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ABSTRACT

A modulation spectrometer with a spectral range from 0.4 

eV to 6.4 eV was first assembled and tested. This spectrometer was 

then used to record the thermoreflectance spectrum of amorphous GeTe.
The results are presented and discussed in two parts corresponding 
to regions in which the GeTe is transparent or opaque to the inci

dent radiation.
Between 1.5 eV and 6.4 eV the GeTe is opaque. The thermore

flectance response at 100°K is positive for photon energies between 

1.5 eV and 2.21 eV and negative for photon energies between 2.21 eV
and 6.4 eV. Peaks are seen at 5.11 eV and 5.54 eV and a broad shoulder
is centered at about 3.5 eV. At 200°K the zero crossing shifts to 2.46 

eV. Also at this temperature the 5.11 eV peak shifts to 4.65 eV and 
the broad shoulder has shifted from 3.5 eV to 3.3 eV. No further shift

ing was observed in a thermoreflectance spectrum taken at 316°K.

Below 1.5 eV the GeTe becomes transparent. In this region a 

large interference type structure is superimposed upon the intrinsic 
thermoreflectance response. The origin of the interference type struc
ture has been traced to a modulation of the optical constants which 

characterize the interference in the static reflectance. Attempts to 
retrieve the intrinsic thermoreflectance lineshape from the data were 

not successful.



INTRODUCTION

This introduction will be presented in five main sections. We 

begin in the present section with an historical type approach, discuss

ing only those features which are common to all branches of modulation 
spectroscopy. After this the discussion will be narrowed to thermore
flectance-- that branch of modulation spectroscopy which has been the 
basic tool used in this project. Thirdly, we shall introduce the prop

erties and basic theory of amorphous materials, comparing them to their 

more widely understood crystalline counterparts. Next, a review of the 
results of previous investigations will be given. Finally, a brief sec

tion discussing the objectives of this program will be presented.

Historical Introduction 
During the first part of this century, classical absorption 

spectroscopy played an important role in the evolution of the quantum • 

mechanical theory of the atom. An abundant supply of data was avail

able and it was successfully used to correlate the observed spectral 

lines to the transitions between the energy levels of the quantum me

chanical model. The discrete and widely spaced energy levels which are 

characteristic of an isolated atom result in spectra which also are dis- . 
crete and highly resolved.

Unfortunately, this rather simple energy level picture of an 

isolated atom is drastically altered when a large number of these atoms 

are brought close enough together to strongly interact.(i.e., in a solid).
1



Discrete energy levels are still present, only now they are arranged 
very close together over sizable regions of the energy scale. In fact, 
these allowed energy levels arrange themselves so closely that this 

region of the energy scale is usually pictured as a continuum of allowed 

levels. Between these regions of allowed energy levels are the so-called 
forbidden regions. This is, of course, just a simple view of what has 
come to be known as the band model of solids.

Due to the band-like character of the energy levels in a solid, 
ordinary reflectance or absorption measurements of radiation incident 
upon a solid do not provide the highly resolved and easily interpretable 
type of data which were characteristic of similar measurements on systems 

in which the atoms do not interact. This point is illustrated in Figure 
1, which shows the static reflectance curves of solid GeTe, both in the 

crystalline and the amorphous forms. Note that we do see some structure 
superimposed on a broad featureless background, but the width of this 

structure is broad. Peaks can be defined at best to about 0.1 eV. Need

less to say, any uncertainties or ambiguities in the interpretation of 

the data are carried over into attempts to correlate the results with the 

electronic structure of the material.

Spectra such as the one pictured in Figure 1 were one of the 

prime sources of experimental input to the band theory of solids during 
the 1950's and early 1960's. Toward the end of this period, however, 
it became apparent that a more reliable and more informative source of 

experimental input was needed. Attempts to correlate experimental and 
theoretical results were running into difficulty. This was due primarily 

to the fact that most band structure calculations are semi-empirical in
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Fig. 1. Static - reflectance curves for amorphous and polycrystalline 
GeTe.1

nature. First-principle calculations based on some postulated crystal 
potential are accurate to only about 1 ev. This makes necessary the use 
of the semi-empirical calculations which are based partly on band theory, 

but which also rely heavily on the accurate experimental determination 

of a few key spectral transitions. This interdependence of theory and 

experiment requires a highly reliable source of experimental input in 

order to avoid a cyclic progression of errors.

The experimental picture was brightened considerably with the 

advent of modulation spectroscopy. It began in 1965 when Seraphin devel

oped the electroreflectance technique.2 The modulation of other sample
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parameters such as stress3 and temperature4*5 soon followed and the 
field has been rapidly expanding to the present time.

Fundamental Concepts of 
Modulation Spectroscopy

Just what is it that makes modulation spectroscopy a technique 
which is superior to static measurement techniques? To answer this 
question we must consider how we correlate the observed optical prop
erties of a solid to its band structure.

Let us begin by examining static optical measurements. Whereas 
atomic spectroscopy involved mainly absorption measurements, solid state 

spectroscopy must rely on both absorption and reflectance measurements 
because of the opacity of solids over large spectral regions. As in 

atomic spectroscopy, the fundamental process we wish to study is the 
lifting of an electron into a higher energy state through the absorption 

of electromagnetic radiation. We would expect, therefore, that the 

correlation between the observed optical properties of a solid and its 

energy band structure would be most directly accomplished through ab

sorption rather than reflectance measurements. Unfortunately, in solid 
state spectroscopy such measurements are usually possible only over a 

very limited spectral range below the fundamental absorption edge.
At normal incidence the reflectance from a solid of index n and 

extinction coefficient k in air is given by Fresnel's equation,

R = . (1)
(n + I)2 + k2

Alternatively, we can express the ratio of incident field amplitude to 
the reflected field amplitude in terms of the complex number f such that



where now n refers to the complex form of the index of refraction, 
n = n + ik. It is more common in the field of modulation spectroscopy 
to express the reflectance R = |f|2 in terms of the complex dielectric 
function e = ej + ie2* The dielectric function is related to the 
complex index of refraction by e = h2 so that

Ei = n2 - k2 (3)

£2 = 2nk . (4)

Then in terms of e 1 and eg the reflectance is given by

(ei2+e22) - [2ei + 2 (e12+e22)^]^ + 1
R = ------------------------------------ . (5)

(e12+e22) + [2e1 + 2Cei2+£22)^]^ + 1

It is clear that two optical constants are needed to charac

terize the optical properties of a solid at any one frequency. One 
might expect also that two independent measurements are required in 
order to determine these constants. This is not the case, however,

since the various pairs of optical constants are related by pairs of

integral equations known as Kramers-Kronig transforms.6 These trans

forms are shown in Table 1.

The Kramers-Kronig relations allow one of the optical constants 

to be calculated if the other one has been measured over all frequencies. 
Thus, if the reflectance R of a material has been measured over all fre

quencies the phase angle $ can be calculated from the appropriate Kramers-

Kronig relation. If both R and cp are known then r is known, and from f, 
both n and k (or ej and e2) can be determined. The final correlation
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between the optical constant eg and the electronic structure of the 
material is then made using semiclassical radiation theory.7

The important feature to remember in the above discussion is 
that the optical constants can be determined only after an experimental 

measurement is made over all frequencies. Of course, no experiment can 

cover the entire frequency scale, and so extrapolations become necessary 

in the regions where measurements were not made. These extrapolations 
can then lead to errors in the optical constant which is calculated from 

the Kramers-Kronig relation.
Next let us see how modulated reflectance measurements can im

prove upon this situation. A modulated reflectance measurement means 

that rather than record the static reflectance R, we instead record the 

derivative of R with respect to some external parameter such as electric 

field, stress, or temperature. The names of the modulated reflectance 
techniques associated with these three parameters respectively are elec

troreflectance, piezoreflectance, and thermoreflectance. The derivative 

of R is formed by periodically varying one of the external parameters.

