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ABSTRACT

A time correlated single photon counting system has been developed to probe very
fast photoluminescence decay properties associated with excitonic recombination in
hydrogenated amorphous silicon carbon. A detailed description of this system includes a
unique unbiased distribution analysis technique capable of resolving up to five,
nanosecond and subnanosecond component lifetimes. A resolution limit of 20 ps is
demonstrated using synthetic data and down to 87 ps on a sample of known decay time.
This is the first time that time correlated single photon counting has been apphed to
probe the subnanosecond regime of the photoluminescence decay in hydrogenated
amorphous silicon carbon thin films. Five samples of carbon to silicon atomic
concentrations from 0.50 to 0.82 were deposited using an electron cyclotron resoucince
plasma system with a liquid source of diethylsilane. Studies on absorption and emission
spectra and luminescence decay acquired over the visible spectrum show that as the
relative carbon concentration increases, the defect density, and bandtail broadening also
increase as the photoluminescence peak emission decreases. The room temperature
photoluminescence decay comprises of three and four distinct Hfetime distributions
which remain constant in time over the emission wavelengths studied and between
samples; only the relative contribution of these individual components vary. AppUcation
of the bound exciton theory reveals that these four resolved distributions centered at
30 ps, 300 ps, 2 ns and 6-8 ns correspond to the recombination of the electrons with four
possible hole states with respective wavefunction radii of 4.0A,2.9A,2.0A eind 1.6A. The
relative probabihty of each transition depends on the density of the four hole states

within each sample. The higher carbon concentration samples have shorter overall decay
times, lower band gap energy, broader bcind tails and, hence a higher density of the most
localized hole states. The percent contribution of the shorter lifetime components
increases with carbon concentration and are attributed to increasing structural disorder.
The sample of 0.50 Ccirbon concentration hcis the best overall photoluminescence
properties, thus, establishing the capability of the electron cyclotron system to produce
hydrogenated amorphous sihcon carbon thin films of good quality.
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CHAPTER I
INTRODUCTION
1.1 Time Resolved Spectroscopy
All time resolved (TR) spectroscopy systems consist of three essential components,
the excitation source, detector, and the analysis scheme. The first system used by the
physics time resolved spectroscopy group at Texas Tech University was a novel fast
analogue technique (FAT) developed by Dr. Walter Borst cind Greg SuUivan at Southern
lUinois University. It consisted of a nitrogen-pumped dye laser, microchannel plate
(MCP) photomultipher tube and a fast waveform digitizer hnked to a desktop computer.
A detailed description of this system can be found elsewhere [1, 2, 3]. The FAT system
signal averages numerous repeated photoluminescence (PL) decays resulting in an
averaged waveform which is a convolution of the instrument response and the actual
decay one wishes to obtain. The instrument response or profile (IP) of any TR system is
defined as its response to a delta function (a mirror in place of the sample is used). The
fuU width at half maximum (FWHM) of the IP is often used to characterize the
apparatus. The FWHM of the FAT system is approximately 1.0 ns. The resolution hmit
(the fastest single resolvable PL decay lifetime) of the apparatus is dependent not only
on the FWHM of the IP, but also on the analysis technique. With an iterative
reconvolution technique, the FAT system could resolve a single Hfetime down to about
one third of the IP, or approximately 300 ps. With refinements to the algorithm, it was
possible to resolve decay times of about 100 ps under proper experimental conditions.
The FAT system was extensively used to characterize a host of various micro and
macroscopic samples. Up to three separate hfetimes could be resolved from a single PL

decay under ideal circumstances. The analysis technique, however, required substantial
operator interaction to confidently determine these multi-component lifetimes. During
the application of the FAT to geologiccd samples, it was determined that a more
sensitive system was required to resolve both the subnanosecond hfetimes and multiple
components making up the observed photoluminescence decay. As the samples became
more complex, the FAT proved to be inadequate for these recisons.
In 1986, the physics group obtained a grcint to study the fluorescence emitted from
microscopic geological samples and together with the Geology Department, correlate the
photoluminescence characteristics to a multitude of geological parameters pertaining to
the maturation of oil shales. Since the emitted fluorescence typically included very short
lifetime components, it was necessary to construct a more sensitive apparatus.
Our group had to choose between two alternative techniques, pump-probe and
time correlated single photon counting (TCPC). The pump-probe technique is based on
measuring the absorption of a probe pulse intensity at a specific time cifter the pump
excitation. The delay between the pump and the probe pulses is achieved by adjusting
the probe optical path length with a mirror. The timing resolution of this system is
primaxily hmited to the stabihty of the path length of the probe becim and the accuracy
of the length measurement. To cover a 1 ns temporal window, the path length needs to
vziry by approximately one foot. To precisely determine a hfetime, one needs a time
window of at least one-half cis long as the decay time, and to resolve multiple decay
times, a larger temporal window is desired. However, this is the system of choice for the
study of extremely fast, sub-nanosecond, luminescence decays. Since the pump-probe

technique is based on absorption of the probe pulse, this system is ideal for studying
Hquids or extremely thin samples. However, there is great difficulty encountered in
detecting the attenuation of the reflected probe signal when monitoring surfaces in thick
or opaque samples.
TCPC was determined to be the most promising technique to apply to the study of
the oil source rock. Rather than looking at the entire emitted luminescence decay after
an excitation pulse, as is done with the FAT technique, the TCPC system actually
measures the time difference between the excitation event and the photoluminescence
photons emitted due to this event. The timing system is similar to systems used in
particle physics and makes use of many of the electronic devices originally designed for
this research. TCPC is superior to FAT in some regards since it does not make use of
the inherent decay or spreading of the signal inherent with acquiring the entire output of
the detector, but it only requires a sharp rising edge signal to pick off" the exact time of
the photon emission. With good electronics and a properly tuned system, our TCPC
system has achieved an IP of 70 ps, on a day-to-day basis, 100 ps FWHM is typical, an
order of magnitude better than the FAT. Hence, the resolution Hmit is approximately
one order of magnitude better than the FAT system as well. The TCPC system also has
an advantage over the pump-probe system in that it can acquire a PL decay over a
relatively large time widow while maintaining good short time resolution. We use a
40 ns window, corresponding to 2048, 20 ps channels. One can increase the channel
width with this current system; however, the cost is a loss in short time resolution.

The majority of the time spent by the author was in the design, construction,
testing and cahbration of the TCPC system employed. Hence, a large portion of this
dissertation is devoted to the description of the apparatus. The analysis technique
includes a description of a novel way of applying a distribution of fixed lifetimes to
determine a Hfetime distribution which in turn resolves the actual number of
components contributing to the luminescence decay. Hence, this algorithm does not
assume a specific number of components as was done in the past by our group as weU as
others. Extensive details on the laser, timing electronics, and computer algorithms are
given with the intent that future students wiU again use this very robust system in the
analysis of other photoluminescing systems. This system has been appHed to a variety of
samples by the author, including microscopic fluorescing constituents of oil shales,
polyester yeUow in solutions and polymers, various other dyes in solution and of course
the subject of this dissertation, hydrogenated amorphous sihcon carbon. The latter of
these materials was of most interest to the author, and hence, half of this work is
devoted to the analysis of the photoluminescence emitted from five such samples.
The remainder of this introductory chapter wiU review the historical background of
the project, reasons for studying the amorphous semiconductor system, a theoreticcd
introduction to this material, sample deposition and a section on the scope of this work.
Many of the analysis techniques employed in the study of the PL decays can be appHed
to other types of data. The basic curve fitting routine can be appHed to signed which
needs to have the effect of the instrument response removed.

1.2 The History of the Project
A Httle historical background is needed in order to understand the evolution of tliis
project. In 1986, our group received funding for a joint project with the Geology
Department at Texas Tech University. The task of the physics group was to characterize
the photoluminescence of various geological samples and together with the geologists, to
correlate these parameters to the geology and chemistry involved in the maturation of
oil. This proved to be an overwhelming task, however, great gains where made in the
development of the photoluminescence apparatus and analysis techniques. New
interesting phenomena were discovered and are described elsewhere [4, 5, 6, 1]. We made
great strides, using time correlated single photon counting for the first time on
microscopic geological samples. Due to the diversity in the microscopic fluorescing
constituents found in these samples, it was difficult to ascertain the physics and
chemistry behind the photoluminescence with any deal of certainty. As a result, the
author of this dissertation elected to apply this technique to a more homogeneous
system with direct apphcations and for which had some theoretical groundwork already
laid. In parallel. Dr. Gangopadhyay with the Electrical Engineering Department of
Texas Tech University obtained funding to study hydrogenated amorphous siHcon thin
film production by a toroidal plasma. The basic design of the toroidcd system proved to
be inadequate in the deposition of these films and had to be redesigned by the
engineering group. The end result was an efficient electron cyclotron resonance plasm.a
apparatus developed by Drs. Trost, Kristiansen, Gangopadhyay and Dr. Trost's student,
Craig Young.

Since silane, SiH4 ignites in atmosphere and is very toxic, the cost for proper
safety equipment proved to be prohibitive. Hence, our group decided to try alternative
sources. SiHcon tetrachloride and hydrogen gas where initially tried, however, only poor
quaHty films resulted. A novel Hquid source, a proprietary material suppHed by J.C.
Schumacher Company, was tried next. After some more modifications to the ECR
apparatus, the Hquid source proved to be adequate for our purposes, a homogeneous and
stable plasma could be sustained. A number of good quaHty, highly photoluminescent
samples were produced. The samples used in this work were aU produced in June of
1990 using this refined system.
Between 1987 and 1990, the physics picosecond spectroscopy laboratory was set up
and moved twice owing to renovations taking place in the Physics Building. Also, the
data acqiiisition and analysis systems, both time resolved and continuous wave
microscopy systems, were built and refined by the author. An intensive computer
program was developed which incorporated a novel approach in determining the actual
photoluminescence Hfetime distribution responsible for the emitted decays. This system
was rigorously tested with both sample mixtures of known fluorescence Hfetimes and
also with synthetic data. We have shown that the time correlated photon counting
(TCPC) system is capable of resolving up to flve photoluminescing components, each
having a distinct lifetime, over four orders of temporal magnitude (30 ps to 50 ns) from
one acquired photoluminescence decay. To the knowledge of this author, no other T C P C
system is as robust.

1.2.1 Why Study a- SiC : HI
The reason we chose to study the carbon aUoy of hydrogenated amorphous siHcon
is two-fold. As aUuded to previously, the most common way to deposit the undoped
hydrogenated amorphous siHcon is through the decomposition of silane and hydrogen
gas within a plasma chamber (glow discharge is the most common technique) which has
formidable safety restraints due to its volatiHty and toxicity. Also, hydrogenated
amorphous siHcon has a very weak luminescence band at room temperature in the
near-infrared, and our TCPC system was designed for use in the study of the
fluorescence emitted from microscopic organic constituents in oil shales which is in the
visible part of the spectrum (400 nm to 700 nm). The hquid source provided by J.C.
Schumacher contained siHcon, hydrogen and carbon. It was weU-known that carbon
doped amorphous siHcon emitted strongly in the visible at room temperature. Hence,
this makes the material a good choice for use in a variety of optoelectronic devices
including scanners, color displays and radiation imagers. Another interesting temptation
to study this material was that by varying the relative carbon to silicon concentration of
the deposited films, the luminescence spectra shifted from the red to a broad
(near-white) luminescence.
The photoluminescence study of hydrogenated amorphous siHcon carbon proved to
be a very interesting subject to this author and there was very Httle known about the
fast radiative recombination observed in the emitted luminescence by others. No one
had done a detailed study of the photoluminescence decay during the first 10 ns. Hence,
there was a good opportunity to contribute to the understeinding of this material.
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1.3 Theoretical Introduction to Amorphous Systems
1.3.1 CrystaUine versus Amorphous Semiconductors
There are a number of important structural differences between amorphous and
crystaUine semiconductors. This section wUl discuss these differences and how the
standard crystalline theoretical treatment must be adjusted in order to adequately
describe amorphous semiconductors.
Most crystalline theory is based on the Bloch theorem which uses the periodicity of
a crystal lattice and describes electrons and holes by wave functions which extend in
space, over the entire lattice, with quantum states defined by the momentum. The lack
of long-range order in amorphous systems requires an alternate approach. Short-range
bonding interactions rather than long-range order are therefore emphasized.
Since there is similarity between the covalent bonds in crystaUine and amorphous
semiconductors, the overaU electronic structure is also sumlar, amorphous and
crystaUine phases of the same material tend to have comparable band gaps. The result
of the structural disorder, deviations in bond angle and length, broadens the distribution
of electronic states and causes electron and hole locaHzation and also strong scattering
of carriers. There are naturally more broken bonds, large amount of defects, resulting in
electronic states lying within the band gap.
The amorphous system has the same short-range order as its crystaUine
counterpart, but lacks the long-range order. The material properties of amorphous
semiconductors are sumlar to their crystalline counterpjirts because they share the ssime
local order. In amorphous siHcon, this consists of a tetragonsd bonded system.

A continuous random network is used to describe amorphous systems. Here the
crystaUine structure is replaced by a random network. Each atom has a specific number
of bonds (or coordination) with its closest neighbors (four in the case of siHcon). The
random network has a very important property that it can incorporate atoms having a
different coordination. This is not the case in crystaUine materials which do not easily
incorporate atoms of different coordination numbers due to the long-range order of the
crystal.
Figure 1.1 is a two-dimensional representation of a continuous random network
containing atoms of different coordination [8]. For our samples, siHcon and Ccirbon each
have a coordination of four while the coordination number of hydrogen is one. Doping is
not very easUy accompHshed in amorphous sUicon since an atom of coordination five, for
example, would be incorporated completely into the amorphous matrix. AU valence
electrons would be bonded within the system. Hence, the electron would not be given up
to act as a carrier and the material would not become n-type. In crystaUine siHcon, this
atom would only become a donor atom and give up its fifth electron to the lattice
resulting in a n-type semiconductor.
Defects in crystal include vacancies, interstitials and dislocations. Any displaced
atom in a crystal is a defect (interstitial or vacancy). In amorphous systems, defects
take on a different mecining. The only structural feature in a random network is the
coordination of an atom to its neighbor, hence, defects in amorphous semiconductors
occur when an atom has either too many or too few bonds. An unpciired electron results
in the most common defect, the dcingHng bond. Since such a disordered system has the
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flexibiUty to adapt, isolated coordination defects are possible, but not in a crystal (when
a vacancy occurs, there cire four unpaired electrons at the crystalline site). Figure 1.1
edso contrasts a crystal vacancy and an amorphous coordination defect.

1.3.2 Chemiced Bonding in Amorphous SiHcon
Figure 1.2 represents the bonding configuration of siHcon [8]. The four outermost
vsdence electrons of an isolated siHcon atom occupies two 3s and two 3p states, resulting
in a hybrid sp^ state. Thorpe and Weire have appHed a short-range potential function
to the SP^ wavefunctions and have shown that the short-range order results in a
bandgap separating the conduction and valence bands irrespective of the long-range
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Figure 1.3: Schematic representation of the density of states showing the difference between crystaUine (dashed Hne) and amorphous systems (soHd line).

order [9]. This can be deduced from the moleculcir orbital schematic of Figure 1.2, where
the unoccupied anti-bonding states correspond to the conduction band and the fiUed
binding states to the valence beind.
The presence of a beind gap separating the occupied valence band and the
unoccupied conduction bsmd exists in both crystaUine 2ind amorphous siHcon. The sharp
band edges of the crystal are replaced by broadened band taUs extending into the gap in
the amorphous system. These tails originate from deviations in bond length and angle
due to the lack of long-range order. Figure 1.3 represents a schematic of the density of
states showing the difference between that of crystcds and amorphous semiconductors.
Even though the band taUs are smaU, they are responsible for many eflfects since
electronic transport occurs at the band edges. The states within the gap come from
vEiriations from the ideal network, primarUy due to coordination defects (dangling
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bonds). These mid gap defect states act as recombination centers and traps which help
determine a number of the electronic properties of the amorphous material.

1.3.3 Wavefunction Extent Within Amorphous
Semiconductors
The stcindard Bloch theory appHed to crystals results in solutions to the
Schroedinger equation where the wavefunctions extend throughout the crystal with a
weU-defined momentum, k. The Schroedinger equation is:

2m

V ' V ' + ^ ( r ) V = ^V'

(1-1)

where E is the total electron energy and U{T) is both periodic and of one depth. The
solutions are given by the Bloch function:

V'(r) = C/fc(r)e*(^-^)

(1.2)

where Uki^) represents the periodicity of the lattice and k is the momentum quantum
number. Note the constant phase relation between tp and the lattice sites.
In order to determine the effect on the solutions to equation 1.1 within a system
having disorder, Anderson [10] added a potential of randomly vztrying ampHtude to the
potential given in this equation. He assumed that the periodicity remained intact, only
the ampHtude of Uk varied in a random fashion. His model, along with the Bloch
counterpart, are represented in Figure 1.4 where the additional raindom potential is
given an average value of Vo and the same periodicity as the crystal potential. The
interaction between atoms broadens the electronic states band to a width B which is
also shown. Anderson showed that complete locaHzation occurs when Vo/B exceeds a
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Figure 1.4: Schematic representation of the potential function in a crystal zind the Anderson approximation which adds a random potential of average value Vo.
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Figure 1.5: Comparison of the extended and locaHzed states associated with crystal and
amorphous systems.

Vcdue of about three. At this point, there is przicticaUy zero probabiHty for the electron
at any specific site to diffuse. When Vo is smaU, the origmal extended Bloch
wavefunction is sHghtly perturbed and the effect is scattering of the electron from one
state to another. At an intermediate level for Vo, the wavefunction loses phase coherence
over just two or three atomic spacings.
Figure 1.5 compares the extended and locaHzed states of an amorphous material [8]
to its crystaUine counterpart based on Anderson's model. The extended crystaUine
states cover the entire crystal while in the amorphous system, the phase coherence
begins to degrade after a relatively short distance (this is represented by the envelope).
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When the disorder increases further, the amorphous extended state transforms into a
locaHzed state where the envelope extmguishes very quickly, this is represented at the
bottom of the figure. The strong scattering causes a large uncertainty in the momentum
k which, from the uncertainty principle is given by

Ak = h/Ax

- h/ao ~ k

(1.3)

here x is taken to be the scattering length (close to a©, the interatomic spacing). Since
the uncertainty in A; is on the order of k, k is not a good qucintum number.
The theoretical result is that the electron is not weU-chciracterized by its
momentum but rather its position and the energy bands are better described as the
density of states distribution rather than the E — "k dispersion relations. Also, there is
no distinction between direct and indirect transitions since the momentum quantum
number is not conserved ui the amorphous system. Transitions occur between states
which overlap in real space (rather than in momentum space).
Band widths are generaUy on the order of 2-5 eV. Hence, the potential disorder
needs to be very high for aU electronic states to be locaHzed. Anderson's criteria is not
met in hydrogenated amorphous siHcon since there is a measurable photo current.
When the short-range order, which restricts the bond length and angle deviations,
does not meet Anderson's criteria, only some of the band states wiU be locaHzed, those
which He at the band edges. The states within the bands are comprised of extended
states at which there is strong scattering. The states in the extreme edges of the band
are locaHzed. The extended states are located above the mobUity edge. The mobiUty
edge is defined as the electron energy needed to contribute to conduction at 0 K. Only
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electrons above Ec contribute to conduction. Conduction of electrons and holes above
the mobihty edge is mfluenced by the extent of the disorder being reduced by scattering.
This is the basic model which was proposed by Mott and Davis [11].
Further theoretical discussions are presented in the foUowing chapters in greater
detail including tunnehng between locaHzed states, photon assisted hopping, radiative
and non-radiative recombination and excitonic effects.

1.3.4 The Role of Hydrogen
Amorphous siHcon has a very high density of states within the bandgap primarUy
due to its very high density of coordinational defects (dangUng bonds). This trait
prevents doping, photoconductivity and other desirable traits. Chittick et al. [12] were
the first to use silane gas in a glow discharge system to produce hydrogenated
amorphous siHcon. These films did show significant increase in photoconduction and
conduction due to impurities (the films could be made n - and p - type). Hence, the
defects within the gap where obviously greatly reduced from the initial films produced
by sputtering using pure siHcon targets. It was not until 1977 when Fritzche showed that
hydrogen was actuaUy incorporated in the films at about 10 atomic percent [13]. It is
now recognized that hydrogen is responsible for passivating the danghng bonds. The
passivation allows the doping of films with boron or phosphorous resulting in n - and
p-type semiconductors as weU as the reduction of traps for the free electrons involved in
conduction.
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1.4 Sample Deposition and External Characterization
1.4.1 Sample Deposition
The five samples studied in this dissertation where deposited using an electron
cyclotron resonance (ECR) plasma system developed by the Electrical Engineering
Department at Texas Tech University. This system utUizes a magnetic field to contain
the plasma which is heated using a microwave source. Figure 1.6 is a schematic of the
ECR system used [14]. The microwave power is adjustable from 0-50 W. The magnetic
field intensity and shape are adjusted by varying the coil current. The thickness monitor
and a manual shutter aUows the operator to control the deposition time. The gas source
for the plasma consisted of hydrogen gas and a proprietary Hquid source, diethlsilane
{C2Hs)2SiH2,

suppHed by J.C. Schumacher Company. A study of two preliminary

hydrogenated amorphous sUicon carbon films indicated that the relative carbon to
siHcon ratios of the films varied with hydrogen to caxbon gas fiow rates. These initial
samples where grown under unstable plasma conditions and therefore further
modifications to the apparatus and process parameters were in order.
Once a stable set of machine parameters where determined to achieve a stable
plasma, the relative flow of hydrogen gas to Hquid source rate could be varied to produce
the five films presented here. AU samples were deposited on roughened Corning glass
substrates. The glass was roughened with diamond grit to avoid thin film interference
effects during the photoluminescence studies. Their pertinent deposition peireimeters are
given in Table 1.1 for our five samples.

