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PREFACE

The present study was initiated with the hope of 
studying dominant recombination processes in crystalline 
germanium under picosecond laser illumination. To 
accomplish this goal, the reproduction of previously pub
lished , tungsten illumination results was first proposed. 

When examining a mechanically polished sample, no 
detectable recombination radiation was observed. This 
development led to misdirected time and effort spent in 
improving the excitation, optical, and detection capa
bilities of the system within the limits of a restricted 
budget. It was at this juncture that I suspected the 
possible importance of surface preparation in obtaining 
radiative recombination spectra. Further literary in
vestigation pointed out that sample etching could play a 
major role in the preparation of semiconductor samples being 
used in recombination and other related studies. It was 
decided, at that point, to study this possibility further. 

Efforts to etch germanium samples, in-house, were 
unsuccessful. This necessitated the acquisition of etched 
samples from an outside source, a task which proved 
difficult due to the limited number of suppliers able to 
work within the tolerances and specifications commensurate 

.



iv
with sample thickness, flatness, purity, and surface 
preparation.

It was shown that surface preparation does indeed 
play an important role in obtaining recombination radia
tion.

I would like to take this opportunity to thank the 
many people who, during the course of this study, advised 
and assisted me in so many ways. In particular, I wish to 
thank my advisor. Professor Marian 0. Scully, for the 
initial subject of the thesis and his continued support.

Special thanks are extended to my good friends and 
colleagues, John Matter and Art Smirl, for their critical 
review of the thesis and our many helpful and enlightening 
discussions during the course of the study.

Also, I would like to thank the people at Motorola, 
Phoenix, for supplying the etched germanium samples.

Of course, the completion of this project would not 
have been accomplished without the ever present moral 
support, encouragement, and love of my parents and brother 
to who.m I extend my heartfelt thanks.
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ABSTRACT

A study of the predominant recombination mechanisms 
in semiconductors is presented„ Particular attention is 
given to the basic process of carrier production through 
optical injection and the subsequent transport and re
combination phenomena.

The surface preparation of a semiconductor sample 
is shown to play an important role in the sample's use
fulness in studies involving carrier excitation, transport, 
relaxation, and emission.

To emphasize this point, the study of recombination 
radiation in single crystal germanium at room temperature 
is undertaken comparing spectra from mechanically polished 
and etched samples,

The mechanically polished sample is characterized by 
a damaged surface layer due to abrasive action and localized 
heating during preparation. It is shown to be inadequate 
in producing detectable recombination radiation.

The etched sample is characterized by surfaces free 
from physical damage and is shown to provide recombination 
signals of magnitude 1-lOM.v in the 1,4|i-2, Op. wavelength 
range. The spectra obtained is comparable in shape and 
location to previously published results,

ix



CHAPTER I

INTRODUCTION

During the past ten to fifteen years, extensive 
studies have been underway concerning the properties of 
semiconducting materials„ As a result, great technological 
advances have been made in fields such as solid state . 
electronics, detector devices, and injection lasers..

The property that makes the study of semiconductors 
so exciting and attractive to the scientific community is 
that the position of the Fermi level of these materials can 
be chosen by varying the character and concentration of 
impurities within the material. One may ask what makes the 
location of the Fermi level so important. Simply, it is 
the location of this energy level, below which all electron 
states in the crystalline material are filled at 0°K, in 
conjunction with the ability to position it through proper 
sample preparation and the size of the energy gap in the 
band structure, which is responsible for the electronic 
properties that the material exhibits. Since the location 
of the Fermi level is so important, physical phenomena 
associated with perturbing it and the electronic states on 
either side of it, provide significant areas of interest.



One such area is that of the recombination of 
electrons and holes in semiconductors. The processes 
classified as recombining in nature are many in number and 
will be discussed in the paragraphs to follow. A H  have one 
feature in common: each process takes place in such a 
manner that as an end product, an excited electron combines 
with a hole in the electronic structure in the crystalline 
lattice, the final state of the system tending toward 
equilibrium and steady state.

It is the primary interest of the scientist to 
familiarize himself with the details of these processes, 
their duration, temperature dependence, and also their 
dependence on the specific structure of the sample under 
test with respect to impurity states and crystal imperfec
tions.

Prior to recombination studies, however, one must 
first consider the means by which electrons can be excited 
so as to create a large electron density in the higher 
energy states of the sample. There are primarily two ways 
of creating this charge separation in momentum space. One 
is by injection of high energy carriers into the conduction 
band through a metal contact and then study their re
combination character as the sample tends toward steady 
state between injection times. The second and more rele
vant technique for our case is to illuminate the sample



with highly excited particles or light in order to excite 
the electrons and produce electron-hole pairs.

The early theories describing the time taken by 
injected carriers to recombine (radiative lifetime) in 
semiconductors concluded that the may be radiation limited 
(i.e., that they depend on the strength of the excitation) 
and could not be improved by improving the electronic 
structure of the sample. This turns out not to be the case 
as will be seen shortly.

In mathematical theories such as that which van 
Roosbroeck and Shockley (1954) put forth, a statistical 
argument allows one to calculate the radiative lifetime 
with the knowledge of the injection carrier density, 
absorption spectrum, and dielectric constant of the material. 
Unfortunately, this theory, while although extremely 
valuable, predicted lifetimes which were far in excess of 
any experimentally observed. The reason for this inadequacy 
was that the theory failed to take into account the specific 
recombination processes that could occur that would lead to 
shortened lifetimes. Aside from carrier lifetime studies, 
the recombination spectra from various semiconductor 
materials is a serious research topic for it is through

i ■
these spectra that we may hope to obtain pertinent informa
tion about the band structure and predominant decay pro
cesses in these materials. This can be done by sampling 
radiation output from the semiconductor having been
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illuminated with light of sufficient energy to induce a 
charge separation in k-space and the subsequent study of 
the shape of the resulting spectra characteristic of the 
material.



CHAPTER II

RADIATIVE TRANSITIONS

In order for one to more fully comprehend the 
parameters which influence the lifetimes of excited or 
injected carriers, we now take up a brief descriptive study 
of the various recombination processes. It seems reason
able -to assume, from our knowledge of the character of 
recombination, that it is simply the inverse process of 
absorption. In general, this is true. Most of the transi
tions observed in absorption can occur in the opposite 
direction and produce a characteristic emission. However, 
there is an important difference between the information one 
can obtain by absorption and by emission in a semiconductor 
which should be realized. The absorption process can 
involve all the states in the semiconductor in that states 
on either side of the Fermi level can contribute resulting 
in a broad spectrum. On the other hand, the emission 
process couples a narrow band of states containing 
thermalized electrons with a narrow band of empty states 
containing thermalized holes. The resultant spectrum, 
therefore, is narrow. It should also be observed that the 
main requirement for emission is that the system not be at 
equilibrium. This deviation from equilibrium requires



some form of excitation, the means of which were discussed 
previously.