This results in a corresponding periodic change, AR, in the reflectance 
which is then measured with a phase sensitive detector. In order, to give 

meaning to the magnitude of the AR signals, it is necessary to normalize 

them by dividing by R. The normalized response, AR/R, is the fundamental .. 

quantity measured in modulated reflectance experiments. AR/R varies 

typically between 10~3 and 10~5.
Referring to the expression for R given in equation (5), we see 

that the normalized total differential AR/R can be expressed as
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Where a

(6)

Now just as the phase angle <j> could be determined by a Kramers-Kronig 

analysis of the static reflectance curve, Acp is also calculable from an 
experimental curve of AR/R through the differential Kramers-Kronig rela
tion. 8

where P indicates the Cauchy principal value of the integral should be 
taken. With both AR/R and Acf> known, Ac % and Ae2 can be determined using 
equations (2), (3), and (4). The last step then is to again relate the 

Aci and Ae2 curves to the electronic structure of the material by at
tempting to reproduce these curves theoretically. The entire procedure 

is analogous to that used in correlating optical constants to the elec

tronic structure by means of static measurements. The superiority of the 

modulation techniques is not immediately obvious and comes only upon 
examination of the modulated reflectance data. In contrast to the typical 

static reflectance curves shown in Figure 1, a modulated reflectance 
curve often consists of sharp peaks separated by regions in which there 

is no signal at all. A typical example of such a spectrum is the well 

established electroreflectance spectrum of germanium2 shown in Figure 2.
A Kramers-Kronig analysis of such spectra becomes easier when the data 

is localized to only a few narrow spectral regions. The extrapolations 
which led to erroneous results in the static measurements do not cause

(7)
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Fig. 2. Electroreflectance spectrum of crystalline Ge.2 -- Peaks with 
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near as many problems in modulation measurements because there is no 

signal throughout much of the spectrum.

The above discussion demonstrates the superiority of modulated 

reflectance techniques in a formal way using the mathematics of the opti

cal constants. From a more intuitive point of view, we can also demon

strate the superiority of these techniques by considering some of the 
fundamental band structure characteristics of a solid.

The observed optical spectra of a solid are essentially a re

flection of the joint density of states function (the density of states 

with a particular energy separation at a particular point in the Brill- 

ouin zone), possibly modified somewhat by the transition probabilities.

We examine this function by referring to the calculated energy band struc
ture of Si shown in Figure 3. We recall that curves such as these give 

the allowed energy states for an electron as a function of the electron 

wavevector (momentum). Although pictured as continuous function, the curves
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actually consist of equally spaced but very closely separated points.

There are two rules which govern the fundamental optical ab

sorption process. These rules originate from two of the well-known 

conservation laws of physics. Conservation of energy requires that 

the photon energy equal the energy separation of the initial and final 
states if a given transition is to be allowed. Conservation of momentum 
requires that the difference between the momentum of the electron in its 

final state and the momentum in its initial state be equal to the mo

mentum of the photon. However, the momentum of the photon is several 

orders of magnitude smaller than either the initial or final electron 

momentum. Hence this second rule essentially states that the initial and 

final electron momenta must be identical, unless another mechanism, such 

as a phonon, enters into the interaction. With reference to Figure 3, 

this means that only those states which lie vertically above a given
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state will be allowed final states in a transition. This rule then 
is usually referred to as the K-conservation rule.

ftKeeping these two rules in mind it is then reasonable to expect

maximum contributions to the optical absorption in regions of the Brill-
ouin zone .which have the largest densities of states separated vertically
in the zone. This clearly demonstrates the importance of the joint
density of states function. If we were to plot the vertical energy sep-.

aration (AE) between two bands as a function of electron wavevector ^ ,

then it can. be shown that the joint density of states depends inversely
on the gradient of this function [V-y(AE)]. At points where the gradientk
vanishes the joint density of states becomes very large, and these sin

gularities are known as critical points. These critical points occur at 
points in the Brillouin zone where the curves (such as those in Figure 

3) are parallel. When considering the total optical absorption for pho
tons of a given energy, it is necessary to add up the contributions from 
states in all parts of the Brillouin zone that have the proper energy 

separation. However, we can easily see that these contributions will 

be largest at the critical points. It is these large critical point con

tributions which are usually considered responsible for the coarse struc
ture in a static reflectance curve.

In general, however, a static reflectance spectrum represents 

(at any given photon energy), the summation of all the possible transi-
i .

tions within the entire Brillouin zone. This accounts for the very 

broad features seen in such spectra. Modulated reflectance spectra on 
the other hand show much sharper features and large spectral regions in 

which no response at all is seen. This suggests that the contributions
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to modulated reflectance spectra come from highly localized regions 
of the Brillouin zone. The periodically applied modulation has the 
most impact at the critical points. Contributions from non-critical 

point transitions are not modulated and are therefore suppressed in the 

synchronous and phase-correlated mode of detection. Critical point 

spectra can therefore be seen without interference from the non-critical 
point background contributions. The vectorial modulation techniques 
give even further information as to the location of a particular crit
ical point within the Brillouin zone. Proper identification of a few 
principal critical points is the key to some of the semiempirical band 
structure calculations previously discussed. It is the properly iden
tified sequence of critical points read out from a modulated spectrum 

that provides the experimental input to the theoretical calculation, as 
described above.

Thermoreflectance
In general, the application of the various different modulation 

parameters will result in modulated reflectance spectra of different ap

pearance. It is appropriate therefore to mention some of the character

istic features of thermo-reflectance measurements.

The application of both stress and electric field are vectorial 

modulation techniques. The results can therefore be expected to differ 
depending upon the alignment of this vectorial quantity with respect to 
other vectorial parameters such as the crystal axes or the polarization 

of the light. Temperature modulation, on the other hand, is a scalar 
modulation technique and therefore lacks some of the diagnostic capabil

ities of the vectorial techniques. For this same reason, however.
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thermoreflectance data seem to be among the easiest to interpret as 
the signals often can be related to simpler processes than are involved 
in the stress or electric field modulations.

Temperature modulation was first used in 1966 by Batz4 and 

Bbrglund.5 In addition to being one of the modulation techniques which 

is easiest to interpret theoretically, thermoreflectance is also con
venient from an experimental viewpoint. Thermoreflectance samples are 
usually easier to make and to mount than electroreflectance or piezo

reflectance samples. The technique is applicable to both metals and 
semiconductors. A more detailed discussion of the experimental proce

dures used in this work will be given in a later section.

A number of mechanisms have been proposed to explain the effects 

which temperature modulation has upon the electronic structure of a solid. 
Some results can be explained by simply assuming that the temperature 

variation causes a spectral shift of an energy gap. Batz,10 for example, 

was able to reproduce some of his experimental results from crystalline 

Ge by assuming such a shift. Berglund,5 in his thermoabsorption measure

ments of Si, GaAs, GdS, and KTaOg, assumed that temperature modulation 

of the density of phonons was the primary mechanism causing the results 

he observed. Other effects such as the modulation of the lifetime 
broadening11 and excitonic effects12 have also been considered. Fortu

nately, only one or two of these mechanisms is usually all that is needed 

to explain a,given spectral profile.
All of the studies mentioned above were concerned with crystalline 

materials. Only within the last two years have thermomodulation studies
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of disordered materials been started. There are several reasons to 
explain this late start. Before discussing the thermomodulation of 
amorphous materials, however, we should first review some of the 
characteristic features which these materials exhibit.

Disordered Solids 

This discussion of the fundamental properties of amorphous 

materials is divided into four main sections covering their structural 
properties, band structure, optical properties, and electrical proper
ties. Wherever possible these properties are discussed by comparing 

them to their more widely understood crystalline counterparts.

Structural Properties

Structurally, the disordered solid is distinguished from the 
crystalline phase primarily by the absence of any long range order.

Any periodicity which might be present disappears over the first few 
atomic distances. The short range order is identical for the crystalline 

and amorphous phases of many elements, such as silicon, germanium, 
selenium, and tellurium. Coordination numbers for these materials are 

the same for either phase. We shall see, however, that the short range 

order of the crystalline and amorphous phases of GeTe are very different.