RHI'-^LS

is the relative hydrogen to Hquid source
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Table 1.1: Deposition parameters used in film preparation.
Sample
2LS
3LS
4LS
5LS
6LS

RH2

-RLS

07:93
10:90
25:75
50:50
75:25

Microwave
Power (W)
25
25
25
25
20

rd

A/s
1.5
2.2
2.5
2.8
2.8

Pressure
(mTorr)
11.2
25
25
25
15.5

IB

300
300
270
300
300

source flow rates. The total flow was kept at 30 seem and the substrate temperature was
kept at 285° C.
Note that the 4LS sample was deposited at a different coil current, IB, than the
other samples. We wUl later see that this aflected some of the photoluminescence
properties. Also, the 6LS sample had a lower absorbed microwave power and lower
chamber pressure than the other samples, this sample also shows some anomalous
photoluminescence properties as weU has having poor adhesion properties. The
deposition rate, r j , did not change appreciably for the samples investigated owing to the
stabihty of the plasma.

1.4.2 Spin Density and Ccirbon Concentration
Dr. Schroeder's group at the University of Kaiserslauten, Germany, analyzed some
of the samples to determine their spin density and carbon concentration. The values axe
given in table 1.2. The atomic concentration of carbon relative to siHcon was determined
using secondary neutron mass spectroscopy (SNMS) and the spin density (iVp) was
found using electron spin density measurements which essentiaUy measures the density
of dangling bonds (coordination defects) resulting from unpaired electron bonds from
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Table 1.2: Relative atomic to siHcon carbon concentration and spin density as determined
at the University of Kaiserslauten; carbon concentration Vcdues given in parenthesis were
not measured but are extrapolated values.
Sample

x

2LS
3LS
4LS
5LS
6LS

0^82
0.72
0.74
(0.50)
(0.65)

ND
(cm-3)
7.8 x 10^*
2.5 x 10^®
6.2 x 10^'
9.2 X 10^®

both the carbon and siHcon constituents. Note, only samples 2LS, 3LS and 4LS had
their carbon concentrations measured since the 6LS sample had adhesion problems eind
the 5LS sample could not be analyzed due to problems with the apparatus.
Values in parenthesis were extrapolated by comparing opticcd bandgaps with those
of other investigators, see Chapter 4 for details. Note that the spin density of the 5LS
sample is on the order of a good quaHty hydrogenated amorphous siHcon film. This
sample was the brightest of aU the samples and exhibited the largest optical bandgap
ever obtained as weU as having the longest average photoluminescence decay.

1.5 Scope of This Work
The scope of this dissertation is two-fold. The majority of the time spent on this
work was in the development and characterization of the picosecond time correlated
single photon counting appso^atus cind data analysis routines. A great deed of ceire was
taken in designing and testing the overaU system to insure integrity of the data and
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analysis techniques employed. Of course, every experimental physicist wishes that his
apparatus obtain useful information as weU.
Two chapters are devoted to the photoluminescence study of hydrogenated
amorphous siHcon carbon samples produced by our ECR system, one of these chapters is
devoted to the theory, data acquisition and analysis of the TCPC data, whUe the other
covers absorption and emission studies. Prior to these two chapters, we wiU discuss in
detail the theory, data acquisition and analysis techniques employed in obtaining the
time resolved information. We wiU show that the ECR deposited films range in quaHty
depending on the deposition conditions. These samples have comparable characteristics
to the samples deposited by glow discharge and that the early photoluminescence decay
is actuaUy comprised of three to four very short decays (depending on relative carbon to
siHcon concentration) having values of approximately 35 ps, 350 ps, 2 ns, 6-8 ns and a
very long component over 100 ns. The three shortest decay times remain constcint over
the emission range within a sample and between samples, only the relative contribution
of each component varies. This is the first time any investigator has shown this.
Previously, it was assumed that the photoluminescence decay variation was due to a
shift in a generaHzed broad distribution of Hfetimes rather than a change in the relative
contribution of separate components each having a unique and distinct lifetime. Another
surprising result was that several of these lifetimes are the same between samples.
AU this analysis would not be possible were it not for the robust nature of the
T C P C system developed by the author. We have probed to very fast luminescence
decays which were never before resolvable. We have also appHed a unique distribution
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analysis algorithm which makes no assumptions as to the number on contributing
components nor to the shape of the underlying distribution of lifetimes.

CHAPTER II
PICOSECOND TCPC SYSTEM
2.1 Apparatus Description
Figure 2.1 is a schematic representation of the entire tune correlated photon
counting (TCPC) apparatus. This system can be binned into four subsystems: the (1)
laser excitation source, (2) luminescence optics and detectors, (3) timing electronics and
data acquisition hardware, and (4) the data analysis computer system.

2.1.1 The Picosecond Laser Excitation Source
Figure 2.2 is a detailed schematic of the laser system which is actuaUy two lasers
coupled together. The mode-locked, frequency doubled Nd:YAG laser functions as the
power source for the dye laser. The dye laser cavity length is matched to that of the
Nd:YAG laser and the cavity dumper is electronicaUy Hnked to the mode locker, hence,
the dye la^er is said to be synchronously pumped and cavity dumped. Table 2.1 gives a
summaxy of the laser beam output characteristics. The foUowing sections detail the
operation of the individual laser system components.
Table 2.1: Summary of the laser system beam characteristics.
Nd:YAG laser at 82 MHz repetition rate
Component A (nm) Avg. Power Pulse Width (ps)
Primary
1064
7-10 W
;=; 100
Doubled
532
0.6-1.2 W
% 70
Dye laser at 4 MHz repetition rate
Component A (nm) Avg. Power Pulse Width (ps)
Primary
720
10-50 mW
% 10
Doubled
360 0.1-3.0mW
< 10
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2.1.2 The YAG Laser
The Spectra Physics Series 3460 Nd:Yag laser system is shown in Figure 2.2. The
active lasing medium is a neodymium-doped yttrium aluminum gcimet (Nd:YAG) about
8 cm long and 4 mm in diameter. This crystal is optically pumped by a high pressure
krypton arc lamp. Both the lamp and garnet are placed within a water-cooled housing,
each at the focal point of separate gold-plated eUiptical mirrors. The circ Icimp is driven
by a 15A power supply. The 2kW of arc lamp energy is dissipated by a closed, deionized
water cooHng loop.
The optical cavity consists of two end mirrors, the mode-locking crystal and the
garnet. The constant flow of cool water over the garnet during operation results in a
radial temperature gradient, hence, a radiaUy varying index of refraction is estabUshed
which acts to focus the laser beam within the crystal. The focal length of this thermal
lens is varied by adjusting the thermal load, or equivalently, the lamp current. The lamp
current adjustment is critical to the beam quaHty; high current does result in sHght
overaU gain increases, however, the

TEMQO

(transverse electromagnetic field) output

power drops off" (high TEM power is needed to double the IR beam efficiently). The
cavity end mirrors are concave, designed to reduce sensitivity to angular miseiHgnment,
and are mounted on three screw adjustable gimble mounts. Each mirror has three cocirse
and three fine adjustments.
The goal is to have very narrow pulses. Narrowing the pulses results in higher peeik
power, and a higher electric field component to the 1064 nm laser Hght. Since the K T P
(potassium titanyl phosphate) doubling crystal efficiency is proportional to the square of
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the electric field, doubhng the infrared peak power (narrowing the pulses) results in a
four-fold increase in doubled output. Hence, fine tuning of the Nd:Yag laser system is
critical to optimal performance. In order to achieve narrow pulses, one must have a
stable system of mode locking the laser.
Longitudinal mode locking is achieved using an acousto-optic modulator. Envision
a very fast shutter within the optical cavity. A pulse traversing the cavity must
encounter the shutter whUe it is open. If the shutter frequency is matched to the time it
takes one pulse to traverse the optical cavity, the pulse wiU continue to build on itself as
it travels between the two mirrors and through the lasing medium. AU other pulses wiU
be extinguished since the shutter timing wiU be out of synchronization; the pulse
encounters a "closed" shutter. Driving this shutter at {l/2)c/{2L)

repetition rate, where

c is the speed of Hght and L is the optical path length of the cavity, ciUows only one pair
of pulses (travehng in opposite directions) to be sustained. Hence, the laser is locked
into one longitudinal mode of operation. This is the principle behind mode locking a
Nd:YAG laser. Without the shutter, the output of the laser is uncontroUed, and chaotic,
often resulting in self Q-switching which can result in damage to the frequency doubhng
crystal. The envisioned shutter actuaUy consists of a piezo electric transducer attached
to one end of the modulating crystal and is driven by the mode locking unit, resulting in
a traveling acoustic wave. This compression wave manifests itself opticaUy by a
corresponding refraction index variation within the crystal. The sHght variation in the
refraction index results in a variation of the laser cavity optical length. The cingle of the
modulator surfaces relative to the optical axis also causes the "unwanted" pulses to be
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diffracted difl'erently than the preferred pulse. Hence with proper mfrror aHgnment.
cavity length and mode locker frequency, the preferred pulse train wiU foUow the highest
gain optical path and be sustained, while other, non-synchronized pulses wiU be
attenuated. Since the natural frequency of the modulating crystal is temperature
dependent, and the intracavity beam power is approximately lOOW, active temperature
stabihzation of the crystal is essential for stable operation. EssentiaUy, the resonance
frequency of the crystal is matched to the driving frequency of the resonator by
adjusting the crystal temperature. Hence, the mode spacing of the laser is matched to
the rf (radio frequency) driver frequency (just over 41 MHz). The pulse width can be
narrowed by increasing the ampHtude of the compression wave traveling through the
crystal. This is achieved by increasing the rf power to the crystal. Once stable
mode-locking is estabUshed, as determined by monitoring scattered Hght with an IR
photodiode and a fa^t oscUloscope, the manual output shutter is opened to aUow the IR
beam to reach the frequency doubhng crystal.
The a high-quaUty K T P crystal doubler consists of two 4cm lenses, the first focuses
the IR becim into the doubling crystal, and the second coUimates the exiting beam. The
beam is approximately 40 /xm in diameter within the crystal, translating into a
25 MW/cm^ power density (assuming a lOOps square pulse, 10 W average power and cin
82 MHz repetition rate; the actual pulse shape is Lorentzian which Ccin produce a peak
power of over 50 MW/cm^ within the crystal). The manufacturer specifies the crystcd at
250 MW/cm^, with a conversion efficiency of at least 10% at 50 MW/cm^. With proper
tuning, the green output of the frequency doubled YAG system is 0.7-1.2 W. The
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Figure 2.3: Schematic representation of the frequency doubled Nd:Yag output.

operator must be certain that self Q-switching does not occur as a result of poor
aHgnment and mode locker adjustment. Q-switching results in a Gaussian packet of
about 40 mode-locked pulses; these packets have a very high peak power ( I M W is
common). At this input power, the doubhng efficiency increzises, however, the crystal
can not withstand the intense power density of 2000 MW/cm^ and subsequently
fractures.

One must not aUow the IR beam into the doubhng crystal unless stable

mode-locking has been estabUshed. The final green laser Hght output is schematicaUy
represented in Figure 2.3; this becun is used to pump the dye laser.

2.1.3 The Dye Laser
The dye laser is shown in Figure 2.2 consists of two components, the Spectra
Physics 375B dye laser is rigidly coupled to the 344 cavity dumper. The output mirror
of the dye laser unit is actuaUy part of the cavity dumper. The optical path length is
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adjusted to match that of the Nd:YAG laser to insure synchronous pumping (it is
desired to have the same pulse round trip time between the two lasers). The folded
design of the dye laser system is necessary to cdlow for dye jet and Bragg ceU placement.
The two components are rigidly Hnked via a spring loaded quartz cavity extension tube.
The 375B unit consists of input optics, which focus the pump beam onto the the
dye jet, an end and coUimating mirror, and a birefringent filter. The input mirror
focuses the 532 n m pump beam on the optical quality laminar flow of the high velocity
horizontal dye jet. The dye jet is flat, and set at Brewster's angle to insure maximum
absorption (i.e., minimize intracavity reflection losses). A dye jet is used rather than a
container of dye to avoid loss due to phosphorescence eflects. The time of flight through
the active area is less than a microsecond, long compared to fluorescence Hfetimes, but
short compared to the phosphorescence times. The dye itself is recirculated through a
bubbleless pump. Adjustment of the pump pressure results in changing the shape of the
dye jet and is used when fine tuning the dye laser cavity. The end and coUimating
mirrors guide the intracavity beam through a birefringent mirror used to tune the laser
to the desired wavelength. Pyridine-1 dye is used owing to its peak gain emission at
approximately 720-730 nm. We wanted to match the frequency doubled output to that
of the i-Hne of the mercury spectrum (365 nm) which is used as the continuous wave
Ulumination source.
The cavity dumper side of the dye laser system consists of a Bragg ceU, end and
coUimating mirrors, and an output retroreflector. The Bragg ceU is an acousto-optic
unit centered between the end and coUimating mirrors. Due to the concave design of
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these mirrors, the beam is focused to a smaU point on the Bragg ceU. The basic
principle of cavity dumping can be visuahzed by picturing a deflector within the
intracavity beam path of the cavity dumper. When the deflector is activated, the
intracavity energy is reflected out of the system. The power of the extracted beam is
close to the intracavity power and the duration of the output can not be longer than the
round trip time within the laser cavity (since when the deflector is active, there is no
longer a complete laser cavity, the Hght is completely deflected out). In practice, the
deflector is actuaUy the Bragg ceU, another acousto-optic device. This modulator is
driven by the appHcation of a controUed high frequency RF pulse resulting in a traveling
acoustic wave within the Bragg CeU. When the Bragg ceU is ofl", the system behaves as a
normal cw (continuous wave) dye laser. When a Hght pulse encounters the acoustic wave
within the ceU, it is diffracted out of the cavity to the retroreflector and subsequently
out of the dye laser system. The frequency of the modulated pulse is set at an integer
+ 1/2 that of the mode locking frequency. This is done to suppress the Hght pulses which
occur immediately before and after the desired pulse resulting in a suppression ratio of
500:1. The process is depicted schematicaUy in Figure 2.4 which shows the overlap of
the RF pulse with that of the intracavity pulse train. The dye laser output repetition
rate is variable from single shot to 4 MHz. At 4 MHz, the output energy per pulse is less
than that at 800 kHz since the cavity requires approximately one microsecond recovery
time; however, the average power is higher, hence, the data acquisition rate is higher.
Refer to Figure 2.5 for a schematic representation of the fined laser output.
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High Frequency
RF Pulse

Laser Pulses
Figure 2.4: Schematic representation of the dye laser cavity laser pulse train overlapped
with the RF pulse suppHed to the Bragg ceU.

Variable
= 250 ns (typical)

10 ps

Figure 2.5: Schematic representation of the finzd, cavity dumped, dye laser output.
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The cavity dumped red output of the dye laser is directed to the model 390 angle
tuned frequency doubler. This converts the 10-50 mW beam to a 0.1-3.0 mW blue
source of 5 ps pulses which are ultimately used to excite the photoluminescence samples.
The conversion efficiency of this frequency doubler is on the order of a few percent. At
the time of instaUation, the output at 800 kHz was approximately 4 mW which
translates to approximately 5 nJ per pulse, and at 4 MHz, the average output was
approximately 6 mW or a pulse energy of 1.5 nJ. The bulk of the data presented in this
work was acquired after the laser system had been twice moved; the typical output at
4 MHz at that time was approximately 1 mW or 0.25 nJ. This may seem as an
extremely smaU pulse energy, however, this translates to approximately 9 x 10® photons
per pulse and is sufficient to acquire time-resolved data.

2.1.4 Time Correlated Photoluminescence Optics and
Detectors
The excitation pulses suppHed by the laser system are directed to the sample via a
Hquid Hght guide and excitation side optics. In the work presented here, one of two
systems were employed in acquiring the sample data, (1) the Leitz MPVH microscope
system and (2) the SPEX double monochromator system. Figure 2.1 indicates the
microscope system, but this part of the schematic can be replaced with the SPEX
system given in the fourth chapter. In either case, the principles remain the same. Since
the laser source is monochromatic, no input monochromator or filtering system is needed
as with CW (continuous wave) excitation. However, to avoid scatter of unwanted laser
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Hght through the detection optics side of the apparatus, a bandpass filter in conjunction
with the excite monochromators was typically used.

2.1.5 Leitz MP VII System
The laser pulses are directed via a Hquid Hght guide to the rear of the microscope.
Figure 2.6 gives a cut-away view of the microscope interior. The laser pulse enters the
microscope (left side of this figure) and bypasses mirror Mi, which is removed from the
path for laser excitation. Mj is in place when exciting the sample with c w . sources, M2
allows one to chose either the right or left ports of the microscope housing. Proper
adjustment of Mi and M2 also aUows one to chose between transmitted or reflected
iUumination of the sample. After passing through the diaphragm D i , which is situated
between the two excitation lenses Li and L2, the laser pulses are directed through the
iUumination diaphragm ID, and fleld diaphragm FD. The laser beam is out of focus at
the Ulumination diaphragm, hence, by varying its diameter, one effectively controls the
intensity of excitation. The excitation beam is focused at the field diaphragm aUowing
one to continuously adjust the size of the iUumination spot on the sample (when the
objective is focused). After passing through the field diaphragm, the excitation Hght is
reflected to the sample by either a dichroic mirror or a neutral density beam spHtter.
The dichroic mirror reflects aU Hght below 400 nm and aUows Hght above 400 nm to pass
through. The neutral density beam spHtter reflects 50% of the incident Hght regardless
of its wavelength (300-800 nm). The dichroic mirror is used when coUecting
photoluminescence data while the beam spHtter is used when determining the
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instrument response, which includes the laser pulse characteristics. These mirrors are
each part of a "cube" and there are four cubes making up the "Ploemopak," which is a
turret of cubes aUowing for easy exchange of optical elements. The Ploemopak is unique
in the MPV3 construction, for it allows the user to interchangeable optics readily by
rotating a knurled knob, which eflfectively places one of four optical cubes into position.
The laser pulses are reflected down through the objective and then onto the sample. The
Hght excites the sample photoluminescence, which passes through the objective cind
dichroic mirror, (the emitted photoluminescence is above 400 nm) or through the beam
spHtter. A K399 high pass filter (Oriel) is used when acquiring the photoluminescence
(Fi in Figure 2.6) to cut out any leakage from the laser, which shows up either as a
second harmonic in the range of 720 nm monochromator setting, or as scatter at the
lower wavelengths. The emitted Hght is either directed to the oculars, top port or to the
exit monochromator. Before reaching the exit monochromator, the luminescence must
pass through the measuring diaphragm which cdlows the user to select the area on the
specimen to be measured. This diaphragm can be chosen to be either circular with
incremental diameters from 0.7 to 5 mm or it may be rectangular with continuously
variable widths and lengths in the same range. The image of the measuring diaphragm
can be seen by the user through the oculars if desired. The measuring diaphragm may
also be rotated to fit irregularly shaped specimens; this is done by actuaUy rotating the
image under investigation using the prism arreingement situated in front of the
measuring diaphragm. Hence, one can be very specific about the measured Scimple area;
samples down to a few microns and up to hundreds of microns in size can be easily
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selected. For the hydrogenated amorphous siHcon carbon samples of this research, the
measuring diaphragm was kept open to reduce the data acquisition time (the samples
are homogenous). The wavelength to be detected is selected by the exit monochromator.
This grating monochromator is in Littrow arrangement and has 600 Hues/mm resulting
in a dispersion 6.6 n m / m m exit sHt width [15]. Interchangeable sHt widths of 1.0, 0.5,
0.3 and 0.15 mm result in a wavelength resolution range of approximately 7 to 1 nm,
respectively. The principal wavelength is scanned linearly and continuously either
manually or by two computer controUed motors. The wavelength at which the
monochromator is set is recorded by the user or computer with cin analog-to-digital
converter from a potentiometric output. Since the a — SiC : H samples studied were
weak over much of the emission range, we typically used the 0.5 mm exit sHt and
acquired the emission decay curves every 10-20 nm. The output from the
monochromator is directed to the microchannel plate photomultipHer tube.