The Configuration Diagram
The concept of the configuration diagram is intro

duced at this point because it is useful in explaining the 
phonon-emission process that can accompany many radiative 
transitions.

The configuration diagram in Figure 1 is discussed 
by Pankove (1971) and presents the energy of the ground 
state and of the first excited state of an atom as a 
function of position, this atom being either an impurity 
atom or a host lattice atom. The atom, at equilibrium, is 
at a minimum potential in the ground state. This minimum 
at _a is the equilibrium potential of an electron in the 
ground state. Upon excitation, an electron in the ground 
state is elevated to a point b in the first excited state 
where the minimum potential is for an atomic position 
different from the position of minimum potential in the 
ground state. This new minimum is at _c corresponding to a 
spatial displacement from a. of Ay. Since a system naturally 
tends toward a condition of equilibrium and least confusion, 
when an electron is excited from its ground state at ai, the 
entire system would tend to relax to a condition of minimum 
potential at ĉ. The excited electron loses some of its 
energy in this process of relaxation in going from state b
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Figure 1. The Configuration Diagram
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to It is dissipated in the atomic displacement Ay# i.e.,-
as a phonon.

Likewise, when the atom returns to its ground state 
at d. another atomic displacement takes place as the atom 
relaxes to its lowest energy at ja. This displacement is 
also accompanied by a phonon.

Exciton Processes
The recombination processes which can be present in 

our sample are dependent on the initial excitation, the 
temperature at which our excitation occurs, and impurity 
states in the crystal. It is the variation of these param
eters which determines the specific process which will 
;dominate the recombinative structure of the sample.

One of the more fundamental types of recombination 
phenomena is that of excitons. The exciton is an electron- 
hole pair produced in the charge separation in momentum 
space through the absorption of energy by an electron in 
the valence band equal to that necessary to bridge the 
energy band gap plus’ that Coulombic contribution needed to 
form a bound system.

The production of excitons has a high probability 
of occurrence when certain factors are satisfied. First, 
when the temperature of the sample is relatively low (l-30K) 
the possibility of exciton observation is enhanced in that 
the thermal lattice vibrations leading toward phonon



contributions at elevated temperatures (30-80°K) are no 
longer available to mask the exciton contributions.

Secondly, the purity of the material under study 
plays an intimate role in excitonic involvement in that 
impurity concentrations of any consequence would provide 
trapping centers that introduce local potential fields 
which could exceed the internal Coulomb field of the exciton 
and cause it to dissociate.

Thirdly, it should be evident that since the exciton 
is formed by the simple absorption of enough energy to 
elevate the electron across the band gap and form a bound 
system with its hole, less energy is required than to 
generate a free carrier pair. Since the carriers form a 
bound system, they are expected to traverse the crystal with 
the same translational velocity, a stipulation which 
restricts the location in k-space where excitons can be 
found. Since the velocity of the carriers is directly pro
portional to the slope of the E vs. k curve (dE/dk), it is 
where the slopes of the conduction and valence bands are 
equal in k-space where exciton contributions will be found. 
More specifically, the density of states, which is propor
tional to the transitional probability of the electron, is 
greater at critical points (dE/dk = 0) than at other points 
in the Brillouin zone exhibiting the same property of equal 
slope. It is at these points where excitons are dominant 
factors. Any deviation from these points in k-space would
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generally expose the exciton to potential fields in excess 
of their Coulombic binding force and would, as in the case 
of impurities, tend to dissociate the two carriers.

Hence, one should expect to find exciton contribu
tions at low temperatures, in relatively pure materials, 
and near the band edge in any absorption or recombination 
spectra since it is at these critical points where such 
spectra depend for their initiation.

There are numerous processes involving exciton re
combination, each being characterized by a specific spectral 
width. If the material is sufficiently pure, the electrons 
and holes pair off into excitons which then recombine, 
emitting a narrow spectral line. In a direct-gap semi
conductor, where momentum is conserved in a simple radiative 
transition. Figure 2, (a), the energy of the emitted photon
is given by

hv = Eg - EExciton (1)

where EEXCi-t:on is the binding energy of the exciton.
In an indirect-gap semiconductor, momentum con

servation requires that a phonon be emitted to complete the 
transition, Figure 2, (b). Here the energy of the emitted
photon is

hV = Eg “ EExciton ~ EPhonon (2)

where is the energy of the phonon involved,Phonon
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exciton

phonon

K K

Figure 2. Exciton Recombination —  (a) Direct-gap semi
conductor. (b) Indirect-gap semiconductor.



12
While being of lower probability, a direct transi

tion can also occur with the emission of one or more optical
phonons as seen in Figure 3„ Recall that our configuration 
diagram discussion showed that in general even direct 
transitions can lead to phonon emission. Hence the narrow 
spectrum of the exciton can be repeated at several lower 
photon energies such that

hv = Eg - EExciton - mEphonon (3)

where m is the number of phonons emitted per transition. Of
course, the larger m is, the lower the transition proba
bility and the weaker the corresponding line.

It is interesting to note that although the transi
tion with phonon emission occurs with less probability,than 
the direct recombination, the resulting photon has a greater 
chance of escape from the crystal because it occurs at an 
energy lower than the direct recombination, i.e., in a 
region of the spectrum where the semiconductor is more 
transparent. The exciton radiation may be reabsorbed by the 
crystal if it occurs in the spectral region of an absorption 
edge. This should not necessarily be termed a loss in 
detectable radiation since this energy may contribute to 
further exciton production and further emission.

In the presence of impurities, bound excitons may 
be obtained. The term "bound" stems from the fact that a 
localized charge separation in impurity states does not have
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exciton

phonon
phonon

ion

KK
( a )  (b )

Figure 3. Direct Exciton Recombination —  (a) Single 
optical phonon emission. (b) Two optical 
phonon emission.
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the capability of transport through the crystal possessed by 
the free exciton. When these bound excitons recombine, 
their emission is characterized by a narrow spectral width 
at a lower photon energy than that of the free exciton.

In general, a fraction of the excited electron-hole 
pairs remain as free carriers occupying conduction band 
states. This is particularly true at crystal temperatures 
in excess of the binding energies of the excitons and in 
samples containing impurities and' imperfections where local 
fields tend to break up the exciton into free carriers.
These free carriers can then recombine radiatively in a 
band-to-band transition, the character of which we now study.