Solids are found to exhibit many different types of bonding 
(covalent, metallic, ionic, van der Waals, etc.). However, it is found 

that in general the tendency for a material to exist in an amorphous 

form is greater for covalently bonded materials and least for metallic 

and ionically bonded materials. All four of the elements just mentioned 

above form covalent amorphous structures.



Band Structure

In view of the strong emphasis which is placed on long-range . 
atomic periodicity as a necessary prerequisite for the development of 
band theory, it might come as a surprise, that disordered solids exhibit 
any kind of band structure at all. The long-range periodicity of a 

crystal leads to Bloch's theorem, which in turns leads to the idea of 
delocalized energy states, and in this way the electrical properties 
of solids have been accurately predicted. It would seem that periodi
city is of fundamental importance to the process of electrical conduction 

in solids. However, as Adler13 has pointed out, this idea can easily be 

put to the test by measuring the conductivity of a crystal through its 

melting temperature, where the long-range order disappears. The results 
of such tests show no significant changes in conductivity through the 

melting temperature except for some materials whose short-range order 
also changes upon melting. Apparently too much emphasis has been placed 

on the need for long-range order in band theory.

Let us compare some of the observed properties of crystalline 

and amorphous semiconductors that relate to the basic band structure 
features. A crystalline semiconductor, at absolute zero temperature, 

consists of an empty conduction band of states separated by an energy gap 

from a filled valence band. These energy states are said to be delocal-: 

ized or entended, i.e., the electron wave functions are not confined to 

any particular portion of the crystal. The density of states is pictured 

schematically in Figure 4. This figure also shows the density of states 

for amorphous semiconductors seen in the model proposed by Mqtt.1  ̂ The 

basic features of crystalline density of states persist in the amorphous
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Fig. 4. Schematic density of states for a crystalline and an amorphous 
semiconductor.15

material as long as the short range order is not significantly different. 

The bulk of the states in the valence and conduction bands are still de
localized. However, instead of cutting off sharply at the gap, the bands 

in the amorphous material have tails which extend into the gap. The 

characteristics of these band tails depend on the types and degrees of
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disorder which the material exhibits. In highly disordered materials, 

the tails may overlap. The states in the band tails are localized.
Because of the tails of localized states, it becomes difficult 

to define an energy gap for an amorphous- semiconductor. It has been 
suggested16 that the concept of a mobility gap is more appropriate for 
such solids. The bulk of the states in the bodies of the valence and 

conduction bands are extended states which have a correspondingly high 

mobility. The states in the band tails are of a completely different 

nature. They are highly localized within the material and conduction 
between such states takes place only when additional energy is supplied. 
Such conduction is termed hopping Conduction and it of course has a 
considerably lower mobility associated with it. The separation of the 

extended and localized states results in a sharp reduction in the mo

bility by several orders of magnitude.
In a crystalline semiconductor the wavevector (momentum) ^ 

is the quantum number used to describe the states. Conservation of 

momentum then leads to.a selection rule regarding the initial and final 

states involved in any particular electronic transition. This rule re
stricts the transitions to those in which the momentum (wavevector) of 

the electron does not change since the momentum of the photon causing 
the transition is negligible. In amorphous semiconductors ^ is no long

er a good quantum number, and in general then, it is no longer necessary 

for the initial and final electron states to have the same momentum. ..

Optical Properties
In crystalline semiconductors, it is the joint density of states 

which determine, together with the transition matrix elements, structure
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in the optical constants. In amorphous materials, conservation is no

longer required and the spectral features are now determined by convolu
tions of the density of states in the conduction and valence bands alone. 
This will generally result in the washing out or broadening of most of 

the structure seen in the crystalline spectra.
The index of refraction at long wavelengths seems to show a 

significant difference between the crystalline and amorphous phases only 

if the short range order of the two phases is different. As mentioned

earlier, this will prove to be the case for GeTe.
Since free carriers are absent in amorphous semiconductors,

(even at high temperatures), the correlated absorption is generally 

not seen. This results in a better transparency in the infrared for an 
amorphous material than for a crystalline material with the same energy 

gap.

Transport Properties
Conduction in amorphous semiconductors can take place by two 

processes. One of these is through the intrinsic excitation of a carrier 
across the band gap and into extended states. The other is termed hop
ping conduction and takes place when an electron--either through thermal 

excitation or forced by a field--moves from one localized state to another.
Mobilities measured for amorphous semiconductors are found to be 

low compared to the crystalline phase. It is not surprising then that 

the resistivities of amorphous semiconductors are often several orders 

of magnitude larger than the resistivities of the corresponding crystalline 

materials.
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Previous Investigations of GeTe

Structural Properties
Amorphous GeTe films can be prepared by evaporation or sputter

ing onto a substrate whose temperature is held below approximately 130°
C. When deposited above this temperature, the films are polycrystalline. 

The purpose of this section is to define the differences in the struc

tural properties of the two phases as reported by previous investigators.

As mentioned above, the short range order of many materials re
mains essentially unchanged through the transformation from crystalline 

to the amorphous phase. The earliest studies indicated that this was 
the case for GeTe. More recently, however, the radial distribution 
studies17*18>19 have shown that the short range characteristics such as 

nearest-neighbor distance and coordination number are different for the 

amorphous and crystalline phases. The nearest-neighbor separation for 

the crystalline phase is 3.0 %  while the corresponding separation for 

the amorphous phase is only 2.7 X. The coordination number for both the 
Ge atom's and the Te_ atoms in the crystalline phase is 6. For the amor

phous phase the coordination numbers are not yet well established. Dove 

et al.17 have concluded that the coordination number is 4. Hilton et 

al.20 believe it should be 2. And finally Betts, Bienenstock, and 

Ovshinsky19 have come up with coordination numbers of 4 for the Ge atoms 

and 2 for the Te atoms in order to explain their data. Note that even 

though some doubts still exist in this matter, no one has proposed a 

coordination number for the amorphous phase which is equivalent to that 

of the crystalline phase.
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Thus, we see that the short range order for the amorphous and 
crystalline phases of GeTe is very different. It would therefore be 
incorrect to deduce a band structure for the amorphous phase from in
vestigations of the crystalline phase.

Transport Properties

The transport properties of amorphous and crystalline GeTe also 
show significant differences. Crystalline GeTe films exhibit the proper
ties of a degenerate p-type semi-conductor with the Fermi level being 
0.3 eV to 0.5 eV inside the valence band.21,22 The degeneracy is thought 

to result from a high carrier concentration on the order of -1020 -1021 

cm"3. At room temperature the crystalline phase has a resistivity of 
10"^ ft-cm. The corresponding room temperature resistivity for amorphous 

GeTe is about 103 ft-cm, seven orders of magnitude higher, making it 

an insulator. The amorphous films show a strong exponential increase in 

resistivity as they are cooled to liquid nitrogen temperature, while the 

crystalline films show an almost negligible positive temperature coeffi

cient over this same temperature interval.
In contrast to the metallic-like conduction of crystalline GeTe, 

the amorphous films are characterized by an intrinsic semiconductor be

havior with an energy gap of about 0.8 eV.22 In order to completely ex

plain the transport properties of these amorphous films, Bahl and Chopra 

have postulated that conduction takes place both in the conduction band 

by intrinsically excited carriers and by a hopping process between local

ized levels in the valence band.



21
Optical Properties

Bahl and Chopra23 have also studied the optical properties of 
both amorphous and crystalline GeTe films. Measurements were carried 

out over the spectral region .0.83y-25y. Defining the absorption edge 

as the position of the maximum slope in a curve of absorption coeffi

cient versus photon energy, Bahl and Chopra have located this edge at 

approximately 0.85 eV for the amorphous films and at 0.73 - 0.95 eV 
for the crystalline films (depending on carrier concentration). Fur
ther studies of the amorphous phase showed that this absorption edge 
has a temperature coefficient of -4.5 x 10-1* eV/°C.