2.1.6 SPEX IUumination System
A detailed description of the system used when acquiring cw. (continuous wave)
photoluminescence data is presented. This system is essentiaUy the same used to acquire
some of the time-resolved data presented here. The double grating system insures very
tight wavelength resolution (down to 0.2 nm) and lower second harmonic eflfects.
The sample is placed at the focal point of the two lens system. This aUows for the
largest soHd angle of acceptance. Both lenses are identiccd having a foccd length of
7.4cm. Since the sample luminescence originates at the focal point, the rays exiting the
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first lens are paraUel. The second lens focuses the unage at approximately 7.4cm on the
other side of the two lens system onto the entrance sHt of the monochromator. This lens
system has been chosen so that it matches the / # of the monochromator. Having
equivalent / # , ensures that the throughput is maximized [16]. The output of the
monochromator is directed to the microchannel plate photomultipHer tube (MCP).

2.1.7 Single Photon Detector - The MCP
One of the most crucial parts of the TCPC system is the single photon detector. It
must be sensitive, have very low noise and most importantly, it must have an exceUent
time response. The best system for detecting single photons is the microchannel plate
photomultipHer tube (MCP). We have had the opportunity to work with two
Hamamatsu MCP's over some time, model R1564U and R2809U, having 12 um and 6
u m diameter channels, respectively. Unless otherwise noted, the foUowing descriptions
pertain to both detectors.
Figure 2.7 is a reprinted cross-section view of the MCP construction tedce from a
paper by H. Kume et al. [17]. The MCP used in this work is of the proximity focus
variety, where the photocathode is in very close proximity to the microchannel matrix,
as opposed to the non-proximity type. The proximity type has the better time response
since the time spread due to electron transit time difl"erences between the photocathode
Eind the microchannel plate is reduced. The transit time Vciriation is due to the
distribution of the photoelectron kinetic energies. The transit time spread between the
two types is 60 ps cind 6 ps, respectively.
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Figure 2.7: Schematic and operation of the electron ampHfier as weU as the construction
of the proximity type MCP used in detecting the single photons.
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Table 2.2: Results of temporal tests of the two MCP types done by Hamamatsu and in
house.

Supply Voltage (V)
Rise Time (ps)
FaU Time (ps)
FWHM (ps)
IUumination source
Wavelength
FWHM of source
Risetime of source

Hamamatsu Test Results
12 um MCP
-2750
227
709
556

Supply Voltage (V)
Rise Time (ps)
FaU Time (ps)
FWHM (ps)
IUumination source
Wavelength

In--House Test Results
12 um MCP
-2750
620
1000
860

6 um MCP
-2900
148
694
489
20 ps Hght pulser
820 nm
70 ps
50 ps
6 umMCP
-2900
580
1540
890
Singlei Photon
360 nm

The eflfect of reducing the channel diameter is to reduce the electron transit time
within the microchannel plate. There are two components to the temporal response of
the tubes to consider, the single pulse temporal response and the pulse to temporal
distribution (transit time jitter).
First, we consider the response of the tubes to a single delta function photon
impulse. Since we are restricted to using rising edge pick-off" for the single photon pulses
in our timing scheme, the most important temporal parameter of the delta function
impulse when comparuig the two MCPs is the rising edge. We see from Table 2.2 that
the 6 u m tube has a 40 to 60 ps faster rise time. Table 2.2 Hst the manufacturer's
specifications as weU as the results of in-house testing. Hamamatsu used a picosecond
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Hght pulser as a single photon Hght source and a trigger source for a sampling
osciUoscope. The digitized output of the osciUoscope was routed to a computer for data
analysis. The photocathode emits electrons thermaUy, hence, these "dark photons" emit
pulses which are the same in temporal character as those produced by an incident
photon. The MCP does not "know" if the electron emitted from the photocathode was
caused by a photon or by thermal excitation. The initial electron is accelerated to the
first MCP plate and consequently ampHfied as it moves down the channel. We routed
these dark photon pulses to a 750 MHz fast digitizer set on internal trigger to digitize
the individual pulses. These digitized pulses were routed to the personal computer
where they were analyzed.
The second criterium to consider is the pulse to pulse transit time jitter.
Figures 2.8 and 2.9 are the transit time jitter experimental block diagrams used by
Hamamatsu and by us, respectively. Both experiments rely on the same basic principle.
The time dUference between the excitation pulse and the MCP emitted electron pulse is
determined for a large number of events. These time differences are the same for aU
pairs in a perfect system. In practice, even the event pairs occur with the same time
difference, the measured time between events is distributed in time; this distribution is
what is meant by time jitter. There is a transit time jitter associated with all of the
components of the experiment, hence, the overcdl measured jitter is a convolution of aU
individual component contributions. Exchanging one component (in this case, the
M C P ) , allows one to make a one-to-one comparison, assuming the composite jitter of
the rest of the components is on the same order or less than that of the component
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Figure 2.8: Block diagram of the Hamamatsu MCP transit time jitter apparatus.
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Delay-1.10 ns
Figure 2.9: Block diagram of our MCP time jitter appairatus.
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Table 2.3: Summary of MCP transit time jitter experiments.
Method
Hamamatsu (FWHM)
In-House (FWHM)

6 um MCP
28 ps
95 ps

12 um MCP
42 ps
118 ps

under investigation and that the jitter due to these other components does not change
between experiments. Table 2.3 summarizes the results of our and Hamamatsu's transit
time jitter measurements. In both cases, the 6 um tube proved to be superior. The
Hamamatsu data were taken from [17], and axe a comparison of different 6 and 12 um
MCPs than those used in our experiment. Hamamatsu estimated the actual 6 um MCP
contribution to the jitter to be between 10 and 20 ps and the rest of the instrumentation
to contribute approximately 20-40 ps. The 12 um non-proximity type tube is quoted to
have a transit time jitter of 100 ps. Assuming our 6 um MCP has a contribution of 20
ps, our apparatus, therefore, contributes approximately 90 ps and hence, our 12 um tube
has a transit time jitter of approximately 75 ps. These values are determined from the
relation T^yg + T^jQp = T^^tal where

TMCP,

Tgya and Ttotal are the time jitter associated

with the MCP, the rest of the system and the overaU total time jitter, respectively. The
principles of this technique wiU be described later in further detail.
The spectral response of the MCP is given in Figure 2.10. Our tube uses the
multialkah (S-20) photocathode material resulting in a 300-800 nm spectral response.
This material results in a room temperature dark count on the order of 1000 cps (counts
per second), hence, cooUng is required to obtain low noise photoluminescence decay
data. Reducing the temperature of the tube to —30°C results in a dark count of only 10

45

1000

1

i

1

'

\
1

\

1
!

SAPPHIRE
_
100 GLASS

^

,

^

1

^

1—T(

*
•

^: ^ ^

-*
^ ^ ^

- ' ***
BIALKALI
^r^^

QE = 25%

^ 0 F = 10% 1

r "" 1r"^

\
- M U L l riALKA _i

/VF\'"

f

X
' \

<
/•—hr
—f'"

>

^ =
i\

1

BOROSI JCATE
GLASS

— QE=I%:

LcsTe

f1-=^

•««•

ApD-rt;

»--

5

Jl'^/V

1 > ^^1 / \

CO
»-

z
<

1 /

• ^

<"

S

1

1 \

=r40 E = O.I«J

w^

IX

LX'

^

r

—\_— ' * * 'T*
^
1

*^ ' * l
1

^^

- ^ ^

1

I' ^^

\
1—

0.1

•

j

\

•'^

1—'i

1
1
\ \

t

1
1

0.01
100

200

300

400

500

600

700

1

1

1

!

V
\
1
11
1
1

800

1-

1
900

!
\

A

'
1000 II 00

WAVELENGTH (nm)

Figure 2.10: Spectral response characteristics of the MCP tubes, reprinted from Hamamatsu product hterature.
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MCP Cooling Curve

Time (minutes)

Figure 2.11: Counts versus time eifter starting the MCP cooling unit, set at maximum
cooUng of - 3 0 ° C .

cps. Figure 2.11 represents the dark counts vs cooling time of the R2809U tube. This
was determined by counting the "deirk photons" or dark counts coming off the tube
using the MCP, constant fraction discriminator and a pulse counter.
OveraU, the microchannel plate photomultipUer tube used in acquiring the time
resolved data is not the limiting factor in the instrument tempored response of the
system. We have shown here that the improved risetime and time jitter of the 6 um
tube is superior to that of the 12 um MCP. This results in a decrease in the FWHM of
the overaU instrument response from approximately 120 ps to approximately 90 ps.

2.1.8 The Picosecond Photodiode
The basic premise of acquiring time correlated single photo counting data relies on
measuring the time difference between two events: the occurrence of the excitation pulse
and the occurrence of the emission of a photon from the sample. We have already
discussed the principles behind the detection of the single photons emitted from the
sample; this section deals with a description of the detector used in picking off the
excitation laser pulse.
Referring to Figure 2.1, we see that the final frequency doubler has two outputs,
the fundamental beam (720 nm) and the frequency doubled beam (360 nm). The
fundamental beam is routed to the Antel AR-S2 picosecond photodetector. This
detector was chosen for its fast temporal response as weU a^ for its spectral response
which peaks at approximately 750 nm. The dcimage threshold of this detector is
100 m W average power which is far above that of the fundamental 720 nm beam of
approximately 5-50mW. The detection element is a passivated non-avalanche sUicon
PIN photodiode with an active area of 0.01 mm square. At the designated placement,
the beam is fairly diffuse, covering an area of approximately 2 mm^, hence, much less
than the entire beam is incident onto the active area and there is no danger of damaging
the photodiode. The detector has a risetime of 35 ps or less and a spectral rcinge of 300
- 1100 nm. The output impedance is 50 ohms, making it compatible with the
subsequent timing electronics. The FWHM is specified at 60 ps. In our experimented
setup, the actual risetime and FWHM measured was much higher than these values due
to the fairly long coaxial cable used. The measured pulses emitted were 100 mV in
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ampUtude, approximately 100 ps risetime and a FWHM of 500 ps. These specifications
are more than adequate for acquiring TCPC data.

2.1.9 Overview of the Timing Electronics
Referring to Figure 2.1, we see that the fast photodiode and MCP ampUfier
outputs are led into two discriminators. The standard TTL outputs from the
discriminators are used as the start (MCP) and stop (photodiode) signals for the
time-to-ampUtude convertor (TAC). A delay hne is used so that the laser trigger from
the photodiode corresponds to the emitted fluorescence photon detected by the MCP.
This inverted timing scheme is used to faciUtate data acquisition, aUowing for the use of
the high 4MHz repetition rate of the excitation. The actual number of counts acquired
per second is in the range of 10 to 2000cps, depending on the laser intensity and sample
quantum efficiency.
The output of the TAC is directed to a multichannel analyzer board (Nucleous
PCA 2000) instaUed in the IBM AT computer. The counts are acquired in 2048
channels of 20 ps width. The data is then stored in binary form. This raw data is time
inverted and converted to ASCII format in order to be transferred to the /z-VAX where
data reduction takes place.
Since the acquired fluorescence signal is actuaUy a convolution of the instrument
response of the system and the actual fluorescence decay, the instrument profUe has to
be determined for the various microscope optical configurations. This was done by
replacing the sample with a mirror and setting the emission monochromator at the laser
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frequency. The mirror has a delta function response and hence, the acquired signed is
the instrument profUe. The instrument response and the acquired time resolved
photoluminescence output are deconvolved using an iterative reconvolution technique
assuming either a discrete number of hfetimes (1-5), where the pre-exponential
coefficients and hfetimes are varied or a distribution of fixed lifetimes (up to 50
exponentials) where only the pre-exponentials are edlowed to vary.

2.1.10 Timing Electronics Testing
The single photon output of the MCP is fed to the HP-8447D two-stage Hewlett
Packard 1 GHz linear ampUfier resulting in a signal having a risetime of 0.6 ns, faU time
of 1.45 ns and a FWHM (full width at half maximum) of 0.90 ns. Note that these Vcdues
were determined using the fast digitizer and therefore include its response as weU. The
amplified single photon pulses are approximately 200 mV at the peak which is adequate
to trigger the digitizer. Figure 2.12 represents a typical digitized, amplified MCP pulse.
These individual pulses are routed to the digitizer unit which outputs a standard TTL
(transistor-transistor logic) pulse which is exactly timed to the occurrence of the input
pulse. Likewise, the photodiode output is routed to another digitizer which again
outputs a TTL pulse exactly timed to the arrival of the photodiode pulse. The object of
the discriminator is to generate a logic pulse that has a constant time relationship to the
event which caused it and is invariant with the amphtude and risetime of the input pulse.
The Tennelec TC 454 200 MHz Quad constant fraction discriminator consists of
four discriminators in one unit. We wiU limit our discussion to the two channels used in
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acquiring the data presented m this work. There are essentiaUy two modes of operation
of the discriminator, leading edge and constant fraction. When using leading edge
triggering, the unit sends out the TTL pulse after the input signal has passed a preset
threshold; a range of 25 mV to 100 mV was used in this work for the MCP pulses. The
threshold was varied to achieve the most narrow instrument response. Constant fraction
\

discrimination is used on the photodiode pulse and was tried with the MCP pulse. The
input signal is spUt into two parts. One part is delayed and subtracted from a fraction of
the input. The result is a signal which has a zero-crossing point which is fixed in time
and this is used to provide the TTL pulse.
There are three types of timing errors associated with the discriminator. WaUc or
slewing is caused by input pulse height and risetime fluctuations. Using internal
triggering, the sum of 1024 amplified MCP pulses has a risetime which fluctuates
between 500 ps and 750 ps and the height ranges between 200 mV and 300 mV. Agcdn,
this rise time variation is not only due to the MCP but also the ampUfier and digitizer
units. Drift is associated with a long term variation in the output, i.e., the time
variation between the input signal triggering and the output. Drift is caused by the
system not being at equiUbrium temperature. This source was minimized by aUowing
the electronics to warm up from one to two hours. Often, the electronics was left on over
a longer period of time before data acquisition commenced. By acquiring the instrument
response often, over a long period of time (six to eight hours) we found that this did not
vary by more than 10 ps to 20 ps FWHM after the first hour. Jitter is the third source

52
of timing error and is caused by statistical fluctuation and electronic noise. This source
is inherent in the system and Cein not be corrected.
InitiaUy, we determined that the single photon amphfied MCP pulse (12 /zm) has a
risetime of approxknately 300 ps to 500 ps and a FWHM of approximately 500 ps. The
proper delay time to incorporate within the constant fraction discriminator is given by:
id = [*r(l — /)] where td and U are the delay and input signal risetime, respectively, and
/ is the fraction to be used (0.2 ns for this discriminator). We therefore desire a delay of
240 ps to 400 ps. Using the propagation velocity of 19 cm/ns, we find that the delay
cable length needs to be between 4.5 cm and 7.6 cm. Using this as a guidehne. we
configured channels A and B with a 4.3 cm and 3.7 cm delay cable, respectively. This
delay cable was hardwired within the discriminator by jumping across to pins on the
internal board. This was required since the inherent delay using an external delay cable
is a minimum of 0.6 ns, faj too long for our very fast pulses. Experimental tests showed
that the best instrument response was obtained using channel A in constzint fraction
mode for the fast photodiode signal and leading edge pickoff for the MCP, channel C.
There are two outputs from each discriminator. In most experiments, one of the outputs
from the MCP discriminator was directed to a pulsed counter have a variable reset time,
so that the total number of MCP pulses could be monitored in real time. If the counts
per second suddenly varied, the data acquisition is to be stopped and the laser adjusted
back to its original intensity. The pulse counter is also used to monitor the dark counts
from the MCP to verify that it is cold enough (< 20 counts/second) to commence data
acquisition.
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The TTL output pulses are directed to the time-tc^amphtude (TAC) convertor
(EG&G model 584). The function of the TAC is to output a TTL signal with a height
proportional to the time difference between the start and stop pulse inputs. By varying
the gain on the TAC, the time-to-output voltage coefficient can be varied. AU the data
presented within this work was acquired using the same gain, where 10 V = 50 ns,
hence, 200 ps per volt was considered the most useful range. InitiaUy, the photodiode
pulse was used as the start pulse. Since the total time for conversion, storage and signal
output (dead time) is approximately 7 ^s, plus the time between the start and stop
pulses, the maximum start pulse repetition rate is approximately 1.4 MHz. Hence, we
were initiaUy forced to use the 800 kHz pulse repetition rate of the cavity-dumped laser.
RecaU, the next increment of cavity dumping is 4 MHz. We already saw that the average
laser power is higher at 4 MHz than at 800 KHz; therefore, maximum data acquisition
rate required that the system aUows us to use the 4 MHz rate. This was accompUshed
by using inverted timing. By using the MCP output as the start pulse rather than using
the laser pulse (photodiode output) and reaUzing that the average number of detected
photons is 10 to 2 K per second, we see that this inverted scheme gave us ample latitude
with regards to the dead time. (The average time between photoluminescence single
photon events is no less than .5 ms, much greater than the Ifis required for TAC reset.)
It must be noted at this point that it is critical to properly pair the events; we must be
sure that the events corresponding to the staxt and stop pulses are correlated. The
detected photoluminescence photon must of been caused by the detected laser pulse, or
else we would introduce the laser pulse-to-pulse jitter (for excimple, if the detected
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photon was associated not with the laser pulse which caused the emitted photon event
but rather the foUowing laser pulse). Hence, a delay was introduced after the
photodiode which consisted of a very long coaxial cable. To verify that the correct laser
pulse was being used, we varied the cavity dumping rate and saw only a decrease in the
number of events detected per second (since the average laser power dropped with
decreasing laser repetition rate) and no change in the shape of the acquired decay curve.
The output of the TAC is directed to a multichannel analyzer (PCA 2000). purpose
of the PCA is to bin the individual TAC pulses into one of 2048 channels. With an
input range of 0 V to 8.192 V and a TAC output of 200 ps per volt, the tune per channel
is 20 ps for cdl data presented in this work. The PCA is operated in real time edloying
the operator to monitor the buUding of the histogram of time events. Figure 2.13 shows
a typical decay profUe as it appears on the computer screen. Note that the decay curve
is time inverted to what is generaUy seen. At the completion of data acquisition,
typicaUy taking up to an hour, the data are stored in binary format onto a floppy disk.
The data are translated from binary to ASCII and inverted (channel 2048 becomes the
first channel in the inverted array) to facihtate in data transmission to the main frame
computer. Both photoluminescence and instrument profUes were acquired under the
same electronic timing conditions insuring that the temporal response of the system
remained unchanged. Since a filter had to be placed in the emission path of the sample
to reduce laser scattering effects and the monochromator grating had to be adjusted, the
acquired photoluminescence decay was sUghtly shifted in time from the instrument
response. This time shift is taken care of in the data reduction software cind is detcdled
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below. It must be noted at this point that there is a non-Unear region on the low
voltage side of the PCA x-axis caused by the TAC nonUnearity in the very short
start-stop delta time ranges. Figure 2.14 is a detailed graph of this region. This data
were acquired with MCP dark counts and would be flat over the entire region were it
not for the non-hnear region above channel 1900. Note this is a plot of the inverted
signal, hence, the non-Unear region shown corresponds to low TAC voltage inputs. AU
the data presented were flt excluding this region.

2.2 Data Reduction Theory
The acquisition and reduction of the acquired fluorescence decay data requires
much care. The fluorescence data, M{t), is not the actual photoluminescence signal
emitted by the sample, F{t). M{t) is the convolution of F{t) with the instrument
response function I{t):
M{t) = I{t) * F{t)

(2.1)

or in integral form:
M{t) = f

I{i)F{t

- i)di.

(2.2)

J — oo

The task is to determine the photoluminescence decay function F(t) and, from this,
the various decay times and percentage contributions of the contributing components.
This is done with an iterative reconvolution technique and least squares fitting. First,
the instrument function is determined. If F{t - () in the above integral is replaced by a
delta function 8{t - £), then the measured signal M(t) is just the instrument response
I[t).

This is done experimentedly with a mirror as mentioned above.
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Both the discrete and distribution analysis procedures cissume that the decay F{t)
emitted from the sample is a sum of exponential terms corresponding to emission from
N individual photoluminescence transition paths.
N

F(t) = Y^Ai • e-'l-^-

(2.3)

1=1

where the Ai and r^ are the individual pre-exponential coefficient Euid lifetime,
respectively. Combining this with Equation 2.2 gives the fitting function

(2.4)

M'

In the discrete analysis case, both the yl's and r ' s are aUowed to vajy until a best
fit is found. The best fit is obtained when the reduced chi-squaxe error sum x^ is
minimized, where
X.I/

Nch - l^fp-

(2.5)

Here, [Nch — ^fp) is the number of degrees of freedom of the fit, where Nch and Nfp axe
the number of channels and the number of fitting parameters used in the analysis, x^ is
the chi-square error sum

,

!ft[M(tO-M°(tO]^
1=1

(2.6)

'

Nch is typicaUy between 600 and 1800. The uncertainty in the z*^ channel ai for single
photon counting data [24] is

^f = M(ti)
where M{ti) is the measured signal which includes the photoluminescence signal -f
background.