The Direct-Gap Semiconductor
In a direct-gap semiconductor, momentum conserving 

transitions connect states having the same k-values (Figure 
4). The emission spectra in this case will depend on the 
density of available states in both upper and lower bands in 
the region of the Brillouin zone under investigation. From 
our knowledge of energy band structure, the density of 
states is a maximum near critical points, namely where the 
dispersion curve has a slope of zero in both valence and 
conduction bands. The resulting emission spectra has a 
square root dependence on the difference of the energy gap 
characterizing the given critical poiftt and the emitted 
photon energy after recombination. This is given by
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upper

E lower

K

Figure 4. Direct Band-to-Band Radiative Transition
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<£(v) = p(hv - E )** (4)

where P is a coefficient dependent on the effective mass of
the carrier and the reduced mass of the electron-hole
system. Hence, the emission should have a low energy
threshold of hv = E „ As the excitation rate increases and9
also as the temperature increases, states deeper in the 
upper band become filled, permitting emission to occur at 
higher photon energies. Thus, free-carrier recombination 
is characterized by a. temperature-dependent high-energy 
tail, while the low-energy edge is abruptly cut off at 
hv = E^.

Note that in many semiconductors there is a spin- 
orbit splitting of the valence band as one progresses Out
ward in k-space (Figure 4). The upper band is called 
the heavy hole bard while the is the light hole band. 
Since the emission probability depends on the effective mass 
for a given transition, the heavy hole transition has 
greater probability. (The heavy connotation comes from the 
effective mass being inversely proportional to the second 
derivative of the dispersion curve. Since has a change 
in slope smaller than Vg, it thus has heavier, more massive 
holes.)



The Ind irect^-Gap Semiconductor 
In an indirect-gap semiconductor all the occupied 

upper states connect to all the empty lower states. The 
transition must be assisted by an intermediate process that
conserves momentum (Figure 5).

The two possible processes are phonon emission and
phonon absorption. However, since the availability of
phonons is highly temperature dependent, the emission pro
cess is dominant at lower temperatures where the crystal is 
unable to provide phonons for absorption processes to sig
nificantly contribute. Furthermore, an optical transition 
assisted by phonon emission occurs at a lower photon energy 
than the gap energy, = e - Ephonon; whereas phonon
absorption results in a higher photon energy of at least .
E + E-., , which can be more readily reabsorbed by theg Phonon' J
semiconductor in that it lies in the spectral region above 
the absorption edge.

In an indirect-gap material, as a higher excitation 
rate increases the population of the upper band, driving the 
occupied levels deeper into the band, the emission spectrum 
consists of all the possible transitions between any pair of 
states separated by a given hv, regardless of the difference 
in crystal momentum between initial and final states. Hence 
the spectrum can be described as an integral of the form

00

<?( V) = J* 31 n(E )p (E )dE, (5)
E -E_. g Phonon



18

- \ o

phonon

Figure 5. Indirect Radiative Transition (Featuring Phonon 
Participation)



showing a continuous distribution of possible transition 
states. The densities of holes and carriers (p (E ) and n(E) 
respectively) have square root dependencies so that upon 
integrating we find

JHV) = e' (hv - Eg + Bphonon)2. (6)

Comparing the two very important transition processes just 
described, it appears that the indirect transition rises 
much faster with the excess energy above a threshold for 
emission compared to the square root dependence of the 
direct process, but the transition probability, the co
efficient 3 , is much smaller for the indirect transitions.

Self Absorption 
Self absorption affects the shape of the emission 

spectra. If a spectrum (v) is emitted at some point at a 
distance d from the exit surface of reflectance R and the 
absorption coefficient is cc(v)/ then the radiated spectrum 
is given by

J?(vj = (l-R)J?o (v)e"a(V)d. (7)

If, on the other hand, the radiative recombination 
occurs uniformly inside the specimen of thickness t, the 
spectrum radiated externally in one direction is

n ,.V t



This effect was first studied by Haynes (1955) where he 
found that the high level of absorption in a germanium 
sample at specific wavelengths made detection of a re
combination peak at'1..52(1 almost impossible in samples of

_3thickness greater than 10 cm. With correction for such 
self-absorption the spectra in Figure 6 was obtained.

We have concentrated heavily in this section on the 
direct, indirect, and self-absorption processes since they 
play an intimate role in the study of recombination radia
tion in semiconductors at room temperature or, in general, 
at elevated temperatures compared to those where excitonic 
effects occur.

The Three-Step Process 
As in any physical process which is not governed by 

strict selection rules per se, there are many permutations 
which will adequately fulfill the criteria stipulated in the 
recombination phenomena. In Figure 7(a), one such permuta
tion is pictured. An electron makes a transition downward 
to a virtual state A at a potential AE below the conduction 
band and excites an electron to a higher energy state inside 
the band and the first electron completes the transition 
from state A to the valence band by emitting a photon hv. 
This process is rather difficult to observe in pure
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COR R E C T E D
FORABSORPTION

EMERGENT

1.5 1.6 1.7 20 2.11.3 1.4 1.8 1.9

W A V E L E N G T H  IN MICRONS

Figure 6. Recombination Spectra in Germanium (Haynes, 1955)
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CONDUCTION BAND
AE

AE

V A L E N C E  BAND

( a )

AE

phonon

K(b)

Figure 7. The Three-Step Process —  (a) Emission of a
photon with an energy deficit of Ae = hv _ Eg 
by heating an electron such that KTe = Ae 
(Ryvkin, 19 65) where K is Boltzmann's constant 
and Te is the temperature of the electron. (b) 
Third order recombination in a direct-gap semi
conductor.
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direct-gap semiconductors, since an additional phonon may be 
needed, as shown in Figure 7b, making the transition a 
three-step process having a very low probability of occur
rence. In impure materials, other processes would mask such 
a transition.

In indirect-gap semiconductors, however, such as Ge, 
the usual radiative recombination is achieved by a three- 
step process, making this model realizable. The recombining 
electron excites another electron in the conduction band and 
thus changes its energy by AE and its momentum by Ak. To 
complete the transition to the valence band, the recombining 
electron emits a photon hv and a phonon' Ep^onon (Figure 8),
where

hV = Eg - EPhonon - AE- (10)

Impurity Contributions 
Added complications and further permutations are 

found when considering an impure sample where we find sig
nificant donor and/or acceptor concentrations in the sample. 
Shallow transitions are possible where, for example, an 
electron in the conduction band could be initially trapped 
in a donor state and then cascade to lower .donor levels, 
emitting a phonon at each stage, finally recombining with a 
hole in the valence band. Deep transitions are another 
possibility where electrons in the conduction band may 
undergo a radiative transition to an acceptor level or, on
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^ phonon

Figure 8. Three-Step Process in Indirect-Gap Semiconductor
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the other hand f an electron in a donor state may radiate 
down to a valence band state. These processes are possible 
but have associated with them distinct transition proba
bilities depending on the refractive index of the sample,

. - • C

the ionization energies of the various impurity levels, the 
concentration of the donors or acceptors, and the masses of 
the carriers.

The experimental observation of radiative transi
tions between impurity levels and the more distant band edge 
is limited to semiconductors with relatively low concentra
tions of impurities. For higher impurity levels, exciton 
recombination with its characteristic narrow spectrum 
generally dominates.