This would seem to indicate a great deal of similarity between 

the amorphous and crystalline films. However, further optical studies 

by Tsu, Howard, and Esaki24 and tunneling studies by Stiles, Esaki, 

and Howard25 suggest that crystalline GeTe actually has a very narrow 
band gap of only 0.1 - 0.2 eV. The absorption edge observed by Bahl 

and Chopra is thus assumed to be due to a strong Burstein shift.26 

This observation along with the differences in short range order would 

tend to indicate that the similarities in absorption properties of the 

two phases is purely accidental.

Another optical measurement also demonstrates the significant 

difference between the amorphous and crystalline phases with respect to 
free carrier effects. When the classical free electron model is applied 

to the refractive index measurements on Bahl and Chopra's23 crystalline 

films, the results indeed show a free carrier dispersion with a plasma 

resonance at about 5u• The amorphous films on the other hand were found 

to exhibit no free carrier dispersion.
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Program Motivations and Objectives 
Studies of disordered solids using the techniques of modulation 

spectroscopy are really just beginning. For the past decade experiments 

have been focused primarily on crystalline materials. Seraphin,21* in 

his closing address at the First International Conference on Modulation 
Spectroscopy, has explained this apparent lack of interest in the dis
ordered phase as follows

Optical spectra of crystalline solids, as mentioned previously, 
have structure which is determined primarily by the joint density of 
states function. Modulation spectroscopy has proven to be a technique

which is very sensitive to the discontinuities in this function. The 
->K-conservation rule keeps the modulation response highly localized.

When, as in a disordered solid, the K-conservation rule no longer holds, 

the optical spectra are determined by a convolution of the densities of 
states in the valence and conduction bands. Thus, one might expect all 
of the structure in modulation spectra of disordered solids to disappear.

That this expectation, expressed by Seraphin, is not fully real

ized is now becoming more apparent. Portions of the structure seen in 

the spectra of crystalline materials are retained in the amorphous phase. 

Other portions may be lost and still others may be retained in broadened, 

out form. Hence, we see that even though the modulation spectra of dis

ordered solids may not be as precise and as easily interpretable as the 
spectra of crystalline solids, a significant amount of information can 

still be obtained. In any case, the modulation spectra of disordered 

solids will still give much more accurate data than the corresponding 

static optical spectra.
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The results reported in this thesis represent only the first 

half of a proposed two year project. In order to put these results 
in proper perspective it is essential that the objectives of the entire 
program be discussed. This program calls for the study of disordered 

solids which exhibit all types of disorder ranging from purely posi
tional to purely compositional. Any of the standard modulation tech
niques could be used for these studies, although it now appears that 

the bulk of the program will consist of thermoreflectance and electro- 

reflectance measurements.
We have chosen the binary system Ge^Te^ x for the proposed 

studies. The various fractional components x (with 0 < x < 1) will 

produce samples covering the entire spectrum of disorder types. When 
x=l we have the purely positional disorder of amorphous Ge. We also 
note that amorphous Ge has been established as one of the solids whose 

short range order is very similar for both the amorphous and crystalline 

phases. A recent thermoreflectance study of amorphous Ge by Fischer 

and Donovan25 indicated no response between 0.4 eV and 3.0 eV.
For x=0.5 we have GeTe - the composition investigated in this 

first phase of the program. Amorphous GeTe has a short range order which 

is very different from that of the crystalline phase, and we have recorded 
a thermoreflectance response over the entire range of 0.5 eV to 6.2 eV. 

Clearly, variations in the type of disorder affect the electronic struc

ture, as evidenced by the difference in modulation response seen in the 
above two examples. A thermoreflectance study of samples covering the 
entire range of Ge Te1 should, when correlated with the results of other

X  1  - X

investigations, give a better understanding of the Structural and bonding
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properties of the entire series. The results of the program should 

also be of interest from a technological viewpoint, as recent studies 
have indicated possible applications in switching and memory 

devices.29 >30



SAMPLES

The amorphous GeTe samples used in this study were not prepared 
in otir own facilities. We discuss in this section the methods used to 
prepare and characterize them. We will further discuss the actual layer 
structure of the thin film samples and the techniques used to mount 

these samples in the experimental setup. Finally, we will describe pro
cedures which were used in this laboratory to determine the optimum 

thermomodulation parameters.

Preparation and Characterization 
There are two ways to prepare amorphous materials. One of these 

is to take a material which is in its highly disordered liquid or gaseous 

state and then quench the material to below its melting point so rapidly 
that the disorder becomes "frozen in." The second method is to create 
the disordered material at a temperature far below that which is necessary 

to produce any long range order in a reasonable length of time.

Amorphous GeTe cannot be prepared by quenching techniques.31 

However, thin amorphous films can be easily evaporated or sputtered sim

ply by holding the substrate temperature below approximately 130° C,32 

This temperature was found to be independent of the substrate material. 
Howard and Tsu33 have also commented that GeTe is easily evaporated in 

the form of a molecular vapor and that the resulting films are therefore 

not susceptible to conroositional uncertainties.
25
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The particular GeTe films used in this study were sputtered 
at a rate of 250 Jfymin to a final thickness of about 2.2y. The sub
strate was a previously sputtered film of nichrome and was held at 

room temperature during the sputtering of the GeTe. The geometry of 

the samples will be discussed further in a later section.

Bahl and Chopra-32 have carefully analyzed amorphous films pre

pared under conditions similar to those just mentioned. Broad halo- 
type electron diffraction patterns indicated that the films were in

deed amorphous. The amorphous phase transformed very rapidly to the 

crystalline phase at the very well defined temperature of 145° C ± 3° C. 
This transformation is accompanied by a.change in film resistivity from 
103 fi-cm to 10"4 fi-cm.. No partial crystallization of the films is no
ticed at temperatures less than the crystallization temperature. In 

contrast to these observations, Howard and Tsu found that their evap
orated films would crystallize before reaching 120° C ± 10° C. Further

more, they said the crystallization took place slowly and was therefore 

not well defined in temperature. They do concur with Bahl and Chopra 

that the films are stable in the amorphous state as long as they are 

not heated above room temperature. :

Sample Geometry

Cross sectional views of one of the thermoreflectance samples 

are shown in Figure 5. The substrate is a chip of p-type silicon 9mm 

by 16mm in area and approximately 0.1mm thick. Over the surface of the 

substrate an oxide layer was thermally grown to a thickness of approxi

mately Ip. On top of the oxide a layer of nichrome has been sputtered 

to a thickness of 0.15p. Finally, the top layer is the amorphous GeTe
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Side View
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End View

(1.) GeTe 
(2.) Nichrome 

(3.) Si02

- 2 . 2\i

-  0 . 1 5 y

- lu
(4.) Si Substrate
9mm x 16mm - 0.1mm thick

Fig. 5. Layer structure of the GeTe thermoreflectance sample.-- Current 
is pulsed through the nichrome layer to periodically heat the 
GeT e.

which also has been sputtered to a thickness of 2.2y. The GeTe has 

been etched off near two edges to provide a place to attach electrical 

leads to the nichrome layer.

The purpose of the silicon substrate is purely for mechanical 

support. The oxide layer provides electrical insulation for the nichrome 

layer. The nichrome layer is the layer through which the thermomodulation 
current is pulsed. The periodic resistive heating caused by the pulsed 
current in the nichrome results in a periodic heating of the GeTe layer.



Sample Mounting 

The samples were mounted on a flat surfaced copper block 

attached to the end of the liquid nitrogen cold finger. The samples 
themselves did not come directly in contact with the copper block.
A thin glass disk was placed between the copper and the.sample sub
strate. This disk was 2.5 cm in diameter and about 0.1 mm thick.

High vacuum silicone grease was used to make a good thermal contact 
between the glass and the copper block and between the glass disk and 
the sample substrate. The purpose of the glass disk was to allow 
extra space for attaching the electrical leads to the samples. The
electrical leads were contacted to the sample by using silver paint..