(2.7)
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Mmhnizing x j is an iterative process, which involves incrementing the parameters
and thus successively reducing xl- The method employed [25, 26] is a combination of a
gradient search along the x^ hypersurface and hnearization of the fitting function. The
hypersurface hcis a dimensionaUty of Nfp. Considering the case where there are only two
fitting parameters, one can visuaUze the hypersurface as a three-dimensional surface
where the x emd y axis are the two fitting parameters and the z axis represents the
reduced chi-square value for any two fitting parameter values. When far from the
surface minimum, the gradient plays the dominant role in determining the increment
changes in the parameters. As the search closes on the minimum, the linearization of the
fitting function dominates. The parameter increments are given by
2n

SB^ = J20, . aj,'

(2.8)

k=l

where Bj = {Ai,rj}, and /3fc and ajk are given by the relations:

ift[M(tO-K°(fi)l
1=1

t

dM!(ti)
'^

Nr

M°{ti) is the best fit from the preceeding iterations, A is a weighting factor and 6jk
the Kronecker delta. The weighting factor determines the relative contribution to the
increments from the gradient search on the hypersurface to the Unearization of the
fitting function. This basic iterative reconvolution method was developed by Marquardt
[26] and adapted to the problem of single photon counting data by us.
The computer analysis routine begins by assuming a given number of exponenticd
decays (1-50) and some starting values for the fitting parameters. These input
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parameters axe used to construct the first fitting fimction M°{t) by convoluting this
assumed first guess of F(t) with the acquired instrument profUe. The program
determines the change in the parameters based on the above equations and forms a new
set of parameters. A new fitting function is then determined. The x^ is checked and if
there is an improvement, the new values for the parameters are kept and the procedure
again determines new SBj values. If the value of x^ is not improved, A is incremented by
an order of magnitude and 6Bj values axe again found. Once x^ improves from the last
best fit, A is reset (to 0.001). This iterative reconvolution process continues untU the
improvement in xl is less than a user defined tolerance. 1.0 X 10~® is typicaUy used in
the discrete case, whereas 1.0 x 10"'* is more typical when fitting the data with 20-50
fixed lifetimes. Once the change in xl is less than the tolerance between two successive
iterations, the program terminates and stores the resulting fitted curve, the measured
curve and the weighting array for subsequent plotting purposes.
In the discrete analysis case, both the A^'s and r^'s are aUowed to vaxy. Hence,
many convolutions must be performed at each iteration (see Equation 2.4). This
convolution process is done numericaUy and requires most of the computing time.
Finding the gradient on the chi-square hypersurface involves a rmnimum of two
convolutions per fitting parameter at up to 1536 channels for each array. Since up to 5
exponentisd decays (typicaUy, we only go up to a sum of 3 decays) can be fitted in the
discrete case, 10 convolutions per iteration can be necessary.
In the distribution analysis the hfetimes remain fixed, hence, the integral in
Equation 2.4 must only be performed once since the variable parameters (Aj's) are only
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multiphcative constants (not contained within the integral). The individual convolutions
must be stored separately (not summed into one array as in the discrete case) to avoid
having to perform redundant convolutions for subsequent iterations. At each variation
in the Ai^s, the individual convolved cirrays axe multipUed with the corresponding Ai
value and aU the eirrays are summed into a fitting function array which is represented by
M°{t).

This distribution analysis routine is relatively fast per iteration but converges

more slowly to a good fit since the number of fitting parameters is usually much greater
than in the corresponding discrete analysis.

2.3 System Testing
2.3.1 Testing with Known Samples
The analysis routine was tested using acquired data of substances having known
Ufetimes, and using synthetic data created by a sepcirate algorithm where Gaussian noise
was added.
In order to determine the temporal sensitivity of the system, we acquired the
instrument response I{t) twice, once as the instrument response and once as the
assumed photoluminescence decay. The two instrument profiles were acquired
approximately two hours apart, hence, long term variation in jitter, Wcdk and drift
would manifest itself in this experiment. In theory, the decay time determined from such
an acquisition should be zero. We found that an assumed, monoexponential fitting
function gave a good fit with a decay time of 2 ps. The result is nearly the same as the
uncertainty of the Ufetime determined with that of Rose Bengcd in water, which has a
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very short decay time (87 ps). Therefore, it is apparent that the system temporal
response remains very stable over a long period of time.
Figure 2.15 shows the instrument profile and fluorescence decay emitted from a
solution of Rose Bengal in water. It is apparent that this substance has a very short
Ufetime and was used to test if the system could accurately resolve a component of less
than 100 ps. The accepted Ufetime for this solution is between 66ps as determined by
the Joseph R. Lackowicz of the University of Maryland [23] using a different data
acquisition and fitting technique (phase modulation), and 88ps as determined by KeUy
Casey of Texas Tech University using time correlated single photon counting [22]. The
data were acquired with the Spex monochromator and a solution of coffee creamer in
water as a scatterer when acquiring the instrument profUe. The hfetime of Rose Bengal
is dependent on the quality of the water used as weU as the pH. Shght differences in the
actual hfetime can be attributed to these effects.
Figure 2.16 shows the result of fitting the Rose Bengal data assuming a single
exponential. The lifetime is 87 ps with an uncertainty of less than one picosecond. This
top portion of the plot shows the fitted curve very weU overlapped with the acquired
signal. The residuals and weighted residuals axe defined as:

n = M{ti) - Ml[ti)

(2.11)

^^,i = ^ >

(2.12)

and

respectively.
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Figure 2.15: Acquired fluorescence decay of Rose Bengal in water cind the corresponding
instrument profUe a<:quired using a scatterer in solution.

64

1

Ill

1

Measured
Kitted

1 1 1 mill

1

.

1 1 mill

Counts

100 1000

10000

:

o.

\

1 • 1.11. 1 1 A1

IhlLmlAi 1 ill. Jill.1.1 1

\U

1

50

100

150

200

250

300

Channel
Residuals

300

150

Channel
Weighted Residuals
(O

/\A ^^^iMA/YA^A;^^.A

J^Kf^Af*^. A — A J U .

I

50

100

150

200

250

300

Channel
Autocorrelation

150

Correlation Channel
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The autocorrelation is defined [24, 27] as:
rxi+m —1

Cr{j) = - ^ ^ ,

(2.13)

i=ni

where ns = 722 - ni + 1. Cr[j) is the correlation between the residual in channel i and
the residual in channel i-\- j summed over a selected number of i channels. n\ and n2 are
the first and last channel number in the fitting window, hence, 723 is just the total
number of channels, m is defined as 723 — j and varies for each sum. The upper Umit of j
is set at 713/2. A good correlation function has a high frequency, low amphtude
osciUation about a zero baseline. The higher the osciUation frequency eind the lower the
ampUtude, the less the neighboring residuals are correlated with each other and better
the fit.
The reduced chi-squaxe error sum is another measure of the goodness of the fit. A
value close to unity indicates a good fit since Equation 2.5 indicates that the difference
between the fitting function and acquired data in the f*^ channel is very close to the
uncertainty in that chaimel. A xl value of less than 1.3 is usually considered a
reasonably good fit. The reduced chi-squaxed value of the single exponential Rose
Bengal fit is 1.044 and indicates a good fit (the difference between the fitted curve and
the measured decay is the same as the measurement error when xE = !)• AH of the
uncertainties Usted are determined from the diagonal of the error matrix which is the
inverse of the curvature matrix a given by Equation 10 [25].
Fitting the Rose Bengcd data with a distribution of fixed Ufetimes should result in a
very sharp distribution centered on 88 ps. Figure 2.17 is the distribution resulting from
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Time (ns)
Figure 2.17: Lifetime distribution resulting from fitting Rose Bengcd fluorescence decay
with a sum of 40 exponential decays where only the pre-exponenticd coefficient is aUowed
to vaxy.
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fitting the decay curve with 40 fixed decay times in a range of 10 ps to 1 ns. Figure 2.18
are the corresponding fitted and decay curves. Here the distribution is plotted as the
percent contribution of the individual lifetime components as a function of decay time.
The percent contribution is defined as.

Pi = ^ ' " " ^ X 100% .
2^Ai • Ti

(2.14)

i

These percentages correspond to the intensity contribution of the corresponding i*^
component. This can be seen from integrating the fluorescence emitted over all time,
which gives the average intensity emitted from the z*'* component:

< / >i« r

F{t)dt = r

J — oo

Ai- e-''^'dt.

J— oo

This is equivalent to
<I>iOi

Ai-T,.

(2.15)

Figure 2.19 is the resulting distribution using 27 fixed lifetimes distributed fi-om 10 ps to
1 ns. Agciin we see a very narrow distribution.
Table 2.4 Usts the results of the various fits apphed to the Rose Bengal data.
Notice that the percent contribution of the second component in the two exponential fit
is only 1.3% and that the improvement in x j from a one to a two exponential fit is
smaU. This mdicates that the additional 326 ps component is not real. It is most likely
due to an artifact of the software trying to fit the noise in the taU of the decay. UsuaUy
one of two things occur when discrete fitting (variable r ) is done with too many
components, the additional components become redundant (i.e., two or more Ufetimes
are very close) or the additional components contribute very Uttle to the overaU decay
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Figure 2.18: Result of fittmg the fluorescence decay of Rose Bengal in water assuming a
40 exponential decay distribution of fixed lifetknes.
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10
Time (ns)
Figure 2.19: Result of fitting the fluorescence decay emitted from Rose Bengzd with 27
fixed decay times.

Table 2.4: Results of fitting the fluorescence decay of Rose Bengal in water with 1, 2, 27
and 40 exponentials.
N,exp

27
40

Lifetime (ps)
87 +/- 0
85 +/- 1
326+/-64
60 - 150
55 - 150

Nn
12
44
57

Pi(%)
100
98.7
1.3

1.044
0.934
1.467
1.440
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(low percentages, as we just saw). The distribution fits always result in higher xl ^'^lues
since the Ufetimes are not aUowed to vary, restricting the fitting algorithm of fine tuning
the fit. GeneraUy, as one increases the number of fixed Ufetimes in the distribution
analysis, the Xu decreases. As previously mentioned, the number of iterations increases
dramaticaUy with increasing number of exponentials regardless of whether using discrete
or distribution fitting procedures. This is understood since the increased number of
fitting parameters greatly increases the complexities of the xl hypersurface.
We have shown that the entire TCPC system works m the case of a single
exponential decay, however, data acquired from unknown samples sometimes suggest
multiple components. Figure 2.20 is the result of fitting a solution of einthracene and
P O P O P (p-bis(2-(5-phenyloxazolyl)) in ethanol. This decay was acquired using the
Leitz MPVIII microscope system. Note that the peak counts is on the order of 700,
much lower than typicaUy acquired for unknown samples. This was purposely done to
show the sensitivity of the system even with very weaJc samples. The components axe
easily resolved, the fit is good and the lifetimes are correct. The results of this fit are
given in Table 2.5, along with that determined by us in separate solutions by fitting with
a single exponential decay. Lifetime determinations by Lakowicz et al. and Badea et al.
are also included as a reference [28] [29]. Hence, we see that the resolution of two weak
photoluminescence decays is very easily done with our TCPC system.
There is an additional problem with using the microscope system which is not
manifested in the data acquired with the Spex system; there are multiple reflections off
of the microscope optics when acquiring the instrument response fonction. This occurs
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Figure 2.20: Results of fitting a solution of POPOP and Anthracene in ethanol assuming
a two exponential decay.

Table 2.5: Lifetimes determined from two standard non-interacting dyes separately and
in mixture.

Substance
POPOP
Anthracene
Substance
POPOP
Anthracene
Substance
POPOP
Anthracene

Mixture
Lifetime (ns)
1.283x0.046
4.184i0.114
Separate
Lifetime (ns)
1.317±0.002
4.122±0.014
Measured by Others
Lifetime (ns)
1.35
4.2

Percent Contribution
35 %
65 7c
Percent Contribution
100 %
100 %

xl
1.09

xl
0.94
1.22

Investigator
Lcikowicz
Badea

since the excitation hght is transmitted through the microscope objective, the laser
partially reflects off of the top of the objective optics. Figure 2.21 is the PCA printout of
a typical microscope instrument response profUe (IP) obtained using a mirror in place of
the sample. Note the shoulder(s) on both the rising and falling edge of the curve. Since
the photoluminescence emitted from the sample does not originate from the top of the
objective optics, there is no reflection associated with it, hence, the acquired IP is not
the true profile to be used in data fitting. Therefore, the IP must be chpped, and this is
done by a user defined set of parameters, CUppl and Chpp2. These two numbers
correspond to the channel range outside of which the instrument profile is made zero.
We have found if these cUpping parameters are not properly chosen, the resulting fit is
distorted and result in high xl values. As mentioned previously, the optics used when
acquiring the sample photoluminescence uses different elements than that when
acquiring the IP, hence, the optical path that the photons travel is of different lengths
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Figure 2.21: PCA plot of a typical instrument profUe obtained with microscopy system,
note the shoulders due to reflections off of the iUumination optics.

resultmg in the acquired signal being shifted in tune from the IP. It is therefore
necessary to perform a lineup of the fitted curve with the measured curve. It has been
found the lining up the signal at 10% of the rising edge produces the best results.
Figures 2.22 and 2.23 represent the case of fitting the emitted decay from a solution
of P O P O P in ethanol with cind without hneup, respectively. The cUpping range of 214
to 249 was determined to be the best, giving the lowest xl value. Even the respective x^
values axe 14.26 and 1.57, the lifetimes determined are very similar, 1.29 ns and 1.32 ns.
The hneup routine does not affect the value of the resulting hfetimes much, but greatly
improves the quciUty of the fit. Similar results occur when fitting to very fast decays such
as Rose Bengal, with hfetime differences between the two cases at approximately 20 ps.
Figure 2.24 represents a two exponential fit to the same P O P O P in ethanol
acquired data as in Figure 2.23 except that the cUpping range was changed from
214-249 to 212-249. The resultmg xl is 4.65 with a Ufetime of 1.34 ns. A change of only
2 channels in the range on the rising edge makes a large difference in the quaUty of the
fit at the rising edge. This is apparent from the weighted residual plots of each of these
figures. Notice the large excursion at the rising edge. You can also see that the
autocorrelation curve is best (high osciUation frequency, low ampUtude) for the case of
using Uneup and proper cUpping parameters.

2.3.2 Testing of the Software with Synthesized Data
We have shown that the system works very weU in fitting one and two exponential
decay data obtained from samples have a known lifetime. Since it is difficult to make dye
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solutions of greater than two components without the certainty or interactions occurring.
cind that much of the data acquired indicated that more than two photoluminescence
processes were occurring, it was prudent to synthesize decay data of known lifetimes and
apply the fitting software to determine the sensitivity of the overaU technique.
A routine caUed "Makedata" was written which synthesizes decay data by
convoluting a user defined sum of exponenticd decays with an actual instrument profUe.
Random Gaussian baseline and counting error noise is added to the resulting convoluted
decay. The final output is stored in the same format as acquired data. The counting
error noise array has a standaxd deviation of one and a average value of 0; it is plotted
in Figure 2.25. This axray is read in by the program and subsequently each channel is
multipUed by the square root of the corresponding decay channel. This completes the
addition of the counting error. The baseUne noise given in Figure 2.26 is added directly
at the end of the routine, just prior to storing. It has a mean value of 4.97 and a
standaxd deviation of 3.70, and is also Gaussian.

2.3.3 Single Component Decay Testing
In order to determine the shortest resolvable single exponential lifetime, we
synthesized for decays having 25 ps, 50 ps, 75 ps and 100 ps Ufetimes. We fit the decays
assuming a single exponenticd and the results are given in Table 2.6. When two
exponentials were assumed, either a redundancy occurred where both resulting hfetimes
were the same or the appeared another Ufetime of very low percent contribution (< 5%).
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Figure 2.25: Counting error array used in the "Mzdcedata" routine prior to weighting with
the convoluted signzd.

Table 2.6: Results of single exponential testing using synthetic data.
Actual Lifetime
25 ps
50 ps
75 ps
100 ps

Starting Value
500 ps
500 ps
500 ps
500 ps

Resolved Lifetime
23±0 ps
49±1 ps
74±1 ps
99±1 ps

xl
0.995
0.932
0.916
0.930
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Figure 2.26: BaseUne error airay used in the "Maltedata" routine, this is added directly
to the signal cifter the addition of the counting error noise.
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Table 2.7: ResiUts of two exponential testing using synthetic data.
Actual Lifetime
100 ps
10 ns
100 ps
20 ns
100 ps
50 ns
100 ps
100 ns

Starting Values
500 ps
5 ns
500 ps
5 ns
500 ps
5 ns
500 ps
5 ns

Resolved Lifetimes
100±0 ps
10.047^.027 ns
100^0 ps
20.15±0.11 ns
100±0 ps
50.76±0.88 ns
100±0 ps
102.4±4.8 ns

Xt
0.948
0.846
0.966
1.233

2.3.4 Two Component Decay Testing
Here we tested the range for determining the resolution of two exponential decays.
Table 2.7 gives the results of these discrete two exponential fits. AU fits were done over
1800 channel range (36 ns). As the longest component approaches higher and higher
Ufetimes, the uncertainty of the this component becomes higher. This is due to the
relatively narrow fitting window of 36 ns.
We have shown that the system easily resolves two components which are widely
separated in Ufetimes, however, how close can two Ufetimes be in order to be resolved?
We synthesized two decays each with two component decays. Figure 2.27 shows the
distribution of hfetimes of a decay consisting of a 100 ps and a 300 ps lifetime, both axe
resolved. Figure 2.28 is the resulting fitted decay. Note that the fit covered a 24 ns
range, much more than the necessary which results in axtificisiUy depressing the x^
vzdue. Figure 2.29 shows what happens for the case of 100 ps and 200 ps lifetimes
contributing to the overaU decay using the same distribution as in Figure 2.27. The two
components axe not resolved. Even going to a finer distribution of lifetimes as in
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Figure 2.27: Lifetime distribution analysis appUed to a two exponential decay of 100 ps
and 300 ps components of equsd percentage.
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Figure 2.28: Result of fitting with a the 50 exponentisd fixed lifetime distribution of the
previous figure to a two exponential synthesized decay.
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Figure 2.29: Lifetime distribution analysis appUed to a two exponential decay of 100 ps
and 200 ps components of equcd percentage.
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Figure 2.30, the two components cannot be resolved. As we wiU see in the case of higher
number of components, it is not possible to resolve two hfetimes unless they axe more
than a factor of two apart in value.

2.3.5 Four and Five Exponenticd Decay Testing
Applying the discrete analysis to a decay consisting of more than two or even three
single exponential decay processes is difficult to do without prior knowledge of the
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contributing components. However, applying the distribution analysis techniques
assumes no set number of exponentials. The Ufetimes axe fixed in this case and hence,
no assumptions play into the analysis. In practice, we apply the distribution analysis to
the unknown decay first to determine the total number of components contributing to
the overaU decay. UsuaUy the individual components stamd out in the distribution;
however, there axe times where subtle shoulders appear at which point we fit with either
a finer distribution in the area of the should in an attempt to resolve it better, or we try
fitting with more channels. We use the distribution of lifetimes to give us the number
cind starting values used in the discrete fitting. The discrete fitting results (hfetime are
aUowed to vaxy) give us the real hfetimes.
Figure 2.31 represents the resulting distribution analysis appUed a four exponential
synthesized data set. AU four components axe resolved. Figure 2.32 shows the
corresponding fitted decay. From the distribution, we can assume a four (or even five,
due to the spike at 15 ps) exponential decay. Table 2.8 represents the results of fitting
with three, four and five discrete exponential functions, where both the pre-exponential
coefficient and the lifetimes axe aUowed to vary. The real component Ufetimes are 50 ps,
200 ps, 800 ps, 3 ns, and have equal percent contributions of 25%. There is no
perceptual difference in the fits between the four, five and distribution that one can see
from the fitted decay graph, they aU look the same as Figure 2.32. The only way to
differentiate these three cases is by the xl values. The three exponential case, however
is another story. Figure 2.33 gives the fitting results of applying the three exponential
discrete analysis to the four exponential case. There is a mcirked difference between
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Figure 2.31: Distribution analysis appUed to the case of four exponential synthesized
decays.
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exponential synthesized decays.
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Table 2.8: Results of fitting the four exponential synthesized decay with three, four and
five exponentials.
Three Exponential Fitting Results
Starting Values (ps) Lifetimes (ps) Percent contribution
38.2
100
67±1
200
548±5
34.3
500
3506±21
27.5
Four Exponential Fitting Results
Starting Values (ps) Lifetimes (ps) Percent contribution
60
47±2
26.3
250
196±10
23.0
900
776±21
26.0
4000
3749±32
24.7
Five Exponential Fitting Results
Starting Values (ps) Lifetimes (ps) Percent contribution
26.4
100
47^1
300
197±5
23.0
900
777±12
26.0
2700
3754±94
18.3
8100
3738±267
6.3

xl
1.485

xl
1.048

X.I/

1.050
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Figures 2.32 and 2.33. There is a much larger excursion in both the weighted residucds
when assuming three discrete exponentials and autocorrelation also has a larger swing,
especiaUy for the lower correlation channels. The xl value is also highest for the three
exponential fit case.
The resolution Umit of our TCPC system may be five exponential decays.
Figures 2.34 and 2.35 are the results of fitting the same synthesized five exponential
decays with a distribution of Ufetimes, where we used 1500 (30 ns) and 1200 (24 ns)
channels, respectively. Note that there is a shoulder which appears when the higher
number of channels is used. From experience, we are usuaUy suspicious of a distribution
Uke that in Figure 2.35 since the long Ufetime portion of the distribution is asymmetric
cind covers a large range in lifetimes and try to apply the distribution fit with more
channels or a higher density of fixed lifetimes in the region of interest.
Table 2.9 are the discrete results of fitting the five exponential synthesized decay
with four, and five discrete exponential decays, respectively. The fitting routine does a
good job in extracting the actual hfetimes used in the synthesis: 50 ps, 200 ps, 800 ps,
3 ns and 10 ns (all contributing equaUy at 20%).