The final radiative process to be mentioned is that 
describing transitions between donor and acceptor levels. 
These transitions are more probable that the direct or in
direct transitions discussed previously and can be 
attributed to the overlapping of the donor states with the 
band tail of the conduction band as well as the corresponding 
overlap of acceptor and valence band levels.



CHAPTER III

NONRADIATIVE TRANSITIONS

An electron-hoTe pair can recombine nonradiatively„ 
In fact, in many semiconductors the nonradiative transition 
is the dominant process. Recall the initial statements in 
our introduction where it was brought out that in germanium 
the carrier lifetimes predicted by mathematical theory were 
on the order of one thousand times those experimentally 
observed„ The process accounting for this discrepancy is a 
nonradiative one.

Nonrad iative recombination pr esents a conceptual 
difficulty of sorts, When we address ourselves to a non
rad iative process, we are concerned with a mechanism which 
manifests itself only by the absence of an expected by
product, whereas for radiative mechanisms we need only look 
for photon emission to identify it. This problem is not 
insurmountable and will be confronted in the paragraphs to 
follow.

The Auger Processes 
'The first pertinent nonradiative mechanism is 

described by the Auger effect in which the energy released 
by a recombining electron is immediately absorbed by another 
electron which then dissipates this energy by emitting

26
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phonons„ This three-body collision, involving two electrons 
and a hole, results in no net photon emission. A large 
number of Auger processes can take place, depending on the 
nature of the possible transitions and on the carrier con
centration.

Band-to-band transitions where a second electron 
uses the energy released in the recombination of a first 
electron to be excited deep into the conduction band in an 
n-type material or from deep in the valence band in a 
p-type material, constitute an Auger process.

A second type of Auger phenomenon could involve a 
transition from a donor level in a doped material to a 
valence band state with the released energy being trans
ferred to another donor or to a conduction band electron. 
Similarly, transitions associated with acceptor levels and 
the conduction band are also possible.

It should be noted that while the Auger effect 
oftentimes accounts for the loss of photons expected to be 
generated in the dominant radiative recombination, each of 
its processes are tied together by a common denominator, 
namely, a resultant energetic carrier. In the final 
analysis of nonradiative losses, one can be assured of the 
presence of an Auger process only by the existence of this 
resultant "hot" carrier (Pankove, 1971).

Since the Auger processes are dependent on carrier- 
carrier interactions, it is expected that this phenomena
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would be present in a material having high carrier concen
trations „ This stipulation along with the fact that the 
hot carrier is of energy several times the energy gap of the 
material, implies that this process is also dependent on the 
energy band gap and sample temperature„ In materials having 
a relatively large gap (> 0.8ev), the Auger process would 
have a low probability of occurrence since under excitations 
short of a laser source, the energy delivered to the sample 
would be inadequate to produce the characteristic hot 
carrier. On the other hand, in small gap semiconductors 
such as InSb (E^= 0.17ev @ 300oK) or at elevated tempera
tures where the band gaps shrink, the probability of 
producing a hot carrier is enhanced. Hence, the Auger 
effect is dependent on three factors: elevated sample•.
temperature, small band gaps, and high carrier concentra
tions.

Multiple Phonon Emission 
A second nonradiative mechanism would be that 

associated with a strict multiple phonon emission. Al
though the process qualifies as being nonrad iative, the 
probability of a higher order emission without the restric
tive assumption of a continuum of states bridging the energy 
gap is extremely low.
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Surface Recombination 

Finally, the last nonradiative process to be dis
cussed is that of surface recombination. A surface is a 
strong perturbation of a lattice, creating many dangling 
bonds which can absorb impurities from the crystal's 
surroundings. Hence, a high concentration of deep and 
shallow levels can occur, and these may act as recombination 
centers. Since these many levels form a quasicontinuum, it 
is evident that recombination among such levels would be 
readily nonradiative. It is this surface recombination 
contribution that is suspect for the possible lack of re
combination photons at room temperature, unaccounted for in 
the van Roosbroeck-Shockley theory, which led to smaller 
minority carrier lifetimes than expected, particularly when 
typical excitation sources such as mercury arc or tungsten 
lamps are involved.

Since the capability of the sample to produce 
radiative recombination radiation is dependent, in part, on 
the low probability of nonradiative recombination, it is 
imperative that one minimize the physical properties of 
the sample conducive to nonrad iative recombination. The 
techniques used to accomplish this task will be considered 
in a later section.

For a more in depth and comprehensive discussion on 
all types of recombination processes, one should refer to 
the text by Pankove (1971),



CHAPTER IV

RECENT STUDIES OF RECOMBINATION 
RADIATION

In the past, recombination work has been carried out 
with the measurement of carrier densities, carrier life
times, carrier interactions, and general recombination 
spectra in mind, These experiments are many in number 
taking place in various temperature regions in intrinsic as 
well as extrinsic materials„

The late fifties brought recombination studies to 
the forefront of solid state investigation primarily due to 
the increased interest in semiconductor physics. The experi
mentation was carried out using either high voltage sources ... 
as injection devices or high intensity lamps with which to 
illuminate the samples. Since the signals expected from 
recombination are so small, synchronous amplification and 
detection dictated that these sources be chopped although, 
strictly speaking, recombinations occur with or without a 
chopped source. A typical set-up found one incorporating a 
tungsten lamp, chopper assembly, water cell, sample, and 
detector. The cell was used as a filter for the infrared 
components of the source while the bulk of the sample would 
serve as a filter for the higher energy spectral components. 
Thus, any light being emitted from the sample under
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illumination would be due to recombination. The detector 
was usually a lead sulfide cell operated at room tempera
ture, often in tandem with a grating, spectrometer with which 
to scan the spectrum for multiple wavelength recombination 
contributions.

At that time, however, the purity of samples was 
questionable and the thickness of these semiconductors could 
not be made thin enough to neglect self-absorption effects. 
Hence, the spectra obtained were a superposition of many 
recombination processes stemming from, i„e,, phonon bi- 
mo lecular processes and impurity transitions, to the less 
complicated direct transitions with their characteristic 
conservation of momentum.

With all these contributions taking place simul
taneously it was impossible to detect the less dominant 
processes or make any significant conclusions about specific 
mechanisms being related to specific peaks in the emission 
spectra. To achieve this goal, three things had to be 
improved: (1) higher injection densities had to be ob
tained so that the character of the emission spectra would 
be enhanced, (2) the purity of the sample, had to be improved
so that impurity effects could be neglected, and (3) lower 
temperatures would have to be obtained so that phonon 
assisted transitions could be isolated or neglected com
pletely.
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With the advent of the laser in the sixties, the 

high injection problem was solved„ With the laser one could 
deposit large amounts of energy on the semiconductor sample

— 7 __ oin short periods of time (approximately 10 - 10 sec)
thereby enabling large amounts of carriers to be elevated to 
the conduction band where they could be studied as they decay 
in an attempt to regain equilibrium for the system.