' . < ■
The silver paint extended over the edge of the sample between the nichrome 
layer and the underlying glass disk. In this way the silver paint also 

acted as the primary support holding the sample to the glass disk.
Sample temperatures were monitored by means of a chromel-alumel 

thermocouple attached directly to the GeTe layer. Silver paint was also 

used to make this attachment.
An aluminum mask was placed over the sample such that only the 

GeTe layer was exposed to the incident light.

Thermomodulation Parameters 

Scouler,3A in his thermoreflectance studies.of gold, used samples 
whose dimensions were very similar to those of the samples I have used. 

During his experiments he found that he needed to supply at most 12 W/cm2 
of power to his samples. From this figure and the geometry of our samples 

we were able to calculate roughly the power supply requirements. The
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appropriate supply, consisting of a Wavetek model 130 function
generator coupled to a power amplifier, was assembled in the labora
tory.

When the thermomodulation power supply was installed, data
were taken to determine the appropriate thermomodulation parameters
to be used in the experiments. The results are shown in Figures 6
and 7. Figure 6 shows the rise in average sample temperature as a

t-d 200
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g 100<u
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0 1 2 3 4 5 6 7

Applied Voltage (Volts)

Fig. 6. Graph showing average sample temperature vs applied p-p vol
tage. -- Sample temperature is raised 30°K - 40°K by typical 
modulation voltages of 4V to 5V.

function of the peak-to-peak modulation voltage applied to the sample.

This curve, of course, applies for all modulation frequencies. For the

fixed modulation voltage of 4V peak-to-peak the temperature modulation.

AT, as a function of modulation frequency is shown in Figure 7.

,o*
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Fig. 7. Graph showing the temperature modulation AT vs modulation 
frequency. -- The curve indicates that a low frequency is 
needed to get a large AT.

The temperature modulation of the sample is obtained by measuring the 

thermocouple output with the differential input of the PAR 124 lock-in 
amplifier. This plot indicates, as expected, that a low frequency is 

required to obtain a significantly large temperature modulation. We 
have used modulation voltages of 4V to 6V peak-to-peak at a frequency 

of 4 Hz to obtain the results discussed below.



INSTRUMENTATION

This section describes the equipment used throughout all the 
experiments reported here. This equipment represents a typical example 

of the equipment being used in today's modulation spectrometers.

A block diagram representing the modulation spectrometer which 
I have used is shown in Figure 8. This spectrometer has a spectral range 
running from 0.4 eV to about 6.0 eV. Two different sources were used 

to cover this range. A 100 watt tungsten filament lamp was used in the 

infrared and most of the visible region. The blue end of the visible 
scale and the ultraviolet were covered using a Beckman hydrogen lamp.

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

3/4 meter monochromator. The 1702 is a grating instrument with variable 

entrance and exit slits. Two gratings were available for use--one blazed 

for infrared radiation at ly and the other blazed for ultraviolet radia

tion at 0.3y. Both gratings were ruled to 600 grooves per millimeter.

A series of long-pass optical filters was used to eliminate overlapping 
orders within the monochromator.

From the exit slit of the monochromator the light is next brought 

to focus on the sample surface. The sample is mounted inside a high vac

uum system so that the sample can be cooled to liquid nitrogen temperature 

without contaminating the sample surface. This vacuum system is pumped 

with an Ultek model 236-1500 cryogenic pump and an Ultek model 202-2000

31
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Fig. 8. Block diagram of the modulation spectrometer.
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ion pump to a pressure of about 5 x 10""7 torr before beginning each 

experiment. A 10 cm diameter quartz window is employed to allow the 

samiple beam to pass in and out of the vacuum system.

Upon leaving the sample the light beam is finally reimaged onto 
the appropriate detector. A. sketch showing the entire optical system 
is shown in Figure 9,

Two different detectors were employed during the experiments.
In the infrared region of the spectrum, between approximately 0.8p and 

3.On, a PbS detector was used. This detector has an effective area of 
1 cm2. In the ultraviolet and visible regions of the spectrum an EMI 

model 9558QA photomultiplier was used.
The configuration of the electronics which follow the detector 

depends upon just which detector is being used. Consider the photomulti
plier detector first. It was mentioned in an earlier section that we 

are interested in measuring the normalized modulation response AR/R.

The modulation spectrometer is equipped to measure this ratio directly 

when the photomultiplier detector is used. After leaving the photomulti

plier the AR signal (riding on the background R signal) enters a Prince
ton Applied Research (PAR) model 221 photometric preamplifier. This de
vice amplifies both R and AR and passes the a.c. portion of the signal 

(AR) on to the phase sensitive detector. The 221 also provides a d.c. 

output signal which is proportional to R. This "error signal," as it is 

called, is used to control a PAR model 280 high voltage supply--the sup

ply which is used to power the photomultiplier. In this way the pream

plifier and high voltage supply combine to keep the d.c. portion of the 
photomultiplier current at a constant level. For example, when the
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Fig. 9. Sketch showing the optical system used in our 
modulation spectrometer.
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background intensity R striking the photocathode increases, the pre
amplifier and high voltage supply immediately combine to lower the 
voltage being applied to the photomultiplier so that the value of R is 

kept at a constant level.

This technique of holding R at a constant level in order to get 

the normalized modulation response directly is in common use today. 

Several other techniques are also used, such as a feedback mechanism to 

vary the monochromator entrance slit width, to name just one example.

When such feedback techniques are not used, two alternatives are still 
available. Either R and AR can be divided electronically, thus obtain

ing again a direct plot of AR/R, or else we can separately record AR 
and R and then later divide the results by hand. The latter process is 

of course much more time consuming.

The PbS cell is a photoconductive detector and its large dark 
current prevents direct application of the feedback techniques discussed 

above. An attempt to null out the dark current by placing the detector 

in one arm of a bridge circuit failed due to variations in the cell re

sistance with small changes in cell temperature. When the PbS cell was 
used to take data, R and AR were recorded separately and the results 

divided by hand. The detector was used in a standard series circuit con

sisting of a battery, the PbS cell, and a load resistor. The output of 

the load resistor was a.c. coupled to the lock-in amplifier. The dark 

current is eliminated by chopping the light beam at the source with a 

400 Hz Bulova tuning fork chopper.



Two different lock-in amplifiers were used during the course 
of the experiments. One was a PAR model 124 and the other an Ithaco 

model 391. The two instruments gave about the same signal-to-noise 
ratio in our applications.

Most of the data were plotted on a Hewlett-Packard model 7000AM 
x-y recorder. .



RESULTS
• . I

Verification of Signals

The reflectance changes detected in thermorefleCtance mea
surements are very small and usually well buried in detector noise.

For this reason, steps must be taken to insure that the signals origi
nate from the thermomodulation of the sample's optical constants, and 
not from any other source.

In order to establish the validity of the thermoreflectance 

signals, I have required that they pass a series of three tests. To 

begin with, recall that the signals are being measured with a phase 

sensitive lock-in amplifier. When a prospective thermoreflectance sig

nal is located, the phase relationship between this signal and the refer
ence signal is adjusted to maximize the response. The first of three 

tests then requires that the signal disappear entirely when the phase 

setting of the lock-in amplifier is shifted by 90 degrees. Failure to 
pass this test means that only noise is being detected.

The second test requires that the signal disappear when modula

tion of the sample is discontinued. Failure to pass this test means 
that the signal has an origin external to the sample.

Conceivably the signal could pass the second test and still 

not originate from the sample. This would be true, for example, if 

the signal from the thermomodulation source were somehow improperly 
picked up and carried to the detector, bypassing the sample. For this

37
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reason, the final test requires that the signal disappear when a 
shutter at the monochromator entrance slit is closed.