2.3.6 Concluding Remarks
It was shown that the TCPC system can resolve very short lifetimes of 25 ps to
very long lifetimes of about 100 ns using our standard time per point of 20 ps and up to
1800 channels. It is possible to resolve up to five discrete lifetimes with the use of the
distribution analysis, and in combination with the discrete anedysis, we can determine
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Figure 2.34: Lifetime distribution resulting from fitting to a five exponential synthesised
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Table 2.9: Discrete analysis results of fitting a five exponential synthetic decay assuming
four and five exponentials.
Four Exponential Fitting Results
Percent contribution
Starting Values (ps)
Lifetimes (ps)
25.5
60
55±1
22.6
250
311±8
26.0
1000
1509±27
25.9
4500
8589±83
Five Exponential Fitting Results
Percent contribution
Steirting Values (ps)
Lifetimes (ps)
22.2
60
49±1
19.4
250
219±13
20.6
1000
885±69
15.8
2500
2690±288
9815±334
22.0
10000

xi
1.158

xi
1.085

the actual Ufetimes of the five individual components. Most of the data presented in this
work has distributions suggesting three to five components. Great care is taken in fitting
these relatively low intensity photoluminescence decays to insure analysis integrity.

CHAPTER m
TCPC APPLIED TO HYDROGENATED AMORPHOUS
SILICON CARBON
3.1 Introduction
Relaxation processes in hydrogenated amorphous sihcon [a — Si : H) systems have
been studied by various photoluminescence decay techniques. Initicd studies of
photoluminescence decay where restricted to a - Si : H at time scales of greater than
20 ns [30, 31, 32]. There was no evidence of any fast decay components in these initial
data, hence, excitonic formation was not considered, and the data was explained using a
combination of radiative and non-radiative recombination tunnehng models. Only since
1982 has there been a resurgence of interest in the possibihty of exciton formation in
a — Si : H materials. This occurred due to the observance of a very fcist initial
decay [33, 34, 35]. As the discovery of a very fast, subnanosecond decay component in
these hydrogenated amorphous sihcon studies was occurring, there was also increased
interest and investigations being done on its carbon aUoy (a - Si\-xCx
studied these same processes in a — Sii-xCx

'• H). Few have

'. H due to the fact that these processes

occur many orders of magnitudes faster and few reseaxchers have access to the equipment
required to acquire the data. The interest in the carbon doped samples comes from the
fact that the luminescence intensity at room temperature is orders of magnitude greater
than that of the non-carbon doped amorphous siUcon and that the emission occurs in
the visible region of the spectrum rather than the near infrared. These two
characteristics maie the material a good candidate for use as a window material for
solar ceUs and visible emitting electro-optic devices. Several time resolved studies were
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done on these carbon aUoys in the long time scale (> 10 ns) [36, 37, 38^ 39, 401. These
investigations analyzed the fast portion of the acquired photoluminescence decay either
with a single exponential, or quahtative comparisons between various sample and
acquisition conditions. This was done due to the temporaUy insensitive instrumentation
these investigators had at their disposal. We are fortunate to have a time correlation
single photon counting (TCPC) system which lends itself weU to the study of
sub-nanosecond photoluminescence studies of this material. To the knowledge of this
author, TCPC has been apphed only once in the study of a - Si : H [34]. Mention of
single photon counting has be made by one other investigator, however, the data
presented consisted of decays acquired by a streak camera [40].
In this chapter, the basic physics of the recombination processes involved in
photoluminescence wUl be presented including radiative and non-radiative processes.
Discussion specific to the photoluminescence decay of hydrogenated amorphous siUcon
carbon and the results of other investigators wiU also be presented. These various
theories wUl be correlated to the results obtained from the lifetime distributions of the
five hydrogenated amorphous sUicon carbon samples as a function of emission energy
and carbon concentration.

3.2 Theoretical Background
IUumination of the sample results in the creation of electron-hole pairs. In
amorphous matericils, the electrons and holes populate the extended and locahzed states
at the band edges. Long caxrier lifetimes are desirable in solar ceU and detector

apphcations. There are a multitude of recombination processes which compete with this
desirable trait. These processes can be divided into two areas, thermalization and
recombination. Figure 3.1 is a schematic representation of the overaU photoluminescence
process showing the absorption, thermalization and subsequent recombination of the
electron-hole pair. For the remainder of this chapter, we wiU refer to the electron and
hole simply as the carrier. The primary difference between the two systems is the extent
of their respective wavefunctions and the corresponding band taU states. The basic
physiczd principles apply to both.
AU the analysis done in this chapter wiU be based on the physiccd processes
associated with electron-hole pairs, excitons and assuming the photoluminescence decay
is monomolecular where the electrons and holes recombine as non-interacting pairs. The
difference between an exciton and an electron-hole pair as these terms are used here, is
essentiaUy how strongly correlated they axe thxough their mutual Coulomb attraction. If
the two particles axe weU separated and interact weakly, they axe considered to be an
electron-hole pair (the wavefimction overlap is smaU). If the electron and hole are in
very close proximity, on the other hand, they are considered as paxticles occupying
independent locaUzed states and are strongly correlated through their Coulomb
attraction (the wavefunction overlap can be very high) and are referred to as excitons.
Of course, pairs of electrons and holes can not be classified strictly as exciton or
electron-hole peiirs, for intermediate hybrids are also possible.
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Absorption
1) Photon Absorption

Thermalization
2) Scattering
3) Direct Tunneling

Recombination
7) Radiative
8) Non-Radiative

4) Thermal Ionization
5) MuUple Trapping
6) Direct Tunnefing to a nonradiative recombination center

Figure 3.1: Schematic representation of the recombination process.

99
3.2.1 Thermahzation
There are three mechanisms which occur during thermahzation. The carrier
initiaUy emits phonons as it scatters in the extended states above the mobiUty edge.
Once below the mobiUty edge, the thermal transitions occur between locaUzed states by
either direct tuimeUng or multiple trapping. Refer to Figure 3.1 in the foUowing
discussions.
After the electron-hole pair is created, the caxrier subsequently thermalizes with
the emission of single phonons within the extended states as it scatters and lowers its
energy until it reaches the mobiUty edge where the transition from extended to loccihzed
states occurs (labeled Ec and E„). The transition from the initial excited state to the
mobiUty edge occurs very rapidly, on the order of 1 ps corresponding to an energy
dissipation of approximately 0.5-1.0 eV. This has been experimentaUy deduced by
Vardeny and Tauc in amorphous sihcon using a pump-probe technique and a very fast
mode locked laser [41]. It should be noted that the time dependence of the induced
absorption is due to multiple effects, and determining the extended state thermahzation
component is not trivial. The rate at which the carrier losses energy in the extended
states has been calculated by Mott and Davis [11] for amorphous semiconductors as:
dE/dt = huoPnriE) = hu^l [2TrB^N{E)/Mvl'\

(3.1)

where Pnr{E) is the non-radiative transition rate, B the deformation potential, N{E),

is

the density of states, M is the atomic mass, and Vg is the velocity of sound. The term in
brackets is on the order of one, hence, the rate of thermahzation is on the order of huj^
the loss of one phonon energy in the time of a phonon vibration. One phonon vibration
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is typicaUy taken to be 10~^^ s. Therefore, the energy loss associated with the emission
of a phonon is on the order of 0.004 eV. The thermahzation, time, Uh, required to emit
the excess energy the carrier has above the band edge, AE, by n phonons is therefore,

tth=nu;-' = AE/hu^l

(3.2)

The thermahzation rate begins to decrease as the carrier moves down into the band tail
where the density of available states begins to drop off very rapidly, hence, the electrons
and holes become "trapped" or locaUzed. At this point, equation 3.1 no longer apphes.
Thermahzation within the band tziU occurs by direct tunneling. The transition
probabihty is given by:
Pr,r{E) = ujoexp[-2R/Ro]

(3.3)

where R is the separation between the carrier and the locaUzed state, and RQ is the
locaUzation radius associated with the overlap of the carrier and locahzed state
wavefunctions. R can be taken to be the average distance between the nearest available
— 1/3

locahzed state which is approximately iV^

where Nt is the total density of states

which he deeper in the band tail. Monroe [42] assumed an exponential band taU,
Noexp{ — E/kTo),

and approximated the rate of energy loss due to tunneUng as:
2{kToNo)-'^/^exp{E/ZkTo)'
dE/dt = kToPnr{F) = kTou^oexp
Ro

(3.4)

where E is the energy below the mobiUty edge and kTo is material dependent and is
typicaUy taJcen to be on the order of 0.02-0.05 eV for amorphous sUicon [42]. Hence, for
kTo = 0.05 eV, the thermalization rate drops from approximately 10^° eV s~^ t o
10® eV s~^ when going from -0.1 eV to -0.2 eV past the mobiUty edge. In the case of
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hydrogenated amorphous sUicon carbon, JbTo, is much higher due to the broader bcind
taUs, and quahtatively, there is a less change in the thermahzation rate with energy past
the edge, hence, the carriers can penetrate deeper into the gap.
Midtiple trapping is temperature dependent. This mechanism is also termed
phonon assisted hopping. Thermahzation from a localized state near the band edge
occurs to the mobUity edge and is foUowed by retrapping. See Figure 3.1 for the
schematic representation of this process. The thermahzation rate is given by:
dE/dt

= u;okTexp{-E/kTo)

(3.5)

where T is the temperature, and E is the energy below the mobihty edge. Equation 3.5
apphes when T > TQ; this is the case seen with room temperature luminescence of
undoped amorphous siUcon which has a relatively strong temperature dependance. The
luminescence intensity decreases by approximately four orders of magnitude with
hydrogenated amorphous sUicon as the temperature changes from 10 K to 300 K. It is
also weU known that the luminescence intensity changes only by a factor of two for
hydrogenated amorphous sihcon carbon over the same temperature range for atomic
carbon concentrations greater than 50% [43]. This suggests that the contribution to
multiple trapping is smaU for the Ccirbon-doped fUms compared to the undoped fUms
and that kTo for the carbon fUms is much higher than for the undoped films.
An important question to consider prior to studying the recombination mechanisms
is how far an electron and hole diffuse from one another during the thermaUzation
process. While the caxriers axe in the extended states, they diffuse apctrt a distance:
LT = {DtthY^' = {DAE/hwlfl^

(3.6)
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where D is the diffusion coefficient. Using the value for hydrogenated amorphous sihcon,
D = 0.5cm^s~\ and an dissipation energy of AE = 0.5eV. the separation between the
electron and hole by the time they get trapped, is on the order of 70 A. Carbon doped
films have a very low diffusion coefficient, for high carbon concentrations (greater than
40%), D is two or more orders of magnitude smaUer making the diffusion length less
e

than lOA. This increases the probabihty of exciton formation.

3.2.2 Recombination
EventuaUy the electron recombines with a hole either radiatively or
non-radiatively. The recombination rate depends on whether or not the electrons and
holes are spatiaUy correlated or randomly distributed. In our studies, the recombination
occurs between the original pair of electron and hole (geminate recombination) which
are spatially correlated. This is apparent since the iUumination density of the excitation
source is so smaU and the diffusion length is also smaU. With a 365 nm, 1 mW average
output laser energy at 4 MHz repetition rate, and an attenuation of approximately 10~^,
the mcident number of excitation photons per pulse onto the 9 x 10~^° cm^ sample axea
is approximately 4.5 x 10®. Only a fraction of these photons are actuaUy absorbed by
the fUm. Hence the average number of electron-hole pairs created is on the order of
1 X 10® which corresponds to a density of about on electron-hole pair event per
2 X 10"^^ cm^. Therefore, the averag e distance between pairs is over 800A. The lattice
constant for crystalline sUicon is approximately 5.5A and the average atomic spacing in
amorphous sihcon carbon is on the same order. The pairs created do not "see" other
pairs; separate pairs eire too distant to interact.
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The recombination of electron-hole pairs in a — Sii-xCx

'• H occur between

geminate pairs, that is, the electron and hole are created during the same event. The
electron and hole wavefunctions initiaUy overlap. After thermahzation, they axe less
than 100 A apart. Due to their close proximity, the electron and hole are correlated by
their mutual Coulomb interaction. In genercd, when the interaction is strong enough, the
electron and hole diffuse together resulting in geminate recombination. If the interaction
is not strong enough, then the electron and hole diffuse away from each other resulting
in non-geminate recombination. However, this is not the case in our carbon doped films.
This is edso supported by the fact that hydrogenated amorphous sihcon carbon films
having substantial carbon concentration [x > 0.4) do not exhibit photoconductivity,
hence, the electron and hole do not separate.
Having estabhshed that the electron-hole recombination is geminate in our
samples, we may continue the discussion concentrating on two basic recombination
mechanisms, radiative and non-radiative.

3.2.3 Radiative Tunneling
Radiative recombination occurs via two possible paths, through radiative tunneUng
and through excitonic type transitions. The radiative tunneling is governed by the
relation:

where R is the separation between the electron and hole, r^ is the radiative decay time
To is usuaUy talcen to be 10~®s and RQ is the Bohr radius of the more extended wave
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function (the band tail electrons) [44]. This relation is derived from Fermi's Golden Rule
where the radiation recombination rate, Pcm, for a transition between upper and lower
state emitting photon of energy ?iu), is given by:

Pern = (2x/^) < M 2 > 6{Ei -E^

+ hu;).

(3.8)

The delta function insures conservation of energy. Here < M^ > is the transition matrix
element where
M = MoJ($e,*h)

(3.9)

and J is the overlap integral of the electron and hole wavefunctions. Hence we can write

Pem = P o J ' .

(3.10)

From this we see that PQ is the transition probabihty when the electron and hole
wavefunctions completely overlap. Dipole transitions have a matrix element which is
proportional to e^r^/hX^ (erj is the dipole moment). This makes PQ ^ 10®s~^, hence,
the radiative lifetime for complete overlap on the order of 10~® seconds. Thomas [44]
showed that for r > > Roe the wavefunction envelope can be approximated by
exp{—r/Roe) where r is the distance from the locahzed state (hole). The overlap integral
becomes:
J % jexp(-r/Rot)exp(—J—)^"^

~ ezp(- — )

(3.11)

It was assumed that the largest contribution to the integral is at one or the other site
and in this case apphes when RQ^ > Roh- Since J is squared,

P^m = Poexp{-2R/Roe).

(3.12)
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A transition between states for which R >> Roe has a low probabUity and hence, a long
decay time.
The radiative tunneUng expression given in equation 3.7 has been successful in
describing Ufetimes greater than 50 ns. For observed Ufetimes less than this, competing
non-radiative recombination has been suggested to explain the short observed decays.
We know that the measured, or observed, decay time Tobsi can be written as:

Tob, = —

^

(3.13)

where Vnr is the non-radiative rate and Ur is the radiative rate. We could extend this
relation to explain the nanosecond and subnanosecond decays observed. However, the
non-radiative rate would be such a large fraction of the observed rate that the
luminescence intensity would be unobservable. Therefore, radiative tunneling can not
model the short lifetimes observed, R is on the order, or smaUer than, RQ. Hence, the
electron and hole do not exist in weU separated regions of space and this model brealcs
down (recaU, Thomas assumed the separation was large compared to the electron
wavefunction extent). We are left with the bound exciton model to describe what occurs
in the nano- and sub-nanosecond time scale.

3.2.4 Exitonic Recombination
Let us assume the case where the hole is very tightly locaUzed and the sepziration r
between the electron and hole is not Icirge with respect to the electron wavefunction
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extent. To get a handle on what occurs in this Ccise, Kivelson and Gelatt [45j start with
Fermi's Golden rule written in. the form the radiative transition rate:

., = ^(MV^iiiLL>P

(3.14)

where K is the dielectric constant of the material, u; is the frequency of the emitted
photon, e is the electron chaxge, c is the speed of hght sind < z | z | / > is the dipole
matrix element. The matrix element is proportional to an overlap term Sij times the
squared dipole moment of the smaUer (hole) state:

|<i|z |/>|'^5iy < / | x 2 | / > .

(3.15)

Kivelson approximated the overlap term with Sif = (2r/i/re)^. He assumed that the hole
wavefunction is extremely small, approaching that of a delta function, then
< / I 2;^ I / > ~ i^fh)^- This allowed them to make the approximation that the radiative
recombination rate due to an excitonic transition is:
V^32e ^uj^r^

Stearns appUed this resiUt to a — Si : H and chose K = 12, hu; = 1.5 eV
r/i = 2A,re = SA which yielded a radiative rate i/r = 0.1 ns"-^ (r^ = 10 ns). With our
carbon doped samples, hu % 2-3 eV, which would tend to increase Ur further. There is a
great deal of error associated with attempting to determine r^, and r^ using
equation 3.16, hence, it is to be apphed carefuUy.
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3.3 Data Acquisition and Analysis
To our knowledge, we are the first to apply sub 100 ps resolution TCPC to the
study of photolummescence decay of amorphous sihcon or its aUoys. We are also the
first to apply a Ufetime distribution analysis technique in which no prior assumptions as
to the shape of the distribution is assumed. We wiU show that the photoluminescence
decay consists of up to five different lifetime distributions and that these vary primarUy
with the percent contribution to the total photoluminescence intensity from sample to
sample and across the emission spectrum.
Time-resolved photoluminescence data were acquired at room temperature for the
five hydrogenated amorphous sUicon carbon samples. The microscope system described
in the previous chapter was used in the data acquisition. The microscope was used to
insure that no contaminant fiuorescence was detected from the sample surface (dust
particulates fiuoresce strongly in the blue). A background test was performed to insure
that there was no substantial contaminant fluorescence from the optical system. In this
case, all measuring diaphragms were opened with no sample on the microscope stage.
The exit monochromator was set at 450 nm, the peaJc of the background fluorescence.
The very weak background is blue and drops off very quickly to dsirk current levels before
reaching 500 nm. After 30 minutes acquisition time, the peak background channel count
was 40, the average dcirk background is typicaUy 2-8 coimts (a single count corresponds
to one detected photon or dark count). AU decay curves were acquired between 20 to 60
minutes with a peak count of over 800 cind typicaUy over a few thousand. Hence, the
background fluorescence of the microscope system is typicaUy less than 2% at the peak
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Figure 3.2: Photoluminescence decay of the 2LS sample at 2.47 eV emission energy-; the
data is a print out of the multichannel analyzer screen.

channel and less than 4% of the total counts acquired (at the blue end of the spectrum,
at wavelengths above 500 nm (2.47 eV), the background is not detectable).
Figure 3.2 is the decay curve acquired from the 2LS sample at 2.47 eV; it is a
printout of the multichannel analyzer screen. The peak count is 2960, the elapsed time
is just over 53 minutes, the toted number of photons detected is over 50,000. This decay
curve is typical of the data coUected. Note the inverted time scale, the decay decreases
(time increases) as one travels from right to left. The data is translated from binary to
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A S C n format and inverted prior to data transfer and fitting. AU fitted results are
plotted in the usual manner, with time increasing as one proceeds to the right along the
X-axis. The time per chcinnel for aU samples was chosen to be 20 ps, and the usable
range (fitting rzmge) is 1800 channels (36 ns). Using a smaUer time per chaimel would
make it more difficult to accurately determine the longer hfetimes while using a larger
time per channel would make it too difficult to ascertain the very short
photoluminescence components. Since the resolution limit of a TCPC system is on the
order of 10-20% of the instrument response, our hmit is on the order of 20 ps, therefore,
the 20 ps channel width chosen is appropriate. Photoluminescence Ufetimes lower than
that cannot be accurately determined. We wiU see that some of the samples show a
spike in the Ufetime distribution analysis at 10 ps, which indicates that there is a very
fast process occurring but it is not within the resolution hmit of the system. In fact, the
30 ps Ufetimes detected vary by up to 75% (20-50 ps), hence, we assign aU Ufetimes
appearing to be less than 50ps as belonging to one lifetime distribution.
Figures 3.3 and 3.4 show the normaUzed decay curves acquired for the various
samples at 2.38 eV and the emission from the 5LS at three different emission energies,
respectively. Note that as the carbon concentration decreases, the decay becomes slower.
The trend towards slower decay with decreasing emission energy (increasmg wavelength)
is common to cdl samples.
Before presenting the TCPC data, it is important to understand the physical basis
for the model used and detail the analysis procedure used in determining the various
time resolved parameters. We fitted each decay with a multiparameter model. Since in
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our experiments, the recombination m a - SiC : H is monomolecular, we can use
first-order

decay kmetics (dN/dt

oc N), where N is the number of photons emitted at

time t. This imphes an exponential decay for any individual component. Since the
component decay is monoexponential, we have used an extension of first-order kinetics
to n nonmteracting components which is a sum of exponentials. Hence, the distribution
analysis scheme described in the previous chapter lends itself weU to the analysis of the
PL decays acquired for the a - SiC : H samples studied.
Figure 3.5 represents an acquired photoluminescence decay from the 2LS sample at
2.46 eV emission energy and includes a typical fit using a 50-exponenticd distribution of
fixed Ufetimes ranging from 10 ps to 100 ns. The Ufetimes were chosen to be evenly
distributed on a logarithmic scale. Only the pre-exponential coefficients were aUowed to
Vciry. The steirting values for these coefficients were chosen to give each of the 50
exponential terms equal percentage weight (i.e., each component was assumed to
contribute 2 percent to the total intensity). In this way, there was no biasing of the
distribution at the outset of the fitting routine. The resulting fitted curve is a very good
fit to the acquired data as is apparent from the flat weighted residual plot and low
ampUtude, high frequency osciUation in the autocorrelation curve. The reduced chi
square value for this fit is 1.12 which is very close to 1.0, a very good fit. There is a very
sUght excursion in the residuals at the rising edge which can be attributed to some very
fast recombination occurring and to the hmitation of the overaU TCPC system.
Figure 3.6 is the resulting distribution obtained and corresponds to the fitted curve
given in figure 3.5. There are at least three prominent structures seen along with a long
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Table 3.1: 2LS percent contribution as a function of energy.
Lifetimes Wavelength
nm (eV)
460 (2.67)
480 (2.57)
500 (2.47)
520 (2.37)
540 (2.29)
560 (2.20)
580 (2.13)
600 (2.06)