Naturally, a very efficient method for producing non
equilibrium carriers such as the laser , attracts a lot of 
attention and it is only logical that extensive studies be 
performed to determine such things as the dependence of the 
nonequilibrium carrier density on the radiation intensity 
over wide ranges of excitation levels, to ascertain the 
types of recombination mechanisms at these high excitation 
levels, and to determine the maximum carrier densities 
obtainable prior to surface heating and damage (Bobrova, 
Vavilov, and Galkin, 1970; Blinov et al„, 1968),

The impurity problem has been successfully addressed 
in that high purity semiconductor materials are now readily 
available on the commercial market. For example, germanium 
can be obtained having resistivities in excess of 50-60 
^-cm. Of course, the technology on hand has yet to make 
this quality material inexpensive to purchase, but the fact 
still remains that it is available to the consumer,

A very important off-shoot to sample purity is that 
of sample preparation with specific emphasis on surface
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quality. Since one of the basic goals of this paper is to 
emphasize the importance of sample preparation in. studying 
recombination spectra, a discussion of this topic will 
follow shortly.

Finally, the accessibility of low temperatures to 
study isolated recombination mechanisms has been, reached in 
the late fifties and early sixties through the ability to 
achieve liquid nitrogen (7 7°K) and liquid helium (1-3°K) 
temperatures,

As has been pointed out in the past, many of the 
recombination mechanisms are temperature dependent. There
fore, having the ability to vary the temperature of the 
sample under study, we are enabling ourselves to isolate 
the various contributions made to the recombination spectra. 
From room temperature, where the spectra is expected to be 
rather broad owing to the contribution of virtually all 
types of recombination mechanisms, to intermediate tempera
tures (77°K) (Haynes and. Nilsson, 19 64) where specific 
phonon absorption and emission contributions can be singled 
out, and finally to lower temperatures (30°K) (Haynes, Lax, 
and Flood, 1959) where only phonon emission and exciton 
contributions can be seen in a narrow spectrum due to the 
lack of thermal energy and assumed purity of sample, 
respectively.
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The Fundamental Model of the 

Recombination Process
When one .considers the process of recombination, it 

becomes evident that sample preparation plays a vital role. 
Putting aside the specific mechanisms discussed thus far, 
let us consider the recombination topic in a most general 
manner.

Upon illumination with light of wavelength below 
the absorption edge of the sample, carriers are elevated 
from the valence to the conduction band. This occurs in a 
surface layer whose thickness is governed by the depth of 
penetration of the incident light. In germanium, which we 
are studying here, the absorption edge occurs around 1,50U. 
The penetration of the shorter wavelength light will be 
governed by the simple Beer's Law formulation where the 
transmitted light intensity can be given by the following:

I. = I e -aU)d , (11)t o

Here 1^ is the incident intensity, d is the penetration 
depth, and ct( X) is the absorption coefficient. For example; 
considering the mid-range of the visible spectrum, the 
absorption coefficient for germanium is approximately 
10^cm-"*" (Dash and Newman, 1955), This would imply that the 
penetration depth corresponding to a transmitted intensity 
of 1/a that of the incident intensity, would be 10-^cm 
(111), We can therefore conclude that, in general, if our
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excitation source is primarily emitting in the visible 
region, the surface layer producing the carriers which will 
later recombine, is of thickness Ip.

Provided these excited carriers possess sufficient 
kinetic energy to overcome localized potential barriers in 
the band structure, they will tend to drift through the 
conduction band. The motion is nondirectional and is 
therefore random in nature. Consider, however, the large 
potential barrier imposed by the surface of the sample. 
Unless these carriers possess sufficient energy to overcome 
this barrier, resulting in photoemission, they will 
generally drift away from the surface and toward the bulk 
region. (Only under high excitation rates does photo
emission become realizable.) The carriers will continue to 
drift toward the second surface if unimpeded by impurities,. 
dislocations, or strains, which tend to form recombination 
centers. These centers are unspecified energy levels which 
form a quasicontinuum fostering a significant probability 
of nonradiative transition.

Assuming the majority of the electrons and holes 
drift through the crystal without being expended in a re
combination center, they will recombine after having lost 
enough kinetic energy through carrier—carrier interactions 
and phonon processes to prohibit further transport. This 
distance is called the diffusion length and is of the order . 
of 1 cm in germanium (Sze, 1969).
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If the sample is of thickness on the order of or 

greater than the diffusion length, the recombinations will 
occur in the bulk of the material„ If, however, the sample 
thickness is less than the diffusion length, the carriers, 
upon encountering the second surface barrier, are reflected 
back toward the first surface of the sample. During trans
port through the bulk, they undergo various scattering and 
absorption mechanisms with some eventually returning to the 
surface. This transport-reflection phenomena occurs re
currently between the second surface and the bulk until 
recombination occurs.

It should be evident that any mechanism prohibiting 
the unimpeded production of carriers at the first surface 
and the capability of the carriers to travel a diffusion 
length culminating in radiative recombination, is undesired 
and should be eliminated.

The most prominent nonradiative phenomenon present 
in the majority of semiconductor samples under investigation 
is surface recombination. Until this mechanism is minimized, 
the amount of recombination radiation produced will not be 
optimized, From the discussion above, the three most 
important portions of the sample relative to carrier 
production and longevity are the two surfaces and the bulk. 
The question now raised is how are these three portions 
prepared so as to suppress surface recombination?
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The Bulk
As far as the bulk is concernedf the preparation is 

important only when considering that a high purity material 
is needed to minimize the population of recombination 
centers within the sample. The ultimate precaution to be 
taken is ^extreme care in handling. It is through careless 
handling and exposure of the sample to extremes of pressure, 
heat, and contamination during the cutting and polishing 
procedure that undoubtedly introduces fractures and de
formations in the crystal.

Surface Preparation 
When considering the surface preparation a much more 

extensive field of study is entered, namely that of etching.
Etching is a method of removing material from a 

surface such that its final state is characterized by 
uniformity, purity, and freedom from damage.

The preparation of a semiconductor surface depends 
not only on the proper cutting and abrasion process, but 
also on the proper choice of etchant. According to Faust 
(1969), the main purposes for which etching is needed are 
four-fold:

1, To remove the damaged layer caused by abrasive 
action or to reduce the thickness of the specimen,

2, To clean the surfaces,
3,. To reveal imperfections.