Experimental Accuracy 

The smallest AR/R which can be detected at any given wave

length depends upon the background noise. This noise varies over any 

given spectrum due to changes in detector sensitivity, lamp output, 
grating efficiency, etc. At best the noise limit in AR/R was about 
0.5 x 10~5, and at worst about 2 x 10 5. Following Standard practice, I 
have plotted the AR/R spectra by drawing a line as accurately as possi
ble through the center of the noise band in the real AR/R recording.
When this procedure is followed, the uncertainty in AR/R is considerably 

less than the noise amplitudes since the results are repeatable to much 
less than these limits. .

This repeatability refers to the spectra taken in the same run 
when the temperature of the sample has not been changed significantly. 
The data were not nearly as repeatable when comparing spectra taken in 

different runs, since the thermal conductance between the sample and 

the copper heat sink may be altered by cycling the temperature between 

room temperature and liquid nitrogen temperature.

Temperature measurements were made with a' chromel-alumel thermo

couple attached directly to the sample surface. Gathering data over 

the full spectral range of the spectrometer usually took 8 to 12 hours. 

For runs at 100°K and 200° K, the average sample temperature could be
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held constant to within about 3° K. For runs at 310° K, the sample 
temperature increased by about 8 degrees during the time the data 
was gathered.

The temperature modulation AT was measured with the differen
tial input of the PAR 124 lock-in amplifier. Because the lock-in 

amplifier gives an rms value of the signal, the recorded values of 

AT were multiplied by /2 in order to give a peak-to-peak value of AT.
. In order to maximize the signal-to-noise ratio the mono

chromator slits were kept at a constant setting of 2mm, resulting 

in a spectral bandpass of the monochromator of only 0.16 eV at a 

photon energy of 6 eV and about 0.0002 eV at a photon energy of 0.5 
eV.

Phase of Signals 

We recall that a thermoreflectance experiment measures the 
derivative of the reflectance with respect to temperature, as is 

clearly seen when we write AR/R in the form

f  - E§AT . W
The question of the phase relationship between, dR/dT and AT is of 

primary importance, and involves the physics of the interpretation, 

Does a positive AT cause a positive or a negative derivative of the 

reflectance? In other words, if at a given spectral position we . 

measure a AR/R of 5 x 10 5, how do we know whether it should be



40

+5 x 10-5, or -5 x 10"5? From a more fundamental point of view, 

this question is related to whether a band gap corresponding to a 

given peak in the AR/R spectrum is expanding or contracting with 

temperature.

From equation 8 we Can see that, since R is always positive, 
the sign of AR/R is determined entirely by the sign of the deriva
tive dR/dT. Thus a measurement of the static reflectance R as a 

function of T will (through its slope) give the proper sign of dR/dT. 

If the AR/R spectrum is continuous over the full spectral range of 

the spectrometer, i.e., if there are no regions (such as those in 

Figure 2) where the signal completely disappears, then the measure

ment of R versus T needs to be carried out at a single wavelength 
only.. The proper sign of the AR/R signal is then established at all 
other wavelengths merely by requiring a continuous joining of all the 

various segments of data to produce the total AR/R spectrum.
I have measured R as a function of T at X = 7000 X (1.77 eV). 

The results are shown in Figure 10. At this wavelength a positive 
slope is indicated over the full range of temperatures studied in our 

experiments. Thus, we know that AR/R must be positive at 1.77 eV.
Of course, we do not actually measure absolute reflectance in 

this experiment. We merely detect the intensity of light which is 
reflected from our sample. Let Iq be the intensity of the incident 

radiation and let Ii be the intensity of light reflected from the 

sample when the sample is at a temperature T%. The intensity of light
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Fig. 10. Change in the static reflectance of amorphous GeTe as a 
function of sample temperature. -- Data was taken at a 
wavelength of 7000 ft.
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reaching the detector will be less than Ii due to reflection losses 

in the spectrometer’s optical system. Let these losses be represented 
by a factor a. Then the detector sees an intensity ali at the tempera

ture Tj and 0 I 2 at a different temperature T2. By definition, the re
flectance Ri at the temperature T \ is given by

Hence, for the temperature T 1 the detector sees an intensity aI0Ri 

and for T2 it sees olQR2. The signal which is read out at the lock-in 
amplifier is proportional to the intensity of the light striking the 
detector through a proportionality constant y. The rms voltage read 

out at the lock-in amplifier at a temperature T^ is then given by

If we let Tj be liquid nitrogen temperature and T2 be room 

temperature, then the percentage change in signal (as seen by the lock- 
in) in going from T2 to Tj is given by

In making the measurement the light was chopped at 400 Hz, detected 

with the photomultiplier, and the signal was then fed into the lock-in.

(9)

Therefore, we can write

0 R 1 I Q  = 0 I 1 (10)

V% = yoI0Ri (11)

V2-V1 yoIqR^yoIqRi R2-Ri (12)
V2 yoioR2 R2
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The monochromator slits were adjusted so that at room temperature 

V2 was 100 mV. As shown in Figure 10, the signal decreased monotoni- 
cally as the temperature was shifted from T2 to T}. At Tj the signal 
had dropped by about 1 mV to 99 mV. This 1 mV change in signal was 
spread over a significant portion of the chart recorder paper by using 
the zero-offset on the lock-in amplifier to view the 100 mV signal on
the 10 mV scale. From equation 12 the percentage change in reflectance

is
R2-Rl 100mV-99mV
  =   = .01
R2 lOOmV

In going from room temperature to liquid nitrogen temperature the re
flectance changes by 1% of its value at room temperature. Of course, 
there is no way of getting the absolute values of Rj and R2 from these
measurements. However we know that from the data of Fisher and Spicer

shown in Figure 1 that the room temperature value of the reflectance 

at 1.77 eV is about 0.38. The change in reflectance in going from R2 

to R} is therefore 1% of 0.38, or about .004, as shown in Figure 10.

Thermoreflectance Spectra 
The results of the thermoreflectance measurements on amorphous 

GeTe are shown in Figures 11, 12, and 13. Figures 11 and 12 give the 

results at a temperature of 100° K--the lowest temperature studied. 

Figure 11 shows the response between 1.5 eV and 6.2 eV. The signal is 

positive for photon energies less than 2.21 eV and negative for all 

photon energies between 2.21 eV and 6.2 eV. Two prominent peaks are
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seen above 5.0 eV--one 1ocated at 5.11 eV and the other at 5.54 eV,
A very broad shoulder is also seen on the low energy side of these 

peaks. This shoulder is centered at about 3.5 eV. All of the data 
in Figure 11 were recorded by using the photomultiplier detector.

The remaining portion of the spectrometer's range was covered 
using the PbS detector. The results are shown in Figure 12. Note 
that the scale is 1000 times larger.in Figure 12 than in Figure 11.
The most prominent features in this region are the strong interference 
peaks. As we approach the fundamental absorption edge, the GeTe layer 

of the sample becomes transparent and begins to act like a Fabry-Perot 
cavity--thus causing.the strong interference effects to be superimposed 

on the intrinsic modulation response. In Figure 12 we have plotted the 
peaks in the AR/R curve only. For simplicity these peaks have been 

connected by straight lines. If we compare positive peaks with the 

nearest negative peaks, then it is found that the positive peaks are 

larger in magnitude than the negative peaks down to a photon energy of
0.8 eV. Below 0.8 eV the negative peaks suddenly become larger than 

the positive peaks.

Thermoreflectance spectra were also recorded at the temperatures 

of 200° K and 310° K. To provide for easier comparison, the results, 

for all three temperatures are plotted in Figure 13. , A modulation vol
tage of 5 V peak was applied to obtain each of the three spectra. The 

temperature modulation AT is seen to increase with temperature, perhaps 

due to a decrease in thermal conductance between the sample and the 

copper heat sink at the higher temperatures.



Several of the spectral features are found to be temperature 

dependent. The zero crossing at 2.21 eV shifts to higher energies 
with increasing temperature. At 200° K the crossing has shifted to 
2.46 eV, but no further shift is seen at the temperature of 310° K.