30 ps
PI

250 ps
P2

2.0 ns
P3

100 ns
P4

xl

15.9
16.3
19.6
8.4
14.7
9.0
6.4
6.4

21.4
27.9
29.2
43.0
42.0
48.6
52.0
51.2

37.4
32.1
28.2
27.0
27.4
29.2
31.4
33.0

25.3
23.7
23.0
21.6
15.9
13.2
10.2
9.4

1.27
1.57
1.38
1.33
0.98
0.92
1.03
1.21

hfetime spike. The third structure appears to have a shoulder which may be attributed
to the combination of two closely spaced distribution peaking at approximately 1.5 ns
and 4.0 ns. The long hfetime spike is due to a very long component which can not be
accurately resolved using this relatively smaU time window.
AU of the acquired decay curves where fitted using background subtraction (the
first 20 channels prior to the rising edge where averaged; this value was subsequently
subtracted from aU the channels). This corrects for background noise as weU as any
contribution from photoluminescence originating from preceding pulses. Instrument
response cUpping was also performed on the instrument response (see discussion in the
previous chapter). The fits concluded when the reduced chi square value did not change
by more than 0.000001 from the previous iteration. Rising edge hneup was also
performed. AU fits were done over an 1800 channel range (36 ns).
Decay data were acquired and fit over the entire usable spectral range, 460 nm 600 n m (2.68 eV-2.06 eV), at 20 nm mtervals. Figure 3.7 presents the resulting
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distributions for the 2LS sample. Note that there is no systematic variation in the
individual peaks with time over the entire emission range, hence, we assume that the
individual component hfetimes do not vary with emission energ}\ only the relative
contributions. Therefore, we can average aU the distributions together to determine the
approximate individual component lifetimes, r^, by taking the value of each peak in the
distribution. The average distribution for the 2LS sample is given in Figure 3.8. The
individual resolved peaks from this averaged distribution were used as the fixed hfetimes
in subsequently fitting the decays to determine the component contribution at each
individual emission energy. Table 3.1 gives the resulting percent contribution, Pi using
the fixed Ufetimes indicated in Figure 3.8; we have assumed that the peak structure
straddling the 2 ns region is due to a broader distribution and is not caused by two
separate, closely spaced, distributions. In other of words, we have assumed the shoulder
structure does not represent a separate component. This may explcdn why P3 vs energyspectrum is structureless, remaining relatively flat with emission energy.
One may be concerned that the previous statement: "The trend towards slower
decay with decreasing emission energy (increasing wavelength) is common to all sample"
contradicts the fact that the P4 contribution decreases with decreasing emission energy
whUe the P3 contribution remains relatively flat for the 2LS sample. Note that the long
component is introduced in the fitting for two reasons, the first is to remove the
contribution of the noise in the tail so that biasing of the other components does not
occur. If we leave out the longest component in the fit, the algorithm compensates by
making the other components appear longer when the lifetimes are free to vary, resulting
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in a bad fit with osciUating residuals and a higher xl value. The second reason that
there is actuaUy a weU known long component distribution in the decay which has been
modeled as a broad distribution covering a range from 10 ns to 100 //s in hydrogenated
amorphous sihcon carbon films [46, 47]. In our relatively short 36 ns time window of
investigation, this component is not resolvable. Hence, the P4 values shoiUd not be
taken as accurate. As the real contribution of the long component increases, the efl'ect of
the noise decreases, hence, for the other samples, the 100 ns component begins to have
more meaning. We are not interested in investigating the long portion of the Ufetime
distribution, but rather the very short events. RecaU that our laser system has a
repetition rate of 4 MHz and a low average power of 1 mW; lower repetition rates would
require extremely long data acquisition times. A study of the very long component
decays are better suited for the FAT system described in the introduction.
The relative percent contributions. Pi, are plotted in Figure 3.9. We have assumed
that each component can be modeled by a single exponential decay, integrating over aU
time gives:
r
Jo

Ai{X)e-"^^dt

= Ai{X)r,.

(3.17)

Ai{X)Ti is the total area under the component decay and is proportional to the total
number of photons acquired due to this component, hence, this value is proportional to
the contribution to the total photoluminescence intensity at A of that component. RecaU
that the percent contribution is defined as:

PiW

= ^ ^ 5 ^ -

(3.18)
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Figure 3.9: Relative 2LS percent contribution obtained by fitting the decay data with
four fixed lifetimes determined from the averaged distribution.
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Figure 3.10: 2LS component spectra, liX.
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Weightmg the Pi{X) with the normahzed continuous wave (cw) spectra, h^W^

results

in the spectraUy corrected tkne resolved spectra of the individual component:

Ii{X) = Pi{X)Ic^(X).

(3.19)

DetaUs on the acquisition of Icuj{X) is presented in Chapter IV, note, IcwW was
acquired using using 365 nm excitation from a Hg lamp (very close to the laser
excitation wavelength). The individual time resolved spectra are plotted for the 2LS
sample in Figure 3.10. We have analyzed the other four samples with the same
procedure as described for the 2LS sample.
Figure 3.11 are the averaged hfetime distributions determined from the other four
samples and were determined in the same manner as in Figure 3.8. The corresponding
four and five exponential fitting results where the five fixed hfetimes were taken as the
individual peaks of the averaged distribution, are presented in table 3.2 and the time
resolved spectra axe given in Figure 3.12.
As can be seen from the averaged distribution plots (Figures 3.8 and 3.11) the best
fit of the photoluminescence decay yields three peaks for samples with high carbon
content (2LS and 3LS), and four peaks for the others (4LS, 5LS, and 6LS). The mean
decay time of the peaks are 30 ± 20 ps, 300 ± 100 ps, 2.0 ± 500 ps, and 7 ± 2 ns for aU
the average distributions (note, the 2LS and 3LS samples do not show the higher value
peak). Similar results were obtcdned on hydrogenated amorphous siUcon thin films when
the photoluminescence decay recorded by the fast analogue technique (FAT, see the
introductory chapter) which were analyzed by using a simUar model [48]. The hfetunes
corresponding to the thee dominant recombination channels in that case were
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Table 3.2: Percent contribution as a function of emission energy for aU samples.

Lifetimes Emission (eV)
2.67
2.57
2.47
2.37
2.29
2.20
2.13
2.06

20 ps
PI
17.5
20.8
18.0
15.9
11.8
13.0
2.6
7.3

Lifetimes Emission (eV)
2.67
2.57
2.47
2.37
2.29
2.20
2.13
2.06

20 ps
PI
6.5
4.5
9.0
10.0
7.8
2.4
3.6
1.5

Lifetimes Emission (eV)
2.67
2.57
2.47
2.37
2.29
2.20
2.13
2.06

30 ps
PI
11.4
9.0
8.9
2.8
0.4
0.8
2.8
3.8

Lifetimes Emission (eV)
2.67
2.57
2.47
2.37
2.29
2.20
2.13
2.06

10 ps
PI
16.6
6.6
9.3
1.0
0.1
3.1
2.9
0.2

3LS
300 ps
P2
40.4
40.5
48.7
48.0
47.0
40.6
41.8
34.2
4LS
350 ps
P2
63.3
54.9
42.5
33.2
27.1
26.3
22.5
21.0
5LS
350 ps
P2
43.5
34.0
25.5
22.7
18.9
15.6
12.7
9.8
6LS
350 ps
P2
32.0
29.3
20.0
19.5
15.5
11.7
9.9
9.7

2 ns
P3
23.5
21.2
24.6
28.2
34.2
39.6
44.3
44.8

100 ns
P4
18.6
12.5
8.8
7.9
7.0
6.8
11.3
13.7

2 ns
P3
24.5
30.4
37.1
41.7
43.9
45.3
48.2
49.6

6 ns
P4
3.9
6.2
7.6
10.3
13.4
16.6
19.1
18.9

100 ns
P5
1.8
4.0
3.9
4.8
7.8
9.4
6.6
9.0

2 ns
P3
36.0
42.3
44.9
44.9
41.8
40.3
40.2
37.1

8 ns
P4
6.8
12.0
16.6
24.2
27.6
27.9
30.7
32.0

100 ns
P5
2.4
2.7
4.1
5.4
11.3
15.4
13.6
17.3

2 ns
P3
39.0
42.5
41.2
39.8
37.7
34.4
31.3
30.0

7 ns
P4
9.3
16.9
22.6
28.5
30.4
33.2
34.8
34.4

100 ns
P5
2.95
4.7
6.9
10.2
16.2
17.6
21.1
25.8

xl
2.05
1.13
1.11
1.13
1.02
1.56
1.30
1.01

/\.u

2.18
2.30
1.56
2.43
2.42
1.50
1.25
1.05

X-U

1.61
2.11
2.24
1.56
1.47
1.18
1.17
1.29

xl
1.15
1.28
1.48
1.26
1.18
1.21
1.19
1.12
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0.8 ± 0.2 ns, 3.8 ± 0.5 ns and 18.0 ± 3.0 ns at 25K. Smce the photoluminescence decay
measurements for our a - SiC : H samples presented here were performed at room
temperature, the decay times are shorter than those measured in a - Si : H because of
the increase in the nonradiative recombinations at higher temperatures. The shortest
hved component with 30 ps decay times Wcis not observed in a - Si : H, probably
because of the reduced resolution hmit of the FAT (approximately 300 ps).
As shown in Figure 3.3, the overaU photoluminescence becomes faster with
increasing carbon concentration. Figure 3.13 plots the relative contributions of the three
and four lifetimes at different carbon concentrations for the resolved distribution peaks
below 10 ns at the same emission energy of 2.37 eV (520 nm). Because the fourth
component, having a Ufetime distribution peak in the 6-8 ns range, is not resolvable for
the two highest concentration sample, 2LS and 3LS, it does not appear at x = 0.74 and
0.82 on this graph. The fifth component, corresponding to the 100 ns lifetime shows an
upturn in its contribution for these highest carbon content samples. The figure clearly
shows the general trend that the two fastest components increases with carbon content,
the 250-350 ps component dominates the photoluminescence decay compared to the
other components for these high carbon concentration samples. This indicates a shift of
the overaU lifetime distribution toward shorter hfetimes. In order to look at
recombination of electron hole pairs which have thermaUzed to the same depth from the
band edge, we compared the photoluminescence for aU samples at energies
approximately 0.23 eV below the opticcd bcind gap with the exception of the 5LS Scimple.
This sample has a very large optical band gap, therefore, the decay acquired at 2.68 eV

12:
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Figure 3.13: Percent contribution of the individued components plotted as a function of
carbon concentration determined from the photoluminescence acquired at 2.37 eV.
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Figure 3.14: Comparison of the photoluminescence decays acquired at the same thermaUzation depth of 0.23 eV for aU samples with exception of the 5LS sample which was
acquired at a depth of approximately 0.7 eV.
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Figure 3.15: Lifetime distribution determined from the decays acquired at the same thermalization depth of 0.23 eV for aU samples with the exception to the 5LS sample which
was acquired at a depth of 0.7 eV.
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(460 nm) was the closest of aU the acquired data to the band edge, with a respective
depth of over 0.7 eV. Figure 3.14 compares the photoluminescence decays, normahzed to
unit height, acqufred at 2.13, 2.37, 2.06, 2.68, and 2.60 eV emission energies for the 2LS,
3LS, 4LS, 5LS and 6LS samples, respectively. The comparison of the corresponding
Ufetime distributions are given in Figure 3.15. These decay curves and resulting
distributions clearly show that the recombination at the same thermaUzation depth is
diff'erent for samples with different carbon content. With an increase in carbon content,
the photoluminescence decay is dominated by the short Ufetime components, as is seen
in the 2LS and 3LS samples, indicating effective thermaUzation of majority carriers
(electrons) to lower energies due to the broader bandtaUs of these samples.

3.4 Discussion
A few investigators have seen a shift to shorter Ufetimes with increasing carbon
content [47, 40, 49]. Siebert [47] showed that decay shifts to shorter times as the relative
contribution of carbon increases. He was hmited to a resolution of 15 ns by his
apparatus and therefore he could not analyze what occurs above a carbon concentration
of approximately x > 0.50. Siebert also assumed a broad distribution of lifetimes where
the excitation piUse duration is neghgible compared to the photoluminescence decay
time. Even so, the analysis showed a broad distribution of Ufetimes which covered over
four orders of magnitude for any given sample, with the x - 0.47 sample having a
distribution peak extrapolated to somewhere below 10 ns. Siebert also looked at the

131
average Ufetime as a function of composition z, and found that as x increased from 0 to
0.5, the average Ufetime decreased from lO"'^ to 10~" seconds.
Fischer [40] had a much more sensitive apparatus for the measurement of fast
photoluminescence decay which consisted of a synchronously pumped dye laser with an
output pulse tram of 6 ps pulses at 76 MHz. The detection apparatus consisted of a
streak camera with an optical multichannel analyzer. He also mentions the abihty to use
TCPC techniques, but off"ers no data. His time axis covers the range up to only 600 ps
and is therefore Umited in resolving the components above 1 or 2 ns. No information is
given to the resolution hmit of the system and there is Uttle computational analysis of
the acquired decay signals themselves. Even so, Fischer does show that with increasing
emission energy, the decay time decreases substantiaUy over the range of 1.55 to 1.88 eV
(800 n m to 660 nm) with the initial decay of the carriers deduced to be about 900 ps.
His decay curves reach 10% of the initial intensity after just 600 ps whUe ours typicaUy
reaches this level after about 300 ps. It shoidd be noted that Fischer acquired his data
at 77 K while our data were acquired at room temperature. Fischer also shows that with
increasing carbon content, the decay time decreases substantiaUy over the range of
0.05 < X < 0.20. He showed that at the same depth below the optical band gap
(400 meV) that the highest carbon concentrated sample (x - 0.18), was fastest
regardless of sample temperature. It is interesting to note that the 0.05 and 0.11 carbon
samples showed a significant shortening of the average lifetime by going from 5 K to
100 K while the z = 0.18 carbon sample showed no appreciable change in the shape of
the photoluminescence decay curve. Hence, extrapolating this result to high carbon
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concentration samples at room temperature suggests our sample decays would have httle
temperature dependence.
UnUke Fischer who stopped analyzing the carbon doped samples at z = 0.18,
Vassilyev started at this concentration and investigated the photoluminescence out to
z = 1.0. He also reports the same trend that the lifetimes decreased with increasing
carbon concentration. Unfortunately, his apparatus had a time resolution on the order
of 30 ns. One very important note is that VassUyev did not see much of a
photoluminescence intensity degradation with Ceirbon concentrations above x = 0.19
with temperature (less than an order of magnitude change from very low temperatures
up to room temperature). In fact, above x — 0.50, the change in photoluminescence
intensity with temperature is only approximately a factor of two. His analysis reports
that there are two fundamental decay components seen on the 200 ns time scale
presented, a short component having a Ufetime of less than 50 ns and a longer
component. He notes that the slow decay contribution grows with decrease carbon
concentration attributing it to tunnel recombination whUe he attributes the faster
component to exciton-hke recombination.
We have shown that there are three or four decay mechanisms corresponding to the
three or four resolved Ufetime distributions, ri ^ 30 ps, r^ ~ 300 ps, T3 % 2 ns, and
T4 ss 6 to 8 ns. Since the Ufetimes do not change appreciably from sample to sample, the
radiative decay rate (cind any competing non-radiative decay rate) also remain fairly
constant.
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One may argue that omega is dependent on emission wavelength because of Fermi s
Golden rule, however, if we make the analogy to a fluorescence molecule such as
Rhodamine, in solution, we know that the Ufetime remains constant over the emitted
wavelengths. This effect is not a violation of Fermi's Golden rule, since the transitions
resulting in the emission of photons over a spectral range occur from the lowest
vibrational state in the excited electronic state to various vibrational states in the
electronic ground state. Fermi's Golden rule apphes to electronic and not vibration
transitions and u; is taken to be the energy difference between the two electronic states.
Hence, in amorphous sihcon carbon, the spectral range associated with the individual
components are not due to different fundamental transitions (involving electrons and
holes have significantly diflPerent r^ or Th values, respectively) but rather due to the
structural perturbations on the states.
As previously mentioned, according to the radiative tunneling model, the fastest
radiative rate is given by 10~®s~^. Since the decay rates for the measured components,
vi % 3.3 X 10^°, 1/2 ~ 3.3 X 10®s-\ 1/3 % 5 X lO^s"^ and 1/4 % 1.4 x lO^s"^ are aU larger
than lO^s"-^, the separation between recombining electron hole pairs becomes smaller
than Ro, the Bohr radius. In this situation, the electron and hole do not exist in weU
separated regions of space. The overlap of the electron and hole wavefunctions can be
very large and their movements become increasingly correlated due to their mutual
Coulomb attraction. The radiative tunnehng model breaks down at these very smadl
distances, and can not be appUed in this situation, hence, exciton formation is more
Ukely. Kivelson and Gelatt [45] have proposed a theory of bound excitons in cin
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amorphous semiconductor with an asymmetric density of bandtail states as is in
^ ~ Sii-xCx

: H. We have already discussed this model in some detail. According to the

assumptions of this model, we assume that the electron wavefunction radius is constant
in all four cases and it is the hole wavefimction radius which changes. Substituting
K = 12, hu) = 2.4 eV, and r^ = 5A, into equation 3.16, the four mean radiative decay
rates starting for the highest rate correspond to hole wavefunction radii of 4.65 A,
o

o

o

2.94 A, 2.0 A, and 1.56 A, respectively. Since these numbers are of the order of one or
two nearest neighbors distances, the holes are very locaUzed in space a^ is required by
the bound exciton theory of Kivelson and Gelatt. The size of the locahzed tail states is
generaUy a decreasing function of their binding energies and can be approximated as [45]:

where Eb = Ey,Ec for holes and electrons, and Ec and E^ are the conduction and
valence band energy, respectively, and m' is the effective mass of the carrier. If we use
band energies as references, and the appropriate effective masses for electrons and holes,
an estimate of the binding energies for the four hole states using equation 3.20 are
0.033 eV, 0.083 eV, 0.18 eV, and 0.29 eV for the holes and 0.18 eV for the electrons. If
we assume that the bandgap of Sii-xCx

: H is 2.7 eV for the 6LS sample (see Chapter

IV), then the differences in energies of electrons and holes m the four cases wiU of
2.49 eV, 2.44 eV, 2.34 eV, and 2.23 eV, respectively and these four recombination
processes wUl dominate in decreasing order of emission energy. Thus, the shortest
Ufetime dominates at higher energies and the longest at lower emission energies. The
time resolved spectra of the 6LS sample show the emission peak positions approximately
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A

Figure 3.16: Schematic diagram showing the relationship between the subnanosecond
decay components and the band gap diagram, modehng the bound exciton recombination
model.

at these energies though the spectra are broad because of the continuous distribution of
the locaUzed states responsible for producing these trauisitions.
Figure 3.16 is a scheniatic model of what is occurring on the nano- and
sub-nanosecond time scale. Labels 1, 2, 3 and 4 refer to components

TI,T2,

r^, and T4,

respectively, where the corresponding Ufetimes are 10-35 ps, 250-350 ps, 2 ns, and
6-8 ns. As mentioned above, the electron and hole radn associated with a specific
transition is constzuit. Hence, the value of {E — Eb) for any specific transition can also
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be assumed constant. Note, for simphcity, we have assumed that r^ is always the same,
regardless of the transition, whUe the extent of the hole wavefunction, r^. is responsible
for the different Ufetimes. This assumption has been made by others [35]. This also
explains the source of the four different energies associated with the hole state.
Assuming that the dependence on the component hfetimes is only due to three or
four different hole states, having different hole radii, we see from equation 3.16 that
fhi > ^/i2 > ^/i3 > T-M corresponding to Ti,r2,T3, and r^, respectively. The shorter
Ufetime has the larger r^i associated with it as weU as the largest transition energy
(indicated by the arrow labeled 1 in the schematic). So, within a sample, we have shown
why the blue components are the fastest based on equations 3.16 and 3.20 derived by
Kivelson and Gelatt for amorphous semiconductors.
Another phenomena left to explain is the shift in the component spectrum to the
blue with increasing band width (decreasing carbon concentration). Again, refer to the
schematic, we see that (E — Eb) is set as a constant for a given transition, hence, the
higher bandgap material wiU have a blue shifted spectra relative to the same transition
of a lower bandgap aUoy.
Lastly, why is the relative contribution of the shorter component more pronounced
in the higher carbon concentrated samples? W^e now from spin density measurements
that the best sample (lowest spin density) is the 5LS sample and that spm density is a
measure of dangling bond density. The 2LS sample has a higher spin density associated
with it. The more disordered the material is, the broader the conduction band tail and
the higher is the non-radiative rate. The dangling bonds are said to act as a
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non-radiative recombination center for Auger processes. SpecificaUy. the exciton could
recombine whUe transferring its energy to an electron occupying a midgap (danghng
bond) state resultmg in the ionization of the danghng bond electron. This requires more
theoretical work but is off'ered as a consideration [34].
It has been shown in this chapter that the photoluminescence decay emitted from
the samples presented can be fit using the unique distribution analysis cdgonthm
developed by the author. The technique makes no assumptions as to the form of the
acquired decay. The distributions indicate that there are three to four very fast
(< 10 ns) components making up the emitted luminescence. The bound exciton theory
has also been successfuUy appUed to model the trends seen within and between samples
by assuming that there axe three to four very locaUzed hole states, their radii
determining the observed Ufetime distribution peaks.