4, To reveal low Miller indexed planes for orienting
crystals„

In the problem at hand, our main concern is re
moving the damaged layer and cleaning the specimen's sur
faces . Any abrasive surface treatment such as cutting, 
grinding, and mechanical polishing produces a damaged layer 
at the surface. It has been shown by Buck (1960) that for a 
given abrasive process, carefully carried out, the depth of 
damage is dependent on the type of abrasive used and the 
type of material being worked„ The factors associated with 
the abrasive particle are size, shape, hardness, and freedom 
of motion whereas those associated with the abraded material 
are surface orientation and mechanical properties. The 
damaged, layer consists of two portions, a thin, highly 
fragmented outer layer whose origin lies principally in the 
interaction of abrasive with the specimen; and a more 
extensive inner layer of plastically deformed material 
arising through localized heating in the sample. Assuming 
extreme care is used in preparing the sample, a character
istic minimum depth of damaged layer will result depending 
on abrasive used and mechanical technique employed. However, 
if excessive heating occurs in handling, this layer may 
become many times that characteristic minimum.

It is through etching that these layers may be 
removed thereby enabling the surface of the sample to



accurately reflect the properties of the bulk material. 
Without the removal of the damaged layer, the recombinatio 
centers of nonradiative processes will dominate in our 
study.



CHAPTER V

APPARATUS

This chapter is devoted to the description of the 
system used in measuring recombination radiation and to the 
topic of sample preparation, I consists of six parts:
(1) light source, (2) optics, (3) spectrometer, (4) 
detector, (5) electronics, and (6) sample preparation. The 
overall arrangement of the equipment is shown in Figure 9,

Light Source
The intensity of recombination radiation produced is 

due, fundamentally, to the number of carriers produced upon 
sample excitation. This factor alone dictates that a 
relatively high power light source be employed to optimize 
that number.

The source used was fabricated in-house and consists 
of a GE Q1000T3/4CL; 120V, FCM, line operated quartz-iodide 
lamp. A 1000W Sola constant voltage transformer was used 
to eiminate fluctuation in the lamp output due to variations 
in the line voltage. The casing is of 1/4" aluminum plate 
to contain glass fragments in case of lamp failure. The 
aperture of the lamp housing is equipped with a variable 
diameter iris diaphragm. A Rotron cooling fan is mounted 
atop the lamp housing providing top-to-bottom flow-through
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cooling. It was found that the lamp's power consumption 
varied during the first hour of operation after which a 
stable operating temperature was achieved. No data were 
taken during this first hour ,of operation.

The normalized lamp output, obtained through the 
use of a calibrated thermopile, is shown in Figure 10,

Optical System 
The optical system has two main functions. First, 

it collimates the lamp output and directs it through the 
water cell. Secondly, it focuses the filtered light on the 
entrance slit of the spectrometer.

The collimating section is comprised of a 7 cm 
diameter; 12 cm focal length, double convex lens followed 
by a 5,5 cm diameter, 10 cm long water cell. The cell is 
filled with distilled water and is used as an IR filter 
which transmits light of wavelengths shorter than 1,14)1.

The condensing system consists of a 7 cm diameter,
12 cm focal length, double convex lens and a 5 cm diameter, 
10 cm focal length telescopic objective. The combination 
gives a magnification of .83. The demagnified image of the 
lamp filament is focused a convenient distance in front of 
the optical system to allow sample insertion.

The optical system is sufficiently baffled to allow 
only that radiation passed by the water cell and lens 
combination to reach the image plane.
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Spectrometer 

The Jarrell Ash 82-410, «25 Meter Ebert Mono- 
chrometer is used to analyze the radiation passbd by the 
optical system or emitted by the inserted sample. It is an 
instrument employing a 590 groove/mm infrared grating blazed 
in the first order at 1,2|~i, The instrument is relatively 
fast (f/3,5) and along with the 20000 slits, gives a resolu
tion of ,010, The preadjusted and calibrated wavelength 
dial enables one to read wavelength with an accuracy of _+ 
2m0„

A characteristic feature of gratings is the 
overlapping of spectra of different orders. This neces
sitates the use of various filters to eliminate higher order 
contributions of shorter wavelength light when observing at 
infrared settings (i,e,, second order 0,60 radiation and 
third order 0,40 radiation contributing to radiation 
detected at 1,20 setting). As a result, the advantage one 
gains in using a grating instrument, namely, linearity in 
wavelength and high efficiency, is partially lost through 
the use.of the filters.

A #2-73 and a #7-56 Corning filter, exhibiting cut
off wavelengths of .580 and 0.80 respectively, are used to 
eliminate visible contributions in the infrared.

The spectrometer is placed so that its entrance 
slit coincides with the image plane of the lamp filament.
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Detector

A PbS cell, operated at room temperature, is used as
the detective element. Operation in the photoconductive
mode was attained biasing the cell at 180V. The output is
capacity coupled to eliminate the large DC contribution from
the power supply (4, #495-90V batteries). The relative
response of this detector in the 1.0-2. Op, wavelength range,
modulated at 340 Hz, was determined through calibration
against an NBS calibrated Eppley thermopile having a basic

-2sensitivity of 0.12pv cm . Assuming the instrument was 
totally and uniformly illuminated, it exhibited, a uniform 
response of R = 5.93 V/Watt.

The response of the detector at a given wavelength 
is defined as ' . .

wavelength and is the rate of energy flow onto the
detector at the wavelength X.

Similarly, for the thermopile with known respon- 
sivity R(X),

If the entire areas of the detector and thermopile 
are uniformly illuminated and are approximately equal in 
magnitude, then the approximation

RPbS( X) " VP b S ^ )//;PPbS( (12)

Rt(X) = Vt(X)/Pt (XK (13)
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(14)

can be made
We then solve Equations (12) and (13) for

g i v i n g

(15)

Normalizing, we find the relative responsitivity
RPbS( X)'/[RpbS(X) shown in Figure 11.

Uniform illumination was achieved by use of a 
cylindrical lens at the exit slit of the spectrometer.

Electronics
The detector output signal is fed directly into a 

Princeton Applied Research (PAR) HR-8 lock-in amplifier used 
in conjunction with a 340 Hz chopped reference signal. The 
reference signal was produced by a light source run from a 
Hewlett-Packard (HP) 6282A regulated DC power supply and 
detected by a SGD 100 silicon photodiode.

simultaneously by a Tektronix RMS44 oscilloscope and a 
Digitec 266 DC digital voltmeter or a Bausch and Lomb 
VOM 7 chart recorder.

The output of the synchronous amplifier is monitored

Sample Preparation 
The two germanium samples were prepared from wafers 

cut from a high quality Czochralski grown single crystal
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ingot, purchased from Sylvania Electronics Inc., Towanda, 
Pennsylvania. The undoped crystal has a minimum resistivity 
of 400-cm indicating relatively high purity.

The first sample was ground flat on one side using 
SuA^Og and mechanically polished with a 0.3p LINDE A 
compound. It was then attached to a KZF-2 glass substrate 
with optical cement (index matched to the glass). While 
still cemented to the substrate, the second side of the 
sample was mechanically polished to a thickness of 10.09
±  1.87H.

