. To determine the total probability of a transition, all initial 

states must be included. It has been, shown by Tauc (1972) that in 

an amorphous semiconductor can be expressed as

(7)

where the integral is taken over the energy range occupied by the 

valence band. The quantity, K, is a constant that contains the transi

tion matrix element.
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Donovan and Spicer (1968) have shown for amorphous Ge that £ 2  

obtained in this way agrees well with values obtained by more direct 

methods.

When the temperature is modulated there will be two effects. 

First, the periodic dilation of the lattice will cause changes in the 

band gap. Second, the phonon occupation numbers will be periodically 

changed causing a variation in the energy added to electrons through 

the electron-phonon interactions. Both effects can be brought together 

as an overall change in the effective' band separation. We have already 

shown that the temperature coefficient of the band gap is negative. 

Therefore, the effective band separation should decrease with a small 

increase in temperature.

bands are brought together by an amount n« If the density of states 

profiles both shift by an amount n/2, toward the center of the gap, 

the change in £ 2  will be

Using this expression we may introduce arbitrary density of 

states profiles and calculate the AE 2  that would result if the profiles 

were brought together. An example is shown in Fig; 13.

Using these expressions it is possible to determine what the 

modulated reflectance would be if.any given, electronic structure were 

perturbed. The analysis would be carried out in the following steps.

Now we consider the effect on £ 2  if the valence and conduction

dD.CE . + hto) . dD (E) c v Dc (E + hcj)]dE (8)
dE
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Fig. 13. Calculated Shift in when the Band Separation 
is Decreased.
We assume the density of states as shown in 
(a). Application of Eq. (8) will give the 
results Shown in (b). Units have been neglected.
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1. Assume density of states profiles for the. valence and 

conduction bands.

2. From step 1, calculate £ 2  using Eq. (7).

3. From step 2, calculate , using Eq. (1).

4. From the results of steps 2 and 3, calculate the 

fractional coefficients, a and 0.

5. Introduce a small perturbation, n, and from step 1, 

calculate Ae^, using Eq. (8).

6. From step 5, calculate Ae^, using Eq. [3).

7. From a, 8, Ae^ and Ae^ calculate AR/R.

Using this procedure it is possible to model the densities of

states to give a calculated AR/R that resembles the experimental data. 

If the assumption that we have made in relating the optical constants

to the densities of states is correct, the model we obtain should be

close to reality.



CHAPTER 10

. FUTURE PLANS

In the course of this research program the work has fallBn into 

two broad areas. The first was the actual measurement of the thermo

reflectance spectra and the second was the development of analytical 

techniques for interpretation of the spectra.

In the experimental work, many problems were encountered before 

reliable results were available. We believe that the instrumentation 

is now in good condition and will not" present any foreseeable problems 

to the person using it in the future„

The measurements described in this report were all performed at 

liquid nitrogen temperature. Further investigations could be done with 

the sample at room temperature or some intermediate temperature. This 

would give us more information concerning thermal dependence of the 

electronic structure.

Many investigators have found that annealing amorphous semicon

ductors at a temperature slightly exceeding the glass transition temper

ature can have a noticeable effect on the electronic properties. 

Annealing has the effect of closing voids and removing other imperfec

tions that can disturb the electronic structure. We would like to 

anneal some of the samples that have already been examined.since an 

annealed film would have an optical behavior more characteristic of 

the composition.
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A large amount of work has been done in the area of,sample, prep

aration. There were wide ranges in the compositional spectrum that were 

not represented by the samples we had purchased. Therefore, it is ap

propriate for us to try to make other samples to fill the gaps in our 

investigation. We have already developed the capability for bulk sample 

preparation, and the equipment for deposition and thickness monitoring 

has been built. More work is required in the development of suitable 

evaporation techniques that give durable films with good compositional 

integrity.

Sample preparation need not be limited to the Ge-Te system. With 

the experimental and analytical techniques developed there is much that 

can be. done with other alloy systems.

The focus of much work has been the development of analytical 

tools to make modulation spectroscopy into a viable tool for the study 

of amorphous semiconductors. Since the compositions in the Ge-Te system 

can be prepared only in thin films, there arose severe problems with 

interference below the absorption edge. This made it necessary to 

develop a technique for recovering the intrinsic thermoreflectance 

from the interference. To a large extent, the computer program for 

doing the analysis has been written. A little more work is needed 

before the program is ready for use. Actual utilization must wait 

until samples are prepared using substrates with known optical constants

We described in the report an analytical method for modeling the 

electronic structure of an amorphous semiconductor from the thermoreflec 

tance data. There is work to be done in adapting this procedure to a
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' ' e ' ■computer controlled processe If a semi-automatic process can be 

developed, we will have made great progress into the study of electronic 

structure in some technologically promising materials.
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