CHAPTER IV
OPTICAL ABSORPTION AND CW
PHOTOLUMINESCENCE
4.1 Optical Absorption
4.1.1 Theory
The absorption spectra of amorphous materials are vital in determining the overaU
electrical quaUty. For amorphous films, the absorption spectra yield important
parameters such as the optical band gap, Urbach energy, and edge width parameter.
Figure 4.1 represents a typical absorption spectrum one might obtain from an
amorphous material. There are essentiaUy three parts to the spectrum and are labeled
in the Figure as: (A) the extrmsic region, (B) the Urbach edge and (C) the fundamental
or Tauc edge. UsuaUy these three regions are differentiated by the value of the
absorption coefficient, a, where 10"-^ < a < 10, 10 cm"-^ < a < 10^ cm~^ and
10^ cm~-^ < Q represent the extrinsic, Urbach, and Tauc regions, respectively. VirtuaUy,
aU amorphous materials have this basic shape which suggests that the underlying
physics is essentiaUy the same. In this research, only data in the Tauc and Urbach
regions were obtained since the optical spectrometer used was not sensitive enough to
detect the very low optical density in the near infrared necessary to determine the low
absorption coefficients of the extrinsic region; other techniques are required such as
photo thermal deflection spectroscopy.
Optical transitions are described in terms of the complex dielectric function
e = ei(a;) -f i€2{u) by the relation:

a{u;) = 2Tr€2(u;)/nX.
138

(4.1)
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Figure 4.1: Generalized schematic of cin cimorphous semiconductor absorption spectrum;
regions A, B and C correspond to the extrinsic, Urbach and Tauc regions, respectively.

As hght strikes the Setmple, the electric field interacts through a dipole interaction with
the imagiuciry peirt of the dielectric function which is given by [8]:

62(0;) = 4x2c2^ Yl l^U ^(^c

-E^-hu)

(4.2)

where CI is the Uluminated volume, c the electric charge of the election, hu the absorbed
photon energy, and Ec,E^, are the conduction and valence band state energies,
respectively. Rev is the dipole matrix element which couples the conduction and valence
band states involved an a particular photo absorption event. The delta function insures
that energy is conserved. A summation over aU aUowed states having an energy
diflference of hu is required to accoimt for the total absorption. It is important to note
that the matrix element in a crystaUine semiconductor requires that both energy and
momentum are conserved, hence, the Rev is non-zero only for states of the same crystal
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momentum quantum number k (i.e., direct transitions). Weak indirect transitions.
where k is not conserved, in crystal have been observed but this requires the
simultaneous absorption or emission of a phonon in order to conserve momentum. The
main difference between transitions which occur in amorphous and crystalline
semiconductors is that the conservation of momentum is not required, i.e., k is not a
good quantum number. The relaxation of this requirement comes about due to the lack
of long-range order within the amorphous network which effectively destroys the phase
coherence of the electron wavefunction. In other of words, the lack of periodicity in
amorphous systems results in strong and frequent scattering of the electron resulting in
the loss of wavefunction coherence. AUowed transitions in the amorphous system,
therefore, occur between any two states for which only energy conservation apphes.
Reducing the matrix element to an average R[Tiu) over aU pairs of states separated
by energy hu, reduces equation 4.2 to:

62(0;) = 4Th^a^R^{hu)

J N^{E)Nc{E

+ hu)

(4.3)

where the integral is the joint density of states for which the energy difference is a
constant. Substituting the simplified relation of the complex dielectric relation into
equation 4.1, we obtain:
2x

"(") = nX 4rh^a^R^{hu)

J N^iE)Nc{E

+ hu)dE

(4.4)

or equivalently,
a{hu) = AR\hu)

J Nv{E)N^(E

+ hu)dE

(4.5)
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where A is just a constant and hu is the photon energy. The shape of the absorption
spectrum is the product of the energy dependence of the joint density of states mtegral
and the average matrix element. It wiU be shown later that for most amorphous
semiconductors, the absorption in the Tauc region can be modeled by the very simple
"Tauc" equation.
The Tauc region of the absorption spectrum foUows the relationship:

\/^X^ = B^/\hu

- Eopt)

(4.6)

where Eopt is the optical gap, B the reciprocal of the edge width parameter, Q the
absorption coefficient and hv is the photon energy of the absorbed hght. The optical gap
can be found by fitting the absorption spectrum with equation 4.6, where the x-axis
intercept is the optical gap and 5^/^ is just the slope. The Tauc relation was first
presented in 1966 [50] in reference to amorphous germanium studies and apphes to
transitions between extended states. Tauc assumed that the zeroth order approximation
of the amorphous wavefunctions in the valence and conduction bands are Unear
combinations of the wavefunctions of the corresponding bands in the crystal. EssentiaUy,
he created an electron hole pair in the crystal and turned on a lattice relaxation
perturbation to obtain the wavefunctions in the amorphous system. The details of the
derivation are given elsewhere [50, 8]. Tauc reduced these assumptions to:

a{hu) = I N^(E)Nc{E

+ hv)M{E,

E + hv)dE

where Nv,Nc are the valence and conduction band density of states and M[E,E

(4.7)

-f hv)

is the matrix element of the optical transition and is equivalent to R"^ above with the
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constants taken into account. As is done for optical transitions in crystals, the matrix
element was assumed by Tauc to be independent of energy, hence, it is a constant and
taken out of the mtegral. It now becomes apparent that the absorption in the Tauc
region is governed mamly by a convolution of the valence and conduction density of
states. Assuming a parabohc density of states:

Nc{Ec) « El^\

(4.8)

N^Ev)

(4.9)

% ^y^

and
i ; , + ^c = hu-

Eopt.

(4.10)

and combining this with equation 4.7, it is found that

a{hu) = B(hv-Eoptf.

(4.11)

Here Ec and E^ are the energies of the conduction and valence band tail states involved
in the transition. B is related to the strength of the matrix element, the index of
refraction, and is the square of the slope found in the standard yfahv vs hv plots.
Hence, a steeper slope, indicates a stronger transition probabihty ( assuming Uttle
change in the index of refraction), and generally, a more efficient material when used in
opto-electronic devices. Eopt is defined as the optical band gap, even though it represents
the extrapolated rather than the real zero in the density of states. Of course, the Tauc
relation only models part of the absorption curve, however, it hcis been seen that this
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relationship holds in this region for most amorphous materials. (One notable exception is
amorphous Se, which foUows the form cchv o, hv - Eopt in region (C) of Figure 4.1 ^ll]).
InitiaUy, the parabohc nature of the density of states in the Tauc region was
assumed, and the results did match the experimentaUy measured absorption spectra.
Experimental data of Jackson et al. [51] showed that the jomt density of states is
approxunated very weU by the convolution of two parabohc bands ina-

Si : H.

The assumption of a constant average matrix: element is also verified with the
experimental joint density of states measurements obtained by Jackson. By dividing the
absorption data for a given sample, with the joint density of states data, he obtained a
constant matrix element in the range of 1.0 to 3.0 eV. Hence, the origmal assumptions
made by Tauc are supported with the experimental data.
Amorphous materials have considerable absorption spectra tails (the Urbach and
extrinsic regions) when compared to the crystaUine counterpart. There is much
discussion as to the source of these tails. When logarithmicaUy plotting the absorption
coefficient, the Urbach region stands out as a straight Une. Here Q foUows the
relationship:
Q = a^et^^-^'^)/^-]

(4.12)

where E is the band gap, E^ is the Urbach energy, and a^ is the absorption when
E = hv. The Urbach energy is determined from the slope of the log a vs hv plot in the
Urbach region and is routinely used to characterize amorphous material.
There are a number of models which attempt to explain the empirical relation of
equation 4.12 [8]. The absorption in the Urbach region, hke that in the Tauc region.
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can be given by the joint density of states and reflects the broadening of the bands and
this is the most accepted explanation [8]. Hence, the Urbach energy is a measure of
band tail broadening, the more broadening, the worse the quaUty of the material. This
exponential absorption taU is said to be primarUy due to the valence band since the
conduction band is relatively sharp as is seen in density of states calculations. Currently,
these density of states calculations in amorphous semiconductors are based on atom
clusters; since a large portion of the atoms are located at the cluster edge, the results do
not completely represent reaUty. Large clusters reduce these edge effects, however, the
numerical calculations rapidly become prohibitive. Other techniques have been used to
terminate the clusters with varied results easing the difficulty of calculations, but these
usuaUy include some sort of periodicity or long range order (repeating clusters, for
example). A large cluster analysis done by Wooten, Winer and Weaire [52] of 216
atoms does predict a sharper conduction band tail than the valence band tail just as in
crystalhne siUcon. The theoretical tails were due to structural disorder introduced in the
cluster. ExperimentaUy derived density of states measurements of hydrogenated
amorphous sihcon and crystaUine support these results as weU. Other experimental
results on hydrogenated amorphous sihcon correlate the Urbach energy with bond angle,
defect density, and temperature supporting the theoretical suggestion that the Urbach
edge, and hence, the exponential band taihng, is primarily due to structural disorder
[8, 53, 54, 55].
At absorption coefficients Q < 10 cm~^ there is further tailing due to defects within
the band gap. There are numerous sources for these defects including the danghng bond.
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weak Si-Si bond [8], the floating bond [56] and the two-fold coordinated sUicon atom
[57, 58]. It is important to note that it is the electronic characteristics of the defects and
not the knowledge of the actual defect structure which is necessary to mterpret the
absorption spectra. As mentioned above, this research does not present any absorption
data in this extrinsic region due to the insensitivity of the absorption spectrometer.
Calculations done by Grein and John [59] separated out the band tail broadening
associated with the Urbach edges into two root causes: thermal and static disorder. As
the name imphes, thermal disorder band tail broadening is the result of thermal disorder
on the electronic states which induces an exponential density of states in the free carrier
band. Static disorder is due to the actual bond angle and length variation within the
network. These investigators predict that the Urbach slope or energy for crystalline
siUcon is about 8.6 meV which is very close to the experimental result of 10 m e \ ' at 300
K. For a — Si : H, the Grein-John theory includes static disorder contributions which
are temperature independent. A good quality a — Si : H sample has a measured E^ of
about 17 meV. This 1.7 times larger value has been accounted for by a 30 percent
increase in the deformation potential for a - Si : H compared to crystaUine sihcon.
As we have seen, the absorption spectra obtained from amorphous materials gives
us vital information regarding the joint density of states distribution and aUows us a
consistent model to understand the quaUty of the material in general.
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4.1.2 Data Acquisition
The absorption data presented here were acquired using a standard two-beam
spectrometer (model UV-265 Shimadzu). The eff'ective range for our fihns (deposited on
roughened Commg glass substrates) is from about 260nm to 900nm (4.76ev to 1.38ev).
The spectrometer actuaUy measured the optical density, OD, of the films as a function
of wavelength:
OD = -/o^io[/(A)//,(A)]

(4.13)

where 7(A) is the hght intensity transmitted through the sample at wavelength A and
7o(A) is the hght intensity incident onto the sample. Here, Io is actuaUy the hght
detected after passing through only the substrate; the dual beam setup of the
spectrometer insures that lamp intensity fluctuations are automaticaUy taken into
account. The actual optical density versus wavelength spectra were recorded onto chart
recorder paper and subsequently transcribed into a numerical array for further analysis.
The accuracy of this conversion was within -f/—0.5mm which corresponds to a worst
case absorption coefficient error of about + / — lOOcm"^, which of course depends on the
scale used.
The transcribed data were entered into a MathCad (registered trademark)
worksheet and converted into optical absorption units based on the Beers-Lampart
relation:
I = /oe-"==

(4.14)
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where alpha is the absorption coefficient and x is the fihn thickness. Combining
equations 4.13 and 4.14 we get the conversion relation:

Q = (2.302 * O D ) / z .

(4.15)

The fifrn thickness was taken from the thickness monitor, acquired at the time of
deposition.

4.1.3 Data Analysis
The absorption coefficient data of the five a - SiC : H samples were analyzed from
approximately 3 x 10^ to 1 x lO^cm"^ As mentioned above, these data correspond to
the Tauc and Urbach regions. Figure 4.2 gives the five absorption spectra in the
standard Tuac format, plotted as yfahv

vs hv. These spectra were fit over the hnear

portion using a standard hnear fitting routine provided within Freelance (registered
trademark) software used to produce the plot. The region of interest was chosen to
maximize R^. The results of these fits are given in Table 4.1 where the fitting function

y^a^-hx

(4.16)

y^ = ahv,

(4.17)

Eopt = -a/b.

(4.18)

where

and

It is apparent cis one increcises the carbon concentration, opticcd band gap
decreases. This is graphically represented in Figure 4.3. noted previously, the 4LS
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Figure 4.2: Absorption spectra of the five a- Sii-xCx '• H samples studied in the standard
Tauc format.

Table 4.1: Tauc edge linear fitting results.
Sample
2LS
3LS
4LS
SLS
6LS

LS:H

Fopt

a

b

R'

7:93
10:90
28:72
50:50
75:25

(eV)
2.4
2.6
2.3
3.4
2.7

-847
-653
-226
-582
-492

358
252
100
168
184

.998
.997
.999
.999
.999

Range Fitted
(eV)
3.1-3.6
3.4-3.8
3.2-4.0
4.0-4.6
3.7-4.4
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Table 4.2: Urbach taU fitting results corresponding to the a versus hv plot also included
are the carbon concentrations.
Sample
2LS
3LS
4LS
SLS
6LS

LS:H

X

7:93
10:90
28:72
50:50
75:25

0.82
0.74
0.72
0.50
0.65

(meV)
388
478
578
226
418

a
(1/cm)
18.69
12.78
11.02
0.00
2.05

b
(1/eV)
2.58
2.09
1.73
4.42
2.39

R2

.977
.991
.994
.983
.994

sample was grown under sUghtly different deposition conditions, that is why it is cin
outUer and not included when connecting the data points but left a^ a reference.
Figure 4.4 is a plot of a as a function of hv, the absorption coefficient being plotted
on a logarithmic scale as is customary in determining the Urbach energy. Once again,
the hnear portion on this plot was fitted with the Freelance software, the results of
which are presented in Table 4.2. The Unear portion was chosen to minimize R^.
Applying the fitting function,
y = ae^'

(4.19)

to the Urbach relation,
a = aoexp[{Eopt-hv)/E^]

(4.20)

we see that:
E^ - 1/6.

(4.21)

As mentioned m the theoretical section, the Urbach energy is a primarUy a measure of
the valence band tail broadening. We see from Figure 4.5 and Table 4.2 that the SLS
Scimple is the best, havmg the lowest bcind taihng in the Urbach region while the outher
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4LS sample is the worst. Assuming the temperature dependence is relatively the same
between the samples (the spectra were aU acqmred at room temperature), we see that
the SLS film has the least band taUmg in the extrinsic region. In general the lower LS
flow rate (higher carbon concentration) samples have the higher Urbach energy, and
hence, the most band taihng.
Spin density, ND, is another important parameter used in characterizing the films.
The spin density was determined by electron spin resonance (ESR) at the University of
Kaiserslautan and is a measure of the danghng bond density of both carbon and sihcon.
The higher the spin density, the higher the density of dangling bonds and hence, the
greater the structural disorder.
Figure 4.6 gives the spin density as a function of carbon concentration. A good
amorphous sihcon sample (no carbon doping) has a spin density of approximately
lO'^^cm"^ and is plotted as a reference in the figure. There is an increase in ND by over
three orders of magnitude as one goes from a good quahty amorphous sUicon to a highly
carbon doped amorphous sihcon film. SimUar ND values have been obtained for glow
discharge [60] and sputtered amorphous carbon films [48].

4.1.4 Discussion on Absorption Characterization
Prior to discussing the role of carbon in the properties of the films presented in this
work, it is noteworthy to mention that most of the pubUshed work on hydrogenated
amorphous sihcon carbon films use glow discharge decomposition of a mixture of various
hydrocarbon gasses and silane. Table 4.3 is a brief summary of absorption characteristics
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obtamed by other investigators using a variety of deposition techniques, glow discharge
(GD) being by far the most popular [61, 62, 63, 64, 65, 47, 66, 67, 68, 48,. AU of the
GD samples hsted in the table were deposited using a mixture of two gasses, one
containing sihcon and the other carbon. Hence, the composition of the material is
dependent on the relative mix of the two gasses and could be easUy varied by adjusting
the relative gas flow rate. In our samples, both the siUcon and carbon came from the
same Uquid source, only the relative hydrogen to hquid source flow rates were adjusted.
The hquid source is diethylsUane {C2H^)2SiH2.

DiethylsUane has a carbon to siUcon

ratio of 4 to 1. One does not expect the relative ratios of carbon to sihcon to change
with relative hydrogen to Uquid source flow rates. We have found that the ccirbon
concentration increases with increasing relative hydrogen flow rate. It seems that the
role of hydrogen is not only to passivate the danghng bonds, but also to etch the sihcon
at a higher rate than the carbon. The best sample is considered to be the one with the
highest optical band gap and lowest spin density (SLS) and was obtained with a hquid
source to hydrogen flow rate of 50/50. We may expect that amiealing the film at very
high temperatures (900° C) wiU drive out aU the hydrogen producmg stoichiometric
crystaUine Si'o.sCo.s, a material with potential apphcations in high temperature devices.
The optical absorption properties of our films are very simUar to those prepared by
glow discharge techniques using sUane, hydroccirbon gas mixtures. Even the ssunples
prepared by sputtering foUowing the same genercdized optical band gap vs carbon
concentration trends. Figure 4.7 is a plot of the optical band gap vs carbon
concentration for the five GD investigations Usted in Table 4.3 along with our

156

as
SLS

B

° ^

A^6LS
04 -—3LJS

5*2.5

4LS J

o
lU

D

o

*

„

2LS

*

D

O i^
D
1

o n
•^

1.5

I

0

I

u

I

I

•

I

•

•

•

-L

'

'

'

'

•

'

a2
a4
0.6
as
Cartx)n Gomposition, x

Sussman Munekata Skunanich Morimoto Boullrop Reil
D
A
O
*
•
A

Figure 4.7: Eopt as a function of carbon concentration for our samples in comparison with
the GD investigations.