The second sample was prepared with the. cooperation 
of Motorola, Phoenix. The germanium wafer was lapped and 
mechanically polished using m  and 1/2^ diamond paste 
compounds. The final polishing step employed a Monsanto 
Syton slurry (Etchant). The sample was cemented to an 
aluminum holder which prohibited any light from by-passing 
the sample when inserted yin the system. While attached to 
the holder the sample thickness was determined to be 95.29 
~t~ 5 .  0 8 f l .,

Sample thickness is measured by a spectrophotometric 
technique using the multiple internal reflections set up in 
the sample which acts as a plane-parallel plate (Fabry- 
Perot Effect). The multiply transmitted and reflected beams 
add constructively (destructively) producing maxima (minima) 
every time the optical path length difference between adja
cent beams equals an integral number of half wavelengths.
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Therefore,

I 2̂
d = 2E  (16)

where and Xg are wavelengths at which adjacent maxima 
(minima) occur and n is the refractive index of the sample. 
Here, the index of bulk germanium (~4„0) is used. A typical 
spe ctro pho to metri c reflectivity trace is shown in Figure 12.
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CHAPTER VI

RESULTS

When putting the germanium sample at the entrance 
slit of the spectrometer, two precautions must be taken. 
First, no light from the lamp source should be allowed to 
enter the spectrometer. This was satisfied for each of the 
two samples in that special holders were designed to insure 
that no direct or scattered light from the lamp fell on the 
spectrometer entrance slit. In addition, through adequate 
baffling and the housing of the detector within a light
tight box at the exit slit of the spectrometer, it was 
assured that no light from the lamp would fall on the 
detector. Secondly, through the knowledge of the band 
structure of germanium, we expect to find recombination 
radiation contributions in the l.Sq-l.Sp wavelength region, 
at room temperature. Since the absorption edge in germanium 
is located at approximately 1.5|a, any radiation incident on 
the germanium of longer wavelength would encounter a low 
absorption coefficient and would therefore be transmitted.
A resultant recombination signal in this wavelength region 
would therefore reflect not only true recombination from 
the sample, but also the transmitted radiation from the 
incident light beam. It is therefore imperative that no

51
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light of this wavelength region be allowed to fall on the 
sample.

The water cell of the optical system was used to 
filter out wavelengths above. l,14p from the light source,
A transmission trace of the cell was taken on a Cary 
Spectrophotometer and verified this property. In addition, 
an excitation spectra was taken to determine precisely what 
spectrum was incident on the sample.

Excitation Spectra 
With the #2-73 Corning filter at the entrance slit of 

the spectrometer to eliminate higher order contributions 
from light of wavelength below the filter's cutoff at ,58p, 
a wavelength scan between 0,6U and 1,1|1 was taken. The 
detector output was modulated at 340 Hz and monitored by the 
Digitec 266 DC digital voltmeter. At l,ll~t, the #2-73 filter 
was replaced by the #7-56 filter to eliminate higher order 
contributions from wavelengths below 0,8|1. The wavelength 
scan was continued from l . m  to 2,0M- and detector output 
recorded. The output data is shown in Table 1, To utilize 
the voltmeter, no capacitive coupling was employed, thus 
explaining the large DC component of > 90V,

Taking into account the transmission of the filters 
and detector response, readings were normalized to the 
maximum signal in the 0,6p-2,0H range. The resultant 
excitation spectra are shown in Figure 13,
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Table lo Excitation Spectra Output Data

Detector Output
Wave #1 . #2 #3 #4 #5 #6 #7 #8
length (Filter #2.-73 at Entrance Slit of Spectrometer)
Zero 92.58 92.51 92.51 92.50 92.50. 92.50 92.50 92.52
o 6(1 93.24 93.16 93.16 93.14 93.16 93.14 93.15 93.17
„ 62 93.65 93.59 93.59 93.57 93.57 93.57 93.57 93.58
.6.5 94.21 94.14 94.14 94.12 94.13 94.12 94.13 94.14
.67 94.59 94.52 94.52 94.49 94.50 94.49 94. 50 94.50
.70 95.10 95.04 95.03 95.01 95.01 95.01 95.01 95.02
.72 95.28 95.23 95.22 95.21 95.21 95.20 95.20 95.22
.75 95.33 95.27 95.27 95.26 95.25 95.25 95.25 95.27
.77 95.55 95.49 95.48 95.47 95.47 95.46 95.46 95.48
.80 95.91 95.85 95.84 95.83 95.83 95.82 95.82 95.84
.82 96.03 95.99 95.96 95.96 95.95 95.95 95.95 95.97
.85 95.81 95.77 95.76 95.73 9 5.73 95. 73 95. 73 95.74
.87 95.94 95.90 95.87 95.86 95.86 95.86 95.86 95.86
.90 95. 75 95. 72 95.69 95. 69 95. 68 95.68 95.67 95.68
.92 95.37 95.35 95.32 95.35 95.31 95. 32 95.30 95.34
.95 93.15 93.13 93.08 93.10 93.09 93.09 93.08 93.11
.97 92. 73 92.70 92.67 92.67 92.66 92.67 92.67 92.68

1.00 92.83 92.80 92.78 92.77 92. 77 92.77 92.78 ' 92.78
1.02 93.24 93.21 93.19 93.17 93.18 93.18 93.19 93.18
1.05 94.57 94.50 94.51 94.50 94.50 94.49 94.50 94.52
1.07 95.04 95.01 94.98 94.98 94.97 94.97 94.97 94.97
1.10 94.22 94.22 94.15 94.17 94.15 94.18 94.15 94.18

(Filter #7--56 at Entrance Slit of. Spectrometer)
1.10 93.97 93.96 93.91 93.91 93.90 93.91 93.90 93.92
1.12 93.28 93.28 93.23 93.24 93.23 93.24 93.23 93.25
1.15 92.56 92.54 92.51 92. 50 92.50 92.50 92.51 92.52
1.17 92.55 92.54 92.50 92.50 92.50 92.50 92.51 92.51
1.20 92.55 92.54 92.50 92.50 92.50 92.50 92.51 92.51
1.22 92.55 92.54 92.50 92.50 92.50 92.50 92.51 92.51
1.25 92. 55 92.54 92.50 92.50 92.50 92.50 92.51 92.51
Zero 92.55 92.54 92.50 92.50 92.50 92.50 92.51 92.51
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Recombination Spectra 

The recombination spectra are obtained by inserting 
the germanium samples at the entrance slit of the spectrom
eter, scanning through the 1„ 0|-i-2„ OU wavelength region, and 
monitoring the detector output signals with the lock-in 
amplifier.