All of the other spectral features in this region show negative tem
perature coefficients. The large peak at 5.11 eV shifts to 4.65 eV 
at 200°K, but again no further shift is seen at 310° K. The broad 
shoulder at about 3.5 eV shifts to about 3.3 eV at 200° K and then 

apparently disappears at 310° K. The smaller high energy peak at 
5.54 eV is already absent at 200° K. However, a second broad shoulder 
appears at this same spectral position in the spectrum taken at 310° K.



DISCUSSION

Because the results at photon energies below 1.5 eV present 
themselves in a manner totally different from the results above 1.5 
eV, these two regions will be discussed separately. Let us consider

first the low energy region.

Thermoreflectance Response Below 1.5 eV

Origin of the Response

In the region of transparency of the amorphous GeTe layer, 
the incident light can undergo one or more internal reflections at 
the front and back surfaces of this layer. We would therefore expect 

to see interference peaks in the static reflectance curve. It must 
be strongly emphasized, however, that this in no way implies that simi
lar interference type structure will necessarily appear in the modulated 

reflectance spectrum. The modulation spectrometer responds only to sig

nals with the modulation frequency, and rejects the static unmodulated 

interference pattern. In a spectral region where the sample layer is 
not transparent, a modulation response will be detected only if the op

tical constants of the sample are modulated. Similarly, in a region

of sample transparency, it is possible to obtain interference type
structure in the modulated reflectance spectrum only if one of the 

parameters which generate and characterize the interference in the sta

tic reflectance is being modulated.
49
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Let us examine the parameters which characterize the inter
ference pattern seen in the static reflectance of a thin transparent 
film. We recall that, for a configuration such as this, interference 

maxima in the static reflectance can be expected at wavelengths which 
satisfy

2nt = mX (13)

where t is the thickness of the cavity medium, n is the index of re

fraction of this medium, and m is an integer (normal incidence is as

sumed). It is possible to transfer the interference structure of the 

static reflectance into the modulation spectra only if one or more of 
the parameters in this equation is being modulated. In our case clear
ly X and m are not being modulated. An intrinsic modulation of the in
dex n is of course possible and this is what we wish to detect. How
ever, since our modulation parameter is temperature, and since the GeTe 
layer has a coefficient of thermal expansion, we must also concede that 

a modulation of the GeTe thickness is a possibility.

In our experiments thickness modulation can be ruled out for 

two reasons. We consider first, through some elementary calculations, 
the effects which index and thickness modulations can have in shifting 

the wavelength X^ at which an interference peak occurs in the static 

reflectance. From equation 13 we get

A*p = (14)

for a thickness modulation, and"

.. 2tAnAX = ----p m
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for an index modulation. If temperature is the modulation parameter 
we can write

at = a t = t  1 dt- AT = tctAT

where a is the coefficient of thermal expansion. For An we can write 

An = § A T  

Thus equations 14 and 15 become

AXp = ^ AT 04%)

and

AXp = f 5 T AT (15%)

No values for the expansion coefficient of amorphous GeTe could be 

found in the literature. However, a value of a for polycrystalline 
GeTe is available.35 Values of n and dn/dT were obtained from the work 
of Bahl and Chopra,23 and the order m can be determined from equation

13. When the appropriate numbers are substituted into equation 14a 
and 15a, we find that (for AT = 1°K) an index modulation can cause an 

interference peak at X = 1.8y to shift by 2.2 X while a thickness modu
lation can cause a shift of only 0.2 X. The index modulation is clearly

the dominant mechanism contributing to the reflectance modulation.

Secondly, thickness modulation can be ruled out on the basis 

of the experimental results. Any response due to thickness modulation 

should be independent of the wavelength of the light striking the sam

ple. Thus as we scan toward longer wavelengths (i.e., into the trans
parent region of the GeTe) any AR/R response which results from thick

ness modulation should reach a maximum and then remain at this maximum
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value no matter how far into the infrared we scan. If on the other 
hand the response is a result of an intrinsic modulation of the index 

of refraction, then the signal should proceed back toward zero once 
we have passed the absorption edge. The results shown in' Figure 12 
clearly support this latter conclusion.

Although thickness modulation can be ruled out, in the region 

of GeTe transparency a modulated response could, in principle, be 

caused by two mechanisms other than an intrinsic modulation of the 
GeTe optical constants. First, a large thermoreflectance response 
immediately below the absorption edge could be generated by free 

carrier thermoabsorption of the.light which is reflected back from the 
rear sample surface. This can be ruled out, however, since Bahl and 
Chopra23 have shown that amorphous GeTe, unlike its crystalline counter
part, does not exhibit free carrier absorption.

To understand the second possible modulation mechanism, we 

must consider that the periodic heating of the GeTe is accomplished 

by pulsing a current through the nichrome layer immediately beneath 
the GeTe. The thermal modulation of the nichrome could lead to thermo
reflectance signals originating in the nichrome rather than in the GeTe. 

This is of course only a possibility in the infrared portion of the 

spectrum where the GeTe becomes transparent.

We have been able to rule out the thermoreflectance of nichrome 

by experiment. We attempted to record thermoreflectance signals from 

samples which are identical to those shown in Figure 5 except that the
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GeTe later has been etched off. No AR/R signals were detected in the 
infrared portion of the spectrum to a sensiticity of 7 x lO-5 or less. 
This is three orders of magnitude smaller than the signals we see from 
our GeTe samples in the same region.

Interpretation

A great deal of time and effort was spent in attempting to 
somehow retrieve the intrinsic thermoreflectance lineshape from the 

complicated response shown in Figure 12. This section summarized these 
efforts.

Suppose we were to draw an envelope about the thermoreflectance 
response shown in Figure 12. It is clear then that the intrinsic 

thermoreflectance response must lie somewhere within this envelope. 

Therefore as the thermoreflectance response shown in Figure 12 oscil

lates back and forth between positive and negative values, it must fre
quently cross the intrinsic thermoreflectance lineshape. Hence.there 

are a number of points in the thermoreflectance trace shown in Figure 
12 which coincide with the intrinsic thermoreflectance response.

Attempts were made to calculate the wavelengths at which these points 

of coincidence occurred and thereby arrive at an interpretation of the 

experimental spectrum.

The calculation involves first the derivation of the static re

flectance from a thin absorbing film (GeTe) on top of an opaque metal 

film (nichrome). The derivation is not too difficult, but the result 
is extremely unwieldy. It depends on the optical constants of the GeTe, 
the optical constants of the nichrome, and the thickness of the GeTe
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layer. The expression for the reflectance is much too lengthy and com
plicated to differentiate analytically. Since an analytic expression 
for AR/R could not be determined, a calculation of the wavelengths at 
which the measured thermoreflectance response was the same as the in- 
trinsic thermoreflectance response could not be made.

A second avenue of approach was considered in which the 

differentiation of the calculated reflectance would be carried out 

by computer. Various lineshapes of the differential optical con

stants An and Ak would be fed into the computer until a good fit was 

obtained between the experimental AR/R spectrum and the computer 
generated AR/R spectrum. Before this approach could be attempted we 
would need to know the optical constants of both amorphous GeTe and 

nichrome over the entire region of interest (Ip to 3p). The optical 
constants of amorphous GeTe are available only for wavelengths greater 

than 1.4p. The optical constants of nichrome are not available in 

the literature.

Conclusions
We have clearly demonstrated the existance of a thermoreflectance 

response for amorphous GeTe throughout the spectral region from 0.5 eV 

to 1.5 eV. Precise interpretation of the spectra is not possible be

cause of the large interference type structure which is superimposed 

on the intrinsic thermoreflectance response. It is most likely of 

significance, however, that the interference type structure in Figure 

12 reaches a maximum at about 0.8 eV, in good agreement with the reported 
position of the absorption edge for amorphous GeTe.23*33
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There is a strong possibility that the interference effects, 

which have proven to be so bothersome in this region of the spectrum, 
can be eliminated during the second year of this program when new 
thermoreflectance samples will be fabricated in our own facilities.
The interference effects can be eliminated by evaporating GeTe layers 

which are optically thin enough such that interference in the static 
reflectance can no longer occur in this spectral region. The thermo

reflectance signal seen using such a sample should give a clear indi

cation of the position of the peak which is associated with the funda

mental interband edge, although the magnitude of that peak will still 
be greatly amplified by the light reflected back from the rear sample 
surface.