15:
Table 4.3: Brief summary of absorption characteristics obtained by others using a variety
of deposition techniques.
Investigator
Sussmann
Munekata
Morimoto
Saito
Saito
Siebert
Skumanich
Bouhtrop
Kruangam
5>
55

Palsule

Deposition Technique cind Mix
GD of SUane-Ethylene
GD of tetramethylsUcine-monosUane
GD of SiH^-CH^
Sputter of Si target in methane
and argon atmosphere
Sputter of Si-C Composite target
GD of SiH^-CH^
GD of silane-methane
GD of SiH^-CH^
GD ofC2H2-SiH^
GD of C2H^-SiH^
GD of

CHA-SiH^

Co-Sputtered Si and C targets

X Range
0.0-0.90
0.0-0.80
0.00-0.60
0.00-0.86

Eo (eV)
1.65-2.6
1.65-3.0
1.6-2.3
1.60-2.43

0.00-0.86
0.00-0.87
0.01-0.33
0.00-1.00
N/A
N/A
N/A

1.60-2.43
1.6-2.4
1.79-2.17
1.61-2.20
2.5-3.1
2.0-2.9
1.9-2.2
1.7-2.1

measurements. Note that only samples 2LS, 3LS and 4LS had their carbon
concentrations measured directly by the University of Kaiser slant cin since the 6LS
sample had adhesion problems, and the SLS sample could not be analyzed because of
some experimental problems. These latter two samples were assigned the carbon
concentration of 0.65 and 0.50, respectively, based on this figure. These values are
probably within + / - 0.1 of their true value. Note also that the optical band gaps
assigned to the other investigators were determined by extrapolation off" of the pubUshed
absorption curves and were not actually Usted by the respective authors. Also, the
values of carbon concentration were not all determined in the same manor, some having
larger estimation errors than others. Even with these inherent sources of error within
the summary plot of Figure 4.7, we do see a remarkable sunUarity in aU of the data. One
is able to conclude that as the carbon concentration increases up to approximately
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Xc = 0.5, the optical band gap increases with carbon concentration. The optical band
gap decreases for samples having with carbon concentrations greater than 0.5. AU of our
samples faU into this category. The optical band of an mtrinsic amorphous sihcon film is
approxunately 1.7 eV. The initial increase in Eopt {x < 0.5), can be attributed to an
increase in the Si-C bonds. The decrease in the opticcd band gap at higher carbon
concentrations may be due to increased formation of graphite Uke (SP^) bonds.
The Urbach energy plotted as a function of carbon concentration obtained by
Skumanich and Bouhtrop [66, 67] is shown in Figure 4.8. Both mvestigators used the
sensitive PDS method for determining the low absorption coefficients. Our SLS Scimple
was the only one with a carbon concentration in the range studied by these authors and
is plotted for comparison. Over the Umited carbon concentration studied, both authors
found a steadily increasing Urbach energy with the incorporation of carbon. The
conclusion reached by both is that as the caxbon concentration increases, the structural
disorder increases as weU, resulting in further bandtaihng. The Urbach energies of our
other samples (2LS, 3LS, 4LS, and 6LS) are much higher because of the higher carbon
concentrations. It should be noted, our instrumentation was hmited in these low
absorption ranges and the data are correspondingly uncertain. However, the relative
changes in E^ are useful.
The combination of zdl the absorption measurements on the five scimples presented
shows that the SLS sample with z = 0.5 having the highest optical band gap and lowest
spin density and Urbach energy is the best overaU sample prepared and may be a better
niatericd for device appUcations than those of the other investigators presented.
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Figure 4.8: Urbach energy as a function of carbon concentration obtained by Skimaanich
and BouUtrop, respectively.
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4.2 CW Photoluminescence Emission
Photoluminescence (PL) spectra of amorphous semiconductors provide some
information about the valence and conduction band density of states distribution. The
PL data also give msight to the structural disorder, and the electron-phonon interactions
which may be taking plzice.

4.2.1 CW Photoluminescence Apparatus and Data
Acquisition
A schematic of the apparatus used in acquiring the room-temperature continuous
wave (CW) photoluminescence (PL) spectra is given in Figure 4.9. The cutoff" filter
(labeled F l ) , cuts out the visible part of the spectrum above 380 nm before the single
grating EGSzG monochromator, hence, aU of the visible Hg hues are suppressed. The
EG&G monochromator is adjusted to 365 nm aUowing only this spectral hne to excite
the sample. The excitation line is directed to the sample holder via a Uquid Ught guide
and focused onto the sample. To avoid scatter and monochromator second order effects
from poUuting the acquired CW data, filter F2 is placed at the exit port of the sample
holder. This filter severely attenuates any scattered hght below 399 nm which may
otherwise find its way to the detector as a second harmonic signal. The dual grating
Spex monochromator, is driven by a computer interface and a PC Basic program. The
program allows one to either take the data in continuous fashion, where the motor
continuously drives the gratings, or in burst mode where the drive unit moves the
gratings in pre-defined increments. The wavelength selected photoluminescence from the
sample is detected by the Hamamatsu 2-stage, proximity focused microchannel plate
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(MCP) photomultipUer tube. The output from the MCP is directed to a picoammeter
which converts the MCP output current (% 0.1-lOnA) to a 0-lOV signal appropriate for
the analog-to-digital (A/D) converter. As the monochromator is scanned, the xMCP
output is simultaneously acquired resulting in an intensity versus wavelength array. The
array is corrected for the system spectral response and stored onto a diskette.
A tungsten lamp is used to determine the spectral response of the system.
Changing optics result in a different spectral response, hence, this needs to be
determined for every variation in the optical setup. The tungsten lamp is cross
caUbrated to a standard lamp of a known spectral output (Epply standard serial number:
ES-8319, traceable to the National Bureau of Standards). This is done by measuring the
raw spectrum, which includes the system spectral response, of both the tungsten and
standaxd lamps. The ratio of the raw tungsten spectrum Tr{X) to the raw standard
lamp spectrum Er{X) is independent of the system response and when multipUed by the
known standaxd lamp spectrum, E{X), results in the real tungsten spectrum T{X):

T(X) = j ^ ^

• E{\).

(4.22)

The determination of the relative spectral response, 5(A), of a chosen optical
configuration is done routinely by acquiring the raw tungsten spectrum, Tr(X), and
dividing by the true timgsten spectrum, T{X):

SW = ^ .

(4.23)
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Figure 4.10: Total system spectral response 5(A) for the optical configuration used in
acquiring the CW photoluminescence data.

The corrected photoluminescence spectrum R{X) from the sample is then determined by
taking the foUowing ratio:
«(A) =

5(A)

(4.24)

The above calibration procedures are aU built into the software. In this way, the
normahzed photoluminescence spectra aie obtained independently of the particular set
of optical components used. Figure 4.10 is the system spectral response used in
determining the real photoluminescence emitted by the samples. This includes the
contribution of aU the optical components past the sample shown in Figure 4.9. The

164
structure seen in the system spectral response is due to the numerous optical
components in the system.
To verify that the CW data acquisition and analysis is done correctly, we compared
the spectrum obtained from a Rhodamme dye solution to that in hterature; it matched.
We also acquired a spectrum of the Mercury arc lamp and found aU the visible spectral
Unes appeared within 1 nm where expected. This verUied the hnearity of the wavelength
axis.

4.2.2 Photoluminescence Spectra Analysis and Discussion
Figure 4.11 gives the normaUzed room temperature photoluminescence spectra for
the five a - Sii-xCx

: H samples studied. The spectra cover the entire visible range.

The SLS and 6LS samples both peak in the blue - green part and appear bright yeUow
to the naked eye. The 6LS sample did not adhere weU to the substrate and had to be
sandwiched between two quartz glass plates. Quartz had to be used to avoid
luminescence of the glass and to aUow transparency for the 365 nm excitation Une (glass
somewhat absorbs this line and may have a smaU amount of fluorescence associated with
it). Care is taken to avoid contamination by dust particles, which are highly fluorescent.
As the optical band gap decreases, the overaU PL spectra shift to the lower energies
(higher wavelengths).
Figure 4.12 is a plot of the photoluminescence peak and optical beind gap as a
function of carbon concentration. Both of these dependent parameters foUow similar
trends and decrease with increasing Ccirbon content. As previously discussed, the
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Figure 4.12: Photoluminescence peak and optical bandgap as a function of ccirbon concentration.
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decrease in the band gap in caxbon rich samples is due to an increase m the three-fold
coordinated graphite-hke carbon component of the amorphous structure. The
luminescence peak energy. EL, in hydrogenated amorphous siUcon carbon is given
by [61]:
EL = Eg- Eth - F,

(4.25)

where Eg is the bandgap, Eth the reduction in energy through thermahzation into the
band tails, and E,, is the Stoke shift due to electron-phonon assisted process (phonon
assisted hopping). It is important to note that Eg is not equivalent to the optical band
gap; Sussman [61] defines Eopt = Eg - EthThe fnU width and half maximum (FWHM) or hnewidth of the luminescence
emission spectrum originates from a contribution of both phonon-assisted and
zero-phonon processes. If the emission is assumed to Gaussian, the linewidth, ai, can
be written as [69]:
^L = ^Ip + ^D

(4.26)

where (Tcp is due to the electron-phonon and CTD is the zero-phonon contributions,
respectively, a^p was predicted by Street [69] using a configurational-coordinate based
model and is given by:
(7ep = 1.667(£;,^o)'/^

(4.27)

where ^ o is the phonon energy. Combining equations 4.25 and 4.27 we get:

al = huo(Eg -EL-

Eth) + a\).

(4.28)
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Figure 4.13: Compositional dependence of the limiinescence hnewidth and the calculated values for the electron-phonon and zero-phonon components taken from a paper by
Sussman; included as the open blocks cire our luminescence linewidth measurements.

Figure 4.13 shows the compositional dependence of the luminescence hnewidth aL
from our samples and glow discharge samples [61]. Also shown eire the compositional
dependence of a^p and ai) calculated using equations 4.28 and 4.26 determined for the
glow discharge samples. Within experimental imcertainty, the data points from the
present work foUow the simUar trend observed in the GD samples. From the graph, we
can say that there is an increase in the electron-phonon coupling; and therefore a^p, as
the carbon content of the films is increased reaching a maximum for our x = 0.5 sample
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[a — Sii-xCx

: H). When the carbon concentration increases above x = 0.5, ai

decreases, most hkely due to a decrease in a^p as seen in the figure.
We have done limited study on the temperature dependence of the emission spectra
and found that there is very Uttle change in the peak emission energy or linewidth which
is the same result found by Sussman. With increeising carbon content, the cw
photoluminescence characteristics (peak, hnewidth) become less dependent on
temperature until the dependence vanishes at high Ccirbon concentration. We saw httle
appreciable change in the photoluminescence spectrum of the SLS sample (our lowest
carbon concentration) with temperature.

CHAPTER V
CONCLUSION
Time correlated single photon counting has been shown to be an eff"ective tool m
probing the very fast photolummescence decay properties associated with excitomc
recombination in hydrogenated amorphous siUcon carbon aUoys. This system, including
the unique distribution analysis techniques, is capable of resolving the four excitonic
process discovered in the samples studied. The resolution hmit of 20 ps has been
demonstrated using synthetic data and 87 ps on a sample of known decay time.
Photoluminescence decays are resolved to the individual contributing components with
the apphcation of the unbiased distribution analysis scheme.
This work represents the first time anyone has apphed TCPC to probe the nano
and subnanosecond region of the photoluminescence decay in a - Sii-xCx

'• H and

resolve more than one fast component. It was unexpected to discover three and four
discrete distributions of hfetimes below 10 ns. These very short decay times can be
attributed to excitonic radiative recombination, not to radiative tunnehng which
accounts for the broad, long time range distribution (> 30 ns). Applying the bound
exciton theory to the radiative hfetime distribution observed, it has been shown that the
6-8 ns, 2 ns, 300 ps, and 30 ps hfetimes correspond to the transition occurring between
electrons and one of four possible hole states with respective wavefunction radii of
1.6A,2.0A,2.94A, and 4.7A. The relative probabihty of each transition type depends on
the density of the four hole states within each sample. The higher carbon concentration
samples have shorter overaU decay times, lower band gap energy, broader bcind tails and.
hence, a higher density of the most locaUzed hole states. It has been shown the percent
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contribution of the shorter hfetime components increases with carbon content above
x=0.5, thus supporting this model. These data strongly suggest that as the carbon
concentration increases, there is increasing structural disorder resulting in a higher
density of hole states having the shortest of the hole wavefunction radii.
We have characterized our five samples with cw photoluminescence and absorption
spectroscopy. We have shown that the highest bandgap sample, SLS, has also the lowest
spin density, the least bandtail broadening, and the highest photoluminescence emission
energy peak. The overaU trends of decreasing optical bandgap and photoluminescence
peak with increasing carbon concentration has also been shown. These observations
suggest that as the carbon concentration increases, the overaU structure of the material
becomes increasingly disordered resulting in an increase of the density of danghng bonds
as was seen in the spin density values.
The dependence of the optical properties on carbon composition for our samples
produced by electron cyclotron resonance deposition and those of glow discharge
deposited films are very similar. It has been shown that by varying the hquid source
flow rate relative to the hydrogen flow rate, we can produce films varying in optical band
gap and photoluminescence emission properties.
The SLS sample has the best overaU photoluminescence properties. Having a 50
percent atomic carbon to sUicon concentration, this sample has one of the highest
optical bandgaps ever reported, relatively low defect density, exhibits low bandtaihng
and has the highest cw emission peak of aU the samples studied. Also, this sample
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showed an overaU Ufetime distribution shifted to the longer components. Hence, it has
high promise for use in optoelectronic devices.
AU in aU, the utiUty of the TCPC technique to probe the fast excitonic radiative
recombination kinetics of a-SiC:H hcis been demonstrated and the resulting hfetime
distributions have been successfuUy modeled with the bound exciton theory developed
by Kivelson. It has also been shown that the ECR system is capable of producing good
quaUty a-SiC:H fihns using a safer hqmd source rather than the tradition glow discharge
methods which make use of the more volatUe silane gas.

REFERENCES
[I] W.L. Borst, S. Gangopadhyay, M.W. PleU, "Fast Analog Technique for Determinmg
Fluorescence Lifetimes of Multicomponent Materials by Pulsed Laser,'" Fluorescence
Detection II, E. R. Menzel, Ed., Proc. SPIE 743, pp. 15-23, (1987).
[2] M.W. Pleil, "Time Resolved Fluorescence Spectroscopy copy with a Fast Analog
Technique: Apphcations to Microscopic Specimens," Masters Thesis, Texas Tech
University, (1987).
[3] G.W. SulUvan, "Time Resolved Fluorescence Microscopy by Pulsed Laser," Masters
Thesis, Southern Ilhnois University, (1983).
[4] M.W. PleU, C.R. Landis, and W.L. Borst, Fluorescence Detection II, E. R. Menzel,
Ed., Proc. SPIE 911, pp. 7-12, (1988).
[5] S. Gangopadhyay, et al., J. Lum., 46, 359, (1990).
[6] S. Gangopadhyay, M.W. PleU and W.L. Borst, "Fluorescence Decay of Polyester
YeUow in Solutions," Fluorescence Detection III, E. R. Menzel, Ed., SPIE 1054,
(1989).
[7] W.L. Borst et al., Texas Advanced Technology Research Program, Final Report,
(1988).
[8] R.A. Street, Hydrogenated Amorphous Silicon, Cambridge University Press,
Cambridge, (1991).
[9] M.F. Thorpe and D. Weaire, Phys. Rev. Lett, 26, 1581, (1971)
[10] P.W. Anderson, Phys. Rev. Lett., 109, 1492, (1958).
[II] N.F. Mott and E.A. Davis, Electronic Processes in Non-crystalline
Oxford University Press, Oxford, (1979).

Materials,

[12] R. C. Chittick, J.H. Alexander, and H.F. SterUng, J. Electochemical Soc, 116, 117,
(1969).
[13] H. Fritzsche, Proc. 7th Int. Conf. on Amorphous and Liquid Semiconductors,
Spear, editor, (CICL, Edinburgh), p. 3, (1977).

173

W.E.

174
14] C. Young, "An Electron-cyclotron-resonance Plasma Apparatus for Hydrogenated
Amorphous-SUicon Thin FUm Production," Masters Thesis, Texas Tech University,
(1990).
15] E. Leitz Inc., Detailed List of Microscope Equipment and Accessories, Product
Literature, Part No. 610-126, p. 5, New York, (1983).
16] Spex Corp. Product Literature, Spex Double Spectrometer Instructions, New York.
(1985).
17] H. Kume, et al.. Applied Optics, 27, 5, March (1988).
18] R.B. CundaU and R.E. Dale, "Time-Resolved Fluorescence Spectroscopy in
Biochemistry and Biology," Proc. NATO Advanced Study Institute, St. Andrews,
Scotland, March 1980, Plenum Press, (1983).
19] D.R. James et. al. Sixth SPIE Conference on Fluorescence Detection, Jan. 15-16,
743, p. 117 (1987).
20] M.W. PleU, S. Gangopadhyay, C. Landis, and W.L. Borst, Sixth SPIE
on Fluorescence Detection, Jan. 15-16, 743, p. 86 (1987).

Conference

21] C.R. Landis, G.W. SuUivan, M.W. PleU, and J.C. CreUing, Fuel, 66, 983 (1987).
22] K. Casey, Private Communication, (1988).
23] Hamamatsu Product Literature, New York, (1989).
24] D.V. 0'Conner and D. PhilUps, Time-correlated
Press, London (1984).

Single Photon Counting, Academic

25] P.R. Bevington Data Reduction and Error Analysis for the Physical
McGraw-HiU, New York (1969).

Sciences,

26] D.W. Marquardt, J. Soc. Ind. Appl. Math., 1 1 - 2 , pp. 431-441, June (1963).
27] A. Grinvald and LA. Steinberg Anal. Biochem. 59, 583-598 (1972).
28] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Plenum Press, New York,
(1983).

175
[29] M.G. Badea and L. Brand, Meth. EnzymoL, 61, 378, (1971)
[30] C. Tsang and R.A. Street, Phys. Rev., BIO, 19, (1979).
[31] S. Kurita and W. Czaja, Solid State Comm., 32, 879, (1979).
[32] T.M. Searle, T.S. Nashashibi and I.G. Austin, Phil. Mag., B39, 389, (1979).
[33] B.A. Wilson and T.P. Kerwm, Phys. Rev., B 2 5 , 5276, (1982).
[34] D.G. Steams, Phys. Rev., B30, 6000, (1984).
[35] C.P. Palsule, S. Gangopadhyay, A. Kher, and W. Borst, Phys. Rev.. B47, 9309,
(1993).
[36] Y. Masumoto et al., Phys. Soc. Japan, 52, 3985, (1983).
[37] B.A. Wilson et al., Phys. Rev. Let, 50, 1490, (1983).
[38] E. Nakazawa, H. Munekata, H. Kukimoto, Sol. State Comm., 45. 925, (1983).
[39] Y. Masumoto et al., J. Non-Crys.

Sol, 59 , 345, (1983)

[40] R. Fischer and E.O. Gobel, J. Non-Crys.

Sol, 114, 570, (1989).

[41] Z. Vardeny and J. Tauc Phys. Rev. Lett, 46, 1223 (1981).
[42] D. Monroe, Phys. Rev. Lett, 54, 146, (1985).
[43] S. Liedke, et aL, J. Non-Cryst

Solids, 114, 522, (1989).

[44] D.G. Thomas, J.J. Hopfield, and W.M. Augustiniak, Phys. Rev., 140, 202, (1965).
[45] S. Kivelson and C D . Gelatt, Jr., Phys. Rev., B26, 4646, (1982).
[46] M. Bort, R. Carius, and W. Fuhs, J. Non Crys. Sol, 114, 280, (1989).
[47] W. Siebert, R. Carius, W. Fuhs, and K. Jahn, Phys. Stat Sol. B, 140, 311 (1987).

176
48] C.P. Palsule, "Photolummescence Studies in Hydrogenated Amorphous Sihcon and
its AUoys," PhD Dissertation, Texas Tech University, Dept. of Pysics. (1993).
49] V.A. Vassilyev, et al, J. Non-Cryst.

Solids, 114, 507, (1989).

50] J. Tuac, R. Grigorovici and A. Vancu, Phys. Stat. Sol., 15, 627, (1966).
51] W.B. Jackson et al., Phys. Rev., B 3 1 , 5187, (1985).
52] F. Wooten, K. Wmer, and D. Weaire, Phys. Rev Lett 54 1392, (1985).
S3] E. Bustarret, F. VaiUant and B. Hepp, Proc. MRS Symp. 118, 123, (1988).
54] M. Stutzmann, Philos. Mag., B60, 531, (1989).
55] G.D. Cody, et al., Phys. Rev. Lett, 47, 1480, (1981).
56] S.T. PanteUdes, Phys. Rev. Lett, 58, 1344, (1987).
57] W.E. Spear, Proc. Int. Conf. on Amorphous and Liquid Semiconductors, eds J.
Stuke and W. Brenig (Taylor and Francis, London) p.l, (1974).
58] W.E. Spear, R.J. Loveland and A. Al-Sharbaty, J. Non-Cryst. Solids, 15, 410,
(1974).
59] C.H. Grein and S. John, Phys. Rev. B 3 5 , 7457, (1987).
60] M. Yoshimoto, T. Fuyuki and H. Matsunami, Jap. J. of Appl. Phys., 26 No. 7, 996,
(1987).
61] R.S. Sussmann and R. Ogden, Phil. Mag. B, 44, 137, (1981).
62] H. Munekata, A. Shiozaki and H. Kukimoto, J. Lumin., 2 4 / 2 5 , 43, (1981).
63] A. Morimoto, et al., / . Appl. Phys., 53, 11, (1982).
64] N. Saito, T. Yamada and T. Yamaguchi, Phil. Mag. B, 52 , 987, (1985).
65] N. Saito, N. Tanaka and I. Nakaaki, Appl. Phys. A, 38, 37, (1985).

I I

[66] A. Skumanich, A. Frava, and N.M. Amer, Sol. State Com., 54, 597, (1985).
[67] F. BouUtrop, Sol. Stat

Com., 54, 107, (1985).

[68] D. Kruangman, "Amorphous and MicrocrystalUne SiUcon-Carbide AUoy
Light-Emitting Diodes: Physics and Properties," in Amorphous and
MicrocrystalUne Semiconductor Devices: Optoelectronic Devices, J. Kanicki ed.
Artech House (1989).
[69] R.A. Street, Adv. Phys., 25, 397, (1976).