Prior to insertion, the finite thickness of the 
glass substrate for the 10|1, mechanically polished sample, 
necessitated the adjustment of the spectrometer to compensate 
for the longitudinal filament image shift. It was therefore 
assured that upon insertion of the sample, the filament 
image was coincident with the entrance slit. When put in 
the system and carefully monitored for radiative output, 
this sample failed to produce any detectable signal in'the 
1,OU-2,OjJ. range.

On the other hand, when the 95(1 Syton slurry etched 
germanium sample was inserted, a detectable signal of 
magnitude l-ldpv was observed in the wavelength of interest. 
To assure that the signal obtained was true recombination 
radiation and not visible light contributing higher order 
components at the infrared spectrometer settings, a wide 
band-pass infrared filter (1,25-2.SOp) was placed in front 
of the detector. The signal remained, thereby showing con
clusively that the radiation detected was indeed infrared, 
having its origin through the radiative recombination in 
the sample.
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The data obtained from the etched sample are shown 

in Table 2. They were obtained from the Bausch and Lomb 
VOM 7 recorder display taken from the output of the lock-in 
amplifier. From one wavelength scan to another, the zero 
point was observed to shift. To be able to adequately ' 
compare each of the spectrograms recorded, it was required 
that each curve be normalized to the peak for that 
particular curve. These normalized values were averaged 
for each wavelength setting.

The recombination spectrum was obtained by finding 
the difference between each wavelength reading and the zero 
point,

Vi - Vzero il7>

where is the normalized recorder response at wavelength 
i and V is the normalized recorder response zero point.

Finally, the resultant values were normalized to 
the maximum difference ( -  vzero )jy[AX'

recombination contribution _ Vi Vzero ds)
at wavelength i " ' V ^ z e r o W

This second normalization was required in that the wavelength 
at which a peak detector response was observed was not the 
same for every trace taken.

The calculated recombination spectrum was obtained 
from the recorder trace and based on the amplifier output



Table 20 Recombination Spectra Output Data

X
Trace

#1 #2 #3 #4 #5 #6 . #7 #8 #9
1.40U 0 .065 0 0 0 0 0 0 0
1,42 0 .115 0 .005 0 0 0 .050 .200
1,45 ,250 .265 .650 .075 .175 0 0 .190 .385
1,47 ,455 .525 1.150 .400 . 325 .040 0 .125 .230
1,50 1,075 . 665 1.400 ■ .460 .895 .295 .690 .635 .550
1,52 1.205 1.400 1.375 .900 . .910 . 625 1.400 .615 1.040
1,55 1,885 1.565 2.310 1.325 1.740 1.390 1.600 1.715 1.575
1,57 2,530 2.635 2.950 1.465 1.830 2.210 1.900 2.350 1.725
1,60 2,700 3.000 3.630 2.060 2.175 2.750 2.880 3.450 2.800
1,62 2,995 3.340 4.440 2.250 2.410 2.570 3.250 4.750 3.360
1,65 3.815 3.995 5.100 2. 750 3.225 2.955 4.285 4.415 4.490
1,67 4.900 5.215 5.880 3.300 3.820 3.900 4.575 6.000 4.850
1,70 5,405 5.540 7.255 3.775 4.230 4.640 5.545 6.075 5.200
1,72 . 5,930 6. 660 7.435 4.100 4.600 5.000 6.000 6.500 6.050
1,75 6,410 7.555 8.450 4. 650 4.960 5.72,5 6.375 7.340 6.610
1,77 6,345 7.550 8.480 4.540 4.680 5.480 6.160 7.200 6.530
1,80 ' 5,480 6.620 7.385 4.135 4.420 5.370 5.385 5.440 5. 600
1,82 5.065 5.555 6.345 3.050 3.650 3.945 4.470 4.830 4.810
1,85 3.840 4.325 4.920 2.800 3.155 3.060 3.215 4.300 3.890
1,87 2.840 3.890 4.450 2.410 2.575 3.005 3.100 3.650 3.100
1,90 2.500 2,740 3.700 1.930 2.175 1.975 2.400 2.960 2.475
1,92 2.155 2.340 2.915 1.405 1.745 1.600 . 1.750 . 2.075 1.520
1,95 2.130 1.960 2.480 1.200 1.200 1.290 1.500 1.420 1.040
1,97 1.530 1.285 1.670 .705 .950 .675 .893 .655 . .450
2,00 .210 .310 .650 .260 .260 .050 0 ' .350 ' .100

Ul
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at each wavelength setting as observed oyer several minutes= 
This was done to insure a true representation of the signal 
as opposed to some random noise phenomenon that could 
influence the interpretation of the trace at shorter 
observation times» The calculated spectrum is shown in 
Figure 14,

It should be noted that the shape of the spectrum 
and location of the peak in Figure 14 are in excellent, 
agreement with the published results of Haynes and Nilsson 
(19 64), The peak which has been observed corresponds to 
the indirect transition phenomena occurring between the 
(ill) conduction band minima and the (000) valence band 
maxima in germanium. The dominant processes are expected 
to be phonon assisted transitions at room temperature,■ The 
second peak that has previously been found at 1,52|J. in thin 
(< 10U) samples is not in evidence here. The very property 
of the sample which makes the direct transition at k = 0 
in germanium a very efficient one, serves to explain the 
peak's absence. Radiation emitted in this wavelength f 
region suffers severe absoprtion losses due to the rapidly 
changing absorption coefficients at these wavelengths,.

A typical spectrogram, utilizing a gear driven 
wavelength drive unit for the spectrometer is shown in 
Figure 15,
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Figure 14. Recombination Spectrum in Germanium at Room Temp.
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Figure 15. Recombination Spectrogram



CHAPTER VII

CONCLUSION '

It has been the contention of this paper that it is 
the preparation of the semiconductor sample, and in 
particular, its surfaces, that plays an all-important role 
in the sample's usefulness in studies involving carrier 
excitation, transport, relaxation, and emission.

To emphasize this point, the study of recombination 
radiation in single crystal germanium has been undertaken 
comparing the recombination spectra obtained from mechani
cally polished and Syton slurry etched samples.

The mechanically polished sample can be character
ized by its damaged surface layer due to abrasive action and 
localized heating during.preparation. It has been shown to 
be inadequate in producing detectable recombination radia
tion.

The etched sample is characterized by surfaces free 
from physical damage and has shown its worth by providing a 
healthy recombination spectrum comparable to previously 
published results.

It is recommended that due to the excessive time and 
cost required in procuring etched samples of germanium from 
an outside source and the demonstrated importance of etching,
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that an in-house capability of sample preparation be con
sidered, The requirement that work with germanium be 
undertaken, while interesting and informative in itself, 
is rather restrictive in that the number of suppliers and 
groups capable of working with the material is rather 
limited. This fact, along with the added requirement that 
very thin samples (_< lOp) be furnished for future studies, 
further reduces the list of suppliers and makes it 
imperative that a research group in this field be able to 
fend for itself or spend the time and money finding an 
acceptable supplier of such samples.
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