Thermoreflectance Response Above 1.5 eV

Above 1.5 eV the amorphous GeTe is no longer transparent and 

hence the AR/R spectra are not mixed with interference effects. It 
is an even more straightforward conclusion that the response in this 

portion of the spectrum is a result of an intrinsic modulation of the 

optical constants. Also a quick glance at Figure 1 shows that there 
is more, structure in the thermoreflectance spectrum than in the static 

reflectance spectrum over this same spectral range. The structure is 

also seen to be sharper in the thermoreflectance spectra, once again 

demonstrating the superiority of modulated reflectance techniques.
The structure in the thermoreflectance spectra at photon ener

gies above 1.5 eV suggests the persistence of band structure effects 
well above the fundamental edge in the amorphous phase of GeTe.
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This conclusion is in agreement with the results of recent photo- 
emission studies by Fisher and his associates.1,36 indeed, we might 
even carry the comparison one step further through an examination of 
the density of states determined in the photoemission studies.36 This 

density of states function is shown in Figure 14. Peaks can be seen 
in the valence band density of states at -1.7 eV, -3.25 eV, and -4.8

eV, as indicated by the solid arrows. In the conduction band peaks are

seen at +0.7 eV and +2.2 eV.
Suppose we assume that the temperature modulation causes a 

lateral shifting of the density of states structure. Then the largest 
thermoreflectance response would be expected for photon energies at 
which the temperature modulation causes the largest change in the den

sity of the initial and final states of that particular photon induced 

transition. A lateral shift will cause the largest change in the den

sity of states at those energies where the curve has its steepest slope. 
Similarly, the least change is expected at those energies where the den

sity of states has the smallest slope, i.e., at maxima and minima.
We can now predict the thermoreflectance response which would 

be expected from the density of states shown in Figure 14. In the con

duction band we see that the density of states has a very steep slope

between +0.4 eV and +0.5 eV. In the valence band the slope is large

between -0.4 eV and -1.5 eV. Subtracting the limits of these two regions
we see that a large thermoreflectance response is expected between 0.8
eV and 1.9 eV. Furthermore, we would predict that this response would

decrease with increasing photon energy as we approach the first maxima 

in the valence and conduction band density of states curves. When we
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reach the photon energy corresponding to the difference between the 

first peaks in the valence and conduction band, the thermoreflectance 
signal should reach a minimum. Since these two peaks are located at 
-1.7 eV and +0.7 eV respectively, we expect a minimum in the thermo
reflectance response at about 2.4 eV. This result agrees very well 
with the zero crossing seen in our thermoreflectance spectrum taken 

at room temperature (see figure 13). The photoemission results were 

also carried out at room temperature.

If our assumption that the temperature modulation causes lateral 
shifts in the density of states is correct, then we can draw one fur

ther conclusion from our thermoreflectance results. We have noted in 

our experiments that the zero crossing shifts to higher energies with 
increasing temperature. This would mean that the peaks in the valence 

and conduction band density of states at -1.7 eV and 0.7 eV are sep
arating with increasing temperature. If, however, the portions of the 

density of states curves between, these two peaks and the Fermi level 

also separate with increasing temperature then we would expect the ab

sorption edge to shift to higher photon energies with increasing tem

perature. This result would disagree with the negative temperature 
coefficient for the absorption edge reported by Bahl and Chopra.2^

Attempts to make further correlations between our thermo

reflectance results and the density of states shown in Figure 14 have 

failed. At least four regions of steep slope can be seen in the valence 
band density of states and three in the conduction band. This means 

there are at least 12 regions of photon energy where thermoreflectance
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peaks might be expected. Many of these regions overlap. Our thermo- 
reflectance experiments detect the superposition of all these possi
ble peaks.

Further interpretation of these results should be possible 
when the results of the second year's study are available. Variations 
in the thermoreflectance signals resulting from variations in sample 

composition to either side of the stoichiometric GeTe composition 
may shed some light on the nature of the short range order in these 

materials. We have mentioned, for example, that the coordination num
ber of amorphous GeTe is at present unknown. One of the models con

siders both the Ge and Te atoms to be three-fold coordinated. A second 
model considers the Ge atoms to be four-fold coordinated and the Te 

atoms to be two-fold coordinated, as is the case in GeTeg. If GeTe 
is indeed three-fold coordinated then we might expect some singular fea

tures in the thermoreflectance spectra at this composition. If, on the 

other hand, the Ge remains four-fold, coordinated and the Te two-fold 
coordinated as we proceed from GeTe2 toward GeTe, then we might expect 
the thermoreflectance spectra to exhibit the same features for GeTe 

as for GeTe2 except for changes in the relative magnitudes of these 

features.
The Ge end of the series GexTe2 _x should also prove interesting 

since no thermoreflectance response has been found for amorphous Ge 

between 0.4 eV and 3.0 eV.28 If this result is correct, then apparently 
the entire thermoreflectance spectrum which we see for GeTe can be 

attributed to the electronic structure associated with Ge-Te bonds 

and Te-Te bonds.



SUMMARY OF ACCOMPLISHMENTS

The first year's work on a proposed two year study of the 

thermoreflectance of the amorphous binary compounds in the series 
Ge^Te^ x has been completed. We have concentrated this effort on 
the stoichiometric composition GeTe. The second year's work will 
include the entire series.

As predicted, nearly three quarters of the first year was 
spent in the assembly and testing of equipment. The end result was a 

working state-of-the-art modulation spectrometer with a spectral range 
of 0.4 eV to about 6.4 eV.

The thermoreflectance response for amorphous GeTe has been es
tablished over the entire spectral range from 0.4 eV to 6.4 eV. The 

results have been analyzed in two sections, corresponding to regions 

where the GeTe sample layer was transparent or opaque to the incident 

radiation. In the region of transparency the intrinsic modulation re

sponse must be retrieved from a large interference type structure.

This structure is a result of modulating the optical constants that 
characterize the interference pattern in the static reflectance curve. 

The peaks in this interference type structure reach a maximum at 0.8 
eV9 in good agreement with a previously reported position of the absorp

tion edge.23 .

Due to sample transparency we must consider several other modu

lation mechanisms as possible sources of the thermoreflectance response.
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in this region. We have considered the effects of thickness modu
lation, free carrier modulation, and modulation of the optical con

stants of the underlying nichrome layer in the sample. The only 

possible conclusion is that the.thermoreflectance response results 

from an intrinsic modulation of the optical constants of the GeTe. 

Attempts to retrieve the intrinsic thermoreflectance lineshape from 
the large interference type structure were not successful. It is 
suggested that this lineshape may become available in the second year's 
study when we fabricate samples which are optically thin enough to 

eliminate interference in the static reflectance.

Above 1.5 eV the GeTe layer of the sample is opaque. The 
thermoreflectance spectrum taken at 100°K shows a zero crossing at 
2.21 eV, peaks at 5.11 eV and 5.54 eV, and a broad shoulder at about 

3.5 eV. Thermoreflectance spectra recorded at 200°K and 310°K showed 
that the zero crossing shifts to higher energies with increasing tem

perature, while the peaks at 5.11 eV and 3.5 eV shift to lower energies 

with increasing temperature. All of the observed shifts take place 

between 100oK and 200°K. No further shifting was seen in the spectra 

taken at 310°K.
The structure in the thermoreflectance response between 1.5 

eV and 6.4 eV indicated the persistance of band structure effects well 
above the fundamental edge in amorphous GeTe. This result agrees with 

recent photoemission studies by Fisher and his associates.1»35 The 
single band density of states determined in these photoemission studies 
predicts a zero crossing in the thermoreflectance spectra which agrees 

well with our results.
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